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"The only real valuable thing is intuition."

"If we knew what we were doing, it wouldn't be called research, would
it? "

Albert Einstein (1879-1955)



ABSTRACT

In mammals, Nck, represented by two genes, is a 47kDa protein lacking intrinsic
enzymatic function. It is composed solely of three N-terminal Src-homology 3
(SH3) domains and a single C-terminal Src-homology 2 (SH2) domain. Nck is
classified as an adapter molecule that links cell surface receptors, via its SH2

domain, to downstream effectors, through its SH3 domains. Two cDNAs coding
for the carboxy-terminal region of the  subunit of the eukaryotic initiation factor 2
(elF2p) were isolated from a two-hybrid screen to identify new effector molecules
interacting with the SH3 domains of Nck. elF2p is a component of the molecular

complex elF2 responsible for one of the early steps in the initiation of protein
synthesis. In this thesis, | determined in vivo that the first and the third SH3
domains of Nck were both required for its interaction with elF2p. Furthermore,
Nck and elF2p colocalized in an enriched ribosomal fraction. The localization of
Nck in this compartment is enhanced upon insulin stimulation. | also established
that Nck-1 overexpression is concomitant with an increase in protein translation.
Interestingly, the effect of Nck on translation was dependent on its first and third
SH3 domains originally found to mediate its interaction with elF2B. To elucidate
how Nck modulates protein translation, | examined whether Nck maintains its
positive effects under ER stress conditions where protein synthesis is normally
inhibited. Interestingly, my data revealed that Nck-1 overexpression antagonized
ER stress-induced inhibition of translation. Furthermore, | demonstrated that
overexpression of Nck-1 prevented PERK activation, elF2o. phosphorylation, BiP

induction and cell survival in response to ER stress treatments. This integrates



Nck in the regulation of the ER unfolded protein response (UPR). | also provided
evidence that the effects of Nck on the UPR involve its second SH3 domain and
a phosphatase-dependent mechanism. Finally, using Nck deficient cells, |
established that Nck is required for an optimal protein synthesis. All together
these data uncovered for the first time a role for an SH2/SH3 adapter in the
regulation of protein synthesis through its direct interaction with a component of
the translation machinery as well as in modulating ER stress-induced UPR.
These observations open up a new field of investigation on how major signaling
molecules regulate cellular responses such as protein translation. Furthermore,
this new information may allow the design of new therapeutic strategies in

common diseases such as cancer, neurodegenerative disorders and diabetes.



RESUME

Chez les mammiféres, Nck représenté par deux génes, est une protéine de
47kDa depourvue de fonction enzymatique intrinséque. Nck posséde dans sa
région N-terminale, trois domaines SH3 (homologue 3 de Src) et dans sa région
C-terminale, un seul domaine SH2 (homologue 2 de Src). Nck est classé comme
une molécule adaptatrice du fait qu’elle lie par I'entremise de son domaine SH2,
les récepteurs a la surface de la cellule, aux molécules effectrices intracellulaires
associées a ses domaines SH3. Un criblage dans un systeme 2-hybrides chez la
levure nous a permis d’isoler deux clones représentant la région carboxy-
termnale de la sous-unité B du facteur d'initiation eukaryotique elF2 (elF2B), qui
interagissaient avec les domaines SH3 de Nck. elF2B une composante du
complexe moléculaire elF2 qui est responsable d'une des étapes précoce de
linitiation de la synthése protéique. Dans cette thése, j'ai montré que le premier
et le troisieme domaines SH3 de Nck sont tout deux nécessaires pour son
interaction avec elF2B. De plus, jai démontré que Nck et elF2B colocalisent
dans une fraction enrichie en ribosomes. Cette localisation est accentuée suite a
une stimulation par linsuline. J'ai aussi établi que la surexpression de Nck-1
coincide avec une augmentation de la synthése protéique. Cet effet de Nck-1 sur
la traduction implique les mémes domaines SH3 qui sont responsables de son
interaction avec elF2B. Pour élucider les mécanismes utilisés par Nck pour
influencer la traduction des protéines, j'ai examiné si ces effets étaient préservés
dans des conditions ol la traduction est inhibée comme par example en réponse

a des situations de stress du réticulum endoplasmique (RE). Mes données



révelent que dans ces conditions, la surexpréssion de Nck-1 previent I'inhibition
de la traduction. Jai démontré que la surexpréssion de Nck-1 empéche
l'activation de PERK, la phosphorylation de elF2a, I'induction de la molécule
chaperone BiP et ne protége pas les cellules de la mort programmeée, intégrant
ainsi Nck dans la régulation de la signalisation du RE en réponse au repliement
inapproprié des protéines (UPR). De plus, jai observé que les effets de Nck sur
la translation dans les conditions de stress, sont médiés par son deuxiéme
domaine SH3 et un mécanisme qui implique I'activation d’une phosphatase de
type serine/thréonine. Finalement, en utilisant des cellules dépourvues en Nck,
j'ai etabli que Nck est requis pour qu’un niveau optimal de synthése protéique
soit conserveé. Dans leur ensemble, mes données me permettent pour la
premiere fois d’impliquer un adaptateur SH2/SH3 a la fois dans la régulation de
la synthése protéique par son interaction directe avec une composante de la
machinerie de traduction des protéines, mais aussi, par la méme occasion dans
la modulation de la réponse du RE aux conditions de stress. Ces observations
ouvrent une nouvelle avenue de recherche qui nous permettra de mieux
comprendre comment les molécules de signalisation régulent les reponses
cellulaires comme la traduction protéique. Ces nouvelles informations pouront
conduire a I'¢laboration de nouvelles modalités thérapeutiques de maladies

courantes comme le cancer, les maladies neurodégénératives et le diabéte.

Vi
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PREFACE

This thesis has been written according to the guidelines for a manuscript-based
thesis issued by the Faculty of Graduate and Post-doctoral Studies of McGill

University. These guidelines read in part:

1. Candidates have the option of including, as part of the thesis, the text of one or
more papers submitted, or to be submitted, for publication, or the clearly
duplicated text (not the reprints) of one or more published papers. These texts
must conform to the "Guidelines for Thesis Preparation™ with respect to font size,
line spacing and margin sizes and must be bound together as an integral part of
the thesis. (Reprints of published papers can be included in the appendices at the
end of the thesis.)

2. The thesis must be more than a collection of manuscripts. All components
must be integrated into a cohesive unit with a logical progression from one
chapter to the next. In order to ensure that the thesis has continuity, connecting
texts that provide logical bridges preceeding and following each manuscript are
mandatory.

3. The thesis must conform to all other requirements of the "Guidelines for Thesis
Preparation" in addition to the manuscripts.

The thesis must include the following:

1. atable of contents;

2. a brief abstract in both English and French;

3. an introduction which clearly states the rational and objectives of the
research;

4. a comprehensive review of the literature (in addition to that covered in the
introduction to each paper);

5. afinal conclusion and summary;

6. a thorough bibliography;

7. Appendix containing an ethics certificate in the case of research involving
human or animal subjects, microorganisms, living cells, other biohazards
and/or radioactive material.

4. As manuscripts for publication are frequently very concise documents, where
appropriate, additional material must be provided (e.g., in appendices) in
sufficient detail to allow a clear and precise judgement to be made of the
importance and originality of the research reported in the thesis.



5. In general, when co-authored papers are included in a thesis the candidate
must have made a substantial contribution to all papers included in the thesis. In
addition, the candidate is required to make an explicit statement in the thesis as
to who contributed to such work and to what extent. This statement should
appear in a single section entitled "Contributions of Authors" as a preface to the
thesis. The supervisor must attest to the accuracy of this statement at the
doctoral oral defence. Since the task of the examiners is made more difficult in
these cases, it is in the candidate's interest to clearly specify the responsibilities
of all the authors of the co-authored papers.

This thesis consists of a General Introduction, One published paper, a second
manuscript submitted for publication and a general Discussion. A section

concerning the ‘Contribution of the Authors’ is included.
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ABREVIATIONS

4EBP1
Arp2/3
ATF6
ATP
BiP
cDNA
CEBP
CHOP
CKI
CrPVv
DCC
DNA
dsRNA
DTT
elF
EGF
EGFR
ERK
FAK
FGF
FLT-1

GADD153

: elF4E binding protein 1

. actin related protein 2/3

: activating transcription factor 6

: adenosine triphosphate

. immunoglobulin heavy-chain-binding protein
: complemantary Deoxyribonucleic acid
: CAAT enhancer binding protein

: CEBP homologous protein

: casein kinase |

. cricket paralysis virus

: deleted colorectal cancer

: deoxyribonucleic acid

. double stranded ribonucleic acid

. dithiothreitol

. eukaryotic initiation factor

. epidermal growth factor

: epidermal growth factor receptor

. extracellular signal-regulated kinase
: focal adhesion kinase

: fibroblast growth factor

. fms-like tyrosine kinase

: growth arrest and DNA damage inducible 153
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GADD34 : growth arrest and DNA damage inducible 34

GAP : GTPase-activating protein

GBD : GTPase binding domain

GCN2 : general control non-repressed 2
GDP . guanosine 5'-diphosphate

GEF . guanine nucleotide exchange factor
GFP : green fluorescent protein

GPCR : G protein-coupled receptor

GRP . glucose-regulated protein family
GSK-3 : glycogen synthase kinase-3

GTP : guanosine 5'-triphosphate

HIV . human immunodeficiency virus
HSV . herpes simplex virus

HRI : heme-regulated inhibitor

IGF . insulin growth factor

IR . insulin receptor

IRE1 . inositol requiring 1

IRES . internal ribosomal entry site

IRS . insulin receptor substrate

JNK . Jun N-terminal kinase

MAPK : mitogen-activated protein kinase
MEK . mitogen or extracellular regulated kinase
MEKK : mitogen or extracellular regulated kinase kinase
Met : methionine
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Mnk : MAPK-interacting kinase

mRNA : messenger ribonucleic acid

mTOR : mammalian target of rapamycin

NAK : Nck-associated kinase

NF-«xB : nuclear factor xB

NIDDM : non-insulin dependent diabetes mellitus
NIK : Nck-interacting kinase

ORF . open reading frame

Pak : p21-activated serine/threonine kinase
PDGF : platelet-derived growth factor

PDGFR : platelet-derived growth factor receptor

PDK : phosphatidylinositol-dependent kinase
PERK : PKR-like endoplasmic reticulum kinase
PI3-K : phosphatidylinositol 3-kinase

PKA : protein kinase A

PKB . protein kinase B

PKC : protein kinase C

PKN . lipid-regulated protein kinase N

PKR . interferon inducible double-stranded RNA-activated-kinase
PLCy : phospholipase Cy

PS1 . presenilin-1

PTB : phosphotyrosine binding domain
Ptdins : phosphatidylinositols
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PTK . protein tyrosine kinase

RKS . receptor kinase substrate
RNA : ribonucleic acid

RNAse : endoribonuclease

RTK : receptors tyrosine kinase
SAPK . stress activated protein kinase

SDS-PAGE: sodium deodecyl-sulfate polyacrylamide gel electrophoresis

Ser : serine
SH2 : Src-homology domain 2
SH3 : Src-homology domain 3

SH-PTP2 : SH2-containing phosphotyrosine phosphatase 2
Sos : son of sevenless

SP1/SP2 : site-1 protease and site-2 protease

SITPK . serine/threonine protein kinase
STAT-5 : signal transducer and activator of transcription
Thr : threonine

Tir : translocated intimin receptor
TNF : tumor necrosis factor

tRNA, : transfer ribonucleic acid initiator
Tyr . tyrosine

UPR : unfolded protein response

UTR . untranslated region

WAS : Wiskott-Aldrich syndrom
WASP . Wiskott-Aldrich syndrom protein
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WIP : WASP interacting protein

XBP1 : bZIP transcription factor X-box binding protein 1

XVii



TABLE OF CONTENTS

ABSTRACT . et e e et e e s e st e e saeesreeseeee e i
RESUME ..ottt ettt eene sttt ee et eee et et et st ee et e eeeeeneneesesesessereean v
ACKNOWLEDGMENTS ...ttt ettt vii
PREFACE ... e iX
CONTRIBUTIONS OF AUTHORS ......ooiiiiiee e Xi
ABREVIATIONS ... Xiii
TABLE OF CONTENTS ...ttt Xviii
LIST OF FIGURES ... ..ottt ettt XXi
LIST OF TABLES ...ttt et s ee e XXiii
CHAPTER I: Introduction and Literature ReVieW.............cccccoeeeiveviiiiicieiee . 1
A. Signal Transduction: General CONCEPLS .............ccovureeeeeecieeieeeeeeeeeeeeereeeenn 2
B. The Nck adapter protein ..........couveeiiiiiiie e 4

|.  Tyrosine-phosphorylated proteins that associate the SH2 domain of Nck ... 6

Il. Effector molecules that associate the SH3 domains of Nck. ............ccco........ 9
lll. Biological significance of Nck-mediated protein interactions...................... 18
1. Cell proliferation. ..........ccv e e 18

2. Actin cytoskeletal dynamics. ..........cc..ooovueiieeiiieie i, 20

4. Glucose hOMEOSLASIS .....cccueeeciiieiiceie e 22

IV. CONCIUSION ...ttt et e e e e e e e e ee e, 23
C. Protein Translation. ..o, 25
I.  Cap-dependent initiation of translation...............ccooccoo v 25
Il. Cap-independent initiation of translation ..............cccoveevveeee e 28

Ill. Components of the translational machinery regulated by phosphorylation 30

xviii



1. EIF2 COMPIEX 1 30

2. EIF2B COMPIBX.cciii i 33

3. EIFAF COMPIEX ...coiiiiiiiiiiiee e 34

A) BIFAE .. e ——————— 35

D) @IFAG.... e 36

4, AEBPT/PHAS- L. ...ttt 37

5. Ribosomal protein S6 ...........cccccciiiiiiiir e, 38

IV. Signaling intermediates involved in protein synthesis................ccccvveeneee. 39
1. P I3k e e e e e e e e eaaes 39

2. PDKS et aae e e e e e sanes 40

3. PKB (Akt, RAC-PK) ..ottt 40

4. MTOR (FRAP, RAFT-1) . i 41

5. €Y SRR 41

B. DT K et 42

7. MnNKks protein KiN@SES ......cccuivieiiiieiiiieeeeeeeeeeeeeeeee e 43

V. Signal transduction pathways mediating protein translation....................... 44
1. Effect of the Ras/MAPK pathway on protein synthesis..................... 45

2. Effect of the PI3-K dependent pathway on protein synthesis ........... 47

VI. Endoplasmic reticulum unfolded protein response.........cccccccvvevveevcceeennnnne. 50
VII. Concluding remMarks ..........ouveiieeee e 59
VI REFEIENCES ....coiiiiiiieiii e, 61
CHAPTER II: Modulation of Protein Translation by Nck-1 (manuscript)............. 90

CHAPTER Ill: Nck-1 antagonizes Endoplasmic Reticulum stress-induced

inhibition of translation (MaNUSCHIPL).........coooueeeee e 125
CHAPTER IV: General DiSCUSSION........ccccoiuiereeeieeieiteeee et 165

Future Perspectives ...t 172
CHAPTER V: Contributions to Original research ..............cccoeeeeveeeeceeeeeeeeene, 178

XiX



APPENDIX I: Reprint

APPENDIX II: Ethics and Certificates .......c.uueeeeeeeee oo

XX



LIST OF FIGURES

Chapter |

Fig.1. Ligand-Induced Receptor Tyrosine Kinase Activation.

Fig.2. Structure of the adapter protein Nck.

Fig.3. Current list of Nck1/Nck2 binding Proteins.

Fig.4. Cap-dependent initiation of protein translation in eukaryotes.
Fig.5. Signaling pathways modulating the function of initiation factors.

Fig.6. ER-stress Signaling pathways.

Chapter Il

Fig.1. Nck and elF2p interaction.

Fig.2. Nck is detected and interacts with elF2( in an enriched ribosomal fraction
and Nck ribosomal localization is independent of its functional SH
domains.

Fig.3. Translocation of Nck to ribosomal fractions is enhanced upon insulin
stimulation.

Fig.4. In vivo, Nck-1 enhances both Cap dependent and —independent protein
translation.

Fig.5. The effect of Nck-1 on protein translation is dependent on the integrity of

its first and third SH3 domain.

XXi



Chapter il

Fig.1. Overexpression of Nck-1 prevents ER-stress-induced inhibition of protein
translation and phosphorylation of elF2a.

Fig.2. Nck-1 is required to sustain optimal levels of protein translation.

Fig.3. Nck-1 reduces BiP induction and cell survival in response to ER stress.

Fig.4. Nck-1 effects on the translational component of the UPR require the
integrity of its second SH3 domain.

Fig.5. The effect of Nck-1 under ER stress is phosphatase-dependent.

Fig.6. Schematic model of Nck-1 mediated effects in response to ER stress.

XXii



LIST OF TABLES

Chapter Il

Table.1. Yeast two-hybrid assay.

xXxiii



CHAPTER I: Literature Review

CHAPTER|

Introduction and Literature Review



CHAPTER I: Literature Review

A. Signal Transduction: General Concepts

Transduction of extracellular signals from the plasma membrane to
intracellular targets has been an intensive field of study for the understanding of
cell functions such as proliferation, differentiation, gene transcription,
development, cell motility, survival and protein translation. Intracellular signaling
triggered by external stimuli (i.e. growth factors) is initiated by the activation of
transmembrane receptors tyrosine kinases (RTKs), which play an important role
“in these processes. Ligand-induced activation of RTKs is characterized by
receptor dimerization and transphosphorylation of tyrosine residues (Tyr) on the
cytoplasmic domain of the receptors. This enhances the intrinsic tyrosine kinase
activity of the RTKs and creates high affinity docking sites for proteins possessing
Src-homology domain 2 (SH2) and/or phosphotyrosine-binding (PTB) domains
(Fig.1) (1). The PTB domain was first identified in the Shc signaling protein, as a
region enabling binding to phosphorylated Tyr sites on activated receptor tyrosine
kinases (2, 3). However, recent studies showed that PTB domain-like protein
modules can also bind to proteins independently of tyrosine phosphorylation (4,
5). Unlike SH2 domains, PTB domains share low sequence homology amongst
themselves and exhibit extremely high ligand binding selectivity (reviewed in 6).
Shc and the insulin receptor substrate 1-4 (IRS-1-4) are among the PTB-

containing proteins commonly called docking proteins (6).

SH2 domain-containing proteins, on the other hand, can be grouped into two

classes: Enzymes, such as Src family tyrosine kinases, PLCy, and rasGAP, and
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adapter proteins, a group of SH2- and SH3 domain-containing proteins, devoid of
any enzymatic activity (reviewed in 7-9). This group mainly includes Crk (Crk-II
and Crk-L) (reviewed in 10), Grb2 (Sem-5/Ash) (11), Nck (Nckoa/Nck/Nck1 and
Nckp/Grb4/Nck-2) (reviews by 12-14), Grb10 (15) and the p85 regulatory subunit
of the phosphatidylinositol 3-kinase (PI3-K) (16, 17). These adapters are believed
to link cell surface receptors, via their SH2 domain, to downstream effectors via
their SH3 domains (Fig.1). Such proteins are thought to be responsible for the
formation of multi molecular complexes in specific subcellular compartments, like

plasma membranes, endosomes and cytoskeleton (9, 18-21).

@@ Ligand (i.e. Growth Factor)

Signal

—> Plasma membrane

Receptor Autophosphorylated

SH3 tyrosine residues
Dimerization
(upon ligand binding) Binding\ — Docking Protein

Effector W Adapter protein
molecule

Fig.1. Ligand-Induced Receptor Tyrosine Kinase Activation.
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B. The Nck adapter protein

Nck was identified during the screening of a human melanoma
complemantary deoxyribonucleic acid (cDNA) expression library, using a
monoclonal antibody specific to the melanoma MUC18 antigen (22). Later, a
murine homologue of Nck, termed Grb4 and also referred as Nck-2 (Nckp) was
isolated when identifying novel SH2 domain containing proteins bound to the
carboxy-terminal of the EGF receptor (23). Both human and mouse Nck isoform
cDNAs encode a 47 kDa protein consisting entirely of three N-terminal SH3
domains and a single C-terminal SH2 domain (Fig. 2). Implying a function in
diverse cellular events, the Nck mRNA transcript and protein are expressed in all
tissues and cell types tested (24, 25). Upon growth factor stimulation, Nck
undergoes intensive phosphorylation on threonine and serine residues and in

some occasions also on tyrosine residues (24-26).

NJ sus EE sws

Fig.2. Structure of the adapter protein Nck (See text for details).
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Nck-1 (Ncka) and Nck-2 (NckB) are encoded by two distinctive genes. The
human Nck-1 gene is localized to the 21 locus of the chromosome 3. This
chromosomal locus has been associated with various human hematopoietic
malignancies, suggesting a potential role for Nck in oncogenesis. The human
Nck-2 gene resides at the q12 on chromosome 2 (27-29). The amino acid
variations between Nck-1 and Nck-2 are observed largely in the interval
sequences between the SH domains, but overall they share 67% homology.
Additional comparisons within the SH2 and SH3 domains show an amino acid

identity of 80% between the two isoforms (14).

Single Nck-like genes have been reported in lower organisms such as
Xenopus (30), Drosophila (31) and C. elegans (28). Comparisons of overall
sequences and individual domains of the human Nck-1 show 87% and 44%
amino acid identity with Xenopus Nck and Drosophila Nck (dreadlocks, dock),
respectively. The human Nck-2 shares also 68% and 43% amino acid identity
with the latter (14). These high levels of conservation among species suggest

that Nck functions must be preserved through evolution.
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I. Tyrosine-phosphorylated proteins that associate the SH2 domain of Nck

Several RTKs and substrates of receptor tyrosine kinases have been
shown to interact with the SH2 domain of Nck (Fig.3). Via its SH2 domain, Nck
associates with activated epidermal growth factor (EGF) and platelet-derived
growth factor (PDGF) receptor tyrosine kinases (24-26, 32). A phosphotyrosine
site (pY751) in the PDGF receptor cytoplasmic domain that is known to bind one
of the two SH2 domains of the p85 subunit of PI3-K has been shown also to
associate directly with the SH2 of Nck (33). This suggests that Nck may compete
with PI3-K for the binding to PDGFR and antagonize the activation of PI3-K (33).
However, this hypothesis needs to be validated. In contrast, association between
Nck and the EGFR has been shown to be indirect via the cooperation of a 62kDa
tyrosine phosphorylated docking protein, the GAP- associated p62°° protein (34).
Upon insulin stimulation, association of Nck through its SH2 domain, with the
phosphotyrosine residue Y361 on p62%%* has also been reported (35). In
addition, p62°* has been involved in the recruitment of Nck into a molecular
complex containing the EphB2 receptor, a member of the Eph RTKs that regulate
axonal guidance and neuronal bundling (36). Moreover, in another system,
stimulation of EphB1 and EphB2 results in a complex formation between Nck,
Nck-interacting kinase (NIK), Dok-1, RasGAP and an unidentified 145kDa
tyrosine phosphoprotein (37). It is hypothesized that tyrosine-phosphorylated
Dok directly interacts with the SH2 domain of Nck, while NIK is bound through the
SH3 domains of Nck. In this model, it is believed that the recruitment of NIK to

phosphotyrosine docking molecules by Nck is an important step in EphB receptor
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signaling. EphB1 receptor has been shown to bind not only Nck but also its
Drosophila homologue Dock, which has been implicated in photoreceptor axonal
guidance and targeting (31, 38). Moreover, activation of EphB1 by its ligand,
ephrin-B1/Fc, is shown to recruit Nck to native receptor complexes and activate

c-Jun kinase (JNK/SAPK) (38).

In addition to p629%, several other docking proteins have been reported to
interact with Nck. For instance, Nck forms a stable complex in vivo with IRS-1
and IRS-3 in insulin-stimulated cells (39, 40). These interactions result from the
binding of the tyrosine-phosphorylated IRS proteins to the SH2 domain of Nck.
Interestingly, these interactions of Nck with IRS proteins and the insulin-induced
binding of Nck with Dok point out a role for Nck in signaling pathways
downstream of the insulin receptor. However, to date no additional information

has contributed to clearly establish a role of Nck in mediating insulin actions.

The SH2 domain of Nck has been reported in vitro to associate with a
tyrosine kinase activity attributed to c-Src (32). However, this is not believed to
result from a direct association between Nck and c-Src but rather through the
docking protein p130°®*" which would link Nck and c-Src (41). In addition, a
recent study showed that both Nck isoforms could interact with the focal adhesion
kinase (FAK), a cytoplasmic protein tyrosine kinase critically involved in the
control of cell motility (42). This interaction is mediated by the SH2 domain of
Nck and depends on the phosphorylation of Tyr397 on FAK, a site involved in the

regulation of cell motility (42). Knowing that FAK and p130°®™" are recruited
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downstream to integrin activation, these findings suggest a model where
fibronectin-mediated integrin engagement induces FAK activation, tyrosine
phophorylation of p130°2" and results in the formation of a multimeric signaling
complex containing Nck. Overall these information raise the importance to

address the role of Nck in the modulation of cell motility.

Nck has been implicated in bacterial virulence (43, 44). In fact, the
enteropathogenic Escherichia coli (EPEC) a bacterial pathogen that cause
infantile diarrhea worldwide, injects a bacterial protein namely, the translocated
intimin receptor (Tir), into the host-cell plasma membrane where it acts as a
receptor for the bacterial outer membrane protein, intimin (45). The interaction of
Tir and intimin triggers a marked rearrangement of the host actin cytoskeleton
into pedestrals beneath adherent bacteria, thus conferring to this pathogen its
potential virulence. Recent studies in EPEC have shown direct binding of Nck
with Tir, in an SH2-dependent manner. Furthermore, Nck-Tir interaction is
required for the recruitment of both N-WASP and the actin related protein
(Arp2/3) complex. The assembly of this multi molecular complex, clearly

dependent on Nck, leads to the formation of the EPEC pedestal.
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Il. Effector molecules that associate the SH3 domains of Nck.

A number of proteins interacting with the SH3 domains of Nck have been
identified. These include guanine exchange factor (GEF), Serine/Threonine
protein kinases (S/TPK), protein tyrosine kinases (PTK) and various molecules

involved in the rearrangement of the cytoskeleton (summarized in Fig.3).

One of the first SH3 binding partners for Nck initially identified was the
guanine exchange factor son of sevenless (Sos), suggesting that Nck, similarly to
the adapter protein Grb2, is involved in Ras activation (46, 47). This was
demonstrated by the fact that overexpression of Nck in NIH-3T3 cells strongly
activates a gene reporter regulated by the fos promoter and this can be blocked
by dominant negative Ras. In addition, an inhibitory effect of dominant negative
Nck (with mutations that prevent the binding of its SH domains) was observed on
fibroblast growth factor (FGF)-induced extracellular signal-regulated kinase 1
(ERK1) activation in Xenopus animal caps. Targeting the first two SH3 domains
of Nck to the plasma membrane activated ERK1 in the absence of any growth
factor. This suggests that the recruitment of Sos at the membrane through Nck is
sufficient for Ras and ERK1 activation (48) and that, in addition to Grb2, Nck
could contribute to Ras activation. However, no Nck-dependent recruitment of
Sos by activated receptor tyrosine kinases, such as the PDGF or EGF receptors,
have been demonstrated so far. In contrast, using Nck constructs containing
mutations in the SH2 or SH3 domains, it was demonstrated that Nck had no

effect on ERK activation in response to EGF stimulation (49). In addition, the lack
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of effect of neutralizing anti-Nck antibody, microinjected into fibroblasts on c-Fos
expression, strongly suggests that Nck does not contribute to PDGF-dependent
Ras activation (50). On the other hand, overexpressioh of Nck in PC12 cells
blocked NGF- and bFGF-induced neurite outgrowth, indicating an inhibitory effect
of Nck on Ras-dependent differentiation (51). In the light of these divergent
results, it remains to establish clearly whether the interaction of Nck with Sos is

mediating Ras activation.

Members of the Pak family of Ser/Thr kinases are believed to be the
targets of the small G-proteins, Rac1 and Cdc42. Paks play an important role in
a wide range of cellular events, such as organization of the actin cytoskeleton
and stress response (52). Mammals express at least four Pak isoforms: Pak1
(Paka), Pak2 (Pakp), Pak3 (Paky) and Pak4 (52). Two members of the Pak
family, Pak1 and Pak3, have been shown to be constitutively associated in
quiescent and growth factor-stimulated cells with the second SH3 domain of Nck
(53-56) and it is well established that Nck links RTKs, Rho family GTPases and
Pak S/TPKs (53-55). Furthermore, membrane localization of Pak1, either by
direct fusion of a myristoylation signal to Pak1 or by translocation mediated by
the binding to the second SH3 domain of Nck, is sufficient to activate Pak1
kinase activity as well as the MAP kinase cascade (53). Therefore, it is believed
that the recruitment of Nck by the RTKs serves to translocate Pak1 at the
membrane (53), thus bringing Pak1 in close proximity of the GTP-bound of Rac1

and Cdc42. However, even though EGF enhanced Pak1 activity under a
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mechanism dependent on GTP bound form Rac1 and Cdc42, the mechanism by

which Pak is activated at the membrane level remains to be defined (54, 57).

Another Ser/Thr kinase shown to associate with the second SH3 domain
of Nck is PRK2 (58), a homologue of PKN. In PRK2, the proline-rich consensus
sequence, which mediates its interaction with Nck, is similar to the one found in
Pak1, Pak3 and Sos. This suggests that Sos, PAK and PRK2 may compete for
the same binding site on Nck. PRK2 is known, as PKN, to associate with the
GTP-bound form of the RhoA GTPase and leads to the transcriptional activation
of a RhoA dependent reporter gene. Together, these data strongly suggest a
functional role for Nck in the activation of the small GTPases through the
involvement of exchange factors Sos or S/TPKs (Pak1, Pak3, and PRK2). The
Nck-Sos complex may activate the p21ras/ERK signaling cascade, while the Nck-
Pak1, -Pak3, or -PRK2 complexes may link the various Rho GTPases to the
regulation of the actin dynamics and the activation of the SAPK/JNK and p38
signaling pathways (59). Since the members of the Ras superfamily are known
to elicit distinct cytoskeletal rearrangements and gene regulatory events, Nck by
interacting with upstream activators or downstream effectors of the small
GTPases could contribute to diverse cell responses involving differentiation,
proliferation, and/or migration. Indeed, using a peptide harboring the proline-rich
region of Pak fused to the HIV tat protein to facilitate its entry into the cells, it was
observed that localization of Pak was disrupted in endothelial cells, and that cell

migration and contractility was inhibited (60). Moreover, the Pak peptide
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specifically blocked angiogenesis in a chick chorioallantoic membrane assay

(60).

NIK or MAP kinase kinase kinase kinase (MAP4K4), which includes
significant sequence homology with Pak, has been isolated in a yeast two-hybrid
screen when trying to identify new interacting proteins that could associate with
the second SH3 domains of Nck (61). Two proline-rich sequences within the
central region of NIK interact with the SH3 domains of Nck. Transient
overexpression of NIK activates the JNK/SAPK pathway (61). However, NIK
activation is not dependent on activated Rho GTPases, as seen with Pak1. NIK
activation presumably occurs upon a direct interaction with MEKK, via a novel C-
terminal NIK regulatory region. MEKK association leading to NIK activation likely
accounts for the ability of NIK overexpression to activate the JNK/SAPK pathway.
Nck through its SH3 domain recruits NIK to receptor or nonreceptor tyrosine
kinases leading to activation of JNK signaling pathways and regulation of actin
cytoskeleton. In fact, this could be the mechanism by which the EphB1 receptor
through Nck activates JNK and leads to actin remodeling for axonal guidance

(38).

KETTE, a member of the HEM family in Drosophila, has been recently
implicated in cytoskeletal organization during axon pathfinding (62). KETTE
protein is a homologue of the protein HEM-2/Nap1 whose interaction with Nck
has been well characterized (63, 64). Nck/Nap1 interaction is mediated through

the first SH3 domain of Nck (63, 64). Recently, isolation of human Nap1

12
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(NCKAP1), a novel apoptosis-related gene whose expression appeared to be
strongly down regulated in Alzheimer's disease, has been shown to bind Nck
(65). From a yeast two-hybrid screen, a protein designated hNap1BP (for human
Nap1 binding protein) has been identified (66). hNap1BP contains an SH3
domain, a PEST domain and a proline-rich region responsible for its interaction
with the SH3 domains of c-Abl and Nck (66). However, to date, no specific

cellular functions have been attributed to the Nap1 and Nap1BP proteins.

More recently, Li et al. have shown in commissural neurons that Nck-1
binds the deleted colorectal cancer (DCC) receptor for netrin-1. Netrins are
known to guide the migration of cells and axonal growth cones during
development. This association between Nck and DCC is dependent on the first
and third SH3 domains of Nck and appears to be constitutive. In DCC
expressing cells, Nck-1 relocalized to the cytoskeleton and this appears to be
dependent on DCC (67). These studies strengthen the role for Nck in signaling
events that lead to actin-based cytoskeleton rearrangement responsible for

axonal guidance.

Nck-2, but not Nck-1 binds through a non-conventional SH3 domain
interaction with PINCH, a LIM-containing protein implicated in integrin signaling
(68). This was demonstrated by functional mutations of the conserved
tryptophan residues in the third SH3 domain of Nck-2, which usually abolishes
the binding of the SH3 domain to proline-rich motifs but did not prevent PINCH

binding (69). Nevertheless, in this study it is suggested that PINCH may function
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as a linker protein, recruiting ILK to Nck-2 (69). They further proposed an ILK-
PINCH-Nck2 signaling mechanism in which ILK by interacting with integrins may
recruit PINCH and Nck-2 to focal adhesion complexes (69). in these complexes,
Nck-2 may also recruit ligand activated RTKs (e.g. PDGFR) establishing a

functional link between integrin and growth factor signaling.

WASP is also identified as an Nck interacting protein (70). WASP was
originally isolated as the gene mutated in the Wiskott—Aldrich Syndrome, a
severe X-linked immunodeficiency disease associated with thrombocytopenia,
eczema and recurrent infections (71). Mutation in WASP leads to reduced
mobility of lymphoid immune cells, suggesting that WASP and its relatives play a
critical role in organization of the actin cytoskeleton (72-74). The WASP-family of
proteins consists of WASP, N-WASP and WAVE (72). Neural WASP (N-WASP)
promotes actin polymerization by stimulating the actin-nucleating activity of the
Arp2/3-complex, in a Cdc42 dependent manner (75). This leads to the formation
of branched actin filaments, the main structures involved in membrane ruffling
and lamellipodia (75). Nck association is likely to occur with the C-terminal
proline-rich region of WASP (70). Several lines of evidence suggest that
Nck/WASP interaction represents another bridge between RTKs and regulation
of the actin dynamics. Molecular complexes containing WASP and Nck have

been demonstrated in various systems and conditions. For instance, N-WASP is
required for the actin tail-based motility of vaccinia virus in infected cells and its
recruitment to the site of actin polymerization on vaccinia requires also Nck and

WASP interacting protein (WIP) (76, 77). Recently, Grb2 was described as an
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additional component of the vaccinia actin tail-forming complex (78). Grb2 alone
is unable to nucleate actin tails, but it cooperates with Nck to stabilize and/or
~activate the vaccinia actin-nucleating complex containing WASP (78). In
addition, Nck, similar to GTP-Rac1 activates actin nucleation through the release
of WAVE1, a WASP homologue, from a large molecular complex where it is kept

inactivated (79).

Other Nck interacting proteins suggested a role for Nck in regulating actin
dynamics. In fact, Nck2, via its second and third SH3 domains, binds to
DOCK180 (80). DOCK180 participates in integrin signaling by activating Rac and
inducing membrane ruffling and cell migration (81-83). In addition, reported Nck-
dynamin and Nck-synaptojanin complexes may couple cell surface receptors to

endocytosis and vesicle trafficking (84).

As mentioned previously, a potential role for Nck in insulin signaling is
suggested by the observation that through its SH2 domain, Nck is capable of an
insulin-dependent association with IRS-1 and IRS-3 (39, 40). In contrast, an SH3
mediated interaction of Nck-2 with IRS-1 has also been reported (85). Other than
its association with IRS, Nck function in insulin signaling has still to be firmly

established.
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Our laboratory has identified an Nck associated Ser/Thr kinase activity
mediated by the y2 isoform of casein kinase | (CKly2) (86). The Nck/CKl-y2
interaction is constitutive and primarily dependent on the third SH3 domain of
Nck. Although the physiological significance of this interaction is still unknown,
CKly2 has been shown to phosphorylate and antagonize the activity of the ligand-
bound PDGF receptor (87). From this study, it was suggested that Nck could
physically link the activated PDGF receptor to CKly2, however this still remains to

be demonstrated.

Nck through its SH3 domains also associates Sam68, a c-Src substrate
during mitosis (88) and an RNA binding protein (89). Since Sam68 shuttles
between the cytoplasm and the nucleus (88), its interaction with Nck could
mediate nuclear localization of Nck (89). Interestingly, Sam68 is phosphorylated
on tyrosine in insulin-stimulated cells where it translocates from the nucleus to
the cytoplasm. Tyrosine phosphorylated Sam68 associates with the SH2
domains of p85 of PI3-K and GAP, both in vivo and in vitro (90). Its association
with p85 allows Sam68 to be in close proximity of the IR in order to be more
phosphorylated (90). In addition, Sam68 co-precipitates with IRS-1 and IR (91).
Nevertheless, the physiological conditions and significance for the interaction of
Nck with Sam68, remains to be established (89). On the other hand, the SH3
domains of Nck also associate with Abl, a nuclear resident tyrosine kinase (92),
strengthening a potential role for Nck in the nucleus. The Nck-Abl complex

appears to activate the Abl kinase activity, which plays a critical role in gene
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expression and development (93, 94). The c-Cbl protooncogene product also
interacts with Nck (95). p120°® (Cbl) is a 120kDa cytoplasmic protein possessing
a putative N-terminal nuclear localization signal, a RING DNA binding motif, and
a proline-rich region (96). Its association with Nck seems constitutive and occurs
via more than one SH3 domain of Nck. Cbl becomes tyrosine-phosphorylated
upon various growth factor stimulation (96) and under this condition, Nck via its
SH2 domain can also binds Cbl (97). Interestingly, Cbl is associated with the
ubiquitination and degradation of RTKs, but also with insulin-induced increased
glucose transport in adipocytes, suggesting that Nck may participate in these
RTK driven crucial cellular mechanisms. Here again, this remains to be further

investigated.
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lll. Biological significance of Nck-mediated protein interactions

Various studies strongly support the ability of the different domains of Nck
to participate in the regulation of diverse signal transduction events. Depending
on the extracellular stimulus, Nck may be capable of selectively regulating

different responses within a cell.

1. Cell proliferation.

A dominant role for Nck in cell proliferation was provided by the fact that
overexpression of Nck in PC12 cells, while inhibiting NGF-dependent cell
differentiation, favors proliferation (51). Nck, through its SH3 domains, is
proposed to translocate into the activated RTK complex, various regulators of
mitogenesis. A role for Nck in mitogenesis was also suggested when it was
shown that Nck was required for DNA synthesis in response to PDGF stimulation
(50). In addition, the role of Nck in mitogenesis was further strengthened by
Roche et al., which demonstrated that microinjected anti-Nck antibodies and
dominant negative forms of Nck, inhibit the PDGF-induced fibroblast entry into S
phase (50). PDGF, by binding to the PDGFR, leads to the receptor
autophosphorylation/activation and the recruitment of Nck through direct binding
of its SH2 domain to pY751 of the PDGFR cytoplasmic region (33). Interestingly,
Ming et al. have identified signals emanating from PDGF RTK pY751 as essential
for the Ras-independent activation of the 70kDa and 85kDa S6 kinases (98). The

S6 kinases, bound to and activated by Ras and Cdc42, have a regulatory control
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of cellular proliferation (99, 100). It remains unknown whether PI3-K or Nck or
both mediate PDGF-induced S6 kinase activation. On the other hand, an
alternative way by which Nck can link PDGFR to DNA synthesis is similar to the
function of Grb2, which translocates Sos at the membrane, a mechanism known
to activate the Ras/ERK signaling cascade. This mechanism is suggested from
the fact that Nck binds the guanine exchange factor Sos and activates a gene
reporter regulated by the c-fos gene promoter, in a Ras-dependent manner (46).
Thus, dominant negative Ras blocked Nck-induced c-fos gene transcription (46).
Interestingly, overexpression of Nck-2 but not Nck-1, inhibited PDGF-stimulated
DNA synthesis in NIH-3T3 cells (28), suggesting that both Nck isoforms may

differentially regulate mitogenesis.

Few studies have shown that Nck also behaves as an oncogne. The
oncogenic potential of Nck was revealed when its overexpression in NIH-3T3 and
chick fibroblasts was shown to lead to anchorage-independent growth and
abnormal morphology (25, 32). Moreover, its oncogenic property was confirmed
when subcutaneous injection of the Nck overexpressing chick cells into nude

mice was shown to result in tumor formation (32).
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2. Actin cytoskeletal dynamics.

The fact that several Nck-associated proteins are involved in functional
interactions with members of the Rho subfamily of GTPases suggests that Nck
participates in regulating dynamics of the actin cytoskeleton. A role for Nck in this
process is supported by genetic analysis of Dock, the Drosophila homologue of
the human Nck. During a genetic screen to identify effectors involved in axonal
pathfinding, dock was identified as an essential gene for proper photoreceptor
axon targeting (31). In this study, Garrity and colleagues proposed that Nck
plays a similar role in forming precise patterns of neuronal connections in
vertebrates. To test this hypothesis, Rao and colleagues studied various mutant
forms of Dock for rescuing the dock null phenotype (101). They found that the
wild-type Nck-1 was able to rescue the R cell projection defects in dock mutants,
supporting the hypothesis that Dock and Nck are functionally conserved during
evolution. A recent study showed that Drosophila Pak is required in the Dock
pathway regulating R cell axon guidance and targeting (102). It was found that
Pak and Dock colocalize to R cell axons and growth cones, and physically
interact.  Furthermore, another essential component in photoreceptor axon
guidance has been identified. Indeed, mutations in the gene encoding Trio, a
guanine nucleotide exchange factor for Rho GTPase, result in projection defects

similar to those observed in both Pak and Dock mutants (103).
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3. Lymphocyte activation

Following T cell receptor activation, the SLP-76 scaffolding molecule
undergoes intensive phosphorylation on tyrosine residues and recruits Vav1, a
GEF for small Rho GTPases and the adapter Nck, both through their SH2
domains (104-106). This molecular complex allows the activated Rho family
GTPases to regulate target effectors interacting with Nck. In agreement with this
hypothesis, T cell receptor-dependent activation of Pak1 and inducible
association of Pak1 with Nck have been observed (104). In addition, dominant
negative Pak1 and Nck specifically inhibited T cell receptor-mediated activation of
the nuclear factor of activated T cells (NFAT) transcription factor (104). In
contrast to these findings, Ku et al. (107) reported that Pak1 activation required
neither SLP-76 nor direct binding to Nck. Instead, efficient Pak1 activation
required active GTPases and Pix, a guanine nucleotide exchange factor for Rho
GTPases. Furthermore, a stable trimolecular complex was detected, consisting of

Pak1, Pix and p95PKL (107).

Involvement of Nck downstream of T lymphocyte receptors signaling was

suggested from an experiment using the yeast two-hybrid where it was shown
that Nck interacted with a proline-rich sequence of the T-cell receptor CD3¢
cytoplasmic tail (108). This study also revealed that antigen binding to CD3¢

induces a conformational change that allows the recruitment of Nck to the

receptor.
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Nck was also reported as a signaling molecule involved in B cell receptor
signaling. Mizumo et al. demonstrated that Nck associates, in an SH2 dependent
manner, with the B cell linker protein (BLNK), a substrate of the tyrosine
phosphatase SHP-1 (109). B cell receptor (BCR) induces activation of JNK and
this is significantly enhanced in cells expressing a form of SHP-1 lacking
phosphatase activity (SHP-1-C/S). Expression of dominant-negative forms of
Nck inhibited BCR-induced JNK activation and Nck SH2 mutants suppressed

BCR-induced apoptosis in SHP-1-C/S -expressing cells (109).

4. Glucose homeostasis

In addition to its binding to key molecules downstream of the insulin
receptor, suggesting an involvement of Nck in mediating insulin action (39, 40,
68, 85), its expression levels vary in various diabetic conditions. Indeed, in
streptozotocin-treated rats (Type-l diabetes), the levels of Nck in liver are
reduced whereas they remain unchanged in adipose tissue (110). On the other
hand, in obese insulin resistant diabetic KKA’ mice, an animal model of NIDDM
or Type-ll diabetes, Nck levels remained unchanged in liver and dramatically
increased in adipose tissue (111). Interestingly, Nck expression is increased in
skeletal muscle of exercise-trained rats, which are more sensitive to insulin (112).
Taken together, these data suggest that modulation of Nck expression, with other

key signaling molecules, in insulin target tissues might be associated with altered

22



CHAPTER I: Literature Review

glucose metabolism as seen in pathological conditions such as Type-| and Type-

[l diabetes mellitus.

IV. Conclusion

Significant advances have been made in identifying the physiological role
of the Nck adapter in various signal transduction pathways. However, evidence
strongly suggests that the Nck proteins are implicated in the organization of actin
cytoskeleton underlying cell movement and axon guidance in flies. Several
signaling molecules have emerged as proteins associating with Nck. The
physiological importance behind these protein—protein interactions is still poorly
understood. Even though individual Nck isoforms can play specific roles in
various cell types (28, 68, 113, 114), mice deficient in either Nck-1 or Nck-2 are
normal, whereas a double knock out of both Nck isoforms resulted in early
embryonic lethality (T. Pawson, personal communication). This suggests that
Nck-1 and Nck-2 are functionally redundant and that at least the presence of one

isoform is required during development.
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hNapBP ' Sos(GEF) RTKs:
Nap-1 Dynamin PDGFR
Sam68 1 PINCH* EGFR
Abl (PTK) WASP MET (HGF)
Chbl DOCK180* EphB1
Dcc CKI2 (SITPK)  Fit-1 (VEGF)
DCC
Docking Proteins:
p1 306“-1
IREL
Pak1 (S/TPK) p62
Pak3 (S/TPK) IRS-3
Sos (GEF) FAK
PRK2 (S/TPK)
wiP
NIK (S/TPK)
CKh2 (S/TPK)
Synaptojanin
Abl (PTK)
Cbl
DOCK180*
IRS-1*

Fig.3. Current list of Nck1/Nck2 binding proteins and their association with Nck

domains. The effector proteins with an asterisk have been characterized

only for their binding to Nck-2.
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C. Protein Translation.

Protein translation is conventionally divided into three stages, initiation,
elongation and termination, and each is mediated by protein factors, termed
initiation, elongation and release factors. Initiation seems to be the major site of
regulation and modulation of eukaryotic initiation factors (elFs), especially by
phosphorylation, has been the center of attention. In addition to ribosomes, at
least 25 protein factors organized in multiprotein complexes are involved in
mechanisms responsible for the initiation of translation of cellular mRNAs. The
most well characterized include the Cap-dependent and —independent initiation

mechanisms.

. Cap-dependent initiation of translation

Cap-dependent initiation of protein translation has been well described
elsewhere (reviewed in 115-118). Briefly, following ribosomal subunit
dissociation, which is assisted by elF3, the small (40S) ribosomal subunit
(carrying elF3) associates with a ternary complex to generate a 43S pre-initiation
complex. This ternary complex contains the methionine (Met)-charged initiator
tRNA and the initiation factor elF2 bound to GTP. The 43S complex is then
recruited, by the elF-4 group of initiation factors, to the 5' end of the mRNA
(Fig.4). Mammalian elF4F is composed of three subunits: elF4E (which binds to
the m7GpppG cap), elF4A (an ATPase-dependent RNA helicase) and elF4G

(which through its interaction with elF3 aids the binding of the 43S pre-initiation
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complex). The helicase activity contained in elF4F unwinds secondary structures
of the 5 UTR mRNAs. This helicase actiVity is stimulated by elF4B, which binds
to elF4F. The interaction of elF4B with elF3 is believed to stabilize the 43S
complex. Once bound, the 43S complex along with elF4 complex and mRNAs
form the 48S mRNA complex. This complex migrates along the 5" UTR in an
ATP-dependent manner described as scanning, until it encounters an initiator
AUG codon, normally the first AUG. Following AUG recognition, elF5 triggers
hydrolysis of the GTP on elF2 in the ternary complex, initiation factors are
released and the large (60S) ribosomal subunit joins the remaining 40S
ribosomal subunit bound to mRNA, to form the 80S initiation complex (119). At

this step, elongation now begins (Fig.4).
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MettRNA

Pre-Initiation

mRNA Complex
elF4F (4E + 4G + 4A)

elFaB
ATP

48S mRNA elF2
Complex inactive
808 Initiation Pi: phosphate

Complex

Fig.4. Cap-dependent initiation of protein translation in eukaryotes
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ll. Cap-independent initiation of translation

Cap-independent initiation is referred as “internal initiation™ was first
identified in picornavirus (120, 121). This mechanism involves an internal
ribosomal entry site (IRES), a secondary structure within the 5' UTR (120, 121).
IRES-mediated translation does not require a free 5' end, as demonstrated by the
translation of circular IRES-containing RNAs (122). Viral IRESes can be divided
into several functional groups based on their primary sequence and structure
(121). IRESes can be functionally discriminated from other ' UTR secondary
structures by their ability to mediate translation of the downstream open reading
frame (ORF) of bi-cistronic reporter mRNA, independent of the translational

status of the first ORF (123, 124).

The majority of general initiation factors, including elF4F, appear to be
required for IRES-mediated translation (reviewed in 121). Exceptionally, the
IRESes from hepatitis C, classical swine fever viruses and the cricket paralysis
virus (CrPV) appear to bind the small ribosomal subunit and position it properly at
the AUG, without the need for initiation factors (125, 126). Translation from other
IRESes may require additional trans-acting factors, such as polypyrimidine tract-

binding proteins (127, 128) and the La autoantigen (129).
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Internal initiation allows picornavirus mRNA, which does not possess a cap
structure, to escape the shut down of host translation machinery that occurs
during infection. Translation of host MRNA is shut off, in part, by the cleavage of
elF4G. The cleavage separates the elF4AE binding domain of elF4G (in the N-
terminal portion of the protein) from proteins that interact with elF4A and elF3,
located nearer the C terminus (130). This separates the cap-binding function of
elF4G from its RNA-helicase and ribosome-binding activities and thus inactivates
translation of most cellular mMRNAs. However, the C-terminal fragment of elF4G
can substitute for intact elF4G in IRES-mediated translation and in fact may be

more efficient (131, 132).
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lll. Components of the translational machinery regulated by
phosphorylation

Changes in the rate or pattern of protein synthesis occur in response to
stimuli initiated by heat shock, mitogenic factors, stress, or growth factors. Such
changes in translation are normally mediated by changes in the activity or
abundance of the translation initiation factors. Numerous components of the
translational machinery are phosphoproteins that include at least 13 initiation
factors, 3 elongation factor subunits, 3 ribosomal proteins, and a number of
amino-acyl tRNA synthases (116). Although the phosphorylation state of elF4B,
elF4E, elF4G, elF2, and elF3 can all be modulated in vivo (reviewed by 115,
133), an understanding of how phosphorylation regulates the activity of these

factors is mostly detailed only for elF2 and elF4E.

1. elF2 complex

elF2 is a multimeric initiation factor composed of three dissimilar subunits
termed a, B, and vy, in order of increasing molecular mass. cDNAs for each of the
subunits have been cloned and sequenced from a variety of species. The
predicted amino acid sequences of the individual subunits are highly conserved
among species. For example, the human elF2a, B, and y sequences are

respectively, 58%, 47%, and 72%, identical to the corresponding subunits from S.

cerevisiae (134).
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elF2o contains a serine residue at position 51 (Serb51), which is a
phosphate acceptor for several protein kinases. HRI (135), GCN2 (136), PKR
(137, 138) and PERK/PEK (139) were identified in vivo as elF2a kinases for

Ser51.

In contrast to elF2a, the elF2p amino acid sequence contains a greater
number of interesting motifs including phosphorylation sites for CKIl, PKC, and
PKA (140). The N-terminal half of the protein includes three domains, each
containing 6-8 lysine residues. The binding site for a second initiation factor elF5
overlaps the second poly-lysine domain (141). The C-terminal portion of elF2
contains the binding domain of the guanine nucleotide exchange factor, elF2B
(142), a zinc finger motif and a minimal proline-rich motif (P-X-X-P), which could
potentially interact with SH3 domains. Finally, cross-linking of Met-tRNA, to elF2
revealed four peptides distributed throughout the protein (143). Whether or not all
of these sites are important for the binding of the Met-tRNA; to elF2 is still

unknown.

The primary amino acid sequence of elF2y contains all three consensus
motifs for guanine nucleotide-binding domains. Binding of GTP to elF2y is greatly
impaired by mutations in the guanine nucleotide binding domains of either the

human (144) or yeast (134) protein. This establishes that elF2y is the primary

guanine nucleotide binding site for the elF2 complex. In addition, for elF2y,

31



CHAPTER I: Literature Review

cross-linking analysis has also implicated its N-terminus in the binding of the Met-

tRNA; (143).

The primary role of elF2 in initiation of translation (Fig.4), is to carry the
Met-tRNA; to the 40S ribosomal subunit (reviewed in 117). Following association
of mRNA with the 40S subunit and location of the subunit at the AUG start codon,
elF5 binds to elF2 and stimulates the hydrolysis of GTP bound on elF2. It has
been proposed that either elF5, the pB- or the y-subunits of elF2 contains the
GTPase activity responsible for the hydrolysis of GTP. However, elF5 stimulates
GTP hydrolysis only when elF2 is bound to the 40S subunit as a ternary complex
with GTP and Met-tRNA; (119), suggesting that either the GTPase is intrinsic to
the 40S subunit or that an additional component of the 43S preinitiation complex
is required. Interestingly, one of the two CKIl phosphorylation sites on elF2p,
Sér67, is adjacent to the elF5 binding site, suggesting that CKII might regulate
the binding of elF5 and influence GTP hydrolysis on elF2. Following GTP

hydrolysis, the elF2-GDP complex is released from the 48S mRNA complex.

Phosphorylation of elF2a on Ser51 results in an inhibition of translation
and is a central control point in the initiation pathway (117). However, elF2a

phosphorylation does not inhibit its function but rather inhibits its recycling by the

GDP/GTP exchange factor, elF2B (117). Exchange of GDP to GTP on elF2 is
required for the next round of initiation (115). Phosphorylated elF2a on Ser51

binds with high affinity to elF2B and forms a stable complex in which the bound
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GDP cannot be exchanged for GTP (142). As the elF2 complex is normally in
excess of elF2B, this essentially sequesters the cellular elF2B activity and leads

to a general inhibition of translation.

2. elF2B complex

As mentioned above, the initiation factor elF2B mediates the recycling of
inactive elF2-GDP to active elF2-GTP. Since elF2 is required for every initiation
event, modulating the activity of elF2B provides a mechanism for controlling
overall rates of peptide-chain initiation and is believed to play a key role in the
regulation of translation in response to viral infection, amino acid deprivation and
other 'stress' conditions (145, 146). elF2B is a multimeric protein, having five
non-identical subunits (., B, y. 8 and €) (146). The functions of these individual
subunits have yet to be defined, but it seems likely that phosphorylation of the ¢
subunit of elF2B plays a regulatory role (50). In addition, Kimball and colleagues

demonstrated that elF2 binds only to the § and ¢ subunits of elF2B, whereas

elF2B was shown to bind only to the B subunit of elF2 (142).

Welsh and Proud identified an insulin-sensitive protein kinase that
phosphorylates the & subunit of elF2B and was inactivated in response to insulin
(and also serum or phorbol esters) (147). They showed that this kinase was the f
isoform of the glycogen synthase kinase-3 (GSK-3) (147). elF2B inactivation

appeared to involve phosphorylation by GSK-3. Phosphorylation of elF2B by
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GSK-3 results in the inhibition of its guanine nucleotide exchange activity (148).
The GSK-3 phosphorylation site in elF2Bs was identified as Ser540 and is
conserved in all mammalian species. GSK-3 is inactivated following insulin
stimulation in cultured human muscle myoblasts (149) and rat fat cells (150, 151).
Welsh et al. demonstrated using an antiserum to a peptide corresponding to the
region around Ser540 and containing a phosphoserine residue at this position
that insulin stimulation rapidly decreased phosphorylation of Ser540. This
allowed them to draw the following model in which insulin causes inactivation of
GSK-3 and hence decreased phosphorylation of elF2B at this site, leading to
activation of elF2B and of translation initiation (152). The insulin-induced
dephosphorylation of elF2B was blocked by the two inhibitors of Pl 3-kinase,
wortmannin and LY294002 (152). This suggests a key role for Pl 3-kinase in the
regulation of both GSK-3 and elF2B. Neither MAP kinase nor the mTOR
pathway seems to be required for the activation of elF2B following insulin

stimulation (153).

3. elF4F complex

As mentioned earlier, elF4F is a molecular complex composed of elF4E,
the cap-binding protein, elF4G, a large polypeptide with binding sites for a
number of other proteins, including elF4E, and the third component of elF4F, the

ATP-dependent RNA-helicase elF4A.
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a) elF4E

In vivo, the cytoplasmic cap-binding protein elF4E is suggested to be
limiting for translation and appears to be a critical site of regulation during cell
growth, development, and differentiation (154, 155). Elevated elF4E levels are
found in several transformed cell lines (156) and in virtually all breast carcinomas
(157-159). In vivo, phosphorylation of elF4E on Ser209 occurs in response to
growth factors, hormones, and mitogens. Several protein kinases including
PKCs and a kinase of the MAP-kinase cascade, possibly Mnk1, can achieve
phosphorylation of elF4E at this site (154, 155, 160). Conversely,
dephosphorylation of elF4E is triggered by serum deprivation, viral infection, and
heat shock (154). However, phosphatase activity involved in dephosphorylating

elF4E remains to be identified.

Phosphorylation of elF4E appears to enhance its recruitment to
ribosomes, since its phosphorylated form is predominately found in the 48S pre-
initiation complexes (161). However, a large proportion of phosphorylated elF4E
is also not associated with mRNAs (162). Nevertheless, phosphorylation of elF4E
increases its affinity to the cap (163) and its association with elF4A and elF4G to
form the elF4F complex (164-166). Since elF4F has a greater affinity for the cap
than elF4E alone (164, 167), elF4E phosphorylation may enhance translation by

contributing to higher levels of elF4F with enhanced cap-binding affinity. When
elF4E (and therefore elF4F) is limiting, mRNAs with structure-rich 5" UTRs will be

poorly translated. Increased availability of elF4F will result in an increased
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delivery of RNA helicase activity to the 5 UTR, disrupting the secondary
structures. In agreement with this, mammalian cells overexpressing elF4E
showed an increased in translation efficiency of reporter mRNAs containing

structured 5' UTRs (168).

elF4AE appears linked to cell growth (169). A number of approaches
suggested that Ras is an upstream activator of elF4E (170). For example,
overexpression of Ras elevates elF4E phosphorylation in absence of extracellular
stimuli (171). In contrast, others reported that Ras could be downstream of elF4E
because elF4E overexpression increases Ras activity and elF4E's transforming
ability is prevented by blocking the activation of Ras (172). In fact, these data
may suggest the existence of a simple positive feedback loop, in which Ras acts
upstream to activate elF4E phosphorylation. This leads to increased translation
of growth factors that are then secreted, and in turn bind cell surface receptors to

induce further Ras activation (173).

b) elF4G

elF4G is a large multidomain protein, which serves as a scaffold on which
initiation-factor complexes are assembled (174). It contains interaction sites for
elF4E, elF4A and elF3. It serves to bring together the cap-binding factor, elF4E
and the helicase, elF4A, which acts to unwind regions of secondary structure in

the 5" UTR of the mRNA. Secondary structures in this region of the mRNAs are
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known to reduce the translational efficiency of the mRNA probably by interfering
with the movement of the 40S subunit and its associated factors during scanning.
elFAG is phosphorylated at unknown sites by S6 kinases (p70°% and p90°°)
(175). Once phosphorylated, elF4G enhances in vitro protein synthesis and

binding of mMRNA to the 43S initiation complex.

4. AEBP1/PHAS-I

elF4E activity can be modulated by its interaction with a regulatory protein,
designated as the elF4E binding protein 1 (4EBP1 or PHAS-I) (176, 177). This
118-amino acid phosphoprotein competes with elF4G for binding of elF4E and
prevents formation of elF4F complex (178). 4EBP1 and elF4G share a motif
involved in binding of elF4E and this explains their competitive action (178, 179).
Under conditions such as serum deprivation and heat shock, 4EBP1 becomes
dephosphorylated and sequesters elF4E, globally limiting cap-dependent
translation (155, 180). The effects of 4EBP1 may be most severe on specific
subsets of mMRNAs with secondary structure in their 5 UTR. Phosphorylation of
4EBP1 by the mTOR/FRAP protein kinase pathway, indicated by sensitivity to the
immunosuppressant rapamycin, leads to its dissociation from elF4E (180).

Recent evidence suggests that mTOR may directly phosphorylate 4EBP1 (181).
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5. Ribosomal protein S6

This ribosomal protein is phosphorylated on five Ser residues, located at
235, 236, 240, 244, and 247 by the p705% (182). However, the effect of S6
phosphorylation on protein synthesis is unclear. It has been postulated to be
correlated with an enhancement of the rate of translation, especially at the level
of initiation (183). Several studies have shown that increased S6 phosphorylation
correlated with synthesis of a number of proteins whose levels were not affected
by the transcription inhibitor actinomycin D, and were therefore argued to be
controlled at the level of translation (184). elF1a is one of these proteins (185).
It is encoded by a 5-TOP mRNA (186), whose translation is up-regulated by

p70%% in response to mitogenic stimuli (187).
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IV. Signaling intermediates involved in protein synthesis

1. PI3-K

The mammalian PI3-Ks are a family of enzymes that phosphorylate the
hydroxyl group on position 3 of the phosphatidyl-inositol (Ptdins) PI, PIP, and
PIP,. The PI3-K family plays a role in the regulation of many cellular processes,
including proliferation, actin cytoskeletal remodeling, vesicular trafficking,
apoptosis and protein synthesis (17, 188). In response to external stimuli, the
p85 regulatory/adapter subunit binds tyrosine phosphorylated proteins and leads
to the activation of the p110 catalytic subunit of PI-3K (17). In addition, upon the
same stimuli, p85 translocates the p110 catalytic subunit to the membrane,
placing it in close proximity to its lipid substrates (17). The involvement of PI3-K
in protein translation has been demonstrated in several studies. The use of
wortmannin and LY294002, potent inhibitors of PI3-K at low concentrations
inhibits the phosphorylation of 4E-BP1, implicating this kinase in the regulation of
4E-BP1 activity (176, 180, 181, 189-191). Finally, overexpression of a
constitutively activated p110 subunit of PI3-K targeted at the plasma membrane
maintains 4E-BP1 in a constitutive hyperphosphorylated state (inactive) and

enhances protein translation (192).
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2. PDKs

These recently discovered kinases represented by at least four isoforms,
through their PH domain, bind to and are believed to be activated by
PtdIns(3,4,5)P; (193, 194). Once activated, PDK1 phosphorylates p705% on Thr
229, both in vitro and in vivo (195). In addition, it appears that PDK1 is the
kinase responsible for the activation of PKB (Akt) following activation of PI-3K

(194).

3. PKB (Akt, RAC-PK)

PKB exists in at least four isoforms (o,B1, B2, y) and is activated by both
RTKs and GPCRs. Its activation is PI3-K-dependent (196, 197), but in the case of
GPCR, a PI3-K-independent mechanism also exists (151). PKB is targeted to
the plasma membrane by direct binding to PtdIns(3,4)P, and Ptdins(3,4,5)P3
mediated by its PH domain (198). Once translocated at the membrane,
phosphorylation of PKB on Thr-308 by PDK1 contributes to its activation (194).
The introduction of a Src myristoylation signal at the amino terminus of PKB
creates a constitutively active membrane-targeted kinase. Overexpression of this
membrane targeted PKB induces 4E-BP1 hyperphosphorylation on the same
sites phosphorylated in response to serum stimulation (192). In addition,

expression of activated PKB also enhances phosphorylation of 4E-BP1 (199),
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indicating that regulation of 4E-BP1 phosphorylation is not only due to targeting
of PKB at the membrane. Finally, dominant negative PKB prevented the

increase of 4E-BP1 phosphorylation following insulin stimulation (192, 199).

4. mTOR (FRAP, RAFT-1)

mTOR is a 290-kDa protein kinase that is activated by PKB (200) and
prefers to phosphorylate Ser/Thr-Pro motifs (201). mTOR kinase activity is
inhibited by the immunosuppressant drug rapamycin (201). In mammalian cells,
expression of a rapamycin-resistant mTOR mutant protein confers rapamycin
resistance to 4E-BP1 and p70‘°’6K phosphorylation (181, 202). As previously
mentioned, mTOR, in response to amino acids and growth factors, controls the

OSGK

mammalian translation machinery via activation of the p7 protein kinase and

via inhibition of the elF4E regulator 4E-BP1 (203, 204).

5. GSK-3

Besides phosphorylation of glycogen synthase, GSK-3 regulates
numerous cellular processes such as insulin signaling and specification of cell
fate during embryogenesis (205). Phosphorylation of GSK-3 at Ser-9 inactivates
the enzyme and is correlated with the activation of protein synthesis. In vivo,

GSK-3 is directly phosphorylated by PKB, in a PI3-K dependent manner (205).
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Phosphorylation of glycogen synthase by GSK-3 results in its inhibition (206).
Glycogen synthase is the major regulatory enzyme of glycogen synthesis in
mammals. This suggests that the regulation of GSK-3 may provide a way of
coordinately regulating the activities of regulatory proteins in two major insulin-

activated biosynthetic pathways, glycogen synthesis and protein synthesis (206).

6. p70S%K

The major activity responsible for phosphorylation of ribosomal protein S6
is p705% (182), which is activated by sequential phosphorylation of seven Ser/Thr
sites. Phosphorylation of the COOH-terminal sites occurs first, making Thr-389
available for phosphorylation by a kinase from the rapamycin-sensitive pathway
(207). This culminates in phosphorylation of Thr-229 by the constitutively active
PDK1 (195). It is well recognized that PI3-K acts upstream of p705%<
Nevertheless, the effect of PI3-K on the activation of p70%% does not appear to
be direct. Several signaling intermediates héve been shown to be downstream of
P13-K and some of them play a role in the activation of p70°®¢. Among these, a
constitutively membrane targeted PKB was shown to activate p70°%¢ (208).
However, subsequent studies demonstrated that dominant-negative forms of
PKB, effective in inhibiting insulin-mediated phosphorylation of 4E-BP1 and GSK-
3 inactivation, did not affect p705® activation (199). This suggests that PKB and

p70°% lie on parallel pathways downstream of PI3-K.
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7. Mnks protein kinases

05 were identified as binding

These protein kinases, homologous to p9
partners of ERK1 and ERK2 (160) when screening for ERK1 substrates (209).
Mnk1 is activated by phosphorylation at Thr-197 and Thr-202, both by a mitogen-
activated pathway via ERK1 or ERK2 and also by a stress-activated pathway via
p38 (210). Mnk1 efficiently phosphorylates elF4E on Ser209 in vitro (160) and in
vivo, following activation of either the ERK or p38 MAPK cascades (210, 211).
Mnk1 does not interact directly with elF4E. Rather Mnk1 binds the COOH

terminus of elF4G, in order to be recruited to its substrate elF4E (210, 211).
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V. Signal transduction pathways mediating protein translation

Insulin plays an important role in the overall regulation of protein synthesis.
Some of the effects of this hormone involve changes in mRNA abundance, but
insulin also has important effects on the translation process itself. Indeed,
several initiation and elongation factors are regulated by insulin, often as a

consequence of changes in their states of phosphorylation.

The binding of insulin to the insulin receptor (IR) results in the activation of
the receptor tyrosine kinase activity (212). Following the IR autophosphorylation
on specific tyrosine residues, the receptor phosphorylates a number of
intracellular receptor kinase substrates (RKS) on specific tyrosine residues, and
this initiates the intracellular signaling pathways. These substrates include Shc,
Gab-1, p62°%*, IRS-1 (insulin receptor substrate-1) and its relatives IRS-2, IRS-3
and IRS-4 (reviewed in 213). Tyrosine phosphorylation sites in these proteins act
as high affinity docking sites for other proteins containing SH2 domains. The two
most well characterized SH2 domain-containing proteins recruited in insulin-
activated transduction pathways are Grb2 and the p85 adapter of PI3-K, which

are involved in the activation of Ras and Pl 3-kinase respectively (Fig.5).
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1. Effect of the Ras/MAPK pathway on protein synthesis

Activation of Ras, which is located on the inner face of the plasma
membrane, appears to involve the guanine nucleotide exchange factor Sos,
which is able to promote the exchange of GDP on Ras for GTP. Sos is bound to
Grb-2 via its SH3 domains, and thus it is the Grb2—Sos complex, which binds to
specific phosphotyrosine residues within IRSs when these proteins are
phosphorylated by the insulin receptor. This binding is thought to bring the Grb2—
Sos complex in close proximity to Ras. Activated Ras is able to initiate a cascade
of activated protein kinases called the mitogen-activated protein kinase (MAP
kinase) cascade (214). Ras-GTP, but not Ras-GDP, binds and contributes to the
activation of the first kinase of the cascade, Raf-1. Activated Raf-1
phosphorylates another kinase MEK (also called MAP kinase kinase), which is a
dual specificity kinase that activates extracellular-ligand-regulated kinase-1 and -
2 (ERK-1 and ERK-2). ERK-1 and ERK-2 are very similar and are both
expressed in most cells. They have a wide range of potential substrates in cells
including transcription factors such as c-Jun and other protein kinases, including
p905°%K (214). This kinase becomes activated following phosphorylation by MAP
kinase and could now phosphorylate other proteins, including the ribosomal

protein S6.
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Insulin also activates mRNA translation by increasing the phosphorylation
of elF-4E itself (215). This is believed to increase the affinity of elF4E for the Cap
mRNA structure (163) and its affinity to associate with elF4A and elF4G (164-
166). Indeed, elF4E association with elF4G is stimulated by insulin (216) as is
elF4G phosphorylation (175). Flynn and Proud have shown that the MEK
inhibitor PD098059 blocks insulin’s effect on elF-4E phosphorylation in CHO cells
overexpressing the insulin receptor (217) and Mnk1 is suggested as the kinase

candidate mediating elF-4E phosphorylation in response to insulin (Fig.5) (160).
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2. Effect of the P13-K dependent pathway on protein synthesis

P| 3-kinase is activated when its 85kDa subunit (p85) becomes bound to
specific phosphotyrosine residues in IRSs, and this results in an increase in the
product Ptdins(3,4,5)Ps (16). The activation of P| 3-kinase appears to be
necessary for many of the effects of insulin, including the protein kinase
cascades involving PKB and p70°% (16). Activation of PKB is associated with
increased phosphorylation of Thr308 and Ser473, and phosphorylation of both
sites seems to be required for full activation (193, 218). Thr308 can be
phosphorylated, at least in vitro, by PDK1, which is activated in vitro by
phosphoinositides phosphorylated in the 3’ position (218). Thus Ptdins (3,4,5)P3
appears to exert a dual effect on PKB. Activation involves both direct interaction
with PKB and stimulation of the upstream kinase PDK1. PKB is able to

phbsphorylate GSK-3 and this decreases the activity of this kinase (219).

The guanine exchange factor elE2B is activated by insulin (220) partly
from low levels of phosphorylated elF2a. and partly from phosphorylation of its €
subunit (221). PI3-K appears to be required for the activation of elF2B since both
wortmannin and dominant negative mutants of the p85 regulatory subunit of PI3-
K prevent elF2B activation (153). It was also shown that in vivo activation of
elF2B by insulin correlates with the inactivation of GSK-3, but is independent of

mTOR/p70 S6 kinase or the MAPK pathways (153). Interestingly, in vitro elF2B
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is a substrate of GSK-3 (147) suggesting that GSK-3, by phosphorylating elF2B

may negatively regulate elF2B activity.

4E-BP1 is phosphorylated in response to insulin (176, 177). This takes
place through a rapamycin-sensitive pathway (190, 222, 223) that includes PKB
(192), suggesting that this pathway uses IRS-1 (Tyr-608, -628, and -658), PI3-K,
PDK, PKB, mTOR (Fig.5). mTOR phosphorylates 4E-BP1 both in vitro and in
vivo at serine and threonine residues identical to those phosphorylated in insulin-
stimulated adipocytes (181). Although MAPK can phosphorylate 4E-BP1 in vitro,
recent in vivo evidence has ruled out a role of the MAPK cascade in this reaction

(190, 224).

The activation of a number of mMRNAs encoding ribosomal proteins and
elongation factors, is partially inhibited by rapamycin (225, 226). The translation
of these mRNAs is controlled through sequences in their 5' UTRs, which typically
contain short (8 nucleotides) polypyrimidine tracts (terminal oligopyrimidine tracts,
TOP) (187, 225, 226). Alternatively, sensitivity to rapamycin raises the possibility
that modification of ribosomal protein S6 by p703°¥ directly enhances TOP mRNA
translation (186, 227). This hypothesis was confirmed by using mutants of p70°%*
(187). S6 is phosphorylated by both p90S®¢ (228) and p705%K (229). p90S®™ is
activated in response to growth factors by forming complexes with ERK1 and
ERK2 (230). This demonstrates two levels of regulation for S6 phosphorylation,
one through the PI3-K/mTOR/p70°% pathway and the other through the

Ras/MAPK/ p90°°K pathway.
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Fig.5. Signaling pathways modulating the function of initiation factors. (Modified

from 231).
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VI. Endoplasmic reticulum unfolded protein response

The endoplasmic reticulum (ER) is the subcellular compartment where
proteins enter the secretory pathway and acquire their correct conformation. In
addition, the ER is the most abundant cellular membrane network, a target of
several signaling events, including post-translational modifications like
phosphorylation (232). The ER contains intrinsic molecular signaling machines
involved in the control of its general homeostasis and participates in ER-mediated
membrane fusion (233), folding/degradation activity (234, 235) or Ca®* fluxes
(236, 237). The ER contains a high concentration of calcium and ATP and is a
unique oxidizing environment that promotes protein modifications such as
disulfide bond formation and protein glycosylation, features that are unique to this
organelle (145). These processes are often perturbed when cells are deprived of
essential nutrients or exposed to toxins (238). Conditions known to impair protein
folding have dramatic effects on cellular survival (145). Therefore all eukaryotic
cells have evolved specific mechanisms to maintain ER function under conditions
of environmental stress (145, 239, 240). To date, two distinct ER-mediated
signaling pathways are known to help maintain a proper folding environment in
the ER. The first well characterized pathway mediates the transcriptional
induction of genes encoding ER chaperones and disulfide exchange proteins
(241). These are commonly used as markers for the state of the folding events in
the ER (242). The second pathway consists of inhibition of the initiation of

translation (243). This is achieved through the phosphorylation of elF2a by the
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ER-resident protein kinase PERK (139). Together, these pathways form what is
defined as the Unfolded Protein Response (UPR) and is well conserved in all

eukaryotes.

The UPR can be triggered by adverse physiological states. This includes
hypoxia, glucose deprivation, heat shock, genetic defects that alter protein
structure, and specific pharmacological compounds that affect the unique folding
environment in the ER. Such drugs include tunicamycin, an antibiotic that blocks
asparagine-N-linked glycosylation, the reducing agent dithiothreitol (DTT) and

thapsigargin, an inhibitor of the ER calcium pump (145).

Accumulation of unfolded proteins in the ER lumen induces the
transcription of a large set of genes, many of which encode proteins which
function to increase the volume and capacity of protein folding, and/or to increase
the degradation of misfolded proteins (244). In contrast to specific gene
alteration, general translation is attenuated to decrease the protein-folding load
on the ER (245). The cellular responses to ER stress is mediated by the
activation of the ER transmembrane proteins: “inositol requiring 1” (IRE1), PERK
and the activating transcription factor 6 (ATF6) (239) (Fig.6). In multicellular
organisms, when these adaptive responses are not sufficient to relieve the

unfolded protein load, cells enter the cell-death pathways.
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Because of its simplicity, Saccharomyces cerevisiae has been extensively
used to study multiple aspects of the UPR. In yeast, the only ER-stress-
regulated transmembrane protein is the transmembrane receptor
kinase/endoribonuclease, Ire1. It is similar to the ligand-activated type |
transmembrane-receptor protein kinases activated following dimerization (246,
247). Ire1 consists of an ER-luminal, transmembrane, cytoplasmic Ser/Thr
protein kinase domain and a carboxy-terminal RNase domain with strong

similarity with the catalytic domain of RNAse L (145).

In physiological conditions, Ire1 is maintained in a monomeric and inactive
state by binding of the ER-localized protein chaperone KAR2/BiP/GRP78 (248)
(Fig.6). During ER stress, protein fdlding in the ER becomes less efficient and
BiP, released from lIre1, binds to hydrophobic surfaces exposed on unfolded
proteins. BiP binding to unfolded proteins reduces the amount of free BiP that is
available for binding lre1. In the absence of free BiP, Ire1 oligomerizes,
undergoes trans-autophosphorylation and this activates its RNase function
(Fig.8). Activated Ire1 cleaves the 5' and 3' exon—intron junctions of the HAC1
messenger RNA encoding a basic leucine zipper (bZIP)-containing transcription
factor (249, 250). The exons are then joined by transfer ligase RNA (251). The
removal of the HAC1 intron enhances translation of the HACT mRNA, so that
Hac1 protein accumulates (249, 252). Activation of the UPR pathway is
dependent on the cellular levels of Hac1 protein (145) and in the absence of ER
stress, Hac1 protein is not detected, even though its mRNAs are produced and

detected in polysomes (249).
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The mammalian genome contains two homologues of the yeast IRE1,
IREa and IREB. IREa is expressed in most cells and tissues, with higher
expression in the pancreas and placenta (253). IREB expression, on the other
hand, is primarily restricted to epithelial céHs of the gastrointestinal tract (254).
Both molecules respond to the accumulation of unfolded proteins in the ER by
activation of their kinase and RNase activities. /n vitro cleavage reactions of the
yeast HAC1-mRNA by IREa and IREB showed similar cleavage specificities.
This suggests that IREs may share common sets of substrates and that
specificity is rather established by their expression (255). Overexpression of
either IREa and IREP is enough to activate transcription from a BiP-promoter-
reporter construct, and analysis of point mutations at key residues in the RNase
domain showed that the RNase activity is required for this response, suggesting

downstream processing activation of mRNAs (256).

Recently, a link between Presenilins, proteins localized to endomembrane,
IRE1 activation and the UPR has been proposed. In fact, Presenilin-1 (PS1)
mutants found in familial Alzheimer's patients inhibit ER-stress-induced IRE1a
phosphorylation and BiP induction, when overexpressed in normal cells (257).
PS1 is shown to be required for induction of BiP by the UPR (255) and in cells
lacking PS1, IRE1a and IRE1p, the proteolytic cleavage in response to ER stress
is prevented. Thus, PS1-dependent IRE1 processing correlates with activation of

the UPR (Fig.6, scheme 2) (255).
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The known IRE1 biological effector is the stress activated kinase JNK for
which activation is mediated through binding of the adapter TRAF-2 to IRE1
(Fig.6, scheme 2) (258) and the mRNA encoding the bZIP transcription factor X-
box binding protein 1, XBP1 (259, 260) (Fig.6, scheme 3). Upon activation of the
UPR, XBP1 mRNA is cleaved by IRE1 to remove a 26-nucleotide intron
sequence (259, 261, 262) (Fig.6, scheme 3). The new carboxyl terminus on the
product from spliced XBP1 mRNA (XBP1-s) converts XBP1-u (unspliced) into a

potent transcriptional activator, similar to that described for yeast HAC.

ATF6 is an ER transmembrane protein composed by two isoforms: ATF6a
(90 kDa) and ATF6p (110 kDa, also known as CREB-RP) (262). Upon UPR
activation, both forms of ATF6 are processed to generate 50-60-kDa cytosolic
bZIP-containing fragments that migrate to the nucleus. ATF6 binds BiP in
unstressed cells (263). Upon ER stress, BiP dissociates from ATF6 (263) and
ATF®6 translocates to the Golgi apparatus (264), where it is subjected to regulated
intra-membrane proteolysis by site-1 protease (S1P) and site-2 protease (S2P).
This leads to the production of an ATF6 UPR specific fragment with
transcriptional activity (265-267) (Fig.6, scheme 3). The first cleavage of ATFG is
produced in its luminal domain by S1P, releasing ATF6 into two halves. The
NH2-terminal half remains anchored at the membrane and is subjected to further
proteolysis by S2P. On the other hand, the free cytosolic domain of ATF6
translocates to the nucleus to activate ER stress targeted genes (264, 268).

When these stress signals are unable to rescue the cells, the apoptotic pathway
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is activated. Caspase-12, which is located at the outer layer of the ER, is one of
the apoptotic pathways of ER stress-mediated cell death (269). Recently, a
model was proposed where stress activation of ATF6 increases the level of XBP-
1 mRNA. Concomitant activation of IRE1a removes a non-conventional intron in
XBP-1 mRNA. This increases the potential transactivation of specific UPR genes

(260, 261).

BiP is an ER-localized protein that binds heavy-chain immunoglobulins
and inhibits their secretion in the absence of the light chains in pre-B lymphocytes
(270). In this manner, BiP prevents the secretion of incompletely assembled
immunoglobulins. Independently, BiP is a member of a protein family expressed
at a high level in virally transformed cells and upon conditions of glucose
deprivation. For this reason, this protein family was named, glucose regulated
proteins (GRPs). BiP interacts transiently with exposed hydrophobic patches on
protein folding intermediates and is thought to prevent their aggregation while
maintaining the protein in a folding competent state. BiP interaction ensures that
only properly folded and assembled proteins exit the ER compartment, a process
known as ‘quality control’ (271). Overexpression of BiP itself prevented
transcriptional induction in response to ER stress and protected cells from death
in response to calcium depletion from the ER (272, 273). This suggests that BiP
could negatively regulate the UPR. In fact, in yeast (274) and mammalian cells

(275), overexpression of BiP impedes the UPR.
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In mammalian cells, UPR signaling could also lead to cell death. Upon ER
stress, two death-inducing signals are generated. One is the |IRE1-mediated
transcriptional induction of CHOP/GADD153 and the second is translational
inhibition mediated through phosphorylation of elF2a. CHOP was originally
identified as a gene induced upon DNA damage and growth arrest (276).
However, subsequent studies have demonstrated a strong correlation between
development of ER stress response and induction of CHOP (277-283). In
addition, CHOP induction closely parallels the time course of BiP induction, where
maximal induction occurs after several hours. Most evidence supports that
CHOP negatively regulates cell growth and may induce apoptosis. In fact,
overexpression of CHOP leads to cell cycle arrest and apoptosis (284, 285).
Deletion of the CHOP gene in the mouse leads to a modest reduction in cell
death upon activation of the UPR (286). Furthermore, expression of either the
isolated luminal domain of IRE1 or PERK alone inhibited transcriptional
upregulation of the CHOP promoter upon tunicamycin treatment (139). This
shows that either the IRE1 or the PERK luminal domain can interfere with ER
signaling for CHOP induction and suggests that both luminal domains respond to

similar signals.

The COOH terminus of GADD34, also known as MYD116 (287) is related

in sequence to the COOH terminus of HSV-encoded protein ,134.5 (288). ,134.5

plays an important role in evading the PKR-mediated shutdown of host protein

synthesis in virally infected cells, and the COOH-terminal fragment of GADD34
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can substitute for this activity of ,134.5 (289). This activity of ;134.5 is dependent

on its ability to associate with the catalytic subunit of protein phosphatase 1
(PP1c), and correlates with an increase in a cellular phosphatase activity that
dephosphorylates elF2a (290, 291). It is shown that elF2a phosphorylation and
inhibition of protein synthesis are transient in stressed cells (245, 292). GADD34
is activated under stressful conditions (287, 293), and its profile of induction is
similar to the other targets of UPR, CHOP and BiP. Moreover, phosphorylated
elF2a levels were markedly diminished in GADD34-overexpressing cells despite
normal activity of PERK and GCN2. Mutations abolishing the interaction between
GADD34 and PP1c prevented dephosphorylation of elF2o and blocked
attenuation of CHOP induction by GADD34. These findings implicate GADD34-
mediated dephosphorylation of elF2a in a negative feedback loop that relieves
stress-induced gene expression, and promotes recovery from translational

inhibition of the UPR (294) (Fig.6, scheme 1).

A cellular inhibitor of PKR, P58 is activated after influenza virus infection
(295-297). The activation of P58 inhibits the PKR-mediated translational arrest
by binding to and inactivating the kinase activity of PKR, thereby ensuring that
the cellular protein-synthesis machinery remains available to synthesize viral
proteins. The influenza virus has therefore found a way to co-opt a cellular

8IPK

activity to its purpose. Recently, a study has shown that P5 also interacts

with and inhibits PERK (Fig.6, scheme 1) (298). Levels of phosphorylated elF2a

were lower in ER-stressed P58 -overexpressing cells and were enhanced in

57



CHAPTER I: Literature Review

P58'PK mutant cells (298). In addition, the absence of P58'7 resulted in increased
expression levels of two ER stress-inducible genes, BiP and Chop, consistent
with enhanced elF2a phosphorylation in the P58'7¢ deleted cells (298). This
suggests that P58 induction during the ER-stress response represses PERK
activity and plays a functional role in the expression of downstream markers of

PERK activity in the later phase of the ER-stress response.

One of the modifications used for translational control in response to
environmental stress is the reversible phosphorylation of elF2a on Ser51 and this
dramatically inhibits translation (117). As pointed out earlier, the status of elF2a
is controlled by at least four known Ser/Thr protein kinases: HRI, which is
activated upon iron or hemin deficiency in reticulocytes (135), GCNZ2, activated in
amino acid-starved yeast cells (136), PKR, activated upon viral dsRNA infection
(299) and finally PERK, which is uniquely localized to the ER and is activated by

the accumulation of unfolded proteins in the ER lumen (139).

Activation of PERK under ER stress conditions was observed when agents
causing ER stress induce slower migrating forms of PERK detected by sodium
deodecyl-sulfate polyacrylamide gel electrophoresis. This was attributed to
PERK hyperphosphorylation and resulted in an increase of its kinase activity
(139). Moreover, induction of ER stress (reflected by induction of chaperones)
was shown to activate PERK, whereas other stress such as amino acid

deprivation and heatshock failed to activate this kinase (139). More importantly,
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when exposed to agents that elicit ER stress, Perk -/- MEFs cells showed no
elF2a phosphorylation and translation inhibition (300). This demonstrates a
unique role for PERK in coupling ER stress to elF2oa phosphorylation and

translation inhibition.

VII. Concluding remarks

Signaling cascades that trigger protein translation or its inhibition are an
active area of intensive research activities. However, in order to reach a
complete understanding the mechanisms underlying these processes,
identification and characterization of effector proteins that play an important role
in modulating protein translation are still necessary. With the exception of the
SH2 domain-containing p85 subunit of PI3-K, known to regulate protein synthesis
downstream of RTKs, to date no other SH2/SH3 domain-containing protein has

been linked to the control of the translational machinery.
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Preface

The B subunit of the eukaryotic initiation factor 2 was found interacting with the
SH3 domains of Nck-1 in a yeast two-hybrid screen. My objective was to validate
and characterize the functional significance of a potential interaction between the
SH2/SH3 adapter protein Nck and a subunit of a factor regulating protein

translation.
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HA : hemagglutinin
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Abstract

In mammals, Nck represented by two genes, is a 47kDa SH2/SH3 domain-
containing protein lacking intrinsic enzymatic function. Here, we reported that the
first and the third SH3 domains of Nck-1 interact with the C-terminal region of the
B subunit of the eukaryotic initiation factor 2 (elF2p). Binding of elF23 was
specific to the SH3 domains of Nck-1 and in vivo, the interaction Nck/elF2p was
demonstrated by reciprocal coimmunoprecipitations. In addition, Nck was
detected in a molecular complex with elF2B in an enriched ribosomal fraction,
whereas no other SH2/SH3 domain-containing adapters were found. Cell
fractionation studies demonstrated that the presence of Nck in purified ribosomal
fractions was enhanced after insulin stimulation, suggesting that growth factors
dynamically regulate translocation of Nck to ribosomes. In HEK293 cells, we
observed that transient overexpression of Nck-1 significantly enhanced Cap-
dependent and -independent protein translation. This effect of Nck-1 required the
integrity of its first and third SH3 domains originally found to interact with elF2p.
Finally, in vitro, Nck-1 also increased protein translation, revealing a direct role for
Nck-1 in this process. Our study demonstrates that in addition to mediate
receptor tyrosine kinase signaling, Nck-1 modulates protein translation potentially

through its direct interaction with an intrinsic component of the protein translation

machinery.
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Introduction

Translation initiation is a complex process in which, initiator tRNA (Met-tRNA;),
the 40S and 60S ribosomal subunits are assembled into 80S ribosomes at the
initiation codon of MRNA by the coordinated action of the eukaryotic initiation
factors (elFs). Thus far, signaling-dependent events regulating elFs have
involved changes in their intrinsic activity or protein interacting properties,
resulting from their phosphorylation/dephosphorylation and/or sequestration into
inactive complex. For example, elF2 is a molecular complex of three subunits (.,
B and y) responsible for one of the earliest steps in the initiation of protein
synthesis (1). elF2 forms a ternary complex with the Met-tRNA and GTP, and in
collaboration with other initiation factors binds the 40S ribosomal subunit to give
rise to the pre-initiation 43S complex (2). Inhibition of protein synthesis correlates
with the phosphorylation of the elF2a subunit (1) by the heme regulated elF2a
kinase (HRI) (3), the IFN-inducible RNA-dependent protein kinase (PKR) (4), the
serum starvation kinase (GCN2) (5) and the endoplasmic reticulum stress kinase
(PERK) (6). Phosphorylation of elF2a on Ser”! by these elF2a kinases inhibits
the early steps of translation by blocking on elF2 the exchange of GDP for GTP,
a reaction under the control of the guanine exchange factor, elF2B (7, 8). Thus,
growth factors may enhance initiation of protein translation by preventing
activation of elF2a kinases or by activating specific phosphatases to maintain low
levels of elF2a phosphorylation. In contrast to elF2«, the B and y subunits of

elF2 known to interact with critical components of the translational initiation
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machinery such as elF2B, elF5, mRNA, GTP and Met-tRNA (9-11), have not yet

been reported to be regulated by signaling molecules.

To date, with the exception of the p85 adapter subunit of the phosphatidylinositol
3’ kinase (PI-3K), no SH2/SH3 domain-containing adapters have been directly
implicated in the regulation of the initiation of protein synthesis by growth factors.
Here, we demonstrate a direct interaction between the adapter protein Nck-1 and
the transiation initiation factor subunit elF2p in an enriched ribosomal fraction.
Given these observations and the striking finding that the presence of Nck in
ribosomes was increased upon insulin treatment, we investigated the role of Nck-

1 in protein translation.
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Materials and Methods

Antibodies

Nck antiserum was prepared as described (12). elF2B antisera were obtained
after rabbit immunization with a glutathione-S-transferase (GST) chimera of the
C-terminal region of mouse elF2p (residues 133-333). L4 antibody was provided
by Dr C. Nicchitta (Duke University Medical Center, Durham, NC). p85, Crkll,
Grb2 and hemagglutinin (HA) antibodies were purchased from Santa Cruz

Biotechnology.

Cell Culture

Transformed rat hepatocytes overexpressing the human insulin receptor (HTC-
IR) cells were grown in DMEM (Invitrogen) containing 10% Fetal Bovine Serum
(FBS) (Invitrogen) and Geneticin (G418) at 40 pg/ml (Invitrogen). Human
embryonic kidney 293 (HEK293) cells were grown in DMEM containing 10%

FBS.

Yeast Two-Hybrid Assays

Yeast two-hybrid screen was performed as described (13). pACIl vector
encoding the transcriptional activation domain of Gal4 fused to mouse T cell
cDNA library fragments were introduced into Saccharomyces cerevisiae strains
already transfected with the pASI vector encoding a fusion between the DNA

binding domain of Gal4 and the three SH3 domains of Nck-1 (residues 1-251).
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Immunoprecipitation

Mouse tissues were homogenized in 5 mM Tris-HCI pH 7.4/ 1 mM MgCly/ 0.25 M
sucrose/ 2 mM NaVOy/ 1 mM PMSF/ 1 mM benzamidine/ 1 mM NaF and
centrifuged at 200,000 x g for 30 min. The resulting supernatants were submitted

to Nck or elF2B immunoprecipitation. HTC-IR lysates were prepared as
described (12). Clarified lysates were submitted to either Nck or elF2B

immunoprecipitation and analyzed by immunoblotting.

Nck-1 Constructs and Transfection

Human Nck-1 mutants were produced by overlapping PCR with specific primers
containing appropriate mutated sites (14-16), subcloned into pcDNA 3.1Myc/His
plasmid (invitrogen) and sequenced. The HA-tagged Nck-1 constructs subcloned
into pRK5 were provided by Dr W. Li (Norris Cancer Center, University of
Southern California, Los Angeles). Transient transfections of HEK293 cells were

performed by using calcium phosphate precipitation.

GST Fusion Proteins

Wild type Nck-1 and elF2 cDNAs were subcloned into pGEX-2TK and GST
fusion proteins were expressed, purified as recommended by the manufacturer
(Amersham-Phamarcia) and used for binding assay experiments. GST and GST-
Nck-1 were eluted from the glutathione beads before their use in overlay assays

or in the in vitro translation system.
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Overlay Assay

Recombinant GST and GST-Nck-1 proteins (5 ug) were spotted onto
nitrocellulose and dried. Membranes were blocked in Tris-buffered saline
containing 0.05% Tween-20 (TBST) and 10% nonfat dry milk and probed
overnight at 4°C with *P-labeled GST-elF2p. Membranes were washed in TBST

and exposed for autoradiography.

Binding Assay

HEK293 cells transiently transfected with empty vector or plasmid encoding
either HA-tagged Nck-1 wild type or mutated in its individual SH3 domains were
lysed (10mM Hepes pH7.4/ 1% (vol/vol) Triton X-100/ 10 upg/ml aprotinin/ 10
pg/ml leupeptin and 1 mM PMSF). After preclearing with glutathione immobilized
on beads, lysates were mixed with 25 pug of GST or GST-elF2p recombinant
protein for 2 h at 4°C. Samples were analyzed by immunoblotting with Nck

(Transduction Laboratories) or HA antibodies.

Sucrose Cushion Sedimentation

Confluent cells were prepared for sucrose cushion sedimentation as described
(17). Briefly, HTC-IR and HEK293 cells were lysed in 20mM Tris-HCI pH 8.0,
150mM NaCl, 1mM NaF, 1.5% CHAPS, 0.5mM EDTA, 1mM NaVO4, 1mM B-
glycerophosphate, 1mM PMSF, 1mM lodoacetamide, 10ug/ml Leupetin and
10pg/ml Aprotinin. Cell lysates were passed through 252 G needles, sonicated

and centrifuged at 1500g for 15min. Clarified lysates were centrifuged at 110,000
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x g in TLA 100.2 rotor at 4°C for 30min. The resulting supernatants were layered
onto a 1.5M Sucrose cushion containing 0.1% CHAPS to be further centrifuged at
400,000g in TLA 100.2 at 4°C for 3 hrs. Supernatants were TCA precipitated and
resuspended in Laemmli sample buffer (18) or subjected to immunoprecipitation
with either anti-Nck or anti-elF2p antibodies. Pellets were resuspended in
Laemmli sample buffer or solubilized in 30mM Tris-HCI pH 7.5, 150 mM NaCl,
1% Triton-X-100 containing protease inhibitors (Leupeptin, Aprotinin, PMSF) and
heated at 65 °C for 10 min to facilitate protein resuspension before
immunoprecipitation. Samples were analyzed by immunoblotting for Nck, elF2,

p85, Grb2, Crkll and L4.

Subcellular Fractionation

Insulin stimulated and nonstimulated HEK293 cell lysates were prepared and
layered onto a 15-35% linear sucrose gradient as described (19) with minor
modifications. Briefly, upon treatments, cells were washed with cold Phosphate-
Buffered Saline (PBS) and buffer A (110 mM Potassium Acetate, 2 mM
Magnesium Acetate, 2 mM Dithiothreitol (DTT), 10 mM HEPES [N-2-Hydroxyeth-
ylpiperazine-N9-2-Ethanesulfonic Acid] [pH 7.3]) and recovered in buffer B
(10mM Potassium Acetate, 2mM Magnesium Acetate, 2mM DTT, 5mM HEPES
[pH 7.3], 10ug/ml of Leupeptin, 10ug/ml Aprotinin). Cell extract were incubated
on ice for 10 min, and disrupted by passage through 25” G needles. The KClI
concentration was adjusted to 100mM at this point. Centrifugation at 1500g for 15

min resulted in a nuclear pellet and a supernatant fraction designated as the
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cytoplasmic content, which was then layered on a 15-35% sucrose gradient and
centrifuged at 4°C in a Beckman SW40 Ti rotor at 4OI,OOOg for 120 min. Fractions

were bottom collected and analyzed by immunoblotting.

Luciferase Assay

The bicistronic reporter plasmid pcDNA3-RLUC-POLIRES-FLUC was kindly
provided by Dr. N. Sonenberg (McGill University, Montreal) (20). HEK293 cells
were transiently transfected with 0.5 ug of the reporter vector and either 0.5 ug of
plasmids encoding various Myc-Nck-1 molecules (Fig.1A). Renilla reniformis
luciferase (RLUC) and firefly luciferase (FLUC) activities were measured using a
dual-luciferase reporter assay system (Promega) in a luminometer (LUMAT), 36

hrs after transfection.

In vitro Transcription and Translation Assay

Linearized pcDNA3-RLUC-POLIRES-FLUC vector was in vitro transcribed and
translated in the TNT-coupled wheat germ Extract System (Promega)
supplemented with [**S] methionine and increasing amounts of recombinant
GST-Nck-1. Samples were prepared for [3°S] methionine incorporation assay
according to the manufacturer's instructions (Promega) and quantified by

scintillation counting.
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Quantitative RNA Analysis

Trizol (Invitrogen) prepared RNAs (5 pg) from HEK293 cells transiently
cotransfected with the luciferase reporter vector and other various Myc-Nck-1
plasmids (Fig.1A) were converted into single-stranded cDNAs (SuperScript Il Kit,
Invitrogen) followed by PCR reactions with the primers FLUC: 5
TACAATTTGGACTTTCCGCC-3'and 5-TTCTTCGCCAAAAGCACTCT-3’, RLUC:
5-AACGCGGCCTCTTCTTATTT-3, and 5-TATCAGGCCATTCATCCCAT-3’ and
classic 18S internal standard primers (QuantumRNA, Ambion, Austin, TX). PCR
reactions were supplemented with 10 uCi of 3000 Ci/nM of [a->2P] dATP. Size
markers were prepared by 5 end-labeling of 1kb ladder marker (Invitrogen).
Samples were submitted to electrophoresis on agarose, transferred onto nylon
membranes, and analyzed by autoradiography; reciprocal bands quantified by

densitometry.
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Results

Proteins Interacting with the SH3 Domains of Nck-1. Two clones encoding a
fusion protein containing the C-terminal region of the # subunit of the eukaryotic
initiation factor 2 (elF2f3) were identified interacting with the SH3 domains of Nck-
1 in the yeast two-hybrid system. Further characterization of this interaction in
the same system revealed that the first and the third SH3 domains of Nck-1 were
positive, while neither the second SH3 domain of Nck-1 nor the SH3 domains of
Abl, Grb2, Crkll or PLCy-1 interacted with elF2p (Table 1). By overlay assays,
we observed a direct interaction of GST-elF2p with GST-Nck-1 (Fig.1B. Top).
Furthermore, in vitro binding assays (Fig.1B Middle and Bottom) also showed
that Nck-1 interacts with elF2p and that this interaction required the first and the

third SH3 domains of Nck-1.

In vivo Nckl/elF2p Interaction. Reciprocal coimmunoprecipitations with lysates
from cultured cells (Fig.1C) and mouse tissue homogenates (Fig.1D) were
performed. As previously reported by others for Nck (21, 22) and expected for
elF2B, the two proteins are expressed in all tissues with high levels of expression
in brain, pancreas, spleen and testis (Fig.1D). Furthermore, Nck and elF2p3

coimmunoprecipitated in HTC-IR (Fig.1C), HEK293 (data not shown) cell lysates

and tissue homogenates (Fig.1D), demonstrating in vivo their interaction.
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Table.1. Yeast Two-Hybrid Assay. Individual Nck SH3 domains and SH3
domains of Grb2, Crkil, p85 of PI-3K, Abl and PLCy-1 were used in yeast two-
hybrid assays to characterize their interaction with elF2B. The 3SH3 construct is
the region of Nck comprising the three Src homology 3 domains (residues 1-251).
The SH3-1 (residues 1-56), SH3-2 (residues 113-160) and SH3-3 (residues 197-
251) constructs denote the first or second or third SH3 domain of Nck,
respectively. SH3-C and SH3-N denote the C-terminal and N-terminal SH3

domain of Grb2, respectively.

Molecules Interaction withelF2 8

Mck 35H3 +
Mck SH3-1 +
Nk SH3-2

Mck SH3-3 +

Ahl

Grh2 SH3-N
Grb2 SH3-C
Crkll SH3C

PLC #1 SH3 )
“
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Fig.1. Nck and elF2B Interaction. (A) Schematic representation of Nck-1
molecules. X represents functional mutation of the SH domain. (B) Overlay
assay (Top). Autoradiography of GST or GST-Nck-1 (6 ug) triplicates
immobilized on nitrocellulose and overlayed with *2P-labeled GST-elF2p.
Binding assay (Middle and Bottom). In vitro binding by GST or GST-elF2p (25
ug) of HA-Nck-1 molecules transiently expressed in HEK293 cells (Middle).
Expression of endogenous and HA-tagged Nck-1 (Bottom). (C) HTC-IR cell
lysates subjected to Nck, elF2p or NRS immunoprecipitation. (D) Tissue
homogenates from adult male BalbC mice. Four milligrams of proteins used for
coimmunoprecipitations and 1 mg for protein expression. Results are typical of

two (tissues) and three (cuitured cells) experiments.
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Nck and elF2p Colocalize in a Ribosome-Enriched Fraction. By using the
sucrose cushion sedimentation, a ribosome-enriched pellet (P) and supernatant
contained soluble cytosolic components (S) were generated from HEK293 and
HTC-IR cells. In both cell lines elF2p as expected, and Nck are detected in the
enriched ribosomal fraction (Fig.2A). Other SH2/SH3 domain-containing adapter
molecules such as Grb2, Crkil (Fig.2A, Lower) or the p85 subunit of PI-3K (data
not shown) were not detected in the ribosomal enriched fraction. As control,
immunoblot for the ribosomal protein L4 showed that the pellets were enriched in

ribosomes (Fig.2A).

Nck and elF2f Coimmunoprecipitate from the Ribosome-Enriched Fraction.
To determine whether Nck and elF2p interact in the ribosomal-enriched fraction,
endogenous Nck and elF2B were coimmunoprecipited by using supernatant and
pellet fractions, after sucrose cushion sedimentation. As shown in Fig.2B, Nck
was detected in elF2B immunoprecipitates in pellet and supernatant fractions,
and reciprocal results were also obtained for elF2p in Nck immunoprecipitates.

Taken together, these results demonstrate that Nck and elF2p are part of the

same molecular complex in this compartment.

Nck Translocation to Ribosomes is Independent of The Functional Integrity
of Its SH Domains. To determine whether the SH domains of Nck were involved
in mediating its ribosomal localization, enriched ribosomal fractions were

prepared from HEK293 cells transiently transfected with various Myc-Nck-1
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constructs (Fig.1A). All Nck-1 mutants were detected in the ribosomal-enriched
fraction (Fig.2D), demonstrating that the localization of Nck into ribosomes is

modulated by a mechanism independent of its Src homology domains.
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Fig.2. Nck is Detected and Interacts with elF2B in an Enriched Ribosomal
Fraction and Nck Ribosomal Localization is Independent of Its Functional
SH Domains. Sucrose cushion sedimentation. (A) Immunobilot analysis of an
aliquot of the supernatant (S) and the entire pellet (P). (B) Sucrose cushion
supernatants (S) and resuspended pellets (P) were immunoprecipitated in
duplicate by using Nck, elF2B antibodies, or NRS. One tenth of the
immunoprecipitated supernatant and the entire immunoprecipitated peliet were
used for immunoblotting. Results are representative of three independent
experiments. (C and D) Immunoblot analysis of one tenth of the supernatants (C)
and the total pellets (D) from HEK293 cells transiently transfected with various
Myc-Nck-1 constructs. Results shown are typical of two independent

experiments.
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The presence of Nck in Purified Ribosomal Fractions is Enhanced
Following Insulin Stimulation. To further characterize whether Nck localization
to ribosomes is modulated by growth factor stimulation, sedimentation on linear
sucrose gradients of lysates from serum-starved HEK293 celis treated or not with
insulin were performed. The assignment of ribosomal enriched components were
in fractions 8 to 18 as revealed by immunoblotting for the ribosomal protein L4
(Fig.3B, Top). These fractions were then immuncblotted for the presence of Nck
(Fig.3B, Middle), elF2p (Fig.3B, Bottom) and p85 of PI-3K (data not shown). As
reported by others (19), the distribution of RNA content suggested that fractions
1-8 contain the polyribosomes while fractions 13-17 represent the ribosomal
subunits (Fig.3A). Nck association with ribosomal subunits was importantly
enhanced by insulin stimulation as compared with basal state (Fig.3B, Middle).
elF2p3 was detectéd in both conditions, but with a slight increase upon insulin
treatment. p85 of PI-3K was not detected in the ribosomal fractions under both
conditions (data not shown). Finally, the increase in the amount of Nck
associated with ribosomal subunits upon insulin treatment did not result from a
nonspecific effect of insulin on total Nck content (Fig.3C). Taken together, these
results demonstrate that Nck is dynamically translocated into- ribosomal

compartments upon insulin stimulation.
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Fig.3. Translocation of Nck to Ribosomal Fractions is Enhanced upon
Insulin Stimulation. Equal amounts of proteins from insulin-stimulated and non-
stimulated HEK293 cells were separated on 15-35% linear sucrose gradients.
(A) Ribosomal profile. Optical density at 254nm representing the RNA content
of each fractions. (B) Nck and elF2B detected in ribosomal fractions.
Immunoblot analysis of each fraction. Membranes were cut and the lower part
probed for the ribosomal protein L4 whereas the upper part was probed first for
Nck, then stripped and reprobed for elF2B. (C) Total Nck levels upon Insulin
stimulation. Nck immunoblot analysis. Results are representative of three

independent experiments.
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Nck-1 Overexpression Increases Protein Translation in HEK293 Cells. We
studied the effects of Nck-1 on protein translation. HEK293 cells were
cotransfected with a reporter plasmid (Fig.4A) (20) and increasing amounts of
Myc-tagged Nck-1. DNA transfected was kept constant at 1 ug by the addition of
the empty vector. In this system, translation of RLUC is Cap-dependent whereas
translation of the FLUC cistron, directed by the poliovirus internal ribosomal entry
site (IRES) is Cap-independent (23). Expression of Nck-1 correlated with the
amount of Nck-1 cDNA transfected (Fig.4B). Overexpression of Nck-1 enhanced
the activity of both luciferases proportionally to its expression levels and reached
a maximum of 1.5-fold increase at 0.5pg of cDNA transfected (Fig.4C). Higher
concentrations of Nck-1 cDNA (1 and 2ug) were detrimental to the cells (data not

shown).

Nck-1 Effect on Translation Depends on the Integrity of Its First and Third
SH3 Domains. We further characterized the Nck-1 effect by determining the
domain(s) responsible for the enhancement of translation. Myc-tagged Nck-1
constructs cotransfected independently with the bicistronic luciferase reporter
vector into HEK293 c'ells showed comparable expression levels (Fig.5A). The
stimulatory effect of Nck-1 on translation was completely abolished by functional
mutation of its first, third SH3 domain or all SH3 domains, whereas the Nck-1
mutated in its second SH3 domain resulted in a slight increase as compared with
wild type Nck-1 (Fig.5B). Importantly, in the tranfected cells above, we found

similar amounts of both luciferase MRNAs as demonstrated by quantitative PCR
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and densitometric analysis (Fig.5C). These data confirm that the effect of Nck-1
is on translation only and depends on the functional integrity of its first and third

SH3 domains.

Nck-1 enhances protein translation in vitro. We assessed the in vitro
translation of the luciferase mRNAs in presence of increasing amounts of
recombinant GST-Nck-1. As shown in Fig.5D, GST-Nck-1 at 0.9 pug and 1.2 ug
significantly enhanced overall translation of luciferase mRNAs by 1.5-2.0 fold.
Results from in vitro translation strongly support a direct role for Nck-1 in the

regulation of protein translation.
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Fig.4. In vivo, Nck-1 Enhances both Cap dependent and —independent
Protein Translation. (A) Schematic representation of the pcDNA3-RLUC-
POLIRES-FLUC reporter vector. (B) Immunoblot analysis for the presence of
endogenous Nck and Myc-Nck-1 in HEK293 cells. (C) Luciferase activity of the
FLUC cistron (Left) and the RLUC cistron (Right) measured 36 h postransfection
from HEK293 cells cotransfected with reporter vector and increasing amounts of
MycNck-1 constructs. Experiments were carried out five times in triplicate, and
the results represent the mean value + S.E.M. * At least P<0.00,1 as

demonstrated by Student ¢t test compared with control.
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Fig.5. The Effect of Nck-1 on Protein Translation is Dependent on the
Integrity of Its First and Third SH3 Domain. HEK293 cells were cotransfected
with the bicistronic luciferase reporter vector (0.5 pg) and either empty vector or
the indicated Myc-Nck-1 constructs (0.5 pg). (A) Immunoblot analysis for the
expression of endogenous Nck and Myc-Nck-1 constructs. (B) Activity of the
RLUC cistron (Left) and FLUC cistron (Right). Each experiment was performed
four times in triplicate, and the results represent the mean + S.E.M. (C)
Quantitative reverse transcription PCR performed on total RNA prepared from
above transfected HEK293. Water (H,0) or control RNA (RNA) were used as
controls. Amplified products were analyzed by densitometry for the calculation of
the ratios of Fluc/18S and Rluc/18S. Results shown are representative of three
experiments. (D) In vitro translation of luciferase mRNAs in wheat germ extract
supplemented with increasing amounts of GST-Nck-1 and incorporation of [*°S]
methionine was measured. C- and C+ denote samples without or with bicistronic
luciferase vector, respectively. Results are representative of two independent
experiments performed in triplicate. *, At least P< 0.01 as determined by Student

{ test.
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Discussion

This study reports an SH3 mediated interaction between the adapter Nck-1 and
elF2B, a component of the elF2 complex responsible for one of the earliest steps
in the initiation of protein synthesis. Here, we demonstrated that Nck and elF2p
not only interact but also colocalize in ribosomal subcellular compartments.
Furthermore, we also provided evidence that in these compartments, their levels
are regulated by insulin, a hormone known to stimulate protein synthesis. We
observed that the ribosomal localization of Nck is independent of its Src
homology domains, suggesting that a mechanism, at least independent of its
interaction with elF2p, is mediating its translocation to ribosomes. Given that Nck
is reported to be phosphorylated on several residues following growth factor
stimulation (24, 25), we hypothesize that such postranslational modifications may

govern its translocation to ribosomal compartments.

Our study also shows that in vivo, Nck-1 enhances both Cap-dependent and —
independent protein translation. In mammals most mRNAs are thought to be
translated through a Cap-dependent mechanism involving ribosomal scanning.
(reviewed in 26).’ However, a small population of mRNAs, coding for cell survival
factors, cell cycle ‘molecules, oncogenes and viral proteins are translated by a
Cap-independent mechanism mediated by direct ribosome binding to IRES
elements located in the 5' untranslated region (5’UTR) (reviewed in 27). Even
though this mechanism is thought not to require any translation initiation factors,

assembly of the 48S complexes on these IRES elements in an in vitro
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reconstitution assay using purified elF2/GTP/Met-tRNA; complex is sufficient for
the 40S to lock onto the initiation codon (28). Therefore Nck-1 effect on both
types of translation may suggest that Nck-1, by binding elF2p, acts at the level of
the elF2/GTP/Met-tRNA; ternary complex upstream of both Cap-dependent and
independent initiation of translation. This hypothesis is supported not only by the
fact that the SH3 domains of Nck-1 important for its effect on protein translation
are also responsible for its interaction with elF2p, but also by the direct effect of

Nck-1 on in vitro protein translation.

The involvement of Nck in insulin signaling has been suggested by the fact that
Nck-1 and Nck-2 have been shown to bind substrates of the insulin receptor (29-
32). Therefore, the insulin receptor could regulate the activity of effector
molecules associated with the SH3 domains of Nck. Within this perspective,
Sam68, an RNA binding protein (33), has been reported to interact with Nck (34)
and to be a substrate of the insulin receptor (35). Moreover, Sam68 has been
proposed to be a regulator of RNA metabolism and protein expression by
modifying the mRNA stability and/or mRNA translation (36, 37). Therefore,
Sam68 may contribute to the effect of Nck-1 on protein translation by directly
targeting specific mRNA to ribosomes through the molecular complex mRNA-

Sam68-Nck-1-elF2p.
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Nck-1 interacts with several protein kinases (24, 25). Among them, we have
identified the isoform y2 of the Casein Kinase | (CKI y2) (12) and recently, several
CKIl substrates identified by an in vitro expression cloning screening, include RNA
helicase, nucleolar protein hNOP56, hnRNP A1 and the ribosomal proteins L4,
L8 and L13 (38), suggesting a possible involvement of CKI in RNA metabolism

and protein translation.

In the past, the regulation of protein translation at the level of initiation by growth
factors has been well studied (reviewed in 39). Our contribution clearly establish
that Nck, an adapter protein known to mediate receptor tyrosine kinase signaling
at the membrane level, also acts more downstream in the signaling pathways
after its translocation to ribosomal compartments. Nck may constitute a target for
tight regulation of protein translation at the initiation level through its interaction
with elF2B. This opens up a field of investigation, which will contribute to a better

understanding of how growth factors regulate protein translation.
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CHAPTER Il

Nck-1 antagonizes Endoplasmic Reticulum stress-induced inhibition of

translation.

Reproduced with permission from Sem Kebache, Duc Thang Nguyén, Eric
Chevet and Louise Larose. 2002. Nck-1 antagonizes Endoplasmic Reticulum

stress-induced inhibition of translation. J. Biol. Chem. Submitted

Preface

In chapter II, | have shown that Nck-1 modulates positively protein translation
through its interaction with elF2p. It is established that elF2 is a trimeric complex
composed of the subunit o, B and y which remains associated throughout the
initiation cycle (1). Under certain conditions such as environmental stress, elF2a
is phosphorylated on Ser51 by specific kinases and this leads to a general
inhibition of protein synthesis (2). Taken all together, these data convinced me to

study:

1) Nck effects on protein translation under conditions known to inhibit it,

especially during endoplasmic reticulum stress and

2) Whether Nck modulates elF2a phosphorylation through its interaction with

elF2p.
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AU
BiP
Cal
CHOP
DTT
EIF
ER
GCN2
GEF
IRES
MEF
PERK
PKR
SDS-PAGE
SH
Ser51

TCL

Tn
UPR

WwB
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: arbitrary unit

: immunoglobulin heavy-chain binding protein
: calyculinA

: CAAT enhancer binding homologous protein
: dithiothreitol

: eukaryotic initiation factor

: endoplasmic reticulum

: general control non-repressed-2

: guanine nucleotide exchange factor

: internal ribosomal entry site

: mouse embryonic fibroblast

. PKR-like endoplasmic reticulum kinase

: the interferon-inducible double-stranded RNA-activated kinase
: sodium dodecyisulfate polyacrylamide gel electrophoresis

: Src homology |

: serine 51

: total cell lysate

: thapsigargin

: tunicamycin

: unfolded protein response

: Western blotting
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Abstract

Eukaryotic cells have developed specific mechanisms to overcome
environmental stress. Here we show that Nck-1 prevents the unfolded protein
response (UPR) normally induced by ER stress agents. Overexpression of Nck-1
enhances protein translation while it abrogates activation of PERK, elF2q
phosphorylation and inhibition of translation in response to tunicamycin or
thapsigargin tréatment. Nck-1 overexpression also attenuates induction of the ER
chaperone BiP and impairs cell survival in response to thapsigargin. In these
conditions, we provided evidence that the effects of Nck on the UPR involve its
second SH3 domain and a phosphatase-dependent mechanism. Protein
translation is reduced in embryonic fibroblasts lacking both Nck isoforms,
however in these cells, translation is still responsive to thapsigargin treatment.
This establishes that Nck is required for optimal protein translation and
demonstrates a novel implication for this adapter in regulating ER stress-induced

signaling.
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Introduction

The endoplasmic reticulum (ER) is the major signal-transducing organelle
continuously sensing intracellular changes triggered by adverse physiological
stress states. These conditions include heat shock, hypoxia, glucose deprivation,
genetic defects that alter protein structure and pharmacological compounds
affecting protein folding. To overcome environmental stress, all eukaryotic cells
have developed specific mechanisms in order to maintain ER functions and to
promote cell survival. This is achieved by ER-resident molecular machines
involved in the activation of at least two distinct signaling pathways that contribute
to a proper folding environment in the ER (2,3). In particular, these pathways lead
to transcriptional induction of genes encoding ER chaperones and disulfide
exchange proteins (4), and to inhibition of translation initiation (5) through
phosphorylation of elF2a by the ER-resident kinase PERK (6). Together these

events form what is defined as the Unfolded Protein Response (UPR).

Accumulation of unfolded proteins in the ER lumen induces transcription of a
large set of genes, many of which encode proteins that function to increase the
volume and capacity for either protein folding or the degradation of misfolded
proteins (7). For instance, transcription of the ER chaperone KAR2/BiP/GRP78 is
a classical marker for UPR activation in yeast and mammalian cells (2). BiP
interacts transiently with exposed hydrophobic patches on protein folding
intermediates. This is thought to prevent their aggregation while maintaining

these proteins in a folding competent state to ensure that only properly folded
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and assembled proteins exit the ER compartment (8). CHOP/GADD153, another
UPR marker, is also activated at the transcriptional level. Its maximal induction
occurs after several hours and closely parallels the time course of BiP induction
(reviewed in 2). In addition, transcription of GADD34 is also activated under
stress conditions (9,10), and its profile of induction is very similar to CHOP and
BiP. GADD34 is a homoiogue of the Herpes Simplex Virus-encoded protein
v134.5 (11), which plays an important role in preventing PKR-mediated shutdown
of host protein synthesis in virally infected cells. This activity of vy134.5 is
dependent on its ability to associate with the catalytic subunit of the protein
phosphatase 1c (PP1c), and correlates with an increase in cellular phosphatase
activity that dephosphorylates elF2a (12,13). The COOH-terminal fragment of
GADD34 can substitute for the role of 7134.5 (10). Moreover, phosphorylated
elF2a levels were markedly diminished in GADD34-overexpressing cells despite

normal activity of PERK and GCN2 (9).

In parallel, accumulation of unfolded proteins in the ER also leads to the inhibition
of translation. This is due to the activation of the protein kinase PERK, which
specifically phosphorylates the o subunit of elF2 (elF20) on Ser51 (6). In order
to efficiently initiate protein translétion, the trimeric elF2 complex, composed of
the «, B and y subunits, needs to recycle from elF2-GDP (inactive form) to elF2-
GTP (active form) regulated by the GEF, elF2B (14). Phosphorylated elF2u has
a higher affinity for elF2B and forms with it a stable complex where the bound

GDP cannot be exchanged for GTP (15). Since elF2 is normally in excess of

129



CHAPTER lll ;: Manuscript

elF2B, phosphorylated elF2a in the elF2 complex essentially sequesters the

cellular elF2B activity and leads to a general inhibition of translation (15).

Recently, we have shown that the adapter molecule Nck-1 modulates protein
synthesis through its interaction with the B subunit of elF2 (elF2p) (16). Since
elF2a is the site of regulation of protein translation and appears to remain
associated throughout the translation initiation cycle with the p and y subunits (1),
we investigated the effect of Nck under ER stress conditions, where translation is
inhibited through the phosphorylation of elF2a. Here, we report that
overexpression of Nck-1 prevents elF2o phosphorylation and inhibition of
translation in response to ER-stress. This correlates with the lack of PERK
activation mediated by a phosphatase-dependent mechanism. Interestingly,
protein translation is reduced in Nck deficient cells and translational resistance to
ER stress is established by reexpression of Nck-1 in these cells. Overall, our
results strongly support a direct role for Nck-1 in the regulation of the ER

unfolded protein response.
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Materials and Methods

Cell Culture. Human embryonic kidney 293 (HEK293) cells were grown in
DMEM (Invitrogen) containing 10% FBS (Invitrogen). The mouse embryonic
fibroblasts (MEF) wild-type, Nck1/Nck2 knockout and Nck1/Nck2 knockout
rescued by reexpression of HA-Nck-1, were kindly provided by Dr. T. Pawson
(University of Toronto, Canada) (17). The MEFs were grown in DMEM high

glucose (Invitrogen) containing 10% FBS (invitrogen).

Antibodies. Nck and elF2B antisera were prepared as previously described
(16,18). PERK antibody was purchased from Santa Cruz Technology. elF2« and
Se51-phosphorylated elF2a  antibodies were purchased from Cell Signal

Technology and Biosource International, respectively.

Western Blotting. Transfected HEK293 cells were treated with 2.5 g mi’
tunicamycin, 1 uM thapsigargin, or 10 mM DTT for 30 min, washed in ice-cold
PBS and lysed in 20 mM HEPES [pH 7.5], 150 mM NaCl, 1% Triton X-100, 10%
glycerol, 1 mM EDTA, 100 mM NaF, 17.5 mM B-glycerophosphate, 1 mM
phenylmethysulfonyl fluoride, 4 g mi™ aprotonin, and 2 ug ml™ leupeptin. The

lysates were cleared by centrifugation at 14,000 rpm. 50 ug of total cell lysates

were resolved by SDS-PAGE. Samples were loaded on 7.5 % (PERK) or 10%
(Nck, elF2a. and elF20P Ser51) acrylamide gels and after electrophoresis,

transferred onto nitrocellulose membranes. After incubation with the selected
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antibodies, signals were revealed by chemiluminescence (Santa Cruz Biotech)

using appropriate HRP-conjugated secondary antibodies.

Nck-1 Constructs and Transfection. Human Nck-1 constructs described earlier
(16) were transiently transfected in HEK293 cells by calcium phosphate
precipitation. For western blot and RNA analysis, HEK293 cells were plated at a
density of 1x10° cells in 100mm plates and cotransfected with 10ug of either the
reporter vector and 10 pug of empty pcDNA3.1MycHis or encoding various Myc-
Nck-1 molecules. 24hrs post-transfection, each plate was trypsinized and divided
into a number of plates needed for each treatment conditions. For the luciferase
assay, HEK293 cells were plated at a density of 5x10* cells/well in a 24 well plate
and transiently transfected with 0.5 ug of the reporter vector and either 0.5 ug of
empty pcDNA3.1MycHis or encoding various Myc-Nck-1 molecules. Each

treatment condition was analyzed in triplicate.

Luciferase Assay. The bicistronic reporter plasmid pcDNA3-RLUC-POLIRES-
FLUC was kindly provided by Dr. N. Sonenberg (McGill University, Montreal)
(19). HEK293 cells transiently co-transfected were treated as indicated with 2.5
ug mi™ tunicamycin (Sigma), 1 uM thapsigargin (Sigma) or 5 nM CalyculinA
(Upstate Biotech) for 30 min or with 10 mM DTT (Calbiochem) for 15 min. Renilla
reniformis luciferase (RLUC) and firefly luciferase (FLUC) activities were
measured by using the dvual-luciferase reporter assay system (Promega) and a

luminometer (LUMAT).
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Quantitative RNA Analysis. Transfected HEK293 cells were incubated with or
without 1 uM thapsigargin for 30 min, lyzed in Trizol (Invitrogen) and total RNA
isolated according to the manufacturer's recommendations. Quantitative RNA
analysis was performed with BiP and GAPDH oligonucleotides as described (20).
For the Iuciferase mRNAs levels, Trizol (Invitrogen)-prepared RNAs (5 ug) from
HEK293 cells transiently cotransfected with the luciferase reporter vector and
Myc-Nck-1 plasmid, and treated with either 2.5 ng mi™ tunicamycin, 1 uM
thapsigargin or 10 mM DTT were analyzed by semi-quantitative PCR, as

previously described (16) .

Survival Assay. Survival assays were performed as described by others (21),
with minor modifications. Briefly, HEK293 cells or MEFs were plated in their
respective media at a density of 12000 cells/well in 6-well dishes and grown for
16 hrs. HEK293 cells were transiently transfected with either 0.5 ug of empty
vector or plasmids encoding Nck-1 molecules. 36 hrs postransfection, cells were
treated with 0.4 uM thapsigargin (Sigma) in the presence or absence of 20 ug ml°
! cycloheximide (Sigma) for the indicated period of treatment. Cells remaining on

the plate were stained with crystal violet 5 days later.

Phosphatase Assay. Transfected HEK293' cells were treated with either 1 uM
thapsigargin, or 1 uM thapsigargin combined with 5 nM calyculinA for 30 min,
washed in ice-cold phosphate- and serum-free DMEM (Invitrogen) and lysed in

20 mM HEPES [pH 7.5], 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM

133



CHAPTER Il : Manuscript

EDTA, 1 mM phenylmethysulfonyl fluoride, 4 ug mi™" aprotonin, and 2 ug ml’
leupeptin. oug of TCL were used according to the manufacturers

recommendations, in the Ser/Thr Phosphatase Assay Kit 1 (Upstate Biotech, Cat

#17-127) to measure PP1 and/or PP2A activity.
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Results

Overexpression of Nck-1 prevents ER stress-induced inhibition of protein
translation and phosphorylation of elF2a. HEK293 cells were cotransfected
with the bicistronic luciferase reporter vector and either the empty
pcDNA3.1MycHis vector or a plasmid containing Nck-1 cDNA. These transfected
cells were treated with the ER-stress agents tunicamycin or thapsigargin for 30
min or with DTT for 15 min. In this system, translation of Rluc is Cap-dependent,
whereas translation of the Fluc cistron directed by the poliovirus internal
ribosomal entry site (IRES) is Cap-independent (19). In HEK293 cells
transfected with the empty vector, Riuc activity is reduced by 25%, 30% and 50%
when treated respectively with tunicamycin, thapsigargin or DTT, compared to
similar untreated cells (Fig. 1A). As reported previously, in cells overexpressing
Nck-1, Rluc activity was increased by 1.5 fold (16). However in these celis,
translation was not affected by tunicamycin or thapsigargin treatment, and DTT
induced only a 30% inhibition (Fig. 1A). Similar effects were observed when Fluc
activity was monitored (data not shown). In all conditions, immunoblot analysis of
total cell lysates (TLC) revealed that Nck was overexpressed and that the various

cell treatments did not modify the levels of Nck expression. (Fig. 1B).

It is well recognized that increased elF2o. phosphorylation on Ser51 under ER
stress conditions results in inhibition of translation. This prompted us to assess

elF2a phosphorylation in cells overexpressing Nck-1 upon similar drug

treatments. elF2a phosphorylation was increased in cells transfected with the
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empty vector following all treatments, showing the greatest increase upon the
DTT treatment (Fig. 1B, middle panel). In cells overexpressing Nck-1, elF2a
phosphorylation remained at the basal levels upon tunicamycin or thapsigargin
treatment. Only Nck-1 overexpressing cells treated with DTT showed a clear
increase in elF2a phosphorylation but this level was reduced relative to the level
detected in mock transfected cells under the same conditions (Fig. 1B, middle
panel). Fig. 1B (lower panel) shows comparable levels of endogenous elF2a. in
all conditions. These observations were confirmed by densitometric analysis and
calculation of the ratio elF2o. Phospho Ser51/ elF2a. (Fig. 1C). Finally, semi-
quantitative PCR (Fig. 1D) followed by densitometric analysis of the amplified
products and calculation of the ratio Rluc/18S confirmed that treatments with ER
stress pharmacological compounds did not affect luciferase mRNA levels (data
not shown). This establishes that the variations in luciferase activity measured
reflected translational rather than transcriptional changes. Overall, these data
demonstrate that under ER stress conditions Nck-1 overexpression prevents

elF2a phosphorylation and inhibition of protein translation.
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Fig. 1. Overexpression of Nck-1 prevents ER-stress-induced inhibition of
protein translation and phosphorylation of elF2a. A. Luciferase activity of
RLUC cistron from HEK293 cells cotransfected with reporter vector and empty
plasmid or containing MycNck-1, after 30 min treatment with tunicamycin (Tn),
thapsigargin (Tg) or 15min treatment with DTT. Experiments were performed
three times in triplicate, and the results represent the mean value +/- SEM. *At
least P<0.001, as determined by Student’s t-test compared with respective
control (C). B. Western blot analysis of the corresponding HEK293 total cell
lysates (50ug protein) performed with anti-Nck, anti phosphorylated Ser51 elF2q,
and anti-elF2a. antibodies. In each experiment, membranes containing the
transferred proteins were cut at the proper molecular weight. The upper part was
probed for Nck while the lower was first probed for phosphorylated Ser51 elF2q,
then stripped and reprobed for elF2a. Results shown are typical of three
independent experiments. C. Calculation of elF2aPhospho Ser51/ elF2o after
densitometric analysis. Two experiments were quantified and the results
represent the mean value +/- SEM. D. Quantitative reverse transcription-PCR
performed on total RNAs prepared from above transfected HEK293. Water (H20)
or RNA (RNA) were used as controls. Results shown are representative of two

experiments.
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Nck is required for optimal protein translation but its overexpression
antagonizes the ER-induced UPR. To further establish a role of Nck in
modulating translation and ER stress response, we used mouse embryonic
fibroblasts (MEFs) in which Nck-1 and Nck-2 genes have been inactivated (dKO)
(17). These MEFs were transfected with the bicistronic luciferase reporter vector;
36 hrs postransfection they were treated with thapsigargin and luciferase activity
was measured. Compared to wild type MEFs (WT), protein translation is reduced
by 20% in dKO MEFs and increased by 1.3 fold in dKO MEFs rescued with Nck-1
(Nck-1R) (Fig. 2A). Upon thapsigargin treatment, Rluc activity of the MEFs WT
and dKO is reduced by 25% and 20% respectively compared to their reciprocal
untreated cells, whereas in MEFs containing Nck-1, it remains unchanged (Fig.
2A). Similar data were observed when Fluc activity was monitored (data not
shown). Western blot analysis showed the relative expression of Nck in the
various MEFs lines (Fig. 2B, upper panel). Analysis of elF2a phosphorylation on
Ser51 revealed that in untreated dKO MEFs, the level of elF2¢ phosphorylation is
increased compared to untreated MEFs WT and Nck-1R (Fig. 2B, second panel
and 2C). Treatment with thapsigargin further increases elF2o. phosphorylation in
dKO MEFs compared to MEFs WT. However, it did not induce elF2q,
phosphorylation in MEFs Nck-1R (Fig. 2B, second panel and 2C). Fig. 2B (third
panel) showed comparable levels of total elF2« in all conditions. Densitometric
analysis and calculation of the ratio elF2o. Phospho Ser51 over total elF2q
showed that in absence of Nck (dKO), phosphorylation of elF2a. on Ser51 is

increased by 3 fold independently of the treatment, while phosphorylation of
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elF2a is totally prevented by overexpressing Nck-1 (Nck-1R) in the same
conditions (Fig. 2C). These results clearly demonstrate that Nck participates in

the regulation of translation and elF2q phosphorylation.

In response to ER-stress conditions, phosphorylation of elF2o on Ser 51 is
attributed to the activation of the protein kinase PERK. We assessed the activity
of PERK in the MEFs expressing different levels of Nck. Activation of PERK
analyzed by SDS-PAGE is characterized by slower migrating bands. As shown in
Fig. 2B (lower panel), upon thapsigargin treatment, PERK is hyperactivated in
MEFs dKO compared to MEFs WT, while remaining inactivated in MEFs Nck-1R.
These observations revealed that PERK activation under ER stress conditions is
influenced by the cellular content of Nck. In addition, we also observed that the

level of elF2a. phosphorylation correlates well with the state of PERK activation.
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Fig. 2. Nck-1 is required to sustain optimal levels of protein translation. A.
Luciferase activity of RLUC cistron measured in MEFs transfected with luciferase
reporter vector treated or not for 30 min treatment with thapsigargin (Tg). WT
genotype is Nck-17/Nck-2**, dKO: Nck-17/Nck-2" and Nck-1R denotes dKO
rescued by stable expression of HA-Nck-1. Experiments were performed five
times in triplicate, and the results represent the mean value +/- SEM. * At least
P<0.001, as determined by Student's t-test compared with control. B. Western
blot analysis of the above MEF cells performed with anti-Nck, anti phosphoryiated
Serb1 elF2o, anti-elF2a and PERK antibodies. 50pg of TCL proteins were
resolved on 7.5% (for PERK) or 10% (for Nck, Ser51elF2o. and elF2a)
acrylamide gels by SDS-PAGE. In each experiment, membranes were cut at the
proper molecular weight, and the upper parts was probed for Nck and PERK
while the lower was first probed for Ser51 phosphorylated elF2q, then stripped
and reprobed for elF2a. Results shown are typical of three independent
experiments. C. elF2a Phospho Ser51/ elF2q ratio after densitometric analysis

of two blots. The results represent the mean value +/- SEM.
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To further characterize the effect of Nck on the UPR, we analyzed the induction
of BiP in HEK293 cells transfected with either empty vector or a vector encoding
MycNck-1, and treated with or without thapsigargin for 30 min. Overexpression of
Nck-1 showed comparable levels in all conditions (data not shown). Total RNAs
were isolated and semi-quantitative RT-PCR experiments carried out to assess
expression of BiP mRNAs. Thapsigargin treatment resulted in BiP induction by
1.5 fold in control HEK293 cells transfected with an empty vector, whereas
overexpression of ch51 kept BiP transcript to almost basal level (Fig. 3A). These
data clearly demonstrate that Nck-1 also prevents BiP induction in response to

ER stress conditions.

It is well characterized that long exposure to ER stress compounds has a
profound effect on cell survival, especially when the UPR is prevented (reviewed
in 2). Therefore we exposed HEK293 cells overexpressing Nck-1 to thapsigargin
for various times and assessed cell survival. For this purpose, cells were plated
at low density and transfected with either empty vector or the vector containing
MycNck-1 cDNA. At 36 hrs postransfection, cells were exposed to thapsigargin
for 30 min, 1 or 2 hrs. After thapsigargin treatment, cells were allowed to resume
growth in normal media in the absence of the drug. As shown in Fig. 3B,
overexpression of Nck-1 has a dramatic effect on survival of the cells at all times
compared to cells transfected with the empty vector. Interestingly, when
combined with cycloheximide, a known inhibitor of protein translation, Nck-1
overexpressing cells survived the 30 min and 1 hour thapsigargin treatment,

while treatment for 2 hours was still detrimental (Fig. 3B). Overall these data
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establish that Nck is required for optimal protein translation and for maintaining
low levels of elF2a phosphorylation. Also, our data determine that Nck
participates in regulating the ER stress response (UPR). In fact, by preventing
activation of PERK, overexpression of Nck-1 abolishes the UPR and leads to cell

death.
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Fig. 3. Nck-1 reduces BiP induction and cell survival in response to ER
stress. A. HEK293 cells transfected either with an empty vector or a vector
containing Nck-1 cDNA were treated for 30 min with 1 pM thapsigargin. Total
MRNA was extracted and retrotranscribed into cDNA prior to PCR amplification
with BiP and GAPDH specific oligonucleotides. Amplification products are shown
on the gels (a representative experiment is shown:; three independent
experiments were performed in duplicate). Scanning densitometry analysis of the
PCR products represents the mean +/-SD of three independent experiments. *,
indicates significant changes (P<0.01) compared to control. B. Control and
Nck-1 overexpressing cells were exposed for different times to thapsigargin (0.4
uM) in presence or not of cycloheximide (CHX, 20 ug mi™). Cells survival was

determined 5 days later by crystal violet staining.
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Effect of Nck-1 on the UPR involves its second SH3 domain. We further
characterized which Nck-1 SH domain(s) is required to prevent the ER stress-
induced inhibition of translation. For this purpose, various Myc-tagged Nck-1
constructs were cotransfected with the bicistronic luciferase reporter vector into
HEK293 cells. This results in comparable levels of Nck-1 expression (Fig. 4B,
upper panel). As previously reported (16), the effect of Nck-1 on translation in
serum growing conditions is abolished by mutation of its first (M1), third (M3) and
all SH3 (3M) domains (Fig. 4A). Moreover, overexpression of these Nck-1
mutants did not prevent inhibition of translation achieved by thapsigargin
treatment. However in these conditions, they allowed PERK activation and elF2o.
phosphorylation on Ser51 (Fig. 4B and C). On the other hand, Nck-1 mutated on
its second SH3 domain (M2), like Nck-1 wild type, enhanced protein translation.
However in contrast to Nck-1, the M2 mutant permitted inhibition of translation in
response to thapsigargin treatment (Fig. 4A) and surprisingly, still prevented
PERK activation and elF2a phosphorylation (Fig. 4B and C). Taken together,
these data suggest that Nck-1 requires the functional integrity of its second SH3
domain in order to impair the translational component of the ER-induced UPR.
Our data also suggest that in the absence of a functional second SH3 domain,
Nck-1 allows inhibition of translation in response to ER stress but in a

PERK/elF2a phosphorylation independent manner.
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Fig. 4. Nck-1 effects on the translational component of the UPR require the
integrity of its second SH3 domain.. A. Luciferase activity of RLUC cistron
from HEK293 cells cotransfected with the bicistronic luciferase reporter vector
(0.5 pg) and either empty vector or the indicated Myc-Nck-1 constructs (0.5 ug).
V denotes, empty vector, N: wild type Nck-1, 3M: Nck-1 mutated in its three SH3
domains, M1, M2 and M3: Nck-1 mutated in the first, second or third SH3
domain, respectively. Experiments were performed five times in triplicate, and
the results represent the mean value +/- SEM. * At least P<0.001, as determined
by Student’s t-test compared with respective controls. B. Western blot analysis
of the corresponding HEK293 cells was performed with anti-Nck, anti
phosphorylated Ser51 elF2a, anti-elF2a and PERK antibodies. Total cell lysates

(50 ug protein) were resolved on 7.5% (for PERK) or 10% (for Nck, Ser51elF2q,

and elF2a) acrylamide gels by SDS-PAGE. In each experiments, membranes
were processed as described above. Results shown are typical of three
independent experiments. C. Densitometric analysis of three independent
experiments of elF2o. Phospho Ser51/ elF2a, ratio. Results represent the mean
value +/- SEM. *At least P<0.01, as determined by Student’s -test compared with

reciprocal untreated controls.
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The effect of Nck-1 under ER stress is phosphatase-dependent. As reported
previously by others, PP1 is a phosphatase that dephosphorylates elF2a. to
permit recovery from ER stress conditions (9). To determine whether the effects
of Nck-1 on the UPR were mediated by a phosbhatase dependent mechanism,
we used calyculinA, a potent inhibitor of PP1 and PP2A phosphatases. HEK293
cells were cotransfected with the bicistronic luciferase reporter vector and either
the empty pCDNA3.1MycHis vector or the vector containing the Nck-1 cDNA.
These cells were treated for 30 min with either calyculinA, thapsigargin or both.
As shown in Fig. 5A, calyculinA did not alter the effect of Nck-1 on protein
translation in serum growing cells. However, when combined with thapsigargin,
calyculinA allows recovery of the inhibiton of translation in response to
thapsigargin in Nck-1 overexpressing cells (Fig. SA). Furthermore, western blot
analysis revealed that in cells treated only with calyculinA, the level of elF2q
phosphorylation is increased in both control and Nck-1 overexpressing cells
compared to the same cells untreated (Fig. 5B). In addition, when both calyculinA
and thapsigargin are combined, elF2q is phosphorylated in Nck-1 overexpressing
cells to the same extent as detected in cellé transfected with the empty vector.
PERK activation followed a similar profile to elF2a; phosphorylation, showing no
activation in cells overexpressing Nck-1 treated with thapsigargin alone and
activation in cells overexpressing Nck-1 and treated with both calyculinA and
thapsigargin (Fig. 5B). Fig. 5 shows comparable levels of Nck-1 overexpression

and endogenous elF2q in all conditions. These data strongly suggest that a

phosphatase, by preventing PERK activation and thus phosphorylation of elF2aq,
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mediates the effects of Nck-1 under ER stress conditions. In agreement with this
hypothesis, in cells overexpressing Nck-1 and treated with thapsigargin, total cell
lysates calyculin-sensitive Ser/Thr phoshatase activity is increased compared to
thapsigargin treated cells transfected with an empty vector (Fig. 5C). This
demonstrates that overexpression of Nck results in the activation of a calyculin

sensitive phosphatase activity.
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Fig. 5. The effect of Nck-1 under ER stress is phosphatase-dependent. A.
Luciferase activity of RLUC cistron from HEK293 cells cotransfected with reporter
vector and either empty vector or containing MycNck-1 cDNA and treated for 30
min with either 5 nM CalyculinA (Cal) or 1 uM thapsigargin (Tg) or both. (C)
denotes untreated cells. Experiments were performed five times in triplicate, and
the results represent the mean value +/- SEM. * At least P<0.001, as determined

by Student's t-test when treated empty vector samples are compared to the

untreated empty vector sample. “At least P<0.01 when compared to the Tg

treated control. * At least P<0.01 when compared to the Tg treated Nck-1. B.

Corresponding HEK293 TCL (50 pg protein) were used for western blot analysis
as described above. Results shown are typical of two independent experiments.
C. Phosphatase Assay performed on HEK293 cells transfected with either empty
vector (V) or containing MycNck-1 cDNA and treated for 30 min with either 1 uM
Tg or 1 uM Tg combined with 5 nM Cal (Tg/Cal). Three experiments were
performed in triplicate, and the results represent the mean value +/- SEM. * At

least P<0.01, as determined by Student's f-test when Nck-1 samples are

compared to their respective empty vector. ™At least P<0.01 when Nck-1 Tg/Cal

is compared to the Nck-1 Tg. * At least P<0.01 when Nck-1 Tg+Cal is compared

to untreated Nck-1.
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Discussion

Nck is involved in many cellular events such as mitogenesis, oncogenesis, cell
proliferation, embryonic development and more predominantly cytoskeletal
rearrangement (reviewed in 22-25). Recently, we reported a role for Nck in
modulating protein translation through its interaction with elF2pB (16). Indeed, we
demonstrated that the effect of Nck on translation is dependent on the integrity of
its first and third SH3 domains that have been found originally to directly interact
with elF2B (16). Here, we establish that in the absence of expression of both
isoforms of Nck, the levels of protein translation is decreased in serum growing
mouse embryonic fibroblasts and this correlates with higher levels of elF2o
phosphorylation on Ser51. In this study, to further characterize the effect of Nck
on translation, we investigated whether Nck could sustain translation under
circumstances, such as ER stress, where translation is normally repressed. We
demonstrate that Nck-1 prevents inhibition of translation in response to ER stress
pharmacological treatments. Interestingly, we observe under these conditions
that Nck-1 also abrogates activation of PERK, induction of BiP and elF2q
phosphorylation. This suggests that Nck-1 impairs the UPR by acting as a
negative regulator of PERK. PERK is the major elF2u kinase responsible for the
ER-induced UPR. It is an ER resident transmembrane protein whose activity is
repressed by the ER chaperone BiP. When unfolded proteins accumulate in the
ER, BiP dissociates from PERK, resulting in its activation. Activated PERK in turn
phosphorylates elF2o (26) which inhibits translation in order to alleviate the load

of unfolded protein in the ER (27,28) (Fig.6).
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The inhibitory effect of Nck-1 on PERK activation in response to ER stress is also
consistent with reduced BiP induction. Studies of BiP induction in yeast and
mammals suggest that the signal for the UPR is not directly the accumulation of
unfolded polypeptides, but rather the decrease in the ER concentration of free
BiP that occurs when BiP is sequestered into complexes with unfolded proteins
(reviewed in 29). The UPR is regulated at the transcription level (29-32) and the
genes involved are responsive to low levels of free BiP in the ER. Recently,
evidence was provided showing that BiP expression is tightly controlled at a
posttranslational level (33). Indeed, cellular BiP mRNA does not lead to increased
synthesis of BiP in unstressed cells and'protein levels remain constant. Under ER
stress conditions, this homeostatic restriction is lost (33). In our case, by
interfering with the activation of PERK, Nck-1 may prevent dissociation of BiP
from PERK, therefore inhibiting downstream events triggered by both BiP

transcription and translation.

It has been shown previously that overexpression of IRE1, an ER stress protein
kinase, induces cell death (34). In addition, a recent study revealed that PERK
deficient cells have a reduced survival, which was partially recovered when
translation is inhibited by cycloheximide (28). Interestingly, BiP overexpression
increases cell survival under ER stress conditions (35), without increasing the
maturation or secretion of proteins in the secretory pathway (36). Our results
show that Nck-1 overexpression has a dramatic effect on cell survival. Knowing
that the two major UPR pathways are mediated by PERK and IRE1 (reviewed in

2,3), and given that PERK activation is inhibited and BiP induction reduced in
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Nck-1 overexpressing cells, this may favor the IRE1 UPR alternative pathway
which interferes with cell survival. The IRE1 pathway has been coupled to the
stress-activated protein kinases JNK (37). In an independent study, we report
that Nck interacts directly with IRE1 (20). Moreover, immunodepletion of Nck in
immuno-isolated ER membranes interfered with the SAPK/MAPK activation and
this was rescued by the add-back of recombinant Nck-1 in the system. Overall
these data suggest that Nck-1 promotes cross talk between ER stress signaling
and SAPK/MAPK pathways, which could account for the reduced survival in cells

overexpressing this adapter.

Recently, feedback inhibitory mechanisms for the regulation of the PERK-
mediated UPR have been reported in the literature (9,38). For instance, elF2q
dephosphorylation mediated by the complex GADD34 and the subunit ¢ of the
phosphatase PP1, promotes recovery from the UPR (9). in addition, a second
mechanism involving the P58'™ Hsp40 family member, has been shown to inhibit
activation of PERK by binding to PERK during ER stress (38). Our present data
led us to hypothesize that Nck-1 could be involved in a feedback loop mechanism
regulating PERK activation and protein translation under ER stress conditions.
Indeed, we provided evidence for the existence of a such mechanism by
demonstrating that calyculinA, a specific inhibitor of the Ser/Thr protein
phosphatases PP1 and PP2A, efficiently reverses the effect of Nck-1 by allowing
inhibition of translation under ER stress conditions. Therefore, several

mechanisms may exist to recover from the UPR and the regulation of a Ser/Thr
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phophatase by Nck-1 is one of them. However, it remains to be determined
whether Nck interacts with a phosphatase in vivo and that the latter can

dephosphorylate PERK.

In summary, from our findings the following mechanisms can be proposed. In ER
stress conditions, overexpression of Nck-1 could favor a complex made of Nck-1
and either PP1 or PP2A phosphatase (Fig.6, mechanism 1). This complex
contributes to keep PERK inactivated, thus preventing phosphorylation of elF2q
and enhancing protein translation. On the other hand, mechanism 2 presented in
Fig. 6 implies that overexpression of Nck-1 could also favor an excess of Nck-
1/elF2 complex, which further increases protein translation. All together, these
mechanisms lead to general cell death due to an overload of misfolded proteins

in the ER.
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Fig. 6. Schematic model of Nck-1 mediated effects in response to ER
stress. Up arrows denote Nck-1 overexpression. Other arrows designate
positive signaling. Crossed arrows indicate inhibition. 1) Under ER stress
conditions, overexpression of Nck-1 favors the formation of Nck-1 complexed
with a phosphatase. This prevents PERK activation, therefore keeps elF2a in an
unphosphorylated state and makes it available for initiation of translation. 2)
Under the same conditions, overexpression of Nck-1 also favors the formation of
Nck-1 and elF2 trimer complex, which also leads to an increase of protein
translation. Combined action of Nck-1 results in an overload of misfolded proteins

in the ER protein leading to general cell death.
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The physiological significance of our study could be linked to the translational
control in the metabolism of glucose. It has been shown previously that PERK is
highly expressed in pancreatic p cells. More interestingly, recent studies using
PERK " mice (39) or elF20 Ser51 mutant mice (40) showed imbalanced glucose
homeostasis. PERK-deficient animals developed marked hyperglycemia at 4
weeks of age whereas Ser51 mutant mice were normal at birth but died of severe
hypoglycemia few hours later. Both mutant mice had defects in pancreatic
cells. PERK deficient mutants showed a decrease in the B cell population due
mainly to apoptosis concomitant with the hyperglycemic phenotype. In contrast,
in the elF2a mutant mice, hypoglycemia is a consequence of the loss of f cells
function due to inability of elF2a to mediate translational control. Whether a
correlation exists between PERK function and Nck-1 expression in glucose
homeostasis remains to be addressed. However, a possible role for Nck in
insulin signaling and diabetes has been pointed out in several studies. One of the
first accounts showed that Nck is capable of an insulin-dependent association
with IRS-1 and IRS-3 (41-43), suggesting a role for Nck downstream of the
insulin receptor. Moreover, in streptozotocin-treated rats (animal model for type-|
diabetes), the levels of Nck in liver are reduced whereas they remain unchanged
in adipose tissue (44). In obese insulin resistant diabetic KKAY mice, an animal
model of type-Il diabetes, Nck levels remain unchanged in liver and dramatically
increased in adipose tissue (45). Taken together, these observations suggest that
modulation of Nck expression, with other key signaling molecules such PERK

and elF2, may account for altered glucose metabolism in insulin target tissues.
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Since its discovery, Nck by its SH3 domains has been described mainly as
interacting with effector proteins that are key regulators of the actin cytoskeleton
and thus Nck is believed to play a role in cytoskeleton rearrangement (reviewed
in 1). In addition, a few studies have pointed out its oncogenic potential by
showing that it induces cell transformation and tumor formation when
overexpressed in fibroblasts. This is in agreement with the fact that Nck
transduces signals of several proliferative mitogenic receptors such as the
PDGFR and EGFR, known to play a critical role in cancer (reviewed in 2, 3).
Even though several groups have isolated and characterized Nck binding
partners and have attempted to find the meaning of these interactions, it still
remains to determine by which mechanisms Nck modulates specific cellular
functions. The work accomplished in this thesis reveals for the first time a novel

role for Nck in regulating protein translation and ER-stress signaling.

In Drosophila, loss of function of Dock, the homologue of the human Nck,
impaired axonal guidance and targeting required for eye and nervous system
development (4, 5). This was the first evidence revealing a potential role for Nck
in neuronal biolrogy. Dock is ubiquitously expressed in the central nervous
system, especially concentrated in neuronal growth cones (4, 5). In mammals,
Nck is believed to play an important role by linking membrane receptors to
regulators of the actin cytoskeleton (1, 6). Dock in Drosophila may exert similar
functions by linking growth cone guidance receptors to regulators of the actin
cytoskeleton implicated in axonal navigation and targeting. The role of Nck in

axonal guidance and its effects on protein translation may be closely linked by
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the fact that both dendrite outgrowth and axonal guidance appear to depend on
local protein synthesis occurring in these neuronal structures. This is
strengthened by the fact that specific mMRNAs and components necessary for
translation, post-translational modification and translocation of proteins have
been detected locally in dendrites and axons (7). Clear evidence for active
protein synthesis within dendrites was provided first (7-9) and recently proposed
to couple synaptic plasticity and receptor repertoire in response to synaptic
stimulation (10). Local axonal translation has been also demonstrated to mediate
guidance cue effects of netrin-1 and Semaphorin-3A using isolated Xenopus
retinal axons (11). Moreover, recently, Li et al. have shown in commissural
neurons that Nck-1 binds the deleted colorectal cancer (DCC) receptor for netrin-
1 and this interaction was dependent on the first and third SH3 domains of Nck
(12). Although upstream signaling events regulating axonal protein translation
and cytoskeleton rearrangements during guidance and targeting need to be
elucidated, it is nevertheless tempting to propose that Nck could act as a crucial
mediator of both of these processes. Confirming this hypothesis would really

place Nck as an important key regulator of nervous system plasticity.

To date, several proteins of the translational apparatus have been shown
to participate in the process of tumor formation. For example, elF4E
overexpression causes malignant transformation of immortalized cells. Elevated
levels of elF4AE mRNA were found in a broad spectrum of transformed cell lines,
solid tumors (13), and in breast (13, 14), head and neck carcinomas (15). High

levels of elF4Al mRNA are detected in human melanoma cells, whereas mRNAs
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encoding other initiation factors such as elF4All, elF2y, elF4B and elF4E are not
affected (16). Interestingly, increased levels of elF2q are found in non-Hodgkin's
lymphoma (17) and mouse mammary tumors (18), whereas elF2B is elevated in
some human breast cancer lines (19). It would be interesting to determine in
tumors, whether Nck levels are also correlated with increased expression of

these initiation factors, especially with elF2q..

An important mechanism regulating global protein synthesis is the
phosphorylation of elF2a by elF2a kinases (PKR, HEM, PERK). elF2q
phosphorylation on ser51 leads to lower levels of ternary complex (Met-tRNA-
elF2GTP) and reduced levels of initiation of translation. Expression of a
dominant negative mutant form of PKR, causes malignant transformation of
immortalized NIH 3T3 cells (20). This suggests that PKR could act as a tumor
suppressor (21). Since PKR also phosphorylates other substrates than elF2a,
for example IkB, the inhibitor of the transcription factor NF-xB, its function in
growth may not be strictly related to translation. A direct role for protein
translation in transformation was later demonstrated when it was shown that
overexpression of a elF2o mutated on ser51 led to cell transformation while cells
transfected with wild-type elF2o did not (22). These results indicate that
regulation of protein syntvhesis by phosphorylation of elF2« is crucial for normal
cell growth. According to our findings that Nck-1 modulates PERK activation, we
suggest that indirectly Nck modulates elF2a, phosphorylation. In this situation, it

is tempting to speculate that like PKR, PERK might have an anti-oncogenic
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function and Nck by preventing PERK activation disrupts the equilibrium towards
oncogenic transformation. Nevertheless, recent studies where PERK deficient
mice and transgenic animals bearing ser51 mutation on elF2o were generated,
revealed an implication of PERK in the glucose metabolism rather than cell
transformation (23, 24). Indeed, PERK-deficient mice developed marked
hyperglycemia at 4 weeks of age, whereas elF2a mutated on ser51 mice were
normal at birth but died of severe hypoglycemia several hours later. Both mutant
strains had defects in pancreatic B cells, especially in Ser51 mutant animals. The
difference between the two types of animal models suggests that more than one
type of elF2a kinase may be operating in the insulin-producing pancreatic cells.
The common feature of the two mice is the loss of pancreatic B cells, which
undergo apoptosis, especially in PERK-deficient mice. Despite a defect in
glucose metabolism and diabetes phenotypes, these animal models however did

not demonstrate any tumor development.

Other cDNA clones, whose protein products interacted with the SH3
domains of Nck, were isolated from the yeast two-hybrid screen, where we
initially detected elF2p interaction with Nck. Among those, one coded for &
subunit of the protein phosphatase 2A (PP2A) (L. Larose, personal
communication). Several observations support a role for PP2A in tumorigenesis.
PP2A is required for the transforming activity of small T and middle T antigens
(25, 26). Deregulation of PP2A leads to increased cell motility and invasiveness

in endothelial cells through disorganization of actin and microtubules (27-29).
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Especially, mutations in B56 subunits promote cell invasiveness and neoplastic
progression (28). In this aspect, inappropriate regulation of the PP2A activity or
its sequestration in an inadequate subcellular compartment may lead to
tumorigenesis. Therefore, Nck-1 may promote oncogenesis effects by
modulating PP2A activity and/or subcellular localization. Moreover, our results in
chapter Il showed a calyculinA sensitive phosphatase activity (PP1 and/or PP2A)
associated with the Nck effect on PERK activation. Altogether my data
demonstrate that the Nck expression level is critical for the welfare of the cell,
especially under ER stress conditions. It is believed that apoptosis represents
the main mechanism by which altered/deregulated cells are killed. In this aspect,
Nck may play a role of a suicide gene when its expression bypasses normal
physiological levels and interestingly, this could be tissue specific. Confirming

this hypothesis would open up interesting strategies of cancer therapy.

In a collaborative study, we showed that Nck is in a complex with IRE1a

and STAT-5 (30). IRE1a is an ER resident protein and STAT-5, a cytoplasmic
transcription factor that mediates cellular responses to diverse cytokines and
growth factors (reviewed in 31-33). Recent studies demonstrated that regulation
of apoptotic pathways by STATs is largely due to transcriptional activation of
genes that encode protein regulators of cell death process, such as Bcl-xL,
caspases, Fas and TRAIL (reviewed in 34). Interestingly, STAT proteins may also
regulate apoptosis through a non-transcriptional mechanism by inhibiting the anti-

apoptotic protein NF-xB (reviewed in 34). In addition, ER stress conditions may
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also activate JNKs (35). Indeed, Iysates from rat pancreatic celis treated with
thapsigargin, tunicamycin or DTT exhibited increased JNK activity (36).
Overexpression of IRE1 leads to JNK activation, and IRE1a” fibroblasts were
impaired in JNK activation by ER stress. The cytoplasmic part of IRE1 binds TNF
receptor-associated factor-2 (TRAF2), an adapter protein that couples plasma
membrane receptors like TNF receptor to JNK activation (36). Interestingly, the
study of Nguyen et al. demonstrated that, under ER stress conditions, Nck
mediates the JNK activation pathway but not p38 (30). Consistent with these
results we can hypothesize that under ER stress conditions the complex STAT-
S/IRE1a/Nck, may inhibit the NF-xB-mediated anti-apoptotic signal, thus

triggering programmed cell death.

Overall this work reveals novel mechanisms on how adapter proteins may
promote late signaling events triggered by RTKs. My studies reported a role for
the SH2/SH3 adapter protein Nck in regulating crucial cell functions, solely
through protein interactions mediated by its SH3 domains, independently of its
SH2 domain. These could lead to the establishment of new endeavors and

discoveries in the fields of neurobiology, diabetes and cancer therapy.
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Future Perspectives

For the first time, an SH2/SH3 domain containing protein involved in
tumorigenesis, development, proliferation, differentiation and cytoskeleton
rearrangement, is shown to play an important role in the modulation of protein
translation by interacting with the translational key molecule elF2pB. Interestingly,
Nck positive effects on protein synthesis are maintained under ER stress, a
condition known to inhibit translation. Nck antagonizes ER stress-induced
inhibition of translation, by preventing activation of the elF2a kinase, PERK,
thereby maintaining elF2c. in a non-phosphorylated state. These effects of Nck
appear to be mediated by a CalyculinA-sensitive phosphatase. Therefore, It
would be interesting to identify this phosphatase and to determine its relation with

Nck, PERK and ER stress conditions.

It has been shown that mice lacking PERK or bearing an elF2o mutated on
Ser51 impair glucose metabolism, by developing a hyperglycemia and
hypoglycemia, respectively (23, 24). In addition, these mice showed an elevated
pancreatic $ cell death. PERK is known to be highly expressed in pancreas. It

would be interesting to study in this organ 1) whether Nck levels varies in certain
conditions such as diabetes and 2) whether PERK activity is affected by Nck

levels.
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Finally, The role of Nck in axonal guidance and targeting as well as in protein
synthesis, may suggest that these processes are related through Nck in neuronal
cells. In order to demonstrate this hypothesis, mapping the site of interaction on
elF2B with Nck and preventing the association of these molecules in vivo would
inform us whether Nck-dependent protein translation is required for actin

cytoskeleton rearrangement observed in axonal guidance and targeting.
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CHAPTER V : Contributions to Original Research

In the work reported in Chapter Two, | characterized in vivo a novel
interaction between the SH2/SH3 domains-containing adapter molecule
Nck-1 and the eukaryotic initiation factor 2 (elF2B) by using pull down
and coimmunoprecipitation experiments. In addition, by sucrose cushion
sedimentation method, | showed that these two molecules colocalized in
ribosomal enriched fractions. Moreover, using cell fractionation
experiments, | demonstrated that this localization is enhanced upon
growth factor stimulation. Interestingly, using a bicistronic luciferase
reporter vector, | showed that overexpression of Nck enhances protein
translation significantly, and this effect is mediated by the same Nck SH3

domains shown to interact with elF2p.

In the work reported in Chapter Three, using the same bicistronic
luciferase reporter vector used in Chapter Two, | demonstrated that Nck-1
effects on protein translation are maintained under ER stress conditions,
where protein translation is normally inhibited. | also showed under these
conditions by immunoblotting analysis that Nck-1 overexpression prevents
activation of PERK and elF2o. phosphorylation. Morevover, under the
same conditions, the use of a phosphatase inhibitor reversed the effects of
Nck-1 overexpression on protein translation, PERK activation and elF2q
phosphorylation, thus  demonstrating a phosphatase-dependent
mechanism associated with Nck-1. Interestingly, | showed in Nck-deficient

cells that Nck is required to sustain optimal protein translation levels.
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In mammals, Nck represented by two genes, is a 47-kDa SH2/SH3
domain-containing protein lacking intrinsic enzymatic function.
Here, we reported that the first and the third SH3 domains of Nck-1
interact with the C-terminal region of the § subunit of the eukary-
otic initiation factor 2 (elF2). Binding of elF28 was specific to the
SH3 domains of Nck-1, and in vivo, the interaction Nck/elF28 was
demonstrated by reciprocal coimmunoprecipitations. In addition,
Nck was detected in a molecular complex with elF28 in an enriched
ribosomal fraction, whereas no other SH2/SH3 domain-containing
adapters were found. Cell fractionation studies demonstrated that
the presence of Nck in purified ribosomal fractions was enhanced
after insulin stimulation, suggesting that growth factors dynami-
cally regulate translocation of Nck to ribosomes. in HEK293 cells,
we observed that transient overexpression of Nck-1 significantly
enhanced Cap-dependent and -independent protein translation.
This effect of Nck-1 required the integrity of its first and third SH3
domains originally found to interact with elF2g. Finally, in vitro,
Nck-1 also increased protein translation, revealing a direct role for
Nck-1 in this process. Our study demonstrates that in addition to
mediate receptor tyrosine kinase signaling, Nck-1 modulates pro-
tein translation potentially through its direct interaction with an
intrinsic component of the protein translation machinery.

ranslation initiation is a complex process in which initiator

tRNA (Met-tRNA;) and the 408 and 60S ribosomal subunits
of initiator tRNA (Met-tRNA;) are assembled into 80S ribo-
somes at the initiation codon of mRNA by the coordinated
action of the eukaryotic initiation factors (eIFs). Thus far,
signaling-dependent events regulating eIFs have involved
changes in their intrinsic activity or protein-interacting proper-
ties, resulting from their phosphorylation/dephosphorylation
and/or sequestration into inactive complex. For example, eIF2
is a molecular complex of three subunits (o, 8, and ) responsible
for one of the earliest steps in the initiation of protein synthesis
(1). eIF2 forms a ternary complex with the Met-tRNA and GTP
and, in collaboration with other initiation factors, binds the 408
ribosomal subunit to give rise to the preinitiation 43S complex
(2). Inhibition of protein synthesis correlates with the phosphor-
ylation of the eIF2« subunit (1) by the heme-regulated eIF2a
kinase (HRI) (3), the IFN-inducible RNA-dependent protein
kinase (PKR) (4), the serum starvation kinase (GCN2) (5), and
the endoplasmic reticulum stress kinase (PERK) (6). Phosphor-
ylation of elF2« on Ser-51 by these elF2a kinases inhibits the
early steps of translation by blocking on elF2 the exchange of
GDP for GTP, a reaction under the control of the guanine
exchange factor, eIF2B (7, 8). Thus, growth factors may enhance
initiation of protein translation by preventing activation of eIF2a
kinases or by activating specific phosphatases to maintain low
levels of eIF2a phosphorylation. In contrast to eIF2q, the 8 and
v subunits of eIF2 known to interact with critical components of
the translational initiation machinery such as eIF2B, elFS5,
mRNA, GTP, and Met-tRNA (9-11), have not yet been re-
ported to be regulated by signaling molecules.

To date, with the exception of the p85 adapter subunit of
phosphatidylinositol 3'-kinase (PI-3K), no SH2/SH3 domain-
containing adapters have been directly implicated in the regu-
lation of the initiation of protein synthesis by growth factors.
Here, we demonstrate a direct interaction between the adapter
protein Nck-1 and the translation initiation factor subunit eIF28

5406-5411 | PNAS | April 16,2002 | vol.99 | no.8

in an enriched ribosomal fraction. Given these observations and
the striking finding that the presence of Nck in ribosomes was
increased upon insulin treatment, we investigated the role of
Nck-1 in protein translation.

Materials and Methods

Antibedies. Nck antiserum was prepared as described (12). eIF23
antisera were obtained after rabbit immunization with a gluta-
thione S-transferase (GST) chimera of the C-terminal region of
mouse eIF2p (residues 133-333). L4 antibody was provided by
C. Nicchitta (Duke University Medical Center, Durham, NC).
p85, Crkll, Grb2, and hemagglutinin (HA) antibodies were
purchased from Santa Cruz Biotechnology.

Cell Culture. Transformed rat hepatocytes overexpressing the
human insulin receptor (HTC-IR) cells were grown in DMEM
(Invitrogen) containing 10% FBS (Invitrogen) and Geneticin
(G418) at 40 ug/ml (Invitrogen). Human embryonic kidney 293
(HEK293) cells were grown in DMEM containing 10% FBS.

Yeast Two-Hybrid Assays. Yeast two-hybrid screen was performed
as described (13). pACTII vector encoding the transcriptional
activation domain of Gal4 fused to mouse T cell cDNA library
fragments were introduced into Saccharomyces cerevisiae strains
already transfected with the pASI vector encoding a fusion
between the DNA-binding domain of Gal4 and the three SH3
domains of Nck-1 (residues 1-251).

Immunoprecipitation. Mouse tissues were homogenized in 5§ mM
Tris, pH 7.4/1 mM MgCl,/0.25 M sucrose /2 mM NaVQ,/1 mM
PMSF/1 mM benzamidine/1 mM NaF and centrifuged at
200,000 X g for 30 min. The resulting supernatants were sub-
mitted to Nck or elF28 immunoprecipitation. HTC-IR lysates
were prepared as described (12). Clarified lysates were submitted
to either Nek or eIF2f immunoprecipitation and analyzed by
immunoblotting.

Nck-1 Constructs and Transfection. Human Nck-1 mutants were
produced by overlapping PCR with specific primers containing
appropriate mutated sites (14-16), subcloned into pcDNA
3.1Myc/His plasmid (Invitrogen) and sequenced. The HA-
tagged Nck-1 constructs subcloned into pRKS were provided by
W. Li (Norris Cancer Center, University of Southern California,
Los Angeles). Transient transfections of HEK293 cells were
performed by using calcium phosphate precipitation.

GST Fusion Proteins. Wild-type Nck-1 and eIF28 ¢cDNAs were
subcloned into pGEX-2TK and GST fusion proteins were ex-
pressed, purified as recommended by the manufacturer (Amer-

This paper was submitted directly (Track H) to the PNAS office.
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sham Pharmacia), and used for binding assay experiments, GST
and GST-Nck-1 were eluted from the glutathione beads before
their use in overlay assays or in the in vifro translation system.

Overlay Assay. Recombinant GST and GST-Nck-1 proteins (5 ug)
were spotted onto nitrocellulose and dried. Membranes were
blocked in Tris-buffered saline containing 0.05% Tween-20
(TBST) and 10% nonfat dry milk and probed overnight at 4°C
with 32P-labeled GST-eIF28. Membranes were washed in TBST
and exposed for autoradiography.

Binding Assay. HEK293 cells transiently transfected with empty
vector or plasmid encoding either HA-tagged Nck-1 wild type or
mutated in its individual SH3 domains were lysed (10 mM
Hepes, pH7.4/1% (volfvol) Triton X-100/10 pg/ml aprotinin/10
wg/ml leupeptin/1 mM PMSF). After preclearing with glutathi-
one immobilized on beads, lysates were mixed with 25 ug of GST
or GST-elFF28 recombinant protein for 2 h at 4°C. Samples were
analyzed by immunoblotting with Nck (Transduction Laborato-
ries, Lexington, KY) or HA antibodies.

Sucrose Cushion Sedimentation. Sucrose cushion sedimentation on
confluent HTC-IR and HEK293 cells were performed as de-
scribed (17). Supernatants were trichloroacetic acid-precipitated
and resuspended in Laemmli buffer (18) or subjected to immu-
noprecipitation with either Nck, eIF28 antibodies, or normal
rabbit serum (NRS). Pellets were resuspended in Laemmli
buffer or solubilized with 30 mM TrissHCl, pH 7.5/150 mM
NaCl/1% Triton-X-100 containing protease inhibitors and
heated at 65°C for 10 min to facilitate protein resuspension
before immunoprecipitation. Samples were analyzed by immu-
noblotting with ejther Nck, eIF28, p85, Grb2, CrkIl, or L4
antibodies.

Subcellular Fractionation. Insulin-stimulated and nonstimulated
HEK?293 cell lysates were prepared and layered onto a 15-35%
linear sucrose gradient as described (19). Fractions were ana-
lyzed by immunoblotting with either Nck, eIF28, p85, or L4
antibodies.

Luciferase Assay. The bicistronic reporter plasmid pcDNA3-
RLUC-POLIRES-FLUC was kindly provided by N. Sonenberg
(McGill University, Montreal) (20). HEK293 cells were tran-
siently transfected with 0.5 ug of the reporter vector and either
0.5 ug of plasmids encoding various Myc-Nck-1 molecules (Fig.
1A). Renilla reniformis luciferase (RLUC) and firefly luciferase
(FLUC) activities were measured by using a dual-luciferase
reporter assay system (Promega) in a luminometer (LUMAT)
36 h after transfection.

In Vitro Transcription and Translation Assay. Linearized pcDNA3-
RLUC-POLIRES-FLUC vector was in vitro transcribed and
translated in the TNT-coupled wheat germ Extract System
(Promega) supplemented with [**S]methionine and increasing
amounts of recombinant GST-Nck-1. Samples were prepared for
[*S]methionine incorporation assay according to the manufac-
turer’s instructions (Promega) and quantified by scintillation
counting.

Quantitative RNA Analysis. Trizol (Invitrogen)-prepared RNAs (5
ug) from HEK293 cells transiently cotransfected with the hucif-
erase reporter vector and other various Myc-Nck-1 plasmids
(Fig. 14) were converted into single-stranded ¢cDNAs (Super-
Script I kit, Invitrogen) followed by PCR reactions with the
primers FLUC: 5“TACAATTTGGACTTTCCGCC-3'and 5'-
TTCTTCGCCAAAAGCACTCT-3’, RLUC: 5'-AACGCG-
GCCTCTTCTTATTT-3', and 5'-TATCAGGCCATTCATC-
CCAT-3" and classic 18S internal standard primers
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Fig.1. Nck and elF28 interaction. (4) Schematic representation of Nck-1
molecules. X represents functional mutation of the SH domain. (8) Overlay
assay (Top). Autoradiography of GST or GST-Nck-1 (5 ug) tripficates immobi-
lized on nitrocellulose and overlaid with 32P-labeled GST-e(F28. Binding assay
(Middle and Bottom). In vitro binding by GST or GST-elF 28 (25 1.g) of HA-Nck-1
molecules transiently expressed in HEK293 cells (Middle). Expression of en-
dogenous and HA-tagged Nck-1 (Bottom). (C) HTC-IR cell lysates subjected to
Nck, elF2, or NRS immunoprecipitation. (D) Tissue homogenates from adult
male BalbC mice. Four milligrams of proteins used for coimmunoprecipita-
tions and 1 mg for protein expression. Results are typical of two (tissues) and
three (cultured cells) experiments.
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Table 1. Yeast two-hybrid assay

Molecules Interaction with elF28

Nck 3SH3 +
Nck SH3-1 +
Nck SH3-2 -
Nck SH3-3 +
Abl -
Grb2 SH3-N -
Grb2 SH3-C -
Crkil SH3-C -
PLCy-1 SH3 -

Individual Nck SH3 domains and SH3 domains of Grb2, Crkll, p85 of PI-3K,
Abl, and PLCy-1 were used in yeast two-hybrid assays to characterize their
interaction with elF28. The 35H3 construct is the region of Nck comprising the
three Src homology 3 domains (residues 1-251). The SH3-1 (residues 1-56),
SH3-2 (residues 113-160) and SH3-3 (residues 197-251) constructs denote the
first or second or third SH3 domain of Nck, respectively. $H3-C and SH3-N
denote the C-terminal and N-terminal SH3 domain of Grb2, respectively.

(QuantumRNA, Ambion, Austin, TX). PCR reactions were
supplemented with 10 uCi of 3000 Ci/nM of [a-*2P]dATP. Size
markers were prepared by 5' end-labeling of 1-kb ladder
marker (Invitrogen). Samples were submitted to electrophore-
sis on agarose, transferred onto nylon membranes, and ana-
lyzed by autoradiography; reciprocal bands were quantified by
densitometry.

Results

Proteins Interacting with the SH3 Domains of Nck-1. Two clones
encoding a fusion protein containing the C-terminal region of
the 8 subunit of the eukaryotic initiation factor 2 (eIF28) were
identified interacting with the SH3 domains of Nck-1 in the yeast
two-hybrid system. Further characterization of this interaction in
the same system revealed that the first and the third SH3
domains of Nck-1 were positive, but neither the second SH3
domain of Nck-1 nor the SH3 domains of Abl, Grb2, CrkII or
PLCy-1 interacted with eIF28 (Table 1). By overlay assays, we
observed a direct interaction of GST-elF28 with GST-Nck-1
(Fig. 1B Top). Furthermore, in vitro binding assays (Fig. 1B
Middle and Bottom) also showed that Nck-1 interacts with eIF28
and that this interaction required the first and the third SH3
domains of Nck-1.

In Vivo Nck/elF28 Interaction. Reciprocal coimmunoprecipitations
with lysates from cultured cells (Fig. 1C) and mouse tissue
homogenates (Fig. 1D) were performed. As reported by others
for Nck (21, 22) and expected for elF28, the two proteins are
expressed in all tissues with high levels of expression in brain,
pancreas, spleen, and testis (Fig. 1D). Furthermore, Nck and
elF28 coimmunoprecipitated in HTC-IR (Fig. 1C), HEK293
(data not shown) cell lysates, and tissue homogenates (Fig. 1D),
demonstrating in vive their interaction.

Nck and elF2p Colocalize in a Ribosome-Enriched Fraction. By using
the sucrose cushion sedimentation, a ribosome-enriched pellet
(P) and supernatant containing soluble cytosolic components
(S) were generated from HEK293 and HTC-IR cells. In both cell
lines eIF2p, as expected, and Nck are detected in the enriched
ribosomal fraction (Fig. 24). Other SH2/SH3 domain-
containing adapter molecules such as Grb2, Crkil (Fig. 24
Lower) or the p85 subunit of PI-3K (data not shown) were not
detected in the ribosomal-enriched fraction. As control, immu-
noblot for the ribosomal protein L4 showed that the pellets were
enriched in ribosomes (Fig. 2.4).
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fraction, and Nck ribosomal localization is independent of its functional SH
domains. Sucrose cushion sedimentation. (A} Immunoblot analysis of an ali-
quot of the supernatant (S) and the entire pellet (P). (B) Sucrose cushion
supernatants (S) and resuspended pellets (P) were immunoprecipitated in
duplicate by using Nck, elF2g antibodies, or NRS. One tenth of the immuno-
precipitated supernatant and the entire immunoprecipitated pellet were
used for immunoblotting. Results are representative of three independent
experiments. (Cand D) immunoblot analysis of one tenth of the supernatants
(C) and the total pellets (D) from HEK293 cells transiently transfected with
various Myc-Nck-1 constructs. Resuits shown are typical of two independent
experiments.

Nek and elfF2B Coimmunoprecipitate from the Ribosome-Enriched
Fraction. To determine whether Nck and eIF23 interact in the
ribosomal-enriched fraction, endogenous Nck and elF283 were
coimmunoprecipited by using supernatant and pellet fractions
after sucrose cushion sedimentation. As shown in Fig. 2B, Nck
was detected in eIF2ZB immunoprecipitates in pellet and super-
natant fractions, and reciprocal results were also obtained for
elF23 in Nck immunoprecipitates. Taken together, these results
demonstrate that Nck and eIF28 are part of the same molecular
complex in this compartment.
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each fractions. (B) Nck and elF2 detected in ribosomal fractions. Immunoblot
analysis of each fraction. Membranes were cut and the lower part probed for
the ribosomal protein L4, whereas the upper part was probed first for Nck,
then stripped and reprobed for elF28. (C) Total Nck levels upon insulin
stimulation. Nck immunoblot analysis. Results are representative of three
independent experiments.

Nck Translocation to Ribosomes Is Independent of the Functional
Integrity of Its SH Domains. To determine whether the SH domains
of Nck were involved in mediating its ribosomal localization,
enriched ribosomal fractions were prepared from HEK293 cells
transiently transfected with various Myc-Nck-1 constructs (Fig.
14). All Nck-1 mutants were detected in the ribosomal-enriched
fraction (Fig. 2D), demonstrating that the localization of Nck
into ribosomes is modulated by a mechanism independent of its
Src homology domains,

The Presence of Nck in Purified Ribosomal Fractions Is Enhanced After
Insulin Stimulation. To further characterize whether Nck local-
ization to ribosomes is modulated by growth factor stimulation,
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protein translation. {(A) Schematic representation of the pcDNA3-RLUC-
POLIRES-FLUC reporter vector. (B) Imnmunoblot analysis for the presence of
endogenous Nck and Myc-Nck-1in HEK293 cells. (C) Luciferase activity of the
FLUCcistron (Left) and the RLUC cistron (Right) measured 36 h postransfection
from HEK293 cells cotransfected with reporter vector and increasing amounts
of MycNck-1 constructs. Experiments were performed five times in triplicate,
and the results represent the mean value = SEM. *, At least P <X 0.001, as
determined by Student's t test compared with control.

sedimentation on linear sucrose gradients of lysates from serum-
starved HEK293 cells treated or not with insulin were per-
formed. The assignment of ribosomal-enriched components
were in fractions 8 to 18 as revealed by immunoblotting for the
ribosomal protein 1.4 (Fig. 3B Top). These fractions were then
immunoblotted for the presence of Nck (Fig. 3B Middle), eIF2p
(Fig. 3B Bottom) and p85 of PI-3K (data not shown). As reported
(19), the distribution of RNA content suggested that fractions
1-8 contain the polyribosomes, whereas fractions 13-17 repre-
sent the ribosomal subunits (Fig. 34). Nck association with
ribosomal subunits was importantly enhanced by insulin stimu-
lation as compared with basal state (Fig. 3B Middle). eIF23 was
detected in both conditions, but with a slight increase upon
insulin treatment. p85 of P1-3K was not detected in the ribosomal
fractions under both conditions (data not shown). Finally, the
increase in the amount of Nck associated with ribosomal sub-
units upon insulin treatment did not result from a nonspecific
effect of insulin on total Nck content (Fig. 3C). Taken together,
these results demonstrate that Nck is dynamically translocated
into ribosomal compartments upon insulin stimulation.

Nck-1 Overexpression Increases Protein Translation in HEK293 Cells.
We studied the effects of Nck-1 on protein translation, HEK293
cells were cotransfected with a reporter plasmid (Fig. 44) (20)
and increasing amounts of Myc-tagged Nck-1. DNA transfected
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was kept constant at 1 ug by the addition of the empty vector.
In this system, translation of RLUC is Cap-dependent, whereas
translation of the FLUC cistron, directed by the poliovirus
internal ribosomal entry site (IRES), is Cap-independent (23).
Expression of Nck-1 correlated with the amount of Nck-1 cDNA
transfected (Fig. 4B). Overexpression of Nck-1 enhanced the
activity of both luciferases proportionally to its expression levels
and reached a maximum of 1.5-fold increase at 0.5 ug of cDNA
transfected (Fig. 4C). Higher concentrations of Nck-1 ¢cDNA (1
and 2 ug) were detrimental to the cells (data not shown).

Nck-1 Effect on Translation Depends on the Integrity of Its First and
Third SH3 Domains. We further characterized the Nck-1 effect by
determining the domain(s) responsible for the enhancement of
translation. Myc-tagged Nck-1 constructs cotransfected inde-
pendently with the bicistronic luciferase reporter vector into
HEK293 cells showed comparable expression levels (Fig. 54).
The stimulatory effect of Nck-1 on translation was completely
abolished by functional mutation of its first, third SH3, or all SH3
domains, whereas the Nck-1 mutated in its second SH3 domain
resulted in a slight increase as compared with wild-type Nek-1
(Fig. 5B). In the transfected cells above, we found similar
amounts of bath luciferase mRNAs as demonstrated by quan-
titative PCR and densitometric analysis (Fig. 5C). These data
confirm that the effect of Nck-1 is on translation only and
depends on the functional integrity of its first and third SH3
domains.

Nck-1 Enhances Protein Translation in Vitro. We assessed the in vitro
translation of the luciferase mRNAs in the presence of increas-
ing amounts of recombinant GST-Nck-1. As shown in Fig. 5D,
GST-Nck-1 at 0.9 pg and 1.2 ug significantly enhanced overall
translation of luciferase mRNAs by 1.5- to 2.0-fold. Results from
in vitro translation strongly support a direct role for Nck-1 in the
regulation of protein translation.

Discussion

This study reports an SH3-mediated interaction between the
adapter Nck-1 and eIF2B, a component of the eIF2 complex
responsible for one of the earliest steps in the initiation of
protein synthesis. Here, we demonstrated that Nck and elF28
not only interact but also colocalize in ribosomal subcellular
compartments. Furthermore, we also provided evidence that in
these compartments, their levels are regulated by insulin, a
hormone known to stimulate protein synthesis. We observed that
the ribosomal localization of Nck is independent of its Src
homology domains, suggesting that a mechanism, at least inde-
pendent of its interaction with eIF28, is mediating its translo-
cation to ribosomes. Given that Nck is reported to be phosphor-
ylated on several residues after growth factor stimulation (24,
25), we hypothesize that such postranslational modifications may
govern its translocation to ribosomal compartments.

Our study also shows that in vivo, Nck-1 enhances both
Cap-dependent and -independent protein translation. In mam-
mals most mRNAs are thought to be translated through a
Cap-dependent mechanism involving ribosomal scanning (re-
viewed in ref. 26). However, a small population of mRNAs,
coding for cell survival factors, cell cycle molecules, oncogenes,
and viral proteins are translated by a Cap-independent mecha-
nism mediated by direct ribosome binding to IRES elements
located in the 5'-untranslated region (5'UTR) (reviewed in ref.
27). Even though this mechanism is thought not to require any
translation initiation factors, assembly of the 48S complexes on
these IRES elements in an in vitro reconstitution assay by using
purified eIF2/GTP/Met-tRNA; complex is sufficient for the 40S
to lock onto the initiation codon (28). Therefore Nck-1 effect on
both types of translation may suggest that Nck-1, by binding
eIF2B, acts at the level of the ¢IF2/GTP/Met-tRNA,; ternary
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Fig. 5. The effect of Nck-1 on protein translation is dependent on the
integrity of its first and third SH3 domains. HEK293 cells were cotransfected
with the bicistronic luciferase reporter vector (0.5 ug) and either empty vector
ortheindicated Myc-Nck-1 constructs (0.5 ug). (4) Immunoblot analysis for the
expression of endogenous Nck and Myc-Nck-1 constructs. (B) Activity of the
RLUC cistron (Left) and FLUC cistron (Right). Each experiment was performed
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Quantitative reverse transcription-PCR performed on total RNA prepared
from above transfected HEK293. Water (H,0) or control RNA (RNA) were used
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of three experiments. {D) In vitro translation of Juciferase mRNAs in wheat
germ extract supplemented with increasing amounts of GST-Nck-1 and incor-
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out or with bicistronic luciferase vector, respectively. Results are representa-
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0.01 as determined by Student's t test.
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complex upstream of both Cap-dependent and independent
initiation of translation. This hypothesis is supported not only by
the fact that the SH3 domains of Nck-1 important for its effect
on protein translation are also responsible for its interaction with
elF2B3, but also by the direct effect on Nck-1 on in vitro protein
translation.

The involvement of Nck in insulin signaling has been suggested
by the fact that Nek-1 and Nck-2 have been shown to bind
substrates of the insulin receptor (29~32). Therefore, the insulin
receptor could regulate the activity of effector molecules asso-
ciated with the SH3 domains of Nck. Within this perspective,
Sam68, an RNA-binding protein (33), has been reported to
interact with Nck (34) and to be a substrate of the insulin
receptor (35). Moreover, Sam68 has been proposed to be a
regulator of RNA metabolism and protein expression by mod-
ifying the mRNA stability and/or mRNA translation (36, 37).
Therefore, Sam68 may contribute to the effect of Nck-1 on
protein translation by directly targeting specific mRNA to
ribosomes through the molecular complex mRNA-Sam68-Nck-
1-eIF28.

Nck-1 interacts with several protein kinases (24, 25). Among
them, we have identified the isoform y2 of the Casein Kinase I
(CKI ¥2) (12) and recently, several CKI substrates identified by
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an in vitro expression-cloning screening include RNA helicase,
nucleolar protein hNOP56, hnRNP Al, and the ribosomal
proteins L4, L8, and 113 (38), suggesting a possible involvement
of CKI in RNA metabolism and protein translation.

In the past, the regulation of protein translation at the level of
initiation by growth factors has been well studied (reviewed in
ref. 39). Our contribution clearly establishes that Nck, an adapter
protein known to mediate receptor tyrosine kinase signaling at
the membrane level, also acts more downstream in the signaling
pathways after its translocation to ribosomal compartments. Nck
may constitute a target for tight regulation of protein translation
at the initiation level through its interaction with eIF28. This
opens up a field of investigation, which will contribute to a
better understanding of how growth factors regulate protein
translation.
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nates will be released when the article is published. A footnote reporting
the accession numbers will be added to your paper. You must provide the
accession numbers on the page proof.

[ Sequence Database Deposition. Authors of papers reporting new se-
quences must submit these data to an appropriate database, and the accession
numbers must be supplied for publication. A footnote reporting the accession
numbers will be added to your paper. You must provide the accession numbers
on the page proof.

[ Permission to Print Previously Published Material. If your paper includes
material (e.g., figures or tables) that were published previously, whether or not
you are an authar of the earlier publication, you must provide the previous
publisher’s permission to republish this material in print and online. We
acknowledge that copyright is held by the original publisher. Please state which
iterns were published previously and where:

Author’s Signature Date

Print Name

If WORK is a Work Made for Hire and the employer of the author(s) owns the
copyright, this assignment must be signed by an authorized representative of the
employer.

Name of Employer

Authorized Signature Date
Title

Name(s) of Employee(s}

Authorized Signature Date

Title

For U.S. Government Employees Only. | certify that the WORK was written as part
of my official duties as an employee of the U.S. government. For coauthors who are
not U.S. government employees, |, as authorized agent, hereby transfer the copy-
right interests of my co-authors to the National Academy of Sciences.

Author’s Signature Date
Print Name
Author’s Signature Date
Print Name
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INDICATEIF THIS IS
X | Renewal animal use application: procedures involving animals have been previously approved and o alterations have been
made to the protocol.
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X
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Title (must match the title of the funding source application): A role for the adaptor protein Nck in insulin signaling and insulin
resistance.

Principal Investigator: Dr. Louise Larose Office #: _
Department: Polypeptide Laboratory 7 Faxé:
Address: il

Dr. Louise Larose Work #: Emergency #:
Name: Dongmei Zuo Work #: Emergency #:
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completed . e.g. Projects funded from industrial sources. Peer Review Forms are available at www.megill.ca/fgsr/rgo/animal/
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Guidelines for completing the form are available at
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