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Abstract

Environmental stress is a fundamental factor that negatively impacts different
cellular components and impinges on numerous aspects of cellular function. In
fact, the ability of a cell to cope with different stressors determines its fate. One of
the essential cellular systems which are targeted by stress is the
nucleocytoplasmic transport apparatus. As such, the classical import pathway is
inhibited by different forms of stress. The research presented in this thesis
analyzed the effects of stress on nucleocytoplasmic transport with particular focus
on how stress impinges on individual components of the transport apparatus.
Furthermore, nuclear trafficking of the chaperone hsc70 and AMP-activated
protein kinase (AMPK), which are implicated in numerous physiological
processes have been analyzed under normal and stress conditions.

To gain further insight into how stress regulates nucleocytoplasmic trafficking
in eukaryotes HeLa cells were used as model system to analyze the effect of mild
oxidative stress on the localization of soluble transport factors. My research
revealed that oxidative stress mislocalizes transport receptors importin-o, and
CAS as well as nucleoporins Nup153, and Nup88 all of which accumulate in
nuclei upon oxidant treatment. In addition, I have shown that these soluble
transport factors became immobile in the nuclei of stressed cells where they were
retained in large insoluble complexes.

A crucial component of the cell signaling machinery which is regulated by
modulation of nuclear trafficking is AMPK. My research provided new insights

into how different stressors affect the activation and subcellular localization of
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AMPK. As such, my results demonstrated that several forms of stress including
heat, energy depletion and oxidants concentrate AMPK in nuclei. Furthermore, I
showed that under normal growth conditions AMPK shuttles between the nucleus
and cytoplasm, a process that depends on the nuclear exporter Crm1. Moreover,
my results demonstrated that signaling through the MEK—ERK1/2 cascade plays
a crucial role in controlling the localization of AMPK.

In addition to AMPK, I focused on the effect of stress on heat shock protein
70 (hsc70), an essential component of the chaperoning machinery which plays a
crucial role in the repair of stress-induced damage. Following stress exposure,
hsc70 accumulates in nuclei, but relocates to the nucleoli and subsequently the
cytoplasm when cells recover from stress. I have defined at the molecular level
the mechanisms that control hsc70 transport in and out of the nucleus upon stress.
Specifically, retention in nuclei and nucleoli of stressed cells was identified as the
main cause that delays hsc70 exit from the nucleus. My research has identified the
nucleolar components fibrillarin and the rpS6 ribosomal protein as interacting
components of hsc70 which possibly anchor the chaperone in nucleoli upon
stress. In addition, I have shown that libration of hsc70 from these anchors is a
prerequisite to exit the nucleus.

As part of my research objectives, my work was directed towards improving
the technical approaches that are used to detect the subcellular distribution of
proteins. To this end, I have developed a new quantitative immunofluorescence
approach to analyze in a quantitative fashion the distribution of proteins in

different subcellular compartments, including the nucleus, cytoplasm and nuclear
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envelope NE. The protocols described in this thesis were successfully employed
to analyze the distribution of transport receptors and signaling molecules under
normal and stress conditions. Developing new tools to quantify the levels of
proteins in the different subcellular location opens the door to understand the
dynamic organization of different cellular components and how such dynamic

state regulates their function.
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Résumé

Le stress environnemental est un facteur fondamental qui a des effets négatifs
sur diverses composantes cellulaires et qui empiéte sur de nombreux aspects du
fonctionnement cellulaire. En fait, la capacité d’une cellule a faire face a
différents éléments stressants va déterminer son sort. Un des systémes cellulaires
essentiel qui est ciblé par le stress est I’appareil du transport nucléocytoplasmique.
Par exemple, le systétme classique d’importation au noyau est inhibé par
différentes formes de stress. Les recherches présentées dans cette thése analysent
les effets du stress sur le transport nucléocytoplasmique en se concentrant plus
précisément sur la facon dont le stress empiéte sur les composantes individuelles
de I’appareil de transport. De plus, le transport nucléaire de la chaperone hsc70 et
de la protéine kinase activée par I’AMP (AMPK), qui sont impliquées dans de
nombreux processus physiologiques, ont été analysées sous des conditions
normales et de stress.

Afin d’obtenir un meilleur apergu de la capacité du stress a réguler le transport
nucléocytoplasmique chez les eucaryotes, les cellules HeLa furent utilisées
comme systéme model pour analyser les effets d’un stress oxydatif léger sur la
localisation des facteurs de transport solubles. Mes recherches révelent que le
stress oxydatif modifie la localisation des récepteurs de transport importine-o et
CAS, ainsi que les nucléoporines Nup153 et Nup88 qui s’accumulent toutes dans
les noyaux suite a un traitement oxydatif. De plus, je démontre que ces facteurs
solubles de transport deviennent immobiles dans les noyaux de cellules stressées

ou elles sont retenues dans de grands complexes insolubles.



Une composante cruciale de la machinerie de la signalisation cellulaire qui est
régulée par la modulation du transport nucléaire est ’AMPK. Mes recherches
fournissent de nouveaux apercus sur la fagon dont les différents éléments
stressants affectent 1’activation et la localisation subcellulaire de I’AMPK. Par
exemple, mes résultats démontrent que plusieurs formes de stress incluant la
chaleur, la réduction d’énergie et les agents oxydants concentrent I’AMPK dans
les noyaux. De plus, je démontre que sous des conditions normales de croissance
cellulaire, ’AMPK voyage entre le noyau et le cytoplasme, un processus qui
dépend sur I’exportateur nucléaire Crm1. Par ailleurs, mes résultats ont démontrés
que la signalisation par la cascade MEK-ERK1/2 joue un réle crucial dans le
contrdle de la localisation de I’ AMPK.

En plus de ’AMPK, je me suis concentré sur I’effet du stress sur la protéine
de stress a la chaleur hsc70 (heat shock protein 70), une composante essentielle de
la machinerie des chaperones qui joue un rdle crucial dans la réparation des
dommages induits par le stress. Suite a une exposition a un stress, hsc70
s’accumule dans les noyaux, mais est ensuite relocalisée dans les nucléoles et
subséquemment dans le cytoplasme pendant le rétablissement des cellules. J’ai
défini, au niveau moléculaire, les mécanismes qui contrdlent le transport de hsc70
vers et hors du noyau lors d’un stress. Spécifiquement, la rétention dans les
noyaux et les nucléoles des cellules stressées fut identifié comme cause majeure
qui retarde la sortie de hsc70 du noyau. Mes recherches ont identifi¢ la
fibrillarine, composantes nucléolaire, ainsi que la protéine ribosomale rpS6

comme composantes qui interagissent avec hsc70 en ancrant possiblement la
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chaperone dans les nucléoles lors d’un stress. De plus, j’ai démontré que la
libération de hsc70 de ces ancres est un pré-requis pour quitter le noyau.

Faisant partie de mes objectifs de recherche, mon travail fut dirigé vers
I’amélioration des approches techniques employées pour la détection de la
distribution subcellulaire des protéines. Pour cette fin, j’ai développé une nouvelle
approche quantitative de la fluorescence afin d’analyser de maniére quantitative la
distribution des protéines dans différents compartiments subcellulaires, incluant le
noyau, le cytoplasme et I’enveloppe nucléaire (NE). Les protocoles décrits dans
cette thése furent employés avec succés afin d’analyser la distribution des
récepteurs de transport et molécules de signalisation sous des conditions normales
et de stress. Le développement de nouveaux outils afin de quantifier les niveaux
de protéines dans divers endroits subcellulaires ouvre la voie vers la
compréhension de [’organisation dynamique des différentes composantes

cellulaires, ainsi que de la maniére dont leur état dynamique régule leur fonction.
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CHAPTER 1

Introduction and Review of the Literature



1. Organization of eukaryotic cells

Eukaryotic cells are distinguished from prokaryotes by the presence of a
membrane-bounded nucleus (1). The nuclear envelope (NE) demarcates the
nucleus and separates the nuclear genomic material from the rest of the cell (2).
The spatial separation between DNA replication, RNA synthesis in the nucleus
from protein synthesis in the cytoplasm is a unique strategy to confer tight control
on the essential cellular activities such as gene expression and signal transduction
(3). This feature allows eukaryotic cells to maintain cellular homeostasis and
rapidly respond to environmental changes such as stress. Furthermore, it enables a
better control of the large amount of genetic information stored in the eukaryotic
genome via segregation of the transcription and translation processes, which
ultimately led to the development of higher organisms (4). Concomitantly, from
the separation of nuclei and cytoplasm arises the need for bi-directional exchange
of thousands of molecules between the two compartments. As such, nuclear
proteins like histones, transcription factors have to reach their final destination in
the nucleus. Conversely, the synthesis of transfer RNA (tRNA), messenger RNA
(mRNA), and other RNAs occurs in the nucleus while their destination
compartment is the cytoplasm (reviewed in 5).

Communication between the nucleus and cytoplasm occurs via nuclear pore
complexes (NPCs), which are large protein assemblies embedded in the NE.
NPCs are the only gates that mediate exchange of molecules between the nucleus
and cytoplasm (6). Different mechanisms control the movement of molecules

across the NE. Ions, small metabolites and proteins less than 20-30 KD can



diffuse freely through the aqueous channel of the NPCs, while macromolecules
larger than 40 KD need an active transport system for translocation across the
nuclear pore (reviewed in 5).
1.1 Nuclear envelope (NE)

The NE provides a physical barrier that isolates the nucleus from the
cytoplasm thereby generating two distinct compartments. It is responsible for
keeping the defined biochemical characteristics of each compartment (reviewed in
7).

Electron microscopy studies revealed the structural features of the NE. The
key components of the NE are two nuclear membranes, the inner nuclear
membrane (INM) and the outer nuclear membrane (ONM). The INM and ONM
are fused together at the sites where NPCs span the NE. The two membranes of
the NE are separated by the perinuclear space which forms the NE lumen
(reviewed in 4). Extended from the ER lumen, the NE lumen is aqueous in nature
and provides a milieu for the luminal domains of the integral membrane proteins
that are anchored to the INM and nuclear pore membrane (Fig.1.1A) (reviewed in
8). The integral membrane proteins of the INM and nuclear pore membrane are
implicated in maintaining the structural and functional organization of the
chromatin and NPCs, respectively (reviewed in 9).

The ONM is characterized by the presence of many ribosomes and is joined
with the membranes of the endoplasmic reticulum (ER). By contrast, the INM is
ribosome free and supported from its inner face by a fibrous layer of proteins

which constitutes the nuclear lamina (Fig. 1.1B) (reviewed in 4, 7-9). The nuclear
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Figure 1.1 Organization of the nuclear envelope (NE)

(A) NEs of rat liver nuclei as they appear in the electron microscope image. The NE
consists of two membranes; the inner nuclear membrane (INM) and the outer nuclear
membrane (ONM) which are spanned by NPCs (indicated by black arrows). The nuclear
lamina which associates with inner face of INM is stained by gold particles and indicated
by arrowheads. The cartoon shows the structural organization of the NE, note that the
ONM contains many ribosomes and is continuous with the membranes of the ER while
the INM is ribosome free and supported from its inner face by the lamina. The INE and
ONM are associated with a whole set of membrane proteins that mediate their interaction
with actin cytoskeleton. (B) Electron micrograph of the nuclear side of NEs in Xenopus

oocyte showing lamin filaments (building blocks of lamina) pointed by black arrows.

This Figure is modified from

1- Mounkes L, Kozlov S, Burke B, Stewart CL. The laminopathies: nuclear structure
meets disease. Curr. Opin. Genet. Dev. 13(3):223-30, 2003.

2- Goldberg MW, Fiserova J, Huttenlauch I, Stick R. A new model for nuclear lamina
organization. Biochem. Soc. Trans. 36(Pt 6):1339-43, 2008.
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Figure 1.2 The NE mediates the nuclear anchorage

(A) The NE plays a key role in maintaining the correct spatial position of the cell nucleus
by association with the actin cytoskeleton via distinct sets of NE proteins. (B) Two
groups of membrane proteins mediate the association of the NE with F-actin, SUN- and
KASH- domain proteins. The KASH-domain proteins like nesprins bind the NE through
one end while they associate with actin cytoskeleton through the other end thereby
providing nuclear anchors. KASH-domain proteins associate with the NE via binding to

SUN-domain proteins, which are attached to the nuclear lamina.

This Figure is modified from

1- Wilhelmsen K, Ketema M, Truong H, and Sonnenberg A. KASH-domain proteins
in nuclear migration, anchorage and other processes. J Cell Sci 119: 5021-5029, 2006.

2- Hutchison CJ, and Worman HJ. A-type lamins: guardians of the soma? Nat Cell
Biol. 11: 1062-7, 2004.



lamina is composed of intermediate filament proteins called lamins. It provides
attachment sites for chromatin at the nuclear margin and is considered to be the

main framework for the NE structure (reviewed in 2, 4, 10 and 11).

Nuclear lamins are involved in different aspects of cellular functions. This
includes, transcription, DNA replication and DNA repair as well as cell
proliferation. Furthermore, there is a growing body of evidence that suggest a role
for lamin A-binding proteins in viral infectivity. As such, phosphorylation-
mediated lamin disassembly is a prerequisite step for the packing of viral
nucleocapsids with INM; this association precedes the nucleocapsids fusion with
ONM which is required for their exit out of the nucleus (11). Thus, the NE is of
fundamental importance in maintaining the structural and functional organization
of the eukaryotic nucleus. Not only does it provide the exclusive gates for
nucleocytoplasmic transport; the NPCs, but it also helps to maintain the nuclear
shape and integrity.

Another aspect of NE function is that it plays an essential role in nuclear
anchorage and movement and therefore is responsible for maintaining the correct
spatial position of the nucleus (Fig. 1.2A). This is mediated by a two families of
membrane proteins that span the INM and ONM and known as SUN- and KASH-
domain proteins, respectively. The KASH-domain proteins (for instance,
nesprins) bind to the NE from one side (by association with INM-SUN domain
proteins) while interact with different components of the cytoskeleton such as F-

actin with the other end thereby providing nuclear anchors (Fig. 1.2B) (12).



Many human diseases have been attributed to mutations in one of the NE
proteins. As such, mutations in the genes which encode lamin-A/C proteins or
emerin may cause cardiac and skeletal myopathies such as Emery-Dreifuss
Muscular Dystrophy (EDMD), as well as the premature aging disease know as
Hutchinson-Gilford Progeria Syndrome (HGPS) (reviewed in 7, 11, and 13).
1.2 Nuclear pore complexes (NPCs)

NPCs are massive protein assemblies that penetrate the NE and provide
aqueous channels that mediate the exchange of molecules between the nucleus
and cytoplasm. They are the exclusive passageways through which proteins,
RNAs and other substances may translocate across the NE (Fig. 1.3A) (14, 15).
The average molecular mass of the NPC varies between different organisms and
ranges from ~55-66 MDa in yeast to ~125 MDa in mammalian cells (16, 17).
Several factors such as the cell size and proliferative activities determine the
requirements for nuclear transport to be mediated by NPCs. Therefore the number
of NPCs varies greatly with the complexity and the developmental stage of the
organism. This is exemplified by the diverse numbers of NPCs found in yeast cell
(~190 NPCs/nucleus) as compared to mammalian cell (~3000-5000
NPCs/nucleus), and mature Xenopus oocyte (5 x10’ NPCs/nucleus) (5, 18, 19).
Recent advances in proteomics have led to the characterization, at the molecular
level, of the basic constituents of the NPCs. As such, proteomic analysis has
defined the molecular components of the mammalian NPC as ~30 different

proteins that are referred to collectively as nucleoporins or Nups (20).
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Figure 1.3 Nuclear Pore Complexes (NPCs)

(A) Cytoplasmic and nuclear views of the nuclear pore complexes (NPCs) of Xenopus
laevis oocyte as shown by electron microscopy. Note that the nuclear side of the pore is
characterized by the presence of the nuclear baskets. The ability of NPC to mediate bi-
directional transport of protein and RNAs is demonstrated by monitoring the
translocation of gold-labeled nucleoplasmin and tRNA wusing immune-electron
microscopy. The nucleoplasmin-gold (large particle nuclear) and tRNA (small particle
cytoplasmic) were initially injected into the cytoplasm and the nucleus of Xenopus laevis
oocyte respectively. The translocation of both substrates occurs through the NPC. (B)
Simplified model of the NPC. The central transport channel is surrounded by nuclear and
cytoplasmic rings which contain the nuclear basket and cytoplasmic filaments
respectively. (C) Nucleoporins (Nups) are the building blocks of the NPC. The different

Nups organize into modules with distinct functions.

This Figure is modified from

1- D'Angelo MA and Hetzer MW. Structure, dynamics and function of nuclear pore
complexes. Trends in Cell Biology 18: 456-466, 2008.

2- Terry LJ, Shows EB, and Wente SR. Crossing the nuclear envelope: hierarchical
regulation of nucleocytoplasmic transport. Science 318: 1412-1416, 2007.



A proposed structural model depicts the NPC as a scaffold structure with
eight-fold symmetry embedded in the NE perpendicularly to its plane. This
structure comprises a central plug which is thought to contain the transport
channel. The central plug is surrounded by eight spokes that are sandwiched by
four coaxial rings, the inner spoke ring, the outer spoke ring, the cytoplasmic ring,
and the nuclear ring. The cytoplasmic side of the NPC is characterized by the
presence of eight cytoplasmic filaments attached to the cytoplasmic ring, whereas
the nuclear side of the pore has filaments that extend from the nucleoplasmic ring
and fuse together at their distal ends by a ring to form the nuclear basket (Fig.
1.3B) (21, reviewed in 22). This architecture is achieved and maintained by
certain groups of nucleoporins that are organized to form subcomplexes which
function as building blocks for the different structural components of the NPC. A
combination of mass spectrometry and immunoelectron microscopy has generated
a map of these subcomplexes and assigned them to the different subunits of the
NPC as seen in cryo-EM studies. This revealed that Nup107-160 and Nup214-88
complexes are located at the central spoke ring and cytoplasmic ring respectively,
whereas the nucleoporin Tpr is a main component of the nuclear basket filaments
(Fig. 1.3C) (reviewed in 23).

A large group of nucleoporins is characterized by the presence of domains that
contain multiple repeats of the amino acid sequence Phenylalanine-Glycine (FG),
Glycine-Leucine-Phenylalanine-Glycine (GLFG) or Phenylalanine-X-
Phenylalanine-Glycine (FxFG) (where x represents a spacer amino acid), which

are referred to collectively as FG repeats. Several studies have demonstrated a key



role for these repeats in nuclear transport. As such, nuclear import pathways are
sensitive to antibodies against FXFG repeats such as; the monoclonal antibody
414 (reviewed in 24). Inhibiting the RNA export by antibodies against Nup98 (a
GLFG- containing nucleoporin) revealed that Nup98 is a key player in RNA
export pathways (25). This indicates that the FG-containing nucleoporins have
different functions in different transport pathways (reviewed in 24). Several FG-
containing nucleoporins have asymmetric distribution to both sides of the pore.
For instance, Nup358, and Nup214 are located at the cytoplasmic fibrils, whereas
Tpr localization is restricted to the nuclear basket (26, 27, and reviewed in 28).
Furthermore, a large number of FG-rich nucleoporins are residing mostly at the
central transport channel of the NPC where the hydrophobic repeats constitute a
selective permeability barrier that sieves out the macromolecules and prevents
their translocation through the NPC. At the same time, the FG repeats mediate the
interaction between soluble transport receptors and NPCs thereby facilitating the
receptor-mediated transport of selected cargoes (reviewed in 29).

Despite the NPC being initially thought to be a static structure of defined
composition, a new picture is now emerging that reveals the dynamic nature of
the NPC. The dynamic organization of the NPC is manifested by changing its
conformation or altering the nucleoporin position or association with the NPC. A
prominent example is the conformational change of the NPC in response to
nuclear transport activities (reviewed in 30). As such, structural analysis of NPCs
in nuclei that are competent for nuclear import using cryoelectron tomography has

revealed that NPCs which are actively transporting cargo adopt a different



conformation in which the positions of the central plug/transporter as well as the
cytoplasmic filaments change as compared to cargo-free NPCs (31). For instance,
the cytoplasmic fibrils of the NPCs which are extended in the absence of transport
substrates but bend to approach the central gate of the nuclear pore when they are
involved in cargo transport (reviewed in 30, 31).

Another factor that regulates the dynamic nature of the NPC is the transient
association of mobile nucleoporins with the pore (reviewed in 30). Although the
nucleoporins which function as bona fide structural components of the NPC, for
instance, the Nup107-160 complex, are stably associated with the pore, other FG
containing Nups that are involved in transport activities such as Nupl53 and
Nup50 are mobile and transiently associate with the NPC (32). The ability of
certain nucleoporins to move across the pore seems to be necessary to perform the
different tasks of nucleocytoplasmic transport such as delivering the cargo to the
NPC and/or dissociation of the transport complex (33). Several observations
substantiate this hypothesis, for instance, the FG repeat domains of Nup153 and
Nup214 relocate according to the transport status of the NPC and their
distribution appears to correlate with the substrate movement across the central
channel of the pore. This is exemplified by the redistribution of the C-terminal FG
domain of Nup214 to the nuclear side of the pore in response to microinjection of
poly (A+) RNA into Xenopus oocyte nuclei (34, 35). Furthermore, Nup153 has
been shown to shuttle between the nuclear and cytoplasmic sides of the NE and is
believed to mediate the translocation of export complexes to the cytoplasm (36).

Mobile nucleoporins may have roles in other cellular activities as well. A



prominent example is Nup98 which localizes to multiple subcellular
compartments. The mobility of Nup98 depends on transcription and may help to
direct newly transcribed RNAs to the pore (37).

Thus, as a vital component of the transport machinery, the nucleoporins play a
crucial role in maintaining the cellular homeostasis under normal conditions, and
mediating the cellular responses upon stress. Chapter 2 in my thesis will focus on
analyzing the effect of oxidative stress on the localization as well as the functional

integrity of nucleoporins that are involved in nuclear transport.

2. Transport between the nucleus and cytoplasm: passive

diffusion versus facilitated (signal-mediated) transport

The aqueous channel of the NPC has an approximate diameter of ~ 9 nm and
length of 40-50 nm (38, 39). It mediates transport of different molecules between
the nucleus and cytoplasm via two different mechanisms; passive diffusion and
facilitated transport (reviewed in 40). The transport mode depends on the size of
the cargo and its ability to interact with the FG motifs of the nucleoporins that line
the transport channel. As such, water, ions and small molecules which are less
than ~ 5 nm radius, that do not interact with the FG repeats (i.e. inert molecules)
can diffuse through the central channel of the pore (38, 41).

The passive diffusion does not rely on interactions between the cargo and FG-
containing nucleoporins nor does it require metabolic energy (reviewed in 5, 38,
and 41). The efficiency of this pathway decreases as the size of the molecule

approaches the diameter of the central channel. Analyzing the size limits of the



diffusion channel using fluorescently labeled dextrans showed that molecules >
40 KDa cannot pass through the channel (39). Thus, macromolecules that exceed
the diameter of the central channel depend on other transport routes to translocate
across the pore, the facilitated or carrier-mediated transport (42, 43).

In contrast to passive diffusion, carrier-mediated transport is an active process
that needs energy and relies on the interaction between transport cargoes and
nucleoporins. This interaction assists the translocation through the pore and is
mediated by a large group of transport receptors known as karyopherins. The
transport factors may act like “a boat that carry transport cargoes and slide over a
surface of dense FG repeats” (44).

Members of the importin-B family (also known as karyopherins) are the best
characterized nuclear transporters. According to the direction of transport, they
can be classified into two groups, importins and exportins. Importins mediate
translocation of molecules from the cytoplasm to the nucleus, whereas exportins
function in export from the nucleus to the cytoplasm. The directionality of the
transport reaction is determined by different sets of signals that exist on the cargo
to be translocated. For instance, nuclear proteins carry a nuclear localization
signal (NLS); alternatively, proteins destined for export to the cytoplasm contain a
nuclear export signal (NES). Importins and exportins recognize and bind the
signal-containing cargoes either directly or via adapter molecules, then facilitate
their translocation across the pore by their ability to interact with FG repeats that
line the transport channel (reviewed in 45). This interaction can increase the

functional diameter of the transport channel up to ~40 nm, thereby allowing for

10



translocation of large molecules (46). The carrier-mediated transport requires
energy which is supplied at least in part, via GTP- hydrolysis by a small GTPase
called Ran (reviewed in 47). Ran plays a key role in the formation of import and
export complexes between the transport receptors and translocating molecules
(Fig. 1.4) (reviewed in 48).

To mediate different rounds of import and export, the transport receptors need
to be recycled between the nucleus and cytoplasm, different mechanisms ensure
the fast movement and availability of transport receptors at both sides of the
envelope (49) (see below). Recent data support a model with a single
translocation channel that occupies the middle of the NPC and mediates passive
diffusion as well as the signal-mediated transport (50). The facilitated transport
mechanism explains the high translocation capacity of the NPC which is capable
to afford a mass flow of 100 MDa/sec and a transport rate of 10’ translocation
reactions/sec (41). The different components of signal-mediated transport such as
transport signals, soluble transport receptors are discussed in the following
sections.

2.1 Nuclear localization signals (NLSs)

Nuclear localization signals (NLSs) are permanent signals that can be present
anywhere in the protein, and target it to the nucleus. In contrast to many other
targeting signals for example secretory proteins signals (51), the NLS is not
cleaved after the termination of the import reaction. The nuclear localization
sequence for the nuclear protein nucleoplasmin was first described by Dingwall et

al. (43). Their work revealed that a polypeptide domain in the tail structure of
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Figure 1.4 Carrier-mediated nucleocytoplasmic transport

Carrier-mediated transport is a multistep process that depends on soluble transport
receptors and requires energy. For import, the transport receptor binds to the NLS-
bearing cargo in the cytoplasm to form an import complex which then docks at the
cytoplasmic fibril of the NPC. Translocation through the NPC occurs by interaction of
the transport receptor with the nucleoporins of the central gated channel of the NPC.
Export occurs by the same mechanism, yet in the opposite direction. Note that the energy
required for the transport reaction is supplied by RanGTP which plays a key role in

formation and disassembly of transport complexes.

This Figure is modified from

1- Terry LJ, Shows EB, and Wente SR. Crossing the nuclear envelope: hierarchical
regulation of nucleocytoplasmic transport. Science 318: 1412-1416, 2007.



nucleoplasmin is necessary for its targeting to the nucleus (43). Another type of
NLS that mediates nuclear localization is present in the simian virus 40 large T-
antigen (SV40 T-ag). SV40T-ag-NLS represents the simplest form of nuclear
localization signals and consists of a single cluster of basic amino acids
(PKKKRKV"?) (52, 53). The SV40-NLS is classified as a monopartite signal.
Unlike monopartite signals the nucleoplasmin NLS contains two clusters of
basic amino acids that are separated by a 10-amino acid linker region and
therefore classified as bipartite signal (KRPAATKKAGQAKKKK”” (54). The
mono- and bipartite classes of positively charged NLS are referred to collectively
as classical NLS (cNLS). Some NLSs are recognized and bound directly by
importin-B, while other NLSs bind to importin-B via the adapter molecule
importin-a, which forms a heterodimeric import receptor with importin-f3
(reviewed in 55). The prevalence of lysines or arginines in the NLS is the limiting
factor that determines the mode of interaction with importin-8. As such, arginine—
rich NLSs bind directly to importin-8 (56, 57). A prominent example, Rex protein
of human T-cell leukemia virus type 1 contains an arginine-rich NLS that binds
directly to importin-B. Conversely, a lysine-rich NLS favors the importin-a
mediated interaction with importin-3 (55-57). The ability of arginine-rich NLSs to
directly interact with importin-f can be explained by its structural similarity to the
arginine-rich importin-f binding (IBB) domain of the adapter molecule importin-

a (reviewed in 55).
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2.1.1 Different classes of NLS

Although cNLSs mediate nuclear import of a large number of nuclear
proteins, the presence of a sequence that fits the consensus for a cNLS does not
necessarily indicate a function in nuclear import. As such, many plasma
membrane proteins contain motifs that resemble a ¢cNLS (58). Furthermore, in
many nuclear proteins a potential cNLS is non-functional, and the nuclear import
of these proteins relies on other types of NLS that are structurally different
(reviewed in 55). This is exemplified by the hnRNP A1 NLS which consists of 38
amino acids and known as M9 sequence. The import of hnRNP A1 occurs via a
distinct transport pathway that relies on transportin-1 (an importin-8 like receptor)
to recognize and bind the M9 sequence (59). Another example for a non-classical
NLS is the nuclear targeting sequence identified in the homeodomain of the yeast
repressor a2 (Mata2) (60). This NLS contains polar or charged residues that are
separated by non-polar linkers (60, reviewed in 61). A different class of NLS is
represented by the one identified for c-myc protein. The c-myc NLS is
characterized by a central basic amino acids cluster which has upstream residues
of proline and aspartic acid (PAA) and followed by a dipeptide residue (LD)
(PAAKRVKLD). The position of proline and aspartic acid residue has shown to
be critical for the nuclear targeting function of c-myc NLS (62, 63).
2.1.2 Regulation of importin-a/cNLS recognition modulates nuclea transport

The recognition and binding of the nuclear targeting sequence by transport
receptors is the first step in the transport reaction. This step is of fundamental

importance as it impinges on the fate of the transport process and thus can be
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targeted by different cellular strategies that aim to modulate nuclear transport.
Different transport pathways are regulated in vivo by modulating the transport
receptor-signal interaction. This regulation occurs by several mechanisms
(reviewed in 61). For instance, changing the composition of the cellular pool of
importins by differential expression of certain importin gene, may favor the
import of certain proteins over the others. This depends primarily on which NLSs
are recognized by the pool (reviewed in 61, and 64).

Another level of regulation is realized by competition between several proteins
with NLSs for binding to the same transport receptor. In this situation, the affinity
between the transport receptor and the targeting signal will be the limiting factor
that determines which protein to be imported. A prominent example is the intense
demand for importin-p1 to mediate the import of NLS-containing proteins either
directely or through importin-a. The same principle applies if the same NLS can
be recognized and bound by several transport receptors (Reviewed in 61).

Furthermore, the interaction between targeting signals and transport receptors
can be regulated by phosphorylation. This is exemplified by the import of NLS-
containing Drosophila morphogen Dorsal which is mediated by heterodimeric
importin-a/B receptor. Phosphorylation of Dorsal by cAMP-dependent protein
kinase facilitates its import by augmenting the interaction affinity between the
receptor and NLS up to seven-fold (65). Modifying the target sequence by
phosphorylation does not always enhance its recognition by transport factors. As
such, Crml-dependent export of cyclin Bl is sensitive to phosphorylation by

cdk/MAPK which interferes with Crm1-NES association (reviewed in 61, 66).
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Another strategy that controls the recognition of a transport signal relies on
masking of the targeting sequence by binding to another molecule (reviewed in
61). As such, binding of I-xBa protein to the NLS of the NF-kB p65 subunit
masks the NLS and thereby inhibits the nuclear import of the protein. Sequential
events of phosphorylation and proteolytic degradation remove the masking
components, thus putting a tight control on NF-xB nuclear import (67).

Regulating the transport receptor-signal interaction via different ways
indicates that multiple mechanisms are likely to control the ¢cNLS dependent
import.

2.2 Nuclear Export Signal (NES)

The nuclear export signal (NES) is a short sequence (~9-14 amino acids)
which contains hydrophobic residues. The NES targets a cargo to be exported
from the nucleus to the cytoplasm (68). This signal can be found in HIV-Rev
protein and the protein kinase A (PKA) inhibitor (68, 69). HIV-Rev NES consists
of a cluster of hydrophobic leucine-rich sequence and identified as
(LPPLERLTL) (69). The export of NES-containing cargoes is dependent on
Crml1, the best characterized member of a group of importin- transport receptors
referred to collectively as exportins (5, 70). To date, up to 80 proteins have been
reported to contain an NES that is recognized by Crm1 (71).

2.3 Nuclear carriers

Nuclear carriers, represent a large group of soluble transport receptors that are

involved in import (referred as importins) and export (referred as exportins) of

macromolecules in and out of the nucleus (reviewed in 72). Some transport
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receptors such as mammalian importin 13 and yeast Msn5 have a dual role and
can function as both importins and exportins (reviewed in 73). The majority of
transport receptors belong to the evolutionary conserved importin- family which
comprises ~ 22 members in higher eukaryotes and 14 in yeast (74 and reviewed in
75). The importin-B family members have molecular mass of ~ 90-130 KDa (74
and references therein). Their function as transport factors is based on their ability
to interact with different components of the transport machinery such as RanGTP,
nucleoporins, and different cargoes (reviewed in 5, 75).
2.4 Importins

Importins bind their substrate in the cytoplasm, translocate across the NE, and
then release their cargoes in the nuclear compartment. Importin-1, also known as
karyopherin-B1 in higher eukaryotes or Kap95 in yeast, is the best characterized
member of the importins subfamily (reviewed in 5). At the molecular level, the
structural components of importin-B1 are tandem arrays of 19 helical motifs,
known as HEAT repeats (76). Each of these repeats is made of approximately 40
residues and consists of two B helices A and B that are spaced by a turn to form a
hairpin-like helical structure. The 19 repeats are connected to each other by linker
regions and spatially organize into an S-shaped superhelix that represents the full
length importin-B1. The S-shaped conformation of importin-8 switches to a snail-
shaped conformation upon binding to importin-a (Fig. 1.5A, B) (reviewed in 75,
76, and 77). Crystal structure analysis of HEAT repeats allocated different
functions to different repeat groups. As such, interaction with RanGTP depends

on HEAT repeats 1-8, whereas the repeat groups 4-8 and 7-19 play a key role in
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mediating binding of importin-81 to the importin-B1-binding (IBB) domain of
importin-a and FXFG motifs at the NPC, respectively (reviewed in 75, 76, 78, 79
and 80). Another group of HEAT repeats located at the N-terminal part (1-485) is
required to interact with parathyroid hormone-related proteins PTHrP (81).
Crystallography studies on importin-31 alone or in complex with other binding
partners such as RanGTP, importin-a, or import cargoes revealed that it
undergoes conformational changes upon interaction with other molecules (Fig.
1.5C) (76-78). For instance, import of dimeric molecules such as sterol regulatory
element-binding protein 2 (SREBP-2), needs a more open conformation that gives
importin-B1 a pseudo-two fold symmetry to enable cargo binding (82). Other
conformational changes are thought to facilitate the formation or disassembly of
import complexes as well as the interaction with different nucleoporins.

Mapping the functional domains in importin-81 revealed the presence of a
RanGTP binding domain at the N-terminus, and a cargo binding domain at the C-
terminus. Another nucleoporin binding domain has been located at the amino-
terminal/central region at residues 152-352 (Fig. 1.5D) (75, 78 and 79). The
ability to undergo different conformational changes together with the presence of
multiple binding sites for the different cargoes as well as components of the
transport machinery, are the key features that underlie the structural flexibility of
the molecule and allow importin-B1 to transport a large diversity of import
substrates (reviewed in 73).

Importin-B1 can bind to its import substrate either directly or through adaptor

molecules. Importin-a is the best characterized adaptor molecule for importin-f31,
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Figure 1.5
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Figure 1.5 Structure of importin-p

(A) The cartoon shows the structure of importin-f as S-shaped superhelics made of 19-
tandem HEAT repeats, the inset reveals that each repeat contains 2 a-helices (A, B) that
are spaced by a turn. (B) The S-shaped conformation of importin-f§ switches to a snail-
shaped conformation upon binding to importin-a. (C) Importin-f adopts different
conformations upon binding to different cargoes. The structure of importin-f in complex
with importin-a, PTHrP and SREBP-2 is depicted. Note that in contrast to its closed snail
shaped conformation upon binding to importin-o, importin-3 has a more open
conformation when it binds to (SREBP-2). See text for details. (D) The functional
domains of importin-f. The RanGTP binding domain is located at the N-terminal end,

whereas the cargo binding domain is at the C-terminal end.

This Figure is modified from

1- Strom AC and Weis K. Importin-B-like nuclear transport receptors. Genome Biology
2:3008.1 - 3008.9, 2001.

2- Mosammaparast N and Pemberton LF. Karyopherins: from nuclear-transport

mediators to nuclear-function regulators. Trends in Cell Biology 14: 547-556, 2004.

3- Conti E, Miiller CW, and Stewart M. Karyopherin flexibility in nucleocytoplasmic
transport. Current Opinion in Structural Biology 16: 237-244, 2006.



it interacts with cNLS containing cargoes (83) (see below). Other proteins such as
Snurporteinl and XRIPa can function as adaptors for importin-B1 as well
(reviewed in 75, 84, and 85). Snurporteinl has an importin-81 binding domain in
its N-terminal portion and an m3G-cap binding domain in the C-terminal domain.
It mediates the importin-B1 dependent import of m3;G-capped small nuclear
ribonucleoproteins snRNPs (84). XRIPa is another adaptor protein that links
importin-B1 to its import substrate replication protein A (RPA) in Xenopus eggs
(85). In addition to adaptor-dependent transport, many cargoes are imported via
direct binding to importin-B1. Examples for such cargoes include PTHrP, T-cell
protein tyrosine phosphatase, HIV TAT and Rev proteins, ribosomal proteins
L23a, S7 and cyclin B1 (reviewed in 75, 86).

The intracellular distribution of importin-81 is crucial for its function. Under
normal growth conditions, importin-B1 associates with nuclei where it
accumulates at the NE. In addition, a considerable amount can also be detected in
the cytoplasm. Several forms of stress have been shown to relocate importin-31.
As such severe oxidative stress confines the transport receptor to the nuclear
compartment and diminishes its association with the NE (87).

Importin-B like receptors associate with multiple components of transport
machinery, these interactions can be either simultaneous or mutually exclusive.
As such, importin-81 binds the nucleoporins and cargo at the same time to
facilitate its passage through the NPC. By contrast, binding of RanGTP and
substrate to importin-B1 is mutually exclusive, which provides the key mechanism

for the dissociation of import complexes (88).
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2.5 Exportins

Like importins exportins mediate the translocation of many molecules across
the NE although in the opposite direction, i.e. from the nucleus to cytoplasm.
Exportins bind their cargoes in the nucleoplasm where they form export
complexes which are translocated across the NE, then dissociate on the
cytoplasmic side of the NPC (89). They play a fundamental role in the export of
numerous molecules; this includes shuttling proteins, signalling proteins,
transcription factors, tRNA as well as the transport receptor importin-o. which
relies on the exporter CAS to be recycled back to the cytoplasm (89, and reviewed
in 90). Furthermore, proteins which are confined to the cytoplasm like translation
initiation and elongation factors rely on nuclear exporters such as Crm1 and Exp5
to be excluded from the nucleus (91). In addition to protein export, some
exportins function in the export of specific classes of RNA. This is exemplified by
exportin-t which is the nuclear exporter of t-RNA (92).

Crm1 also known as Exportinl or Xpolp in yeast is the best characterized
importin-B-like export receptor. It recognizes and binds leucine-rich NESs and
translocates its cargoes from the nucleus to the cytoplasm (93). Among the Crml
dependent export substrates are protein kinase inhibitor a (PKla), cyclin B1, and
the transcription factor NF-AT4 (reviewed in 75). Furthermore, the export of 40S
and 60S ribosomal subunits is mediated via Crm1 dependent route (reviewed in
94). In addition the yeast homolog Xpolp plays a key role in the export of yeast

heat shock protein Ssblp (reviewed in 75).
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The interaction between Crml and its export substrate is modulated by
different factors. As such, RanGTP and RanBP3 promote the association between
Crml and its export cargoes (93, 95), whereas RanGTP hydrolysis stimulates the
dissociation of export complexes (70, 93). Crml dependent export of NES-
containing proteins can be inhibited by the cytotoxin leptomycin-B (LMB) which
covalently modifies Crm1, thereby preventing the formation of export complex
(93). The affinity between Crml and an NES is weaker as compared to the
binding of other exportins like, CAS, Exp-t and Exp-4, to their export cargoes.
This is thought to facilitate the efficient release of Crm1-export complex from the
NPC (90). Another important export receptor that belongs to importin- family is
the cellular apoptosis susceptibility factor (CAS) or Cselp in yeast. The essential
function of CAS is to export the adaptor importin-o to the cytoplasm once
import complexes have been dissociated in the nucleus. Thus, CAS plays a crucial
role in nuclear transport as it ensures the efficient recycling of importin-a to
cytoplasm thus enabling it to mediate multiple rounds of import (96).

2.6 Importin-a

Importin-a is a soluble import receptor that recognizes and binds cNLS
bearing cargoes and mediates their interaction with importin-8. Thus, it works as
an adaptor molecule that bridges importin- to its import substrate (reviewed in
5). The crystal structure of importin-a revealed two characteristic domains,
importin-f binding (IBB) domain and a ¢cNLS binding domain in the shape of a
groove (reviewed in 97). The cNLS binding domain of importin-a consists of ten

tandem armadillo (ARM) repeats that are arranged into a superhelical structure
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with a groove that serves as cNLS binding pocket (reviewed in 97, 98) (Fig.
1.6A). Two cNLS interacting sites were mapped on the importin-o molecule.
These sites are located at the residues (121-247) and (331-417) which correspond
to the ARM repeats 2-4 and 7-9 respectively (Fig. 1.6B) (99). Crystallographic
analysis revealed that importin-a binds to a wide range of cNLS types for instance
the monopartite and bipartite classical NLSs albeit with distinctive manners (rev
in 98, 100). As such, the monopartite NLS occupies only one binding site,
whereas the bipartite signal binds to the two binding sites of the NLS binding
domain (100, 101).

Different factors determine the recognition of a cNLS by importin-o, these
include hydrogen bonding, electrostatic and hydrophobic interactions between the
positively charged basic motif of the cNLS and ARM repeats of importin-a (98,
100).

The IBB is a flexible domain located in the N-terminal region of importin-a;
the main function of this domain is to mediate the interaction with importin-f3
(Fig. 1.6D). The IBB domain contains a specific sequence that mimics the cNLS
and overlaps with the importin- binding motif (102). Crystallographic analysis of
the mouse importin-a revealed that this internal NLS motif binds to the NLS
binding domain of importin-o. and thereby inhibits its binding to an external
cNLS. This finding suggested an autoinhibitory model, where IBB modulates the
interaction of importin-o with its import substrates (103, 104). According to this
model, when importin-a is free, i.e. not bound to importin-, the intramolecular

binding between the internal cNLS-like signal and NLS binding sites reduces the
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Figure 1.6

ARM4

ARMS

ARMS

ARM7

ARMS

ARM9

ARM10 496

Importin-a Importin-a bound to
(full length) cNLS
(D) (E)
Cytoplasm

High affinity for

Importin-a IBB mediates

NLS " NLS

NLS
binding
sites
7 )6
N-terminal truncated
importin-a
Nucleus

Low affinity for

its interaction with importin-§ Autoinhibitory model
(F)
TIIIIn
o ARM domain
NLS

[ I T |

IBB playsarole in cargo binding and release



Figure 1.6 Structural and functional organization of importin-a

(A) Schematic diagram shows Mouse full-length importin-a with the autoinhibitory
domain (green) occupies the NLS binding site. Note that the ten tandem armadillo
(ARM) repeats which constitute the building blocks of importin-a are depicted. (B) NLS
binding sites in N-terminally truncated importin-a molecule. (C) N-terminally truncated
yeast importin-a bound to SV40 NLS. (D) Importin-o interacts with importin-f via the
importin-f binding domain IBB, which is located at the N-terminal region. (E) The
autoinhibitory model explains how IBB modulates the interaction of importin-a with its
substrates. (F) The autoinhibitory function of the IBB is required for cargo binding and

release.

This Figure is modified from

I- Chook Y and Blobel G. Karyopherins and nuclear import. Current Opinion in
Structural Biology 11: 703-715, 2001.

2- Goldfarb DS, Corbett AH, Mason DA, Harreman MT, and Adam SA. Importin
alpha: a multipurpose nuclear-transport receptor. Trends in Cell Biology 14: 505-514,
2004.

3- Lange A, Mills RE, Lange CJ, Stewart M, Devine SE, Corbett AH. Classical
nuclear localization signals: definition, function, and interaction with importin alpha. J
Biol Chem. 282(8):5101-5, 2007.



affinity of importin-o to import substrates. However, upon interaction with
importin-B, the IBB dissociates from the NLS binding domain in order to bind
importin-B. This frees the NLS binding site of importin-a and restores its ability
to bind an external cNLS (Fig. 1.6E) (reviewed in 97, 98, 103, and 104). The
model is supported by measuring the binding of full length as well as N-
terminally truncated importin-o (Fig. 1.6C) to cNLS substrates. This work
revealed that deleting the autoinhibitory domain of importin-a leads to a
remarkable increase in its affinity to NLS-containing cargoes. Whereas, binding
of the wild type importin-o (which contain the autoinhibitory domain) to its
import substrate is strictly dependent on the presence of importin-f3 (104). The
autoinhibitory function of IBB appears to be necessary for cargo release in the
nucleus. As such, the liberation of importin-f from the import complex
(stimulated by high RanGTP in the nucleus) renders the IBB free, which then
retains its autoinhibitory effect and subsequently competes with the import cargo
for binding to importin-a. Consequently, the nuclear cargo dissociates from the
carrier and is released into the nucleoplasm (Fig. 1.6 E, F) (reviewed in 98).

The dissociation of import substrate from importin-a is further facilitated by
interaction with Nup50 (also known as Nup2p in yeast). Nup50 resides in the
nuclear interior and interacts with importin-a at sites that overlap with NLS
binding sites. This interaction occurs after the dissociation of importin- from the
import complex as it requires a free IBB. It was proposed that the interaction with
Nup50 may accelerate the termination of the import reaction by enhancing cargo

release in the nucleus (105). Upon completion of the import process, the transport
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receptors have to be recycled to the cytoplasm. The export of importin-a is
mediated by CAS and requires RanGTP (96).

Higher eukaryotes contain six different importin-a isoforms that are grouped
into three categories (reviewed in 97). Beside their vital role in nucleocytoplasmic
transport, importin-o. isoforms have other distinct functions. For instance;
importin-02 and 3 are of fundamental importance for the reproduction and
development of Drosophila melanogaster. As such, a mutation in Drosophila
gene that encodes importin-a2 interferes with essential reproductive processes
such as gametogenesis, and oogenesis which ultimately leads to the development
of sterile females (reviewed in 97). The overlap in transport functions between the
different importin-o. isoforms adds to the complexity of nucleocytoplasmic
transport.

2.7 Ran, Ran regulators and RanGTPase cycle

With predominant nuclear localization, the small GTPase Ran is a 25 kDa
protein that shares sequence homology with members of the Ras superfamily.
Despite its preferential localization in the nucleus, a considerable portion of Ran
is also found in the cytoplasm (106). According to the nucleotide bound state,
cellular Ran exists in two forms, RanGDP and RanGTP. Alternating between
these two nucleotide-bound states requires GTP hydrolysis and guanine
nucleotide exchange (reviewed in 5).

Initially, several data proposed that Ran is implicated in nuclear transport. As

such, in vitro analysis of nuclear import using digitonin-permeabilized cells
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Figure 1.7
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Figure 1.7 Ran function and Ran GTPase cycle

(A) Ran regulates the formation and disassembly of transport complex. The absence of
RanGTP from the cytoplasm allows the formation of import complexes, while the high
concentration of RanGTP in the nucleus favours the dissociation of transport receptors
from import complexes and cargo release in the nucleus. The opposite scenario occurs for
export. (B) RanGTPase cycle. Ran alternates between GTP and GDP bound states with
the assistance of a set of Ran regulators. RanGAP generates RanGDP in the cytoplasm by
stimulating GTP hydrolysis, while RanGEF (RCC1) converts RanGDP to RanGTP by
stimulating nucleotide exchange in the nucleus. The import of RanGDP into the nucleus

is mediated by NTF2.

This Figure is modified from

1- Cook A, Bono F, Jinek M, Conti E. Structural biology of nucleocytoplasmic
transport. Annu Rev Biochem. 76:647-71, 2007



revealed that it requires Ran-dependent GTP hydrolysis (107, 108). Currently, the
pivotal role of Ran and its regulators in nuclear transport is well established.

Ran orchestrates the nucleocytoplasmic transport by regulating substrate
binding and release from the transport carrier in the origin and destination
compartments, respectively. This is achieved by generating a RanGTP gradient
across the NE with RanGTP localized mostly in the nucleus, while RanGDP is
confined to the cytoplasm (reviewed in 5, 45, and 109). The Ran gradient model
explains how Ran confers the directionality of the transport reaction. As such, the
transport receptors do not bind RanGDP while they bind RanGTP with high
affinity (110). Therefore, in the absence of RanGTP in the cytoplasm, the
formation of import complexes (the first step in nuclear import) can take place.
Conversely, binding of RanGTP to the transport receptor in the nucleus, initiates a
sequence of events which ultimately lead to the dissociation of the import
complex and cargo release in the nucleoplasm (111). The opposite scenario
emerges for the export reaction, as the RanGTP-enriched milieu in the nuclear
compartment permits the assembly of ternary export complex between the
transport receptor, cargo, and RanGTP which then translocate together to the
cytoplasm (Fig. 1.7A). Furthermore, the empty carriers are recycled back to the
cytoplasm in complex with RanGTP after termination of the import reaction
(112).

Given the low intrinsic GTPase activity as well as nucleotide exchange rate of
Ran (reviewed in 106), the RanGTP gradient is expected to collapse after several

rounds of transport reactions due to the continuous export of RanGTP. However,
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this is not the case as the Ran cellular gradient is maintained by the action of a
whole set of Ran regulatory proteins that function to stimulate the GTPase
activity, guanine nucleotide exchange rate as well as Ran import (reviewed in
109, 113). These regulatory factors are distributed asymmetrically on both sides
of the NE according to the required Ran nucleotide-bound state for each
compartment (114). As such, the RanGTPase activating protein (RanGAP1) and
Ran-binding protein (RanBP1), which stimulate GTP-hydrolysis by Ran are
localized exclusively in the cytoplasm, thereby ensuring constant depletion of
cytoplasmic RanGTP and maintaining high levels of RanGDP in the cytoplasm
(reviewed in 5, 45, 109). RanGAP1 accelerates GTP- hydrolysis by Ran up to
~10° fold (5, 45, 115, and 116). RanGAP1 associates with Nup358 (also known as
RanBP2) at the cytoplasmic filament of the NPC, and this interaction is necessary
for nuclear import (117). Sumoylation of RanGAP1 by SUMO-1 protein is a
prerequisite for its association with Nup358.

The Ran intrinsic rate of GTP-hydrolysis is further increased by RanBP1 to
reach ~100,000 fold of its original intrinsic hydrolysis rate. RanBP1 also acts as
antagonist of the guanine nucleotide exchange factor (RanGEF) in the absence of
RanGAP1, thereby interfering with the nucleotide exchange and holding Ran in
the GDP-bound state. (118). Studies on RanBP1 and its yeast homologue Yrblp
have shown that it is a shuttling protein that uses Crml to exit the nucleus.
Despite the shuttling behavior of RanBP1, its steady state distribution is mainly

cytoplasmic (119, 120).
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On the contrary, (RanGEF) also known as RCC1 (regulator of chromosome
condensation) or Prp20 in yeast and its stimulating factor RanBP3 are
predominantly nuclear and excluded from the cytoplasm (121-123 and reviewed
in 45). The Ran-guanine nucleotide exchange rate is amplified by RanGEF up to
10,000 times as compared to its nucleotide exchange rate in the absence of
RanGEF, this magnitude is further augmented 10-fold in the presence of RanBP3.
RanBP3 is a 55 KDa protein that associates with RCC1 and increases its catalytic
activity (124). Furthermore, association with other nuclear proteins such as
histones H2A and H2B enhances the catalytic activity of RCC1 as well (125).
Collectively, this leads to the concentration of RanGTP in the nucleoplasm.

Several pieces of evidence further substantiated the crucial role of Ran
binding proteins in nuclear transport. As such, mutant forms of the yeast
RanGTPase activating protein (Rnalp) and its activator, yeast Ran binding
protein (Yrb1lp) were demonstrated to inhibit classical nuclear import in vifro and
in vivo respectively (126, 127).

As the export of at least one molecule of RanGTP per transport round will
eventually diminish its concentration in the nucleus, the nuclear pool of Ran is
replenished by import of RanGDP followed by RanGEF-enhanced nucleotide
exchange. Nuclear transport factor 2 (NTF2) is the transport receptor that
mediates Ran import; it binds preferentially to RanGDP at the cytoplasmic side of
the NPC, and releases it in the nucleoplasm upon nucleotide exchange (128).

Thus far a simple outline for the Ran cycle can be depicted. As such, RanGTP

in the nucleus dissociates the import complex by interacting with the transport
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receptor. Then it translocates to the cytoplasm together with the empty carrier or
as a component of export complexes. Once in the cytoplasm, GTP hydrolysis
takes place by means of RanGAPl and RanBP1, 2. The resulting RanGDP
molecule is reimported to the nucleus by NTF2. In the nucleus, RanGEF converts
RanGDP to RanGTP which then dissociates from NTF2 and starts another round
of transport (Fig. 1.7B).
2.8 Classical nuclear import pathway

So far, the classical import is the best characterized nuclear transport pathway.
The key components as well as the underlying mechanisms of this transport route
are defined at the molecular level. A typical classical import reaction is initiated
by the formation of the heterodimeric importin-o/importin- receptor in the
cytosol. Upon binding to importin-B, the affinity of importin-o to NLS-bearing
cargoes increases due to the relief of its autoinhibitory effect. Subsequently,
importin-a as part of the dimeric receptor binds the NLS and forms a trimeric
import complex which is stable in the cytoplasm due to the low concentration of
RanGTP. The next step of the nuclear import involves docking of the import
complex at the cytoplasmic filaments of the NPC. Docking occurs through the
interaction of importin-B with Nup358 which resides at the tips of cytoplasmic
fibrils. After docking, the import complex moves along the NPC via interactions
of importin-B with FG-containing nucleoporins located in the transport channel
such as Nup62. Several models were proposed to explain the translocation
through NPCs (see below). Once in the nucleus, the import complex dissociates

by means of high RanGTP and with the help of nucleoporins such as Nup50 and
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Figure 1.8
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Figure 1.8 Classical nuclear import pathway

The dimeric receptor importin-o/importinf1 recognizes and binds proteins with classical
nuclear localization signals (NLSs) in the cytoplasm resulting in the formation of import
complexes. The transport receptors facilitate the translocation of the import complex
through the NPC by their ability to interact with FG containing nucleoporins. Upon
completion of the import reaction, importin-pf1 dissociates from the import complex by
interaction with RanGTP, then Nup50 dissociates importin-a from its import substrate.
Importin-a is exported to the cytoplasm by its exporter CAS to mediate other rounds of

import cycle.

This Figure is modified from

1- Terry LJ, Shows EB, and Wente SR. Crossing the nuclear envelope: hierarchical
regulation of nucleocytoplasmic transport. Science 318: 1412-1416, 2007.
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Figure 1.9 Models for the translocation across the NPC

The cartoon depicts the different mechanisms that have been proposed to explain the
translocation of macromolecules through the narrow central channel of the NPC. Certain
models rely on the presence of physical barriers, for instance selective phase, Oily-
Spaghetti, and reduction of dimensionality models, while others adopt the energy barrier
theory such as the virtual gate model. In all models described, interaction between
soluble transport factors and FG containing nucleoporins is the key factor that facilitates

the translocation of macromolecules through the NPC. See text for details.

This Figure is modified from

1- Ribbeck K and Gorlich D. Kinetic analysis of translocation through nuclear pore

complexes. EMBO J20: 1320-1330, 2001.

2- Peters R. Translocation through the nuclear pore complex: selectivity and speed by

reduction of dimensionality. Traffic 6: 421-427, 2005.

3- Mosammaparast N and Pemberton LF. Karyopherins: from nuclear-transport

mediators to nuclear-function regulators. Trends in Cell Biology 14: 547-556, 2004.

4- Weis K. Regulating access to the genome: nucleocytoplasmic transport throughout the

cell cycle. Cell 112: 441-451, 2003.



Tpr. Upon termination of the import reaction, both subunits of the classical
transport receptor are recycled back to the cytoplasm, albeit by different
mechanisms. As such, importin- returns to the cytoplasm in complex with
RanGTP, whereas importin-a relies on its exporter CAS to exit the nucleus (Fig.

1.8) (reviewed in 5, 45, and 109).

2.9 Models of entry into and translocation across the NPC

2.9.1 Virtual gate model

According to the virtual gate model the presence of an energetic barrier rather
than physical obstruction is the key determinant of the selective permeability of
the NPCs. It is proposed that, the restricted movement of macromolecules in the
narrow central gate channel of the NPC (as compared to their free movement in
the cytoplasm) constitutes an energetic barrier that hinders their entry and
crossing of the transport channel. The energetic barrier increases with the size of
the macromolecule. The movement restriction is caused mainly by the FG repeats
that line the central channel of the nuclear pore. The interaction of transport
factors with the FG repeats of the NPC facilitates the entry of macromolecules
into the NPC, thereby lowering the energetic barrier (129 and reviewed in 29)
(Fig. 1.9A).

2.9.2 Selective phase model

This model proposes that the NPC contains a net-like structure that is created by
hydrophobic interactions between the FG repeats. The passage of inert molecules

(that do not interact with the FG repeats) is limited by the size of the openings of
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the net. Thus, the different molecules will be sieved; those which are smaller than
the mesh size will pass while the larger ones will be excluded. According to the
selective phase model, binding of transport carriers to FG repeats disturbs the
weak hydrophobic interaction in the vicinity and allows for the partitioning of
macromolecules in the semi-liquid phase. This mechanism facilitates the entry of
macromolecules that possess transport signals and exceed the porous size of the
sieve-like meshwork (41) (Fig. 1.9B).

2.9.3 Oily-Spaghetti model

In this model the FG repeats are predicted to extend and move inside the pore like
wobbly “oily spaghetti”, where they constitute an obstacle against the diffusion of
macromolecules. The transient association of transport carriers with repeats is
accompanied by random movement that occurs between consecutive binding and
release rounds, thereby facilitating the translocation of the carriers with their
accompanying macromolecules through the nuclear pore channel by simple
diffusion (reviewed in 29, 109) (Fig. 1.9C).

2.9.4 Reduction of dimensionality model

This model assumes that there is a narrow channel at the center of the NPC which
permits the diffusion of small inert molecules but restricts the passage of large
ones. The selective passage of macromolecules occurs through an extensive
surface of FG repeats that surrounds the transport channel and spreads from the
cytoplasmic to the nuclear side of the NPC. This sheet of FG repeats functions as
a selective filter that only allows the passage of molecules which are associated

with transport receptors. In this process, the transport receptor’s trip through the
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NPC must start by binding the FG repeats at one side of the pore and then
continues via two-dimension random crawling to the other side. Movement of
transport receptors across the NPC is mediated by repeated interactions with the

FG motifs (44) (Fig. 1.9D).

3. 5’-AMP-activated protein kinase (AMPK)

5’-AMP-activated protein kinase (AMPK) plays a key role in regulating
different metabolic pathways, thereby maintaining cellular energy homeostasis.
AMPK senses the drop in cellular energy which is induced by exposure to
different metabolic stresses, for instance glucose deficiency, hypoxia or ischemia.
The increase in AMP/ATP ratio activates the enzyme in order to rescue the
balance of cellular energy by switching cellular metabolism toward catabolic
rather than anabolic processes. AMPK is at the center of control for major
metabolic pathways that are involved in the consumption or generation of cellular
energy. Its pivotal role in regulating lipid metabolism and glucose homeostasis is
well established (reviewed in 130-133). Activated AMPK inhibits fatty acid
synthesis by targeting the key players in fatty acid synthesis pathways. These
include acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS) as well as
malonyl-CoA decarboxylase. At the same time, activation of AMPK stimulates
fatty acid oxidation in mitochondria (reviewed in 134). Furthermore, AMPK is a
master regulator of glucose metabolism; it controls both glucose uptake in skeletal
muscles as well as liver glucose production via hepatic glycogenesis (reviewed in

135). Upon AMPK activation, glucose transporter GLUT4 synthesis is induced
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and its translocation to the plasma membrane is stimulated. This is the underlying
mechanism that enhances glucose entry to fast-twitch (glycolytic) muscles during
exercise practicing (136). While the prominent role for AMPK in regulating
glycogen synthesis is mediated at least in part by its ability to associate with
glycogen via the B subunit central-carbohydrate binding domain (reviewed in
131). The fundamental importance of AMPK in maintaining glucose homeostasis
and lipid metabolism makes AMPK a potential drug target for treatment of type 2
diabetes and obesity (137).

Analysis of AMPK structure reveales a heterotrimeric complex that contains
three different subunits. In mammalian cells, the catalytic o subunit has two
isoforms al, a2 and is characterized by the presence of a conserved threonine
residue (Thr172) which needs to be phosphorylated by upstream kinases in order
to activate AMPK. The two other subunits,  and vy, are encoded by two and three
genes, respectively; they are known to have regulatory functions (138). The B
subunit provides a platform for AMPK assembly as it links o and y subunits.
Three different y isoforms are present in mammalian cells and known as y1, y2
and y3. The y subunit associates with the B subunit through a B-binding motif
which is present near the N-terminal region. Downstream to that motif are found
Bateman domains which consist of pairs of cystathionine B-synthase (CBS)
motifs that comprise the ATP/AMP binding sites (139).

Recently, the N-terminal Bateman domain has been shown to play a major
role in the alllosteric activation of the AMPK. As such, CBS2 motif in the

Bateman domain contains a pseudo substrate sequence that binds to the kinase
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domain and prevents the interaction between AMPK and its substrate.
Concomitantly, this pseudo substrate sequence mediates the interaction with
AMP. Thus, binding to AMP releases the autoinhibitory effect of the pseudo
sequence and allows the interaction between AMPK and its substrates. In addition
to allosteric activation, AMP promotes the activation of AMPK by preventing
protein phosphatase 2a (PP2Ca)-mediated dephosphorylation, thereby
maintaining the phosphorylated state of Thr172 (138-140). Different upstream
kinases are involved in the activation of the AMPK. These include the tumor
suppressor LKB1 as well as Ca*/calmodulin-dependent protein kinase kinase o
(CaMKKa) and B (CaMKK ). The fundamental importance of AMPK as key
regulator in cellular metabolism requires tight control of the enzyme activity. This
is achieved by different mechanisms that mediate the AMPK activation (141).
AMPK is found in the nucleus and cytoplasm which reflects functions for the
enzyme in both compartments (139). However, this distribution is dynamic and
subject to change in response to different environmental stimuli. For example, the
AMPK 02 subunit translocates to the nuclei of muscle cells upon exercise (142)
indicating that the adaptation of skeletal muscle to metabolic-stress during
exercise is mediated at least in part via the relocation of AMPK. Moreover,
AMPK may be involved in modulating the gene expression in skeletal muscle to
enhance glucose uptake and increase sensitivity to insulin. These findings point to
the importance of AMPK intracellular distribution for its function. In chapter 3 I
have undertaken a systematic analysis to dissect the effects of various stressors on

the subcellular distribution of AMPK o and 3 subunits.
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4. Heat shock proteins (HSPs)

Heat shock proteins (HSPs) represent a diverse group of proteins that are
induced upon exposure to environmental stress. The term heat shock stems from
their initial discovery in Drosophila where their synthesis was induced in
response to heat stress, however, other forms of stress such as oxidative stress and
anoxia lead to the induction of heat shock proteins as well (143). HSPs function
mainly as molecular chaperones. They protect the cellular proteins from damage
induced by different environmental insults. Furthermore, different members of
heat shock protein families are implicated in essential cellular processes such as
folding of newly synthesized proteins and protein translocation. According to
their molecular mass, members of heat shock proteins are classified into 5
different families among which Hsp70s and Hsp90s are the best characterized
(reviewed in 144). The following section will focus on the heat shock protein 70
family, which is directly relevant to my research.

4.1 Heat shock protein 70 family (Hsp70s)

As the name implies, heat shock protein 70 family members (Hsp70s) have
molecular mass of ~ 70 KDa (reviewed in 145). In humans, ~13 genes are found
that encode different hsp70 isoforms, this reflects the large functional diversity
among hsp70s members (reviewed in 146). In addition to stress-induced
expression of hsp70 genes, certain members of the Hsp70 family, for instance
heat shock protein cognate (hsc70), are constitutively expressed (reviewed in
147). Hsp70s are ubiquitously present in all subcellular compartments and

organelles and become more abundant upon stress. Their importance for living
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cells is substantiated by their universal expression in all organisms from bacteria
to higher eukaryotes (reviewed in 148).
4.2 Diverse functions of Hsp70s

As molecular chaperones, Hsp70s have numerous tasks under normal and
stress conditions. They are implicated in a wide range of cellular activities such as
protein folding and translocation, refolding or degradation of damaged proteins,
regulation of transcription and signal transduction (reviewed in 149, 150). Here, I
will focus on the chaperoning function of hsp70s.

Under normal growth conditions, the main function of hsp70s is to facilitate
folding of newly synthesized polypeptides to reach their final functional
conformation. Folding of newly synthesized proteins in vivo is challenged by
different factors. For instance, the protein folding occurs simultaneously with
translation. As the folding information which are determined by the amino acid
sequence of the full length protein become available only upon the completion of
translation, beginning the protein folding process while possibly missing some of
the necessary folding instructions, could render the folding process less efficient
and may result in functionally inactive, partially folded protein. Although the co-
translational folding of individual domains in multidomain proteins may reduce
the risk of misfolding, the lack of intramolecular interactions may leave the folded
domain unstable. Another problem which encounters the proper protein folding is
the crowdedness of the cellular environment with high concentration of proteins.
All these conditions raise the probability of protein misfolding and shift the

balance toward aggregate formation. The proper folding of newly synthesized
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proteins strictly depends on the action of hsp70s and their co-factors (see below).
Hsp70s assist the de novo protein folding by binding to the nascent polypeptide
chains thereby preventing them from improper association with other molecules.
At the same time, hsp70s help to correctly fold these polypeptides to reach their
native conformation through multiple rounds of binding and release (reviewed in
151). Under normal and stress conditions hsp70s have a surveillance function,
they monitor the different proteins in the cell, refold those which are not correctly
folded or denatured to regain their functional conformation, and target those
which are severely damaged to the proteasome for degradation. By doing so,
hsp70s prevent the aggregation of damaged proteins into large inclusion bodies
inside the cell which may cause irreversible cellular damage and ultimately leads
to cell death. Thus hsp70s are of fundamental importance as central component of
the protein quality control system which assures the structural and functional
integrity of cellular proteins thereby protects the cells from stress-induced
proteotoxicity and maintain the cellular protein homeostasis (reviewed in 152).
The role of hsp70s becomes even more important upon stress due to the high
incidence of protein damage in response to the cellular insult. This is
substantiated by the induction of certain hsp70s members, like hsp70, upon
exposure to different forms of stress. Damaged proteins are characterized by the
exposure of highly interactive hydrophobic motifs which are normally hidden
intramolecularly in the native state. Due to their adhesive nature, the hydrophobic
polypeptides of the damaged proteins tend to interact with each other as well as

with other proteins in the vicinity. This condition, if left without proper
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intervention, leads to the formation of large aggregates which could interfere with
essential cellular activities and cause severe cellular injury. Thus, stress raises the
demand for the chaperoning intervention of hsp70s (reviewed in 148).

Beside their role in protein folding, hsp70s are involved in intracellular
trafficking. For example, the endoplasmic hsp70, Bip assists the translocation of
proteins across the ER membrane in an ATP-dependent manner via two different
mechanisms, trapping and pulling. Furthermore, the mitochondrial matrix hsp70
(mt-hsp70) mediates the import of mitochondrial precursor proteins by pulling the
protein across the translocation pore then refolding them in the other side of the
membrane (reviewed in 153).

4.3 Structure and molecular basis for hsp70 function

Structural analysis of DnaK (the bacterial hsp70) revealed the presence of two
conserved functional domains, an ATP binding domain (~44 KDa) which is
located at the N-terminal region, and a peptide binding domain at the C-terminus
(~18 KDa). The peptide binding domain is further distinguished into a B-sandwich
subdomain which confers the peptide binding site and an a-helical segment which
functions as a latch that fastens the substrate to the chaperone molecule (154,
155). A third domain of approximately 10 KDa is found at the C-terminus and
thought to mediate the binding of hsp70s with their Dnal co-chaperones (see
below) (reviewed in152).

The function of hsp70s as molecular chaperones is realized by their ability to
recognize and bind the hydrophobic stretches which characterize the unfolded or

damaged proteins. The protein folding function of hsp70s requires successive
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binding and release of the chaperone substrate. Such repetitive rounds of
interaction rely on the ATP cycle, and hsp70 is switching between two
nucleotide-bound states; ATP and ADP. The nucleotide- bound state of hsp70
determines its affinity for substrate. Whereas ATP hydrolysis stabilizes the
chaperone-substrate complex, replacing the ADP by ATP lowers the binding
affinity and stimulates substrate release. A proposed model for the mechanism of
substrate binding and release relies on the intramolecular rearrangement of the
substrate binding cleft and the o-helical lid of hsp70 upon ATP binding.
According to this model, in the ATP-bound state the chaperone molecule adopts
an open conformation which allows for rapid substrate binding and release.
Conversely, in the ADP-bound state, the a-helical lid closes the peptide binding
cavity and locks in the chaperone substrate, thereby stabilizing binding. It is
noteworthy that in both nucleotide-bound states there is equilibrium between the
open and closed conformation, however the substrate exchange is much faster in
the open conformation and becomes significantly slower upon ATP hydrolysis
(156).
4.4 Hsp70s co-chaperones

Stable association of hsp70 with its substrates is a prerequisite for hsp70
activity and requires ATP hydrolysis. The extremely low intrinsic ATPase activity
of hsp70 decreases the efficiency of this step. On the other hand, the release of
folded substrate is facilitated by nucleotide exchange. The productive chaperone
cycle of hsp70 relies on the action of a whole set of interacting partners that are

referred to collectively as co-chaperones. The interaction of these co-chaperones
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with hsp70 modulates the chaperone function by stimulating the ATP hydrolysis
and accelerating nucleotide exchange, thereby regulating substrate binding and
release, respectively.

Prominent examples of the co-chaperones which stimulate the ATPase
activity of hsp70 are members of the Hsp40s family, the eukaryotic homologs of
the bacterial Dnal. Hsp40s are structurally characterized by the presence of a
specific domain of ~ 70 amino acid residues, called J domain. This domain
contains a characteristic tripeptide sequence of histidine-proline-aspartate (HPD)
and mediates the interaction of hsp40 with hsp70 (reviewed in 157). Hsp40s exert
their co-chaperoning function by simultaneous interaction with the polypeptide
substrate and the ATPase domain of hsp70s. Thereby, they enhance the ATP
hydrolysis by hsp70s and at the same time facilitate uploading of the peptide
substrate into the chaperone molecule (reviewed in 158). Hsp40-promoted ATP
hydrolysis is the rate limiting factor that determines the activity of hsp70 and the
overall efficiency of the chaperone cycle (reviewed in 159). The number of hsp40
isoforms varies widely among the different organisms and ranges from six
homologs as in E. coli to more than 20 in mammalian cells. Besides their role as
co-chaperoning partners of hsp70, hsp40s have other cellular functions. As such,
members of the hsp40s/Dnal family have been shown to play a role in protein
translocation (ERdj1/Mtj1 and ERdj2/hSec63) and degradation (HSJ1 and Yd;j1).
Furthermore, in addition to hsp70, hsp40 cooperates with other chaperones such

as Hsp90 in protein folding processes (reviewed in 158).
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Another co-chaperone which cooperates with hsp40s is the hsc70 interacting
protein (Hip). Although Hip does not stimulate the ATPase activity of hsc70, its
binding to the ATPase domain of the hsc70 renders the ADP state of the
chaperone more stable. The preceding ATP hydrolysis by assistance of hsp40
promotes the interaction of Hip with hsc70. This interaction permits longer
association of hsc70s with their substrates, thereby enhancing the chaperoning
function (reviewed in 159).

A different class of important regulatory proteins that control the hsp70s
chaperone cycle are the nucleotide exchange factors. Although ATP hydrolysis is
the rate limiting factor that drives the chaperone cycle, nucleotide exchange plays
an important role in the termination of the chaperone reaction and subsequent
substrate release. BAG-1 (Bcl-2-associated athanogene) is the best characterized
nucleotide exchange factor that modulates the function of hsc70. The interaction
of BAG-1 with hsc70 results in ADP dissociation and ATP rebinding. The
nucleotide exchange by assistance of BAG-1 switches hsc70 to the open
conformation with minimal binding affinity and stimulates substrate release. Thus
the interaction of BAG-1 with hsc70 antagonizes the effect of Hip which
stabilizes the chaperone-substrate binding. Concomitantly, Hsp40-stimulated
hydrolysis of ATP is a prerequisite for BAG-1 to exert its nucleotide exchange
function (reviewed in 160).

CHIP (carboxy terminus of hsc70 interacting protein) is a co-chaperone which
upon association with hsc70 inhibits the ATP hydrolysis (reviewed in 161).

Structural analysis of CHIP revealed 3 characteristic domains, an N-terminal
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tetratricopeptide repeat (TPR), a central charged domain, and C-terminal U-box
domain. It is the TPR domain that mediates the binding of CHIP to the carboxy
terminus of Hsc70. Interaction of CHIP with hsc70 stabilizes the chaperone in the
ATP-bound state and promotes the fast substrate exchange, thereby negatively
regulating the protein folding process (161, reviewed in 162). Furthermore, CHIP
participates in protein degradation by promoting substrate ubiquitylation which is
a prerequisite for targeting proteins to the proteasome. CHIP’s role in protein
degradation is mediated by the E3 ubiquitin ligase activity of the U-box domain.
It appears that CHIP transfers the damaged proteins that cannot be refolded from
the chaperone machinery to the proteasome degradation pathway (reviewed in
162, 163).

An important co-chaperone that interacts with hsp70 as well as hsp90 is the
Hsp70-hsp90-Organizing Protein (Hop). The gene encoding Hop was first
discovered in the yeast Saccharomyces cerevisiae as a stress inducible gene and
hence was referred to as STI1. The product of STI1 gene was identified as ~ 66
KDa protein which contains 589 amino acids. Analysis of mutants of this gene
indicated that it encodes a protein that plays an important role in stress tolerance
as STI1 mutant strains failed to grow at temperatures that are lower or higher than
the optimal growth temperature (164, reviewed in 165). Mammalian Hop was
identified later as a 60 KDa protein that co-purified from different mammalian
tissue extracts, where it is present in complexes that contain the chaperones hsp70

and hsp90 (166).
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Hop is structurally characterized by the presence of two TPR domains; TPR1
is located at the N-terminal region while TPR2 occupies the central and C-
terminal end of the protein. These TPR domains mediate the association of Hop
with the chaperones hsp70 and hsp90. Analysis of hsp70-Hop-hsp90 chaperone
complex revealed that Hop TPR1 domain at the N-terminal end binds to the C-
terminal region of hsp70 whereas the association of Hop with hsp90 occurs via
the C-terminal Hop TPR2 domain (167, 168). Although Hop and hsp40 both bind
to the C-terminal region of hsp70, structural analysis studies revealed that the
binding sites for Hop and hsp40 at the carboxy-terminal domain of hsp70 are
distinct and do not overlap with each other. This feature allows simultaneous
binding of both co-chaperones to hsp70 which may provide additional control of
the hsp70 chaperoning function (169). Unlike other hsp70 co-chaperones, the role
of Hop in modulating the chaperone function as well as ATPase activity of hsp70
remains controversial (170). As such, in luciferase refolding assay the effect of
Hop on reactivation of the denatured enzyme was dependent on the presence of
Hap-46, a co-chaperone that interferes with the refolding process. Although the
addition of Hop in combination with Hap-46 to the refolding system reduced the
inhibitory effect seen by Hap-46 by about 50%, Hop by itself hindered the
refolding reaction (171). By contrast, other reports demonstrate that Hop enhances
protein folding by hsp70 (172).

Hop is known to inhibit the ATPase activity of hsp90 (173) whereas previous

work revealed that Hop stimulates nucleotide exchange on hsp70 there by
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accelerating its chaperone cycle (reviewed in 174). However, studies from other
groups failed to support this finding (172)

Despite the controversial interpretations regarding the ability of Hop to
directly modulate the interaction between hsp70 and its client substrates, it is well
established that Hop is an important component of the hsp70-hsp90
multichaperone complex. This chaperone machinery is responsible for the
assembly and maturation of steroid receptors, for instance progesterone and
glucocorticoide receptors. It has been hypothesized that Hop works as an adaptor
molecule that bridges hsp70 and hsp90 thereby promoting the assembly of hsp70-
hsp90 chaperone complex (167, 170, 175, and reviewed in 176). According to this
model, hsp70 binds the steroid receptor to form hsp70-receptor complex which is
then delivered to hsp90 with the assistance of Hop. This model is substantiated by
a study in which mutant Hop that cannot bind hsp70 or hsp90 interfered with the
integration of hsp90 into the hsp70-receptor complex, whereas the formation of an
hsp70-receptor complex was not affected, even when Hop was completely
omitted from the assay (170).

Taken together, Hop plays a key role in regulating hsp70-hsp90 mediated
protein folding. This is of fundamental importance to the cell as many signalling
molecules depend on this chaperone machinery to reach their functional
conformation. Future experiments will have to address the effect of Hop on the
function of hsp70. In particular how interaction with Hop will affect the
nucleotide exchange rate as well as the ATPase activity of the chaperone.

Impinges of Hop/hsp70 interactions on the chaperone cycle of hsp70 might as
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well affect the intracellular trafficking of the chaperone. As modulating the
affinity of hsp70 to its substrates may either lead to the retention of the chaperone
in certain locations where it is being anchored by its client substrates or facilitate
its movement by librating it from the potential anchors.

Understanding the mechanisms by which Hop modulates hsp70-substrate
interactions and thus the hsp70 trafficking will highlight the physiological
relevance of Hop intervention and may help to enhance the overall chaperoning

function of hsp70 in the cell.

5. Objective

The main objective of the research presented in this thesis is to analyze the
effect of different forms of stress on the defined aspects of eukaryotic cell
physiology with particular focus on nucleocytoplasmic trafficking.

The specific objectives are:

1- Analyzing the effect of oxidative stress on the subcellular distribution of
individual components of the nuclear transport apparatus, such as transport
receptors and nucleoporins.

2- Studying how stress (in particular heat stress) modulates the nucleocytoplasmic
transport of the molecular chaperone hsc70.

3- Analyzing the effect of different forms of stress on the subcellular distribution
of the signaling molecule 5’-AMP-activated protein kinase (AMPK).

4- Developing new quantitative approaches that can be used to precisely measure

the fluorescence signals in the different subcellular locations.
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CHAPTER 2

Oxidative Stress Mislocalizes and Retains
Transport Factor Importin-a and Nucleoporins
Nup153 and Nup88 in Nuclei Where They
Generate High Molecular Mass Complexes
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John F. Presley”, Claire M. Brown“and Ursula Stochaj.
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2.1 Specific introduction to chapter 2

Oxidative stress is the prevalent insult that contributes to various heart and
neurodegenerative diseases. In fact, oxidants are the key components that induce
the damage caused by heart attack, ischemia/reperfusion injury, stroke as well as
Alzheimer's disease. The damage caused by oxidants can lead to contractile
dysfunction, arrhythmias, as well as cell death in the myocardium and central
nervous system. Prevention of and recovery from oxidative injury is therefore of
fundamental importance to improve the survival and restore cellular functions in
the diseased heart and brain.

Oxidative stress affects different cellular processes, but not all of them are
characterized at a molecular level. The complex impact of oxidative stress on
different aspects of cell physiology makes it necessary to define the cellular
reactions that are sensitive to oxidants. Nucleocytoplasmic transport is one of the
essential cellular processes that are sensitive to stress. I have initially
demonstrated that transport of macromolecules between nucleus and cytoplasm is
inhibited upon exposure to severe oxidative stress. Furthermore, my preliminary
data revealed that multiple mechanisms are implicated in classical import
inhibition induced by exposure to hydrogen peroxide which creates severe
oxidative stress. Yet, the oxidative stress associated with different diseases and
pathophysiologies is usually milder than oxidative stress generated by the
conditions used in my experiments. Therefore, I wanted to explore the effect of

mild oxidative stress, which is more relevant to many human diseases, on
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classical nuclear transport with particular focus on how oxidants affect the
components of the nucleus/cytoplasm transport apparatus.

The main objective of this study is to identify and characterize new targets
that are damaged by oxidants. This will help to develop therapeutics that aim at
several cellular components to cope with the stress-induced damage and rescue
cellular homeostasis. The specific objectives are to define the effects of oxidative
stress on the localization of transport factors importin-a, CAS and several
nucleoporins which are implicated in nucleocytoplasmic transport. To achieve
this, I have analyzed nuclear transport in human cells that are treated with the
oxidant diethyl maleate (DEM). The data from this study have generated the
paper entitled: Oxidative stress mislocalizes and retains transport factor importin-
o and nucleoporins Nupl53 and Nup88 in nuclei where they generate high
molecular mass complexes. Mohamed Kodiha, Dan Tran, Cynthia Qian, Andreea
Morogan, John F. Presley, Claire M. Brown and Ursula Stochaj. This paper has
been published in the journal Biochemica Biophysica Acta (BBA) in 2008.

Chapter 2 is based on this paper.
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2.2 Abstract

Nuclear trafficking of proteins requires the cooperation between soluble
transport components and nucleoporins. As such, classical nuclear import depends
on the dimeric carrier importin-o/B1, and CAS, a member of the importin-f3
family, which exports importin-o to the cytoplasm. Here we analyzed the effect
of oxidative stress elicited by diethyl maleate (DEM) on classical nuclear
transport. Under conditions that do not induce death in the majority of cells, DEM
has little effect on the nucleocytoplasmic concentration gradient of Ran, but
interferes with the nuclear accumulation of several reporter proteins. Moreover,
DEM treatment alters the distribution of soluble transport factors and several
nucleoporins in growing cells. We identified nuclear retention of importin-a.,
CAS as well as nucleoporins Nup153 and Nup88 as a mechanism that contributes
to the nuclear concentration of these proteins. Both nucleoporins, but not CAS,
associate with importin-a in the nuclei of growing cells and in vitro. Importin-a.
generates high molecular mass complexes in the nucleus that contain Nup153 and
Nup88, whereas CAS was not detected. The formation of high molecular mass
complexes containing importin-o, Nup153 and Nup88 is increased upon oxidant
treatment, suggesting that complex formation contributes to the anchoring of
importin-ot in nuclei. Taken together, our studies link oxidative stress to the
proper localization of soluble transport factors and nucleoporins and to changes in
the interactions between these proteins.

Key words: Stress, oxidants, nucleus, nuclear transport.

Words: 208
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2.3 Introduction

The appropriate response to stress is fundamental to cell survival and the
recovery from different insults, such as oxidant exposure (177-180). Oxidative
stress generated by the increase in reactive oxygen species (ROS) is the most
prominent insult that causes ischemia/reperfusion injury, which can lead to
apoptotic or necrotic cell death (181-184). ROS-mediated stress contributes to cell
death not only in cardiovascular diseases and stroke, but also in Alzheimer's
disease and many other neurodegenerative disorders and syndromes (183-185).
The glutathione/glutathione disulfide (GSH/GSSG) system is one of the major
contributors to redox homeostasis and of particular importance to the intracellular
redox state (181-184, 186). Changes in the GSH/GSSG ratio have been observed
for several human diseases, pathologies and during aging (reviewed in 187).
Oxidative stress affects many intracellular processes, and DEM treatment may
affect protein modification, cell biochemistry, physiology and even behavior of an
organism (188-191). At present, not all of the consequences of oxidative stress are
understood at the molecular level. In particular, the impact on nuclear transport is
only beginning to emerge.

Many of the proteins transported in or out of the nucleus require a specialized
transport apparatus which includes members of the importin-f family (3, 192).
For instance, classical nuclear import relies on importin-f1 and the adaptor
importin-a. Together, importin-a/B1 generate a dimeric nuclear import receptor
that recognizes classical nuclear localization sequences (cNLS) in the cytoplasm,

transports cNLS-containing cargo across the nuclear pore complex (NPC) and
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delivers this cargo to the nuclear side of the NPC. Once in the nucleus, binding of
RanGTP to importin-f1 dissociates the importin-o/Bl/cargo complex. Upon
delivery of the cargo to the nucleus, importin-o and importin-f1 return
independently to the cytoplasm. Importin-a is exported to the cytoplasm by CAS
(cellular apoptosis susceptibility protein), a carrier of the importin-f family, and
RanGTP is necessary to generate trimeric export complexes (193). Importin-o
and CAS are not only involved in nuclear transport, but also in other cellular
processes (reviewed in 97, 194, 195).

Like nuclear carriers, nucleoporins play a key role in moving cargo across the
NPC, as they provide sites for the translocation of import and export complexes.
Nucleoporins are organized into modules that generate defined components of the
NPC (23); they may be involved in nuclear import and/or export of
macromolecules. Some nucleoporins are stably bound to NPCs, whereas others
play a more dynamic role and reversibly interact with the nuclear pore (30).
Nupl153 and Nup50 are dynamic nucleoporins predominantly located on the
nuclear side of the NPC, where they participate in nuclear trafficking. As such,
Nupl53 is implicated in nuclear import and export of protein and RNA (196),
whereas Nup50 plays a role in the final step of classical nuclear import by
interacting with the adaptor importin-a (reviewed in 197). Nup50 may increase
the efficiency of classical protein import by promoting the disassembly of
transport complexes at the nuclear side of the NPC (198). On the cytoplasmic
side, nucleoporins Nup214 and Nup88 contribute to CRMI1-mediated nuclear

export of proteins, ribosomal and other types of RNA (reviewed in 199). Together

49



with Nup214, the nucleoporin Nup88 is a structural component of cytoplasmic
NPC filaments, but also present on the nuclear side of the NE, suggesting
functions inside the nucleus (200).

Classical nuclear import in higher eukaryotes and yeast is sensitive to various
forms of stress (87, 201, 202, 203). Ultimately, severe stress conditions inhibit
nuclear transport and may also lead to cell death (87). The molecular mechanisms
that link oxidative stress to changes in nuclear trafficking are presently not
understood, and little is known about the impact of stress and oxidants in
particular on nucleoporin localization. This prompted us to analyze how non-
lethal oxidative stress, conditions that are likely to mimic the oxidant-induced
physiological changes observed upon ischemia/reperfusion injury and other
pathologies, affects the classical nuclear import apparatus. To gain further insight
into these questions, we exposed human culture cells to the oxidant diethyl
maleate (DEM). DEM is a weak electrophile that can deplete GSH pools by
alkylation of its SH-group (204, 205) and has been used widely to generate
oxidative stress. Our studies now demonstrate that the exposure to DEM interferes
with classical nuclear import, redistributes transport components, induces the
formation of high molecular mass complexes in nuclei and the nuclear retention
of several soluble transport components and nucleoporins that participate in

nuclear protein import and export.
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2.4 Materials and methods

2.4.1 Growth and stress exposure of HeLa cells

HeLa cells were grown in multiwell chambers to 50 to 70% confluency (206) and
subjected to incubation with DEM or the solvent ethanol as indicated. All of the
results were obtained for at least three independent experiments.

2.4.2 Flow cytometry

Cell death was analyzed by staining with annexin-V-fluorescein combined with
propidium iodide. In brief, two 100 mm dishes were incubated with ethanol or 2
mM DEM for 4 hours at 37°C. Attached cells and cells in the medium were
washed with PBS and together incubated overnight in fresh medium. The next
day, cells attached to the dish were collected by trypsination and combined with
cells in the medium. After washing in PBS, cells were incubated with annexin-V-
fluorescein and propidium iodide according to the manufacturer (Roche,
Germany). Binding of annexin-V-fluorescein and propidium iodide was
quantified by flow cytometry.

2.4.3 Analysis of nuclear protein import in growing cells

Nuclear protein import was analyzed with NLS-GFP as previously described (87)
and with GFP-tagged glucocorticoid receptor essentially as in reference 207.
Endogenous import cargos HuR and galectin-3 were located as described in
section 2.4.4

2.4.4 Immunofluorescent staining

All steps were carried out essentially as described (208). Antibodies against the

following proteins were used: Ran (sc-1156, Santa Cruz Biotechnology, CA),
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HuR, importin-al, CAS and a-tubulin (sc-5261, sc-6917, sc-1708, sc-5286),
galectin-3 (Thermo Fisher, Fremont, CA), 7A8 is specific for Nup153 (209) (gift
of Dr. Franke, Heidelberg). Primary antibodies were used as suggested by the
suppliers; supernatant 7A8 was diluted 1:100. Anti-Nup50 was a gift of Dr.
Gerace, La Jolla. Bound primary antibodies were detected with Cy3-conjugated
secondary antibodies (1:500, Jackson ImmunoResearch, West Grove, PA). DNA
was visualized with 4',6-diamidino-2-phenylindole (DAPI) and samples were
mounted in Vectashield (Vector Laboratories, Burlingame, CA). Cells were
analyzed with a Zeiss 510 LSM or a Nikon Optiphot and photographed with
Kodak T-MAX 400 films. Images were processed with Photoshop 5.5 and 8.0.
2.4.5 Data analysis

Images were collected using the ImageXpress Micro automated imaging system
from Molecular Devices (Sunnyvale, CA) using excitation from a 300 W Xenon
light source and a CoolSnapHQ CCD camera (Photometrics, Tucson, AZ).
Images were collected using 2x2 camera binning with a Nikon x40 PlanFluor
ELWD (0.60 NA) objective using the automated focusing option in the
MetaXpress software to find the cover slip-mounting media interface and then
offset by a fixed amount to image the nuclear DAPI staining (Chroma
Technologies Corp, Rockingham, VT, #49000) with 20 ms exposure times.
Images were than taken in the same image plane for either NLS-GFP or GR-GFP
using the FITC cube with 3182 ms exposure times (Chroma Technologies Corp,
Rockingham, VT, #49002) or endogenous HuR and galectin-3 using the Cy3 cube

with 3182 exposure times (Chroma Technologies Corp, Rockingham, VT,
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#49005). Between 55 and 100 cells were analyzed for each condition. Image
analysis was performed using the MetaXpress software and the Multiwavelength
Cell Scoring module as described (210) or the Translocation Enhanced Module.
For the Translocation Enhanced Module nuclei were identified as 100-350 pm?
area with a width of ~10 ym and an intensity of DAPI staining over local
background of > 5 intensity units. The segmentation regions identified by DAPI
staining were then used to measure intensities of the GFP or Cy3 images. An
inner region corresponding to the nuclear intensity was identified as the area 0.9
um from the edge of the segmentation identified by DAPI staining. The outer
region was identified as a ring 0.5 pum from the edge of the segmentation
identified by DAPI staining with a width of 0.8 pum, corresponding to the
cytosolic intensity. All images were corrected for contributions from background
intensity using regions of the images that did not contain cells. Ratios of the
average intensities of nuclear/cytosolic regions were calculated for individual
cells. All segmentation data sets were inspected manually to ensure accuracy of
the data and cells with inaccurate segmentation were removed from the analysis.
2.4.6 Purification of proteins synthesized in E. coli and labeling with
tetramethylrhodamine

Tagged proteins were synthesized in E. coli and purified under native conditions
following standard procedures. Purified importin-a or CAS was labeled with
tetramethylrhodamine-maleimide (TMR, Molecular Probes) overnight on ice as
recommended by the supplier. Non-incorporated dye was removed by gel

exclusion chromatography with Sephadex G-25.
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2.4.7 In vitro nuclear import of importin-a and CAS

Import of TMR-labeled importin-a. or CAS was analyzed in semi-intact HelLa
cells at a final concentration of 400 nM in transport buffer (211). Import assays
were supplemented with 3 mg/ml cytosol prepared from control or DEM-treated
HelLa cells (4 hours, 2mM DEM) as indicated. After 5 min at 30°C, samples were
fixed and stained with DAPI. Transport factors were localized by fluorescence
microscopy and intranuclear fluorescence was quantified.

2.4.8 Measurement of mean intranuclear fluorescence for in vitro import
assays

To quantify intranuclear fluorescence of TMR-labeled importin-a or CAS, cells
were optically sectioned using a Zeiss 510 LSM laser scanning confocal
microscope with a x63 objective (NA 1.4, full width half maximum of 0.65 pm
for the optical slice at the pinhole setting used). A single optical slice through the
center of the nucleus was chosen for quantitation. The effective nuclear thickness
is much greater than the optical slice thickness under our imaging conditions,
therefore cytosolic fluorescence should not contribute to the measured intensity.
Average pixel intensities over the nuclei were quantified using Metamorph
software (Universal Imaging). Fluorescent signals for 53 to 59 individual cells
and background intensities were determined for each of the conditions. All images
to be directly compared were taken under identical microscope settings using

appropriate rhodamine optics.
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2.4.9 Statistics

To measure fluorescence signals in nuclei and cytoplasm, data for at least 50 cells
were acquired for each of the different conditions. Data were obtained for at least
three independent experiments. Results are shown as means £ STDEV and
Student's ¢ test (two-tailed) for unpaired samples was carried out to identify
significant differences.

2.4.10 Western blot analysis

HeLa cells were grown on dishes to 50 to 70% confluency. Cells were stressed as
described above, washed with PBS and stored at -70°C until use. Crude extracts
were prepared by solubilizing proteins in gel sample buffer, pH 8.0, containing
protease inhibitors (aprotinin, leupeptin, pepstatin, each at 1 ug/ml; 1 mM PMSF),
20 mM B-glycerophosphate, 1 mM NaNj3, 2.5 mM NaF. Samples were incubated
for 10 min at 95°C and vortexed with glass beads to shear DNA. After
centrifugation (5 min, 13,000 rpm, microfuge) equal amounts of protein were
separated by SDS-PAGE. Proteins were blotted to nitrocellulose and blots
processed as described (87). Antibodies were used at the following dilutions:
Nup153, (1:200); mab414 (1:5,000; BabCo, Richmond, CA), Nup88 (1:100;
Novocastra, Newcastle, UK, or 1:1,000; BD Biosciences; Mississauga, ON);
hsc70 (1:2,000; SPA-815 and SPA-816, Stressgen); actin (1:1,000, Chemicon,
Temecula, CA). All other antibodies were purchased from Santa Cruz Biotechn.:
importin-al (1:500, sc-6917), importin-B1 (1:400, sc-11367), CAS (1:200, sc-

1708), Ran (1:500, sc-1156), tubulin (1:2,000, sc-5286).
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2.4.11 Indirect immunoprecipitation

For immunoprecipitations under native conditions control and stressed cells were
extracted with 40 pg/ml digitonin in PBS for 5 min on ice. All subsequent steps
were carried out at 4°C. Cells were washed with cold PBS and proteins were
solubilized in PBS, 1% NP40, 2.5 mM NaF, 20 mM B-glycerophosphate, 1 mM
NaN3, and a mixture of protease inhibitors (aprotinin, leupeptin, pepstatin, each at
Ipg/ml, 1 mM PMSF). After 10 min incubation samples were vortexed several
times with glass beads, cleared by centrifugation (5 min, 15,000 rpm, microfuge)
and pre-treated with protein G-Sepharose (Pharmacia Biotech, Baie d'Urf¢) for 30
min with gentle agitation. Supernatants obtained after 5 min centrifugation at
13,000 rpm were incubated with antibodies against importin-al, Nupl53 or
Nup88 for 1 h, followed by addition of protein-G-Sepharose and overnight
incubation. Beads were collected by centrifugation (3 min, 13,000 rpm) and
washed three times with PBS/I mM NaNj;. Bound material was released by
incubation in gel sample buffer for 10 min at 95°C and supernatants (5 min,
13,000 rpm, room temperature) were subjected to Western blot analysis.

2.4.12 Affinity purification with immobilized importin-a

His6-tagged importin-a. was purified from bacteria and dialyzed against 20 mM
MOPS, 100 mM sodium acetate, 5 mM magnesium acetate, 5 mM imidazole, 2.5
mM NaF, pH 7.1 (binding buffer). Ni-TA resin (Qiagen) was preloaded with
importin-o in binding buffer for 1 h at 4°C and washed three times with binding
buffer. Crude extracts were generated from digitonin-treated control or stressed

cells in binding buffer containing 0.5 mM DTT, 0.5 % SDS and protease
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inhibitors (aprotinin, leupeptin, pepstatin, each at 1 pg/ml; 1 mM PMSF).
Samples were diluted into binding buffer containing protease inhibitors and Triton
X-100 to give a final concentration of 1% Triton X-100, 0.1 % SDS and 0.1 mM
DTT. Samples were vortexed with glass beads, centrifuged (3 min, 13,000 rpm)
and incubated with immobilized importin-o for 1 h at 4°C. Beads were washed
three times with binding buffer containing 1% Triton X-100 and bound material
was analyzed by Western blotting.

2.4.13 Protein crosslinking and gel chromatography

Control and DEM-treated cells were extracted with 40 pg/ml digitonin in PBS for
5 min on ice, washed with ice-cold PBS and incubated with 0.2 mM 3.3'-
Dithiobis [sulfosuccinimidylproprionate] (DTSSP, Pierce, Rockford, IL) in PBS
for 1 h on ice. Plates were washed with ice-cold PBS and stored at -70°C. Proteins
were solubilized in 10 mM Tris HCI pH 7.4, 1% SDS, 2.5 mM NaF, | mM NaNj,
containing protease inhibitors (aprotinin, leupeptin, pepstatin, each at 1 pg/ml; 1
mM PMSF). Samples were vortexed with glass beads and cleared by
centrifugation (3 min, 13,000 rpm, microfuge). Supernatants were separated on a
Superose-12 column (Pharmacia) and eluted in 10 mM Tris HCI pH 7.4, 0.1%
SDS. A total of 25 fractions (1 ml) were collected and aliquots of each fraction
were analyzed by Western blotting. For indirect immunoprecipitation, peak
fractions were pooled and concentrated with Amicon centrifugal filters
(Molecular weight cut off 10 KD). Samples containing 10 mM Tris HCI pH 7.4,
150 mM NaCl, 0.1% SDS, 1% NP40, 2.5 mM NaF, 20 mM B-glycerophosphate,

1 mM NaN3, and a mixture of protease inhibitors (aprotinin, leupeptin, pepstatin,
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each at lpg/ml; 1 mM PMSF) were pre-treated with protein G-Sepharose and
incubated with anti-Nup153 or anti-Nup88 antibodies as in section 2.4.11.

2.4.14 Extraction of unfixed HeLa cells

Samples were treated buffer, detergent, DNase, NaCl, DNase + RNase essentially
as described in ref. 212. After each step samples were processed for indirect
immunofluorescence. Confocal imaging for each antigen was carried out at

identical settings for all extraction steps.

2.5 Results

2.5.1 The effect of diethyl maleate (DEM) on nuclear envelope integrity

To determine whether DEM-treatment alters the permeability barrier of nuclear
envelopes (NEs), we incubated Hela cells with 1, 2 and 5 mM DEM or the
solvent ethanol for 4 hours at 37°C (Fig. 2.1). Changes in nuclear membrane
integrity were monitored with two independent assays (213). First, HeLa cells
were transiently transfected with a plasmid encoding GFP-B-galactosidase, a
fusion protein that is excluded from the nucleus. The absence of GFP-B-
galactosidase from the nucleus indicates that the NE is intact (Fig. 2.1). Second,
we tested whether antibodies against lamin B have access to the nuclear lamina
when cells were fixed and treated with the detergent digitonin (213). Digitonin
permeabilizes the plasma membrane, but leaves the NE intact, and staining with
anti-lamin B antibodies is only observed when NEs have been disrupted. Both the
localization of GFP-B-galactosidase and binding of antibodies against lamin B

revealed that after 2 mM DEM treatment nuclear membranes remained intact, but
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became permeable upon incubation with 5 mM DEM (Fig. 2.1 and reference
213).

2.5.2 Recovery of cells from DEM-induced oxidative stress

To test the effect on cell viability, we treated cells for 4 h with 2 mM DEM,
allowed them to recover overnight and quantified the percentage of apoptotic and
necrotic cells. In ethanol treated controls, approximately 4% of the cells were
apoptotic or necrotic, which increased to approximately 20% upon incubation
with DEM (Fig. 2.2). However, about 70% of the DEM-treated cells were neither
necrotic nor apoptotic, suggesting that the majority of cells recovered from DEM-
induced stress.

2.5.3 DEM treatment interferes with nuclear protein import

To determine whether DEM affects nuclear import, different substrates were
analyzed, including transiently synthesized reporter proteins tagged with GFP or
endogenous substrates HuR and galectin-3. The nuclear/cytoplasmic (nuc/cyt)
distribution was quantified for each cargo for non-stress or stress conditions, and
the nuc/cyt ratio in unstressed cells was defined as 1. A reduction of the nuc/cyt
ratio in stressed cells would be consistent with impaired nuclear import.

In HeLa cells transiently transfected with a plasmid encoding NLS-GFP,
which carries the SV40-NLS, the fluorescent reporter accumulates in nuclei only
when classical nuclear import is constantly active (87). Upon treatment with 2
mM DEM the amount of NLS-GFP in the cytoplasm was increased, indicating

that classical import was less efficient (Fig. 2.3A). The fluorescent tag GFP did
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not change its localization in the presence of DEM; GFP was nuclear and
cytoplasmic under all conditions tested (not shown).

A different reporter protein, GFP-tagged glucocorticoid receptor [GFP-GR
(207)] is imported into the nucleus by importin-al/B1 and importin-f7 (214). In
the absence of hormone, GFP-GR was nuclear as well as cytoplasmic (Fig. 2.3B).
Addition of dexamethasone resulted in the rapid nuclear accumulation of GFP-GR
in unstressed cells (Fig. 2.3B), whereas most of the DEM-treated cells failed to
concentrate GFP-GR in nuclei.

Using nontransfected cells, the effect of oxidative stress on endogenous
substrates HuR and galectin-3 was analyzed. Both proteins are involved in RNA
transport or processing and transported into nuclei via the classical importin-o
dependent pathway (215, 216). HuR is nuclear under normal conditions, whereas
a significant amount is cytoplasmic in stressed cells. Galectin-3, nuclear and
cytoplasmic in unstressed cells, becomes less abundant in the nuclei following
DEM exposure. Taken together, DEM treatment reduces the nuc/cyt ratio of GFP-
tagged reporter proteins and endogenous cargos HuR and galectin-3 when
compared with controls. These results are in line with the idea that DEM-induced
oxidative stress interferes with nuclear protein import under conditions that leave
the nuclear envelope intact.

2.5.4 Ran remains concentrated in nuclei upon incubation with 2 mM DEM
Stress can affect the nucleocytoplasmic Ran gradient and severe oxidative stress
leads to a collapse of the gradient, ultimately causing the inhibition of nuclear

transport (87). However, Ran did not relocate significantly at 2 mM DEM. By
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contrast, the GTPase concentration gradient collapsed after treatment with 5 mM
DEM (Fig. 2.4A), conditions that permeabilize the nuclear envelope (Fig. 2.1).
This suggested that a loss of the nucleocytoplasmic Ran concentration gradient is
not the key factor that interferes with nuclear transport upon treatment with 2 mM
DEM and prompted us to analyze the effect of DEM on other nuclear transport
components.

2.5.5 Importin-a, CAS, Nup153, Nup88 and Nup50 mislocalized in DEM-
treated cells

Importin-a, a subunit of the dimeric classical import receptor, is exported from
the nucleus by the importin-fB-like carrier CAS. In HeLa cells, both importin-o
and CAS concentrated in nuclei when cells were treated with 2 mM DEM, but not
with the solvent ethanol (Fig. 2.4B, C). Interestingly, importin-o. and CAS also
accumulated in nuclei after a 5 mM DEM treatment, i.e. conditions that
permeabilize the NE. This suggests that nuclear retention contributes to their
nuclear concentration after oxidant exposure (see Fig. 2.7). In contrast, the
localization of importin-f1 was not drastically changed at any of the DEM
concentrations tested (not shown).

In addition, nucleoporins Nup153, Nup88 and Nup50 were localized in control
and stressed cells. These nucleoporins were chosen because they contribute to
different aspects of nuclear trafficking (see introduction); Nup153 participates in
nuclear import and export, Nup88 is involved in export and Nup50 promotes
importin-a-dependent nuclear import. Both Nup153 and Nup88 displayed a "ring

like" staining of the nuclear periphery under non-stress conditions, and Nup88
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was also detected in the cytoplasm. In control cells, Nup50 associated mostly with
nuclei, but was present in the cytoplasm as well (Fig. 2.4D, E, F). After DEM
treatment changes were observed for all of the nucleoporins (summarized in Table
2.1). Nupl53 and Nup88 were detected in the nucleoplasm, and substantially
more Nup88 was located in the cytoplasm, whereas Nup50 was no longer
detected in the cytoplasm (Fig. 2.4D, E, F). Interestingly, in stressed cells the
fluorescence signals for Nupl53 increased, similar to the stronger signals
obtained after Western blotting (see below).

2.5.6 Effect of DEM exposure on in vitro nuclear accumulation of transport
factors

Different mechanisms may contribute to the nuclear accumulation of importin-a
and CAS in DEM-treated cells; this may include an increase in nuclear import.
We therefore measured the nuclear concentration of fluorescently labeled
importin-a and CAS upon incubation with semi-intact cells. Since importin-o. and
CAS can be transported into nuclei in vitro by cytosol-dependent and independent
pathways (217), nuclear accumulation was tested for six different conditions (Fig.
2.5). First, unstressed and stressed cells were semi-permeabilized and analyzed in
the absence of exogenously added cytosol (Fig. 2.5A, B). Second, unstressed and
stressed semi-intact cells were combined with cytosol prepared from control or
DEM-treated cells (Fig. 2.5B). To detect minor differences in nuclear
accumulation, the intranuclear fluorescence was measured for all of the
conditions. There was little effect on importin-o nuclear accumulation for any of

the conditions tested, although a small increase was seen when unstressed cells
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were supplemented with stressed cytosol (Fig. 2.5B). For CAS, nuclear import
was significantly higher when cytosol and semi-intact cells or cytosol only had
been treated with DEM. The strongest effect was seen with cytosol prepared from
DEM-treated cells, which increased nuclear import to about 140% of control
samples (Fig. 2.5B). Thus, oxidative stress upregulates nuclear import and/or
reduces nuclear export of CAS, thereby increasing the steady-state concentration
of the carrier in nuclei in vitro. Based on the quantification shown in Fig. 2.5B
DEM may also stimulate the cytosol-dependent nuclear concentration of
importin-a, albeit to a lesser extent when compared with CAS.

2.5.7 Effect of DEM on the stability of transport factors

Oxidative stress may trigger the degradation of transport factors and the effect of
DEM on protein levels was analyzed in control and oxidant-treated cells that had
been incubated in the absence or presence of cycloheximide (Fig. 2.6A). Crude
extracts were prepared for whole cells and comparable amounts of protein were
separated in parallel. The amounts of importin-31 were somewhat decreased by
DEM, but the concentration of other proteins was not drastically reduced.
Furthermore, Western blotting did not reveal the accumulation of proteolytic
degradation products after DEM treatment (not shown). Interestingly, the levels of
Nup153 were slightly increased upon incubation with DEM, even in the presence
of cycloheximide. Together with the data described for Nupl53
immunolocalization (Fig. 2.4D) this may indicate that DEM treatment stabilizes

Nupl53.
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In summary, Western blot analyses support the idea that the nuclear
distribution of importin-a, CAS, Nup88 or Nupl53 in oxidant-treated cells
represents the relocation of intact proteins and not simply a mislocalization of
their proteolytic products generated upon stress.

2.5.8 Importin-a stably associates with Nup153 and Nup88 in nuclei of
growing cells

The nuclear localization of importin-a could be controlled by its interaction with
other components in the nucleus. To address this question, we
immunoprecipitated importin-o. from crude nuclear extracts under native
conditions and monitored the co-purification of transport factors. This approach
identifies stable associations, whereas transient or unstable interactions of
importin-o. as well as interactions that are disrupted by the antibody will be
missed. For the experiments shown in Fig. 2.6B we used the same amounts of
nuclear proteins from control and DEM-treated cells as starting material. Nup153
associated with importin-o. under control and stress conditions, whereas Nup88
was not detected in immunoprecipitates. The absence of Nup88 from complexes
isolated with anti-importin-a antibodies may suggest that this antibody interferes
with the Nup88/importin-a interaction, since both proteins co-purified when anti-
Nup88 antibodies were used and in pull down experiments (see below Fig. 2.6C,
D). As expected, only little importin-B1 co-purified with importin-o in nuclear
extracts of unstressed cells, as import complexes are disassembled in the nucleus.
This co-purification of importin-f1 was further reduced after DEM treatment. The

specificity of the interaction between Nup153 and importin-a is demonstrated by
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the fact that other members of the FXFG family, including Nup62 and Nup214,
did not copurify with importin-a. Likewise, CAS, hsc70, actin or tubulin did not
bind to importin-a under these conditions (Fig. 2.6B). Furthermore,
immunoprecipitation with anti-Nup153 or anti-Nup88 under native conditions
both led to the co-purification of importin-a (Fig. 2.6C), in line with the idea that
nucleoporins form complexes with this transport factor in nuclei. Neither hsc70
nor actin co-purified with Nup153 or Nup88 under these conditions.

Taken together, immunoprecipitation under native conditions indicates an
association of importin-a with Nup153 and Nup88; this hypothesis is further
substantiated by the results described below.

2.5.9 Importin-a associates with Nup153 and Nup88 in crude extracts
Immobilized importin-a was used as bait in vitro to purify binding partners from
nuclear extracts prepared from control or DEM-treated cells (Fig. 2.6D). With this
approach, Nup153 was efficiently pulled down, when compared to the starting
material (Start, 10% of the pull down). A substantial amount of Nup88 was also
affinity-purified, whereas CAS, importin-f1, actin, tubulin or the FXFG
nucleoporin Nup62 did not associate with immobilized importin-o.. Minor
amounts of hsc70s were affinity purified with immobilized importin-a as well.
2.5.10 Importin-o is present in high molecular mass complexes that contain
Nup153 and Nup88

Interactions of importin-o. with other proteins could be transient only, unstable
under the conditions used for co-purification or promoted by in vivo post-

translational modifications of the bait. To address this problem, we reversibly
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crosslinked proteins and analyzed components present in high molecular mass
complexes. Since crosslinking interfered with anti-importin-o
immunoprecipitation, we solubilized complexes in SDS and separated them by
gel exclusion chromatography using a Superose-12 column. Individual fractions
were probed for the presence of transport factors and importin-o. was detected in a
high molecular mass fraction, which eluted at a position similar to the marker
dextran blue (Mol. mass ~2x10°). The same fraction also contained Nup153 and
Nup88, whereas CAS and importin-B1 were either absent or hardly detectable
(Fig. 2.6E and data not shown). Complexes containing importin-o. could be
prepared from control and DEM-treated cells; however, the relative amounts of
Nup153, Nup88 and hsc70 were substantially increased in complexes of stressed
cells.

It was possible that importin-a, Nupl153 and Nup88 were components of
distinct protein complexes that have a similar molecular mass. Since crosslinking
interfered with anti-importin-o. immunoprecipitation, we addressed this point with
antibodies against Nup153 and Nup88. Using high molecular mass complexes as
starting material, both antibodies co-precipitated importin-o, supporting the idea
that importin-o/Nup153 and importin-al/Nup88 complexes were generated. For
complexes containing importin-o/Nup153 or importin-a/Nup88 we did not detect
importin-1, Nup214, actin or tubulin, even after prolonged exposure of the filters
(Fig. 2.6F, summarized in Table 2.2). Importantly, Nup153 and Nup88 co-
purified under these conditions, indicating a Nup153/Nup88 association. These

results established complexes that contained importin-o/Nupl53, importin-
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a/Nup88 or Nup153/Nup88. However, the experiments did not determine whether
complexes are generated that harbor all three components (see model, Fig. 2.8).
To begin to address this question, we used identical samples to quantify the input
(defined as 100%) and the amounts of importin-al that co-purified with anti-
Nup153 or anti-Nup88 (Fig. 2.6G). In these experiments, 81% of importin-a was
precipitated with anti-Nup153 and 68% with anti-Nup88 antibodies, suggesting
that at least some of complexes contained importin-a, Nup153 and Nup88 (see
Discussion and model, Fig. 2.8).

2.5.11 Stress increases the nuclear retention of importin-o, CAS, Nup153 and
Nup88

The nuclear accumulation of importin-o and CAS may be explained by increased
nuclear import, increased nuclear retention, reduced nuclear export or a
combination of these mechanisms. Quantitative analysis of in vitro nuclear
trafficking of importin-oc and CAS revealed that DEM treatment somewhat
increased CAS and importin-o nuclear accumulation in vitro (Fig. 2.5). Since
results described in the previous section suggested that the complex formation
between importin-o. and other proteins in the nucleus changes upon oxidant
treatment, we tested whether these changes may correlate with stress-induced
nuclear accumulation. To this end, control and DEM-treated cells were extracted
with detergent, nucleases and salt. After each step, the presence of transport
factors and nucleoporins was monitored by indirect immunofluorescence (Fig.
2.7, Suppl. Fig. 2.1, 2.2, 2.3). Individual proteins were solubilized at different

steps of the procedure; however, in response to stress all of the components tested
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became less soluble. For instance, importin-o. was readily extracted in control
cells, and after DNase incubation only faint signals were observed. By contrast,
upon DEM-treatment a portion of importin-a remained associated with nuclei and
was not extracted by any of the treatments (Fig. 2.7). Thus, the extraction of
unfixed cells support the interpretation that DEM-induced oxidative stress
upregulated the nuclear retention of importin-o,, CAS and several nucleoporins,
including Nupl53 and Nup88, while the formation of high molecular mass

complexes containing importin-a, Nup153 and Nup88 increased.

2.6 Discussion

We have analyzed the effects of the oxidant DEM on nuclear trafficking and
demonstrated the mislocalization and nuclear retention of several nuclear
transport factors. Under the stress conditions used by us most of the cells
remained viable, although the number of apoptotic and necrotic cells was
somewhat increased. These conditions are likely to mimic exposure to
physiological stresses or the pathophysiologies seen upon ischemia/reperfusion
damage (181-185).

The analyses of GFP-tagged reporter proteins or endogenous substrates HuR
and galectin-3 show that the nuc/cyt ratio for all proteins is reduced by DEM
treatment, consistent with an oxidant-induced inhibition of nuclear import.
However, it should be kept in mind that the nucleocytoplasmic distribution of
HuR and galectin-3, like most endogenous cargos, is probably subject to
additional regulation, including nuclear export and interactions with nuclear or
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cytoplasmic anchors. Our experiments do not address the question to which extent
DEM alters these processes.

Our studies show for the first time that oxidant treatment not only relocates
the soluble transport factors importin-oe and CAS, but also nucleoporins Nup153
and Nup88. Interestingly, not all transport factors are affected by oxidative stress
to the same extent, as we did not observe a strong effect for the localization of
importin-f1. Moreover, we did not detect drastic changes in the
nucleocytoplasmic Ran concentration gradient, which is sensitive to severe forms
of stress that inhibit nuclear transport and may ultimately lead to cell death (87).

Results obtained for importin-a, CAS and nucleoporins are of particular
interest with respect to nuclear protein trafficking. These components are required
for nuclear transport of a wide variety of cargos, either as subunit of the classical
NLS-receptor, to recycle importin-a to the cytoplasm or for the translocation of
transport complexes across the NPC. Moreover, transport of proteins into the
nucleus is an essential step of the stress response and necessary to cope with
stress-induced damage, including exposure to oxidants. For instance, following
oxidative stress transcription factors NF-kB, Nrf2 and members of the FoxO
family translocate into the nucleus where they induce the expression of genes that
encode antiapoptotic proteins or detoxifying enzymes (218-220). Changes in the
steady-state distribution of importin-a and CAS may inhibit these processes or
render them less efficient.

Oxidative stress not only changes the distribution of soluble transport factors

and nucleoporins, but also alters their interactions in the nucleus. Specifically,
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oxidant treatment leads to the formation of high molecular mass complexes which
is accompanied by an increase in nuclear retention. Our experiments show for the
first time that oxidant treatment relocates several nucleoporins to the nuclear
interior, where they become components of high molecular mass complexes.
These complexes contain importin-a, Nupl53 and Nup88, but not CAS,
suggesting that importin-o associates with a defined set of proteins in nuclei of
stressed cells. Although importin-o containing high molecular mass complexes
were isolated from control and stressed cells, the levels of Nup153 and Nup88
substantially increased after DEM treatment. Further analyses of high molecular
mass complexes isolated from stressed cells demonstrated that importin-o
associates with Nup153 as well as Nup88; furthermore, Nup153 binds to Nup88
(Fig. 2.8). This could be explained by the presence of different complexes
containing importin-o/Nup153, importin-o/Nup88 and Nup153/Nup88, a complex
harboring importin-o/Nup153/Nup88 or mixture of all four complexes.
Quantitation of immunoprecipitations showed that 81% of importin-a co-purified
with Nup153 and 68% with Nup88, indicating that a portion of importin-a is
likely to associate with both nucleoporins to generate importin-o/Nup153/Nup88
complexes.

Several scenarios can be proposed for the biochemical mechanisms that may
link oxidative stress to the changes observed by us. For instance, oxidant
treatment may lead to direct damage of soluble transport factors and nucleoporins
or changes in signaling events. DEM may trigger not only the oxidation of critical

residues in importin-a, CAS and nucleoporins; it may also activate signaling
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events that induce specific post-translational modifications of these proteins. As a
consequence of oxidation or other modifications, transport across the NPC and
retention within the cytoplasm or nucleus may be altered. With respect to our
results one could propose that oxidative stress alters the affinity between
importin-a and its binding partners in the nucleus, thereby promoting nuclear
retention. The changes in affinity may result from the increased modifications of
importin-a, Nupl53 and Nup88, either alone or in combination. Given the
molecular mass of the complexes isolated by us, they may contain additional
components yet to be identified. These factors and their potential role in nuclear
trafficking under normal and stress conditions will have to be defined in the
future.

Little is known about stress-induced changes in the distribution and function
of nucleoporins. We have shown previously that severe stress triggers the
degradation of Nup153 (87). The impact of non-lethal stress on nucleoporins is
only poorly understood, but could play a role in human disease. For instance,
mutations in the nucleoporin ALADIN may cause Triple A syndrome, and these
mutations can also induce mislocalization of ALADIN, hypersensitivity to
oxidative stress and defects in nuclear transport (212, 222). Our research
demonstrates that stress modulates the localization and interactions of several
nucleoporins in human cells. This sets the stage to further define the role of
nucleoporins in the change of nuclear functions under stress and

pathophysiological conditions.
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Table 2.1

control and DEM-treated cells

Location of soluble transport factors and nucleoporins in

Protein control conditions (ethanol) oxidative stress (2 mM DEM)
Ran N>>C N>>C

Importin-o NE, N+C N>C

CAS N>C, N+C N>C

Nup153 NE (NE), N>C

Nup88 NE, (N<C) (NE),N+C

Nup50 N>C N>>C



Table 2.1  Location of soluble transport factors and nucleoporins in

control and DEM-treated cells

Proteins were located by indirect immunofluorescence after 4 hours incubation under
control (ethanol) conditions or treatment with DEM. N>>C, nuclear accumulation with
no or little cytoplasmic staining; N>C, nuclear accumulation with cytoplasmic staining;
N>C, weak nuclear accumulation with well defined cytoplasmic staining; N+C, equal

staining in nucleus and cytoplasm; NE, nuclear envelope.



Table 2.2  Analysis of high molecular mass complexes in nuclei of

DEM-treated cells

Protein anti-Nup153 IP anti-Nup88 1P
Importin-a + +
Nupl53 + +

Nup88 + +
Nup214 - -
Importin-p1 - -

Hsc70 (+/-) (+/-)
Actin - -

Tubulin - -



Table 2.2  Analysis of high molecular mass complexes in nuclei of

DEM-treated cells

High molecular mass complexes obtained after FPLC were subjected to
immunoprecipitation with anti-Nup153 and anti-Nup88 antibodies. Immunoprecipitates
were separated by SDS-PAGE and Western blots were probed with antibodies against the
proteins listed. Results are shown for at least three independent experiments. Co-
purification is indicated by +, variable amounts of hsc70s co-purified with anti-Nup153
and anti-Nup88 are shown as (+/-). Proteins listed as — were not detected in

immunoprecipitates.



Figure 2.1
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Figure 2.1 Effect of DEM on nuclear envelope integrity

HeLa cells transiently synthesizing GFP-$-galactosidase were incubated for 4 hours with
ethanol (control) or DEM as indicated. Cells were fixed and the reporter protein localized
by fluorescence microscopy (GFP-B-gal). Nontransfected HeLa cells were incubated with
ethanol, 2 mM or 5 mM DEM. Fixed cells were semi-permeabilized with digitonin and
incubated with anti-lamin B antibodies (213). Nuclei were located with DAPI. Note that
GFP-B-gal appears in nuclei and lamin B is accessible to antibodies only after treatment

with 5 mM, but not 2 mM DEM.
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Figure 2.2 Flow cytometry

HeLa cells were incubated with ethanol or 2 mM DEM for 4 hours and further treated as
described in Materials and Methods. Binding of FITC-Annexin V or propidium iodide
(PI) was quantified for 10,000 cells. Means and standard deviations are depicted for two

separate experiments.
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Figure 2.3 The oxidant DEM interferes with nuclear import in

growing HeLa cells

Transiently synthesized reporter proteins (A, B) and endogenous cargos (C) were
localized in HeLa cells grown for 4 hours under non-stress (ethanol) or stress conditions
(DEM). NLS-GFP import is constitutively active; GR-GFP is transported into nuclei
upon addition of dexamethasone (dexam.). (C) Endogenous proteins HuR and galectin-3
were located by indirect immunofluorescence. DAPI staining of the nuclei and signals for
fluorescent signals for reporter proteins are shown. The nuclear/cytoplasmic ratio
(nuc/cyt) of fluorescence was quantified for each cargo. The ratio for control cells
incubated with ethanol was defined as 1. Means and STDEV are shown; ** P < 0.01.
Note that a reduction of the nuc/cyt ratio of reporter proteins upon DEM treatment is

consistent with less efficient nuclear import.



Figure 2.4
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Figure 2.4 Effect of DEM on the location of Ran (A), importin-a (B),
CAS (C), nucleoporins Nup153 (D), Nup88 (E) and Nup50 (F)

HeLa cells treated for 4 hours with ethanol (control), 2 mM or 5 mM DEM were fixed
and different proteins were localized by indirect immunofluorescence followed by

confocal microscopy as detailed in Materials and methods. Nuclei were visualized with

DAPL



Figure 2.5
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Figure 2.5 Stress-induced changes in nuclear accumulation of
importin-a and CAS

(A) In vitro nuclear import of fluorescently labeled importin-a. and CAS was carried out
with semi-intact HeLa cells. Nuclear import was carried out in vitro with fluorescently
labeled importin-a or CAS in the absence (-) or presence of exogenously added cytosol.
Cytosol was prepared from unstressed controls (un) or DEM-treated cells (DEM). (B)

Mean intranuclear fluorescence was quantified as described in Materials and methods.

Fluorescence intensities obtained for unstressed cells were defined as 100% (white bars).



Figure 2.6
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Figure 2.6

(A) Effect of DEM on protein abundance. HeLa cells were incubated with the solvent
ethanol (-DEM) or 2 mM DEM for 4 hours. Cycloheximide was present at 100 pg/ml as
indicated. Equal amounts of protein from whole cell extracts were analyzed side-by-side.
(B) Interaction of importin-o. with other nuclear transport factors in growing cells.
Nuclear extracts from control and stressed cells were used to immunoprecipitate
importin-a. under native conditions. Co-purified proteins were detected by Western
blotting of the immunoprecipitates. Aliquots of the starting material (Input) represent 8%
of the immunoprecipitates (IP). (C) Interaction of Nup153 and Nup88 with importin-a.
Immunoprecipitations with anti-Nup153 and anti-Nup88 were carried out as described for
part (B). Immunopurified material was analyzed for the presence of importin-a, hsc70
and actin. (D) Binding of nuclear transport factors to purified importin-a in vitro. His6-
tagged importin-a was purified from bacteria and immobilized on Ni-NTA beads. Equal
amounts of protein from nuclear extracts were added to immobilized importin-o. and
material bound was analyzed by Western blotting. Input shows 10% of the starting
material used for affinity purification. Note that Nup153 and Nup88 were efficiently
pulled down under these conditions. (E) Importin-a forms high molecular weight
complexes with Nup153 and Nup88 in nuclei. Control and DEM-treated cells were
extracted with digitonin and proteins were reversibly crosslinked. Equal amounts of
crosslinked protein were separated by gel exclusion chromatography (FPLC) and peak
fractions containing high molecular mass complexes (molecular mass of > 1MD) were
analyzed by Western blotting. ECL-signals for control and DEM-treated samples were

obtained under identical conditions. (F) High molecular mass complexes obtained after



FPLC were analyzed by immunoprecipitation with anti-Nupl153 and anti-Nup88
antibodies. Input represents 8% of the starting material. Note that prolonged exposure
times were required to visualize importin-f1. (G) To quantify the co-purification of
importin-a with Nup153 and Nup88 peak fractions were split into three identical samples
to measure the input or co-purification with Nup153 or Nup88 by quantitative Western
blotting (210). Importin-a present in the input was defined as 100%. The graph shows

means and STDEV of four independent experiments.
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Figure 2.7 Oxidative stress increases the nuclear retention of

importin-a and CAS

Control and DEM-stressed cells were incubated with KM buffer followed by treatment
with NP40, washing with buffer and treatment with DNase, salt as well as DNase +
RNase (212). Samples were fixed after each step and proteins were located by indirect
immunofluorescence. For each protein, all samples were visualized with identical settings

of the confocal microscope.






Figure 2.8  Simplified model for the isolation of high molecular mass

complexes containing Nup153 or Nup88
High molecular mass complexes analyzed in Fig. 2.6E and F may contain Nupl53,
Nup88 and/or importin-a as depicted. For simplicity, other subunits of the complexes

which have yet to be identified were omitted. See text for details.
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Suppl. Fig. 2.1

Nuclear retention of Nup153 was analyzed as described for Fig. 2.7



Suppl. Figure 2
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Suppl. Fig. 2.2

Retention of Nup88 in nuclei was determined as in Fig. 2.7
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Suppl. Fig. 2.3

Nuclear retention of Nup50 was monitored as in Fig. 2.7
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3.1 Connecting text to chapter 3

In the previous chapter I have analyzed the effects of oxidative stress on
nucleocytoplasmic trafficking. In particular, my research defined the molecular
mechanisms that control the function of soluble nuclear transport factors and
nucleoporins in stressed cells. As a result of this work, I identified the stress-
induced changes to transport factors importin-a, CAS as well as nucleoporins
Nup153, Nup88 and Nup50. Furthermore, I demonstrated that these changes
trigger the inhibition of classical nuclear import. Ultimately, classical import
inhibition disrupts the proper communication between nucleus and cytoplasm.
Under severe stress conditions this may lead to cell death. To obtain a broader
perspective of how oxidants alter cell physiology, I have extended my research
towards the characterization of cellular signaling events that are modulated by
stress. Following oxidant exposure, cells respond by activating different signaling
cascades, a process required for cell survival and the repair of stress-induced
damage. A crucial component of the cell signaling machinery that can be
regulated by modulation of nuclear trafficking is AMP-activated protein kinase
(AMPK).

AMPK is a key player in many metabolic processes and central to the
development of type-2 diabetes or obesity. Furthermore, activation of AMPK is
required to protect heart cells against ischemia reperfusion injury.

AMPK is present in the nucleus and cytoplasm; however, little is known about
the dynamic nature of this distribution. In particular, the mechanisms that regulate

the intracellular localization of AMPK subunits are not characterized at the
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molecular level. Such a regulated localization to different cell compartments
determines the nuclear and cytoplasmic AMPK-targets that will be
phosphorylated to cope with changes in the cellular environment. Despite the
effect of stress on nucleocytoplasmic transport, it has not been determined
previously how different forms of stress affect the intracellular distribution of
AMPK.

The main objective of my research was to provide new insight into how
different stressors modulate the activation and subcellular localization of AMPK.
Using different human cell lines as model systems, I identified several factors,
including environmental stresses such as heat, energy depletion and oxidants as
well as signaling events which control the subcellular distribution of AMPK.
Furthermore, I characterized the mechanisms that mediate AMPK shuttling
between the nucleus and the cytoplasm, a process that depends on the nuclear
exporter Crml. Finally, my studies identified a novel links between the
physiological state of the cell, the activation of MEK—ERK1/2 signaling and the
nucleocytoplasmic distribution of AMPK.

These findings are important, as they will set the stage to identify specific
AMPK functions in either the nuclear or cytoplasmic compartment that are
dictated by changes in cell physiology. This will help to develop new strategies to
regulate the intracellular distribution of AMPK and thereby the modification of its
targets. Ultimately, this may lead to alternative therapeutic tools for many
metabolic diseases such as diabetes and obesity. The results obtained from this

study are published in the paper entitled, “The localization of AMP kinase is
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regulated by stress, cell density and signaling through the MEK—ERKI1/2
pathway”. By Mohamed Kodiha, James G. Rassi, Claire M. Brown, and Ursula

Stochaj. This paper is presented in detail in chapter 3.
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3.2 Abstract

AMP kinase (AMPK) serves as an energy sensor and is at the center of control
for a large number of metabolic reactions, thereby playing a crucial role in Type 2
diabetes and other human diseases. AMPK is present in the nucleus and
cytoplasm; however, the mechanisms that regulate the intracellular localization of
AMPK are poorly understood. We have now identified several factors that control
the distribution of AMPK. Environmental stress regulates the intracellular
localization of AMPK, and upon recovery from heat shock or oxidant exposure
AMPK accumulates in nuclei. We show that under normal growth conditions
AMPK shuttles between the nucleus and the cytoplasm, a process that depends on
the nuclear exporter Crm1. However, nucleocytoplasmic shuttling does not take
place in high density cell cultures, for which AMPK is confined to the cytoplasm.
Furthermore, we demonstrate that signaling through the MEK—ERK1/2 cascade
plays a crucial role in controlling the proper localization of AMPK. As such,
pharmacological inhibitors that interfere with this pathway alter AMPK
distribution under nonstress conditions. Taken together, our studies identify novel
links between the physiological state of the cell, the activation of MEK—ERK1/2
signaling and the nucleocytoplasmic distribution of AMPK. This sets the stage to
develop new strategies to regulate the intracellular localization of AMPK and

thereby the modification of targets that are relevant to human disease.
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3.3 Introduction

The presence of nutrients, such as the carbon source, regulates protein
synthesis, gene expression and the activity of a large number of proteins. AMP
kinase (AMPK) is a key player in these processes; the enzyme not only controls
cell growth and transcription, but also the response to nutrient limitation and
stress (reviewed in 223, 226, 227, 229, 239, 243, 135, and 251). AMPK is a
central regulator of cellular metabolism for which it serves as an energy sensor;
the enzyme is activated by a reduction of ATP/AMP levels, changes in
intracellular calcium, and other forms of stress, including ischemia and hypoxia
(238). Based on its central role in the control of glucose homeostasis and lipid
metabolism, AMPK is an important therapeutic target in type 2 diabetes and
obesity. In particular, low level activation of AMPK is likely to contribute to the
global rise in obesity and diabetes (229). In addition to its regulatory function in
metabolism, more recent studies demonstrate that AMPK is also crucial for cell
polarity and mitosis (237).

The heterotrimeric AMPK contains a catalytic a subunit, encoded by two
genes (al and a2). The regulatory B and y subunits are encoded by two and three
genes, respectively (reviewed in 229). Activation of AMPK includes the
phosphorylation of Thr172 of the a subunit, which can be mediated by one of the
two upstream regulatory kinases, LKB1 and CaMKK (224, 231 and references
therein). Previous reports suggest that the a2 subunit of AMPK may be somewhat
enriched in the nucleus (244), and mutations in the Bl subunit can increase its

amount in nuclei (253).
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The only direct means of communication between the nucleoplasm and
cytoplasm is through nuclear pore complexes (NPCs, reviewed in 230, 246, 247).
There are several mechanisms of macromolecular translocation along NPCs,
molecules with a mass of 40 KD or less may diffuse across the NPC. By contrast,
larger macromolecules rely on active transport and in most cases on specific
carriers that promote transport across the NPC (230, 246, 247). Members of the
importin-f family in particular play a crucial role in protein trafficking in and out
of the nucleus. For instance, the nuclear exporter Crm1 recognizes hydrophobic
leucine-rich signals that target a protein for export to the cytoplasm (236). Crml -
mediated nuclear export is inhibited by the drug leptomycin B (LMB) which
covalently modifies the carrier (235).

To date, little is known about the nuclear and cytoplasmic pools of AMPK and
how its intracellular distribution is controlled. Such a regulated localization to
different cell compartments should be critical for the proper response to extra- and
intracellular stimuli, leading to the phosphorylation of distinct AMPK targets.
Although AMPK phosphorylates proteins in both the nucleus and the cytoplasm,
it has not been determined whether its distribution is sensitive to stress or other
changes in cell physiology. This knowledge is important, as it will set the stage to
identify specific AMPK functions in either compartment that are dictated by
physiological changes. This includes oxidative stress, a key factor that adds to the
pathophysiologies in diabetic patients (242, 248, 250). To begin to answer these
questions, we analyzed AMPK phosphorylation and localization in human culture

cells. Since LKB1 has been associated with the activation and actions of AMPK
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(reviewed in 229), we used HeLa cells, which do not synthesize LKB1 (231), as
well as HEK293 cells, a human kidney cell line, which does express LKB1 (245).
Our studies demonstrate that stress, cell density and signaling through the ERK1/2
mitogen-activated protein kinase (MAPK) module control the subcellular
distribution of AMPK. Morecover, we show that AMPK shuttles between the
nucleus and the cytoplasm and identified Crml as the nuclear carrier that
translocates AMPK to the cytoplasm. Together, this multilayered control of
intracellular localization provides a unique set of tools to rapidly adjust the

distribution of AMPK to changes in cell physiology.

3.4 Materials and methods

3.4.1 Cell culture and exposure to stress

HeLa and HEK?293 cells were cultured essentially as described (225, 87). In brief,
cells were grown on poly-L-lysine coated cover slips in six-well dishes to ~70%
confluency or high density (>100% confluency). This correlates with ~ 4 x 10
and > 2 x 10° cells/cm®, respectively. Heat shock was for 1 hour at 45.5°C
followed by recovery at 37°C for 2, 3 and 5 hours. All other treatments were at
37°C. Incubation with 2 mM diethyl maleate was for 4 hours.

3.4.2 Pharmacological tools

Energy depletion was performed with 50 mM deoxyglucose combined with 10
mM NaNj3 for 30 min. For inhibition of the ERK1/2 pathway cells were incubated
with 25 uM PD98059 (Calbiochem) for 5 hours or 50 pg/ml ERK peptide

inhibitor II (Calbiochem) for 1 hour. PD98059 inhibits the MAPK kinase MEK,

80



thereby preventing the activation of the downstream kinase ERK1/2. The ERK
peptide inhibitor II contains 13 residues derived from the N-terminal portion of
MEKI1, binds to ERK and prevents its activation by inhibiting the binding of
MEKI1 (11). Leptomycin B (LMB, LC laboratories, Woburn, MA) has multiple
actions, which includes inhibition of the nuclear exporter Crm1, inhibition of cell
cycle progression and antitumor activity. LMB was present at 10 ng/ml for 21
hours and controls were treated with the solvent only under identical conditions.
For serum starvation, cultures were grown for 18 hours without serum followed
by 5 min incubation with fresh medium without or with 8% serum. After stress
exposure or drug treatment cells were immediately fixed for immunofluorescence
or stored at -70°C.

3.4.3 Indirect immunofluorescence and microscopy

All steps were carried out at room temperature following published procedures
(208). Primary antibodies were used at the following concentrations: AMPK-a1/2
(Cell Signaling Techn. #2532), 1:200, AMPK-B1/2 (Cell Signaling Techn.
#4150), 1:200, Cy3-coupled secondary antibodies (Jackson ImmunoResearch)
were diluted 1:500. No signals were obtained when primary antibodies were
omitted (not shown). Images were either acquired for 1 um slices with a Zeiss
LSMS510 inverted microscope using a 63x oil-immersion objective with 1.4 NA,
or with the Molecular Devices (Sunnyvale, CA) ImageXpress Micro equipped
with a 300W Xenon light source and a CoolSnapHQ (Photometrics, Tucson, AZ).
For the ImageXpress Micro images of DAPI (cube #49000) or Cy3 (#49005) were

collected with cubes from Chroma Technology Inc. (Rockingham, VT). Cells
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were grown on glass cover slips before labeling and mounted with Vectashield
(Vector Laboratories, Burlingame, CA) following labeling. Up to 64 fields of
view were imaged at 40X (PlanFluor ELWD 0.6NA) using 2x2 binning and
ensuring at least 55 cells were sampled for each experimental condition. Image
analysis was done with MetaXpress software. DAPI labeling was used to identify
the number of cells in each field of view; protein staining with Cy3 was used to
identify the entire cell. Care was taken to adjust the threshold level used to ensure
that all cells were detected accurately even for lower expressing samples. The
total intensity of antibody labeling in the nucleus was measured based on
segmentation using DAPI staining and the intensity of the entire cell was
calculated based on segmentation with the Cy3 labeling. The difference between
these two intensities was taken as the total intensity of the cytosolic fraction of the
protein. All images were corrected for contributions due to background intensity
based on intensity measurements off of the cells for each image field. Finally, the
ratio of the total intensity in the nucleus versus the total intensity of the cytosol
was measured for each sample. Images were processed in Adobe Photoshop 8.0
for publication.

3.4.4 Western blotting

Cells grown on 10 cm culture dishes to ~70% confluency or at high density were
exposed to stress or pharmacological inhibitors as described above. Following
treatment, plates were rinsed with PBS and stored at -70°C until use. Crude
extracts were prepared by solubilizing proteins in gel sample buffer, pH 8.0,

containing protease inhibitors (1 mM PMSF; aprotinin, leupeptin, pepstatin, each
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at 1 ug/ml), 20 mM B-glycerophosphate, I mM NaNs, 2.5 mM NaF. Samples
were incubated for 15 min at 95°C and vortexed with glass beads to shear DNA.
After centrifugation (5 min, 13,000 rpm, microfuge) equal amounts of protein
were separated in SDS-PA gels. Proteins were blotted to nitrocellulose and filters
were processed as described (225). Antibodies against AMPK and dually
phospho-ERK1/2 (Cell Signaling, #9106) were diluted 1:1,000; anti-ERK1/2
(StressGen, KAP-MAO001C) was used at 1:2,000, anti-LDH (100-1173, Rockland,
Gilbertsville, PA) at 1:2,000 and anti-lamin B (sc-6217, Santa Cruz
Biotechnology, CA) at 1:2,000. ECL signals (Amersham Biosciences) were
quantified by densitometry (241). Results are shown as means + SD of at least 3
independent experiments.

3.4.5 Cell fractionation

To isolate cytoplasmic and nuclear fractions cells were incubated in lysis buffer
[10 mM HEPES, pH 7.9, 10 mM KCI, 1.5 mM MgCl2, 1 mM DTT, 1 mM NaNj;
and a mixture of protease inhibitors (Roche)] for 15 min on ice. Cells were drawn
through a 26 gauge needle and centrifuged 10 min at 2,000 xg. Sediments were
resuspended in lysis buffer, centrifuged and washed once in lysis buffer
containing 0.005% NP40. After 1 min centrifugation at 20,000 xg, nuclear
proteins were obtained in the sediments. Combined supernatants contained the
cytoplasmic marker protein LDH, whereas lamin B was restricted to nuclear
fractions. For comparison, one equivalent of cytoplasmic proteins and two
equivalents of nuclear proteins were analyzed side-by-side by Western blotting

with different antibodies. ECL signals were quantified for p-AMPK-al/2, t-
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AMPK-a1/2 and AMPK-B1/2 and nuclear to cytoplasmic ratios (nuc/cyt) were
calculated. Based on AMPK-al/2 Thrl172 phosphorylation and the nuc/cyt
distribution of p-AMPK-a1/2 we determined the net nuclear levels of p-AMPK-
al/2. Note that the amount of t-AMPK-al1/2 was not drastically altered by the
different stressors. For all conditions the net nuclear levels of controls were
defined as 1.

3.4.6 Statistics

For Western blotting ECL signals were quantified as described in ref. 21. Data
were acquired for at least three independent experiments. Results are shown as
means + SD. Bonferroni tests for multiple statistical comparisons (Fig. 3.1, 3.2,
Suppl. Fig. 3.1) and Student's #-test (two-tailed) for unpaired samples were carried
out to identify significant differences. For each experiment, all test results were

compared with the control.

3.5 Results

3.5.1 AMPK accumulates in nuclei upon stress

Quantitative immunofluorescence and Western blotting were used to detect
AMPK-01/2 and B1/2 subunits in cultured human cells. The results are shown
here for HeLa (Fig. 3.1-3.10, Suppl. Fig. 3.2, 3.3) and HEK293 cells (Suppl. Fig.
3.1). When analyzed by indirect immunofluorescence, o and § subunits of AMPK
were nuclear and cytoplasmic in HelLa cells under non-stress conditions, with a
subunits somewhat concentrated in nuclei. When cells were exposed to heat,

energy depletion or oxidative stress, the levels of a and [ subunits in nuclei
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increased (Fig. 3.1A, B, 3.3A, B). In control experiments, the cytoplasmic
enzyme lactate dehydrogenase (LDH) did not relocate to the nucleus for any of
the stresses analyzed. Furthermore, the nuclear marker protein lamin B was
confined to the nucleus under all conditions tested (Suppl. Fig. 3.2, 3.3).

Nuclear accumulation of AMPK-al/2 and B1/2 was particularly prominent
after heat stress and when cells were allowed to recover at 37°C for 2 to 3 hours;
after 5 hours recovery nuclear levels of AMPK began to decrease again. The
distribution of AMPK subunits under different conditions was quantified by
determining nuclear and cytoplasmic fluorescence (MATERIALS AND
METHODS) and calculating the nuclear/cytoplasmic ratio of fluorescence (Fig.
3.1B, nuc/cyt). Since the nucleus occupies less than 10% of the mammalian cell
volume, a small increase in the nuc/cyt ratio of AMPK represents a drastic change
in the nuclear concentration of the protein.

The results obtained for immunolocalization were further substantiated by cell
fractionation (Fig. 3.2A, 3.4A). Cytoplasmic and nuclear fractions were analyzed
by quantitative Western blotting and quantification of ECL signals (Fig. 3.2B,
3.4B). (Note that for all cell fractionations one equivalent of cytoplasmic and two
equivalents of nuclear proteins were separated side-by-side.) As observed for
immunolocalization, the nuc/cyt ratio of total AMPK-al/2 and -f1/2 increased
upon heat shock and started to decline upon 5 hours of recovery.

A different scenario, however, emerged for cell fractionation followed by
Western blotting with antibodies that recognize phosphorylated Thr172 in a

subunits (Fig. 3.2, 3.4, 3.6; p-AMPK-al/2). In crude extracts, heat stress
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significantly reduced the modification of Thr172 (Fig. 3.1C, D). By contrast, the
nuc/cyt ratio of p-AMPK-a1/2 did not drastically change and slightly increased at
3 and 5 hours of recovery (Fig. 3.2B). Thus, the heat-induced changes in the
nuc/cyt distribution of t-AMPK-a1/2 and p-AMPK-al/2 were clearly different
(Fig. 3.2B).

A change in the nuc/cyt ratio of p-AMPK-a1/2 does not necessarily lead to a
change in the net amount of p-AMPK-a1/2 in the nucleus. To address this point,
we calculated how the net amount of p-AMPK-al/2 in nuclei changes upon
exposure to heat and during recovery (MATERIALS AND METHODS).
Following heat shock and after 2 or 3 hours of recovery, net nuclear levels of p-
AMPK-a1/2 were reduced when compared to unstressed cells (Fig. 3.2B, net
nuclear).

Like heat, energy depletion with deoxyglucose/NaN; (NDG) or oxidative
stress triggered by diethyl maleate (DEM) induced t-AMPK nuclear accumulation
as determined by quantitative immunolocalization and Western blotting (Fig.
3.3B, 3.4). Energy depletion increased the phosphorylation of AMPK-al/2 on
Thr172 as well as the nuc/cyt ratio of p-AMPK-a1/2. By contrast, DEM treatment
reduced Thr172 phosphorylation and the nuc/cyt ratio of p-AMPK-al/2 (Fig.
3.3C, D, 3.4B). Taken together, changes in the distribution of AMPK-al/2
phosphorylated on Thr172 did not correlate with the redistribution of t-AMPK-
al/2. Table 1 summarizes the results obtained for AMPK phosphorylation and

distribution and ERK1/2 activation under different experimental conditions.
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3.5.2 Stress-induced dephosphorylation of AMPK-a1/2 Thr172 correlates
with the activation of ERK1/2

Crosstalk between AMPK and ERK1/2 may involve positive as well as negative
signaling events (248). In our experiments with HeLa cells, heat and DEM
significantly activated ERK1/2, as evident from its dual phosphorylation (Fig.
3.1C, D, 3.3C, D; p-ERK1/2). At the same time, the phosphorylation of AMPK-
al/2 Thr172 (p-AMPK-al1/2) was reduced. By contrast, deoxyglucose/NaN;
elevated Thr172 and decreased ERK1/2 phosphorylation. In HEK293 cells upon
DEM treatment, we detected neither an increase in the dual phosphorylation of
ERK1/2, nor significant changes in the modification of AMPKal/2. Nevertheless,
for all stress conditions analyzed there was an inverse relationship between
AMPK-a1/2 Thr172 phosphorylation and the dual modification of ERK1/2 in
both HelLa and HEK?293 cells (Fig. 3.1, 3.3, 3.5 and Suppl. Fig. 3.1), suggesting
that this effect is not restricted to a specific cell line.

3.5.3 Addition of serum to starved HeLa cells increases the amount of AMPK
in nuclei.

Experiments above showed that in stressed cells the increase in ERKI1/2
activation may be linked to a reduction in the net amount of p-AMPK-al/2 in
nuclei. We further addressed this point using serum-deprived cells. After 18 hours
incubation in serum-free medium the addition of serum to HeLa cells rapidly
induced ERK1/2 phosphorylation. Concomitantly, there was a small but

significant decrease of AMPK-al/2 Thr172 phosphorylation as well as a
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reduction of the net amount of nuclear p-AMPK1/2. Unlike p-AMPK1/2, t-
AMPK-a1/2 and B1/2 subunits accumulated in nuclei (Fig. 3.5, 3.6).

3.5.4 AMPK shuttles between the nucleus and the cytoplasm and is exported
from nuclei by the carrier Crml

Results for the relocation of AMPK-a and  subunits upon stress and the reversal
during recovery may suggest that they shuttle between the nucleus and the
cytoplasm using unknown transporters. The carrier Crm1 is involved in the export
of a large number of proteins and efficiently inhibited by the drug leptomycin B
(LMB). As shown for quantitative immunofluorescence (Fig. 3.7A, B) and
Western blotting (Fig. 3.7C, D), incubation with LMB resulted in the nuclear
accumulation of t-AMPK-a and B subunits in unstressed HeLa cells, in line with
the idea that the subunits shuttle and Crm1 serves as their nuclear exporter. No
significant changes were detected for the distribution of p-AMPK-a1/2 (Fig. 3.7C,
D).

3.5.5 Cell density controls the distribution and shuttling of AMPK

Nuclear trafficking of proteins can be controlled by the density of the culture, and
high confluency may interfere with nuclear transport of proteins (225, 232). Both
a and B subunits of the kinase were nuclear and cytoplasmic at 70% confluency in
unstressed HeLa cells (Fig. 3.1, 3.3, 3.5, 3.7), but were restricted to the cytoplasm
in high density cultures, when analyzed by indirect immunofluorescence or cell
fractionation (Fig. 3.8A, C, D). Moreover, in high density HeLa cultures treated
with the inhibitor LMB, AMPK failed to accumulate in nuclei, indicating that

shuttling does not take place under these conditions (Fig. 3.8A, C, D). This
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density-dependent redistribution of AMPK is not simply an effect of changes in
the medium of high density cultures, since AMPK was nuclear as well as
cytoplasmic and able to shuttle for cells growing in less dense areas of the same
cover slip (data not shown). Interestingly, in high density cells we detected little
phosphorylation of AMPK-a1/2 Thr172 or activation of ERK1/2 (Fig. 3.8B). This
could be in part attributed to changes in protein levels, as the total amount of
AMPK-a1/2 and ERK1/2 was somewhat reduced in high density cultures. By
contrast, the levels of AMPK-1/2 were somewhat increased (Fig. 3.8B). It is not
known why the nuc/cyt ratio of AMPK-B1/2 decreases in the presence of LMB
(Fig. 3.8D).

3.5.6 Signaling through MAPKs ERK1/2 controls the nucleocytoplasmic
distribution of AMPK

Experiments with stressed cells suggested that increasing the activity of ERK1/2
may correlate with the nuclear accumulation of p-AMPK-al/2 (Table 3.1).
Previous experiments by others indicate a complex crosstalk between AMPK
activation and ERK1/2 activation, with positive as well as negative feedback
between the two pathways (234). No previous studies have analyzed the possible
role of MEK—ERKI1/2 signaling in the intracellular localization of AMPK. In
particular, it is not known whether ERK1/2 has any effect on the distribution of
AMPK subunits under nonstress conditions. To begin to understand the events
that control the nucleocytoplasmic distribution of AMPK in unstressed cells we
tested a potential role of MEK—ERK1/2 signaling in this process. Two different

pharmacological inhibitors, PD98059 which inhibits the upstream kinase MEK
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and peptide inhibitor II, which prevents ERK binding to MEK (233), induced the
nuclear accumulation of AMPK-al/2 and B1/2 (Fig. 3.9, 3.10). Although the
phosphorylation of AMPK-a1/2 Thr172 was slightly reduced, the nuc/cyt ratio of

p-AMPK-a1/2 increased upon treatment with PD98059 (Fig. 3.9D, 3.10B).

3.6 Discussion

AMPK is central to the control of glucose and lipid metabolism and the rapid
adaptation to changes in cell physiology. As such, the kinase modifies a variety of
substrates that are involved in carbohydrate or fatty acid synthesis or degradation
and protein synthesis (251). Furthermore, AMPK regulates the expression of a
large number of genes, the stability of several mRNAs, cell polarity and mitosis
(228, 237, 240, 254). These previous studies showed that AMPK recognizes a
growing number of proteins, both in the nucleus and cytoplasm. Access to and
modification of these substrates requires the proper localization of AMPK.

Our studies provide new insights into the complex regulatory processes that
determine the modification and subcellular distribution of AMPK. Changes in the
phosphorylation of AMPK-a 1/2 Thr172 were inversely related to changes in the
activation of ERK1/2. This is not restricted to HeLa cells, which are lacking the
upstream activating kinase LKB1, but was also observed with HEK293 cells,
which contain LKBI.

Our results demonstrate that various forms of stress, including heat, energy
depletion and oxidants, not only alter the phosphorylation state of AMPK-a1/2,

but also concentrate AMPK in nuclei. The simplified model in Fig. 3.11
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summarizes how different physiological conditions regulate the intracellular
distribution of AMPK. In unstressed cells (Fig. 3.11A), AMPK-a and f shuttle
between the nucleus and the cytoplasm, using the carrier Crm1 for export from
the nucleus. Upon exposure to stress both a and B subunits accumulate in nuclei
(Fig. 3.11B). This redistribution could be achieved by upregulation of AMPK
nuclear import, increase in nuclear retention, reduced export, or a combination of
these events. High cell density confines AMPK-a and 3 subunits to the cytoplasm
and prevents them from shuttling (Fig. 3.11C). It is possible that contacts between
neighboring cells regulate the distribution of AMPK; signaling events based on
high culture density could prevent nuclear import or induce cytoplasmic
anchoring of AMPK subunits. Finally, our results demonstrate a complex role for
MEK—ERK1/2 signaling in the control of AMPK localization. Under nonstress
conditions, inhibition of the MEK—ERKI1/2 pathway triggered nuclear
accumulation of AMPK o and 3 subunits (Fig. 3.11D).

Interestingly, the localization of p-AMPK-al/2 and t-AMPK-al/2 may be
controlled differently. Our results indicate that there is no direct link between the
phosphorylation of Thr172 of AMPK-al1/2 and the distribution of t-AMPK-a1/2.
However, the changes in net nuclear p-AMPK-a1/2 are negatively correlated with
ERK1/2 activation; whenever the net nuclear levels of p-AMPK-al/2 were
reduced we observed an increase in ERKI1/2 activation, and vice versa
(summarized in Table 3.1).

Taken together, our results support the hypothesis that p-AMPK-al/2

localization can be linked to the activation status of ERK1/2, whereas a more

91



complex regulation directs the distribution of t-AMPK-a1/2 and 1/2 in stressed
cells. Future experiments will have to determine whether the localization of the
MAPK ERK1/2, in addition to its activation, plays a role in the nucleocytoplasmic
distribution of AMPK.

At this point, we can only speculate how AMPK redistribution participates in
the response to different stressors. One effect of AMPK redistribution could be
changing its interactions with kinase substrates. For example, raising the nuc/cyt
ratio of activated AMPK in nuclei may increase the phosphorylation of nuclear or
reduce the modification of cytoplasmic targets. AMPK controls cell physiology
not only by the direct phosphorylation of various metabolic enzymes, but also via
transcriptional regulation (reviewed in 135). Many genes change their expression
levels when a dominant-negative allele of AMPK-a2 is highly overexpressed over
the endogenous wild type o subunit in skeletal muscles of transgenic mice (240).
Proteins encoded by these genes participate in various functions, including energy
metabolism, cell signaling, transcription and translation. Furthermore, AMPK
activity contributes to the regulation of mRNA stability as the kinase controls the
half-lives of p21, cyclin A, Bl and VEGF mRNAs (reviewed in 228).

A possible connection between the multiple processes that AMPK affects and
the results reported here could be the transcriptional regulator p300/CBP and
several transcription factors which are acetylated by p300/CBP. These include
members of the FOXO family, p53 and NF-[0B. AMPK phosphorylates
p300/CBP on Ser89 (254) thereby modulating the interactions of p300/CBP with

transcriptional regulators (reviewed in 135). Upon oxidative stress, FOXO
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proteins move to the nucleus to be bound and acetylated by p300/CBP (reviewed
in 249, 252). The acetylation state of FOXO proteins seems to control which
genes are selected for transcription. A simplified model may propose a link
between AMPK activation, p300/CBP phosphorylation and FOXO protein
acetylation, and the cascade AMPK—p300/CBP—FOXO proteins could
contribute to the specific gene expression following oxidative stress. Since we
observed a reduction in p-AMPK-al/2 in nuclei upon oxidant exposure, this
model would predict that p300/CBP phosphorylation on Ser89 is reduced, which
could modulate the subsequent interaction between p300/CBP and FOXO
proteins and ultimately gene expression.

Our data show that the nucleocytoplasmic distribution of total and
phosphorylated AMPK is regulated differently; AMPK subunits accumulate in
nuclei upon stress independent of kinase activation. There are several possible
scenarios that could explain this redistribution: (a) the redistribution of AMPK to
nuclei controls its accessibility to activating upstream kinases; (b) AMPK nuclear
accumulation is caused by inhibition of nuclear export in stressed cells. (c)
Alternatively, AMPK subunits have additional functions that are unrelated to the
kinase activity, but required in nuclei of stressed cells for other processes. Future

experiments will have to explore these possibilities.
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Table 3.1 Distribution of AMPK-al1/2 phosphorylated on Thr172 and

activation of ERK1/2

Treatment p-AMPK-a1/2 p-AMPK-a1/2 ERK1/2
nuc/cyt ratio net nuclear content activation

heat shock g l T

NDG ) ) !

DEM ! ! 1

serum l ! 1

PD98059 ) 1 !



Table 3.1  Distribution of AMPK-a1/2 phosphorylated on Thr172 and

activation of ERK1/2

Results for the nuc/cyt ratio, net nuclear content of p-AMPK-a1/2 and ERK1/2 activation
are summarized. The effects of stress exposure, serum starvation and incubation with the
MEK inhibitor PD98059 are shown. Arrows indicate no change («»), reduction (]) or

increase (1).
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Figure 3.1 Heat stress relocates AMPK to the nucleus of HeLa cells

Cells grown to ~70% confluency were exposed to 1 hour heat stress and allowed to
recover at 37°C for the times indicated. (A) Total AMPK-al/2 and AMPK-1/2 were
detected by indirect immunofluorescence. (B) Quantification of fluorescence signals was
carried out as detailed in materials and methods. (C) For Western blotting equal amounts
of proteins were analyzed with antibodies against AMPK-a1/2 phosphorylated on Thr172
(p-AMPK-a1/2), total-AMPK-a1/2 (t-AMPK-al1/2), dually phosphorylated ERK1/2 (p-
ERK1/2), total ERK1/2 (t-ERK1/2), AMPK-1/2 and actin. (D) ECL-signals were
quantified for at least three independent experiments. Means and SD are shown for
changes in AMPK-al/2 Thr172 (p-AMPK/t-AMPK) and ERK1/2 phosphorylation (p-
ERK/t-ERK). Untreated controls served as reference for heat-shocked and recovering

cells. ***p<0.001; **p<0.01, *p<0.05.
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Figure 3.2  Analysis of AMPK distribution in heat-stressed HeLa cells

by cell fractionation

(A) Control and stressed cells were fractionated followed by Western blot analysis of
cytoplasmic and nuclear fractions. One equivalent of cytoplasmic and two equivalents of
nuclear proteins were analyzed side-by-side. (B) For p-AMPK-a1/2 nuc/cyt ratios and the
net nuclear content was determined (MATERIALS AND METHODS). Nuc/cyt ratios
were calculated for t-AMPK-a1/2 and t-AMPK-B1/2. As controls, filters were probed for
lactate dehydrogenase (LDH) and lamin B. ECL signals were quantified for AMPK as in
Fig. 1. All test results were compared with the untreated control. ***p<0.001; **p<0.01,

*p<0.05.
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Figure 3.3 Energy depletion and oxidative stress alter the distribution

of AMPK in HeLa cells

Cultured cells at ~70% confluency were energy depleted with NaNj/deoxyglucose or
treated with the oxidant diethyl maleate (DEM) as described in MATERIALS AND
METHODS. Controls were incubated with solvent only. (A-D) Localization of proteins
by indirect immunofluorescence and Western blotting were carried out as described for

Fig. 1A-D. Control samples served as reference for all test results. **p<0.01; *p<0.05.
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Figure 3.4 (A, B) Effect of energy depletion and oxidant exposure on

the distribution of AMPK in HeLa cells
Cell fractionation and quantification of ECL-signals for cytoplasmic and nuclear AMPK
were as in Fig. 3.2A, B. All test results were compared with control samples. **p<0.01;

*p<0.05.
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Figure 3.5 (A-D) Addition of serum to starved cells raises the nuclear

levels of AMPK

HeLa cells were serum-starved for 18 hours and subsequently incubated with fresh
medium without or with serum for 5 min. Indirect immunofluorescence and Western
blotting were as detailed for Fig. 1A-D. All experimental results were compared with the

untreated control. **p<0.01; *p<0.05.
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Figure 3.6 (A, B) Serum addition affects AMPK distribution in
starved cells

HelLa cells were incubated with medium in the absence or presence of serum as described
for Fig. 3.5. Cell fractionation and quantification of cytoplasmic and nuclear AMPK were
as in Fig. 3.2. The untreated control was used as reference for all test results. **p<0.01;

*p<0.05.
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Figure 3.7 AMPK shuttles between the nucleus and the cytoplasm

using Crml1 as the nuclear exporter

HeLa cells at 70% confluency were incubated with solvent only (control) or LMB.
Indirect immunofluorescence and Western blot analysis was carried out as in Fig. 3.1 and
3.2. (A) AMPK-al/2 and B1/2 were located by indirect immunofluorescence. (B) The
ratio of nuc/fluorescence was quantified. (C, D) Western blotting of cytoplasmic and
nuclear fraction and quantitation of ECL signals are shown. All test results were

compared with the untreated control. **p<0.01; *p<0.05.
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Figure 3.8 Cell density controls the nucleocytoplasmic distribution of
AMPK

High density HelLa cell cultures were treated with solvent or LMB as in Fig. 3.7. (A)
AMPK was located by indirect immunofluorescence. (B) Western blot analysis showed
no or little p-AMPK-a1/2 or dually phosphorylated ERK1/2 in high density cells. Note
that a higher amount of total protein (140%) was loaded for high density cultures to
detect weak ECL signals. Changes in the total concentrations of AMPK and ERK1/2 in
high density cultures were determined with actin as a reference. Results obtained for 70%
confluency (70) were used as a reference for high density cultures (Hi). **p<0.01;
*p<0.05. (C, D) Cytoplasmic and nuclear fractions were analyzed by Western blotting
and ECL signals were quantified as described for Fig. 3.2. All test results were compared

with the control samples. **p<0.01; *p<0.05.
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Figure 3.9 Signaling through MEK—ERK1/2 regulates the

nucleocytoplasmic distribution of AMPK in Hel.a cells

Cultures were incubated with PD98059 (PD) or ERK1/2 peptide inhibitor as described in
MATERIALS AND METHODS. (A, B) AMPK subunits were visualized by indirect
immunofluorescence and fluorescence signals were quantified. (C, D) Changes in the
phosphorylation of AMPK-a1/2 Thr172 or ERK1/2 were determined by Western blotting
and quantification of ECL signals. Indirect immunofluorescence, Western blotting and

statistical analyses were carried out as described for Fig. 3.3A-D. **p<0.01; *p<0.05.
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Figure 3.10 Inhibition of the MEK—ERK1/2 pathway alters the
nuclear levels of AMPK

(A) The distribution of p-AMPK-a1/2, t-AMPK-a1/2 and AMPK-f1/2 was monitored by
cell fractionation and Western blotting. (B) ECL signals were quantified as for Fig. 3.2.
The untreated control served as reference for cells incubated with PD98059. **p<0.01;

*p<0.05.
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Figure 3.11 Simplified model for the control of AMPK localization

under normal and stress conditions

(A) In unstressed cells AMPK shuttles between the nucleus and the cytoplasm and is
present in both compartments. Nuclear export is mediated by the carrier Crml. (B)
Several forms of stress, including heat, energy depletion and oxidants, increase the levels
of AMPK-al1/2 and B1/2 in nuclei. (C) In high density cultures, AMPK fails to shuttle
and is located in the cytoplasm. (D) Signaling through MEK—ERKI1/2 regulates the
intracellular distribution of AMPK. Inhibition of the MEK—ERK1/2 pathway leads to
AMPK nuclear accumulation of AMPK subunits. The redistribution of AMPK under
different physiological conditions may be triggered by changes in transport across the
nuclear envelope, retention in the nucleus and cytoplasm or a combination of these

events.



Suppl. Figure 3.1

Phosphorylation of AMPK-01/2 and ERK1/2 in HEK 293 cells.
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Suppl. Figure 3.1 Phosphorylation of AMPK-a1/2 and ERK1/2 in

HEK?293 cells upon heat shock, energy depletion or oxidant treatment

The phosphorylation of Thr172 in AMPK-a1/2 and dual modification of ERK1/2 was
monitored for HEK293 cells by Western blotting as described for Fig. 3.1. Antibodies
against p-AMPK-a1/2 detected the phosphorylation on Thr172 of AMPK a subunits,
whereas t-AMPK-a1/2 antibodies recognize total-AMPK-a1/2. Samples were probed for
dually phosphorylated ERK1/2 (p-ERK1/2), total ERK1/2 (t-ERK1/2) and total AMPK-
al/2 (t-AMPK-a1/2). Means and SD are shown for the phosphorylation of AMPK-al/2
and dual phosphorylation of ERKI1/2. Bonferroni tests for multiple statistical
comparisons or Student's z-tests (two-tailed) for unpaired samples were carried out to
identify significant differences. For each experiment, all test results were compared with

the control. ***p<0.001; **p<0.01, *p<0.05.
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Suppl. Figure 3.2 Lactate dehydrogenase (LDH) and lamin B

distribution upon heat shock, energy depletion or oxidative stress
HeLa cells were exposed to heat shock, NaNs/deoxyglucose or DEM as described for
Fig. 3.1-3.4. LDH and lamin B were localized by indirect immunofluorescence in control

and stressed cells.
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Suppl. Figure 3.3 Effect of serum starvation, LMB, high cell density or

inhibition of ERK1/2 activation on the localization of LDH and lamin B
The distribution of LDH and lamin B was determined as described for Suppl. Fig. 3.2.
HeLa cells grown to 70% confluency were treated with serum, LMB or PD980059, and

high density HeLa cultures were incubated with LMB.
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4.1 Connecting text to chapter 4

In addition to signaling molecules, heat shock proteins of the hsp/hsc70 family
are essential chaperones that play a key role in the stress response. Under normal
growth conditions hsc70s are required for the proper folding and intracellular
targeting as well as the regulation of apoptosis. Heat shock protein 70 (hsc70), is
an essential component of the chaperoning machinery and indispensable for the
repair of stress-induced damage. Hsc70 plays a critical role in restoring cell
function upon heat and other stresses. The chaperone shuttles between the nucleus
and cytoplasm and is found in both compartments of unstressed cells. However,
following stress exposure, hsc70 accumulates in nuclei, but relocates to the
cytoplasm when cells recover from stress. As the general goal of my thesis is to
characterize the effect of stress on different aspects of cell physiology, I
investigated how stress impinges on the cellular chaperoning system as a key
player in maintaining cellular homeostasis. The objective of the research work
presented in chapter 4 is to define the molecular mechanisms that underlie the
stress-induced nuclear accumulation of hsc70s. Specifically, I have characterized
at the molecular level how shuttling of hsc70 is regulated under normal and stress
conditions. My results demonstrate a potential role of the actin cytoskeleton in
regulating hsc70 distribution under normal and stress conditions. In addition,
using human/mouse heterokaryons, I have shown that heat shock inhibits hsc70
shuttling and sequesters the chaperone in nuclei. The inhibition of shuttling in
response to stress is transient only, and transport is re-established when cells

recover from stress. Furthermore, I have identified nuclear retention as a novel
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mechanism that prevents hsc70 to move in and out of the nucleus upon stress. In
depth analysis revealed that this retention depends on two distinct processes,
ATP-sensitive binding of hsc70 to chaperone substrates and an ATP-insensitive
association with nucleoli. My studies identified the nucleolar protein fibrillarin
and ribosomal protein rpS6 as interacting partners that show increased association
with hsc70 in nuclei of stressed cells. This supports the idea that hsp/hsc70 play a
pivotal role in restoring nucleolar functions after heat shock. Chapter 4
demonstrates in details the results obtained from this research which are published
in the paper entitled: “Stress inhibits nucleocytoplasmic shuttling of heat shock
protein hsc70” by Mohamed Kodiha, Angel Chu, Omar Lazrak, and Ursula

Stochaj.
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4.2 Abstract

Heat shock proteins of the hsp/hsc70 family are essential chaperones,
implicated in the stress response, aging, and a growing number of human
diseases. At the molecular level, hsc70s are required for the proper folding and
intracellular targeting of polypeptides as well as the regulation of apoptosis.
Cytoplasmic members of the hsp/hsc70 family are believed to shuttle between
nuclei and cytoplasm; they are found in both compartments of unstressed cells.
Our experiments demonstrate that actin filament-destabilizing drugs trigger the
nuclear accumulation of hsc70s in unstressed and heat-shocked cells recovering
from stress. Using human/mouse heterokaryons we show that stress inhibits
shuttling and sequesters the chaperone in nuclei. The inhibition of hsc70 shuttling
upon heat shock is transient only and transport is re-established when cells
recover from stress. Hsc70 shuttling is controlled by hsc70 retention in the
nucleus, a process that is mediated by two distinct mechanisms, ATP-sensitive
binding of hsc70s to chaperone substrates and furthermore the association with
nucleoli. The nucleolar protein fibrillarin and ribosomal protein rpS6 were
identified as components that show an increased association with hsc70s in the
nucleus upon stress exposure. Taken together, our data suggest that stress
abolishes the exit of hsc70s from the nucleus to the cytoplasm, thereby limiting
their function to the nuclear compartment. We propose that during recovery from
stress hsc70s are released from nuclear and nucleolar anchors, which is a
prerequisite to restore shuttling.

Keywords: Heat shock proteins, hsc70, stress, nuclear transport
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4.3 Introduction

Heat shock proteins are involved in numerous cellular functions, including
folding of newly synthesized polypeptides and targeting of proteins to their proper
cellular location. In particular, chaperones of the hsp/hsc70 family are essential to
these processes (258, 262, 263). Hsp/hsc70s play a crucial role in the appropriate
response to stress and the survival of stress-induced damage, processes that are
relevant to a large number of human diseases and pathophysiological conditions
(256). Moreover, hsp/hsc70s are implicated in the regulation of apoptosis,
tumorigenesis and aging (255, 259, 261). In eukaryotic cells under normal growth
conditions cytoplasmic hsp/hsc70s are believed to move in and out of the nucleus,
and it was demonstrated in Xenopus oocytes that they shuttle between nucleus and
cytoplasm (265). Unlike other members of the hsp70/hsc70 family, hsc70 (also
referred to as hsp73 or hsp70-8) is essential for the survival of normal and tumor
cells (269). Hsc70s concentrate in nuclei when cells are exposed to stress and heat
shock is the most efficient treatment to induce their accumulation in nuclei (225).
Although heat increases the steady-state concentration of hsc70s in nuclei, it is
not known whether stress also controls their movement between nucleus and
cytoplasm. However, this knowledge is required to understand the dynamics of
hsc70 localization under different physiological conditions. To address this
question, we have monitored the distribution of endogenous hsc70s and the
reporter protein EGFP-hsc70 in human cultured cells. Our results demonstrate
that exit of hsc70s from the nucleus upon recovery from stress is an active process

and that heat shock restricts the nucleocytoplasmic trafficking of hsc70s.
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Following heat exposure hsc70 shuttling is prevented, but restored when cells
recover from this environmental insult. We have identified the stress-induced
nuclear retention of hsc70 as a mechanism that controls shuttling of the

chaperone.

4.4 Materials and methods

4.4.1 Nuclear reporter proteins

The fluorescent protein NLS-NES-GFP2 carries SV40 nuclear localization
sequence (NLS) and the nuclear export sequence (NES) of PKI fused to two
copies of GFP (270). The NLS-NES-GFP2 coding sequence was transferred to a
vector that mediates inducible expression in mammalian cells (206). A plasmid
encoding hsc70 (kindly provided by Drs. S. Wax and N. Kedersha, Boston) was
used to generate a fusion between enhanced GFP (EGFP) and hsc70. To this end,
the hsc70 coding sequence was cloned into the BamHI site of vector pEGFP-C1
(Clontech, Palo Alto). The correctness of the construct was verified by DNA-
sequencing; the fusion protein is referred to as EGFP-hsc70. EGFP-hsc70 shows
the same distribution as authentic hsc70 when analyzed in control and stressed
cells (Fig. 4.4 and data not shown). A schematic representation of the constructs
used for transfection is shown in Fig. 4.1.

4.4.2 Transfection of HeLa cells

At a confluency of ~70% HeLa cells were transfected in 6-well plates with
Effectene (Qiagen, Mississauga, ON) following the manufacturer's

recommendations. Transient gene expression in HelLa using a dexamethasone-
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inducible system has been described in detail (206, 225). Transfected cells were
grown for 24 hours on polylysine-coated cover slips in 6-well plates or on
multiwell slides before exposure to stress.

4.4.3 Treatment with leptomycin B, latrunculin B and cytochalasin B

To analyze the potential role of the importin-f3 family member Crm1, we have
tested the effect of leptomycin B (LMB), a compound that selectively inhibits this
exporter (264). To this end, cells were incubated with 10 ng/ml LMB (gift of M.
Yoshida, Tokyo), dissolved in ethanol, or with the solvent ethanol for 15 hours at
37°C following heat stress. Unstressed cells were incubated with LMB for up to
24 hours at 37°C. Latrunculin B and cytochalasin B (Calbiochem, San Diego,
CA) were dissolved in DMSO. Cells recovering from stress were incubated for 15
hours at 37°C with 1 mM latrunculin B, 10 uM cytochalasin B or the solvent
DMSO. Unstressed cells were treated with latrunculin B, cytochalasin B or
DMSO for 3 h at 37°C as indicated in the figure legends. In control experiments
the effect of latrunculin B or cytochalasin B on actin polymerization was tested
with FITC-labeled phalloidin following the supplier’s protocol (Sigma, Oakville,
ON).

4.4.4 Immunofluorescence.

All steps were carried out at room temperature essentially as described (225). In
brief, cells were washed in PBS and fixed for 25 min at room temperature in 3.7%
formaldehyde/PBS. Fixed cells were rinsed in PBS and permeabilized with 0.1 %
Triton X-100 in PBS/ 2 mg/ml BSA (5 min, room temperature). All subsequent

steps were carried out in PBS/ 2 mg/ml BSA/0.05% Tween 20. Samples were
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incubated overnight with primary antibodies against hsc70s or fibrillarin (SPA-
815, StressGen, Victoria, BC, diluted 1:1,000; Santa Cruz Biotechnology, sc-
11335, diluted 1:1,000); primary antibodies were detected with 1.5 pug/ml Cy3-
conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA).
NLS-NES-GFP2 was visualized with polyclonal rabbit antibodies to GFP
(Clontech, Palo Alto, diluted 1:200) and 5 pg/ml secondary antibodies conjugated
to Alexa-488 (Molecular Probes, Eugene, OR). To detect rpS6 (Santa Cruz
Biotechnology, sc-13007, diluted 1:500) cells were fixed in methanol/acetone
(1:1, vol/vol) for 30 min at -20°C. All subsequent incubations and washes were
carried out in PBS/BSA. DNA was located with 4',6-diamidino-2-phenylindole
(DAPI) and samples were mounted in Vectashield (Vector Laboratories,
Burlingame, CA). Cells were analyzed with a Nikon Optiphot at 400X
magnification and photographed with Kodak T-MAX 400 films. Negatives were
scanned and processed with Photoshop 5.5 and 8.0.

4.4.5 Human/mouse heterokaryons

Heterokaryons between Hela and mouse NIH3T3 cells were generated by a
modification of published procedures (257). In brief, HelLa cells transiently
synthesizing EGFP-hsc70 were trypsinized and seeded on cover slips 24 hours
post transfection to reach ~60% confluency on the next day. HeLa cells were then
exposed to 1-hour heat stress at 45.5°C and 3x10° NIH3T3 cells were added to
each well of a six well plate. After 1.5 hours mouse cells adhered to the cover
slips and cycloheximide was added to 75 pg/ml for 30 min. Cells were fused

subsequently for 2 min with 50% PEG 3350. After removal of PEG, samples were
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washed three times with PBS and incubated at 37°C in growth medium containing
100 pg/ml cycloheximide. Cells were fixed 3, 5 and 15 hours after heat stress,
nuclei stained with DAPI and heterokaryons or homokaryons were monitored for
the distribution of EGFP-hsc70.

4.4.6 Analysis of nuclear retention

Nontransfected HeLa cells were exposed for 1 hour to 45.5°C and subsequently
treated for 5 min with 40 pug/ml digitonin in buffer B on ice (271). Digitonin-
extracted cells were incubated with buffer B, containing 5 mg/ml BSA and 0.05%
Nonidet-40 (NP-40) for 15 min at room temperature. The buffer was
supplemented with 2.5 mM ATP, 2.5 mM ADP or 1 mM of the non-hydrolyzable
ATP-analog AMP-PNP as indicated in the figure legends. Samples were washed
extensively in buffer B/BSA/NP-40, buffer B, twice in PBS, fixed and processed
for indirect immunofluorescence with anti-hsc70 antibodies as described above.
To monitor the intactness of nuclear envelopes cells were extracted with
digitonin, treated with buffer B/BSA/NP-40 and washed as described above.
Washed samples were fixed, blocked with PBS/2 mg/ml BSA and incubated with
anti-lamin B antibodies (0.5pg/ml; Santa Cruz Biotechnology, sc-6217). Control
cells were treated with digitonin only before blocking and incubation with
antibodies.

4.4.7 Protein cross-linking and immunoprecipitation

Control, stressed and recovering cells were grown on 100 mm tissue culture
dishes, washed with cold PBS and extracted with 40pg/ml digitonin in PBS for 5

min on ice. Samples were washed with PBS and incubated with 0.2 mM 3,3'-
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Dithiobis(sulfosuccinimidylpropionate) in PBS for 1 hour on ice. Dishes were
washed with cold PBS and stored at -70°C until use. For immunoprecipitation,
plates were incubated for 10 min on ice with IP-buffer (20 mM Tris-HCI, pH 8.0,
5 mM EDTA, 150 mM NaCl, 1 % NP-40, 10 % glycerol, protease inhibitors
[aprotinin, antipain, chymostatin, leupeptin, pepstatin, each at lpg/ml; 1 mM
PMSF]). Samples were vortexed with glass beads, cleared by centrifugation (5
min, 13,000 rpm, 4°C) and incubated with protein 50 pl G-sepharose (Amersham
Biosciences; 30 min, 4°C with gentle agitation). Resin was removed by
centrifugation and supernatants were incubated with 5 pg anti-hsc70 for 2 hours at
4°C, followed by addition of 50 pl G-sepharose and overnight incubation at 4°C.
Beads were collected by centrifugation, washed three times in IP-buffer, and
incubated with gel sample buffer containing 1.4 M B-mercaptoethanol (15 min,
95°C). Material released from the resin was analyzed by Western blotting.

4.4.8 Western blot analysis

Western blotting and ECL detection was carried out essentially as described (225)

using a Lumigen™ PS-3 detection kit (Amersham Biosciences.).

4.5 Results and discussion

4.5.1 During recovery from heat stress nuclear hsc70s relocate to the
cytoplasm in a temperature-dependent fashion that does not require de novo
protein synthesis

Heat shock induces the rapid nuclear accumulation of hsc70s in HeLa cells, and a

1-hour exposure to 45.5°C (severe heat shock) is sufficient to concentrate hsc70s
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in nuclei (Fig. 4.2). Following heat stress, hsc70s relocate from nuclei to the
cytoplasm when cells recover at 37°C as monitored for different time points in
Fig. 4.2. Several hours after heat treatment, hsc70s began to exit the nucleus; after
15 hours of recovery they distributed throughout the cell. This relocation of
hsc70s was temperature-dependent, and abolished when cells were incubated at
4°C, consistent with an active transport process (Fig. 4.2, and not shown).
Interestingly, when cells were kept at 4°C, hsc70s not only failed to relocate to
the cytoplasm, but they also concentrated in nucleoli. During recovery at 37°C,
nuclear export of hsc70s did not depend on de novo protein synthesis, as it was
not abolished by cycloheximide (Fig. 4.2, + CHX).

4.5.2 Hsc70 nuclear export does not require the transporter Crm1/exportin-1
in unstressed cells or during recovery from heat shock

Shuttling depends on nuclear import and export of proteins, and neither of these
processes has been defined on a molecular level for members of the hsp/hsc70
family. The nuclear exporter Crm1/exportin-1 is involved in transport of a large
number of cargos, most of which contain a leucine-rich NES. This export pathway
can be inhibited efficiently with leptomycin B (LMB), a drug that covalently
modifies the transporter Crml/exportin-1 (264). Members of the hsc70/hsp70
families contain a conserved sequence element (i.e., position 164 to 173 of mouse
hsc70) that fits the consensus sequence for a hydrophobic NES recognized by
Crml. However, LMB did not prevent hsc70 export in cells recovering from heat
stress (Fig. 4.3A). The same result was obtained when both LMB and

cycloheximide were added during the recovery period. Likewise, LMB did not
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change the distribution of hsc70s in unstressed cells, even if the drug was present
for up to 24 hours (Fig. 4.3C).

In control experiments, LMB efficiently inhibited shuttling of NLS-NES-
GFP2. This reporter protein carries a signal for nuclear localization (SV40-NLS)
as well as nuclear export (PKI-NES); the PKI-NES is recognized by Crm1. NLS-
NES-GFP2 was both cytoplasmic and nuclear in the absence of LMB, but
accumulated in nuclei when LMB was added to the growth medium. Taken
together, these results show that hsc70 nuclear export upon recovery from heat or
under nonstress conditions does not rely on Crm1.

4.5.3 The actin filament destabilizing drugs latrunculin B and cytochalasin B

inhibit nuclear export of hsc70s in stressed and control cells

To further define hsc70 nuclear transport we tested the effect of latrunculin B and
cytochalasin B. These compounds are believed to affect actin located at the
nuclear pore complex (NPC), thereby preventing nuclear export of various
components (260). Incubation with latrunculin B or cytochalasin B drastically
reduced the amount of actin filaments, which became obvious by the loss of
phalloidin-binding (not shown). Importantly, in cells recovering from heat shock
either drug prevented hsc70 export from the nucleus (Fig. 4.3A; Lat B, Cyt B).
Similarly, when unstressed cells were treated with latrunculin B or cytochalasin
B, hsc70s concentrated in nuclei, and nuclear accumulation was apparent after a
3-hour treatment. These results support the idea that under normal physiological
conditions, i.e. in the absence of stress, hsc70s shuttle between nucleus and

cytoplasm in human culture cells. Furthermore, hsc70 export is abolished by the

106



destabilization of filamentous actin, suggesting a role of actin in the translocation
of nuclear hsc70s to the cytoplasm. In particular, actin located at the NPC could
play a crucial role, as it seems to be involved in nuclear export of multiple cargos
(260).
4.5.4 Hsc70 shuttling is inhibited by heat shock and restored when cells
recover from stress
Heterokaryons have been used to analyze the shuttling of proteins that are
concentrated in nuclei at steady-state under normal growth conditions. However,
this approach has not been applied previously to monitor shuttling in heat-stressed
cells. To achieve this, we have used the fluorescent reporter protein EGFP-hsc70,
which shares the same biological properties with endogenous hsc70s when tested
under a variety of stress conditions (Fig. 4.4A; Kodiha and Stochaj, unpublished).
In unstressed cells, EGFP-hsc70 was distributed throughout nuclei and cytoplasm
(Fig. 4.4A). Like endogenous hsc70s, EGFP-hsc70 accumulated in nuclei when
cytochalasin B or latrunculin B was added to the growth medium (Fig. 4.4A).
Human/mouse heterokaryons were employed to evaluate EGFP-hsc70
shuttling after stress exposure; these heterokaryons contain nuclei from both
species, which share the same cytoplasm (257). EGFP-hsc70 was first
concentrated in nuclei of HeLa cells by heat shock for 1-hour at 45.5°C. HeLa
cells were returned subsequently to the normal growth temperature and fused to
mouse cells. In these heterokaryons, we localized EGFP-hsc70 at different time
points during their recovery from heat exposure. [Note that EGFP-hsc70

synthesized in HeLa cells is the only source of fluorescence seen in Fig. 4.4B, as

107



cycloheximide prevents de novo synthesis of EGFP-hsc70 in heterokaryons.]
Three hours after heat shock, EGFP-hsc70 remained restricted to human nuclei in
human/mouse heterokaryons (Fig. 4.4B, mouse nuclei in heterokaryons are
labeled with arrowheads). By contrast, EGFP-hsc70 was absent from mouse
nuclei and the common cytoplasm, demonstrating that the translocation from
human nuclei to the cytoplasm was prevented at this point. To determine whether
this export inhibition and thereby the block in shuttling was reversible,
heterokaryons were allowed to recover for a longer period of time. At 5 hours
post heat shock, EGFP-hsc70 began to migrate out of the human nucleus and
appeared in the common cytoplasm. After a 15-hour recovery period human and
mouse nuclei displayed comparable signals for EGFP-hsc70, showing that
shuttling of the chaperone had resumed.

The absence of EGFP-hsc70 from mouse nuclei at early time points after cell
fusion is not simply a failure of the non-stressed mouse nuclei to import the
chaperone. While generating heterokaryons, we also obtained fusions originating
from a mixture of transfected and non-transfected HeLa cells; the latter were not
synthesizing EGFP-hsc70. In these multinucleated cells, or homokaryons, we
detected 3 h after heat shock nuclei that did not contain EGFP-hsc70 (Fig. 4.4B,
nuclei of non-transfected HelLa cells marked with arrows). As observed for
heterokaryons, EGFP-hsc70 appeared in the common cytoplasm of homokaryons
5 h upon heat exposure and began to migrate into all of the nuclei present. At 15

post heat shock EGFP-hsc70 was present in all of the nuclei of multinucleated
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cells and nuclei from transfected and non-transfected cells could no longer be
distinguished.

To compare shuttling in heat-treated with control cells, heterokaryons were
generated using unstressed HeLa cells and inspected at times that are equivalent
to 3 and 5 hours post heat shock. For both time points EGFP-hsc70 was detected
in mouse nuclei (labeled with arrowheads). At the earlier time point the amount of
EGFP-hsc70 in mouse nuclei was somewhat variable between different
heterokaryons (Fig. 4.4C, "equivalent to 3 h after heat shock"). At the time
equivalent to 5 hours after heat exposure in stressed cells all of the mouse nuclei
in heterokaryons clearly contained EGFP-hsc70. Taken together, data obtained for
heterokaryons support the idea that EGFP-hsc70 appears faster in mouse nuclei
when unstressed HeLa cells are the source of the fusion protein.

4.5.5 Hsc70s are retained in nuclei of heat-shocked cells

Shuttling between nucleus and cytoplasm can be regulated on different levels;
this includes import, export and retention of the shuttling protein. As such, the
movement of nuclear hsc70s to the cytoplasm could be controlled by retention in
the nucleus. The liberation from nuclear anchors would be a rate-limiting step for
shuttling, as this release is a prerequisite for subsequent export to the cytoplasm.

Heat shock is likely to trigger hsc70 binding to a large number of nuclear
proteins that require chaperone activity, a process that may contribute to nuclear
retention of hsc70s. To test this hypothesis, we have developed an assay for hsc70
release from nuclear anchors, which is not complicated by transport across the

nuclear envelope (see Materials and Methods for details). To this end, control and
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heat-shocked HeLa cells were first extracted with digitonin, which permeabilizes
the plasma membrane and removes most of the cytoplasmic proteins, but leaves
the nuclear membranes intact. Following digitonin extraction, the non-ionic
detergent NP-40 was used to solubilize the nuclear envelope, which will no longer
restrict the movement of proteins. The proper permeabilization of membranes in
our assays was verified in control experiments (Fig. 4.5A). As expected, anti-
lamin B antibodies do not have access to the nuclear lamina in digitonin-treated
cells, but subsequent incubation with NP-40 led to antibody binding.

We next used this assay to determine whether hsc70s are retained in nuclei of
control and heat-shocked cells (Fig. 4.5B, C). Samples were treated with digitonin
followed by incubation in the absence or presence of NP-40. Heat-shocked
samples retained most of the hsc70s even in the presence of NP-40, suggesting
that binding to nuclear anchors contributes to hsc70 accumulation in nuclei. By
contrast, little hsc70 was found in nuclei of unstressed cells under any of the
conditions tested (Fig. 4.5B and Table 4.1).

4.5.6 ATP and the non-hydrolyzable analog AMP-PNP release hsc70s from
nuclear anchors

One way to retain hsc70s in nuclei is their binding to substrates that need to be
refolded. This chaperone/substrate interaction is known to be stabilized by ADP,
whereas ATP induces the rapid dissociation and binding of substrates (reviewed
in 258, 267). Digitonin-extracted cells were incubated for 15 min in NP-40
containing buffer supplemented with ATP, AMP-PNP or ADP followed by

localization of hsc70s (Fig. 4.5C). Unlike ADP, both ATP and AMP-PNP
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efficiently released the chaperone from nuclei, suggesting that ATP-binding, but
not cleavage, is required to liberate hsc70s from nuclear anchors. Interestingly,
ATP failed to release hsc70 completely from nucleoli, suggesting that binding to
nucleolar components is more complex than a chaperone/unfolded protein
interaction.

4.5.7 Nuclear retention of hsc70s changes during recovery from heat shock
We next monitored hsc70 nuclear retention in cells recovering from stress. To this
end, HeLa cells exposed to heat were analyzed after 3, 5 and 15 hours incubation
at 37°C. The amount of hsc70s present in the nucleoplasm decreased during
recovery, and nucleoplasmic chaperone could be liberated with ATP or AMP-
PNP (Fig. 4.6). In addition, hsc70s transiently concentrated in nucleoli, albeit with
kinetics different from their accumulation in the nucleoplasm. Upon a 3-hour
recovery period hsc70 levels increased in nucleoli of most cells, but only in few
nucleoli after 5 hours (Fig. 4.6, Table 4.1). As observed after heat exposure, hsc70
associated with nucleoli was not fully liberated by incubation with ATP or AMP-
PNP. At 15 hours post-heat shock, hsc70 distribution was similar to unstressed
controls, and no accumulation was seen in nuclei or nucleoli. Results of these in
vitro experiments (summarized in Table 4.1) suggest that hsc70 binding to
chaperone substrates contributes to its nuclear retention immediately after heat
treatment and at early stages of recovery.

4.5.8 Binding of hsc70s to nuclei of stressed cells

Members of the hsp/hsc70 family are involved in multiple interactions in the

nucleus, and in response to heat stress hsc70s can be expected to interact with a
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large variety of nuclear components. For instance, the importance of hsc70s for
the organization of nucleoli is well established, and chaperones are implicated in
restoring nucleolar function upon stress (265, 268). Based on these earlier
observations, nucleolar proteins were candidates for the interaction with hsc70s in
heat-treated cells. To test this idea, we have examined fibrillarin, a bona fide
component of nucleoli, and the ribosomal protein rpS6, which is assembled into
the small ribosomal subunits in nucleoli. When analyzed by indirect
immunofluorescence (Fig. 4.7A) fibrillarin was concentrated in nucleoli of
control cells, but redistributed throughout nucleus and cytoplasm in response to
heat exposure. During recovery fibrillarin relocated to nucleoli, and after 15 h at
37°C its distribution was similar to unstressed controls. In parallel, nuclear
proteins were immunoprecipitated with antibodies against hsc70s, and
immunoprecipitates that contained comparable amounts of hsc70 were probed
with antibodies against fibrillarin (Fig. 4.7B). Although the nucleolar protein co-
purified with hsc70s for control, stressed and recovering cells, clearly the highest
amount of fibrillarin associated with hsc70s in heat-shocked cells.

Like fibrillarin, rpS6 redistributed after heat stress. As part of the 40S
ribosomal subunit, rpS6 is mostly cytoplasmic under control conditions; however,
heat treatment resulted in the formation of large structures containing rpS6 at the
cytoplasmic side of the nuclear periphery. As well, increased amounts of rpS6
were detected in the nucleus. During stress recovery rpS6 relocated and after 15 h
its distribution was similar to unstressed cells (Fig. 4.7A). Similar to fibrillarin,

the association of rpS6 with hsc70 in nuclei was enhanced transiently after heat
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stress, as demonstrated by the co-immunoprecipitation of both proteins (Fig.
4.7B).

Taken together, data obtained for the interaction of nuclear hsc70s with
fibrillarin and rpS6 are consistent with a role of the chaperone in restoring

nucleolar function after heat exposure.

4.6 Conclusions

Our study demonstrates that the nucleocytoplasmic shuttling of chaperones of
the hsp/hsc70 family is inhibited by heat shock, but restored when cells recover
from stress-induced damage. Importantly, stress not only alters the steady-state
distribution, but also the movement of hsc70s between nucleus and cytoplasm.
Here we show that hsc70 retention in the nucleus is drastically increased in
response to heat exposure, a process that will prevent export of the chaperone to
the cytoplasm and thereby shuttling. We have identified two different forms of
hsc70 interaction with nuclear anchors, both of which can be expected to
contribute to the sequestration of chaperone in nuclei. First, hsc70s bind to
nuclear proteins in an ATP-sensitive fashion, which most likely represents
binding of the chaperone to folding substrates. Second, hsc70s associate with
nucleoli and at least a portion of the nucleolar chaperone cannot be liberated by
the addition of ATP. This could indicate an association of hsc70s with nucleolar
components in a fashion that is distinct from a chaperone/folding protein
interaction. Independent of the type of association that underlies hsc70s retention

in nuclei, we have shown that this retention is low in control cells, high after heat
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shock and gradually reduced during recovery from stress. These changes in
nuclear retention of hsc70s upon stress and during recovery can be expected to
affect a variety of biological processes that require chaperone activity. For
instance, immediately following stress, the proper folding of chaperone substrates
in the cytoplasm may be impaired, until de novo synthesis or shuttling of
hsp/hsc70s resume. Moreover, stress may interfere with the chaperone-dependent
targeting of cytoplasmic proteins to various organelles, including mitochondria
and peroxisomes, both of which require cytoplasmic hsp/hsc70s for protein
import.

Based on the results described here we have developed a simplified model for
hsc70 shuttling (Fig. 4.8). Hsc70s accumulate in nuclei of heat-stressed cells
where they are initially retained in the nucleoplasm by binding to chaperone
substrates in an ATP-sensitive fashion. During recovery from heat hsc70s relocate
within the nucleus and transiently concentrate in nucleoli, this interaction cannot
be prevented by the addition of ATP. As recovery progresses, hsc70s are liberated
from nuclear and nucleolar anchors, which precedes their relocation to the
cytoplasm. We propose that the release from nuclear anchors is a limiting factor
that regulates hsc70 nuclear export and thereby shuttling of the chaperone in cells
exposed to heat.

Taken together, the stress-induced sequestration of hsc70s in nuclei possibly
affects repair processes in the cytoplasm as well as the proper assembly and

maintenance of several organelles. These consequences of stress exposure are
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likely to impinge on different aspects of physiology and ultimately survival of

each cell.
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Table 4.1 Hsc70s are retained in nucleoplasm of heat-shocked cells

1-h Heat
No 3-h 15-h
Control recovery  Recovery 5-h Recovery Recovery

No nucleotide (+) ++ + Nucleoli for )
added Nucleoli some cells
ATP CONGD) (+) (+) Nucleoli for )

Nucleoli  Nucleoli some cells
AMP-PNP CORNGS () (+) Nucleoli for )

Nucleoli  Nucleoli some cells

ADP (+) ++ + Nucleoli for ()
Nucleoli some cells



Table 4.1 Hsc70s are retained in the nucleoplasm of heat-shocked cells

Results for the experiments shown in Fig. 4.5 and 4.6 are summarized. Control, heat-
stressed and recovering cells were extracted with digitonin and incubated in buffer
containing the nonionic detergent NP-40 and the different nucleotides shown in the table.
The presence of hsc70s was monitored by indirect immunofluorescence. Similar results
were obtained for at least three independent experiments. The signals for hsc70s in the
nucleoplasm are shown as +++, strong; ++, intermediate; or (+), weak signal. For some of
the conditions, hsc70s could be detected in nucleoli. “The strong fluorescence in the

nucleoplasm of stressed cells could mask the presence of hsc70s in nucleoli.
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Figure 4.1 Nuclear reporter proteins used in this study

NLS-NES-GFP2 is a fluorescent protein that contains two copies of GFP fused to NLS of
SV40 T-antigen and NES of the inhibitor of cAMP-dependent protein kinase. The
reporter protein shuttles and at steady-state is concentrated in the cytoplasm. The reporter
protein EGFP-hsc70 was generated by in frame fusion of EGFP to the 5'-end of the hsc70
coding sequence. The synthesis of NLS-NES-GFP2 is controlled by a regulatable
promoter that contains 5 copies of glucocorticoid response elements (GRE). Addition of
dexamethasone to the growth medium will induce gene expression. Expression of the
EGFP-hsc70 gene is driven by a CMV IE promoter (Pcpy). Both plasmids carry an SV40

polyadenylation signal (SV40 polyA).
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Figure 4.2 Nuclear hsc70s relocation to the cytoplasm during recovery
from heat shock is temperature-dependent, but does not require de novo

protein synthesis

Hsc70s were localized by indirect immunofluorescence in unstressed cells (control) or
upon exposure to severe heat shock (1 hour at 45.5°C). Following heat stress, cells
recovered at 37°C for the times indicated. In addition, heat-shocked cells were kept for 15
hours at 4°C or incubated at 37°C in the presence of 100 pg/ml cycloheximide. Nuclei

were stained with DAPI.



Figure 4.3
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Figure 4.3 Effect of leptomycin B, latrunculin B and cytochalasin B on

nuclear export of hsc70s and NLS-NES-GFP2

(A) Hsc70s were located in HeLa cells exposed to severe heat shock followed by 15
hours recovery at 37°C. Leptomycin B (LMB), latrunculin B (Lat B) and cytochalasin B
(Cyt B) were present throughout the recovery period as described in Materials and
Methods. (B) HeLa cells transiently synthesizing NLS-NES-GFP2 were incubated for 15
hours without or with 10 ng/ml LMB. (C) Unstressed cells were kept at 37°C and treated
for 24 hours with 10 ng/ml LMB. Alternatively, cells were incubated for 3 hours at 37°C
with 1 mM Lat B or 0.1 mM Cyt B. Hsc70s and NLS-NES-GFP2 were located by

indirect immunofluorescence. Nuclei were visualized with DAPIL



Figure 4.4
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Figure 4.4 Hsc70 shuttles in unstressed, but not in heat-shocked cells

(A) HeLa cells synthesizing EGFP-hsc70 were incubated with the solvent DMSO,
cytochalasin B or latrunculin B for 3 hours at 37°C. In fixed cells, EGFP-hsc70 and
nuclei (DAPI) were located by fluorescence microscopy. (B) HeLa cells synthesizing
EGFP-hsc70 were heat-shocked and fused to mouse NIH3T3 cells. EGFP-hsc70 was
localized in fixed heterokaryons following heat treatment at the time points indicated.
Homokaryons generated by fusion of several HelLa cells were analyzed in parallel.
Arrowheads mark the position of mouse nuclei in heterokaryons and arrows point to the
nuclei of non-transfected HeLa cells in homokaryons. (C) Heterokaryons obtained after
fusion with unstressed HeLa cells were fixed at time points that are comparable to 3 and

5 hours post heat shock. Mouse nuclei are labeled with arrowheads.
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Figure 4.5  Hsc70s are retained in nuclei of heat-stressed cells

(A) The nuclear envelope of digitonin-treated cells is permeabilized with NP-40. Heat-
shocked HeLa cells extracted with digitonin were incubated in the absence or presence of
NP-40. Cells were fixed and binding of anti-lamin B antibodies was tested by indirect
immunofluorescence. Unstressed controls (B) and heat-shocked cells (C) were treated
with digitonin. Samples were incubated subsequently with buffer containing NP-40 and
ATP, AMP-PNP or ADP as indicated. Specimens were fixed and hsc70s detected by

indirect immunofluorescence.
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Figure 4.6 Nuclear retention of hsc70s changes in cells recovering

from heat stress

Heat-shocked cells were allowed to recover for 3, 5 and 15 hours before digitonin
extraction and incubation with NP40-containing buffer in the presence of ATP, AMP-
PNP or ADP. Hsc70s were located by indirect immunofluorescence as described for Fig.

4.5.
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Figure 4.7 The nucleolar protein fibrillarin and ribosomal protein
rpS6 redistribute in stressed cells and associate with hsc70 upon heat

shock

(A) Fibrillarin and rpS6 were localized by indirect immunofluorescence in unstressed,
heat-shocked and recovering HeLa cells. (B) Nuclear proteins were immunoprecipitated
with antibodies against hsc70. Samples containing comparable amounts of hsc70 were

tested for the presence of fibrillarin and rpS6 by Western blotting.
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Figure 4.8 Simplified model for the changes in nucleocytoplasmic

shuttling of hsc70s upon heat shock and during recovery from stress

See text for details.
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Analysis of Signaling Events by Combining
High-Throughput Screening Technology with
Computer- Based Image Analysis
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5.1 Connecting text to chapter 5

Many of my experiments depend on imaging techniques, some of which were
initially too insensitive, tedious and slow to provide dependable results in a
timeless fashion. As part of my graduate research I therefore designed new
powerful tools to detect and quantify fluorescence signals in different subcellular
compartments. The strategy of these tools depends on combining the high
throughput screening, imaging and computer based image analysis to develop a
fast, accurate and reliable quantitative immunofluorescence approach which can
be employed to study protein translocation in cells.

My work established new methods that contribute to the advancement in the
field of image acquisition and analysis. As such, I adapted the high throughput
image acquisition unit to obtain images for cells grown on cover slips. On the
level of image analysis, I configured different analysis modules to quantify
fluorescent signals in specific subcellular compartments such as nucleus,
cytoplasm, and nuclear envelope. I show, for the first time, how to quantify
fluorescence intensity of a probe that localizes to the nuclear envelope. To the
best of my knowledge, there are no other quantitative immunofluorescence tools
that can precisely detect and quantify nuclear envelope fluorescence.

I applied these techniques to define the mechanisms that control the
distribution of nuclear transport factors as well as signaling molecules under
normal and stress conditions. The flexibility of the protocols described in chapter
5 is demonstrated by the presence of different alternatives that can be used to

measure fluorescence intensities in different cellular locations. This gives the user
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a wide range of choices according to the need of different experimental settings as
well as distinct distribution patterns of cellular proteins.

The different protocols generated by us, together with the advantages of each
protocol and potential pitfalls, were published in Science Signaling: “Analysis of
signaling events by combining high-throughput screening technology with
computer-based image analysis“by Mohamed Kodiha, Claire M. Brown, and

Ursula Stochaj. This publication is presented in chapter 5.
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5.2 Table of contents
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5.3 Abstract

Intracellular signaling and cell-to-cell communication depend on the
coordination of numerous signaling events, and this large flow of information has
to be properly organized in space and time. Common and critical to all of these
processes and the ultimate cellular response is the correct spatial distribution of
signaling components and their targets. This fundamental concept applies to a
large number of signaling processes. It is frequently important to quantify the
localization of signaling molecules within different cellular compartments to
detect subtle changes or to define threshold levels of signaling molecules in a
certain location that are necessary to trigger subsequent events. Of particular
importance is the separation of nuclear and cytoplasmic events, and sensitive
methods are required to measure their contribution to signal transduction.
Procedures described here allow the quantification of fluorescence signals located
in the nucleus, cytoplasm, or at the nuclear envelope. The methods rely on high-
throughput imaging equipment, confocal microscopy, and software modules that
measure the fluorescence intensity in the compartment of interest. We discuss the
rationale for selecting the appropriate equipment for image acquisition and the
proper software modules to quantify fluorescence in distinct cellular
compartments. Initially, high-throughput technology for high-speed image
acquisition was developed for multiwell plates. We adapted high-throughput
technology for image acquisition for cells grown on coverslips. Images of higher

spatial resolution along the z-axis were acquired by confocal microscopy. For
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subsequent analyses, the choice of appropriate software modules is critical for

rapid and reliable quantification of fluorescence intensities.
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5.4 Introduction

Most eukaryotic cells are characterized by the presence of multiple organelles,
some of which are further organized into distinct compartments with unique
functions. A prominent example is the nucleus, an organelle with complex and
dynamic organization (272, 273). The nuclear envelope (NE) provides a physical
barrier between the cytoplasm and the nucleus. This barrier separates vital cellular
processes, such as DNA replication and RNA biogenesis in the nucleus, from
cytoplasmic events, such as protein synthesis. The spatial segregation of cellular
reactions provides a powerful mechanism for controlling numerous biological
processes that have to be adjusted rapidly in response to environmental or
physiological changes. In particular, a large number of signaling events alter the
intracellular distribution of kinases, phosphatases, and other key components that
control signaling (274-277). Moreover, subcellular compartmentalization
separates distinct branches of cellular metabolism and contributes to control of
gene expression.

Many signaling and metabolic processes are dynamic and enable cells to adapt
to changes in environmental conditions and physiology. This dynamic state is
exemplified by the bidirectional exchange of thousands of macromolecules
between the nuclear and cytoplasmic compartments. For instance, nuclear
proteins synthesized in the cytoplasm, such as transcription factors, polymerases,
and histones, have to reach their final destination in the nucleus, whereas various
RNAs and ribosomal subunits are initially generated in the nucleus and

subsequently moved to the cytoplasm (246, 278, 279). All nucleocytoplasmic
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transport of proteins and RNA is mediated by nuclear pore complexes (NPCs),
large proteinacious assemblies embedded in the NE, which are the only gates for
exchange of macromolecules between the nucleus and the cytoplasm.

Nucleocytoplasmic trafficking plays an important role in maintaining the
cellular homeostasis, as it regulates various aspects of cell physiology, including
gene expression, cell cycle progression, growth and proliferation, and many
signaling events, as well as apoptosis (275-277, 280, 281). Two distinct
mechanisms underlie the movement of molecules through NPCs: Small molecules
with a mass of 40 kD or less can diffuse passively through nuclear pores, whereas
larger molecules rely on active transport to move into or out of the nucleus.
Nuclear transport requires several soluble factors, many of which shuttle between
the nucleus and the cytoplasm. The availability of transport factors in the nuclear
and cytoplasmic compartment or their association with the NE may control the
efficiency of nuclear trafficking. This includes nuclear carriers that move proteins
and RNA in and out of the nucleus (246, 282, 283). Like nuclear transport factors,
many cargos shuttle between the nucleus and the cytoplasm, and their relative
distributions can regulate their function (277, 280, 281). Prominent examples that
are subject to this type of localization-mediated regulation are protein kinases and
phosphatases, transcriptional regulators, and nuclear transporters for proteins or
RNA (277, 280, 282, 290).

The correct localization of signaling molecules and their downstream targets is
critical to produce the proper physiological response, and the dynamic distribution

of these components may affect signaling on several levels. First, depending on
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their subcellular location kinases and phosphatases may associate with distinct
scaffolding modules, a process that can alter their substrate specificity (287, 288).
Upon relocation within the cell, enzymes involved in signaling will obtain access
to a unique set of substrates that is defined by the composition of the organelle or
compartment. This scenario not only applies to kinases and phosphatases, but also
to a large number of enzymes that regulate other posttranslational modifications,
including farnesylation, acetylation, methylation, ubiquitination, and
SUMOylation. On a second level, the localization of targets or substrates may be
regulated. Such target molecules are exemplified by a large number of
transcription factors and regulators, RNA-binding proteins, or carriers involved in
intracellular trafficking.

Not only is the distribution between organelles and the cytoplasm essential for
accurate signal transduction, but the proper localization to compartments within a
particular organelle is crucial as well. For instance, distinct compartments within
the nucleus have defined roles in signal transduction, and the NE, in particular, is
emerging as an essential structure that regulates chromatin organization and gene
expression (274- 276).

To obtain a better understanding of the diverse cellular activities and functions of
a particular molecule, it is important to develop strategies that can be used to
reliably quantify the abundance of this molecule in the organelle or suborganellar
compartment of interest. Cell fractionation is a widely used procedure to separate
subcellular compartments, especially organellar constituents from each other and

from the cytoplasmic constituents. Although cell fractionation is useful for the
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analysis of many proteins, it is prone to artifacts. For instance, small proteins that
are concentrated in the nucleus of growing cells may leak out into the cytoplasm
during cell fractionation. This is exemplified by the small guanosine
triphosphatase (GTPase) Ran, a predominantly nuclear protein in intact cells.
However, when organelles are purified by biochemical methods Ran diffuses
across the NE and is obtained in substantial amounts in cytoplasmic fractions
(122). Similarly, components that are dynamically or loosely, but stably,
associated with the cytoplasmic side of the NE may be released into the
cytoplasm when cells are lysed. In addition to problems with release and
redistribution of proteins during cell fractionation, the isolation and purification of
nuclear subcompartments like NEs and NPCs are laborious and time-consuming
(20) and not always useful for accurately determining the concentrations of
proteins present at this location.

The developments in high-throughput screening and the commercial
availability of high content screening (HCS) automated fluorescence imaging
platforms offer new options for rapidly performing cellular sampling and
quantification of the cellular localization of molecules. Here, we describe detailed
protocols to measure the distribution of fluorescent signals within different
locations of the cell. We have focused on procedures for determining the nuclear
or cytoplasmic location or the NE association of proteins. The methodologies can
be adapted for fixed or live cells and may be used with fluorescent proteins,
labeled antibodies, oligonucleotides, or any other molecule that can be detected

with reasonable signal-to-noise ratio by HCS or confocal microscopy.
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5.5 Materials

6-well dishes

Bovine serum albumin (BSA)

Cells engineered to produce fluorescent reporter molecules or primary and
secondary antibodies against the proteins of interest.

Note: We describe experiments with Cy3-labeled secondary antibodies, but any
other label that can be detected by the filters of the microscope can be used.

Dapi (Sigma)

Formaldehyde, 37%

Glass coverslips; 18 x 18 mm size 1 coverslips

Growth media appropriate for the cells under investigation

Microscope slides, such as pre-cleaned Fisherbrand slides (size 25 x 75 x 1 mm)
Phosphate-buffered saline (PBS), pH 7.4

Triton-X-100

Tween 20

5.6 Equipment

5.6.1 Cell Culture
CO, incubator
Laminar flow hood

Water bath

126



5.6.2 Microscopy

ImageXpress Micro automated imaging system (Molecular Devices, Sunnydale,
CA) or a Zeiss LSM 510 confocal microscope equipped with a 200 M
microscope.

Note: We collect images with the ImageXpress Micro with a 40x magnification
objective [numerical aperture (NA) = 0.60)] and a CoolSnap HQ camera.
Exposure times were 20 ms for Dapi and between 1.5 and 3.2 sec for TRITC and
FITC. We collect images with the Zeiss LSM 510 with a 63 x magnification (NA =
1.4) at scan speed 5, with 4-line averaging and a pixel resolution of 0.65 um.

5.6.3 Software

MetaXpress (Molecular Devices, Sunnydale, CA) software

Note: The modules in MetaXpress need to be configured for the fluorescence

quantification of the compartment of interest.

5.7 Recipes

Recipe 1: Formaldehyde Fix

Prepare a fresh solution of 3.7% formaldehyde in PBS by diluting a 37%
formaldehyde stock solution into PBS. Prepare 9 ml for 6 samples.

Recipe 2: Permeabilization Buffer

Add 2 mg/ml of BSA to a solution of 0.1% Triton-X-100 in PBS. Prepare 9 ml for
6 samples.

Recipe 3: Wash Buffer
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Add 2 mg/ml BSA to a solution of 0.05% Tween 20 in PBS. Prepare 22.5 ml for 6
samples.

Recipe 4: Primary and Secondary Antibodies

Dilute primary and secondary antibodies in Wash Buffer (Recipe 3).

Note: The optimal dilution of primary antibodies must be determined empirically
for each antibody. Fluorescently labeled secondary antibodies should be used at a
concentration of 0.5 to 1.5 ug/ml.

Recipe 5: Dapi Stain

Dissolve 1 pg/ml Dapi in Wash Buffer (Recipe 3). Prepare 1.5 ml for 6 samples.

5.8 Instructions

The relative abundance of a protein of interest that is present in the NE,
nucleus, cytoplasm or all compartments is determined with different software
modules in MetaXpress. We describe how to acquire images and adapt the
software programs to quantify the amount of protein in each location, as well as
the advantages and potential pitfalls of the procedures.

5.8.1 Cell preparation for imaging

This method may be applied to cells that adhere to glass coverslips or coated glass
coverslips. We provide the general instructions for cells that grow on poly-lysine-
coated glass coverslips. Prior to image acquisition with ImageXpress Micro, it is
important to inspect the coverslips and determine the distribution of cells. This
can be done by examining samples with a phase contrast microscope or

examining samples that are Dapi stained with a fluorescence microscope.
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Coverslips with very high cell density should not be used for image segmentation
with certain modules because individual cell identification by image segmentation
can be difficult. Coverslips with very low density of cells may not provide a large
enough sampling of cells for appropriate statistical representation of the data.
Based on our experiments with HeLa cells, we recommend 1.3 x 10°
cells/coverslips (18 x 18 mm size 1).

1. Grow cells on 18 x 18 mm size lcoverslips in multiwell dishes (6-well

dishes; each well with 9.6 cm? growth area) in the appropriate growth medium.

2. Fix cells for 20 min with 1.5 ml of 3.7% Formaldehyde in PBS (Recipe 1) at

room temperature and wash with PBS.

Note: If the cells synthesize fluorescent reporter proteins, fix for only 10 min,

wash with PBS, then proceed directly to step 9 for Dapi staining (282, 283).

3. To detect antigens by indirect immunofluorescence, permeabilize cells for 5

min at room temperature with Permeabilization Buffer (Recipe 2).

4. Block for 1 hour at room temperature in Wash Buffer (Recipe 3).

5. Remove coverslips from multiwell dish and incubate overnight at room

temperature in a humid environment with Primary Antibodies (Recipe 4).

6. Wash cells at least 3 times for 10 min each wash in 250 pl Wash Buffer

(Recipe 3).

7. Incubate with Secondary Antibodies (Recipe 4) for 2 hours at room

temperature.

8. Wash cells at least 3 times for 10 min each wash in 250 pl Wash Buffer

(Recipe 3).
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9. Stain the nuclei with 250 pl volume of Dapi Stain (Recipe 5) for 2 minutes

at room temperature.

10. Mount the coverslips on a slide in the appropriate position for image

acquisition.

11. Examine the cells on the coverslip with a conventional (for phase contrast

analysis) or fluorescence microscope and only use those coverslips with an

appropriate density of cells for image acquisition with ImageXpress Micro or

confocal microscopy.
Note: HeLa cells at 1 to 1.5x10° cells/coverslip worked well in our hands. With
this confluency we obtained accurate segmentation with different analysis
modules.
5.8.2 Image acquisition with ImageXpress Micro of cells grown on coverslips
The MetaXpress software was developed for plate formats, which cannot be used,
without modification of the modules, for specimens on coverslips. For many
applications cells are routinely grown on coverslips and mounted on slides, and
we designed the protocol below specifically to adapt the image acquisition unit to
these experimental settings (Fig. 5.1). In the descriptions below we kept the term
“plate” as it is used by the software, even though the experiments were carried out
with coverslips. The steps that are critical to acquire such images are described in
detail; we have omitted general information that can be found in the MetaXpress
manual. ImageXpress Micro has the advantage that images can be acquired
rapidly. A disadvantage with this equipment is that fluorescence will be collected

from the whole cell and images will contain a large amount of out of focus light.

130



If high concentrations of the molecule of interest are present in the cytoplasm, as
well as in the nucleus, measuring the intranuclear or NE fluorescence may require
image acquisition by confocal microscopy. Although confocal microscopy is
more time consuming, this procedure will provide a more accurate quantification
for the localization of some molecules.

A few settings in the "Plate Acquisition Setup" menu are worth noting (Fig. 5.2).
Camera binning can be set to provide the best signal-to-noise ratio. Without
binning, the images will be at the highest resolution; however with binning there
is an increase in the signal-to-noise ratio, resulting in better image quality and
shorter exposure times. Camera gain can also be used, but the same gain setting
should be used if data are to be compared across different experiments. When
binning is set, the signal for an array of pixels is summed and this value is read
out as a single pixel. For instance, with a 2x2 binning the 4 pixels in a 2x2 array
are added together and read out as a single pixel value. This results in lower noise
within the images. In some pixels, noise will be higher than average and in some
it will be lower; however the total signal will always be a positive value above
background. Binning is especially important when the label provides a low
intensity signal, when living cells are analyzed, or if image acquisition must occur
quickly. For our experiments with HeLa cells, a binning of 2 was optimal and
represented a pixel size of 0.3225 pm/pixel.

The second setting that is particularly important provides the parameters that
generate a map of the "plate" (now a slide), which the software uses to locate each

“well” (now a coverslip) on the plate. The well location is the point of intersection
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between column and row. Measurements, such as the number of rows and
columns in the plate, column and row offsets, spacing, well diameter and depth,
plate dimensions, and the physical thickness of the plate bottom, have to be
provided prior to acquisition. Because the software is designed to read special
plate formats, a new plate configuration for microscope slides must be set. The
new parameters for microscope slides should be added to the plate library. The
configuration described below identifies the slide as a plate with 2 rows (A and B)
and 2 columns (1 and 2), resulting in a total of 4 wells. Wells A0l and A02
represent the two coverslips on the slide (Fig. 5.3A, B). The software requires that
the distance between rows is specified, therefore BO1 and B02 were assigned to
create a 2x2 array but are not representative of the actual sample. To be able to
reuse the plate map for different experiments, the coverslips have to be mounted
in the same position on every slide. In particular, the distance between the two
coverslips and the offsets from the slide margins should be kept constant.
Another parameter that is important to understand is the autofocus setting and
there are two options: Laser-based focusing and image-based focusing. Laser-
based focusing on the ImageXpress Micro uses a red laser to detect light
reflections at the air-slide interface and the slide-mounting media interface. If
mounting media is matched well to the coverslip (following the specifications
recommended by the manufacturer), the air-slide interface is usually detected
more easily.

The laser-based focusing uses a red laser and a position sensitive detector to

measure the reflection of the laser at the focal plane. The reflection of the laser
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relies on there being a difference in the refractive index between two substances.
For instance, with a dry objective there is an air-glass interface between the lens
and the coverslip and this can be easily detected. Then the focus can be offset by
entering the thickness of the coverslip (0.13 to 0.17 mm for #1.0 coverslips). The
actual coverslip thickness can be measured with the software using the autofocus
feature as the difference in the z position of the coverslip bottom and coverslip —
media interfaces. For an immersion lens where the oil has essentially the same
refractive index as glass the interface between the oil and the glass is optically
transparent and does not give rise to a reflection. In this case the interface
between the top surface of the coverslip and the aqueous media can be detected.
The image-based focus, which is based on image-contrast algorithms, can be used
in addition to laser-based autofocus. The disadvantage of image-based focusing is
that it requires additional time and exposes the sample to additional light.
However, if the samples are fixed, have mounting medium with an antifade agent,
and the data set is not excessively large, this is a good option. For large data sets
or living cells, this feature is not recommended. Because our samples were fixed
and the data sets were not too large, we used both laser-based and image-based
focusing.

1.Add microscope slide as a new plate type to the plate library of the

MetaXpress software by going to the MetaXpress Main Screen and choosing

"Screening," select "Plate Acquisition Setup", then choose "Plate."
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2.Load the microscope slide on the slide adaptor such that the slide is inverted
with the coverslip face down. The frosted end of the slide should be oriented
toward the cut corner of the slide adaptor (Fig. 5.1).

Note: Coverslips should always be mounted in the same position on the slide in
order for the plate acquisition settings (specified in the next steps) to be
reused.
3.0n the MetaXpress main screen click the "eject" icon to open the plate stage
door, load the slide adaptor on the plate stage, and then close the door.

4. On the MetaXpress main screen choose "Screening", select "Plate
Acquisition Setup", then choose "Create new settings" (Fig. 5.2).

Note: Once the settings are established, then you can choose "Load existing
settings file."
5.Provide a name, date, and a brief description of the experiment. The acquired
images can be retrieved under this name for subsequent analyses.
6.Select the objective appropriate for screening the samples. We recommend
the following objectives: For simply counting cells or looking for a positive or
negative intensity of a given marker a 10x or 20x lens can be used. However, a
20x or 40x lens with a numerical aperture (NA) of >0.5 would be preferred to
measure subcellular localization. To quantify correctly subcellular structures
such as NEs, endosomes, focal adhesions, or peroxisomes a 60x with an
NA>0.7 may be needed. When working with high NA lenses it is best to use

coverslips or glass bottom plates.
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7.Select the camera binning, keeping the following in mind: For fixed cells
camera binning is not required because more light can be put into the system.
However, if high resolution data are not required using a 2x2 binning setting
will reduce file sizes by four times and speed up acquisition. The 2x2 binning
setting is always suggested for live cell acquisition to increase signal-to-noise
so that exposure times can be kept to a minimum (291). We recommend to use
2x2 binning as a starting point and then optimize binning taking into
consideration the speed necessary for image acquisition and the desired
resolution (see above).
8.Specify the details of the plate in the "Plate Acquisition Setup-Plate" screen
(Fig. 5.3A).
Note: For 18x18 mm size coverslips on pre-cleaned Fisherbrand slides (size
25x75x1mm) set 2.5 cm apart (Fig. 5.1), the settings shown in Fig. 5.34 can be
used.
9.Specify for which coverslips to acquire images using the "Wells to Visit"
screen (Fig. 5.3B).
Note: Each coverslip on the slide is represented as a well. Wells can be selected
individually (left clicking on well) or data can be acquired for both wells
10.Specify the positions and number of images to collect on each coverslip
using the "Sites to Visit" screen (Fig. 5.4A).
Note: Images can be collected from each well at multiple sites and these are
determined by the specified number of columns and rows. Spacing between the

columns and rows can be set to ensure sampling of the entire coverslip. Images
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from multiple sites distributed throughout the coverslip should be collected to
provide a nonbiased representation of the sample. We collected images from 16 to
25 sites with a minimum of 70 cells for each coverslip. This was sufficient to
obtain at least 50 cells with proper segmentation after segmentation results were
inspected and poorly segmented cells were eliminated from the analysis.
11. Set the appropriate wavelengths for image acquisition.
Note: We set Dapi as W1 with 350/460 nm excitation/emission wavelength and an
exposure time of 20 msec (Fig. 5.4B). We set W2 as either EGFP/FITC/Alexa488
(470/525 nm excitation/emission wavelength, 3182 msec exposure time, target
maximum intensity 3000, and Z offset from W1 of 1.1 um) or TRITC/Cy3 (545/620
nm excitation/emission wavelength, 3182 msec exposure time, target maximum
intensity 3000, and Z offset from W1 of 1.1 um). Shorter exposure times, ~100 to
500 msec, can be used if the signal-to-noise ratio is two or higher and must be
used for live-cell imaging.
12.Set the autofocus to either laser-based or image-based or both.

Note: For fixed samples with antifade mounting medium, we used laser-based
focus, enabled the image-based focus, and selected a binning of 2. For the laser-
based focus, the following settings were used. Exposure on the plate bottom — 50
usec; exposure on the well bottom — 300 usec, course step — 3um, fine step —
0.5um; laser power, 100. We selected to focus on the plate bottom and then offset

by the bottom thickness.
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5.8.3 Image acquisition with confocal microscopy for cells grown on
coverslips

1. Place microscope slide on the stage of the confocal microscope.

2. Using a 63x oil immersion objective (NA 1.4) set the confocal microscope

to a resolution of 1024 x 1024 and 12 bits.

3. Choose optical slices through the center of the nucleus for quantification and

obtain optical sections of 0.65 um.

4. Save images as .Ism files, which are recognized by the MetaXpress software.
5.8.4 Image analysis with MetaXpress
Three MetaXpress software modules may be used for analysis. "Multi wavelength
cell scoring," "translocation enhanced," and "multi wavelength translocation"
modules (Table 1) were adapted to quantify the localization of molecules of
interest. For all modules Dapi staining was used as a reference to distinguish
nuclear and cytoplasmic compartments. A second fluorescent marker stained the
molecule of interest, which may localize to the nucleus, cytoplasm, both
compartments, or the NE. These software modules can be used with images
acquired with the ImageXpress Micro instrument, with a confocal microscope, or
any images acquired with a microscope that can save the images in a format that
can be read by MetaXpress. Different procedures are required to analyze images
based on the acquisition method and these are detailed for each module.
Following configuration, data acquisition and export follows a common set of

steps, which are presented once.
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5.8.4.1 Configuring the multi wavelength cell scoring module to quantify
nuclear and cytoplasmic distribution

The multi wavelength cell scoring module measures the fluorescence intensities
of at least two markers with different wavelengths. The application of this module
to quantification of nuclear and cytoplasmic distribution depends on a defined set
of parameters that identify each cell and relies on the presence of a nuclear
marker. The nuclear marker is required to identify cells. The software creates
segments (regions) that co-localize with the compartment of interest. The exact
match between the region (segment) and the compartment margin is achieved by
selecting segmentation parameters (minimum and maximum width, intensity
above background). The software measures the fluorescence intensity in the
region defined by the settings. The minimum and maximum width of the nuclei
and the intensity above local background of the nuclear marker are used to
identify the nuclear compartment (minimum width = 8 pm, maximum width = 30
um) (Fig. 5.5A; numbers in red). These are the first segmentation criteria.
Similarly, segmentation settings for the second marker denote the second
compartment of interest. In the example shown in Fig. 5.5, the protein of interest
was stained with Cy3-labeled secondary antibodies and is present in both nuclear
and cytoplasmic compartments. The same filter is used to measure fluorescence
obtained for TRITC or Cy3-labeled molecules, which is shown as “TRITC” in the
software window (Fig. 5.5). For segmentation of a cytoplasmic marker, the
software analyzes intensities going out from the nuclear segmentation until an

edge is found where fluorescence intensities are no longer above the minimum
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threshold or a large drop in intensity between two neighboring pixels occurs. Care
must be taken in selecting settings for segmentation in order to get a proper
identification of cellular compartments. The cytoplasmic area is defined as the
region where the second marker, but not the nuclear marker (in this example,
Dapi), can be detected. The total intensity of Cy3 labeling in the nucleus is
measured according to the segmentation obtained with Dapi staining. The
intensity of Cy3 labeling of the entire cell is calculated for the region that shows
Cy3 labeling above the minimum threshold set in the initial parameters. The
difference between whole cell intensity (nucleus plus cytoplasm) minus the
nuclear intensity provides a measure of the cytoplasmic fraction of the protein.

It is essential to visually inspect the overlay between the segments generated
and the boundaries of nuclei and the cells in the original image. This step ensures
that segments produced by the software colocalize with the desired regions. The
settings may need to be revised to establish an accurate demarcation of the
regions of interest (Fig. 5.5A, B).

Changes in the settings for minimum and maximum width or in the intensity
above background affect segmentation (Fig. 5.6A-C). For instance, values too low
for the approximate minimum width of the nuclear segmentation parameters
underestimate the nuclear size, whereas nuclei are missed when values are too
high (Fig. 5.6B; top and middle panels). Moreover, inappropriate values for the
intensity above local background interfere with the proper identification of nuclei
(Fig. 5.6B; lower panel). In addition, values of the cellular segmentation

parameters that are too high for either the approximate minimum width or
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intensity above local background underestimate the cell size (Fig. 5.6C; top and
lower panels), whereas values too low for the intensity above local background
overestimate the cellular size (Fig. 5.6C; middle panel).
If the cytoplasmic fluorescence is low, the boundaries of the cell may not be
detected properly. In this case, the nuclear and cytoplasmic distributions can be
measured using the translocation enhanced or multi wavelength translocation
modules described in the later sections.
Here, we provide a step-by-step protocol using the multi wavelength cell scoring
module in MetaXpress for the quantification of data obtained for fixed HeLa cells
for which the protein of interest was detected by indirect immunofluorescence
with Cy3-labeled secondary antibodies and DNA was stained with Dapi.

1.From the MetaXpress main screen select "Screening".

2.From the drop-down menu select "Review Plate Data".

3.In the Review Plate Data dialog box, press the "Select Plate" button in the
upper left to retrieve acquired plate data (Fig. 5.7A).

4.In the Review Plate Data dialog box, select the well to be displayed under
"Data view: Well arrangement" (Fig. 5.7A).
Note: For instance for A0l shown in Figure 5.74, choose all sites from the table
cell to view all the acquired fields (each field = one image).

5.Select the wavelengths to be displayed. Once selected, an HCS-image array
of thumbnails for each wavelength opens showing all images acquired for each

coverslip or well (Fig. 5.7B)
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6.Click on a thumbnail for a site to analyze and two separate full-resolution
images representing the two wavelengths open. Each one displays the name of the
wavelength at the top (Fig. 5.7B; Dapi, TRITC. Note that “TRITC” shows the
image obtained with the TRITC/Cy3 filter.).

7.Correct the background for the full-resolution images, by subtracting from
each image pixel the average intensity of a manually selected region of the image
that does not contain cells. At this point, background-corrected images can be
saved. This is desirable if the same images will be processed with a different
module.
Note: Because background intensities vary between different images, the
background for each individual image must be determined and subtracted.

8.To begin configuring new settings, in the Review Plate Data dialog box
choose "Multi Wavelength Cell Scoring" under the "Run Analysis" tab, then press
the "Configure Settings" button (Fig. 5.7A).
Note: Once the new settings are configured, the stored configuration settings can
be retrieved by selecting the multi wavelength cell scoring module from the
application module list or from the Review Plate Data dialog box under the Run
analysis tab, using “Analysis” and “Settings” lists to open the dialog box for the
multi wavelength cell scoring module (Fig.5.7A).

9.In the multi wavelength cell scoring dialog box, enter the total number of
wavelengths in the experiment. Separate tabs for each wavelength will be

displayed.
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Note: In the example in Fig. 5.5, the "All nuclei" tab corresponds to the nuclear
marker Dapi and the "W2" tab represents the second marker, in this case
TRITC/Cy3.

10.Open the wavelength tab for "All nuclei" and set the parameters for nuclear
segmentation.
Note: Figure 5.5A (Dapi) shows the actual values used to segment the nuclei of
HelLa cells.

11.0pen the wavelength tab for W2 and set the parameters for cellular
segmentation.
Note: For our experiments, we generated two settings. The first setting had the
same parameters as that for the Dapi wavelength to identify the intensity in the
nuclei (Fig. 5.54, Nucleus, TRITC). The second setting was based on
segmentation of the entire cell to determine the intensity in the nucleus and
cytoplasm (Fig. 5A, Nucleus and Cytoplasm, TRITC).

12.Press the "Preview" or "Test Run" button to display the original images
with the segmentation overlaid (Fig. 5.5B). Cells that are not well segmented
should be excluded from the analysis.
Note: Two cells in Fig. 5.5B (marked with arrowheads) were not segmented well
and are representative of the types of cells that would be excluded from the
analysis by manual inspection of the data.

13.Proceed to Data Acquisition and Export.
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5.8.4.2 Configuring the translocation enhanced module to quantify nuclear and
cytoplasmic distribution

The translocation enhanced module determines the localization of a fluorescent
probe with respect to a specific cellular compartment, such as the nucleus. It
quantifies the fluorescence signal inside, as well as outside, of a defined
compartment. The compartment of interest is identified with a fluorescent marker
that is distinct from the fluorescent marker to be measured. In the example
described, Dapi is used to stain nuclei and GFP with a nuclear localization
sequence (NLS) (NLS-GFP") is the protein of interest (Fig. 5.8). The software
uses the Dapi image to define the margins of the compartment (Fig. 5.8A) based
on several criteria that are configured in the dialog box option settings (Fig. 5.8B).
The criteria are similar to those for the multi wavelength cell scoring module with
the addition of the approximate width of the compartment, and the use of
minimum and maximum area rather than diameter of the stained area. After
identifying the compartment edge, the software creates two regions (segments)
that are ring shaped either within or outside of the compartment. This
segmentation is applied to the image of the protein of interest (in this case, NLS-
GFP") to measure the fluorescence intensity in both regions (Fig. 5.8C).

The translocation enhanced module should be used when quantifying the relative
distribution of a molecule between the nucleus and cytoplasm instead of the multi
wavelength cell scoring module when the cellular segmentation for the molecule
of interest is problematic. Examples where segmentation may be problematic

include: (1) situations in which the fluorescence intensity of the molecule of
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interest is not very high above background, making it difficult to identify the cell
edges, that is the plasma membrane; (ii) cells in which the molecule of interest
concentrates in nuclei or near the nuclear periphery; (iii) samples in which the
density of the cells is high, making it difficult to adequately resolve individual
cells.
However, there are conditions for which the translocation enhanced module
cannot be used. If the fluorescence intensity is not evenly distributed throughout
the cytoplasmic compartment, then the selected outer area near the nuclear rim
may not accurately represent the cytoplasmic distribution of the probe (see HuR
as an example, below).
In the translocation enhanced module a background estimation method for
background subtraction is available. However, this feature of the software is not
well-characterized and was therefore not applied in our studies.
Below are detailed instructions for configuring MetaXpress and analyzing images
acquired with ImageXpress Micro using the translocation enhanced module to
quantify proteins localized in the nucleus and cytoplasm.

1.From the MetaXpress main screen select "Screening".

2.From the drop-down menu select "Review Plate Data".

3.In the Review Plate Data dialog box, press the "Select Plate" button in the
upper left to retrieve acquired plate data (Fig. 5.7A).

4.In the Review Plate Data dialog box, select the well to be displayed under

"Data view: Well arrangement" (Fig. 5.7A).
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5.Select the wavelengths to be displayed. Once selected, an HCS-image array
of thumbnails for each wavelength opens showing all images acquired for each
coverslip or well (Fig. 5.7B)

6.Click on a thumbnail for a site to analyze and two separate full-resolution
images representing the two wavelengths open. Each one displays the name of the
wavelength at the top (Fig. 5.7B; Dapi, TRITC).

7.Correct the background for the full-resolution images, by subtracting from
each image pixel the average intensity of a manually selected region of the image
that does not contain cells. At this point, background-corrected images can be
saved.

8.To begin configuring new settings, in the Review Plate Data dialog box
choose "Translocation enhanced" under the "Run Analysis" tab, then press the
"Configure Settings" button (Fig. 5.7A).

9. In the translocation enhanced dialog box (Fig. 5.8B), select the wavelengths
of the compartment marker and the translocation probe, Dapi and FITC in the
given example. Set the measurements to identify the compartment of interest (for
instance, nucleus), and select to automatically separate touching compartments;
this will ensure the accurate separation of adjacent compartments (in the example,
nucleus and cytoplasm).

10. Define the inner and outer regions; this includes the region width and
distance from the compartment edge (in our example the boundary of the nucleus

which is delineated by the NE; dashed orange line in Fig. 5.8A).
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11. Press the "Test Run" button to display the original images with the
segmentation overlaid (Fig. 5.8C). Cells that are not well segmented should be
excluded from the analysis.

12. Proceed to "Data Acquisition and Export".
5.8.4.3 Configuring the translocation enhanced module to quantify nuclear
envelope (NE) fluorescence
By modifying the parameter settings that define the inner and outer regions, we
adapted the translocation enhanced module and used it to measure the intensity of
a fluorescent probe at the NE (Fig. 5.9A). This new application of the module was
generated by creating two different configurations for inner and outer regions
(Fig. 5.9B, C). The data from these two configurations are combined to quantify
NE staining.

In the first configuration, two regions (region 1 and 2) are created that
represent the fluorescence intensity in a small area around the nucleus and a
portion of the NE facing the cytoplasm (region 1) as well as the nucleus and the
rest of the NE (region 2). Both regions are adjoining at the edge of the
compartment, with no space between inner and the outer regions. Fig. 5.9B shows
the settings used to produce these regions and the overlay on the image.

In the second configuration, the inner and outer regions are produced in the
same positions as above; however, a space is generated between the inner and the
outer region by defining the distance from the edge. For the example in Fig. 5.9C,

the inner region ends 0.9 pm from the edge and the outer region begins 1 um from
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the edge of the compartment (the nucleus in our example). These settings produce
regions 3 and 4; the gap between these regions coincides with the NE.

The measurements obtained for regions 1, 2, 3, and 4 can now be combined
manually to determine the fluorescence intensity at the NE: Regions (1+2) minus
regions (3+4) will provide a quantification of the fluorescence signals located at
the NE (Fig. 5.9D). A schematic representation of the critical parameters used to
define the size and position of different regions is depicted in Fig. 5.9E.

Below are detailed instructions for configuring MetaXpress and analyzing
images acquired with ImageXpress Micro using the translocation enhanced
module to quantify NE localized proteins.

1.From the MetaXpress main screen select "Screening".

2.From the drop-down menu select "Review Plate Data".

3.In the Review Plate Data dialog box, press the "Select Plate" button in the
upper left to retrieve acquired plate data (Fig. 5.7A).

4.In the Review Plate Data dialog box, select the well to be displayed under
"Data view: Well arrangement" (Fig. 5.7A).

5.Select the wavelengths to be displayed. Once selected, an HCS-image array
of thumbnails for each wavelength opens showing all images acquired for each
coverslip or well (Fig. 5.7B)

6.Click on a thumbnail for a site to analyze and two separate full-resolution
images representing the two wavelengths open. Each one displays the name of the

wavelength at the top (Fig. 5.7B; Dapi, TRITC).
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7.Correct the background for the full-resolution images, by subtracting from
each image pixel the average intensity of a manually selected region of the image
that does not contain cells. At this point, background-corrected images can be
saved.

8.To begin configuring new settings, in the Review Plate Data dialog box
choose "Translocation enhanced" under the "Run Analysis" tab, then press the
"Configure Settings" button (Fig. 5.7A).

9. In the translocation enhanced dialog box (Fig. 5.8B), select the wavelengths
of the compartment marker and the translocation probe, Dapi and FITC in the
given example. Set the measurements to identify the compartment of interest (for
instance, nucleus), and select to automatically separate touching compartments;
this will ensure the accurate separation of adjacent compartments (i.e., nucleus
and cytoplasm).

10. Define the inner and outer regions; this includes the region width and
distance from the compartment edge (in our example the boundary of the nucleus
which is delineated by the NE; dashed orange line in Fig. 5.8A). For the NE
quantification you need to create 2 sets of inner and outer regions, use the
configuration settings in Fig. 5.9B, C to obtain appropriate segmentation.

11. Press the "Test Run" button to display the original images with the
segmentation overlaid (Fig. 5.9B, C). Cells that are not well segmented should be
excluded from the analysis.

12.Proceed to Data Acquisition and Export and calculate the intensity for NE

fluorescence (Fig. 5.9D).

148



5.8.4.4 Configuring the multi wavelength translocation module
This module is a simplified version of the translocation enhanced module; it uses
the same principle as the translocation enhanced module to identify the nuclei and
regions, both inside and outside of the nuclear area. The module contains one key
component for NE analysis; it allows the assignment of negative values for the
distance of the outer region from the compartment. We took advantage of this
feature and developed configuration settings that create an outer region that
colocalizes with the NE. This enabled us to measure the fluorescence intensity at
the NE in one step (Fig. 5.10A-C). Nevertheless, measuring the NE intensity with
the translocation enhanced module can be used to verify the results obtained by
the multi wavelength translocation module. Both modules give similar results for
the NE fluorescence intensity (Fig. 5.11). Although the main application of the
multi wavelength translocation module in our experiments is to quantify NE
intensity, it can also be used to determine fluorescence intensities in the nucleus
and other areas of the cell.
Below are detailed instructions for configuring MetaXpress and analyzing images
acquired with ImageXpress Micro using the multi wavelength translocation
module.

1. From the MetaXpress main screen select "Screening".

2. From the drop-down menu select "Review Plate Data".

3. In the Review Plate Data dialog box, press the "Select Plate" button in the

upper left to retrieve acquired plate data (Fig. 5.7A).
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4.In the Review Plate Data dialog box, select the well to be displayed under
"Data view: Well arrangement" (Fig. 5.7A).

5. Select the wavelengths to be displayed. Once selected, an HCS-image array
of thumbnails for each wavelength opens showing all images acquired for each
coverslip or well (Fig. 5.7B)

6. Click on a thumbnail for a site to analyze and two separate full-resolution
images representing the two wavelengths open. Each one displays the name of the
wavelength at the top (Fig. 5.7B; Dapi, TRITC).

7. Correct the background for the full-resolution images, by subtracting from
each image pixel the average intensity of a manually selected region of the image
that does not contain cells. At this point, background-corrected images can be
saved.

8. To begin configuring new settings, in the Review Plate Data dialog box choose
"Multi Wavelength Translocation" under the "Run Analysis" tab, then press the
"Configure Settings" button (Fig. 5.7A).

9. In the multi wavelength translocation dialog box, select compartments and
configure the parameters to identify the compartment of interest; the nucleus in
our example (Fig. 5.10B).

10. Select the W2 tab, then set the parameters to identify the inner and outer
regions (Fig. 5.10C).

Note: that the outer region distance from edge has a negative value, and the

segment generated colocalizes well with the NE. The inner region is set to be
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small; this simplifies the visual inspection to monitor an accurate match between
the outer region and the NE.

11. Press the "Preview" or "Test Run" button to display the original images with
the segmentation overlaid (Fig. 5.10B, C). Cells that are not well segmented
should be excluded from the analysis.
12.Proceed to Data Acquisition and Export.
5.8.4.5 Analysis for images acquired by confocal microscopy
For each of the modules, images acquired by confocal microscopy may also be
analyzed. The settings and parameters would be based on the same considerations
as for those used for images acquired with Image Xpress Micro and so only the
basic procedures are outlined here.

1. To analyze images acquired by confocal microscopy, open the image saved
as an .Ism file in the MetaXpress main screen.

2. Correct the background by subtracting the average intensity from each
image pixel of a manually selected region of the image that does not contain cells.

3. Select the "multi wavelength cell scoring" module, the "translocation
enhanced module" box, or the "multi wavelength translocation" module from the
"applications" tab in the main screen; the corresponding dialog box will open.

4. Configure new settings.

5. Press the "Preview" or "Test Run" button to examine the segmentation
accuracy, and modify the segmentation settings if necessary.

6. Proceed to "Data Acquisition and Export".
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5.8.5 Data acquisition and export

1.0Once the segmentation settings are accurate, open “log files” to save results
in the format of Excel files: On the MetaXpress main screen choose "Log", then
select "Open Data Log", then "Open Data Log" window, then select "Dynamic
Data Exchange (DDE)" and press "OK".

2. In the "Export Data Log" window select "Microsoft Excel" and save the file,
specifying the filename.

3.Select the measurements that should be saved in the file by opening the
"Configure Summary Log" and "Configure Data Log" tabs in the "multi
wavelength cell scoring" dialog box, or the "translocation enhanced" dialog box,
or the "multi wavelength translocation" dialog box, choose the data to be logged
to the file, and close the tabs.

4.Press the "Test Run" button and review the measurements for each cell in the
image in the cellular data window that opens.
Note: For each image analyzed the cellular data will be logged automatically to
the Excel file specified in the previous step.

5.Click on each individual cell in the image to highlight the data line
corresponding to the selected cell. Each cell is identified by a number, which
appears as “Label #” in the Excel file.

6.Visually verify the accuracy of the segmentation and exclude cells with
incorrect segmentation from further analysis. This can be done by identifying the
improperly segmented cells using their “Label #” and highlighting the

corresponding line on the Excel data sheet.
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Note: We routinely save results for correctly and incorrectly segmented cells,
but delete data lines for cells that were not properly segmented before analyzing

the numbers.

5.9 Notes and remarks

The methods described here provide quantitative approaches for measuring
the intensities of fluorescent probes in different cellular compartments, including,
but not limited to, the nucleus, cytoplasm, and nuclear envelope. We illustrate
methods for image acquisition and analysis with three different software modules
in MetaXpress (Table 5.1), which have been adapted to measure the fluorescence
intensities in these compartments. Choosing the appropriate module will depend
on the distribution of the fluorescent molecule to be quantified, the strength of the
fluorescent signal in the cytoplasm, the experimental conditions (for example,
transfected versus nontransfected cells), and the localization of the molecule of
interest.

We have employed these strategies successfully to study the subcellular
localization in mammalian cells of several proteins that are involved in different
aspects of signaling (Fig. 5.11-5.13). The multi wavelength cell scoring module
was used to quantify the distribution of the protein HuR (Fig. 5.12), for which a
larger portion is detected in the cytoplasm upon oxidative stress (283). The stress-
induced relocation caused a decrease in the ratio of average nuclear to
cytoplasmic (nuc/cyt) fluorescence (Fig. 5.12). The uneven distribution pattern of

HuR in the cytoplasm of stressed cells requires that the fluorescence of the whole
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cytoplasmic compartment is measured to obtain an accurate quantification. This is
achieved by applying the multi wavelength cell scoring module. Due to the
irregular distribution of HuR in stressed cells, neither the translocation enhanced
nor the multi wavelength translocation module will provide a correct
measurement for HuR in the cytoplasm.

The multi wavelength cell scoring module depends on the labeled protein to
identify the cell boundaries. Depending on the protein studied other software
modules may be more appropriate to quantify the nuclear and cytoplasmic
fluorescence. For instance, cell boundaries can overlap for samples with densely
plated cells, resulting in inaccurate cellular segmentation. Furthermore, in
experiments with transiently transfected cells, signals may be variable or too low
to define cell edges. The same problem arises if the protein of interest is restricted
to the nucleus under certain conditions. In these cases, the translocation enhanced
module provides the method of choice for quantification. For example, in HeLa
cells that transiently synthesize NLS-GFP (Fig. 5.13, green), which is a reporter
protein that localizes to the nucleus under normal conditions (control), the
abundance of NLS-GFP in the cytoplasm is low, compromising cellular
segmentation with the multi wavelength cell scoring module. Therefore, the
translocation enhanced module is a better choice for measuring the nuclear and
cytoplasmic fluorescence intensities of NLS-GFP, because the cell boundaries do
not need to be identified. The appearance of green fluorescence in the cytoplasm

of cells exposed to oxidative stress, quantified as a decrease in the nuc/cyt ratio
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(Fig. 5.13), indicates that nuclear import is less efficient under these conditions
(283).

One of the major challenges in quantifying subcellular distribution of
molecules is the quantification of fluorescence signals located at the NE. First,
there are no modules provided by the MetaXpress software to quantify the signals
located at the NE. Second, the nuclear envelope area is very small compared to
the nucleus and cytoplasm, which makes it difficult for the analysis software to
define precisely the NE compartment. We adapted the translocation enhanced and
the multi wavelength translocation modules to measure fluorescence intensities at
the NE (Fig. 5.11) (282). Employing the translocation enhanced module to
quantify fluorescence signals at the NE requires the configuration of two settings
and some post analysis data processing, whereas the multi wavelength
translocation module is simpler because it makes the measurements in a single
step. One advantage to the translocation enhanced module is that it can be used to
quantify fluorescence intensities for nuclear, NE, and cytoplasmic compartments
in the same analysis, which may be required for more complex applications. For
measurements of fluorescence located at the NE, results obtained with the
translocation enhanced module can be verified by the multi wavelength
translocation module and vice versa (Fig. 5.11). Other modules of the MetaXpress
software can be used to quantify the association of molecules with the plasma
membrane or different cellular compartments. Some of these modules rely on a

fluorescent marker that is used to identify the compartment of interest.
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This protocol details the procedures for acquiring images for cells
conventionally grown on coverslips and quantifying the fluorescence intensities in
defined cellular compartments. This is achieved by combining HCS for high-
throughput image acquisition and adapting different software modules from
MetaXpress for analyses. The methods described here provide resources to detect
minor changes in the subcellular localization of proteins and other molecules that
can be detected with fluorescent probes. The convenience, ease of use, and
accuracy of these techniques make them powerful tools for the quantification of
numerous biological processes. The procedures described here are ideal to explore
in a quantitative fashion the various aspects of signal transduction cascades and
their regulatory circuits, a major challenge given the complexity of these
pathways. The ability to analyze single cells also provides the potential to
determine subtle changes in subpopulations of cells rather than obtaining single

measurements for whole cell populations.
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Table 5.1 Comparison between different software modules for the

quantification

fluorescence

Software module

of nuclear, cytoplasmic and nuclear envelope

Application

Disadvantages

Multiwavelength
cell-scoring

Translocation-
enhanced

Multiwavelength
translocation

Strong signal in
cytoplasm; uneven
distribution of signal in
cytoplasm

Strong or weak signals
in cytoplasm; NE
fluorescence

Strong or weak signals
in cytoplasm; NE
fluorescence measured
in one step

Not useful if signal in cytoplasm is
faint or cell edges not discernible;
cannot be used to measure NE or other
membrane-associated fluorescence

Not useful if uneven distribution of
signal in cytoplasm

Not useful if uneven distribution of
signal in cytoplasm
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Figure 5.1 Image acquisitions with ImageXpress micro for cells grown
on poly-lysine coated coverslips

Coverslips were mounted on a microscope slide for image acquisition and loaded on the
slide adaptor with the coverslips face down. Optimal positions for the mounting of

coverslips are shown.
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Figure 5.2 Configuration of parameters for image acquisition
Settings for the plate acquisition are generated for a new application or loaded from
previous experiments (existing settings). The tabs on the left side are used to configure

the different parameters for a new acquisition.
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Figure 5.3  Addition of a microscope slide to the plate library of the
MetaXpress software

(A) New configuration settings for the microscope slide are added to the plate library;
these settings identify the slide as a 4-well plate, the first row represents the 2 coverslips
for which images will be acquired. Wells BO1 and B02 are required for the plate set up,
but are not actually on the slide. (B) Images for wells (coverslips) can be acquired

separately or both in the same acquisition with one coverslip after the other.
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Figure 5.4 Defining the sites for image acquisition and wavelength-1

(A) Configuration settings define 9 sites for acquisition; note that the site distribution is
determined by the spacing between rows and columns. (B) Configuration settings to
acquire wavelength-1 image (Dapi). Combined laser- and image-based focus option is

selected to enhance image resolution. See text for details.
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Figure 5.5 Quantification of fluorescence intensities with the multi

wavelength cell scoring module, defining the values for segmentation

(A) Settings are shown to generate segments that co-localize with the nucleus in the Dapi
image (Dapi), the nucleus in the TRITC image (Nucleus-TRITC) or with the whole cell
in the TRITC image (Nucleus and Cytoplasm, TRITC). (B) The overlays between the
created segments and the cellular compartment (nucleus) or the entire cell are depicted.
The overlay images are necessary to adjust and verify the accuracy of segmentation
settings. Cells marked with arrowheads show incorrect segmentation of the cytoplasm

and are excluded from further analyses.
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Figure 5.6  Settings for nuclear and cellular segmentation parameters
are crucial to generate segments that accurately match the nuclei and

cell margins

(A) Appropriate values were selected for segmentation. (B) Incorrect values for any of
the parameters (red numbers) to identify the nuclei (left panels) may result in under- or
overestimation of the nuclear size. This may generate segments that do not match the
cellular margins or may eliminate some nuclei. (C) Similarly, inappropriate parameters to
identify the cell margins (right panels) will produce segments that do not properly co-

localize with the cellular boundaries. See text for details.
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Figure 5.7 Opening of images acquired with ImageXpress Micro and

configuration of the analysis module

(A) The review plate data dialog box option is used to retrieve the acquired plate, open
the image and select the analysis module. The analysis module settings can be configured
with the Configure Settings tab. (B) The HCS-images show thumbnails of all the
individual images which were acquired for the specified sites. After clicking on a single
site full resolution Dapi and TRITC images are displayed simultaneously. On these
images analysis is carried out after correcting for the contribution of background

fluorescence.
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Figure 5.8 The translocation enhanced module is applied to analyze

nuclear transport

(A) Dapi staining identifies the compartment of interest (nucleus); NLS-GFP is a nuclear
reporter protein for which the nuclear and cytoplasmic fluorescence will be quantified
(see also Fig. 5.13). (B) The dialog box for the translocation enhanced module shows the
settings that define the nuclear compartment, as well as the inner and outer regions that
were selected for quantification. The cartoon depicts the position of the inner and outer
regions with respect to the nucleus, as well as the edge of the nuclear compartment
(orange dashed line). (C) Overlays were produced for the inner and outer regions either
with the Dapi or the FITC (NLS-GFP) image to visualize the segmentation for acquired

images.
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Figure 5.9 The translocation enhanced module was adapted to

quantify fluorescence at the nuclear envelope (NE)

(A) Nuclei are stained with Dapi (blue) and a nuclear envelope protein is detected by
green fluorescence. (B) Settings used to generate regions 1 and 2 and the overlay between
the segments and the FITC image are shown. Note that there is no space between the
inner and outer regions, i.e. regions 1 and 2. (C) Regions 3 and 4 are generated at the
same position as regions 1 and 2. However, the settings introduce a gap between regions
3 and 4; this gap represents the NE. The overlay image for regions 3 and 4 should be
compared with the overlay image in part B for regions 1 and 2. (D) The fluorescence
intensity at the NE can be calculated by the simple formula: Intensities of regions (1 + 2)
minus intensities of regions (3 + 4). (E) The positions of the outer, inner region and the

compartment edge (orange dashed line) are illustrated.
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Figure 5.10 The multi wavelength translocation module was adapted

to quantify fluorescence at the nuclear envelope (NE)

(A) The nuclear compartment is stained with Dapi and a nuclear envelope protein is
detected with a red fluorescent probe (TRITC) (282). (B) Settings to generate segments
that define the nuclei and the overlay of segments and the Dapi image are illustrated. (C)
Parameters are set to define the inner and outer regions. Note that the outer region
coincides with the NE while the inner region is set to be small to facilitate the visual

inspection of overlay images. See text for details.
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Figure 5.11  Application of the translocation enhanced and multi
wavelength translocation modules to measure fluorescence located at

the nuclear envelope

NE binding of the fluorescently labeled nuclear carrier CAS (282) was analyzed in HeLa
cells for controls (-NaCl) or salt-extracted specimen (+NaCl). Images were acquired by
confocal microscopy and NE fluorescence intensity quantified with the translocation
enhanced or multi wavelength translocation module. Fluorescence intensities for samples
—NaCl were defined as 1. Data obtained with the multi wavelength translocation module
are also depicted on the right side for individual cells -NaCl (blue) and +NaCl (red). Size
bar is 25 pm; **P<0.01. See text for details. Parts of Fig. 5.11 were reprinted from (282)

with permission from Birkhduser Verlag AG.
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Figure 5.12  Application of the multi wavelength cell scoring module

The multi wavelength cell scoring module is employed to measure the nuc/cyt
fluorescence of HuR protein (red) under normal (control) and oxidative stress conditions
(HuR) (283). Note that the irregular distribution of HuR in the cytoplasm of stressed cells
requires the quantification of fluorescence in the whole cytoplasm. A y-factor of 2 was
applied to visualize the weak cytoplasmic signal, but the same image display settings are
applied for all images in the same panel. Since the cytoplasmic fluorescence was weak, a
low value of intensity above local background was selected to properly identify the cell
edges. Changes in the ratio of average nuclear/cytoplasmic (nuc/cyt) fluorescence were
determined for HCS-images. The ratio of nuc/cyt fluorescence in unstressed control cells
was defined as 1. Parts of Fig. 5.12 and 5.13 were reprinted from (283) with permission

from Elsevier.
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Figure 5.13 Application of the translocation enhanced module

The translocation enhanced module is used to measure the nuc/cyt fluorescence of NLS-
GFP (green) in transiently transfected HeLa cells under normal and oxidative stress
conditions (283). Note that the weak cytoplasmic signal would prevent the accurate
cellular segmentation with the multi wavelength cell scoring module (see text). Parts of

Fig. 5.12 and 5.13 were reprinted from (283) with permission from Elsevier.



6. Discussion

Nucleocytoplasmic trafficking of macromolecules is essential to maintain
cellular homeostasis as it regulates many features of eukaryotic cell physiology.
Gene expression, cell signalling, growth and proliferation, apoptosis, cell cycle
control and in particular the communication between different organelles can be
regulated by changing the subcellular localization of specific proteins. This
includes components of the nuclear transport machinery, molecular chaperones,
and a wide range of signalling molecules such as protein kinases and
phosphatases. Furthermore, altering nucleocytoplasmic transport is one of the
cellular strategies to respond to different forms of stress. It is well established that
stress can modulate the transport of distinct molecules or completely inhibits
certain transport routes (201, 202).

Several observations substantiate the effect of stress on nuclear trafficking. As
such, the transcription factor NF-kB redistributes to the nuclei of cultured rat
mesencephalic neurons in response to free-radical production that is
accompanying C,-ceramide induced apoptosis. NF-kB nuclear accumulation is
thought to be the underlying mechanism that mediates oxidative stress-induced
apoptotic cell death of the dopaminergic neurons in patients with Parkinson
disease (292, 293). In addition, heat stress has been shown to accumulate mRNAs
in nuclei of stressed Saccharomyces cerevisiae cells, while it favors the export of
heat shock-mRNAs via distinct non-classical mechanism that do not require

Yralp and Npl3p (294). A prominent example that demonstrates how stress can

158



impinge on nucleocytoplasmic transport is the inhibition of classical nuclear
import pathway following exposure to heat or oxidative stress (87, 201).
Oxidative stress has been implicated in the pathophysiology of a variety of
human diseases. For example, the damage of cellular proteins induced by the
accumulation of reactive oxygen species ROS is the underlying cause of cellular
death in neurodegenerative diseases, ischemia/reperfusion injuries of the heart, as
well as the complications associated with type-2 diabetes (reviewed in 295, 296).
Oxidative stress impinges on distinct aspects of eukaryotic cell physiology via
different mechanisms. These may include the stress-induced damage of proteins
that are essential for maintaining cellular homeostasis such as enzymes,
transcription factors, signalling molecules, tumor suppressors and molecular
chaperones. In a different scenario, oxidative stress may alter the main cellular
processes such as DNA transcription, protein synthesis, or apoptotic cell death.
Central to the control of all these processes is the regulation of nucleocytoplasmic
transport which coordinates many vital activities within the cell. A prominent
example is the modification of the transport machinery that is accompanying
apoptotic cell death. This is evident by the apoptosis-induced mislocalization of
several transport factors, for instance importin-a, importin-f and Ran.
Furthermore, induction of apoptosis alters the permeability of the NPC. As
apoptosis  proceeds, the transport function of the NPC is lost due to the
degradation of several nucleoporins that are essential to nuclear trafficking,

including Nup153, Nup50, Nup358 and Nup214 (reviewed in 281, 297). Indeed,
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the nucleocytoplasmic transport apparatus is one of the cellular targets that is
highly sensitive to stress exposure.

Given the diverse structural and functional components of this transport
system, stress may modify the nucleocytoplasmic transport on multiple levels
which include soluble transport receptors, NPCs and transport cargoes. Several,
not mutually exclusive mechanisms may contribute to this inhibition. As such,
altering the function of the transport receptors as well as the different
nucleoporins by mislocalization and/or degradation can play a key role in nuclear
transport inhibition. On a different level, stress may modify the
nucleocytoplasmic transport of specific cargoes via posttranslational
modifications which can lead to masking or exposing their transport signals. All
of these stress-dependent changes are a down-stream effect that is triggered by the
initial stress-induced activation of different signalling cascades. These signalling
events ultimately define the cellular response to stress.

In an initial attempt to explore the effect of oxidative stress on the cellular
transport machinery, I have shown that severe oxidative stress elicited by the
hydrogen peroxide treatment inhibits classical nuclear import in growing HelLa
cells (87). Furthermore, my results revealed that the stress-induced inhibition of
classical nuclear import is mediated by multiple mechanisms. These include the
collapse of the Ran concentration gradient as well as the relocation and
degradation of components of the nuclear transport apparatus. For instance,
Nupl53 and importin- are relocated by stress. Furthermore, the docking of

importin-f at the NE is inhibited in stressed cells. Interestingly, although Ran,
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Nupl153 and importin-f showed increased susceptibility to proteolysis upon
exposure to severe oxidative stress, their degradation was mediated by different
proteolytic pathways. This work has advanced our understanding of how severe
oxidative stress affects the nucleocytoplasmic trafficking at the molecular level.
However, it did not address the question of how milder forms of oxidative stress
will impact the nuclear trafficking. This is of particular importance as the mild
oxidative stress is more likely to mimic the physiological stresses associated with
different human diseases. To this end, I investigated the effect of oxidative stress
induced by diethyl maleate (DEM) treatment on nuclear transport function as well
as the individual component of the transport apparatus (283). My goal was to
understand how stress impinges on the localization of two essential components
of the transport apparatus, nuclear transport receptors and nucleoporins. Using
HeLa cells as model system, my research demonstrated that oxidant treatment
redistributes the nuclear receptor importin-a and its exporter CAS, both transport
factors concentrated in nuclei of stressed cells. Similarly, nucleoporins Nup153,
Nup88, Nup50, all of which are implicated in different aspects of nuclear
transport, mislocalized to the nucleus upon exposure to oxidative stress.

The nuclear accumulation of the transport receptors and nucleoporins observed by
the experiments described above could be the consequence of different changes in
nuclear function. These include increased nuclear import, decreased nuclear
export, nuclear retention or a combination of all these events. My results have
identified nuclear retention as one of the underlying mechanisms that increase the

nuclear content of importin-o, CAS, Nupl153, Nup88 and Nup50 upon stress.
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Furthermore, I have shown that the nuclear retention of importin-o, Nup153 and
Nup88 is in part due to their increased association with large molecular mass
complexes in nuclei. My analysis of the classical import pathway demonstrated
that exposure to mild oxidative stress renders this transport route less efficient.
This is thought to be a direct consequence of the mislocalization and retention of
the transport receptors and nucleoporins in stressed cells. Taken together, my
work defined the mechanisms that mediate the nuclear import inhibition upon
mild oxidative stress. Interestingly, unlike severe oxidative stress, neither the
collapse of Ran concentration gradient nor the degradation of transport factors
importin-f3, Nup153 or Ran contribute to the import inhibition caused by DEM
treatment. My research identified the nuclear accumulation and retention of
importin-a, CAS, Nupl53, Nup88, and Nup50 as well as changes in their
interaction in stressed nuclei as the leading mechanisms that mediate classical
import inhibition upon exposure to mild oxidative stress. Thus, diverse
mechanisms promote classical import inhibition upon mild and severe oxidative
stress. This indicates that a particular transport route may be regulated differently
according to the type of stress that triggered a cellular response.

Nuclear transport inhibition has direct consequences for a large number of
human diseases. Several studies have shown that stress-induced inhibition of
classical nuclear import contributes to the accumulation of transcription factors in
the cytoplasm of degenerating neurons which is a characteristic feature of
numerous neurodegenerative diseases, including Alzheimer’s disease and

Parkinson disease (277). A prominent example is the mislocalization of the
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nuclear factor E2-related factor 2 (Nrf2) to the cytoplasm of hippocampal neurons
of Parkinson patients. Furthermore, Nrf2 fails to accumulate in nuclei of cultured
fibroblasts from patients with Friedreich ataxia upon oxidative stress. The nuclear
translocation of Nrf2 is necessary for the induction of phase II antioxidants which
protect neurons from oxidative stress. Therefore, the inhibition of nuclear import
of Nrf2 diminishes the cellular response to oxidative stress and is thought to be a
major underlying cause that contributes to neuronal damage in Friedreich ataxia
patients (298, 299). Understanding the molecular basis of the stress-induced
changes in nuclear transport is of fundamental importance as it opens the door for
the discovery of novel pathways that can be targeted to rescue the function of the
transport apparatus. Ultimately this could ameliorate the different
pathophysiologies which are attributed to stress-induced impairment of nuclear
trafficking.

Results obtained from the analysis of classical nuclear import in oxidant
treated cells substantiate the hypothesis that soluble transport receptors are
primary targets for stress-induced modifications. Stress can modulate the function
of the transport receptors and consequently the nuclear trafficking in different
ways. For example, disrupting the proper intracellular distribution of one or more
of these transport receptors renders them unavailable to bind and translocate their
cargo substrates. In a different scenario, the stress-induced post-translational
modification of transport receptors may affect the function of a particular
transport factor by altering its substrate binding affinity or promoting its

anchoring to nuclear or cytoplasmic proteins which ultimately hinder its mobility.
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Modifying transport factor location, expression, or substrate-binding has been
associated with a large number of malignancies and aging-related changes
(reviewed in 280). A prominent example of such a link is the striking correlation
between tumorigenesis and a truncated form of importin-a found in breast cancer
cells (reviewed in 280, 300). The mutation in the NLS-binding domain of the
truncated importin-o impairs its ability to bind the tumor suppressor p53, which
then concentrates in the cytoplasm of breast cancer cells. The impaired nuclear
import of p5S3 diminishes its antitumour activity and promotes tumor progression.
Interestingly, the impaired import functions of truncated importin-a was
accompanied by its preferential localization to the cytoplasm (300). In addition,
the upregulation of CAS expression has been demonstrated in a variety of tumors,
such as colon cancer, breast cancer and liver neoplasms. As CAS exports
importin-a, overexpression of CAS may affect the subcellular distribution of
importin-a which subsequently impinges on the importin-o mediated transport of
important key players in the tumorigenesis such as tumor suppressors.
Interestingly, not only tumor-associated overexpression of CAS may affect the
subcellular distribution of importin-a. Relocation of CAS within the cell in
response to different forms of stress may also impinge on the localization of
importin-a. As such, I have shown that heat shock stimulates the translocation of
CAS into the nuclear interior. This may contribute to the nuclear accumulation of
importin-a upon heat stress. I have further demonstrated that increased docking at
the NE as well as nuclear retention mediates the heat-induced nuclear

accumulation of importin-a (282). This reflects the diverse mechanisms that can
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modulate the subcellular localization of a specific transport receptor which further
adds to the complexity of the regulation of nucelocytoplasmic transport under
different physiological and pathophysiological conditions. The prominent role of
transport receptors in maintaining cellular homeostasis is further substantiated by
a study that demonstrated the decreased import efficiency in old fibroblasts due to
diminished concentrations of importin-a and CAS (301). This may link the
function of nuclear transport receptors to the major changes related to the aging
process.

Another component of the transport system which can be modified by stress is
the NPC, the sole gate that mediates macromolecular exchange between the
nucleus and cytoplasm (reviewed in 14, 15). The pivotal role of nucleoporins in
maintaining cellular homeostasis is now emerging. For example, fusion of the
Nup98 gene to homeobox family members can lead to the production of Nup98-
HOXAO9 fusion proteins. A mislocalization of Nup98 fusion proteins correlates
frequently with human leukemia. Fusion proteins containing other nucleoporins,
for instance CAN/Nup214, have been demonstrated as well to play a role in acute
mylogenous leukaemia (reviewed in 302). Wild type Nup98 is a mobile
nucleoporin that localizes to multiple subcellular compartments. As the dynamic
nature and the multiple subcellular localizations of Nup98 will likely impinge on
its function, and given its importance in cancer cell research, I have optimized IF
staining protocols that are optimal to visualize Nup98 in different compartments

of interest, including nucleoli, nuclear bodies and the cytoplasm (303). The
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protocols developed set the stage to analyze the effect of oxidative stress on
Nup98 and other transport components (304).

Other examples substantiate the importance of NPC function in maintaining
cell physiology, for instance recent reports have linked aging process to defects in
the structural and functional integrity of the NPCs; these defects are characterized
by the loss of the structural nucleoporin Nup93. This deterioration in NPC
function compromises the permeability barrier of the NE and collapses
nucleocytoplasmic transport (305). In line with these findings, my results
demonstrated that oxidative stress exerts its effects in part by modifying the
subcellular localization of several nucleoporins such as Nupl153, Nup88 and
Nup50. In addition, the posttranslational modification of these nucleoporins as
well as their association with the nuclear proteins is altered upon stress (306).

On the basis of my results, nuclear transport receptors and nucleoporins are
good candidates that can be targeted to rescue the function of the nuclear transport
apparatus which has been altered due to different pathophysiologies or as a result
of aging. A striking example consistent with this idea is the regaining of
functional activity of p53 as a tumor suppressor by overexpression of wild type
importin-a in breast cancer cells (300). Future directions will have to focus on
designing molecular strategies that can redirect the mislocalized transport
receptors and nucleoporins to their proper subcellular localization. Screening
libraries for small molecules using high throughput technology may help to
identify new candidates that can bind and modulate the subcellular localization of

the different transport receptors (307). Kau et al (308) have successfully
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employed this strategy to identify compounds that inhibit Foxola nuclear export
in PTEN deficient tumor cells. Absence of PTEN activity in tumor cells leads to
Akt-mediated phosphorylation of Foxola, which localizes Foxola to the
cytoplasm. Thus, relocating Foxola to the nucleus via export inhibition may help
to overcome the consequences of PTEN absence in tumor cells (308). This
approach is not restricted to Foxola, but will be applicable to other cargoes of the
nuclear transport apparatus as well. A prerequisite for these experiments are the
screening and reliable evaluation of large numbers of compounds. Toward this
goal, I have designed new methods that combine high throughput screening
technologies with computer-based image analysis to study the changes in the
subcellular distribution of different cellular proteins. These protocols have been
successfully used for the precise detection and quantification of multiple
components of the transport machinery as well as signalling molecules that are
localized to different subcellular compartment (309) (see below).
Nucleocytoplasmic transport is of fundamental importance to generate a
specific response to diverse environmental stimuli. Nuclear transport factors are
also targets of multiple cellular signalling events. For instance, following oxidant
exposure, cells respond by activating different signalling cascades, a process that
is required for cell survival and repair of stress-induced damage. Changes in
signalling and therefore the appropriate cellular response to a stimulus relies on
several factors. This includes the activation or inactivation of signalling
molecules, including kinases and phosphatases. Of pivotal importance for the

specificity and duration of signalling is the proper location of signalling
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molecules within the cell. Thus, redistribution of signalling molecules provides an
additional tool to regulate the outcome of the signalling cascade and ultimately
control the cellular response to stress. Confining the signalling molecule to a
specific subcellular compartment limits its access to certain substrates which
subsequently determine the modification of the downstream targets. This
compartmentalization may lead to signalling in the cytoplasm, the nucleus or at
the plasma membrane. To further explore the importance of subcellular
localization in the control of signalling under normal and stress conditions, I have
studied how the distribution of AMP-activated protein kinase (AMPK) in
mammalian cells is regulated in response to stress. AMPK is a key component
controlling cellular metabolism; its pivotal role in the regulation of glucose
homeostasis and lipid metabolism makes AMPK an important therapeutic target
in type-2 diabetes and obesity (reviewed in 134, 137). Under normal conditions,
the heterotrimeric enzyme is present in the cytoplasm and nucleus and the levels
of kinase in either compartment are likely to control the phosphorylation of
downstream targets. To better understand the effects of different types of stress on
the subcellular distribution of the enzyme subunits, I have analyzed the
distribution of AMPK subunits under different conditions (210). My research
demonstrated that in response to stress, such as heat, oxidative stress and
depletion of metabolic energy, the nuclear levels of the enzyme o and 3 subunits
increase. This can be explained by the need to phosphorylate distinct nuclear
AMPK substrates, like transcription factors, or to downregulate the

phosphorylation of cytoplasmic targets. Conversely, both AMPK subunits were
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confined to the cytoplasm in cells growing in high density cultures. Extracellular
signalling cascades might be activated upon high confluency, thereby altering the
AMPK distribution. This is in line with the idea that the nuclear transport of
signalling molecules may be modified differently according to the different
physiological conditions. Ultimately, this will determine the proper cellular
response. Furthermore, my results showed that AMPK shuttles between the
nucleus and cytoplasm under normal conditions, and that this process is
dependent on the exporter Crml. This favors the dynamic nature of AMPK
distribution rather than the existence of fixed nuclear and cytoplasmic pools of the
kinase. Such a dynamic organization provides the cell with more flexibility to
regulate the enzyme activity. Analyzing the effect of stress on the phosphorylation
state of the AMPK-a subunits revealed an inverse correlation with the activation
of the MAPKs ERKI1/2. As such, several different stressors led to
dephosphorylation and thereby inactivation of the AMPK-al/2 subunits on
Thr172. Furthermore, my results demonstrated that signaling through the
MEK—ERKI1/2 cascade plays a crucial role in controlling the localization of
AMPK; pharmacological inhibitors that interfere with this pathway alter the
AMPK distribution under non-stress conditions. This identified novel links
between the physiological state of the cell, the activation of MEK—ERK1/2
signaling and the nucleocytoplasmic distribution of AMPK. These findings are
important, as they set the stage to identify specific AMPK functions in either the
nuclear or cytoplasmic compartment that are dictated by changes in cell

physiology. For instance, it is speculated that the stress-induced nuclear
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localization of the AMPK may be necessary to modify certain enzymes as well as
transcription factors which activate the expression of stress-related genes. For
example, acetylation of multiple transcription factors, such as the modification of
members of the Foxo family by p300/CBP, requires p300/CBP phosphorylation
by AMPK (249). The control of AMPK distribution by the activity of the
MEK—ERK1/2 signalling pathway adds a new dimension to the complexity of
the regulatory processes that govern signaling events. Moreover, these results
further substantiate the importance of the subcellular distribution of signaling
molecules.

Taken together, my studies demonstrated the highly dynamic localization of
AMPK within the cell. Several forms of stress, high cell density, pharmacological
inhibitors of ERKI1/2 kinases and the exporter Crml control the
nucleocytoplasmic distribution of AMPK, thereby regulating its downstream
effects. Understanding how stress regulates AMPK distribution between different
cell compartments sets the stage to develop new therapeutic strategies to control
the intracellular localization of AMPK and thereby the modification of targets that
are relevant to human disease and pathophysiology, including, but not limited to
type 2 diabetes and obesity.

The crosstalk between AMPK and MEK—ERK1/2, as revealed by my results,
and how such crosstalk impinges on the subcellular localization as well as the
activity of AMPK directed my research to further investigate the effects of
oxidative stress on other signalling pathways. In particular, PI3—Akt and

MEK—ERK1/2 are essential signalling cascades that are activated upon exposure
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to stress. Signalling through these two modules is of fundamental importance as it
determines the cellular response to various stimuli via phosphorylation of
different nuclear and cytoplasmic targets. My analysis of the subcellular
distribution of individual components of these signalling modules showed that
oxidative stress drastically alters the localization of phospho-ERK1/2 and
phospho-Akt(Ser473) (310 and references therein). This supports the idea that
specific downstream nuclear and/or cytoplasmic targets need to be modified upon
stress and that their modification relies on the proper localization of both kinases.
Furthermore, my research demonstrated that the interplay between MEK and PI3
kinase signalling affects the subcellular distribution of kinases in both cascades.
As such, pharmacological inhibition of PI3 kinase modulates the subcellular
localization of phospho-ERK-1/2, whereas MEK inhibition affects the distribution
of phospho-Akt(thr308) and phospho-Akt(ser473) (310). These findings highlight
a possible cross-talk between nucleocytoplasmic transport and signalling events
which can occur in different ways. For example, the activation of signalling
cascades may lead to the posttranslational modification of individual components
of the transport apparatus, like transport receptors and nucleoporins. Such
modifications could then alter nucleocytoplasmic transport. At the same time,
changes in the transport apparatus can modify the subcellular distribution of
various kinases or phosphatases which ultimately leads to a change in the
posttranslational modification of their downstream targets. A combination of
these two scenarios may enable the cell to cope with stress. It is noteworthy that

the interplay between the transport machinery and signalling cascade is not
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limited to a particular signalling pathway. Rather, my results demonstrate that
several kinases which are involved in several distinct signalling cascades are
subject to regulation by changing their subcellular distribution. This indicates a
general role for nucleocytoplasmic transport in controlling cellular signalling
under normal and stress conditions. Indeed, my preliminary data support both
models (306).

One of the basic systems which cells rely on to cope with different stressors
is the molecular chaperone machinery. Hsp70s are essential components of the
cellular chaperone system and play a fundamental role in protecting cells against
damage. It is well established that stress exposure upregulates the synthesis of
certain members of hsp70s family, such as the inducible hsp70. Furthermore,
hsc70 has been shown by us and others to accumulate in nuclei of stressed cells
(202). This accumulation is only transient and hsc70 redistributes to the nucleoli
and then to the cytoplasm upon recovery from stress, indicating a crucial role for
hsc70 in the nuclei of stressed cells. However, the mechanisms that underlie the
stress-induced nuclear accumulation of hsc70 have yet to be defined. This is of
fundamental importance as it impinges on the functions of hsc70 in different
cellular compartments. The nuclear functions of hsc70 are most likely to be
distinct from its cytoplasmic role in folding newly synthesized proteins and
intracellular transport. To better understand these mechanisms, I have analyzed
the subcellular distribution of hsc70 under normal and stress conditions (208). My
research revealed that hsc70 shuttles between the nucleus and cytoplasm under

normal conditions which supports the idea that the chaperone has crucial
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functions in both compartments. Using human-mouse heterokaryons, my studies
demonstrated that upon heat shock this shuttling process is inhibited and hsc70 is
retained in the nuclei of stressed cells. Further analysis showed that the nuclear
retention of hsc70 is mediated by two different mechanisms. First, the binding of
hsc70 to damaged nuclear proteins which require chaperoning activity. Second, its
association with nucleolar proteins such as fibrillarin and ribosomal protein rpS6,
which increased upon stress, substantiates a key role for hsc70 to restore nucleolar
function. The role of hsc70 and other chaperones in maintaining the functional
integrity of nucleoli has been proposed based on the accumulation of hsc70 in the
dense fibrillar components (DFC) of nucleoli upon heat shock (311). Despite this
initial finding, the molecular basis of hsc70 functions in the nucleoli remained
obscure. My research identified the molecular targets for hsc70 function in the
nucleolus. Fibrillarin and ribosomal protein rpS6 are two fundamental
components of the nucleolus that showed an increased association with hsc70
upon exposure to heat stress. The redistribution of these proteins in response to
stress, together with their increased association with hsc70, may indicate that
hsc70 is necessary to restore their proper localization upon recovery from stress.
Furthermore, I demonstrated that the molecular mechanisms that govern the
interaction of hsc70 with its nucleolar binding partners are distinct from those
which mediate chaperone-substrate binding. This sets the stage to design
strategies that aim to rescue the nucleolar functions that are impaired by stress.
Hsp70s play a fundamental role in different aspects of eukaryotic cell

physiology. This is well established by the large number of human diseases and
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disorders which are associated with improper function of chaperones. A
prominent example is their implication in neurodegenerative diseases such as
Alzheimer and Parkinson diseases. Interestingly, the onset of Parkinson disease
has been attributed at least in part to defects in protein folding, the main function
of the molecular chaperones (reviewed in 312). Furthermore, the pivotal role of
hsp70s in protecting heart cells from ischemia/reperfusion injuries is well
established. As such, increased levels of hsp70 correlated with increased heart
protection from ischemia in transgenic mice. This is demonstrated by the
decreased susceptibility of the heart cells to ischemia-induced damage in mice
that overexpress hsp70s (reviewed in 313). The protective role of hsp70s is
mediated by their ability to inhibit multiple apoptotic pathways thereby promoting
cell survival (reviewed in 314). On the other hand, overexpression of hsp70s
increases the probability of cellular transformation and enhances tumorigenesis
(reviewed in 315, 316). As such, high levels of hsp70s correlate with tumor
development and progression in animal models for breast cancer tumor as well as
T-cell lymphomas. Thus, the expression level of hsp70s should be kept in balance
in order to maintain cellular homeostasis.

However, chaperone function is not only an important factor in human
disease. Furthermore, aging process is correlated with a reduction in the levels of
hsp70s. In vitro studies demonstrated that the levels of hsp70 in human lung
fibroblasts decrease as cells were aging (reviewed in 317). Another study has
shown that aging reduces the chaperoning activity as well as hsp90 levels in rat

hepatocytes (reviewed in 318). The increased amount of damaged proteins due to
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oxidative stress upon aging together with the aberrant induction of heat shock
proteins is considered to be the cause of many age-related pathophysiologies.

Understanding the molecular mechanisms that regulate the dynamic nature of
heat shock proteins under stress conditions sets the stage to design strategies that
regulate its function and enhance the cellular stress response. For instance,
increasing the cytoplasmic retention of hsc70 may help to dissolve the protein
aggregates associated with neurodegenerative diseases. Toward this goal my
study defined the nuclear retention as one of the mechanisms that modify the
nucleocytoplasmic transport of hsc70 upon stress; however, other processes such
as import and export may also participate in determining the final destination of
the chaperone. Future studies will have to focus on how these pathways are
regulated under normal and stress conditions. This will add further dimensions to
the regulation of the subcellular localization of hsc70 and lead the way for more
possible interventions that aim to direct the chaperone to specific cellular
locations.

Thus far, my research has demonstrated that the subcellular localization of
many cellular components is a dynamic process which is regulated by different
internal and external stimuli. This dynamic nature provides the cell with powerful
tools to regulate the functions of many cellular proteins by changing their
distribution between the different subcellular compartments. The close correlation
between the function of these proteins and their proper localization within the cell
requires efficient and reliable tools to quantify precisely their amounts in a

specific subcellular location. Immunofluorescent staining has been extensively
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used to visualize molecules inside the cell. Despite the wide application of this
technique, it remains a rather qualitative than quantitative method. Other
techniques, such as cell fractionation followed by Western blot analysis, may be
used to quantify protein abundance or distribution within different cellular
compartments. However, these procedures are frequently laborious, time
consuming, inefficient and prone to error. As part of my studies, I developed new
strategies to analyze the subcellular localization of fluorescent molecules in a
quantitative fashion (309). To achieve this, I took advantage of the recent
developments in technologies that combine high throughput screening with
imaging and computer-based image analysis. I have developed protocols to detect
and quantify fluorescent signals in specific subcellular compartments such as
nucleus, cytoplasm, and for the first time, at the nuclear envelope (309). A
particular challenge is the quantification of the fluorescent signals at the NE. The
small area of the NE renders this process very difficult. However, this is of
fundamental importance as many cellular proteins, including the transport
receptor importin-a, transcription regulators, as well as several nucleoporins
change their association with the NE in response to different stressors. These new
protocols have been employed successfully to accurately detect the subtle changes
in the association of importin-a, Nup153 and Nup88 with the NE upon exposure
to stress. Furthermore, the protocols described for fluorescent signal
quantification in nuclear and cytoplasmic compartments have been used to
analyze the changes in the nucleocytoplasmic distribution of three signaling

molecules AMPK, AKT, ERK1/2 under different stress conditions. The accuracy
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as well as the ease of use of these protocols encouraged me to explore the
complex signaling events of two main pathways, PI3K—AKT and
MEK—ERKI1/2, 1 determined how these signaling cascades impinge on the
subcellular localization of the individual components of the two signaling routes.
The results of my experiments revealed a crosstalk between PI3K —AKT and
MEK—ERKI1/2 signaling pathways which ultimately define the subcellular
distribution of their components under normal and stress conditions (310).
Furthermore, using these protocols, the effect of this interplay on the subcellular
distribution of the downstream target Foxo3a has been analyzed in a quantitative
fashion. These studies provided new insights into the dynamic distribution of
Foxo3a transcription factor.

The flexibility of the protocols developed here is demonstrated by the
presence of different alternatives that can be used to measure the intensities of the
fluorescent molecule in the same cellular compartment. This gives the user a wide
variety of solutions that can fit with the different experimental settings as well as
the distinct distribution patterns of cellular proteins.

Future studies will have to develop new protocols that can be used to quantify
signals in other subcellular locations such as nucleoli and cellular membranes.
Taken together, the methods described in chapter 5 provide for the first time novel
powerful tools to detect and quantify fluorescence signals in different cellular
organelles. These tools are valuable to the scientific community as their
applications are not limited to research in the area of nuclear transport. As such,

these protocols can be employed on a broader scale to study different cellular
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activities, for instance, transcription regulation, signaling events, receptor
internalization and apoptosis. The accuracy, ease of use and convenience of these

methods open new avenues to study a wide variety of biological processes.

7. Summary

In this contribution, I have analyzed the effect of stress on different aspects of
eukaryotic cell physiology. My research is directed towards a better
understanding of how environmental changes and insults affect cellular functions,
with particular focus on how stress modulates nucleocytoplasmic transport, the
molecular chaperone system and the signalling events in mammalian cells. My
studies defined at the molecular level the stress-induced changes in the
intracellular distribution of key players of the nuclear transport machinery
(transport receptors and nucleoporins), the signalling molecule AMPK as well as
hsc70, the essential component of the chaperone system in mammalian cells.
Furthermore, I have developed new techniques to quantify fluorescence signals in
different cellular compartments. These quantitative assays facilitate the analysis
of cell signalling events and protein trafficking in mammalian cells.
Understanding how the molecular transport apparatus works under different
conditions and how signalling events are organized in a spatio-temporal fashion
may help to design novel therapeutic strategies for the defects seen under stress
conditions. These strategies could aim at the rescue of functions of the transport
machinery as well as the correct distribution of fundamental proteins in the cells
like signalling molecules and molecular chaperones.
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Abstract

Nuclear trafficking of proteins requires the cooperation between soluble transport components and nucleoporins. As such, classical nuclear
import depends on the dimeric carrier importin-o/B 1, and CAS, a member of the importin- family, which exports importin-a to the cytoplasm.
Here we analyzed the effect of oxidative stress elicited by diethyl maleate (DEM) on classical nuclear transport. Under conditions that do not
induce death in the majority of cells, DEM has little effect on the nucleocytoplasmic concentration gradient of Ran, but interferes with the nuclear
accumulation of several reporter proteins. Moreover, DEM treatment alters the distribution of soluble transport factors and several nucleoporins in
growing cells. We identified nuclear retention of importin-a, CAS as well as nucleoporins Nup153 and Nup88 as a mechanism that contributes to
the nuclear concentration of these proteins. Both nucleoporins, but not CAS, associate with importin-a in the nuclei of growing cells and in vitro.
Importin-o generates high molecular mass complexes in the nucleus that contain Nup153 and Nup88, whereas CAS was not detected. The
formation of high molecular mass complexes containing importin-o, Nup153 and Nup88 is increased upon oxidant treatment, suggesting that
complex formation contributes to the anchoring of importin-a in nuclei. Taken together, our studies link oxidative stress to the proper localization

of soluble transport factors and nucleoporins and to changes in the interactions between these proteins.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The appropriate response to stress is fundamental to cell
survival and the recovery from different insults, such as oxidant
exposure [1-4]. Oxidative stress generated by the increase in
reactive oxygen species (ROS) is the most prominent insult that
causes ischemia/reperfusion injury, which can lead to apoptotic

Abbreviations: BSA, bovine serum albumin; ¢NLS, classical NLS; DAPI,
4/,6-diamidino-2-phenylindole; GFP, green fluorescent protein; GFP-3-gal,
GFP-p-galactosidase; GR, glucocorticoid receptor; NE, nuclear envelope; NLS,
nuclear localization sequence; NPC, nuclear pore complex; NP40, Nonidet P-40
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or necrotic cell death [5—8]. ROS-mediated stress contributes to
cell death not only in cardiovascular diseases and stroke, but
also in Alzheimer’s disease and many other neurodegenerative
disorders and syndromes [7-9]. The glutathione/glutathione
disulfide (GSH/GSSG) system is one of the major contributors
to redox homeostasis and of particular importance to the
intracellular redox state [5—8,10]. Changes in the GSH/GSSG
ratio have been observed for several human diseases,
pathologies and during aging (reviewed in [11]). Oxidative
stress affects many intracellular processes, and DEM treatment
may affect protein modification, cell biochemistry, physiology
and even behavior of an organism [12—15]. At present, not all of
the consequences of oxidative stress are understood at the
molecular level. In particular, the impact on nuclear transport is
only beginning to emerge.
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Many of the proteins transported in or out of the nucleus
require a specialized transport apparatus which includes
members of the importin-B family [16,17]. For instance,
classical nuclear import relies on importin-31 and the adaptor
importin-a.. Together, importin-a/B 1 generate a dimeric nuclear
import receptor that recognizes classical nuclear localization
sequences (cNLS) in the cytoplasm, transports cNLS-containing
cargo across the nuclear pore complex (NPC) and delivers this
cargo to the nuclear side of the NPC. Once in the nucleus,
binding of RanGTP to importin-31 dissociates the importin-o/
B 1/cargo complex. Upon delivery of the cargo to the nucleus,
importin-o and importin-p1 return independently to the
cytoplasm. Importin-a is exported to the cytoplasm by CAS
(cellular apoptosis susceptibility protein), a carrier of the
importin-P family, and RanGTP is necessary to generate trimeric
export complexes [18]. Importin-a and CAS are not only
involved in nuclear transport, but also in other cellular processes
(reviewed in [19-21]).

Like nuclear carriers, nucleoporins play a key role in moving
cargo across the NPC, as they provide sites for the translocation
of import and export complexes. Nucleoporins are organized
into modules that generate defined components of the NPC [22];
they may be involved in nuclear import and/or export of
macromolecules. Some nucleoporins are stably bound to NPCs,
whereas others play a more dynamic role and reversibly interact
with the nuclear pore [23]. Nupl53 and Nup50 are dynamic
nucleoporins predominantly located on the nuclear side of the
NPC, where they participate in nuclear trafficking. As such,
Nup153 is implicated in nuclear import and export of protein and
RNA [24], whereas Nup50 plays a role in the final step of
classical nuclear import by interacting with the adaptor importin-
a (reviewed in [25]). Nup50 may increase the efficiency of
classical protein import by promoting the disassembly of
transport complexes at the nuclear side of the NPC [26]. On
the cytoplasmic side, nucleoporins Nup214 and Nup88
contribute to CRMI-mediated nuclear export of proteins,
ribosomal and other types of RNA (reviewed in [27]). Together
with Nup214, the nucleoporin Nup88 is a structural component
of cytoplasmic NPC filaments, but also present on the nuclear
side of the NE, suggesting functions inside the nucleus [28].

Classical nuclear import in higher eukaryotes and yeast is
sensitive to various forms of stress [29—32]. Ultimately, severe
stress conditions inhibit nuclear transport and may also lead to
cell death [31]. The molecular mechanisms that link oxidative
stress to changes in nuclear trafficking are presently not under-
stood, and little is known about the impact of stress and oxidants
in particular on nucleoporin localization. This prompted us to
analyze how non-lethal oxidative stress, conditions that are
likely to mimic the oxidant-induced physiological changes
observed upon ischemia/reperfusion injury and other patholo-
gies, affects the classical nuclear import apparatus. To gain
further insight into these questions, we exposed human culture
cells to the oxidant diethyl maleate (DEM). DEM is a weak
electrophile that can deplete GSH pools by alkylation of its SH-
group [33,34] and has been used widely to generate oxidative
stress. Our studies now demonstrate that the exposure to DEM
interferes with classical nuclear import, redistributes transport

components, induces the formation of high molecular mass
complexes in nuclei and the nuclear retention of several soluble
transport components and nucleoporins that participate in nu-
clear protein import and export.

2. Materials and methods
2.1. Growth and stress exposure of HeLa cells

HeLa cells were grown in multiwell chambers to 50 to 70% confluency [35]
and subjected to incubation with DEM or the solvent ethanol as indicated. All of
the results were obtained for at least three independent experiments.

2.2. Flow cytometry

Cell death was analyzed by staining with annexin-v-fluorescein combined
with propidium iodide. In brief, two 100-mm dishes were incubated with ethanol
or 2 mM DEM for 4 h at 37 °C. Attached cells and cells in the medium were
washed with PBS and together incubated overnight in fresh medium. The next
day, cells attached to the dish were collected by trypsination and combined with
cells in the medium. After washing in PBS, cells were incubated with annexin-
V-fluorescein and propidium iodide according to the manufacturer (Roche,
Germany). Binding of annexin-V-fluorescein and propidium iodide was
quantified by flow cytometry.

2.3. Analysis of nuclear protein import in growing cells

Nuclear protein import was analyzed with NLS-GFP as previously described
[31] and with GFP-tagged glucocorticoid receptor essentially as in reference
[36]. Endogenous import cargos HuR and galectin-3 were located as described
in Section 2.4.

2.4. Immunofluorescent staining

All steps were carried out essentially as described [37]. Antibodies against the
following proteins were used: Ran (sc-1156, Santa Cruz Biotechnology, CA),
HuR, importin-al, CAS and a-tubulin (sc-5261, sc-6917, sc-1708, sc-5286),
galectin-3 (Thermo Fisher, Fremont, CA), 7A8 is specific for Nup153 [38] (gift
of Dr. Franke, Heidelberg). Primary antibodies were used as suggested by
the suppliers; supernatant 7A8 was diluted 1:100. Anti-Nup50 was a gift of
Dr. Gerace, La Jolla. Bound primary antibodies were detected with Cy3-con-
jugated secondary antibodies (1:500, Jackson ImmunoResearch, West Grove,
PA). DNA was visualized with 4’,6-diamidino-2-phenylindole (DAPI) and
samples were mounted in Vectashield (Vector Laboratories, Burlingame, CA).
Cells were analyzed with a Zeiss 510 LSM or a Nikon Optiphot and photographed
with Kodak T-MAX 400 films. Images were processed with Photoshop 5.5 and
8.0.

2.5. Data analysis

Images were collected using the ImageXpress Micro automated imaging
system from Molecular Devices (Sunnyvale, CA) using excitation from a 300 W
Xenon light source and a CoolSnapHQ CCD camera (Photometrics, Tucson,
AZ). Images were collected using 2x2 camera binning with a Nikon x40
PlanFluor ELWD (0.60 NA) objective using the automated focusing option in
the MetaXpress software to find the cover slip-mounting media interface and
then offset by a fixed amount to image the nuclear DAPI staining (Chroma
Technologies Corp, Rockingham, VT, #49000) with 20 ms exposure times.
Images were than taken in the same image plane for either NLS-GFP or GR-GFP
using the FITC cube with 3182 ms exposure times (Chroma Technologies Corp,
Rockingham, VT, #49002) or endogenous HuR and galectin-3 using the Cy3
cube with 3182 exposure times (Chroma Technologies Corp, Rockingham, VT,
#49005). Between 55 and 100 cells were analyzed for each condition. Image
analysis was performed using the MetaXpress software and the Multi-
wavelength Cell Scoring module as described [39] or the Translocation
Enhanced Module. For the Translocation Enhanced Module nuclei were
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identified as 100—350 pm’ area with a width of ~10 pm and an intensity of
DAPI staining over local background of >5 intensity units. The segmentation
regions identified by DAPI staining were then used to measure intensities of the
GFP or Cy3 images. An inner region corresponding to the nuclear intensity was
identified as the area 0.9 um from the edge of the segmentation identified by
DAPI staining. The outer region was identified as a ring 0.5 pm from the edge of
the segmentation identified by DAPI staining with a width of 0.8 pm,
corresponding to the cytosolic intensity. All images were corrected for
contributions from background intensity using regions of the images that did
not contain cells. Ratios of the average intensities of nuclear/cytosolic regions
were calculated for individual cells. All segmentation data sets were inspected
manually to ensure accuracy of the data and cells with inaccurate segmentation
were removed from the analysis.

2.6. Purification of proteins synthesized in Escherichia coli and
labeling with tetramethylrhodamine

Tagged proteins were synthesized in E. coli and purified under native
conditions following standard procedures. Purified importin-a or CAS was
labeled with tetramethylrhodamine-maleimide (TMR, Molecular Probes) over-
night on ice as recommended by the supplier. Non-incorporated dye was
removed by gel exclusion chromatography with Sephadex G-25.

2.7. In vitro nuclear import of importin-o. and CAS

Import of TMR-labeled importin-o or CAS was analyzed in semi-intact
HeLa cells at a final concentration of 400 nM in transport buffer [40]. Import
assays were supplemented with 3 mg/ml cytosol prepared from control or DEM-
treated HeLa cells (4 h, 2 mM DEM) as indicated. After 5 min at 30 °C, samples
were fixed and stained with DAPIL Transport factors were localized by
fluorescence microscopy and intranuclear fluorescence was quantified.

2.8. Measurement of mean intranuclear fluorescence for in vitro
import assays

To quantify intranuclear fluorescence of TMR-labeled importin-o or CAS,
cells were optically sectioned using a Zeiss 510 LSM laser-scanning confocal
microscope with a x63 objective (NA 1.4, full width half maximum of 0.65 pm
for the optical slice at the pinhole setting used). A single optical slice through the
center of the nucleus was chosen for quantitation. The effective nuclear
thickness is much greater than the optical slice thickness under our imaging
conditions, therefore cytosolic fluorescence should not contribute to the
measured intensity. Average pixel intensities over the nuclei were quantified
using Metamorph software (Universal Imaging). Fluorescent signals for 53 to 59
individual cells and background intensities were determined for each of the
conditions. All images to be directly compared were taken under identical
microscope settings using appropriate rhodamine optics.

2.9. Statistics

To measure fluorescence signals in nuclei and cytoplasm, data for at least 50
cells were acquired for each of the different conditions. Data were obtained for at
least three independent experiments. Results are shown as means+STDEV and
Student’s ¢ test (two-tailed) for unpaired samples was carried out to identify
significant differences.

2.10. Western blot analysis

HeLa cells were grown on dishes to 50 to 70% confluency. Cells were
stressed as described above, washed with PBS and stored at —70 °C until use.
Crude extracts were prepared by solubilizing proteins in gel sample buffer, pH
8.0, containing protease inhibitors (aprotinin, leupeptin, pepstatin, each at 1 pg/
ml; 1 mM PMSF), 20 mM RB-glycerophosphate, | mM NaNj, 2.5 mM NaF.
Samples were incubated for 10 min at 95 °C and vortexed with glass beads to
shear DNA. After centrifugation (5 min, 13,000 rpm, microfuge) equal amounts
of protein were separated by SDS-PAGE. Proteins were blotted to nitrocellulose

and blots processed as described [31]. Antibodies were used at the following
dilutions: Nup153, (1:200); mab414 (1:5,000; BabCo, Richmond, CA), Nup88
(1:100; Novocastra, Newcastle, UK, or 1:1,000; BD Biosciences; Mississauga,
ON); hsc70 (1:2,000; SPA-815 and SPA-816, Stressgen); actin (1:1,000,
Chemicon, Temecula, CA). All other antibodies were purchased from Santa
Cruz Biotechn.: importin-al (1:500, sc-6917), importin-R 1 (1:400, sc-11367),
CAS (1:200, sc-1708), Ran (1:500, sc-1156), tubulin (1:2,000, sc-5286).

2.11. Indirect immunoprecipitation

For immunoprecipitations under native conditions control and stressed cells
were extracted with 40 pg/ml digitonin in PBS for 5 min on ice. All subsequent
steps were carried out at 4 °C. Cells were washed with cold PBS and proteins
were solubilized in PBS, 1% NP40, 2.5 mM NaF, 20 mM p-glycerophosphate,
1 mM NaNj, and a mixture of protease inhibitors (aprotinin, leupeptin,
pepstatin, each at 1 pg/ml, 1 mM PMSF). After 10-min incubation, samples
were vortexed several times with glass beads, cleared by centrifugation (5 min,
15,000 rpm, microfuge) and pre-treated with protein G-Sepharose (Pharmacia
Biotech, Baie d’Urf¢) for 30 min with gentle agitation. Supernatants obtained
after 5 min centrifugation at 13,000 rpm were incubated with antibodies against
importin-a1, Nup153 or Nup88 for 1 h, followed by addition of protein-G-
Sepharose and overnight incubation. Beads were collected by centrifugation
(3 min, 13,000 rpm) and washed three times with PBS/1 mM NaN;. Bound
material was released by incubation in gel sample buffer for 10 min at 95 °C and
supernatants (5 min, 13,000 rpm, room temperature) were subjected to Western
blot analysis.

2.12. Affinity purification with immobilized importin-o.

His6-tagged importin-a was purified from bacteria and dialyzed against
20 mM MOPS, 100 mM sodium acetate, 5 mM magnesium acetate, 5 mM
imidazole, 2.5 mM NaF, pH 7.1 (binding buffer). Ni-TA resin (Qiagen) was
preloaded with importin-« in binding buffer for 1 h at 4°C and washed three
times with binding buffer. Crude extracts were generated from digitonin-treated
control or stressed cells in binding buffer containing 0.5 mM DTT, 0.5% SDS
and protease inhibitors (aprotinin, leupeptin, pepstatin, each at 1 pg/ml; | mM
PMSF). Samples were diluted into binding buffer containing protease inhibitors
and Triton X-100 to give a final concentration of 1% Triton X-100, 0.1% SDS
and 0.1 mM DTT. Samples were vortexed with glass beads, centrifuged (3 min,
13,000 rpm) and incubated with immobilized importin-a for 1 h at 4 °C. Beads
were washed three times with binding buffer containing 1% Triton X-100 and
bound material was analyzed by Western blotting.

2.13. Protein crosslinking and gel chromatography

Control and DEM-treated cells were extracted with 40 pg/ml digitonin in PBS
for 5 min on ice, washed with ice-cold PBS and incubated with 0.2 mM 3.3’-
Dithiobis[sulfosuccinimidylproprionate] (DTSSP, Pierce, Rockford, IL) in PBS
for 1 h on ice. Plates were washed with ice-cold PBS and stored at —70 °C.
Proteins were solubilized in 10 mM Tris—HCI pH 7.4, 1% SDS, 2.5 mM NaF,
1 mM NaNj3, containing protease inhibitors (aprotinin, leupeptin, pepstatin, each
at 1 pg/ml; 1 mM PMSF). Samples were vortexed with glass beads and cleared by
centrifugation (3 min, 13,000 rpm, microfuge). Supernatants were separated on a
Superose-12 column (Pharmacia) and eluted in 10 mM Tris—HCl pH 7.4, 0.1%
SDS. A total of 25 fractions (I ml) were collected and aliquots of each fraction
were analyzed by Western blotting. For indirect immunoprecipitation, peak
fractions were pooled and concentrated with Amicon centrifugal filters (Molecular
weight cut off 10 kDa). Samples containing 10 mM Tris—HCI pH 7.4, 150 mM
NaCl, 0.1% SDS, 1% NP40, 2.5 mM NaF, 20 mM {-glycerophosphate, 1 mM
NaNj3, and a mixture of protease inhibitors (aprotinin, leupeptin, pepstatin, each at
1 pg/ml; 1 mM PMSF) were pre-treated with protein G-Sepharose and incubated
with anti-Nup153 or anti-Nup88 antibodies as in Section 2.11.

2.14. Extraction of unfixed HeLa cells

Samples were treated with buffer, detergent, DNase, NaCl, DNase+RNase
essentially as described in ref. [41]. After each step samples were processed for



408

DAPI

GFP-B-gal

control

2mM
DEM

5mM
DEM

M. Kodiha et al. / Biochimica et Biophysica Acta 1783 (2008) 405-418
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Fig. 1. Effect of DEM on nuclear envelope integrity. HeLa cells transiently synthesizing GFP-p-galactosidase were incubated for 4 h with ethanol (control) or DEM as
indicated. Cells were fixed and the reporter protein localized by fluorescence microscopy (GFP-p-gal). Nontransfected HeLa cells were incubated with ethanol, 2 mM
or 5 mM DEM. Fixed cells were semi-permeabilized with digitonin and incubated with anti-lamin B antibodies [42]. Nuclei were located with DAPI. Note that GFP-p-
gal appears in nuclei and lamin B is accessible to antibodies only after treatment with 5 mM, but not 2 mM DEM.

indirect immunofluorescence. Confocal imaging for each antigen was carried
out at identical settings for all extraction steps.

3. Results

3.1. The effect of diethyl maleate (DEM) on nuclear envelope
integrity

To determine whether DEM treatment alters the permeability
barrier of nuclear envelopes (NEs), we incubated HeLa cells
with 1, 2 and 5 mM DEM or the solvent ethanol for 4 h at 37 °C
(Fig. 1). Changes in nuclear membrane integrity were monitored
with two independent assays [42]. First, HeLa cells were
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transiently transfected with a plasmid encoding GFP-f3-
galactosidase, a fusion protein that is excluded from the nucleus.
The absence of GFP-p3-galactosidase from the nucleus indicates
that the NE is intact (Fig. 1). Second, we tested whether
antibodies against lamin B have access to the nuclear lamina
when cells were fixed and treated with the detergent digitonin
[42]. Digitonin permeabilizes the plasma membrane, but leaves
the NE intact, and staining with anti-lamin B antibodies is only
observed when NEs have been disrupted. Both the localization
of GFP-p-galactosidase and binding of antibodies against lamin
B revealed that after 2 mM DEM treatment nuclear membranes
remained intact, but became permeable upon incubation with
5 mM DEM (Fig. 1 and reference [42]).

DEM

10*

10°

10° 10° 102 10° 104
FITC-Annexin V

UL 76 £ 6
UR 1019 + 8
LL 6648 + 137
LR 1347 + 137

Fig. 2. Flow cytometry. HeLa cells were incubated with ethanol or 2 mM DEM for 4 h and further treated as described in Materials and methods. Binding of FITC-
Annexin V or propidium iodide (PI) was quantified for 10,000 cells. Means and standard deviations are depicted for two separate experiments.
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Fig. 3. The oxidant DEM interferes with nuclear import in growing HeLa cells. Transiently synthesized reporter proteins (A, B) and endogenous cargos (C) were localized in HeLa cells grown for 4 h under non-stress
(ethanol) or stress conditions (DEM). NLS-GFP import is constitutively active; GR-GFP is transported into nuclei upon addition of dexamethasone (dexam.). (C) Endogenous proteins HuR and galectin-3 were located by
indirect immunofluorescence. DAPI staining of the nuclei and signals for fluorescent reporter proteins are shown. The nuclear/cytoplasmic ratio (nuc/cyt) of fluorescence was quantified for each cargo. The ratio for
control cells incubated with ethanol was defined as 1. Means and STDEV are shown; **P<0.01. Note that a reduction of the nuc/cyt ratio of reporter proteins upon DEM treatment is consistent with less efficient nuclear
import.
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3.2. Recovery of cells from DEM-induced oxidative stress

To test the effect on cell viability, we treated cells for 4 h with
2 mM DEM, allowed them to recover overnight and quantified
the percentage of apoptotic and necrotic cells. In ethanol treated
controls, approximately 4% of the cells were apoptotic or
necrotic, which increased to approximately 20% upon incuba-
tion with DEM (Fig. 2). However, about 70% of the DEM-
treated cells were neither necrotic nor apoptotic, suggesting that
the majority of cells recovered from DEM-induced stress.
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3.3. DEM treatment interferes with nuclear protein import

To determine whether DEM affects nuclear import, different
substrates were analyzed, including transiently synthesized
reporter proteins tagged with GFP or endogenous substrates
HuR and galectin-3. The nuclear/cytoplasmic (nuc/cyt) dis-
tribution was quantified for each cargo for non-stress or stress
conditions, and the nuc/cyt ratio in unstressed cells was defined
as 1. A reduction of the nuc/cyt ratio in stressed cells would be
consistent with impaired nuclear import.
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Fig. 4. Effect of DEM on the location of Ran (A), importin-a (B), CAS (C), nucleoporins Nup153 (D), Nup88 (E) and Nup50 (F). HeLa cells treated for 4 h with
ethanol (control), 2 mM or 5 mM DEM were fixed and different proteins were localized by indirect immunofluorescence followed by confocal microscopy as detailed

in Materials and methods. Nuclei were visualized with DAPI.
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In HeLa cells transiently transfected with a plasmid encoding
NLS-GFP, which carries the SV40-NLS, the fluorescent
reporter accumulates in nuclei only when classical nuclear
import is constantly active [31]. Upon treatment with 2 mM
DEM the amount of NLS-GFP in the cytoplasm was increased,
indicating that classical import was less efficient (Fig. 3A). The
fluorescent tag GFP did not change its localization in the
presence of DEM; GFP was nuclear and cytoplasmic under all
conditions tested (not shown).

A different reporter protein, GFP-tagged glucocorticoid
receptor (GFP-GR [36]) is imported into the nucleus by
importin-a/p31 and importin-B7 [43]. In the absence of hormone,
GFP-GR was nuclear as well as cytoplasmic (Fig. 3B). Addition
of dexamethasone resulted in the rapid nuclear accumulation of
GFP-GR in unstressed cells (Fig. 3B), whereas most of the DEM-
treated cells failed to concentrate GFP-GR in nuclei.

Using nontransfected cells, the effect of oxidative stress on
endogenous substrates HuR and galectin-3 was analyzed. Both
proteins are involved in RNA transport or processing and
transported into nuclei via the classical importin-a dependent
pathway [44,45]. HuR is nuclear under normal conditions,
whereas a significant amount is cytoplasmic in stressed cells.
Galectin-3, nuclear and cytoplasmic in unstressed cells,
becomes less abundant in the nuclei following DEM exposure.
Taken together, DEM treatment reduces the nuc/cyt ratio of
GFP-tagged reporter proteins and endogenous cargos HuR and
galectin-3 when compared with controls. These results are in
line with the idea that DEM-induced oxidative stress interferes
with nuclear protein import under conditions that leave the
nuclear envelope intact.

3.4. Ran remains concentrated in nuclei upon incubation with
2 mM DEM

Stress can affect the nucleocytoplasmic Ran gradient and
severe oxidative stress leads to a collapse of the gradient,
ultimately causing the inhibition of nuclear transport [31].
However, Ran did not relocate significantly at 2 mM DEM. By
contrast, the GTPase concentration gradient collapsed after
treatment with 5 mM DEM (Fig. 4A), conditions that
permeabilize the nuclear envelope (Fig. 1). This suggested
that a loss of the nucleocytoplasmic Ran concentration gradient
is not the key factor that interferes with nuclear transport upon
treatment with 2 mM DEM and prompted us to analyze the
effect of DEM on other nuclear transport components.

3.5. Importin-a, CAS, Nup153, Nup88 and Nup50 mislocalize
in DEM-treated cells

Importin-a, a subunit of the dimeric classical import receptor,
is exported from the nucleus by the importin-B-like carrier CAS.
In HeLa cells, both importin-a and CAS concentrated in nuclei
when cells were treated with 2 mM DEM, but not with the
solvent ethanol (Fig. 4B, C). Interestingly, importin-o and CAS
also accumulated in nuclei after a 5 mM DEM treatment, i.e.
conditions that permeabilize the NE. This suggests that nuclear
retention contributes to their nuclear concentration after oxidant

exposure (see Fig. 7). In contrast, the localization of importin-3 1
was not drastically changed at any of the DEM concentrations
tested (not shown).

In addition, nucleoporins Nup153, Nup88 and Nup50 were
localized in control and stressed cells. These nucleoporins were
chosen because they contribute to different aspects of nuclear
trafficking (see Introduction); Nup153 participates in nuclear
import and export, Nup88 is involved in export and Nup50
stimulates importin-a-dependent nuclear import. Both Nup153
and Nup88 displayed a “ring like” staining of the nuclear
periphery under non-stress conditions, and Nup88 was also
detected in the cytoplasm. In control cells, Nup50 associated
mostly with nuclei, but was present in the cytoplasm as well
(Fig. 4D, E, F). After DEM treatment changes were observed
for all of the nucleoporins (summarized in Table 1). Nup153 and
Nup88 were detected in the nucleoplasm, and substantially
more Nup88 was located in the cytoplasm, whereas Nup50 was
no longer detected in the cytoplasm (Fig. 4D, E, F). Inter-
estingly, in stressed cells the fluorescence signals for Nup153
increased, similar to the stronger signals obtained after Western
blotting (see below).

3.6. Effect of DEM exposure on in vitro nuclear accumulation
of transport factors

Different mechanisms may contribute to the nuclear
accumulation of importin-a and CAS in DEM-treated cells;
this may include an increase in nuclear import. We therefore
measured the nuclear concentration of fluorescently labeled
importin-a and CAS upon incubation with semi-intact cells.
Since importin-a and CAS can be transported into nuclei in
vitro by cytosol-dependent and independent pathways [46],
nuclear accumulation was tested for six different conditions
(Fig. 5). First, unstressed and stressed cells were semi-
permeabilized and analyzed in the absence of exogenously
added cytosol (Fig. 5A,B). Second, unstressed and stressed
semi-intact cells were combined with cytosol prepared from
control or DEM-treated cells (Fig. 5B). To detect minor
differences in nuclear accumulation, the intranuclear fluores-
cence was measured for all of the conditions. There was little
effect on importin-a nuclear accumulation for any of the

Table 1
Location of soluble transport factors and nucleoporins in control and DEM-
treated cells

Protein Control conditions (ethanol)  Oxidative stress (2 mM DEM)
Ran N>C N>C

Importin-a NE, N+C N>C

CAS N>C,N+C N>C

Nupl53 NE (NE), N>C

Nup88 NE, (N<C) (NE), N+C

Nup50 N>C N>C

Proteins were located by indirect immunofluorescence after 4 h incubation under
control (ethanol) conditions or treatment with DEM. N > C, nuclear accumula-
tion with no or little cytoplasmic staining; N>C, nuclear accumulation with
cytoplasmic staining; N> C, weak nuclear accumulation with well defined
cytoplasmic staining; N+C, equal staining in nucleus and cytoplasm; NE,
nuclear envelope.
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(A)  In vitro import, no cytosol added

DAPI DAPI CAS
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Fig. 5. Stress-induced changes in nuclear accumulation of importin-a and CAS. (A) In vitro nuclear import of fluorescently labeled importin-a and CAS was carried
out with semi-intact HeLa cells. Nuclear import was carried out in vitro with fluorescently labeled importin-a or CAS in the absence (—) or presence of exogenously
added cytosol. Cytosol was prepared from unstressed controls (un) or DEM-treated cells (DEM). (B) Mean intranuclear fluorescence was quantified as described in
Materials and methods. Fluorescence intensities obtained for unstressed cells were defined as 100% (white bars).

conditions tested, although a small increase was seen when
unstressed cells were supplemented with stressed cytosol
(Fig. 5B). For CAS, nuclear import was significantly higher
when cytosol and semi-intact cells or cytosol only had been
treated with DEM. The strongest effect was seen with cytosol
prepared from DEM-treated cells, which increased nuclear
import to about 140% of control samples (Fig. 5B). Thus,
oxidative stress upregulates nuclear import and/or reduces
nuclear export of CAS, thereby increasing the steady-state

quantification shown in Fig. 5B DEM may also stimulate the
cytosol-dependent nuclear concentration of importin-a, albeit to
a lesser extent when compared with CAS.

3.7. Effect of DEM on the stability of transport factors
Oxidative stress may trigger the degradation of transport

factors and the effect of DEM on protein levels was analyzed in
control and oxidant-treated cells that had been incubated in the

concentration of the carrier in nuclei in vitro. Based on the absence or presence of cycloheximide (Fig. 6A). Crude extracts

Fig. 6. (A) Effect of DEM on protein abundance. HeLa cells were incubated with the solvent ethanol (-DEM) or 2 mM DEM for 4 h. Cycloheximide was present at
100 pg/ml as indicated. Equal amounts of protein from whole cell extracts were analyzed side-by-side. (B) Interaction of importin-oc with other nuclear transport
factors in growing cells. Nuclear extracts from control and stressed cells were used to immunoprecipitate importin-a under native conditions. Co-purified proteins were
detected by Western blotting of the immunoprecipitates. Aliquots of the starting material (Input) represent 8% of the immunoprecipitates (IP). (C) Interaction of
Nup153 and Nup88 with importin-a. Immunoprecipitations with anti-Nup153 and anti-Nup88 were carried out as described for part (B). Immunopurified material was
analyzed for the presence of importin-a, hsc70 and actin. (D) Binding of nuclear transport factors to purified importin-a in vitro. His6-tagged importin-a was purified
from bacteria and immobilized on Ni-NTA beads. Equal amounts of protein from nuclear extracts were added to immobilized importin-a and material bound was
analyzed by Western blotting. Input shows 10% of the starting material used for affinity purification. Note that Nup153 and Nup88 were efficiently pulled down under
these conditions. (E) Importin-a forms high molecular weight complexes with Nup153 and Nup88 in nuclei. Control and DEM-treated cells were extracted with
digitonin and proteins were reversibly crosslinked. Equal amounts of crosslinked protein were separated by gel exclusion chromatography (FPLC) and peak fractions
containing high molecular mass complexes (molecular mass of >1MD) were analyzed by Western blotting. ECL-signals for control and DEM-treated samples were
obtained under identical conditions. (F) High molecular mass complexes obtained after FPLC were analyzed by immunoprecipitation with anti-Nup153 and anti-
Nup88 antibodies. Input represents 8% of the starting material. Note that prolonged exposure times were required to visualize importin-p1. (G) To quantify the co-
purification of importin-a with Nup153 and Nup88 peak fractions were split into three identical samples to measure the input or co-purification with Nup153 or Nup88
by quantitative Western blotting [39]. Importin-a present in the input was defined as 100%. The graph shows means and STDEV of four independent experiments.
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were prepared for whole cells and comparable amounts of
protein were separated in parallel. The amounts of importin-f3 1
were somewhat decreased by DEM, but the concentration of
other proteins was not drastically reduced. Furthermore, West-

(A) Abundance of transport factors

Cycloheximide - - + +
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Imp-o. -_— ey
CAS —— —
Nup88 wme = W=
NUp153 s W8 == ==
Imp-f1 = == - =
Ran — I — —

Hsc70 w «mmy e s
Actin W —

Tubulin = S W

ern blotting did not reveal the accumulation of proteolytic
degradation products after DEM treatment (not shown). Inter-
estingly, the levels of Nupl53 were slightly increased upon
incubation with DEM, even in the presence of cycloheximide.

(B) IP with anti-importin-o.
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Together with the data described for Nup153 immunolocaliza-
tion (Fig. 4D) this may indicate that DEM treatment stabilizes
Nup153.

In summary, Western blot analyses support the idea that the
nuclear distribution of importin-a, CAS, Nup88 or Nup153 in
oxidant-treated cells represents the relocation of intact proteins
and not simply a mislocalization of their proteolytic products
generated upon stress.

3.8. Importin-a stably associates with Nupl53 and Nup88 in
nuclei of growing cells

The nuclear localization of importin-a could be controlled
by its interaction with other components in the nucleus. To
address this question, we immunoprecipitated importin-a from
crude nuclear extracts under native conditions and monitored
the co-purification of transport factors. This approach identifies
stable associations, whereas transient or unstable interactions of
importin-a as well as interactions that are disrupted by the
antibody will be missed. For the experiments shown in Fig. 6B
we used the same amounts of nuclear proteins from control and
DEM-treated cells as starting material. Nup153 associated with
importin-a under control and stress conditions, whereas Nup88
was not detected in immunoprecipitates. The absence of Nup88
from complexes isolated with anti-importin-a antibodies may
suggest that this antibody interferes with the Nup88/importin-a
interaction, since both proteins co-purified when anti-Nup88
antibodies were used and in pull down experiments (see below
Fig. 6C, D). As expected, only little importin-p1 co-purified
with importin-a in nuclear extracts of unstressed cells, as import
complexes are disassembled in the nucleus. This co-purification
of importin-p1 was further reduced after DEM treatment. The
specificity of the interaction between Nup153 and importin-a is
demonstrated by the fact that other members of the FXFG
family, including Nup62 and Nup214, did not co-purify with
importin-a. Likewise, CAS, hsc70, actin or tubulin did not
bind to importin-a under these conditions (Fig. 6B). Further-
more, immunoprecipitation with anti-Nup153 or anti-Nup88
under native conditions both led to the co-purification of
importin-a (Fig. 6C), in line with the idea that nucleoporins
form complexes with this transport factor in nuclei. Neither
hsc70 nor actin co-purified with Nup153 or Nup88 under these
conditions.

Taken together, immunoprecipitation under native condi-
tions indicates an association of importin-a with Nup153 and
Nup88; this hypothesis is further substantiated by the results
described below.

3.9. Importin-o. associates with Nupl53 and Nup88 in crude
extracts

Immobilized importin-a was used as bait in vitro to purify
binding partners from nuclear extracts prepared from control or
DEM-treated cells (Fig. 6D). With this approach, Nup153 was
efficiently pulled down, when compared to the starting material
(Input, 10% of the pull down). A substantial amount of Nup88
was also affinity-purified, whereas CAS, importin-B 1, actin,

tubulin or the FXFG nucleoporin Nup62 did not associate with
immobilized importin-a. Minor amounts of hsc70s were
affinity-purified with immobilized importin-a as well.

3.10. Importin-a is present in high molecular mass complexes
that contain Nupl53 and Nup88

Interactions of importin-a with other proteins could be
transient only, unstable under the conditions used for co-
purification or promoted by in vivo post-translational modifica-
tions of the bait. To address this problem, we reversibly
crosslinked proteins and analyzed components present in high
molecular mass complexes. Since crosslinking interfered with
anti-importin-a.  immunoprecipitation, we solubilized com-
plexes in SDS and separated them by gel exclusion chromato-
graphy using a Superose-12 column. Individual fractions were
probed for the presence of transport factors and importin-o was
detected in a high molecular mass fraction, which eluted at a
position similar to the marker dextran blue (Mol. mass
~2x10°. The same fraction also contained Nupl53 and
Nup88, whereas CAS and importin-31 were either absent or
hardly detectable (Fig. 6E and data not shown). Complexes
containing importin-a could be prepared from control and
DEM-treated cells; however, the relative amounts of Nup153,
Nup88 and hsc70 were substantially increased in complexes of
stressed cells.

It was possible that importin-a, Nup153 and Nup88 were
components of distinct protein complexes that have a similar
molecular mass. Since crosslinking interfered with anti-
importin-o immunoprecipitation, we addressed this point with
antibodies against Nup153 and Nup88. Using high molecular
mass complexes as starting material, both antibodies co-
precipitated importin-a, supporting the idea that importin-o/
Nup153 and importin-o/Nup88 complexes were generated. For
complexes containing importin-a/Nup153 or importin-o/
Nup88 we did not detect importin-p 1, Nup214, actin or tubulin,
even after prolonged exposure of the filters (Fig. OF,
summarized in Table 2). Importantly, Nup153 and Nup88 co-
purified under these conditions, indicating a Nup153/Nup88
association. These results established complexes that contained
importin-a/Nup153, importin-o/Nup88 or Nupl53/Nup88.
However, the experiments did not determine whether com-
plexes are generated that harbor all three components (see
model, Fig. 8). To begin to address this question, we used
identical samples to quantify the input (defined as 100%) and
the amounts of importin-a that co-purified with anti-Nup153 or
anti-Nup88 (Fig. 6G). In these experiments, 81% of importin-a
was precipitated with anti-Nup153 and 68% with anti-Nup88
antibodies, suggesting that at least some of complexes con-
tained importin-a, Nup153 and Nup88 (see Discussion and
model, Fig. 8).

3.11. Stress increases the nuclear retention of importin-o, CAS,
Nupl53 and Nup88

The nuclear accumulation of importin-a and CAS may be
explained by increased nuclear import, increased nuclear
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Fig. 7. Oxidative stress increases the nuclear retention of importin-oa and CAS. Control and DEM-stressed cells were incubated with KM buffer followed by treatment with NP40, washing with buffer and treatment with
DNase, salt as well as DNase+RNase [41]. Samples were fixed after each step and proteins were located by indirect immunofluorescence. For each protein, all samples were visualized with identical settings of the
confocal microscope.
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Table 2
Analysis of high molecular mass complexes in nuclei of DEM-treated cells

Protein Anti-Nup153 IP Anti-Nup88 IP
Importin-a + +

Nupl153 + +

Nup88 + +

Nup214 - -

Importin-p 1 - -

Hsc70 (+-) (+-)

Actin - -

Tubulin - -

High molecular mass complexes obtained after FPLC were subjected to
immunoprecipitation with anti-Nup153 and anti-Nup88 antibodies. Immuno-
precipitates were separated by SDS-PAGE and Western blots were probed with
antibodies against the proteins listed. Results are shown for at least three
independent experiments. Co-purification is indicated by +, variable amounts of
hsc70s co-purified with anti-Nup153 and anti-Nup88 are shown as (+/-).
Proteins listed as — were not detected in immunoprecipitates.

retention, reduced nuclear export or a combination of these
mechanisms. Quantitative analysis of in vitro nuclear trafficking
of importin-a and CAS revealed that DEM treatment somewhat
increased CAS and importin-a nuclear accumulation in vitro
(Fig. 5). Since results described in the previous section
suggested that the complex formation between importin-a and

IP:
anti-Nup153

®» D

o

other proteins in the nucleus changes upon oxidant treatment,
we tested whether these changes may correlate with stress-
induced nuclear accumulation. To this end, control and DEM-
treated cells were extracted with detergent, nucleases and salt.
After each step, the presence of transport factors and
nucleoporins was monitored by indirect immunofluorescence
(Fig. 7, Suppl. Fig. 1, 2, 3). Individual proteins were solubilized
at different steps of the procedure; however, in response to
stress all of the components tested became less soluble. For
instance, importin-a was readily extracted in control cells, and
after DNase incubation only faint signals were observed. By
contrast, upon DEM treatment a portion of importin-o remained
associated with nuclei and was not extracted by any of the
treatments (Fig. 7). Thus, the extraction of unfixed cells supports
the interpretation that DEM-induced oxidative stress upregu-
lated the nuclear retention of importin-o, CAS and several
nucleoporins, including Nup153 and Nup88, while the forma-
tion of high molecular mass complexes containing importin-c,
Nup153 and Nup88 increased.

4. Discussion

We have analyzed the effects of the oxidant DEM on nuclear
trafficking and demonstrated the mislocalization and nuclear

IP:
anti-Nup88

C ®

Fig. 8. Simplified model for the isolation of high molecular mass complexes containing Nup153 or Nup88. High molecular mass complexes analyzed in Fig. 6E and F
may contain Nup153, Nup88 and/or importin-a as depicted. For simplicity, other subunits of the complexes which have yet to be identified were omitted. See text for

details.
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retention of several nuclear transport factors. Under the stress
conditions used by us most of the cells remained viable, although
the number of apoptotic and necrotic cells was somewhat
increased. These conditions are likely to mimic exposure to
physiological stresses or the pathophysiologies seen upon
ischemia/reperfusion damage [5-9].

The analyses of GFP-tagged reporter proteins or endogenous
substrates HuR and galectin-3 show that the nuc/cyt ratio for all
proteins is reduced by DEM treatment, consistent with an
oxidant-induced inhibition of nuclear import. However, it
should be kept in mind that the nucleocytoplasmic distribution
of HuR and galectin-3, like most endogenous cargos, is
probably subject to additional regulation, including nuclear
export and interactions with nuclear or cytoplasmic anchors.
Our experiments do not address the question to which extent
DEM alters these processes.

Our studies show for the first time that oxidant treatment not
only relocates the soluble transport factors importin-o and CAS,
but also nucleoporins Nup153 and Nup88. Interestingly, not all
transport factors are affected by oxidative stress to the same
extent, as we did not observe a strong effect on the localization
of importin-p 1. Moreover, we did not detect drastic changes in
the nucleocytoplasmic Ran concentration gradient, which is
sensitive to severe forms of stress that inhibit nuclear transport
and may ultimately lead to cell death [31].

Results obtained for importin-a, CAS and nucleoporins are
of particular interest with respect to nuclear protein trafficking.
These components are required for nuclear transport of a wide
variety of cargos, either as subunit of the classical NLS-
receptor, to recycle importin-a to the cytoplasm or for the
translocation of transport complexes across the NPC. Moreover,
transport of proteins into the nucleus is an essential step of the
stress response and necessary to cope with stress-induced
damage, including exposure to oxidants. For instance, follow-
ing oxidative stress transcription factors NF-«kB, Nrf2 and
members of the FoxO family translocate into the nucleus where
they induce the expression of genes that encode antiapoptotic
proteins or detoxifying enzymes [47-49]. Changes in the
steady-state distribution of importin-a and CAS may inhibit
these processes or render them less efficient.

Oxidative stress not only changes the distribution of soluble
transport factors and nucleoporins, but also alters their inter-
actions in the nucleus. Specifically, oxidant treatment leads to
the formation of high molecular mass complexes which is
accompanied by an increase in nuclear retention. Our experi-
ments show for the first time that oxidant treatment relocates
several nucleoporins to the nuclear interior, where they become
components of high molecular mass complexes. These com-
plexes contain importin-o, Nup153 and Nup88, but not CAS,
suggesting that importin-o associates with a defined set of
proteins in nuclei of stressed cells. Although importin-a con-
taining high molecular mass complexes were isolated from
control and stressed cells, the levels of Nupl53 and Nup88
substantially increased after DEM treatment. Further analyses of
high molecular mass complexes isolated from stressed cells
demonstrated that importin-« associates with Nup153 as well as
Nup88; furthermore, Nup 153 binds to Nup88 (Fig. 8). This could

be explained by the presence of different complexes containing
importin-o/Nup153, importin-o/Nup88 and Nup153/Nup88, a
complex harboring importin-o/Nup153/Nup88 or a mixture of
all four complexes. Quantitation of immunoprecipitations
showed that 81% of importin-a co-purified with Nup153 and
68% with Nup88, indicating that a portion of importin-« is likely
to associate with both nucleoporins to generate importin-o/
Nup153/Nup88 complexes.

Several scenarios can be proposed for the biochemical
mechanisms that may link oxidative stress to the changes
observed by us. For instance, oxidant treatment may lead to direct
damage of soluble transport factors and nucleoporins or changes
in signaling events. DEM may trigger not only the oxidation of
critical residues in importin-a, CAS and nucleoporins; it may
also activate signaling events that induce specific post-transla-
tional modifications of these proteins. As a consequence of
oxidation or other modifications, transport across the NPC and
retention within the cytoplasm or nucleus may be altered. With
respect to our results one could propose that oxidative stress alters
the affinity between importin-a and its binding partners in the
nucleus, thereby promoting nuclear retention. The changes in
affinity may result from the increased modifications of importin-
o, Nup153 and Nup88, either alone or in combination. Given the
molecular mass of the complexes isolated by us, they may
contain additional components yet to be identified. These factors
and their potential role in nuclear trafficking under normal and
stress conditions will have to be defined in the future.

Little is known about stress-induced changes in the dis-
tribution and function of nucleoporins. We have shown pre-
viously that severe stress triggers the degradation of Nupl153
[31]. The impact of non-lethal stress on nucleoporins is only
poorly understood, but could play a role in human disease. For
instance, mutations in the nucleoporin ALADIN may cause
Triple A syndrome, and these mutations can also induce mis-
localization of ALADIN, hypersensitivity to oxidative stress and
defects in nuclear transport [50,51]. Our research demonstrates
that stress modulates the localization and interactions of several
nucleoporins in human cells. This sets the stage to further define
the role of nucleoporins in the change of nuclear functions under
stress and pathophysiological conditions.
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Kodiha M, Rassi JG, Brown CM, Stochaj U. Localization of
AMP kinase is regulated by stress, cell density, and signaling
through the MEK—ERK1/2 pathway. Am J Physiol Heart Circ
Physiol 293: C1427-C1436, 2007. First published August 29,
2007; doi:10.1152/ajpcell.00176.2007.—5'-AMP-activated protein
kinase (AMPK) serves as an energy sensor and is at the center of
control for a large number of metabolic reactions, thereby playing
a crucial role in Type 2 diabetes and other human diseases. AMPK
is present in the nucleus and cytoplasm; however, the mechanisms
that regulate the intracellular localization of AMPK are poorly
understood. We have now identified several factors that control the
distribution of AMPK. Environmental stress regulates the intracellular
localization of AMPK, and upon recovery from heat shock or oxidant
exposure AMPK accumulates in the nuclei. We show that under
normal growth conditions AMPK shuttles between the nucleus and
the cytoplasm, a process that depends on the nuclear exporter Crml.
However, nucleocytoplasmic shuttling does not take place in high-
density cell cultures, for which AMPK is confined to the cytoplasm.
Furthermore, we demonstrate that signaling through the mitogen-
activated protein kinase kinase (MEK)—extracellular signal-regulated
kinase 1/2 (ERK1/2) cascade plays a crucial role in controlling the
proper localization of AMPK. As such, pharmacological inhibitors
that interfere with this pathway alter AMPK distribution under non-
stress conditions. Taken together, our studies identify novel links
between the physiological state of the cell, the activation of
MEK—ERK1/2 signaling, and the nucleocytoplasmic distribution of
AMPK. This sets the stage to develop new strategies to regulate the
intracellular localization of AMPK and thereby the modification of
targets that are relevant to human disease.

5'-AMP-activated protein kinase; nuclear transport

THE PRESENCE OF NUTRIENTS, such as the carbon source, regulates
protein synthesis, gene expression, and the activity of a large
number of proteins. 5'-AMP-activated protein kinase (AMPK)
is a key player in these processes; the enzyme not only controls
cell growth and transcription but also the response to nutrient
limitation and stress (reviewed in Refs. 1, 4, 5, 7, 19, 23, 28,
32). AMPK is a central regulator of cellular metabolism for
which it serves as an energy sensor; the enzyme is activated by
a reduction of ATP/AMP levels, changes in intracellular cal-
cium, and other forms of stress, including ischemia and hyp-
oxia (18). Based on its central role in the control of glucose
homeostasis and lipid metabolism, AMPK is an important

therapeutic target in Type 2 diabetes and obesity. In particular,
low-level activation of AMPK is likely to contribute to the global
rise in obesity and diabetes (7). In addition to its regulatory
function in metabolism, more recent studies demonstrate that
AMPK is also crucial for cell polarity and mitosis (17).

The heterotrimeric AMPK contains a catalytic a-subunit,
encoded by two genes (a; and a»). The regulatory B- and
v-subunits are encoded by two and three genes, respectively
(reviewed in Ref. 7). Activation of AMPK includes the phos-
phorylation of Thr172 of the a-subunit, which can be mediated
by one of the two upstream regulatory kinases LKB1 and
Ca®*/calmodulin-dependent kinase kinase (CaMKK) (2, 9, and
references therein). Previous reports suggest that the a,-sub-
unit of AMPK maybe somewhat enriched in the nucleus (24),
and mutations in the [3;-subunit can increase its amount in
nuclei (34).

The only direct means of communication between the nu-
cleoplasm and cytoplasm is through nuclear pore complexes
(NPCs, reviewed in Refs. 8, 26, and 27). There are several
mechanisms of macromolecular translocation along NPCs,
molecules with a mass of 40 kDa or less may diffuse across the
NPC. By contrast, larger macromolecules rely on active trans-
port and, in most cases, on specific carriers that promote
transport across the NPC (8, 26, 27). Members of the impor-
tin-f3 family in particular play a crucial role in protein traffick-
ing in and out of the nucleus. For instance, the nuclear exporter
Crm1 recognizes hydrophobic leucine-rich signals that target a
protein for export to the cytoplasm (16). Crml-mediated nu-
clear export is inhibited by the drug leptomycin B (LMB),
which covalently modifies the carrier (15).

To date, little is known about the nuclear and cytoplasmic
pools of AMPK and how its intracellular distribution is con-
trolled. Such a regulated localization to different cell compart-
ments should be critical for the proper response to extra- and
intracellular stimuli, leading to the phosphorylation of distinct
AMPK targets. Although AMPK phosphorylates proteins in
both the nucleus and the cytoplasm, it has not been determined
whether its distribution is sensitive to stress or other changes in
cell physiology. This knowledge is important, because it will
set the stage to identify specific AMPK functions in either
compartment that are dictated by physiological changes. This
includes oxidative stress, a key factor that adds to the patho-
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physiologies in diabetic patients (22, 29, 31). To begin to
answer these questions, we analyzed AMPK phosphorylation
and localization in human culture cells. Since LKB1 has been
associated with the activation and actions of AMPK (reviewed
in Ref. 7), we used HeLa cells, which do not synthesize LKB1
(9), as well as HEK293 cells, a human kidney cell line that
does express LKB1 (25). Our studies demonstrate that stress,
cell density, and signaling through the extracellular signal-
regulated kinase 1/2 (ERK1/2)-mitogen-activated protein ki-
nase (MAPK) module control the subcellular distribution of
AMPK. Moreover, we show that AMPK shuttles between the
nucleus and the cytoplasm and identified Crm1 as the nuclear
carrier that translocates AMPK to the cytoplasm. Together, this
multilayered control of intracellular localization provides a
unique set of tools to rapidly adjust the distribution of AMPK
to changes in cell physiology.

MATERIALS AND METHODS

Cell culture and exposure to stress. HeLa and HEK293 cells were
cultured essentially as described (3, 13). In brief, cells were grown on
poly-L-lysine-coated coverslips in six-well dishes to ~70% conflu-
ency or high density (>100% confluency). This correlates with ~4 X
10% and >2 X 10° cells/cm?, respectively. Heat shock was for 1 h at
45.5°C followed by recovery at 37°C for 2, 3, and 5 h. All other
treatments were at 37°C. Incubation with 2 mM diethyl maleate was
for 4 h.

Pharmacological tools. Energy depletion was performed with 50
mM deoxyglucose combined with 10 mM NaNs; for 30 min. For
inhibition of the ERK1/2 pathway, cells were incubated with 25 uM
PD98059 (Calbiochem) for 5 h or 50 pwg/ml ERK peptide inhibitor 11
(Calbiochem) for 1 h. PD98059 inhibits the MAPK kinase (MEK)
thereby preventing the activation of the downstream kinase ERK1/2.
The ERK peptide inhibitor II contains 13 residues derived from the
NH,-terminal portion of MEKI1, binds to ERK, and prevents its
activation by inhibiting the binding of MEK1 (11). LMB (LC labo-
ratories, Woburn, MA) has multiple actions, which includes inhibition
of the nuclear exporter Crm1, inhibition of cell cycle progression, and
antitumor activity. LMB was present at 10 ng/ml for 21 h, and
controls were treated with the solvent only under identical conditions.
For serum starvation, cultures were grown for 18 h without serum
followed by 5 min incubation with fresh medium with or without 8%
serum. After stress exposure or drug treatment, cells were immedi-
ately fixed for immunofluorescence or stored at —70°C.

Indirect immunofluorescence and microscopy. All steps were car-
ried out at room temperature following published procedures (14).
Primary antibodies were used at the following concentrations:
AMPK-a1/2 (Cell Signaling Techn no. 2532), 1:200; AMPK-31/2
(Cell Signaling Techn no. 4150), 1:200; and Cy3-coupled secondary
antibodies (Jackson ImmunoResearch) were diluted 1:500. No signals
were obtained when primary antibodies were omitted (not shown).
Images were either acquired for 1-pm slices with a Zeiss LSM510
inverted microscope using a X63 oil-immersion objective with 1.4
numerical aperature or with the Molecular Devices (Sunnyvale, CA)
ImageXpress Micro equipped with a 300-W Xenon light source and a
CoolSnapHQ (Photometrics, Tucson, AZ). For the ImageXpress,
Micro images of 4',6-diamidino-2-phenylindole (DAPI, cube no.
49000) or Cy3 (no. 49005) were collected with cubes from Chroma
Technology (Rockingham, VT). Cells were grown on glass coverslips
before being labelled and mounted with Vectashield (Vector Labora-
tories, Burlingame, CA) after labeling was completed. Up to 64 fields
of view were imaged at X40 (PlanFluor ELWD 0.6NA) using 2 X 2
binning and ensuring at least 55 cells were sampled for each experi-
mental condition. Image analysis was done with MetaXpress soft-
ware. DAPI labeling was used to identify the number of cells in each
field of view; protein staining with Cy3 was used to identify the entire

REGULATION OF THE SUBCELLULAR LOCALIZATION OF AMP KINASE

cell. Care was taken to adjust the threshold level used to ensure that
all cells were detected accurately even for lower expressing samples.
The total intensity of antibody labeling in the nucleus was measured
based on segmentation using DAPI staining, and the intensity of the
entire cell was calculated based on segmentation with the Cy3 label-
ing. The difference between these two intensities was taken as the
total intensity of the cytosolic fraction of the protein. All images were
corrected for contributions due to background intensity based on
intensity measurements off of the cells for each image field. Finally,
the ratio of the total intensity in the nucleus versus the total intensity
of the cytosol was measured for each sample. Images were processed
in Adobe Photoshop 8.0 for publication.

Western blot analysis. Cells grown on 10-cm culture dishes to
~70% confluency or at high density were exposed to stress or
pharmacological inhibitors as described above. After treatment,
plates were rinsed with phosphate-buffered saline and stored at
—70°C until use. Crude extracts were prepared by solubilizing
proteins in gel sample buffer, pH 8.0, containing protease inhibi-
tors (1 mM phenylmethylsulfonyl fluoride; aprotinin, leupeptin,
and pepstatin, each at 1 pg/ml), 20 mM B-glycerophosphate, I mM
NaN3, and 2.5 mM NaF. Samples were incubated for 15 min at
95°C and vortexed with glass beads to shear DNA. After centri-
fugation (5 min, 13,000 rpm, microfuge), equal amounts of protein
were separated in SDS-PA gels. Proteins were blotted to nitrocel-
lulose and filters were processed as described (3). Antibodies
against AMPK and dually phospho-ERK1/2 (Cell Signaling, no.
9106) were diluted 1:1,000; anti-ERK1/2 (StressGen, KAP-MAO0O01C)
was used at 1:2,000, anti-LDH (100-1173, Rockland, Gilbertsville,
PA) at 1:2,000, and anti-lamin B (SC-6217, Santa Cruz Biotechnol-
ogy, CA) at 1:2,000. ECL signals (Amersham Biosciences) were
quantified by densitometry (21). Results are shown as means = SD of
at least three independent experiments.

Cell fractionation. To isolate cytoplasmic and nuclear fractions,
cells were incubated in lysis buffer [10 mM HEPES, pH 7.9, 10 mM
KCl, 1.5 mM MgCl,, 1 mM DTT, 1 mM NaNs, and a mixture of
protease inhibitors (Roche)] for 15 min on ice. Cells were drawn
through a 26-gauge needle and centrifuged 10 min at 2,000 g.
Sediments were resuspended in lysis buffer, centrifuged, and washed
once in lysis buffer containing 0.005% Nonidet-40. After 1 min
centrifugation at 20,000 g, nuclear proteins were obtained in the
sediments. Combined supernatants contained the cytoplasmic marker
protein LDH, whereas lamin B was restricted to nuclear fractions. For
comparison, one equivalent of cytoplasmic proteins and two equiva-
lents of nuclear proteins were analyzed side-by-side by Western blot
analysis with different antibodies. ECL signals were quantified for
AMPK-a1/2 phosphorylated on Thr172 (p-AMPK-a1/2), total
AMPK-a1/2 (t-AMPK-a1/2), and AMPK-$1/2, and nuclear-to-cyto-
plasmic ratios (nuc/cyt) were calculated. Based on AMPK-al/2
Thr172 phosphorylation and the nuc/cyt distribution of p-AMPK-
al/2, we determined the net nuclear levels of p-AMPK-a1/2. Note
that the amount of t-AMPK-a1/2 was not drastically altered by the
different stressors. For all conditions the net nuclear levels of controls
were defined as 1.

Statistics. For Western blot analysis, ECL signals were quanti-
fied as described in Ref. 21. Data were acquired for at least three
independent experiments. Results are shown as means *= SD.
Bonferroni tests for multiple statistical comparisons (Figs. 1 and 2
and online supplment Fig. 1) and Student’s #-test (two-tailed) for
unpaired samples were carried out to identify significant differ-
ences. For each experiment, all test results were compared with the
control.

RESULTS

AMPK accumulates in nuclei upon stress. Quantitative im-
munofluorescence and Western blot analysis were used to
detect AMPK-a1/2 and -B1/2-subunits in cultured human
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Fig. 1. Heat stress relocates 5'-AMP-activated protein kinase (AMPK) to the nucleus of HeLa cells. Cells grown to ~70% confluency were exposed to 1 h heat
stress (HS) and allowed to recover at 37°C for the times indicated. A: total AMPK-a1/2 (t-AMPK-«1/2) and AMPK-31/2 were detected by indirect
immunofluorescence. DAPI, 4’,6-diamidino-2-phenylindole. B: quantification of fluorescence signals was carried out as detailed in MATERIALS AND
METHODS. C: for Western blot analysis equal amounts of proteins were analyzed with antibodies against AMPK-a1/2 phosphorylated on Thr172
(p-AMPK-a1/2), t-AMPK-a1/2, dually phosphorylated ERK1/2 (p-ERK1/2), total ERK1/2 (t-ERK1/2), AMPK-B1/2, and actin. D: ECL signals were quantified
for at least three independent experiments. Means and SD are shown for changes in AMPK-a1/2 Thr172 (p-AMPK/t-AMPK) and ERK1/2 phosphorylation
(p-ERK/t-ERK). Untreated controls served as reference for heat-shocked and recovering cells. ***P < 0.001; **P < 0.01, *P < 0.05.

cells. The results are shown here for HeLa (Figs. 1-10, online
supplemental Figs. 2 and 3) and HEK293 cells (online supple-
mental Fig. 1). When analyzed by indirect immunofluores-
cence, a- and [B-subunits of AMPK were nuclear and cytoplas-
mic in HeLa cells under nonstress conditions, with a-subunits
somewhat concentrated in nuclei. When cells were exposed to
heat, energy depletion, or oxidative stress, the levels of a- and
[-subunits in nuclei increased (Figs. 1, A and B, and 3, A and

B). In control experiments, the cytoplasmic enzyme lactate
dehydrogenase (LDH) did not relocate to the nucleus for any of
the stresses analyzed. Furthermore, the nuclear marker protein
lamin B was confined to the nucleus under all conditions tested
(online supplemental Figs. 2 and 3).

Nuclear accumulation of AMPK-a1/2 and -31/2 was partic-
ularly prominent after heat stress and when cells were allowed
to recover at 37°C for 2 to 3 h; after 5 h recovery nuclear levels
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Fig. 2. Analysis of AMPK distribution in heat-stressed HeLa cells by cell fractionation. A: control and stressed cells were fractionated followed by Western blot
analysis of cytoplasmic (Cyt) and nuclear (Nuc) fractions. One equivalent of cytoplasmic and two equivalents of nuclear proteins were analyzed side by side.
B: for p-AMPK-a1/2, nuclear-to-cytoplasmic ratios (nuc/cyt) and the net nuclear content were determined (MATERIALS AND METHODS). Nuc/cyt ratios were
calculated for t-AMPK-«1/2 and t-AMPK-1/2. As controls, filters were probed for lactate dehydrogenase (LDH) and lamin B. ECL signals were quantified for
AMPK as in Fig. 1. All test results were compared with the untreated control. **P < 0.01, *P < 0.05.

AJP-Cell Physiol - VOL 293 - NOVEMBER 2007 « www.ajpcell.org

0102 ‘9z Aenuer uo Bio ABojoisAyd-|jeodle wouy papeojumoq




C1430
A B

t-AMPK-0.1/2

DAPI

DAPI

t-AMPK-0.1/2

control

. EtOH
NaN,,
deox;- % (é
glucose ! DEM
DAPI AMPK-B31/2
control
NaN,, EtOH
deoxy-
glucose
DEM

REGULATION OF THE SUBCELLULAR LOCALIZATION OF AMP KINASE

Cc

ct. NDG EtOH DEM

34 t-AMPK, nuc/cyt fluorescence

p-AMPK-01/2 ™ WS -

tAMPK-01/2 s s de e

il

p-ERK1/2 | —
t-ERK1/2 —_— ™
AMPK-p1 — . ——
ctl. NDG ctl. NDG EtOH DEM EtOH DEM
all2 172 al/2 B1/2 -B2 e R —
Actin el
phosphorylation phosphorylation
¥ o5 of AMPK-o1/2 6 of ERK1/2
o < ¥ .
3 5
£15 24
£ 2
2
= ki w
£ 05 INER L
Qo
ctl. NDG EtOHDEM ctl. NDG EtOHDEM

Fig. 3. Energy depletion and oxidative stress alter the distribution of AMPK in HeLa cells. Cultured cells at ~70% confluency were energy depleted with
NaNj3-deoxyglucose (NDG) or treated with the oxidant diethyl maleate (DEM) as described in MATERIALS AND METHODS. Controls were incubated with solvent
only. A-D: localization of proteins by indirect immunofluorescence and Western blot analysis were carried out as described for Fig. 1, A-D. Control samples

served as reference for all test results. **P < 0.01; *P < 0.05.

of AMPK began to decrease again. The distribution of AMPK
subunits under different conditions was quantified by deter-
mining nuclear and cytoplasmic fluorescence (see MATERIALS
AND METHODS) and calculating the nuc/cyt ratio of fluorescence
(Fig. 1B). Since the nucleus occupies less than 10% of the
mammalian cell volume, a small increase in the nuc/cyt ratio of
AMPK represents a drastic change in the nuclear concentration
of the protein.

The results obtained for immunolocalization were further
substantiated by cell fractionation (Figs. 2A and 4A). Cyto-
plasmic and nuclear fractions were analyzed by quantitative
Western blot analysis and quantification of ECL signals
(Figs. 2B and 4B). (Note that for all cell fractionations one

equivalent of cytoplasmic and two equivalents of nuclear
proteins were separated side-by-side.) As observed for im-
munolocalization, the nuc/cyt ratio of total AMPK-«a1/2 and
-B1/2 increased upon heat shock and started to decline upon
5 h of recovery.

A different scenario, however, emerged for cell fractionation
followed by Western blot analysis with antibodies that recog-
nize phosphorylated Thr172 in a-subunits (Figs. 2, 4, and 6;
p-AMPK-a1/2). In crude extracts, heat stress significantly
reduced the modification of Thr172 (Fig. 1, C and D). By
contrast, the nuc/cyt ratio of p-AMPK-«1/2 did not drastically
change and slightly increased at 3 and 5 h of recovery (Fig.
2B). Thus the heat-induced changes in the nuc/cyt distribution
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Fig. 4. A and B: effect of energy depletion and oxidant exposure on the distribution of AMPK in HeLa cells. Cell fractionation and quantification of ECL signals

for cytoplasmic and nuclear AMPK were as in Fig. 2, A and B. All test results

were compared with control samples. **P < 0.01; *P < 0.05.
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Table 1. Distribution of AMPK-al/2 phosphorylated on
Thrl72 and activation of ERK1/2. Results for nuc/cyt ratio,
net nuclear content of p-AMPK-al/2, and ERKI1/2 activation
are summarized

p-AMPK-a1/2

Treatment Nuc/cyt ratio Net nuclear content ERK1/2 Activation

Heat shock <« ! 1
NDG 0 1 y
DEM ! l 1
Serum ! | 1
PD98059 1 1 l

Effects of stress exposure, serum starvation, and incubation with the MAPK
kinase (MEK) inhibitor PD98059 are shown. Arrows indicate no change (<),
reduction (| ), or increase (1 ). p-AMPK-a1/2, 5'-AMP-activated protein
kinase phosphorylated on Thr172; ERK1/2, extracellular signal-regulated
kinase 1/2; NDG, deoxyglucose/NaNs; DEM, diethyl maleate.

of t-AMPK-a1/2 and p-AMPK-a1/2 were clearly different
(Fig. 2B).

A change in the nuc/cyt ratio of p-AMPK-a1/2 does not
necessarily lead to a change in the net amount of p-AMPK-
al/2 in the nucleus. To address this point, we calculated how
the net amount of p-AMPK-al/2 in nuclei changes upon
exposure to heat and during recovery (see MATERIALS AND
METHODS). After heat shock and after 2 or 3 h of recovery, net
nuclear levels of p-AMPK-a1/2 were reduced compared with
unstressed cells (Fig. 2B, net nuclear).

Like heat, energy depletion with deoxyglucose-NaNj3
(NDG) or oxidative stress triggered by diethyl maleate
(DEM) induced t-AMPK nuclear accumulation as deter-
mined by quantitative immunolocalization and Western blot
analysis (Figs. 3B and 4). Energy depletion increased the
phosphorylation of AMPK-al1/2 on Thrl172 as well as the
nuc/cyt ratio of p-AMPK-«1/2. By contrast, DEM treatment
reduced Thr172 phosphorylation and the nuc/cyt ratio of
p-AMPK-a1/2 (Figs. 3, C and D, and 4B). Taken together,
changes in the distribution of AMPK-«1/2 phosphorylated on

Cl1431

Thr172 did not correlate with the redistribution of t-AMPK-
al/2. Table 1 summarizes the results obtained for AMPK
phosphorylation and distribution and ERK1/2 activation under
different experimental conditions.

Stress-induced dephosphorylation of AMPK-al/2 Thrl72
correlates with the activation of ERKI/2. Crosstalk between
AMPK and ERK1/2 may involve positive as well as negative
signaling events (29). In our experiments with HeLa cells, heat
and DEM significantly activated ERK1/2, as evident from its
dual phosphorylation (Figs. 1, C and D, and 3, C and D;
p-ERK1/2). At the same time, the phosphorylation of AMPK-
al/2 Thr172 (p-AMPK-a1/2) was reduced. By contrast, de-
oxyglucose-NaN3 elevated Thr172 and decreased ERK1/2
phosphorylation. In HEK293 cells upon DEM treatment, we
detected neither an increase in the dual phosphorylation of
ERK1/2 nor significant changes in the modification of
AMPKa1/2. Nevertheless, for all stress conditions analyzed
there was an inverse relationship between AMPK-a1/2 Thr172
phosphorylation and the dual modification of ERK1/2 in both
HeLa and HEK293 cells (Figs. 1, 3, and 5 and online supple-
mental Fig. 1), suggesting that this effect is not restricted to a
specific cell line.

Addition of serum to starved HeLa cells increases the
amount of AMPK in nuclei. Experiments above showed that in
stressed cells the increase in ERK1/2 activation may be linked
to a reduction in the net amount of p-AMPK-a1/2 in nuclei.
We further addressed this point using serum-deprived cells.
After 18 h incubation in serum-free medium, the addition of
serum to HeLa cells rapidly induced ERK1/2 phosphorylation.
Concomitantly, there was a small but significant decrease of
AMPK-a1/2 Thr172 phosphorylation as well as a reduction of
the net amount of nuclear p-AMPK1/2. Unlike p-AMPK1/2,
t-AMPK-a1/2 and -31/2 subunits accumulated in nuclei (Figs.
5 and 6).

AMPK shuttles between the nucleus and the cytoplasm and
is exported from nuclei by the carrier Crml. Results for the
relocation of AMPK-a and (-subunits upon stress and the

A t-AMPK-o/1/2 DAPI AMPK-31/2 B ® ¢ serum = 5min
(3]
no E S 4 P-AMPK-01/2 e e
o
serum ¢ 9 l CAMPK-01/2  wee  w—
n- o 2_' *% =
<E,: 2 p-ERK1/2 -
5 min { =
serum “%' 14 t-ERK1/2 = ">
g AMPK-B1 e -
serum - 5min - 5min -B2 . —
D all2  p1/2 Actin -— ew
: hosphorylation
phosphorylation p
5 | of AMPK-o1/2 x of ERK1/2
=4 2 -
X2 £
= el w
< o
&

= 5min serum = 5min serum

Fig. 5. A-D: addition of serum to starved cells raises the nuclear levels of AMPK. HeLa cells were serum starved for 18 h and subsequently incubated with fresh
medium without or with serum for 5 min. Indirect immunofluorescence and Western blot analysis were as detailed for Fig. 1, A—D. All experimental results were

compared with the untreated control. **P < 0.01; *P < 0.05.
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A ssion _ Siiiivi reversal during recovery may suggest that they shuttle between
cyt Nuc Cyt  Nuc the nucleus and the cytoplasm using unknown transporters.
-AMPK12 S e SN The carrier Crml is anO.IVe.d in the export of a large number of
proteins and efficiently inhibited by the drug LMB. As shown
EAMPK-0112 g - for quantitative immunofluorescence (Fig. 7, A and B) and
Western blot analysis (Fig. 7, C and D), incubation with LMB
— resulted in the nuclear accumulation of t-AMPK-a and [3-sub-
units in unstressed Hela cells, in line with the idea that the
-_— — subunits shuttle and Crml serves as their nuclear exporter. No
- significant changes were detected for the distribution of
- p-AMPK-«1/2 (Fig. 7, C and D).

Lamin B - - - Cell density controls the distribution and shuttling of AMPK.
Nuclear trafficking of proteins can be controlled by the density
net of the culture, and high confluency may interfere with nuclear
nuclear transport of proteins (3, 10). Both a- and (B-subunits of the
kinase were nuclear and cytoplasmic at 70% confluency in
0.5 unstressed HeLa cells (Figs. 1, 3, 5, and 7) but were
restricted to the cytoplasm in high-density cultures when
analyzed by indirect immunofluorescence or cell fraction-
serum n-ucl;yt + ation (Fig. 8, A, C, D). Moreover, in high-density HelLa
cultures treated with the inhibitor LMB, AMPK failed to
accumulate in nuclei, indicating that shuttling does not take
place under these conditions (Fig. 8, A, C, D). This density-
dependent redistribution of AMPK is not simply an effect of
1 changes in the medium of high-density cultures, since AMPK
was nuclear as well as cytoplasmic and able to shuttle for cells
growing in less dense areas of the same coverslip (data not
serum - + -+ shown). Interestingly, in high-density cells we detected little
al/2 p1/2 phosphorylation of AMPK-a1/2 Thrl172 or activation of
Fig. 6. A and B: serum addition affects AMPK distribution in starved cells. ~ERK1/2 (Fig. 8B). This could be in part attributed to changes
qu(I;a Cr?:;lsd“lier;eljincgbzge(lil githtimlfdtiiu? i:dthe ?ﬁisgncz or Pfres‘“;mff Z’;?emr:g in protein levels, as the total amount of AMPK-al/2 and
iﬁcltaeszlcr A;[PI% Wf;gr'e :is ii Figa.CZ.o Tie(imitireatcfl:ltliacont:sl 3; uzz:,dogsa£eferceice ERK1/2 was somewhat reduced in high-density culFures. By
for all test results. **P < 0.01; *P < 0.05. contrast, the levels of AMPK-31/2 were somewhat increased
(Fig. 8B). It is not known why the nuc/cyt ratio of AMPK-31/2

decreases in the presence of LMB (Fig. 8D).
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Fig. 7. AMPK shuttles between the nucleus and the cytoplasm using Crm1 as the nuclear exporter. HeLa cells at 70% confluency were incubated with solvent
only (control) or leptomycin B (LMB). Indirect immunofluorescence and Western blot analysis was carried out as in Figs. 1 and 2. A: AMPK-a1/2 and -31/2
were located by indirect immunofluorescence. B: ratio of nuc to cyt fluorescence was quantified. C and D: Western blot analysis of cytoplasmic and nuclear
fraction and quantitation of ECL signals are shown. All test results were compared with the untreated control. **P < 0.01; *P < 0.05.

AJP-Cell Physiol - VOL 293 - NOVEMBER 2007 « www.ajpcell.org

0102 ‘9z Aenuer uo Bio ABojoisAyd-|jeodle wouy papeojumoq




REGULATION OF THE SUBCELLULAR LOCALIZATION OF AMP KINASE
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Fig. 8. Cell density controls the nucleocytoplasmic distribution of AMPK. High-density HeLa cell cultures were treated with solvent or LMB as in Fig. 7.
A: AMPK was located by indirect immunofluorescence. B: Western blot analysis showed no or little p-AMPK-a1/2 or dually phosphorylated ERK1/2 in
high-density cells. Note that a higher amount of total protein (140%) was loaded for high-density cultures to detect weak ECL signals. Changes in the total
concentrations of AMPK and ERK1/2 in high-density cultures were determined with actin as a reference. Results obtained for 70% confluency (70) were used
as a reference for high-density cultures (Hi). *P < 0.05. C and D: cytoplasmic and nuclear fractions were analyzed by Western blot analysis, and ECL signals

were quantified as described for Fig. 2. All test results were compared with the control samples. **P < 0.01.

Signaling through MAPKs ERK1/2 controls the nucleocyto-
plasmic distribution of AMPK. Experiments with stressed
cells suggested that decreasing the activity of ERK1/2 may
correlate with the nuclear accumulation of p-AMPK-a1/2
(Table 1). Previous experiments by others indicate a com-
plex crosstalk between AMPK activation and ERK1/2 acti-

AMPK-B1/2

PD
98059

control

ERK1/2
peptide ¢
inhibitor

vation, with positive as well as negative feedback between
the two pathways (12). No previous studies have analyzed
the possible role of MEK—ERK1/2 signaling in the intra-
cellular localization of AMPK. In particular, it is not known
whether ERK1/2 has any effect on the distribution of AMPK
subunits under nonstress conditions. To begin to understand
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Fig. 9. Signaling through MEK—ERK1/2 regulates the nucleocytoplasmic distribution of AMPK in HeLa cells. Cultures were incubated with PD98059 (PD)
or ERK1/2 peptide inhibitor as described in MATERIALS AND METHODS. A and B: AMPK subunits were visualized by indirect immunofluorescence and fluorescence
signals were quantified. *P < 0.05. C and D: changes in the phosphorylation of AMPK-a1/2 Thr172 or ERK1/2 were determined by Western blot analysis and
quantification of ECL signals. Indirect immunofluorescence, Western blot analysis, and statistical analyses were carried out as described for Fig. 3, A-D. **P <

0.01; *P < 0.05.
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the events that control the nucleocytoplasmic distribution of
AMPK in unstressed cells, we tested a potential role of
MEK—ERK1/2 signaling in this process. Two different phar-
macological inhibitors, PD98059, which inhibits the upstream
kinase MEK, and peptide inhibitor II, which prevents ERK
binding to MEK (11), induced the nuclear accumulation of
AMPK-a1/2 and 1/2 (Figs. 9 and 10). Although the phosphor-
ylation of AMPK-«a1/2 Thr172 was slightly reduced, the nuc/
cyt ratio of p-AMPK-al/2 increased upon treatment with
PD98059 (Figs. 9D and 10B).

DISCUSSION

AMPK is central to the control of glucose and lipid metab-
olism and the rapid adaptation to changes in cell physiology.
As such, the kinase modifies a variety of substrates that are
involved in carbohydrate or fatty acid synthesis or degradation
and protein synthesis (32). Furthermore, AMPK regulates the
expression of a large number of genes, the stability of several
mRNAs, cell polarity, and mitosis (6, 17, 20, 35). These
previous studies showed that AMPK recognizes a growing
number of proteins, both in the nucleus and cytoplasm. Access
to and modification of these substrates requires the proper
localization of AMPK.
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Fig. 10. Inhibition of the MEK—ERK1/2 pathway alters the nuclear levels of
AMPK. A: distribution of p-AMPK-a1/2, t-AMPK-«1/2, and AMPK-B1/2 was
monitored by cell fractionation and Western blot analysis. B: ECL signals were
quantified as for Fig. 2. The untreated control served as reference for cells
incubated with PD98059. **P < 0.01; *P < 0.05.

REGULATION OF THE SUBCELLULAR LOCALIZATION OF AMP KINASE

Our studies provide new insights into the complex regu-
latory processes that determine the modification and subcel-
lular distribution of AMPK. Changes in the phosphorylation
of AMPK-a1/2 Thr172 were inversely related to changes in
the activation of ERK1/2. This is not restricted to HeLa
cells, which are lacking the upstream activating kinase
LKBI, but was also observed with HEK293 cells, which
contain LKB1.

Our results demonstrate that various forms of stress, includ-
ing heat, energy depletion, and oxidants, not only alter the
phosphorylation state of AMPK-a1/2, but also concentrate
AMPK in nuclei. The simplified model in Fig. 11 summarizes
how different physiological conditions regulate the intracellu-
lar distribution of AMPK. In unstressed cells (Fig. 11A),
AMPK-a and - shuttle between the nucleus and the cyto-
plasm, using the carrier Crm1 for export from the nucleus.
Upon exposure to stress both a- and [3-subunits accumulate in
nuclei (Fig. 11B). This redistribution could be achieved by
upregulation of AMPK nuclear import, increase in nuclear
retention, reduced export, or a combination of these events.
High cell density confines AMPK-a and (-subunits to the
cytoplasm and prevents them from shuttling (Fig. 11C). It is
possible that contacts between neighboring cells regulate the
distribution of AMPK; signaling events based on high culture
density could prevent nuclear import or induce cytoplasmic
anchoring of AMPK subunits. Finally, our results demonstrate
a complex role for MEK—ERK1/2 signaling in the control of
AMPK localization. Under nonstress conditions, inhibition of
the MEK—ERK1/2 pathway triggered nuclear accumulation
of AMPK «- and (3-subunits (Fig. 11D).

Interestingly, the localization of p-AMPK-al/2 and
t-AMPK-a1/2 may be controlled differently. Our results indi-
cate that there is no direct link between the phosphorylation of
Thr172 of AMPK-«a1/2 and the distribution of t-AMPK-a1/2.
However, the changes in net nuclear p-AMPK-«1/2 are nega-
tively correlated with ERK1/2 activation; whenever the net
nuclear levels of p-AMPK-«1/2 were reduced, we observed an
increase in ERK1/2 activation, and vice versa (summarized in
Table 1).

Taken together, our results support the hypothesis that
p-AMPK-a1/2 localization can be linked to the activation
status of ERK1/2, whereas a more complex regulation
directs the distribution of t-AMPK-al/2 and B1/2 in
stressed cells. Future experiments will have to determine
whether the localization of the MAPK ERK1/2, in addition
to its activation, plays a role in the nucleocytoplasmic
distribution of AMPK.

At this point, we can only speculate how AMPK redistribu-
tion participates in the response to different stressors. One
effect of AMPK redistribution could be changing its interac-
tions with kinase substrates. For example, raising the nuc/cyt
ratio of activated AMPK in nuclei may increase the phosphor-
ylation of nuclear or reduce the modification of cytoplasmic
targets. AMPK controls cell physiology not only by the direct
phosphorylation of various metabolic enzymes but also via
transcriptional regulation (reviewed in Ref. 28). Many genes
change their expression levels when a dominant-negative allele
of AMPK-a2 is highly overexpressed over the endogenous
wild-type a-subunit in skeletal muscles of transgenic mice
(20). Proteins encoded by these genes participate in various
functions, including energy metabolism, cell signaling, tran-
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scription, and translation. Furthermore, AMPK activity con-
tributes to the regulation of mRNA stability as the kinase
controls the half-lives of p21, cyclin A, B1, and VEGF mRNAs
(reviewed in Ref. 6).

A possible connection between the multiple processes that
AMPK affects and the results reported here could be the
transcriptional regulator p300/CBP and several transcription
factors that are acetylated by p300/CBP. These include mem-
bers of the FOXO family, p53 and NF-kB. AMPK phosphor-
ylates p300/CBP on Ser89 (35) thereby modulating the inter-
actions of p300/CBP with transcriptional regulators (reviewed
in Ref. 28). Upon oxidative stress, FOXO proteins move to the
nucleus to be bound and acetylated by p300/CBP (reviewed in
Refs. 30 and 33). The acetylation state of FOXO proteins
seems to control which genes are selected for transcription. A
simplified model may propose a link between AMPK activa-
tion, p300/CBP phosphorylation, and FOXO protein acetyla-
tion; and the cascade AMPK—p300/CBP—FOXO proteins
could contribute to the specific gene expression following
oxidative stress. Since we observed a reduction in p-AMPK-
a1/2 in nuclei upon oxidant exposure, this model would predict
that p300/CBP phosphorylation on Ser89 is reduced, which
could modulate the subsequent interaction between p300/CBP
and FOXO proteins and ultimately gene expression.
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Fig. 11. Simplified model for the control of
AMPK localization under normal and stress
conditions. A: in unstressed cells AMPK shut-
tles between the nucleus and the cytoplasm and
is present in both compartments. Nuclear ex-
port is mediated by the carrier Crm1. B: several
forms of stress, including heat, energy deple-
tion, and oxidants, increase the levels of
AMPK-a1/2 and -B1/2 in nuclei. C: in high-
density cultures, AMPK fails to shuttle and is
located in the cytoplasm. D: signaling through
MEK—ERK1/2 regulates the intracellular
distribution of AMPK. Inhibition of the
MEK—ERKI1/2 pathway leads to AMPK nu-
clear accumulation of AMPK subunits. The
redistribution of AMPK under different physi-
ological conditions may be triggered by
changes in transport across the nuclear enve-
lope, retention in the nucleus and cytoplasm, or
a combination of these events.
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Our data show that the nucleocytoplasmic distribution of
total and phosphorylated AMPK is regulated differently;
AMPK subunits accumulate in nuclei upon stress independent
of kinase activation. There are several possible scenarios that
could explain this redistribution: /) the redistribution of AMPK
to nuclei controls its accessibility to activating upstream ki-
nases; 2) AMPK nuclear accumulation is caused by inhibition
of nuclear export in stressed cells; and 3) alternatively, AMPK
subunits have additional functions that are unrelated to the
kinase activity but required in nuclei of stressed cells for other
processes. Future experiments will have to explore these pos-
sibilities.
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First published June 1, 2005; doi:10.1152/ajpcell.00590.2004.—Heat
shock proteins of the hsp/hsc70 family are essential chaperones,
implicated in the stress response, aging, and a growing number of
human diseases. At the molecular level, hsc70s are required for the
proper folding and intracellular targeting of polypeptides as well as
the regulation of apoptosis. Cytoplasmic members of the hsp/hsc70
family are believed to shuttle between nuclei and cytoplasm; they are
found in both compartments of unstressed cells. Our experiments
demonstrate that actin filament-destabilizing drugs trigger the nuclear
accumulation of hsc70s in unstressed and heat-shocked cells recov-
ering from stress. Using human-mouse heterokaryons, we show that
stress inhibits shuttling and sequesters the chaperone in nuclei. The
inhibition of hsc70 shuttling upon heat shock is only transient, and
transport is reestablished when cells recover from stress. Hsc70
shuttling is controlled by hsc70 retention in the nucleus, a process that
is mediated by two distinct mechanisms, ATP-sensitive binding of
hsc70s to chaperone substrates and, furthermore, the association with
nucleoli. The nucleolar protein fibrillarin and ribosomal protein rpS6
were identified as components that show an increased association with
hsc70s in the nucleus upon stress exposure. Together, our data suggest
that stress abolishes the exit of hsc70s from the nucleus to the
cytoplasm, thereby limiting their function to the nuclear compartment.
We propose that during recovery from stress hsc70s are released from
nuclear and nucleolar anchors, which is a prerequisite to restore
shuttling.

nuclear transport; chaperone; nuclear retention; nucleoli

HEAT SHOCK PROTEINS ARE INVOLVED in numerous cellular func-
tions, including folding of newly synthesized polypeptides and
targeting of proteins to their proper cellular location. In par-
ticular, chaperones of the hsp/hsc70 family are essential to
these processes (6, 10, 11). The hsp/hsc70s play a crucial role
in the appropriate response to stress and the survival of stress-
induced damage, processes that are relevant to a large number
of human diseases and pathophysiological conditions (2).
Moreover, hsp/hsc70s are implicated in the regulation of apop-
tosis, tumorigenesis, and aging (1, 7, 9). In eukaryotic cells
under normal growth conditions, cytoplasmic hsp/hsc70s are
believed to move in and out of the nucleus, and it was
demonstrated in Xenopus oocytes that they shuttle between
nucleus and cytoplasm (13). Unlike other members of the
hsp70/hsc70 family, hsc70 (also referred to as hsp73 or
hsp70-8) is essential for the survival of normal and tumor cells
(17). Hsc70s concentrate in nuclei when cells are exposed to

stress, and heat shock is the most efficient treatment to induce
their accumulation in nuclei (4). Although heat increases the
steady-state concentration of hsc70s in nuclei, it is not known
whether stress also controls their movement between nucleus
and cytoplasm. However, this knowledge is required to under-
stand the dynamics of hsc70 localization under different phys-
iological conditions. To address this question, we have moni-
tored the distribution of endogenous hsc70s and the reporter
protein EGFP-hsc70 (enhanced green fluorescent protein fused
to hsc70) in human cultured cells. Our results demonstrate that
exit of hsc70s from the nucleus upon recovery from stress is an
active process and that heat shock restricts the nucleocytoplas-
mic trafficking of hsc70s. After heat exposure, hsc70 shuttling
is prevented but is restored when cells recover from this
environmental insult. We have identified stress-induced nu-
clear retention of hsc70 as a mechanism that controls shuttling
of the chaperone.

MATERIALS AND METHODS

Nuclear reporter proteins. The fluorescent protein NLS-NES-
GFP2 carries SV40 nuclear localization sequence (NLS) and the
nuclear export sequence (NES) of inhibitor of cAMP-dependent
protein kinase (PKI) fused to two copies of GFP (18). The NLS-NES-
GFP2 coding sequence was transferred to a vector that mediates
inducible expression in mammalian cells (3). A plasmid encoding
hsc70 (kindly provided by Drs. S. Wax and N. Kedersha, Harvard
Medical School, Boston, MA) was used to generate a fusion between
EGFP and hsc70. To this end, the hsc70 coding sequence was cloned
into the BamHI site of vector pEGFP-C1 (Clontech, Palo Alto, CA).
The correctness of the construct was verified by DNA sequencing; the
fusion protein is referred to as EGFP-hsc70. EGFP-hsc70 shows the
same distribution as authentic hsc70 when analyzed in control and
stressed cells (data not shown; see Fig. 4). A schematic representation
of the constructs used for transfection is shown in Fig. 1.

Transfection of HeLa cells. At a confluency of ~70%, HeLa cells
were transfected in six-well plates with Effectene (Qiagen, Missis-
sauga, ON, Canada), following the manufacturer’s recommendations.
Transient gene expression in HeLa cells with a dexamethasone-
inducible system was described in detail previously (3, 4). Transfected
cells were grown for 24 h on polylysine-coated coverslips in six-well
plates or on multiwell slides before exposure to stress.

Treatment with leptomycin B, latrunculin B, and cytochalasin B. To
analyze the potential role of the importin-f3 family member Crm1, we
have tested the effect of leptomycin B (LMB), a compound that
selectively inhibits this exporter (12). To this end, cells were incu-
bated with 10 ng/ml LMB (gift of M. Yoshida, University of Tokyo,
Tokyo, Japan) dissolved in ethanol or with the solvent ethanol for 15 h
at 37°C after heat stress. Unstressed cells were incubated with LMB
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Fig. 1. Nuclear reporter proteins used in this study. NLS-NES-GFP2 is a
fluorescent protein that contains two copies of green fluorescent protein (GFP)
fused to nuclear localization sequence (NLS) of SV40 T-antigen and nuclear
export sequence (NES) of the inhibitor of cAMP-dependent protein kinase.
The reporter protein shuttles and at steady state is concentrated in the
cytoplasm. The reporter protein EGFP-hsc70 was generated by in-frame fusion
of enhanced GFP (EGFP) to the 5'-end of the hsc70 coding sequence. The
synthesis of NLS-NES-GFP2 is controlled by a regulatable promoter that
contains 5 copies of glucocorticoid response elements (GRE). Addition of
dexamethasone to the growth medium will induce gene expression. Expression
of the EGFP-hsc70 gene is driven by a cytomegalovirus (CMV) immediate
early promoter (Pcmv). Both plasmids carry an SV40 polyadenylation signal
(SV40 polyA).

for up to 24 h at 37°C. Latrunculin B and cytochalasin B (Calbiochem,
San Diego, CA) were dissolved in DMSO. Cells recovering from
stress were incubated for 15 h at 37°C with 1 mM latrunculin B, 10
uM cytochalasin B, or the solvent DMSO. Unstressed cells were
treated with latrunculin B, cytochalasin B, or DMSO for 3 h at 37°C,
as indicated in Figs. 3 and 4. In control experiments, the effect of
latrunculin B or cytochalasin B on actin polymerization was tested
with FITC-labeled phalloidin, following the supplier’s protocol
(Sigma, Oakville, ON, Canada).

Immunofluorescence. All steps were carried out at room tempera-
ture essentially as described previously (4). In brief, cells were
washed in PBS and fixed for 25 min at room temperature in 3.7%
formaldehyde-PBS. Fixed cells were rinsed in PBS and permeabilized
with 0.1% Triton X-100 in PBS-2 mg/ml BSA (5 min, room temper-
ature). All subsequent steps were carried out in PBS-2 mg/ml BSA-
0.05% Tween 20. Samples were incubated overnight with primary
antibodies against hsc70s or fibrillarin [SPA-815, StressGen (Victoria,
BC, Canada); diluted 1:1,000; Santa Cruz Biotechnology, sc-11335,
diluted 1:1,000]; primary antibodies were detected with 1.5 wg/ml
Cy3-conjugated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA). NLS-NES-GFP2 was visualized with polyclonal
rabbit antibodies to GFP (Clontech, diluted 1:200) and 5 pg/ml
secondary antibodies conjugated to Alexa Fluor 488 (Molecular
Probes, Eugene, OR). To detect rpS6 (Santa Cruz Biotechnology,
sc-13007, diluted 1:500), cells were fixed in methanol-acetone (1:1,
vol/vol) for 30 min at —20°C. All subsequent incubations and washes
were carried out in PBS-BSA. DNA was located with 4’,6-diamidino-
2-phenylindole (DAPI), and samples were mounted in Vectashield
(Vector Laboratories, Burlingame, CA). Cells were analyzed with a
Nikon Optiphot at X400 magnification and photographed with Kodak
T-MAX 400 film. Negatives were scanned and processed with Pho-
toShop 5.5 and 8.0.

Human-mouse heterokaryons. Heterokaryons between HeLa and
mouse NIH3T3 cells were generated by a modification of published
procedures (5). In brief, HeLa cells transiently synthesizing EGFP-
hsc70 were trypsinized and seeded on coverslips 24 h after transfec-
tion to reach ~60% confluency on the next day. HeLa cells were then
exposed to 1 h of heat stress at 45.5°C, and 3 X 10° NIH3T3 cells
were added to each well of a six-well plate. After 1.5 h, mouse cells
adhered to the coverslips, and cycloheximide was added to 75 pg/ml
for 30 min. Cells were fused subsequently for 2 min with 50%
polyethylene glycol (PEG) 3350. After removal of PEG, samples were
washed three times with PBS and incubated at 37°C in growth
medium containing 100 pg/ml cycloheximide. Cells were fixed 3, 5,
and 15 h after heat stress, i.e., 1, 3, and 13 h after fusion. Nuclei were
stained with DAPI, and heterokaryons or homokaryons were moni-
tored for the distribution of EGFP-hsc70.

C1035

Analysis of nuclear retention. Nontransfected HeLa cells were
exposed for 1 h to 45.5°C and subsequently treated for 5 min with 40
pg/ml digitonin in buffer B on ice (19). Digitonin-extracted cells were
incubated with buffer B [containing 5 mg/ml BSA and 0.05% Nonidet
P-40 (NP-40)] for 15 min at room temperature. The buffer was
supplemented with 2.5 mM ATP, 2.5 mM ADP, or 1 mM nonhydro-
lyzable ATP analog adenosine 5'-(B,y-imido)triphosphate (AMP-
PNP), as indicated in Figs. 5 and 6. Samples were washed extensively
in buffer B-BSA-NP-40, in buffer B, and twice in PBS and fixed and
processed for indirect immunofluorescence with anti-hsc70 antibodies
as described above. To monitor the intactness of nuclear envelopes,
cells were extracted with digitonin, treated with buffer B-BSA-NP-40,
and washed as described above. Washed samples were fixed, blocked
with PBS-2 mg/ml BSA, and incubated with anti-lamin B antibodies
(0.5 pg/ml; Santa Cruz Biotechnology, sc-6217). Control cells were
treated with digitonin only before blocking and incubation with
antibodies.

Protein cross-linking and immunoprecipitation. Control, stressed,
and recovering cells were grown on 100-mm tissue culture dishes,
washed with cold PBS, and extracted with 40 pg/ml digitonin in PBS
for 5 min on ice. Samples were washed with PBS and incubated with
0.2 mM 3,3’-dithiobis(sulfosuccinimidylpropionate) in PBS for 1 h on
ice. Dishes were washed with cold PBS and stored at —70°C until use.
For immunoprecipitation, plates were incubated for 10 min on ice
with IP buffer [in mM: 20 Tris-HCIL, pH 8.0, 5 EDTA, and 150 NaCl
with 1% NP-40, 10% glycerol, and protease inhibitors (aprotinin,
antipain, chymostatin, leupeptin, pepstatin, each at 1 wg/ml; 1 mM
PMSF)]. Samples were vortexed with glass beads, cleared by centrif-
ugation (5 min, 13,000 rpm, 4°C), and incubated with 50 pl of protein
G-Sepharose (Amersham Biosciences; 30 min, 4°C with gentle agi-
tation). Resin was removed by centrifugation, and supernatants were
incubated with 5 g of anti-hsc70 for 2 h at 4°C, followed by addition
of 50 wl of protein G-Sepharose and overnight incubation at 4°C.
Beads were collected by centrifugation, washed three times in IP
buffer, and incubated with gel sample buffer containing 1.4 M
3-mercaptoethanol (15 min, 95°C). Material released from the resin
was analyzed by Western blotting.

Western blot analysis. Western blotting and enhanced chemilumi-
nescence detection was carried out essentially as described previously
(4), using a Lumigen PS-3 detection kit (Amersham Biosciences).

RESULTS AND DISCUSSION

During recovery from heat stress, nuclear hsc70s relocate to
the cytoplasm in temperature-dependent fashion that does not
require de novo protein synthesis. Heat shock induces the rapid
nuclear accumulation of hsc70s in Hela cells, and a 1-h
exposure to 45.5°C (severe heat shock) is sufficient to concen-
trate hsc70s in nuclei (Fig. 2). After heat stress, hsc70s relocate
from nuclei to the cytoplasm when cells recover at 37°C, as
monitored for different time points in Fig. 2. Several hours
after heat treatment, hsc70s began to exit the nucleus; after
15 h of recovery, they distributed throughout the cell. This
relocation of hsc70s was temperature dependent and was abol-
ished when cells were incubated at 4°C, consistent with an
active transport process (Fig. 2 and data not shown). Interest-
ingly, when cells were kept at 4°C, hsc70s not only failed to
relocate to the cytoplasm but also concentrated in nucleoli.
During recovery at 37°C, nuclear export of hsc70s did not
depend on de novo protein synthesis, because it was not
abolished by cycloheximide (Fig. 2).
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Fig. 2. Nuclear hsc70 relocation to the cytoplasm during recovery from heat
shock is temperature dependent but does not require de novo protein synthesis.
Hsc70s were localized by indirect immunofluorescence in unstressed cells
(control) or upon exposure to severe heat shock (1 h at 45.5°C). After heat
stress, cells recovered at 37°C for the times indicated. In addition, heat-
shocked cells were kept for 15 h at 4°C or incubated at 37°C in the presence
of 100 pg/ml cycloheximide (CHX). Nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI).

Hsc70 nuclear export does not require the transporter
Crml/exportin-1 in unstressed cells or during recovery from
heat shock. Shuttling depends on nuclear import and export of
proteins, and neither of these processes has been defined on a
molecular level for members of the hsp/hsc70 family. The
nuclear exporter Crml/exportin-1 is involved in transport of
many cargos, most of which contain a leucine-rich NES. This
export pathway can be inhibited efficiently with LMB, a drug
that covalently modifies the transporter Crm1/exportin-1 (12).
Members of the hsc70/hsp70 families contain a conserved
sequence element (i.e., positions 164—173 of mouse hsc70)
that fits the consensus sequence for a hydrophobic NES rec-
ognized by Crm1. However, LMB did not prevent hsc70 export
in cells recovering from heat stress (Fig. 3A). The same result
was obtained when both LMB and cycloheximide were added
during the recovery period. Likewise, LMB did not change the
distribution of hsc70s in unstressed cells, even if the drug was
present for up to 24 h (Fig. 3C).

In control experiments, LMB efficiently inhibited shuttling
of NLS-NES-GFP2. This reporter protein carries a signal for
nuclear localization (SV40-NLS) as well as nuclear export
(PKI-NES); PKI-NES is recognized by Crml. NLS-NES-

HsCc70 SHUTTLING IN STRESSED CELLS
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Fig. 3. Effect of leptomycin B (LMB), latrunculin B (Lat B), and cytochalasin
B (Cyt B) on nuclear export of hsc70s and NLS-NES-GFP2. A: hsc70s were
located in HeLa cells exposed to severe heat shock followed by 15-h recovery
at 37°C. LMB, Lat B, and Cyt B were present throughout the recovery period
as described in MATERIALS AND METHODS. B: HeLa cells transiently synthesiz-
ing NLS-NES-GFP2 were incubated for 15 h without or with 10 ng/ml LMB.
C: unstressed cells were kept at 37°C and treated for 24 h with 10 ng/ml LMB.
Alternatively, cells were incubated for 3 h at 37°C with 1 mM Lat B or 0.1 mM
Cyt B. Hsc70s and NLS-NES-GFP2 were located by indirect immunofluores-
cence. Nuclei were visualized with DAPI.
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GFP2 was both cytoplasmic and nuclear in the absence of
LMB but accumulated in nuclei when LMB was added to the
growth medium. Together, these results show that hsc70 nu-
clear export upon recovery from heat or under nonstress
conditions does not rely on Crml.

Actin filament-destabilizing drugs latrunculin B and cy-
tochalasin B inhibit nuclear export of hsc70s in stressed and
control cells. To further define hsc70 nuclear transport, we
tested the effect of latrunculin B and cytochalasin B. These
compounds are believed to affect actin located at the nuclear
pore complex (NPC), thereby preventing nuclear export of
various components (8). Incubation with latrunculin B or
cytochalasin B drastically reduced the amount of actin fila-
ments, which became obvious by the loss of phalloidin binding
(not shown). Importantly, in cells recovering from heat shock,
either drug prevented hsc70 export from the nucleus (Fig. 3A).
Similarly, when unstressed cells were treated with latrunculin
B or cytochalasin B, hsc70s concentrated in nuclei and nuclear
accumulation were apparent after a 3-h treatment. These results
support the idea that under normal physiological conditions,
1.e., in the absence of stress, hsc70s shuttle between nucleus
and cytoplasm in human culture cells. Furthermore, hsc70

A unstressed HelLa cells C

DAPI

EGFP-hsc70

control 1h
after
fusion
CytB
3h
LatB after
fusion
B heat-shocked Hela cells
heterokaryons
DAPI EGFP-hsc70 DAPI
3 h after
heat shock
(1 h after
fusion)
5 h after
heat shock
(3 h after
fusion)
15 h after
heat shock
(13 h after
fusion)

DAPI

HelLa/HelLa fusions

C1037

export is abolished by the destabilization of filamentous actin,
suggesting a role for actin in the translocation of nuclear
hsc70s to the cytoplasm. In particular, actin located at the NPC
could play a crucial role because it seems to be involved in
nuclear export of multiple cargos (8).

Hsc70 shuttling is inhibited by heat shock and restored when
cells recover from stress. Heterokaryons have been used to
analyze the shuttling of proteins that are concentrated in nuclei
at steady state under normal growth conditions. However, this
approach has not been applied previously to monitor shuttling
in heat-stressed cells. To achieve this, we used the fluorescent
reporter protein EGFP-hsc70, which shares the biological proper-
ties of endogenous hsc70s when tested under a variety of stress
conditions (Fig. 4A; M. Kodiha and U. Stochaj, unpublished
observations). In unstressed cells, EGFP-hsc70 was distributed
throughout nuclei and cytoplasm (Fig. 4A). Like endogenous
hsc70s, EGFP-hsc70 accumulated in nuclei when cytochalasin B
or latrunculin B was added to the growth medium (Fig. 4A).

Human-mouse heterokaryons were used to evaluate EGFP-
hsc70 shuttling after stress exposure; these heterokaryons con-
tain nuclei from both species, which share the same cytoplasm
(5). EGFP-hsc70 was first concentrated in nuclei of HeLa cells

unstressed Hela cells

heterokaryons

EGFP-hsc70

Fig. 4. Hsc70 shuttles in unstressed, but not
heat-shocked, cells. A: HeLa cells synthesiz-
ing EGFP-hsc70 were incubated with the
solvent DMSO, Cyt B, or Lat B for 3 h at
37°C. In fixed cells, EGFP-hsc70 and nuclei
(DAPI) were located by fluorescence mi-
croscopy. B: HeLa cells synthesizing EGFP-
hsc70 were heat shocked and fused to mouse
NIH3TS3 cells. EGFP-hsc70 was localized in
fixed heterokaryons 3, 5, and 15 h after heat
treatment, equivalent to 1, 3, and 13 h after
fusion. Homokaryons generated by fusion of
several HeLa cells were analyzed in parallel.
Arrowheads mark the position of mouse nu-
clei in heterokaryons, and arrows point to the
nuclei of nontransfected HeLa cells in ho-
mokaryons. C: heterokaryons obtained after
fusion with unstressed HeLa cells were fixed
at 1 and 3 h after fusion, comparable to
samples shown for 3 and 5 h after heat shock
in B. Mouse nuclei are labeled with arrow-
heads.

EGFP-hsc70
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by heat shock for 1 h at 45.5°C. HeLa cells were returned
subsequently to the normal growth temperature and fused to
mouse cells. In these heterokaryons, we localized EGFP-hsc70
at different time points during their recovery from heat expo-
sure. (It should be noted that EGFP-hsc70 synthesized in HeLa
cells is the only source of fluorescence seen in Fig. 4B, because
cycloheximide prevents de novo synthesis of EGFP-hsc70 in
heterokaryons.) Three hours after heat shock, EGFP-hsc70
remained restricted to human nuclei in human-mouse hetero-
karyons (Fig. 4B). By contrast, EGFP-hsc70 was absent from
mouse nuclei and the common cytoplasm, demonstrating that
the translocation from human nuclei to the cytoplasm was
prevented at this point. To determine whether this export
inhibition, and thereby the block in shuttling, was reversible,
heterokaryons were allowed to recover for a longer period of
time. At 5 h after heat shock, EGFP-hsc70 began to migrate out
of the human nucleus and appeared in the common cytoplasm.
After a 15-h recovery period, human and mouse nuclei dis-
played comparable signals for EGFP-hsc70, showing that shut-
tling of the chaperone had resumed.

The absence of EGFP-hsc70 from mouse nuclei at early time
points after cell fusion is not simply a failure of the nonstressed
mouse nuclei to import the chaperone. While generating het-
erokaryons, we also obtained fusions originating from a mix-
ture of transfected and nontransfected Hela cells, the latter
were not synthesizing EGFP-hsc70. In these multinucleated
cells, or homokaryons, 3 h after heat shock we detected nuclei
that did not contain EGFP-hsc70 (Fig. 4B). As observed for
heterokaryons, EGFP-hsc70 appeared in the common cyto-
plasm of homokaryons at 5 h upon heat exposure and began to
migrate into all of the nuclei present. At 15 h after heat shock,
EGFP-hsc70 was present in all of the nuclei of multinucleated
cells, and nuclei from transfected and nontransfected cells
could no longer be distinguished.

For comparison, heterokaryons were generated with the
protocol described above, but with unstressed instead of heat-

A

- NP-40 &
Fig. 5. Hsc70s are retained in nuclei of heat-
stressed cells. A: the nuclear envelope of »
digitonin-treated cells was permeabilized
with Nonidet P-40 (NP-40). Heat-shocked + NP-40
HeLa cells extracted with digitonin were A
incubated in the absence or presence of NP- R
40. Cells were fixed and binding of anti-
laminin B antibodies was tested by indirect
immunofluorescence. Unstressed controls
(B) and heat-shocked cells (C) were treated B
with digitonin. Samples were incubated sub-

sequently with buffer containing NP-40 and DAPI
ATP, adenosine 5'-(B,y-imido)triphosphate

(AMP-PNP), or ADP as indicated. Specimens

were fixed, and hsc70s were detected by indi- - NP-40

rect immunofluorescence.

+ NP-40

unstressed cells
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treated HeLa cells. When inspected 1 and 3 h after fusion, the
times equivalent to 3 and 5 h after heat shock, EGFP-hsc70
was detected at the earlier time point in all mouse nuclei
present in heterokaryons (Fig. 4C). At 1 h after fusion, the
amount of EGFP-hsc70 in mouse nuclei was somewhat vari-
able between different heterokaryons. Three hours after fusion,
the time equivalent to 5 h after heat exposure for the stressed
cells shown in Fig. 4B, the signal for EGFP-hsc70 was com-
parable to that for mouse and HeLa nuclei of heterokaryons
(Fig. 4C). Together, the data obtained for heterokaryons sup-
port the idea that EGFP-hsc70 appears faster in mouse nuclei
when unstressed HelLa cells are the source of the fusion
protein.

Hsc70s are retained in nuclei of heat-shocked cells. Shut-
tling between nucleus and cytoplasm can be regulated on
different levels; this includes import, export, and retention of
the shuttling protein. As such, the movement of nuclear hsc70s
to the cytoplasm could be controlled by retention in the
nucleus. The liberation from nuclear anchors would be a
rate-limiting step for shuttling because this release is a prereq-
uisite for subsequent export to the cytoplasm.

Heat shock is likely to trigger hsc70 binding to a large
number of nuclear proteins that require chaperone activity, a
process that may contribute to nuclear retention of hsc70s. To
test this hypothesis, we have developed an assay for hsc70
release from nuclear anchors, which is not complicated by
transport across the nuclear envelope (see MATERIALS AND METH-
obs for details). To this end, control and heat-shocked HelLa
cells were first extracted with digitonin, which permeabilizes
the plasma membrane and removes most of the cytoplasmic
proteins but leaves the nuclear membranes intact. After digi-
tonin extraction, the nonionic detergent NP-40 was used to
solubilize the nuclear envelope, which would no longer restrict
the movement of proteins. The proper permeabilization of
membranes in our assays was verified in control experiments
(Fig. 5A). As expected, anti-laminin B antibodies do not have

C 1 h heat shock
DAPI

hsc70

- NP-40

+ NP-40

+ NP-40,
+ ATP
hsc70

+ NP-40,
+ AMP-PNP

+ NP-40,
+ ADP
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Table 1. Hsc70s are retained in nucleoplasm of heat-shocked cells

1-h Heat
Control No recovery 3-h Recovery 5-h Recovery 15-h Recovery
No nucleotide added (+) +44* ++ Nucleoli + Nucleoli for some cells (+)
ATP (+) (+) Nucleoli (+) Nucleoli (+) Nucleoli for some cells (+)
AMP-PNP (+) (+) Nucleoli (+) Nucleoli (+) Nucleoli for some cells (+)
ADP (+) + 4+ ++ Nucleoli + Nucleoli for some cells (+)

AMP-PNP, adenosine 5'-(B,y-imido)triphosphate. Results for the distribution of hsc70s in nuclei of digitonin-treated cells for the experiments shown in Figs.
5 and 6 are summarized. Control, heat-stressed, and recovering cells were extracted with digitonin and incubated in buffer containing the nonionic detergent
Nonidet P-40 and the different nucleotides shown. The presence of hsc70s was monitored by indirect immunofluorescence. Similar results were obtained for at
least 3 independent experiments. Signals for hsc70s in nucleoplasm: ++ +, strong; + +, intermediate; (+), weak. For some of the conditions, hsc70s could be
detected in nucleoli. *The strong fluorescence in the nucleoplasm of stressed cells could mask the presence of hsc70s in nucleoli.

access to the nuclear lamina in digitonin-treated cells, but
subsequent incubation with NP-40 led to antibody binding.

We next used this assay to determine whether hsc70s are
retained in nuclei of control and heat-shocked cells (Fig. 5, B
and C). Samples were treated with digitonin followed by
incubation in the absence or presence of NP-40. Heat-shocked
samples retained most of the hsc70s even in the presence of
NP-40, suggesting that binding to nuclear anchors contributes
to hsc70 accumulation in nuclei. By contrast, little hsc70 was
found in nuclei of unstressed cells under any of the conditions
tested (Fig. 5B and Table 1).

ATP and its nonhydrolyzable analog AMP-PNP release
hsc70s from nuclear anchors. One way to retain hsc70s in
nuclei is their binding to substrates that need to be refolded.
This chaperone-substrate interaction is known to be stabilized
by ADP, whereas ATP induces the rapid dissociation and
binding of substrates (reviewed in Refs. 6 and 15). Digitonin-
extracted cells were incubated for 15 min in NP-40-containing
buffer supplemented with ATP, AMP-PNP, or ADP followed
by localization of hsc70s (Fig. 5C). Unlike ADP, both ATP and
AMP-PNP efficiently released the chaperone from nuclei,
suggesting that ATP binding, but not cleavage, is required to

3 h recovery

DAPI

hsc70

- NP-40

+ NP-40,
+ATP

+ NP-40,
+ AMP-
PNP

+ NP-40,
+ ADP

5 h recovery

DAPI

liberate hsc70s from nuclear anchors. Interestingly, ATP failed
to release hsc70 completely from nucleoli, suggesting that
binding to nucleolar components is more complex than a
chaperone-unfolded protein interaction.

Nuclear retention of hsc70s changes during recovery from
heat shock. We next monitored hsc70 nuclear retention in cells
recovering from stress. To this end, HeLa cells exposed to heat
were analyzed after 3-, 5-, and 15-h incubation at 37°C. The
amount of hsc70s present in the nucleoplasm decreased during
recovery, and nucleoplasmic chaperone could be liberated with
ATP or AMP-PNP (Fig. 6). In addition, hsc70s transiently
concentrated in nucleoli, albeit with Kkinetics different from
their accumulation in the nucleoplasm. The hsc70 levels in-
creased in nucleoli of most cells after a 3-h recovery period,
but only in few nucleoli after 5 h (Fig. 6, Table 1). As observed
after heat exposure, hsc70 associated with nucleoli was not
fully liberated by incubation with ATP or AMP-PNP. At 15 h
after heat shock, hsc70 distribution was similar to that in
unstressed controls and no accumulation was seen in nuclei or
nucleoli. Results of these in vitro experiments (summarized in
Table 1) suggest that hsc70 binding to chaperone substrates

15 h recovery

DAPI hsc70

Fig. 6. Nuclear retention of hsc70s changes in cells recovering from heat stress. Heat-shocked cells were allowed to recover for 3, 5, and 15 h before digitonin
extraction and incubation with NP-40-containing buffer in the presence of ATP, AMP-PNP, or ADP. Hsc70s were located by indirect immunofluorescence as

described for Fig. 5.
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Fig. 7. Nucleolar protein fibrillarin and ribosomal protein
rpS6 redistribute in stressed cells and associate with hsc70
upon heat shock. A: fibrillarin and rpS6 were localized by
indirect immunofluorescence in unstressed, heat-shocked,
and recovering HeLa cells. B: nuclear proteins were immu-
noprecipitated (IP) with antibodies against hsc70. Samples

HsCc70 SHUTTLING IN STRESSED CELLS

A DAPI fibrillarin DAPI rpS6
- -- -
heat,
3hre-
covery

heat
5hre-

containing comparable amounts of hsc70 were tested for the
presence of fibrillarin and rpS6 by Western blot analysis.

contributes to its nuclear retention immediately after heat
treatment and at early stages of recovery.

Binding of hsc70s to nuclei of stressed cells. Members of the
hsp/hsc70 family are involved in multiple interactions in the
nucleus, and in response to heat stress hsc70s can be expected
to interact with a large variety of nuclear components. For
instance, the importance of hsc70s for the organization of
nucleoli is well established, and chaperones are implicated in
restoring nucleolar function upon stress (13, 16). On the basis
of these earlier observations, nucleolar proteins were candi-
dates for the interaction with hsc70s in heat-treated cells. To
test this idea, we examined fibrillarin, a bona fide component of
nucleoli, and the ribosomal protein rpS6, which is assembled
into the small ribosomal subunits in nucleoli. When analyzed
by indirect immunofluorescence (Fig. 7A), fibrillarin was con-
centrated in nucleoli of control cells but redistributed through-
out nucleus and cytoplasm in response to heat exposure.
During recovery, fibrillarin relocated to nucleoli, and after 15 h
at 37°C, its distribution was similar to that in unstressed
controls. In parallel, nuclear proteins were immunoprecipitated
with antibodies against hsc70s, and immunoprecipitates that
contained comparable amounts of hsc70 were probed with
antibodies against fibrillarin (Fig. 7B). Although the nucleolar
protein copurified with hsc70s for control, stressed, and recov-
ering cells, clearly the highest amount of fibrillarin associated
with hsc70s in heat-shocked cells.

Like fibrillarin, rpS6 redistributed after heat stress. As part
of the 40S ribosomal subunit, rpS6 is mostly cytoplasmic under
control conditions; however, heat treatment resulted in the
formation of large structures containing rpS6 at the cytoplas-
mic side of the nuclear periphery. Increased amounts of rpS6

L
)

heat,
15 h re-
B Ip: anti-hsc70
anti-fibrillarin anti-rpS6
ctl. heat recovery ctl. heat recovery
3h 5h 3h 5h
"_'“‘__'_'Tfii" L B

were detected in the nucleus as well. During stress recovery
rpS6 relocated, and after 15 h its distribution was similar to that
in unstressed cells (Fig. 7A). Similarly to fibrillarin, the asso-
ciation of rpS6 with hsc70 in nuclei was enhanced transiently
after heat stress, as demonstrated by the coimmunoprecipita-
tion of both proteins (Fig. 7B). Together, the data obtained for
the interaction of nuclear hsc70s with fibrillarin and rpS6 are
consistent with a role of the chaperone in restoring nucleolar
function after heat exposure.

In conclusion, our study demonstrates that the nucleocyto-
plasmic shuttling of chaperones of the hsp/hsc70 family is
inhibited by heat shock but restored when cells recover from

no stress, heat shock,
hsc70s in hsc70s con-
nuclei and centrate in
cytoplasm nuclei

3 h recovery, 5 h recovery,
hsc70s accu- hsc70s
mulate in begin to
nucleoli shuttle

Fig. 8. Simplified model for the changes in nucleocytoplasmic shuttling of

hsc70s upon heat shock and during recovery from stress. See text for details.
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stress-induced damage. Importantly, stress alters not only the
steady-state distribution but also the movement of hsc70s
between nucleus and cytoplasm. Herein we have shown that
hsc70 retention in the nucleus is drastically increased in re-
sponse to heat exposure, a process that prevents export of the
chaperone to the cytoplasm and thereby shuttling. We have
identified two different forms of hsc70 interaction with nuclear
anchors, both of which can be expected to contribute to the
sequestration of chaperone in nuclei. First, hsc70s bind to
nuclear proteins in an ATP-sensitive fashion, which most
likely represents binding of the chaperone to folding substrates.
Second, hsc70s associate with nucleoli, and at least a portion of
the nucleolar chaperone cannot be liberated by the addition of
ATP. This could indicate an association of hsc70s with nucle-
olar components in a fashion that is distinct from a chaperone-
folding protein interaction. Independent of the type of associ-
ation that underlies hsc70s retention in nuclei, we have shown
that this retention is low in control cells, high after heat shock,
and gradually reduced during recovery from stress. These
changes in nuclear retention of hsc70s upon stress and during
recovery can be expected to affect a variety of biological
processes that require chaperone activity. For instance, imme-
diately after stress, the proper folding of chaperone substrates
in the cytoplasm may be impaired until de novo synthesis or
shuttling of hsp/hsc70s resumes. Moreover, stress may inter-
fere with the chaperone-dependent targeting of cytoplasmic
proteins to various organelles, including mitochondria and
peroxisomes, both of which require cytoplasmic hsp/hsc70s for
protein import.

On the basis of the results described herein, we have devel-
oped a simplified model for hsc70 shuttling (Fig. 8). Hsc70s
accumulate in nuclei of heat-stressed cells, where they are
initially retained in the nucleoplasm by binding to chaperone
substrates in an ATP-sensitive fashion. During recovery from
heat, hsc70s relocate within the nucleus and transiently con-
centrate in nucleoli; this interaction cannot be prevented by the
addition of ATP. As recovery progresses, hsc70s are liberated
from nuclear and nucleolar anchors, which precedes their
relocation to the cytoplasm. We propose that the release from
nuclear anchors is a limiting factor that regulates hsc70 nuclear
export and thereby shuttling of the chaperone in cells exposed
to heat.

Taken together, the stress-induced sequestration of hsc70s in
nuclei possibly affects repair processes in the cytoplasm as
well as the proper assembly and maintenance of several or-
ganelles. These consequences of stress exposure are likely to
impinge on different aspects of physiology and ultimately
survival of each cell.
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Intracellular signaling and cell-to-cell communication depend on the coordination of humerous signaling events, and
this large flow of information has to be properly organized in space and time. Common and critical to all of these pro-
cesses and the ultimate cellular response is the correct spatial distribution of signaling components and their targets.
This fundamental concept applies to a large number of signaling processes. It is frequently important to quantify the
localization of signaling molecules within different cellular compartments to detect subtle changes or to define
threshold levels of signaling molecules in a certain location that are necessary to trigger subsequent events. Of par-
ticular importance is the separation of nuclear and cytoplasmic events, and sensitive methods are required to mea-
sure their contribution to signal transduction. Procedures described here allow the quantification of fluorescence sig-
nals located in the nucleus, cytoplasm, or at the nuclear envelope. The methods rely on high-throughput imaging
equipment, confocal microscopy, and software modules that measure the fluorescence intensity in the compartment
of interest. We discuss the rationale for selecting the appropriate equipment for image acquisition and the proper
software modules to quantify fluorescence in distinct cellular compartments. Initially, high-throughput technology for
high-speed image acquisition was developed for multiwell plates. We adapted high-throughput technology for image
acquisition for cells grown on cover slips. Images of higher spatial resolution along the z axis were acquired by con-
focal microscopy. For subsequent analyses, the choice of appropriate software modules is critical for rapid and reli-
able quantification of fluorescence intensities.

Introduction

Most eukaryotic cells are characterized by the presence of multiple organelles, some of which are further organized into distinct com-
partments with unique functions. A prominent example is the nucleus, an organelle with complex and dynamic organization (7, 2).
The nuclear envelope (NE) provides a physical barrier between the cytoplasm and the nucleus. This barrier separates vital cellular
processes, such as DNA replication and RNA biogenesis in the nucleus, from cytoplasmic events, such as protein synthesis. The
spatial segregation of cellular reactions provides a powerful mechanism for controlling numerous biological processes that have to be
adjusted rapidly in response to environmental or physiological changes. In particular, a large number of signaling events alter the in-
tracellular distribution of kinases, phosphatases, and other key components that control signaling (3—6). Moreover, subcellular com-
partmentalization separates distinct branches of cellular metabolism and contributes to control of gene expression.

Many signaling and metabolic processes are dynamic and enable cells to adapt to changes in environmental conditions and physiology.
This dynamic state is exemplified by the bidirectional exchange of thousands of macromolecules between the nuclear and cytoplasmic
compartments. For instance, nuclear proteins synthesized in the cytoplasm, such as transcription factors, polymerases, and histones,
have to reach their final destination in the nucleus, whereas various RNAs and ribosomal subunits are initially generated in the nucleus
and subsequently moved to the cytoplasm (7-9). All nucleocytoplasmic transport of proteins and RNA is mediated by nuclear pore
complexes (NPCs), large proteinaceous assemblies embedded in the NE, which are the only gates for exchange of macromolecules be-
tween the nucleus and the cytoplasm. Nucleocytoplasmic trafficking plays an important role in maintaining the cellular homeostasis, as
it regulates various aspects of cell physiology, including gene expression, cell cycle progression, growth and proliferation, and many
signaling events, as well as apoptosis (4—6, 10, 11). Two distinct mechanisms underlie the movement of molecules through NPCs:
Small molecules with a mass of 40 kD or less can diffuse passively through nuclear pores, whereas larger molecules rely on active
transport to move into or out of the nucleus. Nuclear transport requires several soluble factors, many of which shuttle between the nu-
cleus and the cytoplasm. The availability of transport factors in the nuclear and cytoplasmic compartment or their association with the
NE may control the efficiency of nuclear trafficking. These factors include nuclear carriers that move proteins and RNA in and out of
the nucleus (7, 12, 13). Like nuclear transport factors, many cargos shuttle between the nucleus and the cytoplasm, and their relative
distributions can regulate their function (6, 10, 11). Prominent examples that are subject to this type of localization-mediated regulation
are protein kinases and phosphatases, transcriptional regulators, and nuclear transporters for proteins or RNA (6, 10, 12-23).

The correct localization of signaling molecules and their downstream targets is critical to produce the proper physiological response,
and the dynamic distribution of these components may affect signaling on several levels. First, depending on their subcellular loca-
tion, kinases and phosphatases may associate with distinct scaffolding modules, a process that can alter their substrate specificity (I8,
19). After relocation within the cell, enzymes involved in signaling will obtain access to a unique set of substrates that is defined by
the composition of the organelle or compartment. This scenario not only applies to kinases and phosphatases, but also to a large num-
ber of enzymes that regulate other posttranslational modifications, including farnesylation, acetylation, methylation, ubiquitination,
and sumoylation. On a second level, the localization of targets or substrates may be regulated. Such target molecules are exemplified
by a large number of transcription factors and regulators, RNA-binding proteins, or carriers involved in intracellular trafficking.

Not only is the distribution between organelles and the cytoplasm essential for accurate signal transduction, but the proper localiza-
tion to compartments within a particular organelle is crucial as well. For instance, distinct compartments within the nucleus have de-
fined roles in signal transduction, and the NE, in particular, is emerging as an essential structure that regulates chromatin organization
and gene expression (3-3).

To obtain a better understanding of the diverse cellular activities and functions of a particular molecule, it is important to develop
strategies that can be used to reliably quantify the abundance of this molecule in the organelle or suborganellar compartment of interest.
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Cell fractionation is a widely used procedure to separate subcellular compartments, especially organellar constituents, from each other
and from the cytoplasmic constituents. Although cell fractionation is useful for the analysis of many proteins, it is prone to artifacts. For
instance, small proteins that are concentrated in the nucleus of growing cells may leak out into the cytoplasm during cell fractionation.
This is exemplified by the small guanosine triphosphatase (GTPase) Ran, a predominantly nuclear protein in intact cells. However,
when organelles are purified by biochemical methods, Ran diffuses across the NE and is found in substantial amounts in cytoplasmic
fractions (24). Similarly, components that are dynamically or loosely, but stably, associated with the cytoplasmic side of the NE may be
released into the cytoplasm when cells are lysed. In addition to problems with release and redistribution of proteins during cell fraction-
ation, the isolation and purification of nuclear subcompartments like NEs and NPCs are laborious and time-consuming (25) and not al-
ways useful for accurately determining the concentrations of proteins present at this location.

The developments in high-throughput screening and the commercial availability of high-content screening (HCS) automated fluores-
cence-imaging platforms offer new options for rapidly performing cellular sampling and quantification of the cellular localization of
molecules. Here, we describe detailed protocols to measure the distribution of fluorescent signals within different locations of the
cell. We have focused on procedures for determining the nuclear or cytoplasmic location or the NE association of proteins. The
methodologies can be adapted for fixed or live cells and may be used with fluorescent proteins, labeled antibodies, oligonucleotides,
or any other molecule that can be detected with reasonable signal-to-noise ratio by HCS or confocal microscopy.

Materials
Six-well dishes

Bovine serum albumin (BSA)
Cells engineered to produce fluorescent reporter molecules or primary and secondary antibodies against the proteins of interest.

Note: We describe experiments with cyanine 3 fluorescent synthetic dye (Cy3)—labeled secondary antibodies, but
any other label that can be detected by the filters of the microscope can be used.

DAPI (4',6-diamidino-2-phenylindole) (Sigma) [Dapi in the MetaXpress software]
Formaldehyde, 37%

Glass cover slips; 18- X 18-mm size 1 cover slips

Growth medium appropriate for the cells under investigation

Microscope slides, such as precleaned Fisherbrand slides (size 25 X 75 X 1 mm)
Phosphate-buffered saline (PBS), pH 7.4

Triton X-100

Tween 20 (polysorbate detergent)

Equipment

Cell Culture
CO, incubator

Laminar flow hood

Water bath

Microscopy

ImageXpress Micro automated imaging system (Molecular Devices, Sunnydale, CA) or a Zeiss LSM 510 confocal microscope equipped
with a 200 M microscope.

Note: We collect images with the ImageXpress Micro with a 40X magnification objective [numerical aperture
(NA) = 0.60)] and a CoolSnap HQ camera. Exposure times were 20 ms for DAPI and between 1.5 and 3.2 s for
tetramethyl rhodamine isothiocyanate (TRITC) and fluorescein isothiocyanate (FITC). We collect images with the
Zeiss LSM 510 with a 63X magnification (NA = 1.4) at scan speed 5, with four-line averaging and a pixel resolu-
tion of 0.65 pm.
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Software
MetaXpress (Molecular Devices, Sunnydale, CA) software

Note: The modules in MetaXpress need to be configured for the fluorescence quantification of the compartment of interest.

Recipes

Recipe 1: Formaldehyde Fix

Prepare a fresh solution of 3.7% formaldehyde in PBS by diluting a 37% formaldehyde stock solution into PBS. Prepare 9 ml for six
samples.

Recipe 2: Permeabilization Buffer
Add 2 mg/ml of BSA to a solution of 0.1% Triton X-100 in PBS. Prepare 9 ml for six samples.

Recipe 3: Wash Buffer
Add 2 mg/ml BSA to a solution of 0.05% Tween 20 in PBS. Prepare 22.5 ml for six samples.

Recipe 4: Primary and Secondary Antibodies
Dilute primary and secondary antibodies in Wash Buffer (Recipe 3).

Note: The optimal dilution of primary antibodies must be determined empirically for each antibody. Fluorescently
labeled secondary antibodies should be used at a concentration of 0.5 to 1.5 ug/ml.

Recipe 5: DAPI Stain
Dissolve 1 pg/ml DAPI in Wash Buffer (Recipe 3). Prepare 1.5 ml for six samples.

Instructions

The relative abundance of a protein of interest that is present in the NE, nucleus, cytoplasm, or all compartments is determined with
different software modules in MetaXpress. We describe how to acquire images and to adapt the software programs to quantify the
amount of protein in each location, as well as the advantages and potential pitfalls of the procedures.

Cell Preparation for Imaging

This method may be applied to cells that adhere to glass cover slips or coated glass cover slips. We provide the general instructions
for cells that grow on poly-lysine—coated glass cover slips. Before image acquisition with ImageXpress Micro, it is important to in-
spect the cover slips and to determine the distribution of cells. This can be done by examining samples with a phase-contrast micro-
scope or by examining samples that are DAPI-stained with a fluorescence microscope. Cover slips with very high cell density should
not be used for image segmentation with certain modules, because individual cell identification by image segmentation can be diffi-
cult. Cover slips with cells at very low density may not provide a large enough sampling of cells for appropriate statistical representa-
tion of the data. On the basis of our experiments with HeLa cells, we recommend 1.3 X 10° cells/cover slip (18- X 18-mm size 1).

1. Grow cells on 18- X 18-mm size 1 cover slips in multiwell dishes (six-well dishes; each well with 9.6 cm? growth area) in the
appropriate growth medium.

2. Fix cells for 20 min with 1.5 ml of 3.7% formaldehyde in PBS (Recipe 1) at room temperature and wash with PBS.

Note: If the cells synthesize fluorescent reporter proteins, fix for only 10 min, wash with PBS, then proceed direct-
ly to step 9 for DAPI staining (12, 13).

3. To detect antigens by indirect immunofluorescence, permeabilize cells for 5 min at room temperature with Permeabilization
Buffer (Recipe 2).

www.SCIENCESIGNALING.org 16 September 2008 Vol 1 Issue 37 pl2 4

0102 ‘9z Arenuer uo 6o Bewadusios ayis Woly papeojumoq



PROTOCOL

4. Block for 1 hour at room temperature in Wash Buffer (Recipe 3).

W

Antibodies (Recipe 4).

. Remove cover slips from multiwell dish and incubate overnight at room temperature in a humid environment with Primary

Wash cells at least three times for 10 min each wash in 250 pl Wash Buffer (Recipe 3).

Incubate with Secondary Antibodies (Recipe 4) for 2 hours at room temperature.

Stain the nuclei with 250 .l of DAPI Stain (Recipe 5) for 2 min at room temperature.

11. Examine the cells on the cover slip with a conventional (for phase-contrast analysis) or fluorescence microscope, and only use

6.
7.
8. Wash cells at least three times for 10 min, each wash in 250 w1 Wash Buffer (Recipe 3).
9.
0.

Mount the cover slips on a slide in the appropriate position for image acquisition.

those cover slips with an appropriate density of cells for image acquisition with ImageXpress Micro or confocal microscopy.

Note: HeLa cells at 1 to 1.5 x 10° cells/cover slip worked well in our hands. With this confluency, we obtained ac-

curate segmentation with different analysis modules.

Image Acquisition with ImageXpress Micro of Cells Grown on Cover Slips

The MetaXpress software was developed for plate formats, which
cannot be used without modification of the modules for speci-
mens on cover slips. For many applications, cells are routinely
grown on cover slips and mounted on slides, and we designed the
protocol below specifically to adapt the image acquisition unit to
these experimental settings (Fig. 1). In the descriptions below, we
kept the term “plate” as it is used by the software, even though
the experiments were carried out with cover slips. The steps that
are critical to acquire such images are described in detail; we
have omitted general information that can be found in the
MetaXpress manual. ImageXpress Micro has the advantage that
images can be acquired rapidly. A disadvantage with this equip-
ment is that fluorescence will be collected from the whole cell,
and images will contain a large amount of out-of-focus light. If
high concentrations of the molecule of interest are present in the
cytoplasm, as well as in the nucleus, measuring the intranuclear
or NE fluorescence may require image acquisition by confocal
microscopy. Although confocal microscopy is more time-con-
suming, this procedure will provide a more accurate quantifica-
tion for the localization of some molecules.

A few settings in the “Plate Acquisition Setup” menu are worth
noting (Fig. 2). Camera binning can be set to provide the best sig-
nal-to-noise ratio. Without binning, the images will be at the
highest resolution; however, with binning, there is an increase in
the signal-to-noise ratio, resulting in better image quality and
shorter exposure times. Camera gain can also be used, but the
same gain setting should be used if data are to be compared
across different experiments. When binning is set, the signal for
an array of pixels is summed, and this value is read out as a single
pixel. For instance, with a 2 X 2 binning, the 4 pixelsina 2 X 2

Microscope slide

AO1 A02
25,000 Hela

) um — ‘ cells
g —pp
15,000 um

Slide adaptor

AO1 A02 @

Fig. 1. Image acquisition with ImageXpress micro for cells grown
on poly-lysine—coated cover slips. Cover slips were mounted on a
microscope slide for image acquisition and loaded on the slide
adaptor with the cover slips face down. Optimal positions for the
mounting of cover slips are shown.

array are added together and read out as a single pixel value. This results in lower noise within the images. In some pixels, noise will
be higher than average, and in some, it will be lower; however, the total signal will always be a positive value above background. Bin-
ning is especially important when the label provides a low-intensity signal, when living cells are analyzed, or if image acquisition
must occur quickly. For our experiments with HeLa cells, a binning of 2 was optimal and represented a pixel size of 0.3225 wm/pixel.

The second setting that is particularly important provides the parameters that generate a map of the “plate” (now a slide), which the
software uses to locate each “well” (now a cover slip) on the plate. The well location is the point of intersection between column and
row. Measurements, such as the number of rows and columns in the plate, column and row offsets, spacing, well diameter and depth,
plate dimensions, and the physical thickness of the plate bottom, have to be provided before acquisition. Because the software is
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designed to read special plate formats, a new plate configuration for micro-
scope slides must be set. The new parameters for microscope slides should be
added to the plate library. The configuration described below identifies the
slide as a plate with two rows (A and B) and two columns (1 and 2), resulting
in a total of four wells. Wells AO1 and A02 represent the two cover slips on
the slide (Fig. 3, A and B). The software requires that the distance between
rows is specified; therefore, BO1 and B02 were assigned to create a 2 X 2 ar-
ray but are not representative of the actual sample. To be able to reuse the
plate map for different experiments, the cover slips have to be mounted in the
same position on every slide. In particular, the distance between the two cov-
er slips and the offsets from the slide margins should be kept constant.

Another parameter that is important to understand is the autofocus setting,
and there are two options: laser-based focusing and image-based focusing.
Laser-based focusing on the ImageXpress Micro uses a red laser to detect
light reflections at the air-slide interface and the slide-mounting medium in-
terface. If mounting medium is matched well to the cover slip (following the
specifications recommended by the manufacturer), the air-slide interface is
usually detected more easily.

The laser-based focusing uses a red laser and a position-sensitive detector to

measure the reflection of the laser at the focal plane. The reflection of the laser
relies on there being a difference in the refractive index between two sub-
stances. For instance, with a dry objective, there is an air-glass interface be-
tween the lens and the cover slip, and this can be easily detected. Then the fo-
cus can be offset by entering the thickness of the cover slip (0.13 to 0.17 mm
for no. 1.0 cover slips). The actual cover slip thickness can be measured with

MetaXpress 20216 External Control Disabled

Log Measure Journal | Screening Apps Window Help

Plate Acquisition Setup...

Enable External Control

ZNa W w

&) Review Plate Data [DE]...
Plate Data Utilities [DE]...
Add Analysis To Database [DB]...
=10l
Experiment-

Names and Description
Objective and Camera- 40X Plan Flu: Set up a A p g exp
Plate-mil pe slide settings

Wells to Visit- 1 of 4

Sites to Visit- multi-site @ Create new settings
Timelapse- 1 time point(s)  Load existing seltings file
Acquisition Loop

Autofocus

B w1 DAPI

W2 TRITC, FITC, ...efc.
Journals- 0 selected
Display Settings
Post Acquisition
Summary

Save Settings... | Summary... | - Erevious | P Nest | Close I

Fig. 2. Configuration of parameters for image acqui-
sition. Settings for the plate acquisition are generat-
ed for a new application or loaded from previous ex-
periments (existing settings). The buttons on the left
side are used to configure the different parameters
for a new acquisition.

the software by using the autofocus feature as the difference in the z position of the cover slip bottom and cover slip—medium inter-
faces. For an immersion lens, where the oil has essentially the same refractive index as glass, the interface between the oil and the
glass is optically transparent and does not give rise to a reflection. In this case, the interface between the top surface of the cover slip

and the aqueous medium can be detected.

The image-based focus, which is based on image-contrast algorithms, can be used in addition to laser-based autofocus. The disadvan-
tage of image-based focusing is that it requires additional time and exposes the sample to additional light. However, if the samples are
fixed and have mounting medium with an antifade agent, and the data set is not excessively large, this is a good option. For large data
sets or living cells, this feature is not recommended. Because our samples were fixed and the data sets were not too large, we used

both laser-based and image-based focusing.

1. Add microscope slide as a new plate type to the plate library of the MetaXpress software by going to the MetaXpress Main
Screen and choosing “Screening,” select “Plate Acquisition Setup,” then choose “Plate.”

2. Load the microscope slide on the slide adaptor such that the slide is inverted with the cover slip face down. The frosted end
of the slide should be oriented toward the cut corner of the slide adaptor (Fig. 1).

Note: Cover slips should always be mounted in the same position on the slide in order for the plate acquisition settings

(specified in the next steps) to be reused.

3. On the MetaXpress main screen click the “eject” icon to open the plate stage door, load the slide adaptor on the plate stage, and

then close the door.

4. On the MetaXpress main screen choose “Screening,” select “Plate Acquisition Setup,” then choose “Create new settings” (Fig. 2).

Note: Once the settings are established, then you can choose “Load existing settings file.”

5. Provide a name, date, and a brief description of the experiment. The acquired images can be retrieved under this name for sub-

sequent analyses.

6. Select the objective appropriate for screening the samples.

Note: We recommend the following objectives: For simply counting cells or looking for a positive or negative in-
tensity of a given marker, a 10X or 20X pt lens can be used. However, a 20X or 40X lens with a numerical
aperture (NA) of >0.5 would be preferred to measure subcellular localization. To quantify correctly subcellular
structures such as NEs, endosomes, focal adhesions, or peroxisomes, a 60X with an NA > 0.7 may be needed.
When working with high-NA lenses, it is best to use cover slips or glass-bottomed plates.
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7. Select the camera binning; we recommend using 2 X 2 binning as a starting point and then optimizing binning, taking into
consideration the speed necessary for image acquisition and the desired resolution.

Note: The following information should be considered when setting camera binning: For fixed cells, camera
binning is not required because more light can be put into the system. However, if high-resolution data are not
required, using a 2 X 2 binning setting will reduce file sizes by four times and speed up acquisition. The 2 X 2
binning setting is always suggested for live-cell acquisition to increase signal-to-noise so that exposure times
can be kept to a minimum (26).

A

Il Plate Acquisition Setup - Plate

Plete name:  [MK side cover down =l B Fig. 3. Addition of a microscope slide to
Numbes o rows: Nemmber o cos: CIEEETITETHEIIEM- X the plate library of the MetaXpress soft-
.- .- L o ' & ware. (A) New configuration settings for
T —  wel

the microscope slide are added to the
plate library; these settings identify the
slide as a four-well plate, the first row rep-
resents the two cover slips for which im-

Column
diameter (um): B-E spacing (um}:

08 =2 |00 =2
/— ——  Column F!ow_ :

ages will be acquired. Wells BO1 and B02

are required for the plate set up, but are

it Seoth g not actually on the slide. (B) Images for

|:| D [sa000 =] [i3500 =] wells (cover slips) can be acquired sepa-

— rately or both in the same acquisition with

u u Tricness u u Vatoton s e one cover slip after the other.
100 j: ..... fio %

8. Specify the details of the plate in the “Plate Acquisition Setup-Plate” screen (Fig. 3A).

Note: For 18- X 18-mm-sized cover slips on precleaned Fisherbrand slides (size 25 X 75 X 1 mm) set 2.5 cm
apart (Fig. 1), the settings shown in Fig. 34 can be used.

9. Specify which cover slips will be used to acquire images by using the “Wells to Visit” screen (Fig. 3B).

Note: Each cover slip on the slide is represented as a well. Wells can be selected individually (left-clicking on
well) or data can be acquired for both wells

10. Specify the positions and number of images to collect on each cover slip by using the “Sites to Visit” screen (Fig. 4A).

Note: Images can be collected from each well at multiple sites, and these are determined by the specified num-
ber of columns and rows. Spacing between the columns and rows can be set to ensure sampling of the entire
cover slip. Images from multiple sites distributed throughout the cover slip should be collected to provide a non-
biased representation of the sample. We collected images from 16 to 25 sites with a minimum of 70 cells for
each cover slip. This was sufficient to obtain at least 50 cells with proper segmentation, after segmentation re-
sults were inspected and poorly segmented cells were eliminated from the analysis.

11. Set the appropriate wavelengths for image acquisition.

A

I Plate Acquisition Setup - Sites to ¥isit

Fig. 4. Defining the sites for image
acquisition and wavelength-1. (A)

Site Acquisition Option B

e g e T —_ i COnfiguration settings define nine
- Site layout in well —Spacing (um): = sites for vaUiSitiOn; note that the
Columns:[5 E!f l@mma Il aeto Erpnse . site distribution is determined by

FowsF S M0 irag et 418408 R B the spacing between rows and

Minirmur to visit: |2 3: ites: Exposure (ms): 20 3; . . N
e Lk o) columns. (B) Configuration settings
%‘ M AroEspans)|| Tatoetmasimum iy 000 2 to acquire wavelength-1 image
s I (Dapi). Combined laser- and image-
Site locations: fotd . .
o e e based focus option is selected to
Leseandimage =P HF P& @ [Gan1c=] enhance image resolution (see text
ettt i ool i for details).
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Note: We set DAPI as W1 with 350/460 nm excitation/emission wavelength and an exposure time of 20 ms (Fig.
4B). We set W2 as either enhanced GFP (EGFP)/FITC/Alexa488 (470/525-nm excitation/emission wavelength,
3182-ms exposure time, target maximum intensity 3000, and Z offset from W1 of 1.1 um) or TRITC/Cy3
(545/620-nm excitation/emission wavelength, 3182-ms exposure time, target maximum intensity 3000, and Z.
offset from W1 of 1.1 um). Shorter exposure times, ~100 to 500 ms, can be used if the signal-to-noise ratio is
two or higher and must be used for live-cell imaging.

12. Set the autofocus to either laser-based or image-based, or both.

Note: For fixed samples with antifade mounting medium, we used laser-based focus, enabled the image-based
focus, and selected a binning of 2. For the laser-based focus, the following settings were used: Exposure on the
plate bottom, 50 s, exposure on the well bottom, 300 s, course step, 3um, fine step, 0.5um; laser power,
100. We selected to focus on the plate bottom and then offset by the bottom thickness.

Image Acquisition with Confocal Microscopy for Cells Grown on Cover Slips

1. Place microscope slide on the stage of the confocal microscope.

2. Using a 63X oil immersion objective (NA 1.4), set the confocal microscope to a resolution of 1024 X 1024 and 12 bits.

3. Choose optical slices through the center of the nucleus for quantification and obtain optical sections of 0.65 pm.

4. Save images as .Ism files, which are recognized by the MetaXpress software.

Image Analysis with MetaXpress

Table 1. Comparison between different software modules for the quantification of nuclear, cytoplasmic, and NE fluorescence.

Software module

Multiwavelength cell-scoring

Application

Strong signal in cytoplasm; uneven
distribution of signal in cytoplasm

Disadvantages

Not useful if signal in cytoplasm is faint or
cell edges not discernible; cannot be used
to measure NE or other membrane-associ-
ated fluorescence

Translocation-enhanced

Strong or weak signals in cytoplasm; NE
fluorescence

Not useful if uneven distribution of signal
in cytoplasm

Multiwavelength translocation

Strong or weak signals in cytoplasm; NE
fluorescence measured in one step

Not useful if uneven distribution of signal
in cytoplasm

Three MetaXpress software modules may be used for analysis. “Multiwavelength cell-scoring,“translocation-enhanced,” and “multi-
wavelength translocation” modules (Table 1) were adapted to quantify the localization of molecules of interest. For all modules, DAPI
staining was used as a reference to distinguish nuclear and cytoplasmic compartments. A second fluorescent marker stained the
molecule of interest, which may localize to the nucleus, cytoplasm, both compartments, or the NE. These software modules can be
used with images acquired with the ImageXpress Micro instrument, with a confocal microscope, or with any images acquired with a
microscope that can save the images in a format that can be read by MetaXpress. Different procedures are required for analyzing im-
ages depending on the acquisition method, and these are detailed for each module. After configuration, data acquisition and export

follow a common set of steps, which are presented once.
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Configuring the Multiwavelength Cell-Scoring Module to Quantify Nuclear and Cytoplasmic Distribution

The multiwavelength cell-scoring module measures the fluorescence intensities of at least two markers with different wave-
lengths. The application of this module to quantification of nuclear and cytoplasmic distribution depends on a defined set of
parameters that identify each cell and relies on the presence of a nuclear marker. The nuclear marker is required to identify
cells. The software creates segments (regions) that colocalize with the compartment of interest. The exact match between the
region (segment) and the compartment margin is achieved by selecting segmentation parameters (minimum and maximum
width, intensity above background). The software measures the fluorescence intensity in the region defined by the settings.

Nucleus and Cytoplasm

i o A Dapi Nucleus (TRITC) (TRITC)

Fig. 5. Quantification of fluorescence I A e roe el

intensities with the multiwavelength Nemtarol warertelp =] Numberof wavelenghs: 2] Pl | [
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The minimum and maximum width of the nuclei and the intensity above local background of the nuclear marker are used to
identify the nuclear compartment (minimum width = 8 pwm, maximum width = 30 pm) (Fig. 5SA; numbers in red). These are
the first segmentation criteria. Similarly, segmentation settings for the second marker denote the second compartment of in-
terest. In the example shown in Fig. 5, the protein of interest was stained with Cy3-labeled secondary antibodies and is
present in both nuclear and cytoplasmic compartments. The same filter is used to measure fluorescence obtained for TRITC-
or Cy3-labeled molecules, which is shown as “TRITC” in the software window (Fig. 5). For segmentation of a cytoplasmic
marker, the software analyzes intensities going out from the nuclear segmentation until an edge is found where fluorescence
intensities are no longer above the minimum threshold or a large drop in intensity between two neighboring pixels occurs.
Care must be taken in selecting settings for segmentation in order to get a proper identification of cellular compartments. The
cytoplasmic area is defined as the region where the second marker, but not the nuclear marker (in this example, DAPI), can be
detected. The total intensity of Cy3-labeling in the nucleus is measured according to the segmentation obtained with DAPI
staining. The intensity of Cy3-labeling of the entire cell is calculated for the region that shows Cy3-labeling above the mini-
mum threshold set in the initial parameters. The difference between whole-cell intensity (nucleus plus cytoplasm) minus the
nuclear intensity provides a measure of the cytoplasmic fraction of the protein.

It is essential to visually inspect the overlay between the segments generated and the boundaries of nuclei and the cells in the original
image. This step ensures that segments produced by the software colocalize with the desired regions. The settings may need to be re-
vised to establish an accurate demarcation of the regions of interest (Fig. 5, A and B).

Changes in the settings for minimum and maximum width or in the intensity above background affect segmentation (Fig. 6, A to C).
For instance, values too low for the approximate minimum width of the nuclear segmentation parameters underestimate the nuclear
size, whereas nuclei are missed when values are too high (Fig. 6B, top and middle). Moreover, inappropriate values for the intensity
above local background interfere with the proper identification of nuclei (Fig. 6B, bottom). In addition, values of the cellular segmen-
tation parameters that are too high for either the approximate minimum width or intensity above local background underestimate the
cell size (Fig. 6C, top and bottom), whereas values too low for the intensity above local background overestimate the cellular size
(Fig. 6C, middle).

If the cytoplasmic fluorescence is low, the boundaries of the cell may not be detected properly. In this case, the nuclear and cytoplasmic dis-
tributions can be measured by using the translocation-enhanced or multiwavelength translocation modules described in the later sections.
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Fig. 6. Settings for nuclear and cellular segmentation parameters are crucial to generate
segments that accurately match the nuclei and cell margins. (A) Appropriate values were
selected for segmentation. (B) Incorrect values for any of the parameters (red numbers) to
identify the nuclei (left) may result in under- or overestimation of the nuclear size. This may
generate segments that do not match the cellular margins or may eliminate some nuclei.
(C) Similarly, inappropriate parameters to identify the cell margins (right) will produce seg-
ments that do not properly colocalize with the cellular boundaries (see text for details).

Here, we provide a step-by-step protocol using
the multiwavelength cell-scoring module in
MetaXpress for the quantification of data ob-
tained for fixed HeLa cells for which the protein
of interest was detected by indirect immunofluo-
rescence with Cy3-labeled secondary antibodies
and DNA was stained with DAPI.

1. From the MetaXpress main screen, select
“Screening.”

2. From the drop-down menu, select “Review
Plate Data.”

3. In the Review Plate Data dialog box, press the
“Select Plate” button in the upper left to re-
trieve acquired plate data (Fig. 7A).

4. In the Review Plate Data dialog box, select the
well to be displayed under “Data view: Well
arrangement” (Fig. 7A).

Note: For instance, for A0I
shown in Fig. 74, choose all
sites from the table cell to view
all the acquired fields (each
field = one image).

5. Select the wavelengths to be displayed. Once
selected, an HCS-image array of thumbnails
for each wavelength opens, showing all images
acquired for each cover slip or well (Fig. 7B).

6. Click on a thumbnail for a site to analyze, and
two separate full-resolution images represent-
ing the two wavelengths open. Each one dis-
plays the name of the wavelength at the top
(Fig. 7B, DAPI or TRITC. Note that “TRITC”
shows the image obtained with the TRITC/Cy3
filter.).

7. Correct the background for the full-resolution
images, by subtracting from each image pixel
the average intensity of a manually selected re-
gion of the image that does not contain cells. At
this point, background-corrected images can be
saved. This is desirable if the same images will
be processed with a different module.

Note: Because background intensities vary between different images, the background for each individual image

must be determined and subtracted.

8. To begin configuring new settings, in the Review Plate Data dialog box choose “Multi Wavelength Cell Scoring” under the

“Run Analysis” tab, then press the “Configure Settings” button (Fig. 7A).

Note: Once the new settings are configured, the stored configuration settings can be retrieved by selecting the
multiwavelength cell-scoring module from the application module list or from the Review Plate Data dialog box
under the Run analysis tab, using “Analysis” and “Settings” lists to open the dialog box for the multiwavelength

cell-scoring module (Fig. 74).

9. In the multiwavelength cell-scoring dialog box, enter the total number of wavelengths in the experiment. Separate tabs for each

wavelength will be displayed.

Note: In the example in Fig. 5, the “All nuclei” tab corresponds to the nuclear marker DAPI and the “W2” tab

represents the second marker, in this case TRITC/Cy3.
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10. Open the wavelength tab for “All nuclei” and set the parameters for nuclear segmentation.
Note: Fig. 54 (DAPI) shows the actual values used to segment the nuclei of HeLa cells.
11. Open the wavelength tab for W2 and set the parameters for cellular segmentation.

Note: For our experiments, we generated two settings. The first setting had the same parameters as that for the
DAPI wavelength to identify the intensity in the nuclei (Fig. 54, Nucleus, TRITC). The second setting was based
on segmentation of the entire cell to determine the intensity in the nucleus and cytoplasm (Fig. 5A, Nucleus and
Cytoplasm, TRITC).

12. Press the “Preview” or “Test Run” button to display the original images with the segmentation overlaid (Fig. 5B). Cells that
are not well segmented should be excluded from the analysis.

Note: Two cells in Fig. 5B (marked with arrowheads) were not segmented well and are representative of the
types of cells that would be excluded from the analysis by manual inspection of the data.

13. Proceed to Data Acquisition and Export.

Measure Journal Screenlng Apps  Window Help
NS | 5 o MEEE O
Plate Data Utilities [DD]
Add Analysis To Database [DD]...

Start Auto Run Mode [DD]... B
Auto Run Plate Statuses [DD]...

HCS images Fig. 7. Opening of images acquired with
ImageXpress Micro and configuration of
the analysis module. (A) The review plate
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Configuring the Translocation-Enhanced Module to Quantify Nuclear and Cytoplasmic Distribution

The translocation-enhanced module determines the localization of a fluorescent probe with respect to a specific cellular compart-
ment, such as the nucleus. It quantifies the fluorescence signal inside, as well as outside, of a defined compartment. The compartment
of interest is identified with a fluorescent marker that is distinct from the fluorescent marker to be measured. In the example
described, DAPI is used to stain nuclei and GFP with a nuclear localization sequence (NLS) (NLS-GFP) (13) is the protein of interest
(Fig. 8). The software uses the DAPI image to define the margins of the compartment (Fig. 8A), on the basis of several criteria that
are configured in the dialog box option settings (Fig. 8B). The criteria are similar to those for the multiwavelength cell-scoring mod-
ule, with the addition of the approximate width of the compartment and the use of minimum and maximum area rather than diameter
of the stained area. After identifying the compartment edge, the software creates two regions (segments) that are ring shaped either
within or outside of the compartment. This segmentation is applied to the image of the protein of interest (in this case, NLS-GFP)
(13) to measure the fluorescence intensity in both regions (Fig. 8C).

The translocation-enhanced module should be used when quantifying the relative distribution of a molecule between the nucleus
and cytoplasm instead of the multiwavelength cell-scoring module when the cellular segmentation for the molecule of interest is
problematic. Examples where segmentation may be problematic include the following: (i) situations in which the fluorescence inten-
sity of the molecule of interest is not very high above background, which makes it difficult to identify the cell edges, that is the plas-
ma membrane; (ii) cells in which the molecule of interest concentrates in nuclei or near the nuclear periphery; and (iii) samples in
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which the density of the cells is high, which makes it
difficult to adequately resolve individual cells.

However, there are conditions for which the translocation-
enhanced module cannot be used. If the fluorescence in-
tensity is not evenly distributed throughout the cytoplas-
mic compartment, then the selected outer area near the nu-
clear rim may not accurately represent the cytoplasmic
distribution of the probe (see HuR as an example, below).

In the translocation-enhanced module, a background esti-
mation method for background subtraction is available.
However, this feature of the software is not well charac-
terized and was, therefore, not applied in our studies.

Below are detailed instructions for configuring MetaX-
press and analyzing images acquired with ImageXpress
Micro using the translocation-enhanced module to quan-
tify proteins localized in the nucleus and cytoplasm.

—_

.From the MetaXpress main screen, select
“Screening.”

2. From the drop-down menu, select “Review Plate
Data.”

3. In the Review Plate Data dialog box, press the
“Select Plate” button in the upper left to retrieve
acquired plate data (Fig. 7A).

4. In the Review Plate Data dialog box, select the
well to be displayed under “Data view: Well
arrangement” (Fig. 7A).

5. Select the wavelengths to be displayed. Once select-
ed, an HCS-image array of thumbnails for each
wavelength opens showing all images acquired for
each cover slip or well (Fig. 7B).

6. Click on a thumbnail for a site to analyze and
two separate full-resolution images representing
the two wavelengths open. Each one displays the
name of the wavelength at the top (Fig. 7B,
DAPI or TRITC).

7. Correct the background for the full-resolution im-
ages by subtracting from each image pixel the av-
erage intensity of a manually selected region of
the image that does not contain cells. At this
point, background-corrected images can be saved.

A
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Fig. 8. The translocation-enhanced module is applied to analyze nuclear
transport. (A) DAPI staining identifies the compartment of interest (nucle-
us); NLS-GFP is a nuclear reporter protein for which the nuclear and cyto-
plasmic fluorescence will be quantified (see also Fig. 13). (B) The dialog
box for the translocation-enhanced module shows the settings that define
the nuclear compartment, as well as the inner and outer regions that were
selected for quantification. The cartoon depicts the position of the inner
and outer regions with respect to the nucleus, as well as the edge of the
nuclear compartment (orange dashed line). (C) Overlays were produced
for the inner and outer regions either with the DAPI or the FITC (NLS-GFP)
image to visualize the segmentation for acquired images.

10.

11.

12

. To begin configuring new settings, in the Review Plate Data dialog box choose “Translocation enhanced” under the “Run

Analysis” tab, then press the “Configure Settings” button (Fig. 7A).

. In the translocation-enhanced dialog box (Fig. 8B), select the wavelengths of the compartment marker and the translocation

probe, DAPI and FITC in the given example. Set the measurements to identify the compartment of interest (for instance, nu-
cleus), and select to automatically separate touching compartments; this will ensure the accurate separation of adjacent com-
partments (in the example, nucleus and cytoplasm).

Define the inner and outer regions; this includes the region width and distance from the compartment edge (in our example,
the boundary of the nucleus which is delineated by the NE; dashed orange line in Fig. 8A).

Press the “Test Run” button to display the original images with the segmentation overlaid (Fig. 8C). Cells that are not well
segmented should be excluded from the analysis.

. Proceed to “Data Acquisition and Export.”
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Configuring the Translocation-Enhanced Module to Quantify NE Fluorescence

By modifying the parameter settings that define the inner and outer regions, we adapted the translocation-enhanced module and used
it to measure the intensity of a fluorescent probe at the NE (Fig. 9A). This new application of the module was generated by creating
two different configurations for inner and outer regions (Fig. 9, B and C). The data from these two configurations are combined to

quantify NE staining.
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Fig. 9. The translocation-enhanced module was adapted to quanti-
fy fluorescence at the NE. (A) Nuclei are stained with DAPI (blue),
and an NE protein is detected by green fluorescence. (B) Settings
used to generate regions 1 and 2 and the overlay between the
segments and the FITC image are shown. Note that there is no
space between the inner and outer regions, i.e., regions 1 and 2.
(C) Regions 3 and 4 are generated at the same position as re-
gions 1 and 2. However, the settings introduce a gap between re-
gions 3 and 4; this gap represents the NE. The overlay image for
regions 3 and 4 should be compared with the overlay image in part
B for regions 1 and 2. (D) The fluorescence intensity at the NE can
be calculated by the simple formula: Intensities of regions (1 + 2)
minus intensities of regions (3 + 4). (E) The positions of the outer
region, inner region, and the compartment edge (orange dashed
line) are illustrated.
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In the first configuration, two regions (regions 1 and 2) are created
that represent the fluorescence intensity in a small area around the
nucleus and a portion of the NE facing the cytoplasm (region 1), as
well as the nucleus and the rest of the NE (region 2). These two re-
gions are adjoining at the edge of the compartment, with no space
between the inner and outer regions. The settings used to produce
these regions and the overlay on the image are shown in Fig. 9B.

In the second configuration, the inner and outer regions are pro-
duced in the same positions as above; however, a space is generated
between the inner and the outer region by defining the distance
from the edge. For the example in Fig. 9C, the inner region ends 0.9
pm from the edge and the outer region begins 1 pm from the edge
of the compartment (the nucleus in our example). These settings
produce regions 3 and 4; the gap between these regions coincides
with the NE.

The measurements obtained for regions 1, 2, 3, and 4 can now be
combined manually to determine the fluorescence intensity at the
NE: Regions (1 + 2) minus regions (3 + 4) will provide a quantifi-
cation of the fluorescence signals located at the NE (Fig. 9D). A
schematic representation of the critical parameters used to define
the size and position of different regions is depicted in Fig. 9E.

Below are detailed instructions for configuring MetaXpress and an-
alyzing images acquired with ImageXpress Micro using the translo-
cation-enhanced module to quantify NE localized proteins.

1. From the MetaXpress main screen, select “Screening.”
2. From the drop-down menu, select “Review Plate Data.”

3. In the Review Plate Data dialog box, press the “Select Plate”
button in the upper left to retrieve acquired plate data (Fig.
TA).

4. In the Review Plate Data dialog box, select the well to be displayed
under “Data view: Well arrangement” (Fig. 7A).

5. Select the wavelengths to be displayed. Once selected, an HCS-
image array of thumbnails for each wavelength opens showing all
images acquired for each cover slip or well (Fig. 7B).

6. Click on a thumbnail for a site to be analyzed, and two separate
full-resolution images representing the two wavelengths open.
Each one displays the name of the wavelength at the top (Fig. 7B,
DAPI and TRITC).

7. Correct the background for the full-resolution images, by subtract-
ing from each image pixel the average intensity of a manually se-
lected region of the image that does not contain cells. At this point,
background-corrected images can be saved.

8. To begin configuring new settings, in the Review Plate Data dia-
log box choose “Translocation enhanced” under the “Run Analy-
sis” tab, then press the “Configure Settings” button (Fig. 7A).
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9. In the translocation-enhanced dialog box (Fig. 8B), select the wavelengths of the compartment marker and the translocation
probe, DAPI and FITC in the given example. Set the measurements to identify the compartment of interest (for instance, nu-
cleus) and select to automatically separate touching compartments; this will ensure the accurate separation of adjacent com-

partments (i.e., nucleus and cytoplasm).

10. Define the inner and outer regions; this includes the region width and distance from the compartment edge (in our example, the
boundary of the nucleus which is delineated by the NE; dashed orange line in Fig. 8A). For the NE quantification, you need to
create two sets of inner and outer regions, use the configuration settings in Fig. 9, B and C to obtain appropriate segmentation.

11. Press the “Test Run” button to display the original images with the segmentation overlaid (Fig. 9, B and C). Cells that are not

well segmented should be excluded from the analysis.

12. Proceed to “Data Acquisition and Export” and calculate the intensity for NE fluorescence (Fig. 9D).

Configuring the Multiwavelength Translocation Module

This module is a simplified version of the translocation-enhanced module; it uses the same principle as the translocation-enhanced module
to identify the nuclei and regions, both inside and outside of the nuclear area. The module contains one key component for NE analysis; it
allows the assignment of negative values for the distance of the outer region from the compartment. We took advantage of this feature and
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Fig. 10. The multiwavelength translocation module was adapted to
quantify fluorescence at the NE. (A) The nuclear compartment is
stained with DAPI and an NE protein is detected with a red fluores-
cent probe (TRITC) (72). (B) Settings to generate segments that de-
fine the nuclei and the overlay of segments and the DAPI image are
illustrated. (C) Parameters are set to define the inner and outer re-
gions. Note that the outer region coincides with the NE, whereas the
inner region is set to be small to facilitate the visual inspection of
overlay images (see text for details).
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developed configuration settings that create an outer region that
colocalizes with the NE. This enabled us to measure the fluores-
cence intensity at the NE in one step (Fig. 10, A to C). Nevertheless,
measuring the NE intensity with the translocation-enhanced module
can be used to verify the results obtained by the multiwavelength
translocation module. The modules each give similar results for the
NE fluorescence intensity (Fig. 11). Although the main application
of the multiwavelength translocation module in our experiments is
to quantify NE intensity, it can also be used to determine fluores-
cence intensities in the nucleus and other areas of the cell.

Below are detailed instructions for configuring MetaXpress and ana-
lyzing images acquired with ImageXpress Micro by using the multi-
wavelength translocation module.

—

. From the MetaXpress main screen, select “Screening.”
2. From the drop-down menu, select “Review Plate Data.”

3. In the Review Plate Data dialog box, press the “Select Plate”

button in the upper left to retrieve acquired plate data (Fig.
7A).

4. In the Review Plate Data dialog box, select the well to be dis-
played under “Data view: Well arrangement” (Fig. 7A).

5. Select the wavelengths to be displayed. Once selected, an HCS-
image array of thumbnails for each wavelength opens, showing
all images acquired for each cover slip or well (Fig. 7B).

6. Click on a thumbnail for a site to analyze, and two separate
full-resolution images representing the two wavelengths open.
Each one displays the name of the wavelength at the top (Fig.
7B; DAPI and TRITC).

7. Correct the background for the full-resolution images, by sub-
tracting from each image pixel the average intensity of a manu-
ally selected region of the image that does not contain cells. At
this point, background-corrected images can be saved.

8. To begin configuring new settings, in the Review Plate Data di-

alog box, choose “Multi Wavelength Translocation” under the
“Run Analysis” tab, then press the “Configure Settings” button
(Fig. 7A).
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9. In the “multiwavelength translocation” dialog box, select compartments and configure the parameters to identify the compart-
ment of interest, the nucleus in our example (Fig. 10B).

10. Select the W2 tab, then set the parameters to identify the inner and outer regions (Fig. 10C).

Note that the outer region distance from edge has a negative value, and the segment generated colocalizes well with
the NE. The inner region is set to be small; this simplifies the visual inspection to monitor an accurate match be-
tween the outer region and the NE.

11. Press the “Preview” or “Test Run” button to display the original images with the segmentation overlaid (Fig. 10, B and C).
Cells that are not well segmented should be excluded from the analysis.

12. Proceed to “Data Acquisition and Export.”

Analysis for Images Acquired by Confocal Microscopy

For each of the modules, images acquired by confocal microscopy may also be analyzed. The settings and parameters would be based on the
same considerations as for those used for images acquired with ImageXpress Micro, and so, only the basic procedures are outlined here.

1. To analyze images acquired by confocal microscopy, open the image saved as an .Ism file in the MetaXpress main screen.

2. Correct the background by subtracting the average intensity from each image pixel of a manually selected region of the image
that does not contain cells.

3. Select the “multiwavelength cell-scoring” module, the “translocation-enhanced module,” or the “multiwavelength transloca-
tion” module from the “applications” button in the main screen; the corresponding dialog box will open.

4. Configure new settings.
5. Press the “Preview” or “Test Run” button to examine the segmentation accuracy and to modify the segmentation settings if necessary.

6. Proceed to “Data Acquisition and Export.”
Data Acquisition and Export

1. Once the segmentation settings are accurate, open “log files” to save results in the format of Excel files: On the MetaXpress
main screen, choose “Log,” then select “Open Data Log,” then “Open Data Log” window, then select “Dynamic Data Ex-
change (DDE)” and press “OK.”

2. In the “Export Data Log” window, select “Microsoft Excel” and save the file, specifying the filename.

3. Select the measurements that should be saved in the file by opening the “Configure Summary Log” and “Configure Data Log”
buttons in the “multiwavelength cell-scoring” dialog box, or the “translocation-enhanced” dialog box, or the “multiwavelength
translocation” dialog box, choose the data to be logged into the file, and close the buttons.

4. Press the “Test Run” button and review the measurements for each cell in the image in the cellular data window that opens.

Note: For each image analyzed, the cellular data will be logged automatically to the Excel file specified in the
previous step.

5. Click on each individual cell in the image to highlight the data line corresponding to the selected cell. Each cell is identified by
a number, which appears as “Label #” in the Excel file.

6. Visually verify the accuracy of the segmentation and exclude cells with incorrect segmentation from further analysis. This can
be done by identifying the improperly segmented cells, by using their “Label #” and by highlighting the corresponding line on
the Excel data sheet.

Note: We routinely save results for correctly and incorrectly segmented cells, but delete data lines for cells that
were not properly segmented before analyzing the numbers.
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Translocation-enhanced and multiwavelength translocation
module, nuclear envelope

CAS

- Nadl + NaCl

Fig. 11. Application of the translocation-enhanced
and multiwavelength translocation modules to
measure fluorescence located at the NE. NE bind-
ing of the fluorescently labeled nuclear carrier
CAS (72) was analyzed in Hela cells for controls
(—NaCl) or salt-extracted specimen (+NaCl). Im-
ages were acquired by confocal microscopy and
NE fluorescence intensity quantified with the
translocation-enhanced or multiwavelength
translocation module. Fluorescence intensities for
+Nacl  samples —NaCl were defined as 1. Data obtained
with the multiwavelength translocation module are

(L

25 55

also depicted on the right side for individual cells
—NaCl (blue) and +NaCl (red). Size bar is 25 um;
**P < 0.01 (see text for details). [Parts of Fig. 11
were reprinted from (72) with permission from
Birkhauser Verlag AG]
The methods described here provide quantitative approaches for measuring the intensities of fluorescent probes in different cellular
compartments, including, but not limited to, the nucleus, cytoplasm, and NE. We illustrate methods for image acquisition and analysis
with three different software modules in MetaXpress (Table 1), which have been adapted to measure the fluorescence intensities in
these compartments. Choosing the appropriate module will depend on the distribution of the fluorescent molecule to be quantified,
the strength of the fluorescent signal in the cytoplasm, the experimental conditions (for example, transfected versus nontransfected
cells), and the localization of the molecule of interest.

Translocation- Multiwavelength translocation

enhanced
*% *%
-+ -+

Notes and Remarks

Multiwavelength
translocation

NE fluoresence
1
NE fluoresence

Nacl Cells 1

We have employed these strategies successfully to study the subcellular localization in mammalian cells of several proteins that are
involved in different aspects of signaling (Figs. 11 to 13). The multiwavelength cell-scoring module was used to quantify the distribu-
tion of the protein HuR (Fig. 12), for which a larger portion is detected in the cytoplasm upon oxidative stress (/3). The stress-
induced relocation caused a decrease in the ratio of average nuclear to cytoplasmic (nuc/cyt) fluorescence (Fig. 12). The uneven dis-
tribution pattern of HuR in the cytoplasm of stressed cells requires that the fluorescence of the whole cytoplasmic compartment is
measured to obtain an accurate quantification. This is achieved by applying the multiwavelength cell-scoring module. Because of the
irregular distribution of HuR in stressed cells, neither the translocation-enhanced nor the multiwavelength translocation module will
provide a correct measurement for HuR in

the cytoplasm. Multiwavelength cell-scoring module, nucleus and cytoplasm

The multiwavelength cell-scoring module

depends on the labeled protein to identify HuR g %1
the cell boundaries. Depending on the pro- g
tein studied other software modules may 4
be more appropriate to quantify the nucle- é 14
ar and cytoplasmic fluorescence. For in- 2
stance, cell boundaries can overlap for 5
samples with densely plated cells, which =

Control Oxidative stress

results in inaccurate cellular segmentation.
Furthermore, in experiments with tran-

siently transfected cells, signals may be

Ctl. stress

Fig. 12. Application of the multiwavelength cell-scoring module. The multiwavelength
. . cell-scoring module is employed to measure the nuc/cyt fluorescence of HuR protein
variable or too low to define cell edges. (roq) under normal (control) and oxidative stress conditions (HUR) (73). Note that the ir-
The same problem arises if the protein of  roqyjar distribution of HuR in the cytoplasm of stressed cells requires the quantification of
interest is restricted to the nucleus under  fiyorescence in the whole cytoplasm. A y-factor of 2 was applied to visualize the weak
certain conditions. In these cases, the cytoplasmic signal, but the same image display settings are applied for all images in the
translocation-enhanced module provides same panel. Because the cytoplasmic fluorescence was weak, a low value of intensity
the method of choice for quantification. above local background was selected to properly identify the cell edges. Changes in the

For example, in HeLa cells that transiently
synthesize NLS-GFP (Fig. 13, green),
which is a reporter protein that localizes to

ratio of average nuclear/cytoplasmic (nuc/cyt) fluorescence were determined for HCS im-
ages. The ratio of nuc/cyt fluorescence in unstressed control cells was defined as 1.
[Parts of Fig. 12 were reprinted from (13) with permission from Elsevier]
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Fig. 13. Application of the translocation- Translocation-enhanced module, nucleus and cytoplasm
enhanced module. The translocation-en- 2
hanced module is used to measure the NLS-GFP

nuc/cyt fluorescence of NLS-GFP
(green) in transiently transfected HelLa
cells under normal and oxidative stress
conditions (13). Note that the weak cyto-
plasmic signal would prevent the accu-
rate cellular segmentation with the multi-
wavelength cell-scoring module (see
text). [Parts of Fig. 13 were reprinted
from (13) with permission from Elsevier]

Nuc/cyt fluorescence

Control Oxidative stress Ctl. stress

the nucleus under normal conditions (control), the abundance of NLS-GFP in the cytoplasm is low, which compromises cellular seg-
mentation with the multiwavelength cell-scoring module. Therefore, the translocation-enhanced module is a better choice for measur-
ing the nuclear and cytoplasmic fluorescence intensities of NLS-GFP, because the cell boundaries do not need to be identified. The
appearance of green fluorescence in the cytoplasm of cells exposed to oxidative stress, quantified as a decrease in the nuc/cyt ratio
(Fig. 13), indicates that nuclear import is less efficient under these conditions (73).

One of the major challenges in quantifying subcellular distribution of molecules is the quantification of fluorescence signals located at the NE.
First, there are no modules provided by the MetaXpress software to quantify the signals located at the NE. Second, the NE area is very small
compared with the nucleus and cytoplasm, which makes it difficult for the analysis software to define the NE compartment precisely. We
adapted the translocation-enhanced and the multiwavelength translocation modules to measure fluorescence intensities at the NE (Fig. 11)
(12). Using the translocation-enhanced module to quantify fluorescence signals at the NE requires the configuration of two settings and some
post analysis data processing, whereas the multiwavelength translocation module is simpler because it makes the measurements in a single
step. One advantage to the translocation-enhanced module is that it can be used to quantify fluorescence intensities for nuclear, NE, and cyto-
plasmic compartments in the same analysis, which may be required for more complex applications. For measurements of fluorescence located
at the NE, results obtained with the translocation-enhanced module can be verified by the multiwavelength translocation module and vice ver-
sa (Fig. 11). Other modules of the MetaXpress software can be used to quantify the association of molecules with the plasma membrane or
different cellular compartments. Some of these modules rely on a fluorescent marker that is used to identify the compartment of interest.

This protocol details the procedures for acquiring images for cells conventionally grown on cover slips and for quantifying the fluo-
rescence intensities in defined cellular compartments. This is achieved by combining HCS for high-throughput image acquisition and
adapting different software modules from MetaXpress for analyses. The methods described here provide resources to detect minor
changes in the subcellular localization of proteins and other molecules that can be detected with fluorescent probes. The convenience,
ease of use, and accuracy of these techniques make them powerful tools for the quantification of numerous biological processes. The
procedures described here are ideal to explore, in a quantitative fashion, the various aspects of signal transduction cascades and their
regulatory circuits, a major challenge given the complexity of these pathways. The ability to analyze single cells also provides the po-
tential to determine subtle changes in subpopulations of cells rather than obtaining single measurements for whole-cell populations.
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ERK and Akt kinases are key components that participate in numerous regulatory processes, includ-
ing the response to stress. Using novel tools for quantitative immunofluorescence, we show that oxi-
dant exposure controls the intracellular activation and localization of ERK1/2 and Akt. Oxidative
stress alters the nuclear/cytoplasmic levels of the kinases, drastically changing phospho-ERK1/2
and phospho-Akt(Ser473) levels in the nucleus. Moreover, pharmacological inhibition of PI3 kinase
modulates the intracellular distribution of phospho-ERK1/2, whereas MEK inhibition affects phos-

pho-Akt(Thr308) and phospho-Akt(Ser473). Our studies identify a new signaling link in the nucleus
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of stressed cells, where changes in phospho-ERK1/2 levels correlate directly with changes in phos-

© 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Signaling through PI3 — Akt and MEK — ERK1/2 modules is
essential for cell growth, proliferation and survival of different
forms of stress. Various stimuli trigger the activation of Akt and
ERK1/2, thereby inducing the phosphorylation of distinct target
molecules located in the cytoplasm and in the nucleus. The speci-
ficity of signaling events not only depends on the activation of ki-
nases, but also on their proper location. This is indicated by the fact
that many kinases, phosphatases and their targets relocate within
the cell upon changes in physiology [1-6]. Activation of the MAP
kinases ERK1/2 by dual phosphorylation (here referred to as p-
ERK1/2) is linked to the nuclear accumulation of the kinases [1].
Full activation of Akt requires the phosphorylation of both
Thr308 and Ser473 (here referred to as p-Akt308 and p-Akt473)
[7-9]. Thr308 is modified by PDK1; mTORC2 is the most prominent
kinase that phosphorylates Ser473, but other kinases have been
implicated in Ser473 modification as well [8-15]. Several publica-
tions suggest that the signaling events and cell type can determine
which kinase phosphorylates Ser473, and some of the pathways
leading to Ser473 phosphorylation are insensitive to PI3 kinase
inhibitors [10-13,15]. Interestingly, recent data demonstrate that
particular pools of activated Akt can be generated in the cytoplasm

* Corresponding author. Fax: +1 514 398 7452.
E-mail address: ursula.stochaj@mcgill.ca (U. Stochaj).

with regulators that are restricted to this compartment, whereas
unique functions can be attributed to nuclear Akt [16,17].

Upon exposure to certain stimuli and for several types of cancer,
signaling through both PI3 kinase and MEK — ERK modules is acti-
vated simultaneously (reviewed in [18-21]). As the activation of
these two signaling cascades is likely to have different downstream
effects, it is important to regulate the relative input from either path-
way to achieve the appropriate response. This may occur by cross-
talk between both signaling routes [22], adding more complexity to
the spatio-temporal control of signaling. Of particular importance
to the balancing of different signaling cascades and the ultimate
downstream effects is the control of kinase levels in different cellular
compartments, especially in the nucleus and cytoplasm.

Oxidative stress is crucial to human health as it is linked to a
large number of diseases and pathologies, including diabetes, obes-
ity and ischemia/reperfusion injury of the heart and brain [23-25].
In the studies presented here, we used diethyl maleate as an oxi-
dant to analyze in a quantitative fashion the effects on ERK1/2
and Akt activation and localization. Furthermore, with pharmaco-
logical inhibitors of PI3 and MEK-mediated signaling we tested
the hypothesis that interplay between these pathways affects ki-
nase activation and localization. For the experiments described
here, we took advantage of recent developments in imaging and
image-analysis to monitor in a quantitative fashion changes in
ERK1/2 and Akt kinase compartmentalization. The significance
of Akt and MEK signaling were monitored by measuring the

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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nucleocytoplasmic distribution of the transcription factor FoxO3a,
a downstream target of both signaling pathways.

2. Materials and methods

2.1. Growth of cells, stress treatment and incubation with
pharmacological inhibitors

HeLa cells were grown on poly-lysine coated cover slips and
treated with diethyl maleate as described [3]. For treatment with
pharmacological inhibitors, cells were pre-incubated for 1 h with
the solvent DMSO (D), 50 uM LY294002 (LY), 25 uM PD98059
(PD) or a combination of both drugs (Calbiochem) followed by
treatment with ethanol (controls) or 2 mM diethyl maleate (for
4 h at 37 °C). DMSO or inhibitors were present throughout the
incubation with the solvent ethanol or DEM. Results were obtained
for at least three independent experiments.

2.2. Antibodies

The following antibodies were used for immunofluorescence: du-
ally phosphorylated ERK1/2 (p-ERK1/2; Cell Signaling, #9106), total
ERK1/2 (t-ERK1/2; StressGen, KAP-MAO001C), phosphorylated
Akt-Thr308 (p-Akt308; Cell Signaling, #2965), phosphorylated Akt-
Ser473 (p-Akt473; Santa Cruz Biotechnology, sc-7985), total Akt
(t-Akt; Santa Cruz Biotechnology, sc-1619; Cell Signaling, #9272),
FoxO3a (Cell Signaling; #2497); HuR (Santa Cruz Biotechnology,
sc-5261); rp S6 (Santa Cruz Biotechnology, sc-13007); G3BP (BD
Transduction Laboratories, # 611126). Antibodies were diluted as
recommended by the suppliers. Antibodies against p-Akt308 and
p-Akt473 are likely to recognize Akt independent of the phosphory-
lation state at residue Ser473 or Thr308, respectively. FITC- or
Cy3-labeled secondary antibodies were generated in donkeys
and affinity-purified to minimize cross-reactivity (Jackson
ImmunoResearch).

2.3. Immunofluorescent staining and confocal microscopy

Established protocols were used for the fixation and permeabi-
lization of cells and incubation with primary and secondary anti-
bodies [5]. Confocal images were collected with a Zeiss LSM510
in the multi-track mode for an optical slice thickness of >0.7 pm.
p-ERK1/2 and t-ERK1/2 were detected with FITC- and Cy3-labeled
secondary antibodies, respectively. Settings for pinhole and detec-
tor gain were identical within each experiment and proper filters
were used to minimize cross-talk between the channels.

2.4. Quantification of fluorescent signals

Quantification of pixel intensities in nuclear and cytoplasmic
compartments was as described [5]. In brief, nuclear and cytoplas-
mic fluorescence was measured using the multiwavelength cell
scoring module following recently developed protocols that have
been described in detail [5]. For each condition the distribution
of total and activated kinases was quantified for at least 50 cells.
Bar graphs in Figs. 1-3 depict pixel intensities/area. Pixel intensi-
ties/area obtained for control conditions (DMSO, EtOH) were de-
fined as 1. All changes in the pixel intensities/area are expressed
relative to the control condition. For example, an increase to 1.6-
fold indicates that the pixel intensity/area is 1.6 times the value
observed in control cells.

2.5. Detection of polyA® RNA

PolyA"™ RNA was localized by hybridization with Cy3-labeled
oligo dT(50) (Gene Link). Control and stressed cells were washed
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Fig. 1. Oxidative stress, PI3 kinase and MEK — ERK signaling alter the localization
of activated ERK1/2. The localization of p-ERK1/2 and t-ERK1/2 was monitored by
indirect immunofluorescence followed by confocal microscopy under the different
conditions shown in the figure. Pixel intensities in nuclear and cytoplasmic
compartments were quantified for dually phosphorylated and total ERK1/2. Nuclear
and cytoplasmic fluorescence was quantified using the multiwavelength cell scoring
module; for each condition the distribution of total and activated kinases was
measured for at least 50 cells. The graphs depict pixel intensities/area. One-way
ANOVA was used for multiple comparisons between all groups, with EtOH/DMSO
treated cells as reference; indicates P < 0.05. For comparisons of stressed cells,
DEM/DMSO treatment served as reference and # denotes P < 0.05. Size bar is 20 pum.

with PBS and fixed with 3.7% formaldehyde in PBS (15 min, room
temperature), permeabilized in 0.3% Triton-X 100/PBS (10 min,
room temperature) and washed in PBS. Following 15 min incuba-
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Fig. 2. The localization of Akt is regulated by oxidative stress as well as signaling through PI3 kinase and MEK — ERK. The levels of nuclear and cytoplasmic p-Akt308, p-
Akt473 and t-Akt were quantified under different non-stress and stress conditions. The acquisition of confocal images, quantification of fluorescence intensities in the nuclear
and cytoplasmic compartments was carried out as described for Fig. 1. Size bar is 20 pm.

tion in pre-hybridization buffer at 37 °C (2x SSC, 20% formamide,
2 mg/ml BSA, 1 mg/ml yeast tRNA), samples were hybridized
overnight at 37 °C in pre-hybridization buffer containing 10% dex-
tran sulfate and 1 nmol/ml Cy3-oligo-dT(50). Samples were
washed in 2x SSC, 20% formamide (5 min, 42°C), 2x SSC
(5 min, 42 °C), 1x SSC (5 min, room temperature), PBS (5 min,
room temperature), stained with DAPI and mounted in
Vectashield.

2.6. Statistical analyses

Data were analyzed by one-way ANOVA to determine differ-
ences among groups. Multiple comparisons*were carried out with
control cells (EtOH, DMSO) as reference; in Figs. 1-3 denotes
P < 0.05. For multiple comparisons among stressed samples, cells
incubated with DEM and DMSO served as reference; for these com-
parisons # indicates P < 0.05.
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Fig. 3. The intracellular localization of transcription factor FoxO3a is controlled
by stress and signaling through PI3 kinase and MEK — ERK1/2 pathways. HelLa
cells were treated as in Fig. 1 and images were acquired by high-throughput
screening technology [3,5]. Nuclear and cytoplasmic fluorescence was quantified
using the MetaXpress multi wavelength cell scoring module; for each condition
FoxO3a distribution was measured for at least 50 cells. Examples of SGs are
marked with arrows; size bar is 20 um. Note that in stressed cells nuclear
Fox03a levels are significantly different for treatment with LY294002 (DEM/LY)
as compared to the incubation with both LY294002 and PD98059 (DEM/
LY +PD).

3. Results

3.1. Oxidative stress alters the intracellular distribution of ERK1/2 and
phosphorylated Akt

Cell fractionation is frequently used to determine the associa-
tion of proteins with different organelles, a method that is te-
dious and prone to errors, in particular for proteins that bind
to large cellular structures such as the filament systems. More-
over, procedures required to obtain pure fractions may lead to
artificial phosphorylation or dephosphorylation of the protein
of interest. Importantly, cell fractionation can not provide infor-
mation on whether a component present in nuclear fractions is
inside the nucleus, bound to the nuclear envelope or associated
with the cytoplasmic side of the nuclear membranes. However,
this knowledge is important to determine whether a kinase can
access its substrates inside the nucleus. This is of particular
interest to the analysis of ERK1/2 and Akt, since these kinases
have numerous targets, in both the nuclear and cytoplasmic
compartments.

To examine the spatial distribution of ERK1/2 and Akt kinases
and detect subtle changes in their localization, we used recently
developed protocols for the quantitative analysis of protein locali-
zation [5]. These procedures combine indirect immunofluores-
cence, confocal imaging and computer-based image-analysis to
measure the intranuclear and cytoplasmic levels of a particular
protein [3-5].

With the immunofluorescence methods described above, the
amounts of p-ERK1/2, t-ERK1/2, p-Akt308, p-Akt473 and t-Akt
were quantified inside the nucleus and in the cytoplasm. Figs.
1 and 2 show the results for these experiments; the quantifica-
tion is depicted as pixel intensities/area. Results were normal-
ized to non-stress control conditions, which were defined as
1. All the numbers below depict the changes relative to the un-
stressed control. [For example, a 1.6-fold change in the nucleus
denotes that the concentration in the nucleus was 1.6 times the
amount detected in control nuclei; 1.0-fold means that there
was no change relative to the control, and 0.8-fold indicates
that the level decreased to 0.8 of the amount in control cells.]

In response to DEM treatment without kinase inhibitors (Figs. 1
and 2), the levels in nuclei increased significantly for p-ERK1/2 (to
1.6-fold, compare samples labeled D/EtOH with D/DEM), p-Akt308
(to 1.5-fold) and p-Akt473 (to 2.3-fold). In the cytoplasm, oxidative
stress elevated the concentration of p-Akt308 (to 1.8-fold), p-
Akt473 (to 1.8-fold) and t-Akt (to 1.8-fold), but not of p-ERK1/2
(1.0-fold) or t-ERK1/2 (to 0.8-fold).

We next tested whether the rise in nuclear p-ERK1/2 and p-Akt
can be attributed to changes in the t-ERK1/2 and t-Akt distribution.
Indeed, stress increased the levels of t-Erk1/2 (to 1.2-fold) and t-
Akt (to 1.3-fold) in nuclei (Figs. 1 and 2). (Note that due to the dif-
ferent volumes of the nuclear and cytoplasmic compartments an
increase in nuclear t-Akt will not lead to the same decrease in cyto-
plasmic levels of the kinase.) These results are consistent with the
interpretation that a portion of ERK1/2 and Akt that was activated
in the cytoplasm moves to the nucleus following oxidant exposure.
Alternatively, ERK1/2 and Akt may first relocate to the nucleus to
become subsequently phosphorylated.

Since the relative abundance of activated kinases in the nucleus
and cytoplasm is likely to impact the endpoint of signaling, we
determined whether their nuclear/cytoplasmic ratio changed in re-
sponse to oxidant exposure (Figs. 1 and 2; bottom panels, nuc/cyt).
This analysis revealed a significant rise in the nuclear/cytoplasmic
ratio for p-ERK1/2 (to 1.6-fold), t-ERK1/2 (to 1.45-fold) and p-
Akt473 (to 1.3-fold), whereas a reduction was observed for p-
Akt308 (to 0.9-fold) and t-Akt (to 0.7-fold).
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3.2. Inhibition of PI3 kinase and MEK activation regulates the
distribution of kinases in stressed cells

Given that both PI3 kinase and MEK — ERK signaling cascades
were activated by the oxidant DEM, we next tested whether phar-
macological inhibition of PI3 kinase and MEK activation affected
the intracellular distribution of ERK1/2 and Akt. The inhibitors
LY294002 and PD98059, which target PI3 kinase or MEK1/2 and
MEKS5, respectively, were used as pharmacological tools to mea-
sure potential changes in the levels of kinases in the nuclear and
cytoplasmic compartments.

Under non-stress conditions, p-Akt308 associates with the plas-
ma membrane where it interacts with cortical F-actin [26, and ref-
erences therein]. Likewise, in our studies p-Akt308 at the cell
periphery partially co-localized with filamentous actin, as evident
by staining with fluorescently labeled phalloidin (Supplementary
Fig. 1). This partial co-localization was also observed when MEK
signaling was inhibited with PD98059.

In stressed cells, LY294002 elevated the levels of p-ERK1/2 (to
2.1-fold), t-ERK1/2 (to 1.5-fold) and p-Akt473 (to 2.9-fold) in nuclei
of stressed cells, but had a lesser effect on the cytoplasmic kinases
(Figs. 1 and 2, LY/DEM).

A different scenario was observed for the MEK inhibitor PD98059,
which increased p-Akt308 in nuclei (from 1.5-fold upon DEM treat-
ment to 1.9-fold in DEM/ PD98059 incubated cells) and cytoplasm
(from 1.8-fold to 2.6-fold). Interestingly, PD98059 had the opposite
effect on p-Akt473, which decreased in the nuclear compartment of
stressed cells (from 2.3-fold to 1.6-fold), whereas t-ERK1/2 changed
from 1.2-fold to 1.3-fold and t-Akt from 1.3-fold to 0.9-fold. As ex-
pected, PD98059 reduced the levels of p-ERK1/2 in nuclei of stressed
cells. When LY294002 was combined with PD98059, the effect of
MEK inhibition on nuclear p-ERK1/2 and p-Akt473 was at least par-
tially overcome by preventing PI3 kinase activation.

Taken together, our data suggest that PI3 kinase and MEK-
dependent signaling control the distribution of p-ERK1/2, p-
Akt308 and p-Akt473 under stress conditions (Table 1). Results ob-
tained for the combination of PI3 kinase and MEK inhibitors further
substantiate our hypothesis and support the model that these pro-
cesses are controlled by the interplay between different signaling
cascades. In particular, a direct correlation was observed for
changes of p-ERK1/2 and p-Akt473 in the nucleus of stressed cells.

3.3. Effect of Akt and MEK-dependent signaling on the distribution of
FoxO3a

To determine the consequences of stress as well as MEK and PI3
kinase signaling we have chosen Fox03a, which is an authentic tar-

Table 1

Effect of oxidative stress on the nuclear and cytoplasmic levels of ERK1/2, Akt and
FoxO3a. Results for the quantification of fluorescence intensities in nuclear (Nuc) and
cytoplasmic (Cyt) compartments of stressed cells are summarized. The distribution of
proteins in DEM-treated cells is compared to unstressed controls. The kinase
concentrations in the nuclear and cytoplasmic compartments of untreated cells are
defined as 1; all changes are expressed relative to the levels in unstressed controls.
+++, increase to 2.1-2.9-fold; ++, increase to 1.5-2.0-fold; +, increase to 1.2-1.4-fold;
+/—, 0.8-1.1-fold change in kinase levels. Note that the profile of changes in nuclei is
similar for p-ERK1/2, pAkt-473 and FoxO3a.

Kinase DMSO LY294002 PD98059 LY294002 + PD98059
Nuc Cyt Nuc Cyt Nuc Cyt Nuc Cyt
p-ERK1/2 ++ +[— +++ + + +[— ++ +[—
t-ERK1/2 + +/— ++ +/— + +[— + +—
p-Akt308 ++ ++ NA NA ++ +++ NA NA
p-Akt473 +++ ++ +++ ++ ++ ++ +++ ++
t-Akt + ++ +/— + +/— + + ++
Fox0O3a ++ + +++ ++ ++ + +++ ++

get of both signaling pathways. Members of the forkhead family of
transcription factors (FoxO), such as Fox03a, are key players in the
regulation of gene expression under various physiological condi-
tions [27,28]. Crucial to the control of FoxO-dependent transcrip-
tion is the proper subcellular localization of FoxO proteins, which
we analyzed here in a quantitative and systematic fashion. Fig. 3
shows FoxO3a distribution in control and stressed cells as well as
the outcome of pharmacological kinase inhibition. In unstressed
cells, the PI3 kinase inhibitor LY294002 increased the amount of
Fox03a in nuclei to 2.4-fold, whereas the MEK inhibitor PD98059
had no effect. Oxidative stress raised FoxO3a levels in nuclei to
1.5-fold; this was further augmented by PI3 kinase inhibition
which increased nuclear levels to 2.4-fold. Collectively, our data
suggest that activated Akt, known to promote Fox0O3a nuclear ex-
port, is the limiting factor for nuclear accumulation of FoxO3a un-
der stress conditions.

Data described above demonstrated cross-talk between MEK and
PI3 kinase signaling which regulated the activation and localization
of Akt and ERK1/2. Importantly, this interplay also affected the nucle-
ar accumulation of Fox03a, but was limited to oxidant-treated cells.
The profile of DEM-induced changes in nuclear FoxO3a levels with or
without kinase inhibitors was similar to those observed for p-Akt473
and p-ERK1/2. Moreover, simultaneous inhibition of PI3 and MEK ki-
nases led to a statistically significant reduction of FoxO3a levels in
nuclei when compared to PI3 kinase inhibition only (P < 0.05; multi-
ple comparisons among DEM-treated cells with DEM/LY294002 as
reference). Taken together, this suggests that PI3 kinase is the most
important factor determining FoxO3a localization under normal
and stress conditions, whereas signaling through MEK is not a limit-
ing factor under non-stress conditions. However, in stressed cells and
in the absence of PI3 kinase activation, MEK signaling contributes to
FoxO3a distribution as well.

Surprisingly, DEM treatment not only changed the nuclear con-
centration of FoxO3a, but also altered its distribution in the cyto-
plasm, where FoxO3a became associated with granules (Fig. 3;
arrows). Many forms of stress cause the formation of cytoplasmic
stress granules (SGs), compartments that contain mRNA, RNA-
binding and small ribosomal subunit proteins [29]. Indeed, follow-
ing DEM incubation FoxO3a co-localized with HuR, G3BP1 and
ribosomal protein S6 in cytoplasmic SGs, which were also enriched
for polyA” RNA (Supplementary Fig. 2), suggesting a possible role
for FoxO3a in the cytoplasm. In this scenario, the proper balance
between nuclear and cytoplasmic levels would be important for
FoxO3a functioning in both compartments, and we calculated the
nuclear/cytoplasmic ratios for all experimental conditions (Fig. 3;
bottom panels; nuc/cyt). The ratio was somewhat increased by
stress (to 1.2-fold), but the most pronounced change was seen in
unstressed cells following the inhibition of PI3 kinase (to 2.1-fold)
or of both PI3 kinase and MEK (to 2.3-fold).

Collectively, our results demonstrate that PI3 kinase signaling is
the most important component that determines FoxO3a localiza-
tion. Nevertheless, upon oxidative stress, but not in unstressed
cells, the nucleocytoplasmic FoxO3a distribution is also regulated
by an interdependent network of PI3 kinase and MEK signaling.
Moreover, our data show, for the first time, that oxidant treatment
triggers the association of FoxO3a with cytoplasmic stress
granules.

4. Discussion

With the experiments described here we advanced the under-
standing of the complex regulatory mechanisms that underlie the
localized action of signaling events. To our knowledge, this is the
first study that applies newly developed methods in confocal
microscopy combined with computer-based image-analysis to
provide a quantitative investigation of the activation and localiza-
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Fig. 4. Simplified model for stress-induced changes in the distribution of p-ERK1/2,
p-Akt473 and FoxO3a. Arrows indicate changes in the nuclear levels of p-ERK1/2, p-
Akt473 and FoxO3a. Protein kinase inhibition reveals that in stressed cells cross-
talk between PI3 kinase and MEK pathways controls the nucleocytoplasmic
distribution of p-ERK1/2 and p-Akt473. Moreover, FoxO3a association with
different cellular compartments depends on oxidant exposure and kinase activa-
tion. Overall, the model proposes that compartmental changes in p-ERK1/2 and p-
Akt473 kinase levels, together with cross-talk between both signaling modules,
may modulate the nucleocytoplasmic distribution of numerous target molecules,
including FoxO3a.

Cytoplasm

tion of Akt and ERK1/2 kinases under normal and oxidative stress
conditions. Our research tested the hypothesis that oxidative stress
alters the subcellular distribution of these kinases, possibly gener-
ating specific pools of signal transducers that may determine the
end-point result of signaling events. Furthermore, we demonstrate
that PI3 kinase activation affects MEK-dependent processes and
vice versa, in line with the idea that interplay between both path-
ways participates in the control of signaling in response to oxidant
exposure. At the molecular level, several mechanisms will contrib-
ute to the steady-state distribution of Akt, ERK1/2 and their target
FoxO3a. This includes the modification by upstream kinases or
phosphatases, trafficking in and out of the nucleus as well as reten-
tion in the nuclear or cytoplasmic compartment. The simplified
model shown in Fig. 4 depicts the stress-induced changes for p-
ERK1/2, p-Akt473 and the transcription factor FoxO3a, showing
that these changes were distinct in the nuclear and cytoplasmic
compartments. In particular, in stressed cells a striking correlation
was detected between nuclear p-ERK1/2 and p-Akt473 levels, indi-
cating that signaling in the nucleus through both pathways is
linked. These results suggest that in oxidant-treated cells PI3 ki-
nase and MEK — ERK1/2 signaling are interdependent events.
Thus, inhibition of PI3 kinase signaling not only promotes ERK1/2
activation; it also leads to phosphorylation of Akt on Ser473.

It should be noted that in stressed cells treatment with
LY294002 was able to override completely the effect of PD98059
for nuclear p-Akt473, but only partially for nuclear p-ERK1/2. The
reasons for this difference are not understood, but as a conse-
quence the nuc/cyt ratio was lower for p-ERK1/2 than for p-
Akt473. Different not mutually exclusive scenarios may explain
these results. For instance, MEK activity in cells treated with both
inhibitors may be sufficient to generate p-Akt473 to an extent sim-

ilar to LY294002-treated cells. Alternatively, other factors that
determine the amount of p-Akt473 and p-ERK1/2 in nuclei may re-
spond differently to the simultaneous addition of LY294002 and
PD98059. Possible candidates are one or more of the phosphatases
that regulate the levels of p-Akt473 or p-ERK1/2 [30-32].

Interestingly, in our studies PI3 kinase inhibition had distinct
effects on Thr308 and Ser473 modification of Akt, which may be
explained by the complex regulation of Akt phosphorylation.
Whereas PDK1, a downstream target of PI3 kinase, phosphory-
lates Thr308, different pathways are implicated in the modifica-
tion of Ser473, some of which are insensitive to inhibitors of PI3
kinase [8-15]. Based on the results described here we propose
that PI3 kinase independent signaling plays a major role in mod-
ifying this Ser473 in our experimental settings, leading to an in-
crease in Ser473 phosphorylation when Thr308 modification is
abolished.

The cross-talk identified by us is likely to have intricate conse-
quences for signal transduction. For instance, Ser473 phosphoryla-
tion of Akt is believed to stabilize the active conformation of the
kinase [8], and p-Akt308 may differ in substrate specificity from
Akt dually modified on Thr308 and Ser473 [8,9]. As such, Akt phos-
phorylated on both Thr308 and Ser473 seems to favor pro-survival
signaling, in part by promoting FoxO phosphorylation in the nu-
cleus [9]. In addition to the phosphorylation of Akt on Thr308
and Ser473, the appropriate nucleocytoplasmic distribution of
the kinase will be crucial for downstream events. The proper local-
ization will affect the phosphorylation not only of nuclear targets,
but of cytoplasmic substrates as well. These cytoplasmic targets in-
clude, but are not limited to, components that modulate the orga-
nization and functions of the cytoplasmic compartment, such as
actin and proteins involved in translational control.

The principles described for PI3 kinase inhibition also apply to
signaling through MAPKSs, and it is noteworthy that MEK inhibition
altered the levels of p-Akt308 and p-Akt473 in stressed cells. Spe-
cifically, PD98059 increased the concentration of p-Akt308 in both
nuclei and cytoplasm, whereas the amount of p-Akt473 in nuclei
was reduced under stress and normal conditions. These observa-
tions indicate that MEK activities impinge differently on the phos-
phorylation of Akt residues 308 and 473, adding further
complexity to the interplay between PI3 and MEK1/2 and MEK5
signaling pathways, consistent with reports that suggested cross-
talk between Raf and Akt signaling [22]. However, data presented
here go beyond previous studies as they provide a quantitative
analysis of this interplay between Akt and ERK1/2 signaling events
by measuring the compartment-specific changes in kinase distri-
bution. This enabled us to identify a new link in the nucleus be-
tween p-ERK1/2 and p-Akt473. Recent studies by others
demonstrate the importance of Akt signaling in the cytoplasm to
achieve a specific physiological response [16]. Our data now pro-
vide evidence for specific signaling events and interplay between
signaling cascades that are located in the nuclear compartment
and are likely to impact numerous nuclear processes.

In conclusion, on the basis of the results described here, we pro-
pose that upon oxidative stress, signaling through PI3 kinase and
MEK occurs in an interdependent fashion. The balance between
both pathways will be critical to define the endpoint of the cellular
response and ultimately the survival under oxidative stress
conditions.
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Abstract. The physiological state of eukaryotic cells
controls nuclear trafficking of numerous cargos. For
example, stress results in the inhibition of classical
protein import, which is characterized by the redis-
tribution of several transport factors. As such, impor-
tin-o. and cellular apoptosis susceptibility protein
(CAS) accumulate in nuclei of heat-shocked cells;
however, the mechanisms underlying this relocation
are not fully understood. We now show that heat
upregulates the initial docking of importin-a at the
nuclear envelope and stimulates the translocation of

Keywords. Stress, heat shock, nucleus, transport.

In eukaryotic cells, transport of proteins and RNA in
and out of the nucleus is mediated by nuclear pore
complexes (NPCs), located at the junctions of inner
and outer nuclear membranes. In addition to nucle-
oporins, many of these transport processes require
soluble factors [1]. Nucleocytoplasmic trafficking of
macromolecules is essential to maintain cellular
homeostasis and is therefore subject to multifactorial
regulation. This regulation may take place at the level
of individual cargos or the transport apparatus by
affecting either NPCs or soluble transport factors. For
example, altered NPC function may modulate the

* Corresponding author.

CAS into the nuclear interior. Moreover, heat expo-
sure compromises the exit of importin-o from nuclei
and drastically increases its retention in the nucleo-
plasm, whereas CAS nuclear exit and retention are
less affected. Taken together, our results support the
idea that heat shock regulates importin-o. and CAS
nuclear accumulation at several levels. The combina-
tion of different stress-induced changes leads to the
nuclear concentration of both transport factors in
heat-stressed cells.

passage of all macromolecules across the nuclear
envelope (NE) [2, 3], and changing the activity or
abundance of nuclear carriers can control transport of
multiple cargos [4-6].

Classical nuclear import is mediated by a carrier
system that moves numerous proteins into the nu-
cleus, as the dimeric receptor importin-o/importin-f31
translocates proteins with classical nuclear localiza-
tion signals (NLSs) across the NPC. Upon completion
of the import reaction, both subunits of the classical
import receptor return to the cytoplasm. Export of
importin-o. to the cytoplasm depends on cellular
apoptosis susceptibility protein (CAS), a carrier of
the importin-f3 family, and RanGTP [7, §]. In addition
to its crucial function as a nuclear exporter, CAS
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participates in mitotic spindle checkpoint control,
contributes to proper development and was recently
identified as a regulator of p53-dependent transcrip-
tion [5, 9, 10]. Like CAS, importin-o. has multiple
functions that are not limited to nuclear transport [11,
12]. Importin-a. traverses the NE while bound to
importin-f1 or CAS; however, it also translocates into
the nucleus in the absence of other factors, a pathway
that is poorly defined [13].

Multiple physiological and pathophysiological states
control the movement of macromolecules in and out
of the nucleus [14, 15]. These include the age-depend-
ent loss of nuclear transport efficiency in human
fibroblasts which correlates with reduced levels of
importin-o, CAS and RanBP1 [6]. Stress in particular
regulates the movement of numerous classical and
non-classical cargos. Different stressors exert a gen-
eral control on nuclear trafficking by affecting several
components of the transport machinery. As such, we
and others have shown that the steady-state concen-
tration of importin-o. and CAS increases in nuclei of
stressed cells [16, 17]. At present, the mechanisms that
contribute to this relocation are not fully understood.
A combination of several dynamic processes deter-
mines the steady-state distribution of macromolecules
that shuttle between the nucleus and the cytoplasm.
These include nuclear import, export and retention
within the nuclear or cytoplasmic compartment. Each
of these processes can make different contributions to
the steady-state localization of a protein, and their
input may adapt to changes in cell physiology. In vitro
assays are particularly useful to dissect nuclear
trafficking and evaluate the role of individual traffick-
ing steps [18]. Here, we show that heat shock
stimulates the nuclear accumulation of importin-a
and CAS in a cell-free system, and we define several
mechanisms that concentrate importin-a and CAS in
nuclei in vitro and in growing cells. Our studies
identify multiple heat-sensitive steps that contribute
differently to the stress-induced nuclear accumulation
of importin-a and CAS.

Materials and methods

Growth of HeLa cells and heat shock. HeLa cells were
grown on multiwell chambers or cover slips following
published procedures [19]. For heat treatment, cells at
50-70% confluence were incubated for 30 min at
45.5°C. All of the results were obtained multiple
times, with at least three independent experiments for
each data point.

Immunofluorescent staining. All steps were carried
out at room temperature, essentially as described
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elsewhere [20]. Antibodies against Ran (1:200),
importin-o. (1:200), CAS (1:100), all from Santa
Cruz Biotechnology (Santa Cruz, CA), were diluted as
indicated. Three different treatments were used for
staining nuclear, cytoplasmic proteins or both (sum-
marized in Fig. 1). For treatment 1, cells were fixed
first and all membranes permeabilized with Triton X-
100. This protocol monitors the protein distribution in
all cellular compartments. Treatment 2 locates trans-
port factors in the cytoplasm, including the cytoplas-
mic side of the nuclear envelope. To this end, cells
were first fixed and then treated with digitonin to
permeabilize the plasma membrane; all subsequent
steps were carried out without detergent to prevent
access of antibodies to the nuclear interior. The NE
remains intact under these conditions (see Fig. 2A).
Treatment 3 visualizes nuclear proteins and cytoplas-
mic proteins that were not solubilized by digitonin
extraction. For this treatment, unfixed cells were
incubated with digitonin. Following digitonin extrac-
tion, samples were fixed and nuclear membranes were
permeabilized with Triton X-100. For treatment 1 and
3, after Triton X-100 permeabilization, samples were
blocked in PBS/2 mg/ml BSA/0.05 % Tween 20 (PBS/
BSA/Tween) for 1 h, followed by overnight incubation
with primary antibodies, diluted in PBS/BSA/Tween.
Samples were washed three times in PBS/BSA/Tween
and primary antibodies were detected with Cy3-
conjugated secondary antibodies (1:500, 2 h; Jackson
ImmunoResearch, West Grove, PA). After three
washes with PBS/BSA/Tween, DNA was visualized
with 4’,6-diamidino-2-phenylindole (DAPI) and sam-
ples were mounted in Vectashield (Vector Laborato-
ries, Burlingame, CA). For treatment 2, there was no
permeabilization with Triton X-100, and Tween 20 was
omitted from all steps of the procedure. Mounted
samples were analyzed with a Nikon Optiphot at x 400
magnification and photographed with Kodak T-MAX
400 films or with a Zeiss LSM 510 (x 63 objective, 1.4
NA). Images were processed with Photoshop 5.5 and
8.0.

Western blot analysis. Western blotting and ECL
followed standard procedures [21]. In brief, HeLa
cells were grown on dishes to 50-70% confluency.
Control and heat-stressed cells were washed with PBS
and stored at —70 °C until use. Crude extracts were
prepared by solubilizing proteins in gel sample buffer,
pH 8.0, containing protease inhibitors (aprotinin,
leupeptin, pepstatin, each at 1 yg/ml, 1 mM PMSF),
20 mM B-glycerophosphate, 1 mM NaN;, 2.5 mM
NaF. Samples were incubated for 10 min at 95 °C
and vortexed with glass beads to shear DNA. After
centrifugation (5 min, 13 000 rpm, microfuge), ali-
quots were separated on the same gel. Protein was
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Figure 1. Processing of growing cells to detect proteins in nuclear
and cytoplasmic compartments. The different treatments used to
localize transport factors in the nucleus and cytoplasm are
summarized. Material preferentially stained upon each treatment
is shown in red. Treatment 1 localizes proteins in both nuclei and
the cytoplasm. Treatment 2 stains material in the cytoplasm,
including the cytoplasmic side of the nuclear envelope. Treatment 3
will detect antigens in the nucleus and cytoplasmic material that is
resistant to digitonin extraction. See text for details.

stained with Coomassie and quantified by densitom-
etry using Spot density tools software as recommend-
ed by Alpha Innotech Corporation (San Leandro,
CA). For Western blotting, equal amounts of protein
as determined by densitometry were separated by
SDS-PAGE, transferred to nitrocellulose and incu-
bated overnight with primary antibodies at 4 °C.
Antibodies were used at the following dilutions:
importin-al (1:500, sc-6917; Santa Cruz Biotechnol-
ogy), importin-f1 (1:400, sc-11367), CAS (1:200, sc-
1708), Ran (1:500, sc-1156), tubulin (1:2,000, sc-5286)
and actin (1:1,000; Chemicon, Temecula, CA). Wash-
ed filters were incubated with HRP-conjugated sec-
ondary antibodies, washed and processed for ECL
(GE Healthcare).

Stress-induced redistribution of transport factors

Classical nuclear import. Generation of the classical
nuclear import substrate SV40-HSA, labeling and in
vitro nuclear import have been described previously
[22]. HeLa cells grown to 50-70% confluency were
exposed to 45.5°C for 30 min. Control and heat-
shocked cells were permeabilized with 40 pug/ml
digitonin in buffer B (20 mM Hepes, pH 7.3, 110 mM
potassium acetate, 5mM sodium acetate, 2 mM
magnesium acetate, 1 mM EGTA, 2 mM DTT) and
1 ug/ml of protease inhibitors [aprotinin, leupeptin
and pepstatin or protease inhibitor cocktail (Roche,
Basel, Switzerland)] followed by incubation with 50
pg/ml fluorescent substrate in buffer B containing
10 mg protein/ml of cytosol, 1 mM ATP, 5 mM crea-
tine phosphate, and 20 U/ml creatine kinase. After
30 min incubation at 30 °C, cells were washed with
buffer B and fixed for 10 min with 3.7 % formaldehyde
in PBS at room temperature. Slides were rinsed with
PBS, incubated with 1 pg/ml DAPI and mounted.

Purification of proteins synthesized in Escherichia
coli and fluorescent labeling. Tagged proteins were
synthesized in E. coli and purified under native
conditions following standard procedures. Purified
importin-o. and CAS were labeled with Oregon Green
488 iodoacetamide or tetramethylrhodamine-malei-
mide (TMR; Molecular Probes) as recommended by
the supplier. Covalent modification of sulfthydryl
groups has been used successfully to study in vitro
nuclear trafficking of importin-a, CAS and other
nuclear transport factors [17, 23, 24]. In brief, purified
proteins were dialyzed against 25 mM sodium phos-
phate pH 7.1 and centrifuged for 3 min at 13 000 rpm
(microfuge). Oregon Green 488 iodoacetamide or
TMR was dissolved in N,N-dimethyl formamide and a
fivefold molar excess was added to the protein. Upon
overnight incubation on ice, non-incorporated dye
was removed by gel exclusion chromatography and
aliquots of the labeled import substrates were stored
at —70 °C.

In vitro nuclear import of importin-a. and CAS.
Import of TMR-labeled importin-o or CAS was
analyzed in semi-intact HeLa cells at a final concen-
tration of 400 nM in buffer B [17, 25]. Import assays
containing 1 mM ATP, 5 mM creatine phosphate, and
20 U/ml creatine kinase were supplemented with
3mg/ml cytosol prepared from control or heat-
shocked HeLa cells (30 min, 45.5 °C). After 5 min at
30 °C, samples were fixed and stained with DAPI.
Fluorescently labeled transport factors were localized
by confocal laser microscopy and intranuclear fluo-
rescence was quantified as described below; for each
condition 5459 cells were scored.
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Docking of importin-a and CAS at nuclear envelopes.
Docking at the NE was tested with fluorescent
proteins; all steps were carried out on ice. HeLa cells
were washed in cold buffer B and incubated with 40 ug/
ml digitonin in buffer B for 5 min. Cells were washed
once with buffer C (buffer B without DTTand protease
inhibitors) and extracted for 10 min with buffer B
containing 1 M NaCl and 3 mg/ml BSA. Samples were
rinsed twice with buffer B/BSA and incubated with
fluorescently labeled importin-o. (80 ug/ml) or CAS
(160 pg/ml) for 10 min. After rinsing twice with buffer
B/BSA and once with PBS, samples were fixed for
10 min in 3.7 % formaldehyde in PBS and nuclei were
stained with DAPI. Binding of fluorescent substrates
was quantified for 43-65 cells with the Multiwave-
length Translocation Module (see below).

Nuclear exit of importin-o. and CAS in vitro. Un-
stressed or heat-shocked HeLa cells were semi-
permeabilized by a 5-min treatment with digitonin in
buffer B, followed by incubation at 37 °C with trans-
port buffer supplemented with an energy-regenerat-
ing system, 1 mM GTP and 50 pg/ml RanQ69L, a Ran
mutant that mimics RanGTP. Samples were fixed
after 5, 10 and 15 min. Controls (0 min) were fixed
immediately after digitonin extraction. Importin-a
and CAS were detected by immunofluorescent stain-
ing, followed by quantification of the fluorescence
intensities. For each condition between 48 and 75 cells
were quantified.

Measurement of intranuclear and nuclear envelope
fluorescence. Intranuclear and nuclear envelope fluo-
rescence were obtained by optical sectioning with a
Zeiss LSM 510 laser scanning confocal microscope,
using a NA 1.4 x 63 objective [17]. Image analysis was
performed with Metamorph or MetaXpress software
by adaptation of the Translocation Enhanced or
Multiwavelength Translocation modules. Nuclei
were identified as 100—350 um? area with a width of
~10 pm and an intensity of DAPI staining over local
background of >5 intensity units. The segmentation
region defined by DAPI staining was then used to
measure pixel intensities of the Oregon Green or
tetramethylrhodamine images. All images were cor-
rected for the contributions of background intensity
using regions of the images that did not contain cells.
Average pixel intensities for nuclear or nuclear
envelope areas were calculated for individual cells.
All segmentation data sets were inspected manually to
ensure accuracy of the data, and cells with inaccurate
segmentation were excluded from the analysis. For
each experimental condition, pixel intensities were
measured for 43-75 cells that showed accurate
segmentation.
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Statistics. To measure fluorescence signals in nuclei
and cytoplasm or docking at the nuclear envelope,
data for 4375 cells that showed accurate segmenta-
tion were acquired for each of the different conditions.
Results are shown as means + SD; statistical analyses
were carried out essentially as described elsewhere
[21].

Nuclear retention of transport factors. Nuclear reten-
tion in unfixed cells was monitored by extraction with
KM buffer (10 mM N-morpholinoethanesulfonic
acid, pH 6.2, 10 mM NaCl, 1.5 mM MgCl,, 10%
glycerol, protease inhibitors), buffer containing de-
tergent (Nonidet P-40; NP40), DNase, NaCl, DNase
+ RNase essentially as described previously [26].
Samples were fixed after each step and processed for
immunofluorescent staining and confocal microscopy.
This extraction protocol has been developed for the
preparation of nuclear matrices [26]. The bulk of
cellular protein (~60%) is solubilized by treatment
with NP40 at low ionic strength, whereas components
of the cytoskeleton and several nuclear compartments
are resistant to this treatment [26]. Subsequent
incubation with DNase releases about 4% of the
protein, without drastically affecting nucleoli or the
cytoskeleton. High salt removes about 29 % of the
protein, including a portion of the cytoskeleton and
histones. After the final DNase/RNase step, samples
contain the nuclear matrix, remnants of nucleoli and
the lamina. This material, resistant to all of the
extraction steps, is equivalent to ~ 10 % of the cellular
protein [26].

Results

Heat stress leaves nuclear envelopes intact and
inhibits classical nuclear import in vitro. Various
stresses, including heat shock, interfere with nuclear
transport in growing cells, and we examined whether
this can be recapitulated in a cell-free system. To this
end, HeLa cells were pre-incubated for 30 min at
45.5°C and subsequently treated with digitonin to
permeabilize the plasma membrane. The NE remained
intact under these conditions, and lamin B was not
accessible to antibodies. However, antibodies bound
when nuclear membranes were permeabilized with
Triton X-100 (Fig. 2A). The effect of heat on classical
nuclear import in vitro was monitored with digitonin-
permeabilized cells, which were supplied with TRITC-
labeled SV40-HSA as import substrate, energy and
unstressed cytosol [22]. SV40-HSA efficiently trans-
located into nuclei of unstressed cells, where it
concentrated in nucleoli. By contrast, heat-shocked
semi-intact cells failed to accumulate the classical
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import cargo in nuclei (Fig. 2B), supporting the idea
that upon heat shock, semi-intact cells reiterate
faithfully classical import inhibition. In the experi-
ments described below, this in vitro system was used to
analyze trafficking of nuclear transport factors.

A Nuclear envelope permeability

DAPI Lamin B
Triton
X-100

B In vitro classical nuclear import

DAPI SV40-HSA

onte m.

Figure 2. (A) NEs remain intact in heat-stressed cells. HeLa cells
exposed to 30 min at 45.5 °C were treated with digitonin or Triton
X-100 and incubated with antibodies against lamin B. After 1.5 h at
30 °C, cells were fixed, and binding of anti-lamin B antibodies was
examined with FITC-conjugated secondary antibodies. Lamin B
was not accessible to antibodies when cells were treated with
digitonin only. However, antibodies bound to lamin B if nuclear
membranes were permeabilized with Triton X-100. (B) Heat shock
inhibits classical nuclear import in vitro. Classical nuclear import
was analyzed with TRITC-SV40-HSA in semi-intact control and
heat-shocked HeLa cells.

heat
shock

Heat stress relocates importin-a, CAS and Ran, but
does not change transport factor abundance. The
experiments in Figure 3A address several questions.
First, we compared the distribution of import factors
in whole cells (treatment 1) that were kept under
normal growth conditions (Fig.3A, control) or ex-
posed to heat (heat shock). Furthermore, import
factor levels in the nucleus (treatment 3) or cytoplasm
(treatment 2) were monitored.

Stress-induced redistribution of transport factors

In intact cells (Fig. 3A, treatment 1) upon heat shock,
significant changes were seen for Ran, importin-a and
CAS. Ran partially relocated to the cytoplasm, where-
as importin-a and CAS accumulated in nuclei. Treat-
ment 3 was used next to determine the effect of heat
stress on nuclear transport factors. Although digitonin
extraction (Fig.3A, treatment 3) of unfixed cells
solubilized a portion of Ran in control and stressed
samples, Ran was still detectable in nuclei. A more
pronounced effect of heat shock was detected for the
distribution of importin-a and CAS. After digitonin
extraction, higher amounts of importin-o. and CAS
remained associated with heat-shocked nuclei com-
pared to unstressed controls. These results were
consistently observed in multiple experiments.
Interestingly, digitonin extraction affected the distri-
bution of nuclear importin-a in control cells (compare
treatment 1 with 3); it changed from predominantly
nuclear rim localization to a distribution throughout
the nucleus in digitonin-treated cells. One possible
explanation for this relocation could be a labile
association of importin-o. with the nuclear envelope
which is sensitive to digitonin treatment.

Treatment 2 monitors nuclear transport factors in the
cytoplasm of control and stressed cells (Fig. 3A). Heat
shock increased the levels of Ran in the cytoplasm, but
diminished the cytoplasmic amounts for importin-a or
CAS. These results are consistent with the staining
pattern obtained for whole cells (Fig. 3A, treatment
1). Together, the data support the idea that stress
increased the nuclear, but reduced the cytoplasmic
concentration of importin-o. and CAS. The opposite
scenario applies to Ran.

To determine the effect of heat stress on the abun-
dance of nuclear transport factors, crude extracts were
prepared from control and heat-shocked cells. Equal
amounts of protein were analyzed side-by-side by
Western blotting, with tubulin and actin serving as
controls. As shown in Figure 3B, no drastic changes for
the levels of Ran, importin-a or CAS were detected in
stressed cells.

Heat shock affects nuclear accumulation of importin-
o and CAS in vitro. Importin-a can enter the nucleus
by two pathways, either independent or dependent on
cytosolic factors [13]. Figure 4 compares the nuclear
accumulation of fluorescently labeled importin-a or
CAS in the absence or presence of exogenously added
cytosol. Cytosol was prepared from either unstressed
or heat-shocked cells and combined with control or
heat-treated semi-intact HeLa cells. In the absence of
exogenous cytosol, importin-a. and CAS entered the
nucleus and heat shock stimulated this process
significantly (Fig. 4A, C, cytosol —). These results are
consistent with the idea that heat stress impinges on
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Figure 3. (A) Effect of heat stress on the distribution of nuclear transport factors. HeLa cells were grown at 37 °C (control) or stressed for
30 min at 45.5 °C (heat shock). Cells were either fixed immediately (treatment 1; see Fig. 1 for details) or treated with digitonin before
fixation to stain preferentially nuclear protein (treatment 3). Alternatively, to visualize transport factors located in the cytoplasm
(treatment 2), samples were fixed first, followed by permeabilization of the plasma membrane with digitonin. Note that importin-a and
CAS concentrate in the nuclei of cells that have been exposed to heat, whereas little protein is detected in the cytoplasm. (B) Effect of heat
stress on the abundance of Ran, importin-a and CAS. Crude extracts from control and heat-shocked (heat) cells containing equal amounts
of protein were analyzed by Western blotting with antibodies against Ran, importin-a or CAS. Actin and tubulin were included as controls.
All of the data are representative of at least three independent experiments with similar results.

semi-intact cells, possibly altering nucleoporins or
other components of the NE.

A more complicated picture emerged for importin-a
when cytosol was added to in vitro assays. The
combination of heat-shocked cells (hs) with un-
stressed cytosol (un) led to a reduction of import
when compared with import for unstressed cells/
unstressed cytosol (Fig.4C). However, in heat-
shocked semi-intact cells, stressed cytosol significantly
enhanced the nuclear accumulation of importin-o
when compared with unstressed cytosol (Fig. 4C, xx).
This suggests that heat treatment affected compo-
nents of semi-intact cells as well as cytosolic factors,
and both controlled nuclear transport of importin-a.
For the carrier CAS, the highest nuclear accumulation
was observed with heat-shocked cells/heat-shocked
cytosol, and CAS nuclear import was significantly
increased with respect to unstressed cells/unstressed
cytosol (Fig. 4C, ..) or stressed cells/unstressed cytosol
(Fig. 4C, xx). Similar results were obtained for several
independent experiments, as described in Materials
and methods.

Binding of importin-a. and CAS to nuclear envelopes
in vitro. Results in the previous section demonstrated
that the in vitro nuclear accumulation of importin-o
and CAS was modulated by heat shock. Docking at

the NE is the initial step required for nuclear import,
and we tested whether this process was altered by heat
(Fig.5). Two different experiments addressed this
question. First, semi-intact cells were incubated with
fluorescently labeled importin-o or CAS, and their
association with the NE was quantified (see Materials
and methods). This assay measures the sites at the NE
that are free to bind either transport factor. Second,
semi-intact cells were extracted with salt to remove
endogenous transport factors associated with nuclear
membranes. Subsequent incubation with labeled im-
portin-a or CAS measures the fotal binding sites at the
NE that can be occupied.

Using these strategies, quantification of fluorescent
signals at the nuclear periphery showed that docking
of importin-a was increased upon heat stress. This
applied both to free and total binding sites (Fig. 5B);
more binding sites at the NE became available upon
heat shock without (free binding sites) and with (total
binding sites) salt extraction. A distinct scenario
emerged for CAS, for which we did not detect a
significant effect of heat on either free or total binding
sites, suggesting that docking of importin-a and CAS
may be regulated differently.

For both importin-a and CAS, extraction with salt
increased the available binding sites in unstressed and
heat-shocked cells (Fig.5, compare —NaCl with
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Figure 4. Heat stress alters the
nuclear accumulation of impor-
tin-a and CAS in vitro. Nuclear
import of fluorescently labeled
importin-a or CAS was analyzed
in unstressed and heat-shocked
cells in the absence of exogenous
cytosol (A) or upon addition of
cytosol prepared from unstressed
or heat-treated HeLa cells (B).
(C) The mean intranuclear fluo-
rescence was measured for each
of the different conditions (see
Materials and methods). In the
absence of cytosol (cytosol -),
average pixel intensities ob-
tained for unstressed cells were
defined as 100 %. When cytosol
was added to semi-intact cells,
the combination unstressed cells/
unstressed cytosol served as a
100 % control. Means, SDs and
statistical significance are shown
with unstressed cells or un-
stressed cells/unstressed cytosol
as reference (., «). In addition,
the nuclear accumulation of im-
portin-a and CAS was signifi-
cantly increased when heat-
shocked cells/heat-shocked cyto-

CAS

CAS

*x, xx P<0.001; =+ P=0.01 sol was compared with heat-
shocked cells/unstressed cytosol
importin-o CAS (xx). All data points .show results
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,_ —‘ and methods for details).
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+ NaCl). This is in line with the idea that salt
treatment of semi-intact cells released endogenous
transport factors from the nuclear envelope, thereby
liberating binding sites for fluorescently labeled
importin-o. and CAS.

Taken together, results in this section are consistent
with the idea that the first step of nuclear transport, i.e.
docking at the nuclear envelope, is stress sensitive for
importin-o and upregulated in response to heat.

Exit of importin-a and CAS from nuclei. The experi-
ments described above indicated that heat shock
stimulated significantly the docking of importin-a at
the NE, while no drastic changes were observed for
CAS. Since nuclear accumulation may result from
changes of import, export and/or retention, we tested

next whether heat stress affected importin-a or CAS
movement from the nucleus to the cytoplasm. To this
end, growing cells were heat-shocked and semi-
permeabilized with digitonin. During this extraction,
a portion of importin-o. and CAS was removed from
the nucleus (data not shown). Digitonin-treated cells
were then incubated in transport buffer supplemented
with energy and RanQ69L, conditions that stimulate
the formation of export complexes which rely on
members of the importin-f} family. At different time
points during the incubation, intranuclear importin-a
and CAS were quantified (Fig. 6B; see Materials and
methods for details). Under these conditions, the
levels of importin-a decreased somewhat in un-
stressed cells over time; however, the changes were
not statistically significant. In comparison, the levels
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Figure 5. Effect of stress on NE
docking of importin-o. and CAS.
In vitro binding of importin-a
and CAS was analyzed with
semi-intact cells grown at 37 °C
or heat-stressed for 30 min at
45.5 °C. Semi-intact cells were
pre-treated for 10min with
NaCl before incubation with pu-
rified transport factors as indi-
cated. Importin-a or CAS asso-
ciated with the cytoplasmic side
of the NE was visualized by
confocal microscopy (A), and
fluorescence signals associated
with NEs were quantified (B).
Mean NE fluorescence for con-
trol cells without salt extraction
was defined as 1. Means and SDs
are shown; ** p < 0.01. Results
are representative of at least
three independent experiments;
between 43-65 cells were quan-
tified for individual data points.
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CAS
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of importin-o. remained higher in nuclei of heat-
shocked cells at all times; no drastic reduction of
nuclear importin-a was observed for stressed cells
during the incubation period. Similar results were
observed for CAS; although a portion of the carrier
moved out of the nucleus in control as well as heat-
treated cells, CAS levels in stressed cells remained
higher throughout the experiment.

Taken together, these results indicated that upon
stress, a larger portion of importin-a did not exit to the
cytoplasm; this portion remained concentrated in
nuclei during the incubation period. Similarly, elevat-
ed levels of CAS remained associated with nuclei of
stressed cells. This could be due either to reduced
export efficiency, nuclear retention or a combination
of these events. Experiments described in the follow-
ing section analyzed the contribution of retention to
the accumulation of importin-a and CAS in nuclei.

+ -+
- + o+

Nuclear retention of importin-o and CAS in heat
stressed cells. Nuclear retention may interfere with
the export of transport factors to the cytoplasm and
lead to increased levels of transport factors in the
nucleus. We addressed this question by extracting cells
with buffer, detergent, DNase, salt, and a mixture of
DNase plus RNase (see Materials and methods), using
a protocol that was designed to prepare nuclear
matrices [26]. For this procedure, all incubations
were carried out with unfixed cells. The first step (KM
buffer) uses a buffer with low ionic strength and pH
6.2; the shift from growth medium to KM buffer
during the first extraction step likely causes the diffuse
nuclear, rather than predominantly NE, staining of
importin-o. in control cells (compare controls in
Fig. 7A with Fig. 3A). For unstressed cells, importin-
o was efficiently solubilized following treatment with
NP40 and DNase incubation. Following DNase and
RNase treatment importin-o. was almost completely
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extracted from control cells. (Note that all images for
Fig. 7A were taken at identical settings.) By contrast,
in heat-shocked cells, only a portion of importin-a was
solubilized by the different treatments, and high levels
of the transport factor remained bound to nuclear
structures even after the final extraction step. These
results demonstrate that in response to heat shock, a
portion of importin-a becomes resistant to extraction.
Unlike importin-a, CAS was solubilized efficiently
with NP40 in control and stressed cells (Fig. 7B). To
detect changes during subsequent steps of the extrac-
tion, the detector gain of the confocal microscope was
increased (Fig. 7B, part b), and all images in part (b)
were acquired with identical settings. In heat-shocked
cells, CAS was somewhat more resistant to the
extraction with salt and DNase + RNase when
compared to unstressed cells.

In summary, anchorage in nuclei increased in stressed
cells for both importin-o and CAS, but the effect was
much more prominent for importin-a.

Discussion

The results described here and in previous publica-
tions demonstrate that stress inhibits classical nuclear
import [16, 17, 20]. This inhibition may be caused by
different stress-induced changes of the transport
apparatus, and we focused here on the heat-dependent

Control
CAS

Stress-induced redistribution of transport factors

Figure 6. Exit of importin-a and
CAS from nuclei of unstressed
and heat-shocked cells. Control
and heat-shocked Hela cells
were semi-permeabilized with
digitonin, and incubated for 5,
10 and 15 min as described in
Materials and methods. Cells
were fixed and transport factors
were detected by indirect immu-
nofluorescence (A). Controls
(0 min) were fixed immediately
after incubation with digitonin.
(B) The mean (& SD) intranu-
clear fluorescence was deter-
mined for different time points.
The mean intranuclear fluores-
cence of unstressed cells meas-

Heat shock

Control Heat shock
ured at 0 min was defined as 1.
Between 48 and 75 cells were
quantified for each data point.

5 10 15 0 5 10 15

relocation of nuclear transport factors. Importin-a
and CAS are key components required for classical
protein import; in response to heat shock, the steady-
state concentration of both proteins increases in the
nuclei of growing cells. We have used in vitro transport
assays to analyze individual steps of importin-a and
CAS nuclear trafficking and to identify the changes
triggered by heat shock for each of these reactions.
This approach was employed to determine the possi-
ble role of cytosolic factors in nuclear import, examine
docking at the NE and exit from the nuclear interior.
Taken together, our analyses support the conclusion
that heat shock affects several of the processes that
control the nucleocytoplasmic distribution of impor-
tin-a and CAS (summarized in Fig. 8 and Table 1).

In growing cells, heat shock concentrates importin-o
and CAS in nuclei, a process determined by nuclear
import, retention in the nucleus or cytoplasm and exit
from the nucleus. At present, it is not known whether
importin-o. and CAS in heat-treated cells enter the
nucleus by cytosol-independent and/or -dependent
routes. Nevertheless, heat upregulates in vitro nuclear
accumulation via either pathway for CAS and in-
creases cytosol-independent nuclear import for im-
portin-a.. Moreover, the combination of cytosol and
semi-intact cells indicates that soluble factors from
stressed cells may stimulate the nuclear accumulation
of importin-o. and CAS upon heat shock. The effect of
heat stress on cytosol-independent nuclear import
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Figure 7. Solubilization of importin-a. and CAS in control and
heat-shocked cells. Unfixed control and stressed HeLa cells were
treated sequentially with KM buffer, the detergent NP40, washed
after detergent extraction (NP40 + wash), incubated with DNase,
NaCl and a mixture of DNase + RNase. Samples were fixed
immediately after each step and processed for indirect immuno-
fluorescence. (A) Importin-o which was resistant to extraction by
the different treatments, is shown. All images were collected with
identical settings. (B) Most of CAS was readily extracted with NP40
(a). To monitor potential differences between control and stressed
cells following the treatment with NP40, the detector gain was
increased and kept constant for all subsequent extraction steps (b).
Results shown are representative of at least three independent
experiments.
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Table 1. Heat alters the nucleocytoplasmic distribution of impor-
tin-a. and CAS.

Importin-a CAS
Steady-state distribution in T in nuclei T in nuclei
growing cells
In vitro nuclear accumulation T T
without cytosol
In vitro nuclear accumulation o T
with cytosol
NE docking T -
In vitro exit from nuclei J 2
Nuclear retention T M

T, heat-dependent increase; (T ), minor increase of the process; 1,
stress-induced reduction; «+, no drastic change in response to
stress.

suggests that stress modulates the function of semi-
intact cells, possibly by altering components of the
NE. As discussed below, for importin-a these stress-
induced changes lead to the upregulation of docking.
Nuclear import is initiated by docking at the NE, and
we show for the first time that heat significantly
upregulates the binding of importin-o to the NE,
whereas docking of CAS is not drastically altered.
Comparable results were obtained with salt-stripped
nuclei, suggesting that the free and potential importin-
o-binding sites increase upon stress. Based on these
results, we propose that heat alters NE components
that are involved in docking of importin-a, and
nucleoporins are the most likely candidates for these
heat-induced changes.

We and others demonstrated previously that stress
may affect the retention of transport factors in nuclei
[16, 17]. We have extended these studies and show
now that heat shock increases nuclear retention of
importin-a, which in part becomes resistant to the
extraction with detergent, salt and nucleases, indicat-
ing drastic changes in solubility. In control cells,
importin-a is released following treatment with both
NP40 and DNase. Surprisingly, incubation with
DNase efficiently liberated importin-o. from nuclear
envelopes, although only ~4% of the total cellular
protein is released with DNase [26]. This may suggest
a possible association of importin-a with chromatin at
the nuclear periphery in control cells.

In contrast to unstressed cells, heat shock induced a
portion of importin-o to become insoluble throughout
the fractionation procedure. Although some CAS
remains insoluble in stressed cells under these con-
ditions, the effect is much less pronounced and CAS is
solubilized to a large extent by detergent in control
and heat-treated cells. Taken together, this heat-
induced resistance to different extraction steps may
suggest a stress-induced association of importin-o
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ferent mechanisms redistributes
importin-a and CAS in heat-
shocked cells. In response to
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and, to a lesser extent, of CAS with components of the
nuclear matrix.

In addition to the analyses of import, docking and
retention, our studies address for the first time the exit
of importin-a and CAS from nuclei. A cell-free system
was used to quantify the levels of transport factors
which remain in nuclei under conditions that promote
export. These experiments reveal that a fraction of
importin-o. and CAS does not exit the nucleus in
control or stressed cells. However, the levels of
transport factors that remain in nuclei are increased
by stress, and this effect was possibly somewhat more
pronounced for importin-a. It is conceivable that the
failure of importin-a to leave the nucleus is a
consequence of its anchorage in the nucleoplasm.
Similarly, nuclear retention of a small pool of CAS
may explain why higher levels of the carrier persist in
stressed nuclei, even under conditions that support
exit to the cytoplasm. At present, we cannot rule out
the possibility that following nuclear exit in vitro, a
portion of importin-o. or CAS is re-imported into
nuclei of heat-shocked cells. This re-import could help
sustain elevated intranuclear levels of the transport
factors.

Based on our results for the exit of importin-a and
CAS from nuclei, one might propose that importin-a
becomes sequestered in the nucleoplasm by binding to
immobilized CAS. However, this seems unlikely, since
most of CAS was readily solubilized in stressed cells,
whereas importin-o. was resistant to extraction. We
therefore favor the model that importin-a is anchored
in nuclei by associating with nuclear factors other than
CAS, and the factors could be components of the
nuclear matrix.

Our results support an intricate model for the intra-
cellular distribution of importin-o. and CAS, with
stress affecting multiple steps (Fig. 8, Table 1). These

Nucleus 1 * **
2
o

o?\g/ -

model. See text for details.

%o

steps include changes in docking at the NE, nuclear
import, the subsequent exit to the cytoplasm and
retention in the nuclear interior. Importantly, the
impact of heat is different for individual steps of
importin-o. and CAS nuclear trafficking. Stress-in-
duced changes in NE docking, nuclear exit and
retention are of particular importance to concentrate
importin-a. in nuclei, whereas upregulated nuclear
import seems to play a more prominent role for CAS.
On the basis of these data, a complex picture emerges
for the effect of stress on the distribution of transport
factors, nuclear function and organization. Besides
changing classical import, it is tempting to speculate
that the redistribution of CAS and importin-o will
have additional consequences. For example, CAS was
shown recently to control the expression of specific
genes that are regulated by p53, and importin-o2
interacts with the promoter of the proapoptotic gene
PIG3 [10]. These results support the hypothesis that
stress-induced changes in transport factor localization
may lead to altered gene expression, thereby regulat-
ing the stress response and ultimately cell survival.

In addition to the mechanisms defined with our
studies, other processes may play a role in regulating
classical nuclear import during aging and for specific
forms of neurodegenerative diseases. Thus, an age-
dependent decline in import efficiency correlates with
decreasing levels of transport factors in old human
fibroblasts [6], changes we did not detect in heat-
stressed cells. Interestingly, a mislocalization of im-
portin-al was observed in hippocampal neurons from
Alzheimer patients [27]. In these cells, the transport
factor accumulates in Hirano bodies, inclusions locat-
ed in the cytoplasm, which may affect nuclear
trafficking [27]. Likewise, in a mouse model of
amyotrophic lateral sclerosis, importin-a distribution
was shifted toward the cytoplasm with reduced levels
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in the nucleus [28]. Together with our results, these
data suggest that several pathophysiological states, as
exemplified by neurodegenerative diseases or stress,
cause a relocation of transport factors. This unbal-
anced distribution of essential transport components
is likely to impair nuclear trafficking, thereby inter-
fering with correct nucleocytoplasmic communication
and other cellular functions.
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Abstract

In growing HeLa cells, severe stress elicited by the oxidant
hydrogen peroxide inhibits classical nuclear import. Oxidant
treatment collapses the nucleocytoplasmic Ran concentra-
tion gradient, thereby elevating cytoplasmic GTPase levels.
The Ran gradient dissipates in response to a stress-induced
depletion of RanGTP and a decreased efficiency of Ran
nuclear import. In addition, oxidative stress induces a
relocation of the nucleoporin Nup153 as well as the nuclear
carrier importin-f, and docking of the importin-a/f/cargo
complex at the nuclear envelope is reduced. Moreover, Ran,
importin-g and Nup153 undergo proteolysis upon oxidative
stress. Caspases and the proteasome degrade Ran and
importin-#; however, ubiquitination of these transport factors
is not observed. Inhibition of caspases in stressed cells
alleviates the mislocalization of importin-f, but does not
restore the Ran concentration gradient or classical import. In
summary, inhibition of classical nuclear import by hydrogen
peroxide is caused by a combination of multiple mechanisms
that target different components of the transport apparatus.
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Introduction

Stress is implicated in the pathophysiology of ischemia, heart
failure, hypertension and cancer. Moreover, the appropriate
response to oxidative stress determines aging and influences
the life span of an organism (reviewed in Finkel and Holbrook®).
On a subcellular level, stress changes the nucleocytoplasmic

distribution of proteins (reviewed in Hood and Silver?). For
instance, in cells that have been treated with reactive oxygen
species, a variety of transcription factors relocalize within the
cell to modulate gene expression (reviewed in Finkel and
Holbrook' and Allen and Tresini®). Therefore, defining the
response to stress on a subcellular level, in particular with
respect to nucleocytoplasmic trafficking of macromolecules,
will contribute significantly to our understanding of the stress
response and stress-related pathophysiology.

Oxidative stress activates several signaling cascades,
including the MAPK family members ERK1/2, JNK/SAPK
and p38. Likewise, the PI(3)-kinase/Akt pathway becomes
active (reviewed in Finkel and Holbrook," Robinson and
Cobb* and Rhee®). Importantly, cell-specific differences in the
activation of signaling pathways have been observed (re-
viewed in Robinson and Cobb?*). In HelLa cells, hydrogen
peroxide induces phosphorylation of the MAPKs ERK, JNK/
SAPK and p38.8 Hydrogen peroxide not only activates several
signal transduction pathways, it may also activate the nuclear
proteasome, thereby increasing the degradation of proteins
damaged by oxidants.”

Nucleocytoplasmic trafficking of macromolecules is sensi-
tive to stress; heat shock, ethanol and oxidative stress inhibit
classical nuclear protein import.291° In growing yeast cells
and in semi-permeabilized smooth muscle cells in vitro,
oxidants have been shown to interfere with classical nuclear
import. In these model systems, redistribution of the small
GTPase Gspl1p/Ran from the nucleus to the cytoplasm is
believed to contribute to nuclear import inhibition.®® In
digitonin-treated aortic smooth muscle cells, the MAPK
ERK2 plays a role in classical transport inhibition triggered
by hydrogen peroxide, and transport inhibition can be over-
come if ERK2 activation is prevented.9 So far, the effect of
oxidative stress on classical nuclear import in growing
mammalian cells has not been studied.

Like cytoplasmic transport factors, nucleoporins are in-
volved in nucleocytoplasmic trafficking of proteins and RNA
(reviewed in Stochaj and Rother,"" Gérlich and Kutay'? and
Kuersten et al.'®). For instance, Nup153, a member of the
FXFG family of nucleoporins, is located at the nuclear basket,
where it participates in the termination of classical nuclear
protein import.'* Despite these previous studies, it is presently
not clear how trafficking across the NPC changes in response
to stress. To address these questions, we have now analyzed
the effect of oxidative stress on classical nuclear import in
growing Hela cells and in vitro. Our results show that
components of the nuclear transport apparatus are relocated
in cells treated with hydrogen peroxide. Furthermore, ex-
posure to severe oxidative stress decreases the availability of
RanGTP and induces the degradation of Ran, importin- and
Nup153, components required for classical and several
nonclassical nuclear trafficking pathways.



Results and Discussion

Oxidative stress inhibits classical nuclear import
in growing HelLa cells

To determine how oxidative stress affects classical nuclear
import in growing mammalian cells, we transiently transfected
HelLa cells with plasmids encoding either NLS-GFP, a
fluorescent reporter protein, which carries SV40-NLS fused
to GFP, or the GFP-tag only.'® The small size of NLS-GFP
allows diffusion across the NPC, a process independent of
active transport. In addition, the simple SV40-NLS is
recognized by the classical transport apparatus, which
imports NLS-GFP into the nucleus. The net distribution of
the reporter protein is a combination of diffusion and transport,
and nuclear accumulation requires classical import to be
active. Concentrated in nuclei under normal conditions
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(Figure 1A, panel b), NLS-GFP also appears in the cytoplasm
upon exposure to hydrogen peroxide (Figure 1A, d). By
contrast, the localization of GFP, which can be found in the
nucleus and cytoplasm, was not altered by this treatment
(Figure 1A, f, h), supporting the idea that oxidative stress does
not prevent diffusion across NPCs. Therefore, a redistribution
of NLS-GFP in response to oxidative stress can be attributed
to changes in classical import.

In initial experiments, we have tested the effect of different
concentrations of hydrogen peroxide on NLS-GFP localiza-
tion, and a 1 h treatment with 10 mM hydrogen peroxide was
found to be optimal to mislocalize a portion of NLS-GFP to the
cytoplasm. At lower concentrations, NLS-GFP remained
accumulated in the nuclei. By contrast, upon addition of
20mM of the oxidant, NLS-GFP completely equilibrated
within the cells, and similar fluorescent signals were obtained
for the nucleus and cytoplasm (not shown). On the basis of
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Oxidative stress inhibits classical nuclear import in growing HeLa cells; MAPK inhibitors do not abolish this import inhibition. Treatment with 10 mM hydrogen
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peroxide was carried out in growth medium for 1 h at 37°C. Control samples were incubated under identical conditions with the omission of oxidant. (A) Transiently
transfected HeLa cells synthesizing NLS-GFP (a—d) or GFP (e-h) were incubated under nonstress conditions (control) or exposed to hydrogen peroxide. Cells were fixed
and reporter proteins were localized by fluorescence microscopy. Nuclei were visualized with DAPI. (B) HeLa cells synthesizing NLS-GFP were incubated with hydrogen
peroxide in the absence (a, b) or presence of PD98059 (c, d) or genistein (e, f). NLS-GFP and nuclei were detected as in part (A). (C) HeLa cells were exposed to
hydrogen peroxide after preincubation with the solvent DMSO, PD98059 or genistein as indicated. DMSO or inhibitors were also present during exposure to oxidative
stress. Equal amounts of protein were separated by SDS-PAGE, and ERK1/2 activation was detected by Western blotting with antibodies specific for dually
phosphorylated ERK1/2. (D) Quantitation of the effect of hydrogen peroxide on NLS-GFP and GFP localization. Transiently transfected HeLa cells were monitored for the
distribution of reporter proteins in nuclei (N> > C) or nuclei and cytoplasm (N + C). The inhibitors PD98059 (PD) or genistein (Gen) were present as indicated. Each bar
represents the mean of results for three independent experiments and the standard deviation. At least 200 transfected cells were evaluated for each experiment
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these results, we have chosen 10 mM hydrogen peroxide for
our further experiments, as this treatment resulted only in
partial mislocalization of the reporter protein to the cytoplasm.
Hela cells exposed to 10mM hydrogen peroxide frequently
changed their shape. This is caused by a reorganization of the
F-actin cytoskeleton, which became obvious upon staining
with FITC-phalloidin (data not shown). Ultimately, the
treatment with hydrogen peroxide is toxic, as many of the
cells detached from the surface. Furthermore, when stressed
cells were incubated in fresh medium for 24 h, more than 70%
of the cells exposed to hydrogen peroxide underwent
apoptosis, as evident by TUNEL staining. By contrast,
unstressed cells did not score positive in the TUNEL assay
(data not shown).

As described above, upon hydrogen peroxide exposure
NLS-GFP was detected in the cytoplasm (Figure 1A, d; 1B, b),
whereas it was restricted to nuclei in unstressed cells (Figure
1A, b). To quantify the effect of hydrogen peroxide on the
distribution of reporter proteins, their localization was as-
signed to the nuclei (Figure 1D, N> >C) or the nuclei and
cytoplasm (N + C). Under the conditions used in our studies,
NLS-GFP was restricted to the nuclei in more than 90% of the
control cells. However, after treatment with hydrogen per-
oxide, in most of the cells NLS-GFP was also detected in the
cytoplasm (Figure 1D).

It should be noted, however, that stressed cells did not
necessarily equilibrate the reporter protein. Fluorescent
signals for nuclei were brighter than for the cytoplasm,
demonstrating that the transport substrate relocated only
partially (Figure 1A, d; 1B, b, d, f).

Taken together, the data in Figure 1 show that transport of
the classical nuclear import substrate NLS-GFP in growing
HelLa cells is rapidly inhibited by severe oxidative stress
induced by hydrogen peroxide.

Nuclear import inhibition by hydrogen peroxide
cannot be abolished by MAPK inhibitors

Hydrogen peroxide has been reported to activate the MAPK
ERK2, and changes in ERK2 activity can alter in vitro nuclear
import in semi-permeabilized smooth muscle cells.® We
therefore tested whether PD98059, a compound that
abolishes the activation of ERK1/2 by inhibiting the upstream
kinase MEK, and genistein, a more general inhibitor of
MAPKs, interfere with classical import inhibition. To this end,
Hela cells were pretreated with either drug under conditions
known to block the activation of ERK1/2."° As shown in
Figure 1C and published previously, '° the inhibitor concentra-
tions used in our experiments prevented stress-induced
phosphorylation and thereby activation of ERK1/2 in HelLa
cells. However, neither PD98059 nor genistein were able to
abolish the inhibitory effect of hydrogen peroxide on classical
nuclear protein import (Figure 1B, d, f). Moreover, quantitative
analysis of the NLS-GFP distribution in stressed cells showed
that the effect of hydrogen peroxide was not changed by the
treatment with MAPK inhibitors (Figure 1D). Likewise,
PD98059 or genistein did not alter classical nuclear protein
import in unstressed cells or the distribution of GFP under
control and stress conditions (Figure 1D).

Cell Death and Differentiation

Oxidants redistribute nuclear transport factors

The soluble factors Ran and importin-f as well as the
nucleoporin Nup153 are essential components of the classical
nuclear import apparatus (reviewed in Stochaj and Rother, !’
Goérlich and Kutay'? and Kiinzler and Hurt'®). Importantly,
hydrogen peroxide treatment of HelLa cells interferes with the
formation of the Ran concentration gradient (Figure 2A, d;
2B). This collapse of the Ran concentration gradient was not
prevented by PD98059 or genistein (Figures 2B, 4). In
unstressed cells importin-f is associated with nuclei, where
it accumulates at the nuclear envelope (NE) (Figure 2A, f). In
addition, a portion of importin-f can also be detected in the
cytoplasm of control cells. However, after exposure to
hydrogen peroxide, importin-f becomes confined to the
nucleus and no longer accumulates at the nuclear periphery
(Figure 2A, h). As observed for Ran, incubation of stressed
cells with PD98059 or genistein does not prevent the
redistribution of importin-f (Figure 2B). Like Ran and
importin-f, Nup153 relocates within cells treated with hydro-
gen peroxide. Concentrated at the nuclear periphery in
unstressed cells, Nup153 redistributes throughout the nu-
cleus after exposure to hydrogen peroxide (Figure 2A, j, |).
Since the antibody used for the detection of Nup153 also
recognizes several proteolytic products of the nucleoporin, it
is possible that intact Nup153, its degradation products or
both were redistributed upon oxidant treatment. Relocation of
proteins in hydrogen peroxide stressed cells is not a general
effect; for instance, lamin B or hsc70 localization was not
altered after incubation with this oxidant (Figure 3C and data
not shown).

The relocation of nuclear transport factors cannot be
ascribed to a simple permeabilization of the NE. We have
tested the intactness of the NE by two independent assays.
First, cells were transiently transfected with DNA encoding the
cytoplasmic reporter protein GFP-f-galactosidase. When
cells were treated with oxidant, GFP-f-galactosidase did not
enter the nucleus at concentrations of 10 mM or lower (Figure
3A, b, d), demonstrating that the NE is still a barrier for
macromolecules. Second, hydrogen peroxide-treated cells
were semi-permeabilized with digitonin and incubated with
antibodies against lamin B. If the NE is not intact, antibodies
will have access to the nuclear lamina. However, this was not
observed (Figure 3C, b, f). By contrast, permeabilization with
the detergent Triton X-100 allowed antibodies to bind to lamin
B (Figure 3C, d, h). Taken together, these results show that
the redistribution of nuclear transport factors takes place
when the NE and the NPCs do not permit free diffusion of
macromolecules.

Hydrogen peroxide could inhibit classical protein import for
several reasons. For instance, RanGTP is required in
the nucleus to support classical and several nonclassical
nuclear trafficking pathways, and dissipation of the Ran
concentration gradient may affect these transport routes. In
addition, oxidants could change the ratio of RanGTP/
RanGDP, thereby interfering with nuclear transport. Like
Ran, importin-$, a subunit of the classical NLS-receptor, and
Nup153, the termination site for classical nuclear import,
redistribute in cells treated with hydrogen peroxide. As such,
the carrier importin-f was confined to the nucleus and its NE
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Figure 2  Effect of oxidative stress on the localization of Ran, importin-3, and Nup153. (A

were used to locate Ran (a—d), importin-f (e~h) and Nup153 (i~l) by immunofluo

) Control HelLa cells or cells stressed with hydrogen peroxide as in Figure 1
rescent stalnlng Nuclei were stained with DAPI. (B) The distribution of Ran, importin-f

and Nup153 was quantified for three independent experiments. For each result, the localization of transport factors was determined in at least 200 cells. The mean

values and standard deviations are shown for each group. Changes in Ran nu

clear accumulation (N> > C), importin-f3 location at the nuclear envelope and in the

cytoplasm (NE + Cyt) and the continuous staining of the NE with anti-Nup153 antibodies were monitored

accumulation was reduced. Importin-f has been shown to
remain close to the NPC upon completion of nuclear import.*®
It is believed that the carrier will be exported subsequently to
the cytoplasm to participate in a new cycle of nuclear import.
Hydrogen peroxide treatment could abolish or reduce
importin-f exit from the nucleus for different reasons. First,
as the Ran concentration gradient collapses, GTPase levels
in the nucleus are decreased and may be insufficient to
support importin-f export. Second, the association of im-
portin-p with the NE is diminished, presumably because its
association with NPCs has been altered. It is clear from our
experiments that the NPC organization is modified in cells
treated with hydrogen peroxide. In particular, Nup153, located
at the nuclear basket in unstressed cells, redistributes in part
to the nuclear interior. Furthermore, Nup153 is degraded in
stressed cells (see below). Both the relocation and the
proteolysis of Nup153 can be expected to affect the functional

organization of the nuclear basket and thereby nuclear import
and export reactions.

The localization of Ran is more sensitive to
oxidative stress than classical nuclear import

Classical nuclear protein import was not efficiently inhibited by
hydrogen peroxide concentrations lower than 10 mM (Figures
2, 4). Moreover, NLS-GFP only partially redistributed to the
cytoplasm (see above), whereas the Ran concentration
gradient was completely abolished under these conditions
(Figures 2, 4). This suggests that the Ran concentration
gradient is particularly sensitive to oxidative stress. When
growing cells were exposed to lower levels of hydrogen
peroxide, we detected elevated amounts of Ran in the
cytoplasm at concentrations as low as 0.5mM (Figure 4a).

Cell Death and Differentiation
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Figure 3 The NE remains intact in HeLa cells treated with hydrogen peroxide.
(A) HeLa cells transiently synthesizing GFP-f-galactosidase were treated with
different concentrations of hydrogen peroxide for 1h at 37°C. After stress
exposure, cells were immediately fixed, stained with DAPI and inspected by
fluorescence microscopy. (B) At least 100 transfected cells were monitored for
each concentration of the oxidant. The figure shows the results (means and S.D.)
of three independent experiments. (C) Non-transfected HelLa cells were treated
with hydrogen peroxide, fixed and permeabilized with digitonin or Triton X-100 as
indicated. Cells were incubated with antibodies against lamin B, and primary
antibodies were visualized with FITC-conjugated secondary antibodies (Materials
and Methods)
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Figure 4 Sensitivity of the Ran concentration gradient and classical nuclear
import to hydrogen peroxide. (a) Nontransfected HelLa cells were incubated for
1 h at 37°C with different concentrations of hydrogen peroxide. Cells were fixed
and Ran was localized by indirect immunofluorescence. (b) The same
experiment as in part (a) was carried out in the presence of genistein. (c)
Hela cells synthesizing NLS-GFP were treated with hydrogen peroxide and the
reporter protein was located by fluorescence microscopy. The experiments were
carried out three times; the distribution of Ran or NLS-GFP was determined for at
least 100 cells in each experiment. Parts (a)—(c) of the figure show the means
and the standard deviations for different concentrations of hydrogen peroxide

This redistribution could not be prevented by genistein, and
the differences between controls and genistein-treated cells
were not statistically significant. Surprisingly, elevated cyto-
plasmic levels of NLS-GFP were only detected for few cells at
0.5mM hydrogen peroxide (Figure 4c). This suggests that
even though the Ran concentration gradient had collapsed,
classical nuclear transport was not drastically affected.

Hydrogen peroxide depletes cellular RanGTP
pools

Like other stresses, hydrogen peroxide treatment may reduce
the intracellular concentration of ATP, which could subse-
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Figure 5 Hydrogen peroxide treatment reduces RanGTP levels. RanGTP was
isolated with GST-RBD from controls and cells treated for 1h at 37°C with
different concentrations of hydrogen peroxide. Equal amounts of protein were
used as starting material for control and stressed cells. Protein affinity purified
with GST-RBD/glutathione-sepharose (RanGTP) and unbound material (Sup)
were separated side-by-side, followed by Western blotting with Ran-specific
antibodies. For control and stress conditions, the unbound material represents
3% of the affinity-purified protein

quently alter the GTP/GDP ratio. Changes in GTP/GDP may
then decrease the levels of RanGTP and favor the formation
of RanGDP, a process that will interfere with Ran-dependent
trafficking across the NPC. To test this hypothesis, we
isolated RanGTP from control and stressed cells with a GST
fusion protein that contains the Ran-binding domain (RBD) of
RanBP1, referred to as GST-RBD.'” Crude cell extracts
containing the same amount of protein were used as starting
material for the purification of RanGTP as recently de-
scribed,’® and the isolation of RanGTP was monitored by
Western blotting with Ran-specific antibodies. Since hydro-
gen peroxide treatment induces the degradation of Ran
(Figures 7-9 below), we compared the amount of Ran that
could be affinity-purified with GST-RBD (Figure 5, RanGTP)
to the GTPase that failed to associate with GST-RBD
(Figure 5, Sup). As shown in Figure 5, upon exposure to
hydrogen peroxide, the relative levels of RanGTP that could
be isolated from stressed cells were drastically reduced. A
decrease of the ratio RanGTP/RanGDP was already obvious
after 1 h exposure to 0.5 mM hydrogen peroxide and became
even more pronounced at higher concentrations of the oxidant
(Figure 5 and data not shown).

As a consequence of RanGTP depletion induced by
oxidative stress, a variety of cellular processes that depend
on RanGTP, such as nuclear import and export, will be
affected. Furthermore, since RanGDP is unlikely to be
retained in the nucleus, changes in the nucleocytoplasmic
Ran concentration gradient can also be expected. Ultimately,
this will increase cytoplasmic concentrations of the GTPase.
Surprisingly, although RanGTP levels were reduced by
hydrogen peroxide treatment, classical nuclear transport
was not completely abolished under these conditions. One
possible explanation for this result could be that even under
stress conditions sufficient RanGTP persists in the nucleus to
promote NLS-GFP import.

Oxidative stress reduces the import of Ran into the
nuclei

In addition to changes in the RanGTP availability, failure to
import Ran into the nuclei could also contribute to the
relocation of the GTPase to the cytoplasm of hydrogen
peroxide-treated cells. NTF2 is the carrier that translocates
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RanGDP across the NE, and in vitro systems have been
developed to study this process.'®2° To address the effect of
oxidative stress on Ran nuclear import, we have tested the
accumulation of tetramethylrhodamine-labeled RanGDP
(TMR-Ran) in semi-intact cells. Under non-stress conditions,
TMR-Ran accumulated rapidly in the nucleus and nucleolus if
cells were provided with reticulocyte lysate, but treatment with
oxidant reduced the capacity of semi-permeabilized cells to
concentrate TMR-Ran in the nuclei (data not shown). These
results suggested that components of semi-intact cells are
sensitive to stress, and we further tested whether hydrogen
peroxide also affects cytosolic factors that are required for
Ran nuclear import. To this end, we prepared cytosol from
control and oxidant-treated Hel.a cells, which was combined
with untreated or stressed semi-intact cells (Figure 6A).
Control cells efficiently imported TMR-Ran when supplied with
unstressed cytosol, whereas stressed semi-intact cells dis-
played increased levels of TMR-Ran in the cytosol. Further-
more, treatment of semi-intact cells with hydrogen peroxide
abolished the concentration of TMR-Ran in nucleoli (Figure
6A, d). By contrast, addition of stressed cytosol to untreated
semi-intact cells had no drastic effect on the distribution of
Ran (Figure 6A, f). If stressed cytosol was combined with
stressed semi-intact cells, results were similar to what we
observed for the combination of stressed semi-intact cells and
untreated cytosol (Figure 6A, compare d and h).

In summary, in vitro experiments indicate that Ran nuclear
accumulation is reduced, but not abolished, in HelLa cells that
have been exposed to severe oxidative stress. This deficiency
can be attributed to stress-induced changes of semi-intact
cells. As Ran import into nuclei was not prevented by oxidant
treatment of cytosol, the source of NTF2 in vitro,'® it is unlikely
that the function of NTF2 as a nuclear carrier of the GTPase is
abolished by hydrogen peroxide.

NTF2 associates with NEs in hydrogen peroxide-
treated cells

Since Ran import was less efficient upon exposure to
hydrogen peroxide and NTF2 is the nuclear transporter of
Ran, it was important to determine whether NTF2 association
with the NE is sensitive to oxidants. Although hydrogen
peroxide treatment of cytosol did not prevent Ran nuclear
import (Figure 6A), it was possible that stress-induced
changes at the NPC prevent the carrier from binding to the
NE. Therefore, the association of TMR-labeled GST-NTF2
with nuclei was measured under control and stress conditions
using established procedures.?! After treatment with 0.5, 5 or
10 mM hydrogen peroxide for 1 h, cells were semi-permeabi-
lized and binding of TMR-GST-NTF2 to NEs was tested
(Figure 6B and data not shown). TMR-GST-NTF2 accumula-
tion at the nuclear periphery was detected both in the
presence and absence of purified wild-type Ran as previously
reported.?" In control experiments, TMR-GST did not associ-
ate with semi-intact cells under any of the conditions tested
(Figure 6B, j, | and data not shown). These experiments
revealed that NTF2 associates with the nuclear membrane
in control and stressed cells, suggesting that oxidants did
not prevent the interaction between NTF2 and the NPC.
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Figure 6 Effect of severe oxidative stress on Ran nuclear import, NTF2 binding to NEs and importin-f3 nuclear trafficking. For oxidant exposure, cells were incubated
with 10 mM hydrogen peroxide for 1 h at 37°C. (A) Nuclear import of TMR-RanGDP was analyzed in vitro with HeLa cytosol and semi-intact cells. Cytosol and semi-
permeabilized cells were prepared from controls or oxidant treated samples as indicated in the figure. (B) Binding of TMR-GST-NTF2 (a-h) or TMR-GST (i-I) was tested
with semi-intact cells that were unstressed or pretreated with hydrogen peroxide. Unlabeled wild-type Ran was present for the experiments shown in panels (a—d) and
(i-1). (C) Binding of the classical nuclear import complex importin-a/f3/cargo was monitored in unstressed and oxidant treated semi-intact cells. GST-HA-importin-f8 was

localized with antibodies against the HA tag

Nevertheless, Ran is at least in part mislocalized to the
cytoplasm under these stress conditions and nuclear import of
the GTPase is less efficient when compared to unstressed
cells (Figures 2, 6A). There are several possible interpreta-
tions of these data: (a) the interaction between Ran and NTF2
is reduced in stressed cells. (b) Oxidants may chemically
modify the complex RanGDP/NTF2, preventing it from dock-
ing atthe NPC. (c) The translocation of RanGDP/NTF2 across
the NPC is altered by oxidants. At present, we cannot rule out
that hydrogen peroxide interferes with the RanGDP/NTF2
association or docking of the stressed RanGDP/NTF2
complex at the nuclear periphery. However, the observation
that purified wild-type Ran combined with unstressed cytosol
fails to be efficiently imported into the nuclei of stressed semi-
intact cells (Figure 6A) indicates that translocation of the
GTPase across the NPC is impeded by hydrogen peroxide.

Oxidative stress reduces docking of importin-g at
the NE

We further tested whether binding of the import complex
importin-o/fi/cargo to the nuclear periphery was altered by
hydrogen peroxide. To this end, semi-intact cells were
incubated with GST-HA-tagged importin-f and the carrier
was located with antibodies against the HA tag (Figure 6C). As
expected, in semi-intact unstressed cells, importin-f accu-
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Figure 7 Degradation of Ran, importin-3, p62 or hsc70s in response to
hydrogen peroxide treatment. (a) Equal amounts of protein from unstressed or
stressed cells (1h, 10mM hydrogen peroxide, 37°C) were probed by Western
blotting with antibodies against Ran, importin-, p62 and hsc70s. Cells were
incubated with the solvent DMSO, PD98059 (PD) or genistein (Gen) as indicated.
(b) The same experiment was carried out with 100 g/ml cycloheximide, which
was present during stress exposure
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Figure 8 Role of the proteasome in stress-mediated degradation of Ran,
importin- and Nup153. For stress exposure, cells were treated with 10 mM
hydrogen peroxide for 1h at 37°C. Equal amounts of protein were separated
side-by-side for each sample and analyzed by Western blotting with antibodies
against Ran, importin- and Nup153. (a) Cells were incubated with the solvent
DMSO or the inhibitor MG132 as shown in the figure. (b) HelLa cells were
stressed with hydrogen peroxide in the presence of cycloheximide and MG132.
(c) HelLa cells preincubated with DMSO or lactacystin were exposed to hydrogen
peroxide in the presence of cycloheximide (100 wg/ml)

mulated at the NE.?? This docking reaction was diminished by
oxidative stress, and elevated levels of importin-f remained in
the cytoplasm (Figure 6C, d). Nevertheless, even upon
hydrogen peroxide exposure, importin-$ was able to concen-
trate at the nuclear periphery, albeit with reduced efficiency.

In summary, severe oxidative stress decreased, but did not
prevent, docking of the complex importin-o/f/cargo at the NE.
Since importin-f, importin-o. or the cargo used in these
experiments had not been exposed to stress, we conclude
that components of the semi-intact cells are sensitive to
hydrogen peroxide, and nucleoporins are possible candidates
to be affected by stress.
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Figure 9 Caspase but not calpain inhibition reduces the degradation of Ran
and importin- upon hydrogen peroxide stress. (a) HelLa cells were pretreated
with Ac-DEVD-CHO (DEVD) or (b) calpain inhibitor | (Calp. Inh.) for 2 h prior to
the addition of 10 mM hydrogen peroxide and cycloheximide. Cells were exposed
to stress for 1h at 37°C and cell extracts were subsequently analyzed by
Western blotting for the presence of nuclear transport factors, as described for
Figure 8¢

Hydrogen peroxide treatment induces the rapid
degradation of Ran, importin-f and Nup153, but
not of the nucleoporin p62

Exposure to stress may change the turnover of proteins, and
we have analyzed the levels of Ran, importin-f and Nup153in
cells exposed to oxidant. Treatment with hydrogen peroxide
reduced the concentration of Ran, importin-f and Nup153
(Figures 7-9). With the antibodies used in our experiments,
we did not detect proteolytic products for Ran or importin-f by
Western blotting, whereas monoclonal antibody SA1 recog-
nized several degradation products. However, none of these
Nup153-derived fragments accumulated upon severe oxida-
tive stress (not shown).

The decrease in Ran, importin-f and Nup153 concentration
was not abolished by PD98059 or genistein, and was
consistently observed in the presence of MAPK inhibitors
(Figure 7). In contrast, levels of hsc70, another soluble factor
required for classical nuclear import, the nucleoporin p62 and
lamin B were not altered drastically after exposure to
hydrogen peroxide under identical conditions (Figure 7 and
data not shown). To determine whether hydrogen peroxide
diminished the concentration of transport factors by inhibition
of their de novo synthesis, HelLa cells were incubated with
cycloheximide during stress exposure. However, addition of
cycloheximide gave similar results, indicating that hydrogen
peroxide triggered the degradation of nuclear transport factors
(Figure 7b).

Taken together, our data suggest that several nuclear
transport factors are particularly prone to degradation when
cells are exposed to hydrogen peroxide. Moreover, inhibition
of ERK1/2 activation did not abolish their degradation.
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Figure 10  Caspase inhibitors do not abolish the inhibition of classical nuclear
import or Ran relocalization, but partially restore the distribution of importin-£.
Hela cells were treated for 1 h at 37°C with different concentrations of hydrogen
peroxide. DEVD or MG132 were present for 1h prior to stress exposure and
during the entire stress period. Control cells were incubated with the solvent
DMSO only; all of the samples contained the same amount of solvent. Cells were
fixed immediately upon oxidant treatment. At least 100 cells were monitored in
each of three independent experiments for all of the different experimental
conditions shown in the figure. (a) Classical nuclear import was monitored in
transiently transfected cells synthesizing NLS-GFP, as described for Figure 1. (b)
Ran was localized by indirect immunofluorescence as in Figure 4. (¢) Importin-f3
was located in controls and cells exposed to 10mM hydrogen peroxide.
Incubation with DEVD or DEVD/MG132 significantly increased the number of
cells that accumulated importin-f3 at the NE and also showed cytoplasmic
localization of the carrier (P<0.05)

In cells treated with hydrogen peroxide, Ran and
importin-$ degradation is reduced by proteasome
inhibitors

Both the 26S and 20S proteasome complexes contribute to
the degradation of proteins. In particular, the nuclear 20S
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proteasome complex may play a role in the proteolysis of
nuclear transport factors in stressed cells, as nuclear
proteasome activity can be increased by oxidants.2®> Con-
sistent with this hypothesis, MG132, a potent inhibitor of the
mammalian proteasome, reduced Ran and importin-f pro-
teolysis in stressed cells, but did not alter Ran or importin-f
levels in control cells (Figure 8a, b). By contrast, under the
same conditions, MG132 did not protect Nup153 against
degradation, suggesting a mechanism independent of the
208 proteasome.

As MG132 may affect proteases other than the protea-
some, we have further tested the effect of lactacystin, a
distinct proteasome inhibitor, for which we obtained results
similar to those described for MG 132 (Figure 8c). Degradation
of proteins via the proteasome may occur in an ATP/ubiquitin-
dependent or -independent fashion. In general, ubiquitination
seems to be repressed in cells stressed with oxidants, making
ATP/ubiquitin-dependent protein degradation via the 26S
proteasome unlikely.2* Indeed, our data demonstrate that
Ran or importin-f ubiquitination is not increased in oxidant-
treated cells (see below), in line with ATP/ubiquitin-indepen-
dent proteolysis. This is consistent with the observation that
the 20S but not the 26S proteasome activity is upregulated in
cells treated with hydrogen peroxide.” As stress-induced
degradation of Ran and importin-f can be decreased by
MG132 and lactacystin, we conclude that their proteolysis in
cells treated with oxidants is partially mediated by the 20S
proteasome complex.

Inhibition of caspases diminishes hydrogen
peroxide-induced proteolysis of Ran and
importin-f

Since Hela cells underwent apoptosis 24 h after treatment
with hydrogen peroxide, we tested whether caspases
contribute to the degradation of nuclear transport factors.
Proteins of the NPC and the NE have been shown previously
to be targets of caspases in apoptotic cells.>*2® The
membrane-permeable compound Ac-DEVD-CHO efficiently
inhibits caspase 3. In addition, caspases 6, 7, 8 and 10 can
also be affected. The inhibitor reduced the degradation of Ran
and importin-f, and the protection against proteolysis was
more pronounced than for lactacystin (Figure 9a). For
Nup153, the effect of Ac-DEVD-CHO was variable, but
always less apparent than for Ran or importin-f.

In addition to the proteasome and caspases, proteases of
the calpain family could be involved in the degradation of the
transport factors analyzed by us. However, calpain inhibitor |
did not alter the proteolysis of Ran, importin-f or Nup153
(Figure 9b). Thus, caspases, but not calpain, are important for
the stress-induced proteolysis of Ran and importin-$.

Ran, importin-f and Nup153 are not modified by
ubiquitin or SUMO-1 in hydrogen peroxide-treated
cells

Ran is essential for classical and nonclassical nuclear

transport pathways, the organization of mitotic spindles and
reformation of the NE at the end of mitosis.'®2°3So far, the
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Table 1 Effect of severe oxidative stress on classical nuclear import and nuclear transport factors

Factor or reaction analyzed Unstressed conditions

Severe oxidative stress

Classical nuclear import of NLS-GFP Nuclear accumulation

Ran localization and stability Concentrated in nuclei
RanGTP
Ran transport in vitro into nuclei

NTF2 binding to nuclear envelopes in
vitro nuclear envelope
Importin-p localization and stability NE, cytosol

Docking of import complex importin-
o/Blcargo in vitro
Nup153

the nuclear envelope

periphery

Ran efficiently imported into
nuclei, accumulation in nucleoli
Purified NTF2 accumulates at the

Importin-o/f/cargo concentrates at

Concentrated at the nuclear

Reduced nuclear accumulation, a portion of NLS-GFP appears
in the cytoplasm

Ran concentration gradient collapses; Ran degraded by
caspases and proteasome

RanGTP/RanGDP ratio decreased

Ran import with reduced efficiency, no accumulation in nucleoli

No drastic changes, similar to unstressed cells

NE, reduced amounts in cytosol; importin-f degraded by
caspases and proteasome

Importin-o/f/cargo concentrates at the nuclear envelope, but
increased levels of importin-f in the cytoplasm

Partial relocation to nuclear interior; degradation

Nuclear accumulation of NLS-GFP, as well as the localization, stability and trafficking of classical nuclear transport factors, was monitored in unstressed controls and

cells treated with hydrogen peroxide. See text for details; NE, nuclear envelope

degradation of transport factors under different physiological
conditions has not been studied. Exposure to different types of
stress can lead to covalent modification of proteins with
ubiquitin or SUMO.3* To determine whether Ran, importin-f
and Nup153 are conjugated to ubiquitin or SUMO-1 upon
exposure to hydrogen peroxide, we have immunoprecipitated
equal amounts of protein from unstressed and stressed cells
under denaturing conditions. Immunopurified proteins were
then analyzed by Western blotting with antibodies recognizing
ubiquitin or SUMO-1. Nuclear transport factors were effi-
ciently purified under these conditions; however, we did not
detect them to be ubiquitinated when probed with two different
antibodies against ubiquitin. Similarly, two distinct antibodies
against SUMO-1 did not reveal a sumoylation of the
immunoprecipitated proteins (data not shown). Thus, expo-
sure to hydrogen peroxide does not result in polyubiquitination
or modification by SUMO-1 of Ran, importin-f or Nup153.
These results are consistent with previous publications for
Nup153. Although Nup153 has been shown recently to bind
SENP2, a protease that cleaves SUMO-1 modifications,
sumoylation of this nucleoporin has not been reported.3%-%¢
Furthermore, the consensus site for SUMO-1 modifications,
YKxXE (with =L, I, V, F; Hay®% is not present in human Ran,
importin-f or Nup153. In conclusion, severe oxidative stress
did not trigger a modification of Ran, importin- or Nup153 by
ubiquitin or SUMO-1.

Effect of protease inhibitors on the oxidant-
induced inhibition of classical nuclear import and
the relocation of Ran and importin-f

As caspase and proteasome inhibitors reduced the degrada-
tion of Ran and importin-f in oxidant-treated cells, we tested
whether these compounds also affected nuclear import of
NLS-GFP or the redistribution of soluble transport factors in
stressed cells. To this end, cells were preincubated with the
solvent DMSO, the inhibitors DEVD, MG132 or a combination
of DEVD and MG132 (Figure 10); these compounds were also
present during the exposure to hydrogen peroxide. Treatment
with DEVD or the combination DEVD/MG132 slightly in-

creased the number of stressed cells that efficiently accumu-
lated NLS-GFP in nuclei (Figure 10a, N> >C), but these
changes were not statistically significant.

In addition to classical nuclear import, the distribution of
Ran and importin- was monitored in control and drug-treated
cells (Figure 10b, c). Caspase and proteasome inhibitors did
not prevent the relocalization of Ran in stressed cells, and
similar results were obtained for different concentrations of
hydrogen peroxide (Figure 10b). Unlike Ran, the redistribution
of importin-f in stressed cells was partially reversed by DEVD.
When DEVD or DEVD/MG132 was present, an increased
number of cells concentrated importin-f at the NE and the
carrier was also detected in the cytoplasm. By contrast,
MG 132 alone had no effect (Figure 10c). The changes seen
for DEVD or DEVD/MG132 were statistically significant
(P<0.05).

Taken together, these results suggest that inhibiting the
degradation of importin-f by caspases allows cells to retain
importin-f in the cytosol, whereas no drastic changes could be
observed for Ran or classical nuclear import. One possible
interpretation of these data could be that upon severe
oxidative stress cytoplasmic importin-f becomes rapidly
degraded by caspases. With respect to classical import,
however, the protection of importin-f against stress-induced
proteolysis is not sufficient to restore the nuclear accumula-
tion of NLS-GFP. This is consistent with the idea that importin-
f degradation is not the limiting factor required to re-establish
classical transport. Other processes, such as the depletion of
RanGTP, might prevent the restoration of the Ran concentra-
tion gradient and nuclear trafficking.

Multiple mechanisms contribute to the inhibition
of classical nuclear import in oxidant-treated cells

Cells have to cope with various types of insults to prevent or
repair stress-induced damage. The effect of stress on protein
kinase signaling cascades and the activation of gene
transcription has been studied in some detail. However, it
has yet to be defined how distinct forms of stress modulate
other functions of the nucleus and its organization. To begin to
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address this question, we have analyzed in growing HelLa
cells and in vitro how classical nuclear import and several
components of the import apparatus are affected by severe
oxidative stress. We have now demonstrated that transport
factor relocalization and degradation as well as a depletion of
RanGTP are consequences of the exposure to hydrogen
peroxide (summarized in Table 1). Each of these changes can
be expected to contribute to the inhibition of classical nuclear
import. For instance, environmental stress is known to deplete
intracellular ATP levels (reviewed in Hardie et a/.%"), and we
have proposed previously that ATP depletion decreases the
concentration of RanGTP, thus favoring the formation of
RanGDP.8 This has recently been confirmed in HeLa cells, for
which the reduction of ATP resulted in lower levels of
RanGTP."® The increased consumption of ATP necessary
to repair oxidant-induced damage may transiently alter the
homeostasis of ATP production and consumption (reviewed in
Dzeja and Terzic®®). Under these conditions, RanGTP levels
could become limiting for the support of nuclear trafficking.
Furthermore, the lack of nuclear retention of RanGDP will
promote a collapse of the nucleocytoplasmic Ran concentra-
tion gradient.

A prominent feature of Ran, importin- and Nup153 is their
increased sensitivity to proteolysis in response to severe
oxidative stress. Hydrogen peroxide triggers the oxidation of
SH groups and other amino-acid side chains (reviewed in
Dean et al.*°), which could target proteins for degradation via
the proteasome. It was proposed that protein oxidation
increases surface hydrophobicity, thereby enabling the 20S
proteasome to recognize oxidized proteins even in the
absence of ubiquitination,?* a process that might take place
for Ran and importin-f3. By contrast, Nup153 degradation was
independent of the proteasome, and inhibition of caspases
had variable effects. Other studies have shown Nup153 to be
a substrate for caspases in apoptotic cells.?>2” However,
Nup153 does not always undergo degradation during
apoptosis® and differences are likely to exist for various cell
types. These differences may also explain why importin-f and
Ran are not degraded upon induction of apoptosis with
cisplatin.?®

Our experiments clearly show that ERK1/2 are not the
limiting factors, that alter classical nuclear import in response
to severe oxidative stress. As oxidants also activate signaling
pathways other than the ERK1/2 cascade, classical nuclear
transport inhibition is likely to be more complex in growing
mammalian cells than previously reported for in vitro studies.®
As well, cell type-specific differences may explain that in semi-
permeabilized smooth muscle cells ERK2 is the critical
component that controls classical import after exposure to
hydrogen peroxide, whereas transport inhibition in HeLa cells
involves multiple mechanisms.

In vitro experiments shown in this study suggest that NPCs
are likely to be targets for damage induced by hydrogen
peroxide. As such, Ran import into nuclei was reduced
if semi-intact cells have been stressed. Furthermore, docking
of the classical nuclear import complex at the NE was
diminished. The simplest explanation of these results is a
change in NPC function, and future studies will have to identify
which nucleoporins, in addition to Nup153, are affected by
oxidants.
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Besides NPCs, several soluble factors required for classical
nuclear import are shared with nonclassical trafficking path-
ways. As such, Ran and its interacting components are
essential for transport that is mediated by members of the
importin-f family. Changes in Ran localization, concentration
and the RanGTP/RanGDP ratio after treatment with oxidants
will therefore have a more general effect on nucleocytoplas-
mic transport of macromolecules. Not only classical transport
but also nonclassical import as well as export from the nucleus
will be affected. Taken together, our results underscore that
severe oxidative stress can modulate nuclear functions on
several levels, including the inhibition of nuclear trafficking
reactions and the functional organization of NPCs.

Materials and Methods

Growth and stress exposure of HeLa cells

Hela cells were grown in multiwell chambers as described.® At
approximately 70% confluency, cells were subjected to 10 mM hydrogen
peroxide (or the oxidant concentration given in the figure legends) in
growth medium and incubated for 1 h at 37°C. Incubation with the kinase
inhibitors PD98059 and genistein was carried out as in Chu et al.® To test
the role of the proteasome, cells were preincubated for 30 min with 10 uM
MG132 or for 2h with 50 uM lactacystin (Calbiochem, San Diego, CA,
USA) in growth medium. Cells were pretreated with 15 uM caspase
inhibitor (Ac-DEVD-CHO, Calbiochem) or 50 uM calpain inhibitor |
(MG101, Sigma, Oakville, ON, USA) 2h before stress exposure. All
inhibitors were present throughout the stress treatment.

Transfection of HelLa cells

HeLa cells were transfected with plasmids encoding the nuclear reporter
protein NLS-GFP ' or plasmid pHM830 coding for GFP-f-galactosidase*'
following standard procedures. 40

Generation of GST-NTF2 and synthesis of fusion
proteins in E. coli

GST-NTF2 was generated by fusing GST in frame to codon 4 of human
NTF2. The correctness of the construct was verified by DNA sequencing.
A plasmid encoding GST-HA-importin-$°% was kindly provided by Dr. Y
Yoneda, Osaka. Expression of genes encoding GST- or His6-fusion
proteins was induced in bacteria with 0.5mM IPTG for 2.5 h at 37°C.

Fluorescent labeling of His6-Ran and GST-NTF2

His6-tagged wild-type Ran, GST-NTF2 and GST were synthesized in E.
coli and affinity purified under native conditions following standard
procedures. Purified proteins were dialyzed against 50 mM potassium
phosphate, pH 7.0, 2mM magnesium acetate and concentrated with
centrifugal filters (Millipore, Bedford, MA, USA). GDP-loaded Ran was
labeled with tetramethylrhodamine-maleimide (TMR-maleimide; Molecular
Probes, Eugene, OR, USA) for 3h on ice essentially as described.'® GST-
NTF2 or GST were labeled overnight on ice. Non-incorporated label was
removed by gel filtration using Sephadex G25 (Amersham Biosciences,
Piscataway, NJ, USA) equilibrated with Ran import buffer (see below),
which was supplemented with 200 M GDP for the purification of labeled
Ran.



Nuclear import of Ran

Nuclear import of fluorescent Ran was tested essentially as in Ribbeck
etal.'® In brief, HeLa cells were grown on poly-lysine-coated slides to 70%
confluency and semi-permeabilized with 40 wg/ml digitonin in Ran import
buffer. Cells were washed once in ice-cold import buffer and nuclear
accumulation of Ran in import buffer containing 0.5mM ATP, 0.5 mM
GTP, 10mM creatine phosphate, 2 mg/ml BSA and 4 mg/ml reticulocyte
lysate, or 3mg/ml Hela cytosol was allowed for 3min at room
temperature. Cells were fixed immediately with 3.7% formaldehyde for
20 min at room temperature and nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI).

Binding of NTF2 to NEs

The association of fluorescent GST-NTF2 (TMR-GST-NTF2) or GST
(TMR-GST) with nuclear membranes was tested essentially as
described.?' Binding of GST-NTF2 to NEs of semi-intact cells was tested
with 0.45 uM TMR-GST-NTF2 (dimer) or TMR-GST combined with an
energy-regenerating mix.2' Wild-type RanGDP was present at 1.15 uM as
indicated in Figure 6B. Upon incubation for 10 min at room temperature,
cells were fixed for 20min with 3.7% formaldehyde and nuclei were
visualized with DAPI.

Docking of the classical nuclear import complex at
nuclear membranes

Binding of purified GST-HA-importin-f; was tested in semi-intact cells
essentially as described.?? Importin-o;, GST-HA-importin-g and 50 pig/ml
SV40-HSA were preincubated for 1h on ice and centrifuged (5min,
microfuge, 13000rpm) before addition to semi-intact cells. After
incubation for 20 min at room temperature, excess liquid was removed
and cells were immediately fixed with 3.7% formaldehyde in PBS (20 min,
room temperature). Importin-f was localized by indirect immunofluores-
cence with antibodies against the HA tag (see below).

Specificity of antibodies used for
immunofluorescence and Western blotting

The following primary antibodies were used: mouse mab414 and
monoclonal antibodies to the HA tag (BaBCo, Richmond, CA, USA),
goat anti-lamin B (sc-6217, Santa Cruz Biotechnology, CA, USA), goat
anti-Ran (sc-1155, sc-1156, Santa Cruz Biotechnology), monoclonal
antibody 3E9 against importin-f3 (Affinity Bioreagents, Golden, CO, USA),
monoclonal antibody SPA-815 against hsc70 (StressGen, Victoria, BC,
Canada), cell culture supematant SA1 (Bodoor et al.;*2 a generous gift of
Dr. B Burke), specific for Nup153, and rabbit polyclonal and monoclonal
antibodies to ubiquitin (sc-9133 and sc-8017, Santa Cruz Biotechnology),
polyclonal and monoclonal antibodies recognizing SUMO-1 (sc-6375, sc-
5308, Santa Cruz Biotechnology). Mab414 binds FXF repeat containing
nucleoporins, including Nup153 and p62. Antibodies against lamin B, Ran,
importin-$ and hsc70 recognize a single band of the expected size on
Western blots. Monoclonal antibody SA1 binds to the 180 kDa nucleoporin
Nup153 and also to some of its degradation products. The different anti-
ubiquitin antibodies bind to several bands for crude extracts upon Western
blotting. Activated ERK1/2 was detected with monoclonal antibody E10
(Cell Signaling Tech., Beverly, MA, USA), which is specific for phospho-
p44/42 MAPK, phosphorylated in positions thr202 and tyr204. Primary
antibodies were diluted as suggested by the suppliers and supernatant
SA1 was used undiluted.
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Immunofluorescence

All steps were carried out at room temperature. Stressed cells and controls
were fixed in 3.7% formaldehyde/PBS for 25 min. Cells were permeabi-
lized in 0.1% Triton X-100 (5min), blocked for 1 h in PBS/2 mg/ml BSA
containing 0.05% Tween 20 and incubated overnight with primary
antibodies. Bound primary antibodies were detected with FITC-conjugated
anti-rabbit or anti-goat antibodies, or Cy3-conjugated antibodies to mouse
IgG (Jackson ImmunoResearch, West Grove, PA, USA). Secondary
antibodies were diluted between 1:200 and 1:250. DNA was visualized
with DAPI and samples were mounted in Vectashield (Vector
Laboratories, Burlingame, CA, USA). Cells were analyzed with a Nikon
Optiphot at x 400 magnification and photographed with Kodak T-MAX
400 films. The negatives were scanned and processed with Photoshop
5.5.

Digitonin treatment of HeLa cells for
immunofluorescence

Control and stressed HeLa cells were fixed and incubated with 40 ug/ml
digitonin in PBS for 3min on ice. In Figure 3C, cells were incubated with
0.1 ug/ml anti-lamin B antibodies overnight at room temperature. After
three washes, samples were incubated with FITC-labeled secondary
antibodies, washed and treated with DAPI. All incubations were carried out
as described for immunofluorescent staining, except for the omission of
Tween 20 in all buffers.

Western Blot analysis

Hela cells were grown on dishes to about 70% confluency. Upon stress
exposure, plates were washed with PBS and stored at —70°C until use.
Proteins were solubilized in gel sample buffer and treated as described.*?
Equal amounts of protein were separated for controls and different stress
conditions in SDS-PA gels and blotted to nitrocellulose filters. Blots were
further processed as previously described.'%43

Purification of RanGTP

RanGTP was isolated with GST-RBD essentially as in Schwoebel et a
Aliquots of affinity-purified RanGTP and material that did not bind to GST-
RBD were separated side-by-side on 12% SDS-PA gels and Ran was
detected by Western blotting.

/‘18

Indirect immunoprecipitation

Protein G-sepharose (Amersham Biosciences) was preloaded with Ran-
specific antibodies overnight at 4°C in RIPA-buffer (PBS/1% Triton X-100/
0.1% SDS/0.5% sodium deoxycholate/1 mM NaNs, pH 7.4). Control resin
was incubated with RIPA buffer only. For immunopurification of denatured
proteins, Hela cell extracts were prepared in PBS containing 1mM
sodium orthovanadate, 1 mM PMSF and a cocktail of protease inhibitors
(aprotinin, antipain, chymostatin, leupeptin and pepstatin, each at 0.1 g/
ml). DNA was sheared by vortexing samples in the presence of glass
beads. Proteins precipitated with 5% TCA for 5 min on ice were collected
by centrifugation. Sediments were resuspended in RIPA buffer containing
inhibitors (see above) and preincubated with protein G-sepharose for
30min at 4°C. Supernatants obtained after 5min centrifugation
(5000 rpm, microfuge, 4°C) were mixed with control resin or resin loaded
with antibodies against Ran, importin-f5, or Nup153. After overnight
incubation at 4°C with gentle agitation, protein G-sepharose was collected

873

Cell Death and Differentiation



d

Effect of oxidative stress on nuclear transport
M Kodiha et a/

874

by centrifugation and washed four times in cold PBS/1 mM NaNs. Proteins
bound to the resin were eluted by boiling in gel sample buffer (10 min at
95°C), followed by Western blot analysis with antibodies against ubiquitin
or SUMO-1.
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