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Abstract

CDP/Cux is a transcription factor involved in the control of cellular differentiation
and proliferation. It contains four DNA binding domains, three Cut Repeats (CR) and a
Cut homeodomain (HD). The full-length p200 protein makes an unstable interaction with
DNA via CR1CR2 and is responsible for the CCAAT displacement activity of CDP/Cux.
A more stable DNA binding activity could also be detected. This particular activity
increased as cells progress from G1 to S phase of the cell cycle following two events. One
event is the dephosphorylation of CR3HD by the by the cdc25A phosphatase. The other
event involves the proteolytic processing of the full length CDP/Cux protein into a p110
isoform. At the transcriptional level, the p110 protein is able to repress the P21"¥"“?! gene
promoter and to activate the DNA polymerase alpha gene promoter as well as other S phase
specific genes. In human uterine leiomyomas, an increase in the steady state levels of p110
was observed compared to the normal surrounding myometrium.

The goal of my project was to identify the protease involved in the proteolytic
processing of CDP/Cux. I showed that the “lysosomal” cysteine protease cathepsin L
translocates to the nucleus in a cell cycle dependent manner and was able to cleave p200
CDP/Cux into the p110 form. I also demonstrated that this protease was translated at
downstream AUGs to produce truncated proteins devoid of signal peptide. These truncated
cathepsin L species were unable to enter the endoplasmic reticulum and be routed to the
lysosomes. In transformed cells, I found that CDP/Cux processing was increased and no
longer regulated in a cell cycle dependent manner. This correlated with the enhanced
expression and nuclear activity of cathepsin L. I also identified a novel shorter CDP/Cux

isoform, which contains only CR3HD as DNA binding domains and is translated from an
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mRNA initiated within the intron 20 of CUTLI1. Interestingly, the intron20-initiated
mRNA was distributed in a tissue specific manner, and was expressed only weakly or not at
all in normal breast tissue and in human mammary epithelial cells. However, it was
detected in many breast tumor cell lines and invasive lobular carcinomas. These results
indicated that in cancer, several mechanisms could generate shorter active CDP/Cux
isoforms, and that these amino-terminally truncated CDP/Cux proteins play a role in

tumorigenesis.
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Sommaire

Le facteur de transcription CDP/Cux est impliqué dans la differentiation et la
prolifération cellulaire. Il posséde quatre domaines de liaison & I’ADN; trois Répétitions
Cut (RC) et un homéodomaine Cut (HD), L’intéraction de la protéine entiére p200 avec
I’ADN se fait de fagon instable, via les domaines RCIRC2. Ceux-ci sont responsables de
I’activité de déplacement CCAAT de CDP/Cux (“CCAAT displacement activity”).
Toutefois, CDP/Cux peut également lier ’ADN de fagon stable. Cette liaison stable
apparait lorsque les cellules passent de la phase G1 a la phase S du cycle cellulaire, et ce,
suite & deux événements. La région du RC3HD est déphosphorylée par la phosphatase
Cdc25A, et la protéine p200 est clivée en une forme de 110 kDa (p110), qui ne contient pas
la portion amino-terminale. La forme p110 peut réprimer la transcription du promoteur du

géne de pZJW"ﬂ/ Cip!

et activer, en autres, celle du promoteur du géne de la polymérase de
[’ADN alpha. En outre, plusieurs leiomyomes utérins humains analysés contiennent plus
de p110 que leurs myometrium normaux adjacents respectifs.

Le but de mon projet a été d’identifier la protéase responsable du clivage
protéolytique de CDP/Cux. J’ai établi que la cathépsine L, une protéase & cystéine
résidente du lysosome, est transférée dans le noyau, en fonction du cycle cellulaire, pour
cliver p200 en sa forme de 110 kDa. La localisation nucléaire de la cathépsine L depend
d’une traduction a partir d’AUGs situés en aval de I’AUG initiateur. Ces protéines plus
courtes ne contiennent donc pas de peptide signal, qui leur permet habituellement d’étre
insérées dans la lumiére du réticulum endoplasmique et d’ étre éventuellement ciblées vers

les lysosomes. J’ai de plus montré que dans les cellules transformées, le clivage de

CDP/Cux était d’une part augmenté, et que d’autre part, il n’était plus contr6lé en fonction
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du cycle cellulaire. Cette observation concorde avec 1’augmentation, dans ces cellules, de
I’expression et de 1’activité de la cathépsine L nucléaire. J’ai également identifié¢ une
nouvelle isoforme de CDP/Cux qui ne contient, comme domaines de liaison a I’ADN, que
le RC3 et le HD. Cette protéine est traduite d’un ARNm qui est initié¢ dans I’intron 20 du
géne CUTL1. Curieusement, cet ARNm est spécifiquement distribué dans certains tissus,
et aucune expression n’a été observée ni dans les glandes mammaires humaines, ni dans les
cellules épithéliales humaines issues de glandes mammaires. En revanche, il a été détecté
dans plusieurs lignées cellulaires de tumeurs du sein, ainsi que dans les carcinomes
lobulaires invasifs. Ces résultats indiquent que dans les cellules cancereuses, plusieurs
mécanismes peuvent générer des petites formes actives de CDP/Cux. Ces protéines

tronquées en leur amino-terminal, semblent donc avoir un réle lors de la tumorigénese.
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Preface

The guidelines concerning thesis preparation issued by the Faculty of Graduate and
Postdoctoral Studies at McGill University reads as follows:

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:

a table of contents;

a brief abstract in both English and French;

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

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

a final conclusion and summary;

a thorough bibliography;

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

vii



I have chosen to write my thesis according to these guidelines, with three published
manuscripts and one submitted manuscript. The thesis is organized into seven chapters: (I)
a general introduction and literature review, (II-V) manuscripts, each with their own
abstract, introduction, materials and methods, results, discussion and references, (VI) a
general discussion of all results with references, and (VII) claims to original research.
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Chapter I Introduction

The normal development of an organism requires that cell homeostasis be tightly
regulated. Improper expression of particular genes or modification of other specific
proteins can result in cellular transformation and cancer. These cancer genes, called
oncogenes (deregulation thercof gives rise to a “gain of function) or tumor suppressor
genes (“loss of function”) are usually involved in regulating cellular proliferation, growth,
differentiation and death. These key proteins are essential components of the multiple
signaling cascades that bridge a given exterior stimulus to a cellular response. For
example, a growth factor will bind to a specific cell surface receptor, which will then
activate a cascade of signal transduction molecules. This results in a modification at the
level of gene transcription or, in certain cases, protein translation. Once genes are
transcribed and proteins are translated, the activity of a protein can also be regulated by
post-translational modifications such as phosphorylation, glycosylation or acetylation.
Another modification is site-specific proteolysis. Proteolysis is a regulated event that can
serve multiple purposes. It can degrade a protein that is no longer necessary (for example
via the proteasome pathways or the lysosomal pathways), or control the activity of another
protein. In this latter case, proteolysis of a full-length protein can either generate a novel
isoform with different functions (for example, proteolysis of the Notch cell surface receptor
can generate a transcription factor), or can change its activity or its location (as is the case
for the endoplasmic-reticulum-membrane bound transcription factor ATF6). Again, as for
signaling molecules, transcription factors or translational regulators, deregulation of

protease activity can also be detrimental to normal cellular function. In cancer, increased
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protease activity has often been linked to degradation of the extracellular matrix and
metastasis.

This literature review will first focus on the regulation of gene expression,
particularly at the level of protein translation. Site-directed proteolysis and cathepsin L, a
member of the family of cysteine proteases, will then be discussed. Cellular transformation
and breast cancer will also be reviewed. Finally, the features and roles of CDP/Cux, a
transcription factor involved in cellular differentiation in Drosophila melanogaster and, in

cell cycle progression in mammalian cells, will be summarized.

1- Regulation of Gene Expression

In cells, “housekeeping genes” are constitutively expressed and encode structural
proteins and metabolic enzymes. Other genes can be expressed in a cell type-specific
manner, at certain stages of development or, under proliferative conditions. It is the

regulation of these genes that must be tightly controlled.

1.1 Regulation by Gene Transcription

Interestingly, protein-coding sequences represent only 2% of the human genome. A
large portion of the genomic sequences is thought to be used to regulate gene expression
(199). In order to target gene expression at the right place and time, an amalgam of factors
and cis-elements are needed to interact.

DNA is wrapped around histones forming the nucleosomes, which are considered as
obstructions to the regulatory sequences. Following a specific signal issued from a

transduction pathway, these nucleosomes have to be displaced for transcriptional activation
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to occur. They are remodeled by chromatin modifying complexes. The core promoter of a
gene is situated upstream of the transcription start site. It contains a TATA box, and/or an
initiator element (INR) and/or a downstream promoter element (DPE), which recruits the
TFIID subunit of TATA binding protein (TBP). At the 5’ end of the core promoter are
binding sites for factors that either activate or repress transcription of a given gene (307).
These factors may alternatively act as “tethering elements” to recruit some distal elements
to the core promoter (46). Enhancers are DNA sequences that can increase transcriptional
activity. They can be located at the 5’ or 3’ end of the gene or within introns. They usually
direct tissue or cell type-specific expression of the gene. Silenced domains are inactive
regions of chromatin composed of hypo-acetylated histones and methylated histone H3
along with silencing factors (89). These regions preclude the spread of heterochromatin
(250). Finally, insulators prevent regulation of neighboring genes by restricting enhancer
and silencer functions (117).

Specificity and diversification of gene expression patterns is thus obtained by a
complex interplay of many factors, depending upon cellular context, and type of signals i.e.
combining regulation by initiation complexes with that of cofactors and chromatin

remodeling/modifying complexes (199).

1.1.1 Regulation of Transcription Factor Activity

Transcription factors are DNA binding proteins that, with their co-factors can either
activate or repress the transcription of a given gene. Interestingly, some transcriptional
activators and repressors can be encoded by the same gene. This usually occurs via
alternative transcription initiation sites, alternative splicing or alternative translational

initiation (see figure 1). These events generate proteins of different lengths that can have
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different properties. These novel isoforms may or may not possess a DNA binding domain,
an activation domain, or a repression domain (80, 108).

Once synthesized, transcription factor activity can be regulated by post-translational
modifications or by binding of a ligand. The former can modulate the cellular localization
of the factor, its DNA binding activity, or its binding with other partners (47). One versatile
modification is phosphorylation (147). For some proteins, phosphorylation close to or
within a DNA binding domain modifies DNA binding activity (38, 147, 203). In other
cases, phosphorylation can change protein conformation and either mask or unmask a
nuclear localization signal (NLS), a DNA binding domain, or an inhibitory domain, as
exemplified by NF-AT, SAF-1 and Elk-1, respectively (275, 377, 387). The
phosphorylation status of a transcription factor can also regulate its transcriptional activity
by modulating its interactions with different partners. Dephosphorylated NF-kB interacts
with HDACI deacetylase, and when phosphorylated it binds to p300/CBP transcription
coactivators (386). Phosphorylation can also regulate protein steady-state levels. For
example, phosphorylation of E2F-1 by components of the RNA polymerase II holoenzyme
can result in degradation via the ubiquitin-proteasome pathway (323, 350). Interestingly,
ubiquitylation and transcription are linked in two manners. First, ubiquitin ligases are
enzymes that usually add a chain of ubiquitin residues to a target protein as a signal to send
it for degradation via the proteasome pathway (63, 66, 141)(and see section 3). Second,
ubiquitylation can occur within an activation domain, enhancing its activity (233, 285). For
example, the ubiquitin-ligase skp2 can stimulate transcription induced by c-myc as well as
its degradation (170, 357). It is of interest to note that the acetylation of transcription
factors by co-factors, such as P/CAF or p300/CBP can produce effects similar to those

described for phosphorylation (118, 125, 265, 274).
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1.2 Regulation by Protein Translation

Following the initiation of transcription, a given eukaryotic RNA transcript is first
synthesized as a precursor heterogeneous nuclear RNA (or hnRNA), which possess introns
and exons. Shortly after the beginning of transcription, the 5* end of the precursor RNA is
capped (m’GpppN); with a methyl moiety on the G nucleotide (297). This cap structure
helps stabilize the new RNA, and is important for the initation of translation (182). A
poly(A) tail is then added at the 3’end of the transcript. This tail is important for the
stability of the mRNA, as well as for the nuclear export of the RNA, and, via poly(A)
binding protein (PABP), for the initation of translation (325, 326). Before nuclear export,
the hnRNA is spliced to remove non-coding introns and is now termed the messenger RNA
(or mRNA). Each of these steps is intricately controlled. Once in the cytosol, translation
of that specific mRNA is tightly regulated and allows for a more rapid response following a
given signal than starting directly from transcription (123). As mentioned with gene
transcription, translation can also generate multiple proteins with different functions by the

use of alternative translation initiations sites (figure 1) (80).

1.2.1 Overview of Translation Initiation-

Protein synthesis can be controlled at the level of translation initiation. This
depends on the availability of the various translation initiation factors (eIFs), which are
involved in recruiting the ribosome to the mRNA, helping the recognition and selection of
the initiator AUG codon (scanning), facilitating the binding of Met-tRNAM to the small
ribosomal 40S subunit, and promoting elongation (10, 88, 178, 259). Thirteen different
initiation factors have been identified so far in eukaryotes. The recognition of the mRNA

by Met-tRNA;"*-40S-initiation factors (43S pre-initiation complexes) is mediated by eIF3
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and elF4. The elF4F 5’cap binding complex contains the cap binding protein elF4E, the
scaffold adaptor protein ¢IF4G, and the ATPase/RNA helicase elF4A that unwinds
secondary structures in the 5’UTR (218). This process is believed to facilitate ribosomal
recruitment and formation of the 43S complex (257). The 43S ribosome complex then
scans the mRNA until it reaches the first initiation codon. Once the initiating AUG is
recognized, some initiation factors dissociate from the ribosome and the 60S large
ribosomal subunit joins the complex, forming a functional 80S ribosome that can start the

elongation phase of translation (88, 260).

1.2.2 Regulation of Protein Translation

The 3’-untranslated region (3’UTR) of mRNA is important in translational control
as it contains various cis-regulatory elements on which specific translation factors can bind
to repress or activate translation. This is the case for CPEB (cytoplasmic polyadenylation
element binding protein) an RNA binding protein involved in the repression or activation of
translation, depending on its binding partners (231). The interaction between proteins from
the 5’-end (eIF-4G) and 3’end (PABP) of the mRNA (making a circular mRNA) is also
believed to stimulate translational initiation by a currently unknown mechanism (267, 268).

In 1991, Marilyn Kozak proposed that the initiation of translation in higher
eukaryotes was modulated by 5 aspects of the mRNA structure: the 5’cap structure, the
sequence surrounding the AUG codon, the position of the AUG (whether it is the first AUG
or not), the secondary structure of the mRNA and the length of the 5’end (182). Her
studies using specific mutagenesis revealed that the optimal context for initiation of

translation in tissue culture cells is the sequence GCC(A/G)CCAUGG (176, 180). It is still
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not known how the nucleotides surrounding the first AUG interact with ribosomes and are
involved in the recognition of this initiator AUG. In the scanning model, the ribosome
migrates linearly in a 5° to 3’ direction and stops at the first AUG.

The 5’-UTR sometimes contains stable secondary structures that affect translation
initiation efficiency. GC-rich regions form stem-loops that can prevent the binding of the
ribosome, especially if they are close to the 5’end of the mRNA. Other genes may have
small upstream open reading frames (UORFSs) in their 5° end that will be translated by the
ribosomes first (111). The main ORF is then translated by re-initiation, a mechanism that
greatly limits protein production. The generation of alternative transcripts that eliminate
secondary structures and uORFs can therefore increase protein synthesis (177). In some
cases, when the context surrounding the initial AUG is not optimal, internal AUG codons
can be translated by a process called leaky scanning. This mechanism allows the
generation of shorter isoforms of a protein that usually have different functions (48, 181,
317, 382). Another mechanism of translational control used to generate shorter isoforms of
a protein is cap-independent translation initiation, mediated by internal ribosomal entry
sites (IRES). IRES were initially identified in viruses, but are now being discovered in
some mammalian mRNAs that either have a highly structured 5’UTR or are translated
when cap-dependent translation is inhibited (258, 344). It must be noted that the existence,
and significance of cellular IRES is still controversial (179, 293).

Another mechanism of regulating protein translation involves initiation factors.
One example is eIF4F. The ¢IF4E-binding protein (4E-BP) reduces the formation of eIF4F
by competing with eIF4G for a common binding site on eIF4E. This binding is dependent
upon the phosphorylation status of 4E-BP. When 4E-BP is hypophosphorylated, it binds to

elF4E, inhibiting translation, but when hyperphosphorylated, it can not bind and translation
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proceeds (122). Various stimuli, such as growth factors, hormones or nutrients, induce 4E-
BP phosphorylation, whereas nutrient deprivation or stress conditions reduce it. A known
inhibitor of cap-dependent translation is rapamycin, an immunosuppressant drug that
prevents 4E-BP phosphorylation (23, 123). Rapamycin, as an immunosuppressant, is used
in organ transplantation to prevent allograft rejections, and as a cell cycle inhibitor, and is
also currently in clinical trial as an anti-tumor growth drug (79). The gene encoding elF4E
is considered to be an oncogene. Its overexpression causes malignant transformation by
increasing translation of mRNAs that contain extensive secondary structures in their 5’
UTR (48, 175). Important genes coding for regulatory proteins are transcribed in mRNAs

with highly structured 5°UTR that are more resistant to translation initiation (177).

2- Proteolysis

Although proteolysis was often associated with terminal protein degradation (as a
“housekeeping” function), it is now becoming clear that it is also an important way to
regulate protein activity. Contrary to other post-translational modifications such as

phosphorylation or acetylation, proteolysis is irreversible.

2.1 Proteolysis and the Cell Cycle

Cell cycle progression depends on the spatio-temporal expression of specific
regulators. The various cyclins and their relative kinases, the cdks, are key mediators of the
different cell cycle transitions. The steady state levels of these proteins and their specific
inhibitors vary in a cell cycle-dependent manner. The ubiquitin/proteasome pathway

allows each cell cycle transition by removing the mediators of the previous phase.
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The proteasome 26S complex is located both in the cytosol and in the nucleus. It is
composed of a barrel-shaped proteolytic core unit (20S) capped by two regulatory subunits,
one of which contains ATPase activity and the other binds the ubiquitin chains. These
regulatory units unfold ubiquitylated proteins and translocate them into the barrel for
degradation (356). A protein targeted for degradation will first be flagged by the
attachment of a polyubiquitin chain. The formation of polyubiquitin chains requires three
components, a ubiquitin activating enzyme (E1), a ubiquitin-conjuging enzyme (E2) and a
substrate recognition factor (E3). Two E3 complexes were shown to regulate the cell cycle,
the SCF (skp-cullin-F-box complex) and the APC (anaphase-promoting complex). The
APC complex is involved in mitosis, by targeting mitotic cyclins and spindle proteins. The
SCF complex is the key regulator of the G1/S transition, marking (usually in a
phosphorylation dependent manner), the G1 cyclins, the cdk inhibitors and some
transcription factors for degradation (174).

An important regulator of G1 and S phase progression is the cdk inhibitor (CKI)
p27 (139). Variations in the levels of p27 are crucial for normal cell cycle progression and
deregulation is associated with cancer (32). Translation and two proteolytic events regulate
the amount of p27 available (140). p27 is initially highly expressed in GO, where it binds
tightly to cyclin E/cdk2 and inhibits its activity (139). Following a mitogenic signal, p27
synthesis is reduced and a fraction of p27 is degraded by the proteasome, independently of
the phosphorylation of Thr 187 (32, 217). p27 is phosphorylated on Ser10 by hKIS and is
actively exported to the cytoplasm where it is degraded by the proteasome pathway (34, 67,
150). Most cyclin E/cdk2 is then active and can phosphorylate p27 on Thr 187. This
generates a docking site for the SCF-E3 ligase skp2, which ubiquitylates p27 targeting it for

degradation via the proteasome pathway, thus liberating all cyclin E/cdk2 (335).
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2.2 Site-Specific Proteolysis
Contrary to degradation, partial proteolysis regulates proteins by altering their

activity, stability, and/or their cellular localization.

2.2.1 Change in Cellular Localization Following Proteolysis

Membrane Proteins

Interestingly, the proteasome was shown to not only degrade proteins, but also to
have endoproteolytic activity (207). Biologically active proteins can therefore be generated
from precursors by proteasomal processing. This is exemplified by the transcription factor
NF-kB and its yeast homologues SPT23 and MGA2 (273). The transcription factors
SPT23 and MGA2 are synthesized as inactive endoplasmic reticulum (ER) membrane-
tethered precursors involved in the adjustment of the unsaturated fatty acid pool in yeast by
activating the A9 fatty acid desaturase (146). Following mono-ubiquitination by RSPS5,
SPT23 dimerizes and is processed into p90 and p120 isoforms by the proteasome, with the
help of the chaperone CDC48FPINPLA - cpC48YFPINPLA then removes p90 from its partner,
allowing it to enter to the nucleus (273).

In mammalian cells, this regulated intramembrane proteolysis (RIP) therefore
allows for a controlled release of active proteins and various examples of substrates and
proteases can be cited (44, 362). These intramembrane cleaving proteases (I-CliPs) process
directly within the lipid bilayers of the membranes. The first I-CliP was the
metalloprotease S2P (site-2-protease), one of the proteases involved in the proteolytic

processing of the transcription factor SREBP (sterol regulatory element binding proteins).
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SREBP controls the transcription of genes involved in the biosynthesis of cholesterol and
fatty acids (43). S2P is also responsible for the cleavage of ATF-6, another ER-membrane-
bound precursor that becomes activated in response to the detection of unfolded proteins
(378, 379). In normal conditions, the ER chaperone BiP binds to the luminal domain of the
inactive ATF-6. When misfolded proteins accumulate, they sequester BiP, which liberates
ATF-6 for trafficking in the Golgi, where it is then cleaved by S2P and S1P, another
protease (58, 299). Once cleaved, ATF-6 translocates to the nucleus and activates stress
genes. Other I-CliPs include the presenilins PS-1 and PS-2, which make up the catalytic
subunit of the y-secretase complex. They are well studied because of their involvement in
the cleavage of the B-amyloid precursor protein (f-APP) in Alzheimer’s disease. The
presenilins also process the Notch receptor and ErbB4 receptors, liberating an intracellular
domain, which then translocates to the nucleus to act as a transcription factor (362).

Cytoplasmic Proteins

Hedgehog (Hh) is a secreted signaling molecule in Drosophila melanogaster that is
involved in tissue development and Cubitus interruptus (Ci) is one of its downstream
effectors (232). Ci is a transcription factor that is mainly retained in the cytoplasm. In the
absence of Hh signaling, Ci is cleaved and translocates to the nucleus. Contrary to the full-
length protein, this truncated isoform is a transcriptional repressor (12). It contains the
DNA binding domain but lacks the transactivation domain and the nuclear export signal
(57). Regulation of proteolysis of the full length Ci depends on multiple phosphorylation
events by PKA (protein kinase A), followed by GSK3 (glycogen synthase kinase 3) and

CKI (casein kinase I) (59, 160, 269, 270). Phosphorylated Ci is then believed to be a target
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of the F-box protein Slimb (161, 270). Interestingly, Ci proteolysis is proteasome

dependent, but ubiquitylation has not been yet detected (57).

2.2.2 Change in Activity

A change in protein activity following proteolytic processing was observed for
many transcription factors and precursor proteins.

The easiest example is the proteases themselves, which are synthesized as inactive
precursors. Cleavage of the prodomain allows for enzymatic activity (77, 295).

The activity of some transcription factors changes following proteolytic cleavage.
IRF-2 (interferon response factor 2) was first identified as a repressor of the B-interferon
promoter, by displacing the activator IRF-1 (129, 130). Following viral infections, IRF-2 is
cleaved into an amino-terminally truncated isoform with different DNA binding activities
from the full-length protein. Whereas the full-length isoform binds only transiently to
DNA, the truncated isoform makes a more stable interaction and is a stronger repressor
(254, 368). The protease involved in this processing is likely a member of the ICE family
of cysteine proteases (367).

Host-cell factor (HCF-1) is a chromatin-associated transcription factor and
coactivator. It was initially identified as a cofactor for herpes simplex virus (HSV) VP16
immediate-early gene transcription (184). HCF-1 is proteolytically processed at a series of
six 26 amino-acid repeats located towards the center of the precursor (371). The cleavage
occurs in an autocatalytic manner to generate a series of polypeptides that remain tightly
associated together (355). HCF-1 was shown to be involved in two stages of the cell cycle;
passage through the G1 phase and exit from mitosis. Proteolytic processing is essential to

separate these two functions of HCF-1. The amino-terminus of HCF-1 promotes cell
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proliferation, whereas the carboxy terminus region is involved in proper exit of mitosis
(165). Interestingly, HCF-1 was also shown to regulate transcription in a positive or
negative manner. The amino terminus contains a transcriptional activation domain, and the
carboxy terminus contains both activation and repression activities (212, 262, 355, 374).

The Signal Transducer and Activator of Transcription (STAT) is involved in
cytokine signaling. Some of the members (STAT 3 and 5) were also shown to be
proteolytically processed at the carboxy terminus. The truncated version of STAT 5 lacks a
transactivation domain and thus functions as a dominant negative. This processing was
found to be important in myeloid maturation (261). A nuclear serine protease and calpain
were shown to mediate this cleavage (103, 249).

These are only few examples underlying the importance of proteolytic processing in

the generation of different biological outputs from the same precursor.

3- Cysteine Proteases

Proteolytic enzymes are classed depending on the amino acid present in their
catalytic site. These are the cysteine, serine or aspartic acid proteases. Alternatively, some

proteases, called metalloproteases possess a zinc residue in their active site.

3.1 Family of Cysteine Proteases

Various cysteine protease or peptidase families have emerged from different
evolutionary origins and can be separated into different clans. It is believed that the origin
of the “peptidase domain”, which is responsible for the peptide-bond-hydrolysis, arose
from an ancestor of both bacteria and archea. Cysteine proteases have therefore been

13
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evolving for at least three billion years, and have diverged into different families with
unique specificities and structures (21). Cysteine proteases can be grouped into two
superfamilies: the interleukin 1P converting enzymes (ICE) and the papains. Although
both families have a cysteine in their active site, they do not share any sequence similarities
(24).

The papain (from Carica papaya) superfamily of cysteine proteases (clan CA,
family C1) can be divided into calpains, bleomycin hydrolases and the papain group (21).
All of these enzymes can be aligned against each other in the region of the active site,
which is composed of a catalytic dyads containing cysteine and histidine residues for their
activity (24). Within the papain group are the mammalian lysosomal enzymes known as
cathepsins. It must be noted that not all cathepsins are cysteine proteases, since cathepsin
D and E are aspartyl proteases, cathepsin III is a metalloprotease, and cathepsins A and G
are serine proteases (227). Although initially thought to be involved in terminal protein
degradation, the availability of new technologies is helping to elucidate new physiological
roles for cathepsins. Most cathepsins such as cathepsins L, B, H (I), C (dipeptidyl
peptidase I or cathepsin J), O, X and F are expressed ubiquitously. Others are expressed in
a tissue-specific manner, and are found to have specific roles in these tissues (339). For
example, Cathepsin K (02) is highly expressed in osteoclasts and was shown to play a role
in bone resorption and remodeling (358). Cathepsin K appears to be upregulated at sites of
inflammation (53). A study has also reported expression of cathepsin K in human breast
carcinomas (206). Inactivation of this enzyme is associated with the bone disorder
pycnodysostosis, underling its important role in extracellular matrix remodeling (116).
Cathepsin V (L2, U) is mainly expressed in thymus and testis, whereas cathepsin W is

found in CD8+ T lymphocytes (205, 288). Finally, cathepsin S is expressed in the spleen

14



Chapter I — Literature Review

and in the peripheral antigen presenting cells (APCs, including lymphocytes, macrophages,
dendritic cells) (300, 301). Cathepsin S is involved the degradation of the invariant chain li
of MHC 1I and in peptide loading for antigen presentation in the cells where it is expressed
(241, 278, 354). Recent studies described a role for cathepsin S in angiogenesis as well as
in atherogenesis (320). Cathepsins Q, M, and P were found to be specifically expressed in
rat and mouse placenta (312-314).

Most cathepsins are endopeptidases except Cathepsin B, which also has a dipeptidyl
carboxypeptidase activity, Cathepsin H, which is an aminopeptidase and Cathepsin C,
which only has dipeptidyl aminopeptidase activity. On the other hand, cathepsin X exhibits
carboxypeptidase or dipeptidase activity depending on the substrate (339). The overall
structure, mechanisms of action and the regulation of activity of the lysosomal cysteine

proteases will be discussed for cathepsin L in the following section.

3.2 Cathepsin L

Cathepsin L is a ubiquitously expressed lysosomal cysteine protease that has now
also been shown to have other important physiological roles. It is notable that various
specific cathepsin L inhibitors are currently being designed for anti-cancer therapies (41,

62, 167).

3.2.1 Gene and Protein Structure

Gene Structure
Cathepsin L was identified about 25 years ago, but the cDNA was only cloned ten
years later (112, 153, 164, 171). Human Cathepsin L is localized on chromosome 9q21-22,

while mouse cathepsin L is on chromosome 13 (56). In parallel, cathepsin L was also

15



Chapter I - Literature Review

cloned as the major excreted protein (MEP) in transformed cells (331). Human and mouse
cathepsin L genes are composed of 8 exons and 7 introns and span approximately 5100bp
and 7400bp, respectively. The intron-exon junctions are well conserved between human
and mouse. Exon 1 is larger in human than in mouse but exons 2 to 7 are the same size.
However, variations are observed in the structure of their introns (56). In both species, the
AUG translation initiation site is located within exon 2. One major transcription initiation
site is situated at —290 on the human ¢cDNA sequence (or at —1489 on the gene) from the
starting AUG (9, 15, 56, 157, 164). This mRNA corresponds to hCATL A. Another
mRNA, hCATL B, was also described and encodes the same cathepsin L protein (56, 164).
hCATL B differs from hCATL A in its 5* untranslated region. Three spliced variants of
hCATL A were then identified; hCATL AI, hCATL AIl, hCATL AIII (9, 15, 157, 277).
These spliced forms lack 27 nt, 90 nt and 144 nt from the 3’ end of exon 1, respectively,
compared to hCATL A, leading to mRNA species that differ in their 5’ untranslated ends,
but that are translated into identical proteins. The proximal promoter of human cathepsin L
is a TATA-less promoter containing one CCAAT motif and two GC boxes. NF-Y binds to
the CCAAT sequence whereas Spl and Sp3 bind the GC regions. Mutation of these three
binding sites decreases the expression of a cathepsin L gene promoter-luciferase construct
(15, 157).
Protein Synthesis, Modification and Routing

At the protein level, like all lysosomal enzymes, cathepsin L is translated as an
inactive pre-pro-enzyme (see figure 2A). The preregion, located at the amino terminus of
the protein, is a 17 amino-acid signal peptide (or signal sequence). This hydrophobic
stretch, which is also present in secreted and membrane proteins, directs the ribosome to

the endoplasmic reticulum (ER) and recognizes the signal recognition particle (SRP). After
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crossing the ER membrane, the signal peptide is cleaved after the Ala-Leu-Ala sequence by
a signal peptidase, and the protein continues to be translated in the lumen of the ER. While
being translated, human cathepsin L is N-glycosylated at Asn 204 (Asn 221for mouse
cathepsin L). This glycosylation event is not required for proper folding of the protein, nor
for its enzymatic activity or stability, but is important for lysosomal targeting (166, 309).
The glycosylation/phosphorylation of cathepsin L first starts by the transfer of a complex
oligosaccharide on the Asn of the Asn-Asp-Thr sequence (consensus sequence being Asn-
X-Ser/Thr) in the ER. In the golgi vesicles, the oligosaccharide is then trimmed and further
obtains high mannose carbohydrates. At the level of the cis golgi saccules, some of the
mannose residues are then phosphorylated forming the mannose-6-phosphate (M6P)
lysosomal recognition marker. Once the protein reaches the trans golgi network, this M6P
sorting signal is recognized by the M6P receptor (MPR) allowing the enzyme to be routed
to the lysosomes. The receptor/ligand complex is first sorted to a prelysosome (late acidic
endosome) compartment, where the receptor dissociates from the enzyme and is recycled
back to the trans golgi. These late endosomes then mature into lysosomes.

In certain cases, especially in transformed cells, secretion of procathepsin L (MEP)
is observed (124). Various mechanisms have been proposed to explain this secretion.
Initially, this secretion was thought to result from missorting of the enzyme within the golgi
apparatus, resulting in secretion via the default constitutive pathway (282). Other
mechanisms were also proposed, including low affinity of the protease for the MPR (96),
saturation of the MPR or altered glycosylation of the protein (1, 190). It was then
suggested that the secretion of Cathepsin L could be independent of a MPR pathway. In
this situation, procathepsin L would self-associate into aggregates and be secreted via the

formation of some dense vesicles (380) (see figure 2B)
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Role of the Proregion

The prodomain is a chaperone. All cathepsins have differences in the length,
sequence and structure of their propiece, although some residues are very well conserved.
It first plays an important role in the folding of the enzyme, and then in inhibiting its
catalytic activity (77, 324). Tao and colleagues have shown, using chimeric and deletion
constructs, that the proregion of cathepsin L was required for ER trafficking, stability and
mannose phosphorylation (324). It must be noted that in their studies, all of the prodomain
was removed or exchanged with the one from aleurain (another cysteine protease). An
- earlier study demonstrated that the proregion was needed for the folding of a denatured
bacterial cathepsin L (308). The crystal structure of procathepsin L was resolved (75).
Structurally, like most enzymes from the papain family, the mature cathepsin L consist of
two globular regions, the R-domain (right) and L- domain (left) (340). These two domains
are organized to form an open V-shaped active site cleft. The propiece of cathepsin L can
also be separated into two regions. The amino-terminal part, which consists of the first 60
amino acids, is important for proper folding and glycosylation of procathepsin L (53).
Some of those residues interact with ER membrane proteins called lysosomal proenzyme
receptor (LPR) while others contact the mature enzyme on its “proregion binding loop” or
PBL (77, 228, 229). The carboxy-terminal part of the prodomain is responsible for the
inhibitory role of the propiece, by preventing the entry of the substrate into the active cleft.
In order to do so, while the amino-terminus binds to the PBL, the carboxy-terminus of the
proregion bends over the groove of the active site in the opposite direction that the substrate

would have been (75).
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3.2.2 Regulation of the Protease Activity

Activation of the Zymogen

In order for the enzyme to become active, the proregion must be removed. This
regulated proteolytic step is therefore crucial for controlling the activity of the enzyme in a
location-dependent manner. The removal of the propiece occurs via an intra and/or inter
molecular mechanism as the zymogen reaches the acidic environment of late endosomes or
lysosomes (152, 247, 248, 286). Many studies suggest that the drop of pH in the acidic
compartments weakens the interaction between the propeptide and the catalytic part (113,
159, 230, 286). The proregion binds less tightly to the active site producing a change in the
propeptide conformation (159). Even if details of the initiation of the propeptide cleavage
cascade are still unknown, some groups have shown that the proenzyme has a low, but
detectable level of catalytic activity (221, 230). One possible explanation for this would be
that this residual activity may be enough to initiate cleavage of some proenzymes (223).
The small amount of catalytically active enzyme produced could then, via an
intermolecular mechanism, initiate the activation cascade. It is believed that as for other
cathepsins, the proregion is degraded after its removal (225, 283). Glycosaminoglycans
found in the lysosomes (or extracellular matrix) can also stimulate autoactivation of
procathepsin L by loosening up the interaction between the prodomain and the enzyme
(151, 223). Studies have shown that other lysosomal enzymes, such as cathepsin D can
also process procathepsin L and be involved in the initial steps of activation (247). In some
cell types, the mature single chain from of cathepsin L is further processed into a two
chains form —heavy chain and light chain- by cleavage of the carboxy-terminus (104, 113,

222).
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Activity of Cathepsin L

The optimal activity of mature cathepsin L requires a slightly acidic pH and a
reducing environment (so the active cysteine can be oxidized). The maximal activity of
cathepsin L, using small synthetic peptides as substrates is at pH 5.5. The enzyme is most
stable between pH 4.5 and 5.5. Like all cysteine proteases, the active site of cathepsin L is
composed of a reactive cysteine (Cys 25), and a histidine (His 159). In the active form,
both residues are charged, forming a thiolate-imidazolium ion pair (227). The general
mechanism by which the enzymatic/proteolytic cleavage occurs is that the thiolate anion
attacks the carbonyl-carbon of the amide bond of the substrate. The covalent bond is then
disrupted following an acid-base hydrolytic process (53, 266). However, in order for the
cleavage to occur, the substrate has to first enter into the active cleft. The substrate enters in
an extended conformation so that the targeted bonds are well oriented towards the active
nucleophile (341). Specific residues within the substrate (P3, P2, P1 and P1°) will bind to
other key residues in the active site of the enzyme (S sites), allowing the important
embedding of the substrate into the cleft. Cathepsin L prefers a hydrophobic residue
(mainly L/T) in the P2 position (cleavage occurs between residues P1 and P1°) (53).

Inactivation of Cathepsin L

Because mature cathepsin L is a potent protease, its activity has to be tightly
regulated. As mentioned above, cathepsin L is synthesized as an inactive precursor, which
controls the timing of activation. Other factors can eventually play a role, such as the pH of
the environment and the existence of cellular protease inhibitors. At neutral or alkaline pH,
mature cathepsin L was found to be the most unstable lysosomal cysteine protease (20, 337,

338). In support of this data it was observed that above pH 7.0, the activity drops quickly
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(222, 338). This inactivation of the enzyme is due to the irreversible disruption in the
secondary structures, mainly the a-helices (100, 338). Similarly, under very acidic
conditions (pH 3.8), such as in the mature lysosomes, cathepsin L is also inactivated. It is
first irreversibly denatured and then degraded by cathepsin D (337). At this low pH,
substrates and inhibitors can no longer bind the enzyme (222, 337). Turk and colleagues
therefore proposed that cathepsin L was active only during certain stages of the life of a
lysosome (337). Interestingly, MEP (the secreted procathepsin L), which is also active at
pH 5.5 is more stable in neutral conditions (221). This suggests that the prodomain protects
the enzyme from inactivation, which is in accordance with its role in protein stability.
Cysteine proteases have various endogenous inhibitors, such as the cystatins, the
thyropins and the general protease inhibitor a2-macroglobulin. The cystatins include the
stefins, the cystatins and the kininogenes and are less specific in inhibiting their target
enzymes than the thyropins (thyroglobulin type-1 domain inhibitor) (195, 196). The stefins
(type I, or cystatin A and B) are intracellular inhibitors, whereas cystatin C (type II) is an
extracellular protease inhibitor, and the kininogenes (type III) are circulating inhibitors
(340, 342). Cathepsin L was shown to be efficiently inhibited by Stefin A and B, the serpin
squamous cell carcinoma antigen, the Li p41 fragment and the cytotoxic T-lymphocyte
antigen 2B (25, 86, 321). Recently, a novel member of the Serpin family, Hurpin, was
found to inhibit cytoplasmic Cathepsin L (365). In addition, another serpin, MENT
(Myeloid and Erythroid Nuclear Termination stage-specific protein) inhibited nuclear
protease activity (148). Many synthetic inhibitors are currently being generated to target

individual Cathepsins with high specificity (41, 62, 167).
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3.2.3 Different Roles for Cathepsin L: Examples from Cathepsin L”” Mice

Cathepsin L is a lysosomal enzyme thought to be only involved in terminal protein
degradation. However, knockout mice showed that terminal protein degradation was not
the work of a single cathepsin as none of these mice had defects in protein degradation.
The various phenotypes of these mice rather, pointed towards evidence that this protease
has other specific biological roles.

One knockout was generated, and two mice with natural mutations within the
cathepsin L gene were also identified, Furless and Nackt. The furless mice possess a G-to-
A mutation, which substitute an arginine for a glycine at position 149 of the cathepsin L
protein sequence, resulting in an inactive enzyme (281). The nackt mice display a deletion
in the cathepsin L gene, preventing the generation of any functional protein (22). These
three animal phenotypes have revealed that cathepsin L plays a role in epidermal
homeostasis, in the regulation of the hair cycle, in the MHC class-II mediated antigen
presentation and in positive selection of CD4" T cells in cortical epithelial cells of the
thymus (22, 240, 281). Recently, cathepsin L expression in thymocytes was also shown to
be essential for natural killer cell development (145). In general, pups lacking cathepsin L

also have a slightly higher mortality upon weaning than their littermates (276).

3.2.4. Cathepsin L and Cancer

As previously mentioned, cathepsin L was initially identified as the major excreted
protein (MEP) secreted from transformed fibroblastic cells (124, 331, 333). Oncogenic
signals such as Ras, Raf, v-Src, fos, SV40 Large T as well as tumor promoters like phorbol
ester can induce MEP expression and secretion (137, 163, 193, 322, 332). Moreover,
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cathepsin L secretion correlated with the metastatic potential of transformed cell lines (50,
87). Increased cathepsin L activity and secretion was also observed in many human
cancers (55, 94, 136, 169, 197, 246, 256, 263, 298, 303, 305, 360). Various reports also
suggested that cathepsin L levels could be used as a potential indicator of tumor
aggressiveness (metastasis) (256, 329). In breast cancer, numerous studies indicate that
secreted cathepsin L could be a strong and independent prognostic factor, with a prognostic
impact similar to that of lymph node status and grading (49, 99, 107, 132, 133, 198, 328,
329). One study has found no correlation between secreted cathepsin L activity and tumor
aggressiveness (186). Interestingly, one group has found increased intracellular cathepsin
L activity in cancer cells (375). This finding may develop into an important feature of the
involvement of cathepsin L in cancer.

Therefore, although the involvement of cathepsin L in cancer is well established, its

specific roles are not yet fully elucidated.

4- Cellular Transformation and Cancer

Cancer is a multistep disease that occurs as a result of the accumulation of many
changes. It was suggested that most cancers acquire essentially the same six alterations:
self-sufficiency in growth signals, insensitivity to growth inhibitory signals, evasion of
apoptosis (programmed cell death), limitless replicative potential, sustained angiogenesis,

and tissue invasion and metastasis (128).

4.1 Events Triggering Cellular Transformation
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Various genetic and epigenetic events can promote cellular transformation by
activating oncogenes and/or inactivating tumor suppressor genes.

4.1.1 Genetic Events

Normal cells proliferate, differentiate and eventually die in a very controlled
manner. Cancer is a disease that results when the normal behavior of a cell is deregulated.
As first mentioned by Rudolph Virchow in 1858, this abnormal phenotype is heritable from
cell to cell (27). During the late 18" century epidemiologists had already made the
observation that external carcinogens could cause cancer. However, it was not until the
20™ century that researchers came to understand that these external causes might have an
“internal” link: DNA. This conclusion arose from cytogenetic studies that revealed the
importance of genes and chromosomes in cancer and from the discovery of tumor viruses.
Peyton Rous continued on the first discovery of Vilmen Ellerman and Oluf Bang, who had
found that an infectious extract from blood cells could transmit leukemia from one chicken
to another. Rous isolated a virus that could cause tumors (sarcomas) in chicken, the Rous
sarcoma virus. It is only decades later that the transforming agent was identified as a
normal gene captured from the retrovirus from a host cell. This transduced gene was called
v-src and was different than its normal cellular counterpart c-src. The former was shown to
be constitutively active. This gene was called an oncogene, and its normal counterpart a
proto-oncogene. From then, it became clear that genetic changes were responsible for
neoplastic transformation (27). Oncogenes were identified as genes involved in activating
cellular proliferation, growth and survival whereas tumor suppressor genes were those
inhibiting normal proliferation. Oncogenes are activated by dominant mutations, or “gain
of function” of a proto-oncogene, while tumor suppressor genes are inhibited by recessive

mutations, or “loss of function”.
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Many genetic events are involved in tumorigenesis. These include, (but are by no
means all-encompassing), viral insertions/infections, chromosomal rearrangements, gene
amplification, or point mutations.

RNA tumor viruses can also induce cellular transformation, independently of the
presence of a transduced oncogene in their genome. Following infection, the provirus can
integrate either within a proto-oncogene, or within its regulatory sequences, thereby either
creating chimeric proteins, or deregulating the gene’s expression (185, 243). The discovery
of viral integration was useful for the identification of many oncogenes. DNA tumor
viruses cause transformation of non-permissive cells. Stable integration of viral DNA and
expression of early viral genes that interact with key cellular proteins can induce cellular
neoplasia. For example, the oncogenic viral proteins E1A (adenovirus), Large T antigen
(SV40), E6 and E7 (papillomaviruses) can target and inactivate the tumor suppressor genes
RB and p53 (101, 189, 289, 366, 369). Interestingly, very few cancers are induced by viral
infections in humans. In some cases, the hepatitis B virus (liver carcinoma), herpesvirus
(African Burkitt’s lymphoma), the papillomaviruses (cervical carcinoma) and the retrovirus
HTLYV (T-cell leukemia) are all associated with human cancers (84, 114, 264, 388).

Chromosomal translocations occur when two different chromosomal regions are
joined together, which can result in the formation of chimeric genes. In many cases, the
generated fusion proteins are oncogenic. Two well-studied examples are the translocation
of the myc oncogene in Burkitt’s lymphomas and the Philadephia chromosome, found in
90% of patients with chronic myelogenous leukemia (CML). In Burkitt’s lymphomas, myc
expression is deregulated, whereas in CML, the chimeric gene encodes a constitutively

active oncogene, BCR-ABL (2, 52, 78, 82, 220, 302).
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A number of oncogenes are activated following DNA amplification, which results
in an increasing number of gene copies per cell (42). This phenomenon was first observed
as a mechanism by which cells acquired resistance to chemotherapeutic agents, but has now
been detected in many cancers and transformed cells (4, 318). c-myc was also the first
oncogene found to be amplified in neoplasias (3, 65, 219). The mechanisms underyling
gene amplification are not fully understood. Extra copies of amplified DNA are visible in
cytogenetic studies as double minute chromosomes (DM), which, when incorporated into
chromosomal regions, are called homogeneously stained regions (HSR). Following
double-strand breaks within chromosomal fragile sites (CFSs), breakage-fusion-bridge
(BFB) cycles can result in an increase in the number of a gene copy after multiple rounds of
cell division (68, 69, 138).

Lastly, point mutations induced by chemical carcinogens can activate oncogenes
and inactivate tumor suppressor genes. Known examples are the ras family members,
where mutations have been found in 50% of human cancers (see section 4.3 for more
details on Ras) and the p53 tumor suppressor gene, which is also mutated in 50% of human

cancers (36, 296).

4.1.2 Epigenetic Events

Hypermethylation of certain promoters is a novel mechanism associated with
tumorigenesis (162). DNA methylation on CpG dinucleotides is involved in specific
cellular memory function during development (26). However, some stretches of GC rich
regions called ‘CpG islands’ are usually unmethylated in normal cells (7). These CpG
islands are short sequences located close to proximal promoter regions. In cancer, they

often are hypermethylated, which results in silencing of key genes such as repair genes or
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tumor suppressor genes (106, 238, 239). Functional consequences include an increase in
point mutations and genomic instability, which could be early events in tumor progression.
The causes of de novo methylation in cancer are still not fully understood, and may be
linked with cellular proliferation (352). Histone modifications (deacetylation, methylation,
phosphorylation) are a prerequisite for DNA methylation, giving another potential level of

dysregulation in cancer cells (16, 158).

4.2 Oncogenes and Tumor Suppressor Genes
Oncogenes and tumor suppressor genes are responsible for cellular transformation.
They represent any key protein involved in promoting or inhibiting cellular proliferation,

respectively.

4.2.1 Oncogenes

As previously mentioned, “gain of function” mutations activate proto-oncogenes,
and from multiple genetic or epigenetic events result the acquired neoplastic phenotypes.
One oncogene is able to transform immortalized rodent cells line, but not primary cells,
where the activation of two cooperating oncogenes is necessary (188, 284). Proto-
oncogenes are important components of the signaling cascades involved in cellular growth,
proliferation, differentiation or death. They include the extracellular growth factors and
cytokines, their transmembrane receptor tyrosine kinases, cytoplasmic signal transduction
proteins and transcription factors.

Growth factors (mitogens) are polypeptides that control cellular proliferation by
binding to their respective receptors and initiating a cascade of signal transduction (156,

187). Culture of fibroblasts requires the presence of exogenous growth factors present in
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serum. In the absence of these mitogens, cell proliferation ceases. Following a period of
growth factor depletion (or serum starvation) the addition of growth factors is necessary for
the exit from quiescence (GO phase) and entry into the G1 phase of the cell cycle. Many
transformed cells are able to escape the necessity of growth factors (143). This can be
achieved in part by their endogenous production of growth factors, thereby creating an
autocrine stimulation of cell proliferation (316).

Another mechanism by which transformed cells can escape the requirement for
growth factors or cytokines is via the constitutive activity of their transmembrane receptors.
Upon ligand binding, the receptors polymerize and become activated by
autophosphorylation. Phosphorylation of tyrosines in the intracellular domains creates
docking sites for multiple signaling molecules. Constitutive activation of receptor tyrosine
kinases occurs by different mechanisms. One of these is chromosomal rearrangement,
which can generate constitutively dimerized (or oligomerized) chimeric receptors. This is
observed with the TprMet oncogene, where the leucine zipper Tpr is fused to the
intracellular domain of the Met receptor (279). The EGF receptor (EGFR or erbB) and
family members are also notable examples. Amplification of EGFR or of another family
member c-erbB2/neu/HER2 is detected in many cancers (19, 91, 204, 306, 343, 376).
Alternatively, a truncated version of the EGFR or an erbB2 harboring point mutations in its
transmembrane domain generates constitutive receptor activity (168, 224, 364).

Following receptor activation, various signaling pathways are activated, such as the
PI3K pathway, PLC pathway, SRC pathway, and/or RAS pathway. Similarly to RTKs,
mutations or upregulation of any key members of these pathways have oncogenic potential.

Ultimately, the cellular response is controlled by the pattern of gene expression.

Various transcription factors with oncogenic properties have been identified. As
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mentioned, genetic events such as gene amplification and chromosomal translocations (as

for c-myc) can generate constitutively active proteins (4, 73).

4.2.2 The Ras Oncogene

Ras (Rat sarcoma) was initially identified, like many oncogenes, by viral
transduction (135, 172). Ras membrane-associated proteins control several signaling
pathways that regulate normal cell behavior. However, 20-30% of human cancers express
a Ras protein activated by point mutation (36). The three cellular ras genes code for four
homologous proteins of 21 kDa: N-Ras, H-Ras, K-Ras4A and K-Ras4B. Ras proteins have
intrinsic GTPase activity and are turned “on” and “off” depending if they are GTP- or
GDP- bound, respectively (37). Ras is initially synthesized as a cytoplasmic protein, which
becomes membrane-associated via the addition of a farnesyl group (215). Proper
localization to specific plasma membrane microdomains (lipid rafts) is then necessary for
effective signaling (271). Recent papers are indicating that Ras is also active from
intracellular endoplasmic and golgi membranes, where it would have specific biological
roles (28, 61, 90). Membrane-GTP-bound Ras interacts with, and activates, various
effector molecules. One of them is the serine/threonine kinase Raf that initiates the
mitogen-activated protein (MAP) kinase pathway, which stimulates cell cycle progression
by regulating specific transcription factors (370). Ras also activates phosphatidylinositol 3-
kinase (PI3K) that regulates cell survival via the AKT/PKB pathway, protein translation via
PDK1 (and AKT) and actin cytoskeleton remodeling via Rac (81, 183, 280). The Ras-
related guanine nucleotide exchange factors (RalGEFs) are the third most studied Ras
effectors and are involved in cell cycle progression as well as in vesicular transport (119)

(35, 242). Activated Ras can therefore induce cellular transformation by multiple
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mechanisms and targeting Ras signaling pathways in cancer therapy has proven quite
complex (97). Interestingly, the types of tumors linked to oncogenic Ras are different
between human and mouse, which lead to the observation that different downstream
effectors of Ras were necessary to transform mouse and human cells (127). These results
consequently challenged the validity of transposing results obtained in mouse models to

transformation of human cells (127, 142).

4.2.3 Tumor Suppressor Genes

The concept of the tumor suppressor gene arose in the late 1960s, when Henry
Harris and his colleagues found that a hybrid cell issued from the fusion of a cancer cell
with a normal cell grew normally (134). The tumorigenesity was lost, implying that the
normal cell had a gene acting as a “negative regulator”, or a “break” of transformation.
Knudson proposed the “two-hit” or “two-mutations” hypothesis following the study of
inherited and sporadic retinoblastomas. In sporadic cancers, the two mutations occur on
somatic cells, whereas in inherited cancer, one mutation was inherited in germline cells,
and the other acquired somatically (173). A common genetic abnormality in many cancers
is the loss of heterozygosity (LOH). LOH occurs when one allele of a tumor suppressor
gene is missing or doesn’t produce a functional protein, and the remaining normal allele is
lost. LOH analysis has uncovered novel tumor suppressor genes in many cancers. RbI was
the first tumor suppressor gene discovered, and was later found to be a key player in cell
cycle progression (45, 85, 109, 192). Rb mainly represses transcription of cell cycle genes
by sequestering E2F, thereby preventing E2F-mediated activation, and by recruiting co-
repressors (92). Mitogen stimulation is necessary for the cells to enter the G1 phase of the

cell cycle until the first restriction point (255). It is believed that many of these signals
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converge towards the regulation of Rb (363). Cell cycle regulation of Rb activity occurs
via phosphorylation. In GO, hypophosphorylated Rb binds to E2F and inhibits its activity.
As cells progress through G1, cyclin D/cdk4/6 followed by cyclin E/cdk2 phosphorylate
Rb, which releases E2F, allowing it to activate S phase genes (92). Inhibitors of cell cycle

progression, such as the cdk inhibitors, are also potential tumor suppressor genes.

4.3 Breast Cancer

Breast cancer is the most common malignancy affecting women. One in eight
Caucasian women will develop breast cancer in their lifetime, and the recorded incidences
are increasing. Breast cancer is a heterogeneous disease, and the appropriate therapy for
each patient is usually selected depending on the stage of the disease and on the estimated
risk/benefit between disease recurrence and toxicity of the therapy.

Breast cancers are diagnosed based on TNM (tumor-node-metastases) stages,
axillary node status, tumor size, the presence of micrometastases (< 2 mm) in sentinel
nodes, hormone receptor and HER-2 status. Pathologic analysis of breast biopsies can
reveal differences between the benign and malignant lesions. DCIS (Ductal Carcinoma /n
Situ) is a non-invasive atypical proliferation of ductal epithelial cells that eventually fills
and plugs the duct. DCIS lesions can recur as invasive ductal carcinomas. In invasive
DCIS, cells infiltrate the surrounding stroma and morphologically change into larger cells
with large irregular hyperchromatic nuclei. LCIS (Lobular Carcinoma /n Situ) is an acinus
lesion, where slightly larger cells are proliferating. Following diagnosis of LCIS, 30% of
women will develop invasive carcinoma in either breast. LCIS is a strong risk factor for
breast cancer. Invasive lobular carcinomas represent only 5-10% of breast carcinomas but

are quite particular. They tend to be bilateral and multicentric within the same breast.
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Histologically, they consist of infiltrating small cells dispersed through the stroma one
behind the other. Often, infiltrating tumors have mixed ductal and lobular patterns (74).

Eventually, cells invade the blood and lymphatic systems to form distant metastases.

4.3.1 Some Genetic Alterations in Breast cancer

5-10% of breast cancers are hereditary (or familial). Two breast cancer
susceptibility genes have been identified. BRCA1 and BRCA2 (breast cancer and ovarian
cancer 1) are tumor suppressor genes involved in DNA repair, recombination and
transcription (353). However, in sporadic cancers, mutations and LOH of other tumor
suppressor genes such as Rb, p53, p16 or E-cadherin are more common (40, 95, 110, 315).
Alternatively, oncogenic amplification of c-erbB2, c-myc and CCND1 (cyclin D1) was
observed in many breast tumors (76, 105, 120, 306). AIB1, a steroid-receptor co-activator
is another amplified oncogene (8).

Hormones like estrogen and progesterone play an important role in breast cancer.
Normal breast epithelium and one third of breast cancers are hormone-responsive (64).
ER- and PR-negative breast tumors contain more malignant and dedifferentiated cells.
They are less responsive to treatment and have a worse prognostic (93).

Overall, malignant progression of breast cancer involves various steps, such as
increased cellular proliferation, restrained apoptosis and genomic instability. Metastasis
occurs when malignant cells leave the primary cancer to form other tumors at distant
specific sites. In order to do so, metastatic cells must undergo epithelial-mesenchymal
transition (EMT). These dedifferentiated cells have lost cell-cell attachment and cell-
substratum adhesion, and have acquired cell locomotion, proteolysis and the ability to
survive and proliferate at distant sites (51).
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c¢DNA Microarray technology is a novel tool that determines the gene expression
profile of cancers. These arrays will be useful in finding genes associated with certain
cellular phenotypes and predicting clinical outcome of breast cancers as well as identifying

novel markers and therapeutic targets (208, 346).

4.3.2 Importance of Novel Prognostic and Predictive Markers

Fifty to sixty percent of the 225,000 North-American women diagnosed with
breast cancer in 2002 (310, 311) had node-negative tumors meaning that there are no
detectable metastases in the adjacent lymph node (stage 1). However, 30% of women with
this type of tumor are predicted to die from recurrence of the disease (149). It is therefore
imperative to develop new prognostic and predictive markers to better define the group of
these early-stage node-negative women who would benefit from adjuvant systemic therapy.

A prognostic marker will predict patient outcome irrespective of the treatment
given (ex. TNM stages), whereas a predictive marker will indicate the response to a specific
therapy (64). The most studied predictive factor is the status of the estrogen receptor (ER);
it is well documented that ER" tumors will respond better to hormonal therapy with
tamoxifen compared to ER™ tumors (251). However, ER status may be considered a weak
prognostic factor (98). Progesterone receptor (PgR) status is also routinely analyzed as a
predictive marker. Usually, the other marker analyzed is the c-erbB-2/HER-2 oncogene,
which is amplified in approximately 30% of breast cancers (306). HER-2 is considered an
independent weak prognostic marker for node-positive tumors, while results vary for node-
negative tumors (149, 237). HER-2 status is known to be predictive of the response to

specific therapies. However, the assays and types of assays used to determine HER-2
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levels still have to be standardized (98, 149). Recently a study revealed the prognostic
value of c-myc over HER-2 in node-negative breast carcinomas (291, 292).

Attempts to find relevant biomarkers are underway, but most have not been
included in clinical analyses (60, 149, 294). Therefore in order to decrease the chance of
recurrence in node-negative patients, it is imperative to develop standardized protocols and
interpretate criteria that will help in improving diagnosis and the management of those

women at risk and those not.

5- CDP/Cux Transcription Factor

CDP/Cux/Cut is an evolutionary conserved family of transcription factors that
contains a Cut homeodomain with one or more Cut Repeats (CR) that function as DNA
binding domains. Cut was initially identified in Drosophila melanogaster and is preserved
amongst metazoans. The CCAAT-displacement activity was originally found in the sea
urchin, as a factor that displaced a positive regulator of sperm histone H2B transcription
(18). Cut proteins have since been isolated from several mammalian species, including
human (CCAAT-displacement protein or CDP), dog (Cut-like homeobox or Clox), mouse
(Cut homeobox Cux-1) and rat (CDP-2) (6, 245, 345, 381). Recently, a second Cux gene,

Cux-2 was found in mouse and chicken (272, 327).

5.1 Homeodomain Transcription Factors
Transcription factors are proteins that interact with DNA via specific binding
domains, and affect the process of transcription. Some DNA binding motifs have been

identified, and examples include helix-turn-helix, zinc-fingers or basic leucine zippers.
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Homeodomain containing proteins play an important role in developmental
programs (226). The homeodomain is a 60 amino-acid region that recognizes DNA via a
helix-turn-helix motif (252). It makes contact with a TAAT (ATTA) core in both the minor
and major groove, via specific residues located at the amino-terminus of the homeodomain
and via the 3™ helix (or “recognition helix”). The 9™ residue of helix III is responsible for
some sequence specificity between different homeodomain containing proteins by
interacting with nucleotides upstream of the TAAT sequence (330). Cooperative
dimerization between homeodomain containing factors was found to further increase their
DNA binding specificity (372). Alternatively, sequence specificity can be improved by the
presence of a second DNA binding domain in some homeobox proteins such as Pou, Lim,

Paired and Cut (115).

5.2 Drosophila melanogaster Cut

The name Cut came from a mutation responsible for a ‘cut wing’ phenotype in
Drosophila melanogaster. Several viable (kinked femur and cut wing) as well as lethal
(lethal I, II and III) mutations have been identified in the cut locus. Cut expression in
several tissues is controlled by a series of distal enhancers located at various distances from
the gene (154, 155). The viable as well as lethal I and III mutations were caused by the
insertion of a gypsy transposable element (insulator) between the different enhancers and
the core promoter, thus preventing Cut expression in various tissues. Short deletions or
point mutations within the coding sequence of cut were responsible for lethal II mutations,
resulting in embryonic lethality. In tissues where it is usually expressed, cut was detected
in precursor cells as well as in certain progeny cells, supporting a role in determining cell-

type specificity (29, 30, 211). Sustained expression of cut in the adult fly would suggest
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that not only is cut important for the acquisition of the developed phenotype, but also for its
maintenance (30, 213). As an example, in the peripheral nervous system, lethal cut
mutations caused cells to initiate the wrong developmental program such that external
sensory organs became internal (chordotonal) sensory organs (33). In contrast, ectopic
expression of cut in embryos triggered precursor cells to differentiate into external sensory
organs (31, 213). The study of the role of cut in limb (wing, femur) development also
uncovered a genetic interaction between cut, Notch and Wingless. At the dorsal-ventral
border of the wing, Cut is a downstream effector of Notch activation, where it would
maintain Wingless expression and suppress that of the Notch ligands, Delta and Serrate

(244).

5.3 Mammalian CDP/Cux

The human CUTL1 gene spans at least 340 kb and contains 33 exons. Various
splicing events and polyadenylation at two different sites can occur. The full length
CDP/Cux protein contains sequences encoded by exon 2 to exon 24. Different isoforms
resulting from differential splicing in exons 15 and 16 have been detected, but the
functional significance of the existence remains unknown (383). An alternatively spliced
transcript codes for a protein called CASP (CDP/Cux alternatively spliced protein), that
contains the coiled-coil region. A unique carboxy-terminus (from exons 25 to 33), was also
identified (202). CASP was recently found to be a golgi membrane protein, but its function

remains unclear (121).
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5.3.1 DNA Binding and Modulation of CDP/Cux Activity

DNA Binding of CDP/Cux

The fact that CDP/Cux contains four DNA binding domains; three Cut Repeats
(CR) and one Cut Homeodomain (HD), is suggestive of a variety of DNA binding
sequences, conformational modes and target promoters (5, 11, 131). The way CDP/Cux
binds to DNA is still not fully understood. Recent studies showed that individual Cut
Repeats cannot bind to DNA independently but will cooperate with another CR or the HD
(234). Each different combination of DNA binding domain prefers different consensus
sequences and has different binding kinetics. CR1CR2 binds transiently (rapid off and on
rates) to DNA but with high affinity to two C(A/G)AT motifs arranged as direct or inverted
repeats. This binding activity is responsible for the CCAAT-displacement activity of the
full length CDP/Cux p200 protein originally described (234). In the context of p200, DNA
binding by CR3HD is inactive. Stable DNA binding of CDP/Cux involves one or more CR
with the HD, such as CR3HD or CR2CR3HD. Their preferred binding sequences are
similar to ATCGAT. This stable DNA binding activity increases as cells progress from G1
to S phase of the cell cycle (see figure 3).

Modulation of CDP/Cux Activity

CDP/Cux activity is finely regulated at the post-translational level. Two such
modifications were shown to inhibit its DNA binding and therefore transcriptional activity.
The first is phosphorylation of the CRs and the HD, which can occur at various amino
acids, by various kinases (70, 72, 287). The second was shown to be acetylation of the HD
by P/CAF, although this observation remains controversial as it could not be repeated in
Dr. Nepveu’s laboratory (200). Instead, acetylation of CDP/Cux by P/CAF was shown to
prevent its phosphorylation by cyclin A/cdkl (Muzzin O. and Santaguida S., manuscript in
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preparation). An inhibitory domain was also identified at the amino terminus of CDP/Cux
(amino acids 1 to 101). This region was found to be sufficient to inhibit CDP/Cux DNA
binding as well as its ability to stimulate transcription (Reynal L., Wang Y. and Truscott
M., manuscript in preparation). It is currently unknown whether proteolytic processing is
responsible for the removal of the inhibitory region or whether a post-translational
modification, such as phosphorylation inhibits its action. As previously mentioned, for
stable DNA binding to occur, the CCAAT displacement activity has to be turned off. This
occurs via proteolytic cleavage of the full-length protein, resulting in an amino-terminally
truncated isoform of 110 kDa that contains the DNA binding domains CR2CR3HD, and

therefore possesses different DNA binding properties and transcriptional activities (235).

5.3.2 Transcriptional Properties of CDP/Cux

CDP/Cux was initially described as a transcriptional repressor that down-modulates
genes in proliferating precursors cells that are then turned on in terminally differentiated
cells (244). CDP/Cux can repress transcription via at least two mechanisms. The CCAAT
displacement activity of CR1CR2 can compete with transcriptional activators for binding
site occupancy. Two active repression domains were identified at the carboxy-terminus of
CDP/Cux (216). These domains may directly recruit HDAC1 (histone deacetylase 1), a
repressor of gene transcription (201). CDP/Cux was also reported to repress transcription
of certain genes by binding to AT-rich sequences within matrix-attachment regions
(MARs) (17, 54, 209, 210, 244, 319, 359).

Interestingly, CDP/Cux is involved in transcriptional activation of certain gene
promoters in proliferating cells. CDP/Cux is part of the HINF-D promoter complex that
induces several histone gene promoters at the G1/S transition of the cell cycle (13, 14, 347-
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349, 373). The DNA binding activity of HiNF-D is regulated in a cell cycle regulated
manner in normal cells, where it increases in S phase. A recent report indicated that in late
S-phase, CDP/Cux also represses the histone H4 gene promoter using Rb as a co-repressor
(126). In contrast, transformed cells display constitutive DNA binding by HiNF-D (144).
CDP/Cux cooperates with the rat ITF2 transcription factor to activate the tyrosine
hydroxylase gene promoter, but cannot activate it on its own (381). Recently, CDP/Cux
was shown to activate the DNA polymerase alpha, CAD, and cyclin A gene promoters at the
G1/8S transition (334).

These results strongly suggest that, depending on the promoter context, and of the
presence of specific binding partners, CDP/Cux could alternatively function as a

transcriptional repressor or activator.

5.3.3 CDP/Cux Activity During Cell Cycle

As mentioned previously, many targets of CDP/Cux are genes that are repressed in
proliferating cells and expressed as cells become terminally differentiated, when CDP/Cux
activity ceases. For example, in the developing kidney, CDP/Cux is highly expressed in
both mesenchymal and epithelial cells. At later stages of nephrogenesis, during cell cycle
exit and terminal differentiation, CDP/Cux is down-regulated (351). In cell culture,
CDP/Cux DNA binding oscillates during the cell cycle, peaking at the G1/S transition
when it is dephosphorylated by the cdc25A phosphatase (71). This activity correlates
temporally with histone H4 and DNA polymerase alpha expression (144, 334). At the
same time, CDP/Cux down-modulates the CKI p21*¥"*?! gene promoter (71). CDP/Cux
was also shown to decrease p27 expression, another CKI both in vitro and in vivo (191).
Stable DNA binding at the G1/S transition results from proteolytic processing of the full-
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length protein between CR1 and CR2 to generate the 110 kDa isoform. In the G2 phase of
the cell cycle, CDP/Cux activity is then inhibited by phosphorylation of the Cut
homeodomain by cyclin A/cdkl (287). The current model for CDP/Cux regulation during

the cell cycle is summarized in fig 3.

5.3.4 Knockout and Transgenic Mice

Four cux-I knockouts were generated. The first one, cux-1®!| in which the first
CR was removed, displayed a very mild phenotype characterized by curly vibrissae, wavy
hair and some pup loss due to the mother’s impaired lactation (336). Two cux-1 knockouts,
cux-1*"" and CDP/Cux AC”, in which the whole carboxy terminal region, including the
homeodomain were deleted, were shown to have high perinatal lethality, male infertility,
reduced growth and defect in hair follicle development (214, 304). In addition, a deficit in
T and B cells as well as a surplus in myeloid cells was observed (304). At the molecular
level, the DNA binding activity of HiNF-D was lost in mouse embryo fibroblasts derived
from these mice or adults tissues (214). Another mouse in which gene targeting replaced
the CR3 and HD revealed similar phenotypes, including delayed differentiation of the lung
epithelia and altered hair follicle morphogenesis (102).

In contrast, transgenic mice over-expressing the cux-1 cDNA, under the control of
the CMV enhancer/promoter, displayed multi-organ hyperplasia and organomegaly (191).
An increased number of proliferative cells was observed in the adult transgenic kidney,
which correlated with a decrease in the levels of the Cdk inhibitor p27. Eventually, these
mice develop glomerulosclerosis and interstitial fibrosis, with an increase in type IV

collagen in the mesangium (39).
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These animals indicate an important role for CDP/Cux in tissue homeostasis in

several organs.

5.3.5 CDP/Cux and Cancer

The CUTL1 gene was mapped to human chromosome 7, band q22, a chromosomal
region frequently deleted or rearranged in several cancers, including acute myeloid
leukemias, myelodysplastic syndrome and uterine leomyomas (194, 253, 290). LOH of
CUTLI1 was identified in 15% of human uterine leiomyomas and 18% of breast cancer
analyzed (384, 385). In the latter, LOH of CUTL1 was associated with an increase in
tumor size. Interestingly, 5 out the 12 tumors analyzed had lost the 5* end of the gene and
retained the 3’end. Using an animal model, it was observed that transgenic mice
overexpressing the polyomavirus Large T (LT) antigen under the control of the MMTV
promoter developed mammary tumors and uterine leiomyomas (361). In support of the
possibility that LT and CDP/Cux interact, LT and CDP/Cux could be co-
immunoprecipitated. This interaction is a mechanism used by viral proteins to inactivate
tumor suppressor genes, suggesting a potential involvement of CDP/Cux in some
transformation events. From these studies, it was initially thought that CDP/Cux was a
tumor suppressor gene located in 7q22. However, DNA sequencing of ¢cDNA from 6
leiomyomas and 5 breast tumors did not reveal any point mutations or any gross
rearrangements. Moreover, human uterine leiomyomas expressed more of the
proteolytically derived p110 isoform than the normal adjacent myometrium (236). In
addition, as mentioned earlier for transformed cells, HINF-D DNA binding is no longer cell
cycle regulated (144). In multiple myeloma, CUTL1 was found to be upregulated
compared to normal plasma cells (83).
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These results indicate that CDP/Cux might have a role in cancer. However, the

nature of such role is currently not fully understood.
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Figure 1: Alternative mechanisms to generate various protein isoforms from a single
gene.

(A) Alternative splicing of the hnRNA (or pre-RNA) allows for the generation of mRNAs
that are free of introns and contain various exons combinations. This can give rise to
different transcripts that can be devoid of internal AUGs (as exemplified in this figure). In
some cases, the expelled exon(s) could have encoded a localization signal, a DNA binding
domain or a protein-protein interaction domain. (B) Multiple transcription initiation sites
also yields transcripts of different sizes. This mechanism can be used to generate proteins
with different properties, as mentioned above. It can also be employed to produce RNAs
with less structured 5°UTR, or without upstream ORFs or initiating AUG (as shown in this
figure). (C) Multiple translation initiation sites allows for the synthesis of proteins of
various lengths with diverse properties from a single transcript. In this case, the transcript
contains two (or more) in-frame translation initiation sites. The use of the alternative AUG
can occur via leaky scanning, ribosome shunting or internal ribosomal entry site. It must be

noted that these mechanisms presented are not mutually exclusive.
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Figure 2: Schematic representation of cathepsin L and its intracellular route.

(A) Schematic of the pre-pro-enzyme cathepsin L. The pre region corresponds to the signal
peptide that allows the translating protein to enter the endoplasmic reticulum (ER). The pro
domain is a chaperone important for the folding of the protease and for inhibiting its
activity in unwanted compartments. In a cell-type specific manner, carboxy-terminal
cleavage of the mature cathepsin L also occurs. (B) During its translation, cathepsin L is
directed within the ER by the signal peptide. Once inside, cathepsin L is glycosylated. In
the golgi vesicules, the oligosaccharides are trimmed and obtain higher mannose residues.
Once phosphorylated, they form the M6P recognition marker that binds to the MPR. The
proenzyme is then targeted to a prelysosomes compartment, where the receptor dissociated
from the enzyme and is recycled back to the golgi. In some cases, such as in transformed

cells, cathepsin L can be directly secreted.
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Figure 3: Alternative modes of DNA binding and regulation of CDP/Cux during the
cell cycle.

The CCAAT displacement activity of the full length CDP/Cux (p200) involves the DNA
binding domains CR1CR2, whereas stable DNA binding requires CR3HD. During the

G1/S transition, the stable DNA binding activity is increased following two events.

CDP/Cux is dephosphorylated by the Cdc25A phosphatase and is proteolytically processed

to generate an amino-truncated isoform of 110kDa (p110). The p110 isoform can activate

the DNA polymerase alpha gene promoter and repress that of the P21"/“?'. At the G2
phase of the cell cycle, phosphorylation by cyclin A/Cdk1 of CDP/Cux inhibits its DNA

binding activity.
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Chapter II A Cathepsin L Isoform that Is Devoid of a Signal
Peptide Localizes to the Nucleus in S phase and Processes the
CDP/Cux Transcription Factor

Preface

This project originally focused on CDP/Cux expression and activity in cancer cells.
My colleague, Dr. Nam Sung Moon, demonstrated that the full-length CDP/Cux transcrip-
tion factor, p200, was proteolytically processed between CR1 and CR2 into an amino-
truncated p110 isoform at the G1/S transition of the cell cycle. This p110 isoform, in con-
trast to p200, could bind stably to DNA and activate the DNA polymerase alpha gene pro-
moter. In electrophoretic mobility shift assays (EMSA) p110 generates a faster migrating
complex than p200. My initial experiments found that cancer cells displayed a more in-
tense p110 retarded complex. Dr. Nam-Sung Moon also showed that proteolytic process-
ing of CDP/Cux is tightly regulated in normal cells, whereas in my experiments, cancer
cells display constitutive processing of p110. To better understand this phenomenon, sub-
sequent investigations shifted focus to identify the protease that is responsible for the proc-
essing of CDP/Cux and to understand the importance of its altered regulation in cancer
cells. While these studies were pursued concurrently, I chose to present the identification
of the protease in the first chapter of results and in the next chapter, the characterization of
CDP/Cux in cancer cells. These results will show that cathepsin L processing of CDP/Cux
is activated in many cancer cells. In the last chapter of results I describe another mecha-

nism that enables certain cancer cells to express more amino-terminally truncated CDP/Cux
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isoforms. This mechanism takes place at the transcriptional level and involves the initia-
tion of transcription at a different start site located within the gene itself. Although this
work was published prior to the other two chapters, it will be presented last because the
significance of these findings are clearer with an understanding of the overall regulation of
CDP/Cux. When considered in a more general context, it thus becomes obvious that cancer
cells will use alternate mechanisms to constitutively express short CDP/Cux isoforms.

In this chapter, cathepsin L is identified as the protease responsible for the prote-
olytic cleavage of CDP/Cux. As cathepsin L was known to be a lysosomal enzyme, its
presence in the nucleus had to be ascertained. The mechanism for its translocation to the
nucleus was also investigated. In addition, I provide functional evidence that p110 plays a

key role in cell cycle progression by accelerating entry into S phase.
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Abstract

The sub-class of cysteine proteases termed lysosomal cathepsins has long thought to be
primarily involved in end-stage protein breakdown within lysosomal compartments. Fur-
thermore, few specific protein substrates for these proteases have been identified. We show
here that the 'lysosomal’ cysteine protease, cathepsin L, functions in the regulation of cell
cycle progression through proteolytic processing of the transcription factor CDP/Cux
within the nucleus. Cathepsin L processes recombinant CDP/Cux to yield a functional pro-
tein fragment that can form a stable complex with DNA and modulate transcriptional activ-
ity. Forced expression of cathepsin L increased CDP/Cux processing and gene ablation of
cathepsin L reduced CDP/Cux processing in situ. Furthermore, catalytically active cathep-
sin L is localized to the nucleus during the G1-S transition as detected by immunofluores-
cence imaging and labeling using activity based probes. Trafficking of cathepsin L to the
nucleus is accomplished through a novel mechanism involving the synthesis of a truncated
protease that is devoid of its signal peptide. Interestingly, forced expression of the proc-
essed CDP/Cux isoform is able to accelerate entry into S phase, and circumvent the G1-
block that ensues following treatment of cells with the cysteine protease inhibitor, E64-d.
Overall these results uncover a novel role for cysteine proteases in the control of cell cycle

progression.
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Introduction

Mammalian cysteine proteases of the papain family are targeted to the lumen of the
endoplasmic reticulum via a signal peptide within their pro-domain and subsequently are
glycosylated, phosphorylated and trafficked to the lysosomes (Chapman et al., 1997a).
These proteases have long been thought to function exclusively in the terminal degradation
of proteins in the lysosomes, but a number of recent observations have suggested that dis-
tinct cathepsins may play specific, non-redundant, physiological functions (reviewed in
(Reinheckel et al., 2001; Turk et al., 2000). For example, specific phenotypes sometimes
involving a particular tissue or cell-type have been observed following gene inactivation of
different cathepsin genes. Cathepsin B has recently been shown to mediate protection from
autolysis at the cell surface of cytotoxic T-cells and natural killer cells, and cathepsin L has
been found to catalyze pro-hormone processing in secretory vesicles of neuroendocrine
cells (Balaji et al., 2002; Yasothornsrikul et al., 2003). Taken together, these observations
support the notion that cysteine proteases may also be involved in the regulatory processing
of distinct protein substrates. The intriguing possibility that a cathepsin could be present in
the nucleus was suggested from the findings that a nuclear serpin, MENT (Myeloid and
Erythroid Nuclear Termination stage-specific protein), can efficiently inhibit a nuclear pa-
pain-like cysteine protease and cause a block in cellular proliferation (Irving et al., 2002).
However, there is at present no direct evidence for the presence of a cathepsin in the nu-
cleus.

The CDP/Cux/Cut transcription factors are a family of homeodomain proteins that are
conserved among metazoans (reviewed in (Nepveu, 2001)). Genetic analysis in Drosophila

melanogaster indicated that cut mediates phenotypic effects in a large number of tissues
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(Bodmer et al., 1987; Braun, 1940; Jack et al., 1991; Jack, 1985; Liu et al., 1991). Inactiva-
tion of cux-1 by gene targeting in the mouse has revealed several phenotypes including
growth retardation, delayed differentiation of lung epithelia, altered hair follicle morpho-
genesis, male infertility and a deficit in T and B cells (Ellis et al., 2001; Luong et al., 2002;
Sinclair et al., 2001). In contrast to the small size of cux-I knock-out mice, transgenic mice
expressing cux-1 displayed multi-organ hyperplasia and organomegaly (Ledford et al.,
2002). Thus, from genetic studies both in Drosophila and the mouse, it is clear that the
CDP/Cux/Cut gene plays an important role in tissue homeostasis in several organs.

A role for CDP/Cux in cell cycle progression, in particular at the G1/S transition, was
inferred from a number of evidence. In particular, CDP/Cux binding to DNA increases at
the G1/S transition (Coqueret et al., 1998; Holthuis et al., 1990; van Wijnen et al., 1991;
van Wijnen et al., 1996; van Wijnen et al., 1989). In S phase, CDP/Cux was shown to re-

JWAFICIPL gene and to stimulate expression of reporter plasmids carrying pro-

press the p2
moters from the DNA pol a, carbamoyl-phosphate synthase/aspartate carbamoyltrans-
ferase/dihydroorotase (CAD), and cyclin A genes (Coqueret et al., 1998; Moon et al., 2001;
Truscott et al., 2003). Increase in DNA binding at the G1/S transition involves two regula-
tory events: dephosphorylation of the Cut homeodomain by the Cdc25A phosphatase, and a
specific proteolytic cleavage (Coqueret et al., 1998; Moon et al., 2001). As cells progress
into S phase, a fraction of CDP/Cux p200 molecules is proteolytically processed into N-
terminally truncated proteins of 110 kDa. While CDP/Cux p200 only transiently binds to
DNA and carries the CCAAT-displacement activity, p110 makes stable interaction with
DNA (Moon et al., 2000; Moon et al., 2001). Importantly, p110 but not p200 can stimulate
expression of the endogenous of the DNA pol a gene (Truscott et al., 2003). Thus, cell cy-

cle-dependent processing of CDP/Cux serves to generate a p110 isoform with distinct DNA
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binding and transcriptional properties. However, the specific mechanisms and enzymes in-
volved in proteolytic processing of CDP/Cux within the nucleus have remained largely un-
known.

In the present study, we have used a number of strategies to identify the protease respon-
sible for the S phase-specific proteolytic processing of CDP/Cux. Small molecule activity
based probes (ABPs) were used to track the activation of papain family cysteine proteases
during cell cycle progression. One cysteine protease, cathepsin L, localized to the nucleus
at the G1/S transition and was capable of processing CDP/Cux in vitro and in vivo to pro-
duce the physiologically relevant p110 isoform. Mechanistic studies suggest that translation
initiation at downstream AUG sites allows the synthesis of N-terminally truncated cathep-
sin L isoforms that are devoid of a signal peptide and are targeted to the nucleus as cells
progress into the cell cycle. These findings uncover a hitherto unsuspected function for the
'lysosomal’ cysteine protease cathepsin L and suggest a novel mechanism for trafficking of

this protease to the nucleus.
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Results

Protease inhibitors directed against cathepsins inhibit CDP/Cux processing. As
a first step to identify the protease responsible for CDP/Cut processing, we tested the effect
of various protease inhibitors on the expression and activity of the CDP/Cux processed iso-
form, p110. NIH3T3 cells were transfected with a vector, MCH, expressing the full length
CDP/Cux protein with Myc and HA epitope tags at its amino- and carboxy-termini, respec-
tively. Transfected cells were treated with various protease inhibitors for four hours prior to
harvesting, Nuclear extracts were tested by Western blot analysis with an antibody that rec-
ognizes the carboxy-terminal epitope, and in electrophoretic mobility shift assay with a
probe specific for the CDP/Cux p110, as previously described (Moon et al., 2001). Based
on steady-state levels of CDP/Cux p110 (Fig. 1A) and the reduction in the intensity of the
retarded complex (Fig. 1B), processing was inhibited by MG132 and E-64-D, and to a mi-
nor extent by ALLN, cathepsin inhibitor I and chloroquine. In contrast, lactacystin,
PD150606 and EGTA had no effect, suggesting that neither the proteasome nor calpain
were involved. Thus, this pattern of inhibition suggested that a cathepsin-like protease is
involved in the processing of CDP/Cux.
Forced expression of CDP/Cux p110 overcomes a G1-block imposed by a cysteine pro-
tease inhibitor. Treatment of cells with a cysteine protease inhibitor was previously re-
ported to prevent their progression into S phase (Mellgren, 1997). The molecular basis for
this G1 block is still unclear. Since processing of the CDP/Cux transcription factor was
shown to take place at the G1/S transition, we tested whether forced expression of the proc-
essed CDP/Cux isoform would be able to circumvent the block imposed by a cysteine pro-

tease inhibitor (Moon et al., 2001). Populations of NIH3T3 stably carrying an empty vector
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or a vector expressing the 878-1505 CDP/Cux protein were generated by retroviral infec-
tion. Cells were synchronized into GO by serum starvation for 3 days, and then stimulated
to re-enter into the cell cycle by adding fresh medium with 10% serum. At the indicated
times, cells were harvested and their cell cycle distribution was analyzed by FACS analysis
following staining of the DNA with propidium iodide. Cells expressing CDP/Cux 878-
1505 started to enter in S phase at 14 hour following serum addition, whereas the control
population of cells entered in S phase at 16 hours (Fig. 1C and D). Thus, expression of
CDP/Cux 878-1505 shortens the G1 phase coming out of quiescence. In the presence of
the cysteine protease inhibitor E-64d, control cells did not progress into S phase at 16
hours, and at 18 hours only 8% of these cells had progressed into S phase. These results
confirm that a cysteine protease inhibitor can cause a delay in G1 (Fig 1E). Interestingly,
cells expressing CDP/Cux 878-1505 progressed into S phase at 14 hours, and at 16 and 18
hours a large fraction of these cells had progressed into S phase (Fig. 1F). These results in-
dicate that CDP/Cux 878-1505 can overcome the G1 block that is imposed by inhibition of
cysteine proteases.

Cathepsin L can proteolytically process CDP/Cux in vitro. Proteolytic processing was
previously mapped to the linker region in between the CR1 and CR2 domains of CDP/Cux,
and a recombinant protein containing these domains fused to a nuclear localization signal
was shown to be processed following transfection into NIH3T3 cells (Moon et al., 2001).
To verify whether a cathepsin cysteine protease could cleave CDP/Cux, purified CR1+CR2
recombinant protein was incubated in vitro with a panel of cathepsins. Cleaved peptides
were rapidly generated following incubation with recombinant cathepsin L, K, F and V
(Fig. 2A). Since CDP/Cux is expressed in all tissues and is processed in a similar manner in

cells of various origins (Moon et al., 2001), it is likely that the protease responsible for its
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processing is also ubiquitously expressed. Among the ubiquitously expressed cathepsins
that were able to cleave CR1+CR2 in vitro, cathepsin L was the most efficient. We there-
fore verified whether CR1+CR2 was cleaved similarly following transfection into NIH3T3
or incubation in vitro with cathepsin L. The same vector, pTri-Ex-2, served for the expres-
sion of CR1+CR2 in bacteria and in mammalian cells. As seen in Fig. 2B, the CR1+CR2
peptides generated by cathepsin L in vitro displayed similar mobility on SDS-PAGE as the
primary peptides produced following transfection into Ras-FR3T3 cells (compare lane 1
with lanes 4-6). N-terminal sequencing of the cleaved peptides revealed that processing
occurred at three positions in vitro, following residues Q*?, §™" and S™ (Fig. 2D). To as-
sess whether cathepsin L could cleave CDP/Cux at neutral pH, reactions were carried at
various pH using a larger recombinant CDP/Cux substrate (Fig. 2C). Although cleavage
was more efficient at pH5.5, substantial cleavage was still observed at pH 7.0 and 7.5.

The steady-state level of the CDP/Cux processed isoform correlates with cathepsin
L expression. Co-expression of cathepsin L with Myc-Cux-HA led to an increase in the
steady-state level of CDP/Cux p110 both in NIH3T3 (Fig. 3A, compare lane 1 with lanes 2
and 3 ) and CV-1 cells (Fig. 3A, compare lane 4 with lanes 5 and 6 ). Addition of E-64d
inhibited, at least partially, the production of p110 in cells (Fig. 3A, compare lane 7 with 6).
Importantly, co-transfection with a catalytically inactive mutant of cathepsin L, Cat L&,
did not lead to an increase in CDP/Cux p110 (Fig. 3A, compare lane 11 with 9 and 10).
Proteolytic processing of Myc-Cux-HA was then assessed in mouse embryo fibroblasts

(MEF) derived from the cathepsin L knockout (Roth et al., 2000). Transfections were car-
ried in parallel in three types of MEF cells: Cat L_/', Cat B”., and wild type. Proteolytic

processing of Myc-Cux-HA was much less efficient in Cat L MEF (Fig. 3B, compare
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lanes 2, 3 and 4 with lanes 5 and 6). Yet, a faint band corresponding to p110 was still ob-

/-
served in Cat L MEF (Fig. 3B, lanes 2-4). Altogether, results from gain- and loss-of-
function analysis are consistent with the notion that cathepsin L is responsible for the pro-
teolytic processing of CDP/Cux. These results do not, however, exclude the possibility that

other proteases can also proteolytically cleave CDP/Cux, as demonstrated from the pres-

ence of low amount of CDP/Cux processed isoforms in Cat L/~ MEF cells (Fig. 3B, lanes
2-4).

The cathepsin L heavy chain is present at higher level in the nuclear fraction of
NIH3TS3 cells that are enriched in S phase. Cathepsin L has been characterized as a pro-
tease that localizes to the lysosomes (Erickson, 1989; McGrath, 1999). However, some
early data from immunofluorescence studies with anti-cathepsin L antibodies revealed a
weak signal within or at the surface of the nucleus (see Fig. 2 in (Portnoy et al., 1986)). We
therefore investigated whether a fraction of cathepsin L could be found in the nucleus. As a
first approach, we used small molecule activity based probes (ABPs) to radioactively label
active papain-family cathepsins directly within cells (Bogyo et al., 2000). Since expres-
sion of CDP/Cux p110 in NIH3T3 cells was previously shown to increase in S phase, the
experiment was performed using populations of NIH3T3 cells synchronized at different
points of the cell cycle (Moon et al., 2001). To help determine which of the many ABP-
associated signals in NIH3T3 cells may correspond to cathepsin L, the experiment was per-
formed in parallel with Cat L_/' MEF cells. NIH3T3 cells and Cat L_/_ MEF were serum-
starved and then re-stimulated to enter the cell cycle. At the indicated time, cells were la-
beled for one hour with the ABP, '**I-JPM-OET, after which cytoplasmic and nuclear frac-

tions were prepared and analyzed by SDS-PAGE and autoradiography (Fig. 4). As ex-
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pected, a number of bands were observed in the cytoplasmic fraction of both NIH3T3 and
the Cat L/~ MEF cells (Fig. 4A). Interestingly, in the nuclear fractions, two bands were

present in the samples from NIH3T3 cells but were absent in the samples from Cat L-/-
MEEF cells (Fig. 4B). To verify whether these bands indeed represented cathepsin L, sam-
ples from the 14h time points were analyzed by immunoprecipitation with an anti mouse
cathepsin L antibody prior to analysis by SDS-PAGE. Two bands corresponding to the sin-

gle and heavy chains of cathepsin L were present in the nuclear fraction of NIH3T3 cells,

but were not observed in the nuclear fraction of Cat L~ MEF cells (Fig. 4C). Thus, active
cathepsin L can be detected in the nuclear fraction of NIH3T3 cells, and the activity of
cathepsin L in the nuclear fraction increased with the progression of cells into S-phase.
Indirect immunofluorescence demonstrates that the sub-cellular localization of
cathepsin L varies during the cell cycle. In order to analyze the sub-cellular localization
of cathepsin L, indirect immunofluorescence was performed on NIH3T3 cells using anti-
bodies raised against murine cathepsin L (Chapman et al., 1997b). Essentially two staining
patterns were observed in continuously growing NIH3T3 cells (Fig. 5B). Approximately
80% of the cells exhibited a strong cytoplasmic signal consistent with lysosomal localiza-
tion of cathepsin L (Erickson, 1989; McGrath, 1999). In 20% of the cells, a signal was also
observed over the nuclear region. The observation of different staining patterns in the same
population of cells suggested that the sub-cellular localization of cathepsin L may vary
throughout the cell cycle. To verify this hypothesis, NIH3T3 cells were synchronized by se-
rum starvation-stimulation. Throughout the cell cycle, cells were analyzed by indirect im-
munofluorescence and cell cycle distribution was monitored by FACS analysis after stain-

ing with propidium iodide. The most frequent staining pattern for each time point is illus-
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trated in panel A, while the proportion of each staining pattern is provided in panel B after
examination of at least 200 cells at each time point (Fig. 5A and B). We observed an in-
crease in the proportion of cells with a nuclear staining pattern at 12h, 13h, and 14h fol-
lowing serum addition when a large fraction of cells progressed through the S and G2
phases of the cell cycle. Synchronization using an alternate method, the double thymidine
block procedure, confirmed that a nuclear cathepsin L staining was increased in populations
of cells enriched in S phase (data not shown; see also Fig. 5D). To verify whether the signal
over the nuclear area originated from the surface of or from within the nucleus, serial im-
ages at various depths were obtained by confocal microscopy (Fig. 5C). The results une-
quivocally show localization of the signal within the nucleus. To ensure that the distinct
nuclear foci were due to authentic cathepsin L protein and not to an unexpected antibody
cross-reaction, we examined the localization of cathepsin L with two other polyclonal
cathepsin L antibodies directed against distinct regions of the cathepsin L protein (see Ma-
terial and Methods). All anti-cathepsin L antibodies revealed an S phase-specific nuclear
staining pattern (data not shown).

To unambiguously verify whether cathepsin L can localize to the nucleus, we engineered
a vector, Cat L-HA, expressing cathepsin L with the influenza virus hematoglutinin (HA)
epitope tag inserted at position 216 of the cathepsin L protein sequence (accession number
XM _122577). The crystal structure of cathepsin L predicted that an epitope tag inserted at
this position would reside within an external loop of the mature cathepsin L protein
(Coulombe et al., 1996). We have confirmed that cathepsin L with this tag targets to en-
dosomes and is secreted similarly to wt protein (A. E., unpublished observations). Moreo-
ver, the Cat L-HA protein expressed in the yeast Pichia Pastoris was found to be enzymati-

cally active (see below and Fig. 7C). NIH3T3 cells were transfected with the Cat L-HA
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expression vector, synchronized by double thymidine block or serum starva-
tion/stimulation, and were analyzed by indirect immunofluorescence using an anti-HA an-
tibody. NIH3T3 cells transfected with the Cat L-HA vector showed some cells that were
visible in phase contrast that did not display any signal with the anti-HA antibody (Fig.
5D). We surmise that cells with an HA signal correspond to transfected cells, whereas cells
with no HA signal represent the untransfected cells present in the population. In agreement
with the results obtained with the endogenous cathepsin L, a proportion of the cells ex-
pressing Cat L-HA displayed a signal in the nucleus, and the proportion of cells with a nu-
clear signal increased following enrichment in S phase with double thymidine block or se-
rum stimulation (Fig. 5D). That the signal over the nuclear area was truly intra-nuclear was
demonstrated from scanning confocal microscopy (Fig. SE). Thus, the results with 3 differ-
ent polyclonal antibodies against cathepsin L, and with the Cat L-HA recombinant protein
revealed that cathepsin L can localize to the nucleus, and that this process is regulated in a
cell cycle dependent manner.

Translation can initiate at internal start sites within the cathepsin L mRNA. We in-
vestigated a number of mechanisms that could account for the presence of cathepsin L in
the nucleus. Interfering with lysosome targeting either pharmacologically or by introducing
a point mutation in the cathepsin L coding sequence to prevent glycosylation increased
cathepsin L secretion but did not affect nuclear targeting, in agreement with earlier reports
(Chapman et al., 1997b). We then considered the possibility that an alternatively spliced or
initiated cathepsin L mRNA may encode a protein devoid of the signal peptide, however,
RNase mapping and reverse-transcriptase polymerase chain reaction (RT-PCR) analyses
with various oligonucleotide primers failed to reveal the existence of novel cathepsin L

mRNA (data not shown). Moreover, expression of cathepsin L mRNA did not vary during
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the cell cycle (data not shown). These results were in agreement with our earlier findings
showing a nuclear signal upon transfection of a full-length cDNA clone expressing Cat L-
HA (Fig. 5D and E). Interestingly, using the cathepsin L ¢cDNA in an in vitro transcrip-
tion/translation system, we detected two bands of faster mobility that could correspond to
cathepsin L proteins generated as the result of translation initiation at sites downstream
from the first AUG start codon (Fig 6A, lane 2). To verify this hypothesis, we performed in
vitro mutagenesis to remove putative translation initiation sites from the cathepsin L
c¢DNA. Interestingly, the 5° portion of the murine cathepsin L cDNA contains 7 AUG
codons, corresponding to methionine 1, 56, 58, 75, 77, 83 and 111. This represents a higher
than usual concentration of methionine codons. Mutation of the first methionine codon
from AUG to UUC (M1) prevented expression of the slowest species, confirming that this
band correspond to the full-length cathepsin L (Fig 6A, lane 3). Yet, the two faster migrat-
ing species were still produced by this mutant, indicating that translation indeed could start
at downstream positions. Replacement of the methionine codons 56 and 58, 75 and 77 with
UUC greatly reduced expression of these shorter species, however, a weak band could still
be observed (Fig 6A, lane 4). Additional replacements at methionine codons 83 and 111
caused the disappearance of this band, but new faster species appeared (Fig. 6A, lanes 5-6).
However, in the context of a cDNA in which the methionine codon 1 was left intact, re-
placement of methionine codons 56, 58, 75, 77 and 83 was sufficient to eliminate expres-
sion of shorter Cathepsin L species (Fig. 6A, lanes 7-9). These results demonstrated that
translation could start in vitro at several downstream AUG initiation sites within the
cathepsin L mRNA, thereby allowing the synthesis of cathepsin L with distinct amino-

termini.
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Following transfection of the Cat L-HA and M1-HA plasmids into NIH3T3, we ob-
served cathepsin L species of similar electrophoretic mobility as that seen in the in vitro
system (Fig 6B, compare lanes 1-2 with lanes 4-5). These results demonstrated that trun-
cated cathepsin L proteins are also present in cells upon forced expression of the cathepsin
L mRNA. We then verified whether short cathepsin L proteins are expressed from the en-
dogenous gene. Following in vivo labeling with 33S-methionine and immunoprecipitation
with Cathepsin L antibodies, we detected a faint band, which co-migrated with a recombi-
nant short Cathepsin L species (Fig 6B, compare lane 11 with lanes 8, 9 and 10). Altogether
these results suggest that translation in vivo can start at downstream initiation sites within
the endogenous Cathepsin L mRNA.

N-terminally truncated cathepsin L species are excluded from a membrane fraction
in vitro and exhibit a distinct subcellular localization in vive. Cathepsin L proteins that
start at amino acids 56, 58, 75 or 77 would not include a signal peptide, and consequently
should be excluded from the endoplasmic reticulum. To verify this hypothesis, in vitro
translation was performed in the presence of a membrane fraction. Proteins were then frac-
tionated to distinguish proteins that are internalized during translation from those proteins
that are not inserted into a membrane. As expected, the full-length cathepsin L was found
mostly if not exclusively in the membrane fraction (Fig 6C, lanes 2 and 3). In contrast, the
shorter cathepsin L produced by the mutant M1 were not associated with the membrane
fraction and were found instead in the supernatant (Fig 6C, lanes 5-6). To compare the sub-
cellular localization of the full-length and short cathepsin L isoforms, NIH3T3 cells were
transfected with either wild type or mutated Cat L-HA vectors and indirect immunofluores-
cence was performed using anti-HA antibodies. Only a fraction of cells on any given slide
generated a signal, indicating that the signal obtained with the anti-HA antibody originated
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from transfected cells (data not shown). As seen previously, cells transfected with the wild
type Cat L vector displayed two different staining patterns with 20% of cells showing a
distinct nuclear signal (Fig. 6D). Remarkably, a strong nuclear signal was never observed
in cells transfected with the mutant M56-111-HA that expresses only the full-length
cathepsin L isoform (Fig. 6D). In contrast, staining within the nucleus was observed in all
cells transfected with the M1-Cat L-HA vector (Fig 6D). To confirm that nuclear staining
was due to the expression of N-terminally truncated cathepsin L species, we engineered a
vector in which the 5' end of the Cat L-HA ¢cDNA was truncated up to nucleotide 247,
thereby deleting the first AUG as well as the first 47 codons. In the resulting clone, the
cathepsin L open reading frame was predicted to start at the AUG site corresponding to
codon 56 of the wild type cathepsin L mRNA. This vector was therefore called AUG-56.
100% of the cells transfected with this vector displayed a strong nuclear staining pattern,
thereby confirming that N-terminally truncated cathepsin L species can localize to the nu-
cleus (Fig 6D).

N-terminally truncated cathepsin L species stimulate the processing and transcrip-
tional activity of CDP/Cux. The distinct sub-cellular localization of the cathepsin L mu-
tants suggested that only the N-terminally truncated cathepsin L proteins could co-localize
with CDP/Cux and modulate its activity. Indeed, co-expression of either wild type or M1
Cat L-HA in NIH3T3 cells stimulated processing of the Myc-Cux-HA protein (Fig. 7A,
compare lanes 3-4 and 5-6 with lane 2). In contrast, increased processing was not observed
with the M56-111-HA mutant that does not localize to the nucleus (Fig. 7A, compare lane 9
with lanes 7 and 8). Overall, stimulation of CDP/Cux processing correlated with the ex-
pression of shorter cathepsin L-HA isoforms as seen in Fig. 7B. To confirm that the HA-
tagged cathepsin L was enzymatically active, a full-length cathepsin L-HA protein was ex-

112



Chapter II - Manuscript

pressed in the yeast Pichia Pastoris, as previously described (Menard et al., 1998). A
cleaved peptide of the expected molecular mass was generated upon incubation of the puri-
fied CR1+CR2 recombinant protein with medium from a Cat L-HA transformed Pichia
clone (Fig. 7C, compare lane 3 with lanes 1 and 2). Processing of CR1+CR2 was inhibited
in the presence of the cathepsin inhibitor E-64d (Fig. 7C, lane 4), and no processing was
observed when the medium was taken from the original, untransformed, yeast (Fig. 7C,
lane 5). Altogether, these results indicate that the HA-tagged cathepsin L enzyme is cata-
Iytically active, and that N-terminally truncated cathepsin L-HA molecules can localize to
the nucleus and cleave CDP/Cux.

Processing of CDP/Cux p200 was previously shown to generate an isoform, p110, that
displays distinct DNA binding properties (Moon et al., 2001; Truscott et al., 2003). We
therefore tested whether co-expression of cathepsin L with CDP/Cux p200 could change its
biochemical activities. When wild type cathepsin L was co-expressed with CDP/Cux p200,
we observed an increase in the steady state level of CDP/Cux p110 (Fig. 7D, lane 3), and in
the corresponding retarded complex as seen in electrophoretic mobility shift assay (Fig. 7D,
lane 7). Similarly, co-expression of an N-terminally truncated cathepsin L species, Cat
LAUG% also led to an increase in CDP/Cux p110 expression and DNA binding activity
(Fig. 7D, lanes 12 and 17). In contrast, the M56-111 cathepsin L mutant that expresses only
the full-length cathepsin L isoform was unable to stimulate CDP/Cux p110 expression and
DNA binding activity (Fig. 7D, lanes 13 and 18). In summary, our results demonstrate that
translation initiation at downstream start sites within the cathepsin L mRNA allows the
synthesis of Cathepsin L isoforms that are devoid of a signal peptide (Fig. 6A and B), do

not transit through the endoplasmic reticulum (Fig. 6C), can localize to the nucleus (Fig.
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6D), cleave the CDP/Cux transcription factor (Fig. 7A) and modify its DNA binding prop-

erties (Fig. 7D).
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Discussion

Cell cycle research in the last decade has revealed a crucial role for the proteasome in
the regulated transition from one phase of the cell cycle to another. Expression of many cell
cycle regulatory proteins is controlled in large part by their degradation (DeSalle and Pa-
gano, 2001; Hershko, 1997; Peters, 2002). In addition to this broad role of proteolysis in
establishing novel patterns of protein expression, our results indicate that limited proteoly-
sis or proteolytic processing can serve in a more subtle way to modulate the biochemical
properties of specific proteins in the nucleus. In the case of the CDP/Cux transcription
factor, proteolytic processing serves to generate an isoform that is capable of making a sta-
ble interaction with DNA and engage in distinct regulatory functions (Moon 01, Truscott
03). In particular, CDP/Cux p110, but not p200, was found to stimulate expression of re-
porters carrying the promoters from the DNA pol a, CAD and cyclin A genes (Moon et al.,
2001; Truscott et al., 2003). In addition, we showed in the present study that CDP/Cux
p110 was able to accelerate the G1 to S transition following exit from quiescence (Fig. 1).
This property of CDP/Cux p110 is not limited to experimental conditions of serum starva-
tion/re-stimulation, but was also observed following a nocodazole-block in G2/M and in
continuously proliferating cells fractionated by cell elutriation (Sansregret et al., submit-
ted). Thus, proteolytic processing of CDP/Cux is likely to represent an important regula-
tory step at the onset of S phase.

The presence of active cathepsin L in the nucleus raises a number of questions regarding
its processing and activity outside of the ER and lysosomal compartments. As a signal pep-
tide is present at the N-terminus of cathepsin L, the protein should be targeted to the endo-

plasmic reticulum during its synthesis. However, our results revealed the existence of N-
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terminally truncated cathepsin L isoforms that are devoid of the signal peptide. The pres-
ence of faster migrating species that are generated at low efficiency from the cathepsin L
mRNA in the in vitro transcription/translation system as well as in cells suggested that
smaller cathepsin L isoforms may be expressed (Fig. 6). Mutational analysis indicated that
these smaller cathepsin L isoforms were the products of translation initiation at downstream
AUG sites by a mechanism involving either leaky scanning or internal ribosome entry (Fig.
6). Importantly, only N-terminally truncated cathepsin L isoforms were able to translocate
to the nucleus and stimulate CDP/Cux processing (Fig. 6). In contrast, the replacement of 7
internal AUG codons with alanine codons lead to the expression of a full-length cathepsin
L isoform that did not generate a signal in the nucleus and could not stimulate CDP/Cux
processing (Fig. 6). Therefore, we conclude that translation initiation at downstream AUG
sites within the cathepsin L mRNA is the first requirement in the chain of events that lead
to the presence of active cathepsin L in the nucleus.

A major obstacle to the correct folding and processing of N-terminally truncated cathep-
sin L outside of the endoplasmic reticulum and lysosomes presumably would be the neutral
pH and different redox-potential of the cytoplasmic and nuclear milien. While most studies
on this subject have focused on activation of cathepsin L inside of the lysosome, proper
maturation of this protease elsewhere is not impossible in light of the demonstrated auto-
catalytic processing of cathepsin L in vitro (Menard et al., 1998). In this study, autocata-
lytic processing required that the pH be reduced to 5.3, a situation that is unlikely to be
found in the cytoplasm or the nucleus. However, we speculate that the truncated pro-
domain of shorter cathepsin L species does not bind as tightly to the active groove, thereby
allowing autocatalytic processing at higher pH. In support for this notion, a truncated form

of cathepsin B that lacks the signal peptide and part of the propeptide (52 residues) was
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shown to fold properly and become active (Mehtani et al., 1998). As the cytosolic chaper-
one machinery is recruited while the nascent protein is still on the ribosome, we envisage
the additional possibility that cytosolic chaperones somehow serve as substitutes for the
proregion (Frydman, 2001). Furthermore, recent evidence suggests that a redox potential
might be available in the cytosol, as members of the protein disulfide isomerase (PDI) fam-
ily were found in non-ER locations, including the cytosol and the nucleus (reviewed in
(Turano et al., 2002)). In relation to this, a number of studies have also raised the intrigu-
ing possibility that cell cycle progression from the G1 to the S phase may be associated
with overall cellular (or nuclear) metabolic state/redox status (Menon et al., 2003; Zheng et
al., 2003).

We envisage that cathepsin L isoforms that are devoid of a signal peptide are released
into the cytoplasm and eventually make their way to the nucleus by a mechanism that re-
mains to be defined. In this regard, examination of the cathepsin L sequence revealed the
presence of a lysine-rich sequence that resembles the canonical nuclear localization signal.
However, extensive mutation of this sequence did not prevent nuclear targeting in cells that
were synchronized in S phase (data not shown). This finding leads us to speculate that
cathepsin L molecules associate with a partner protein in order to travel to the nucleus.

Can cathepsin L be a functional enzyme at neutral pH? Since optimal enzymatic activity
by cathepsins is achieved at a pH 5.5 (Turk et al., 1997), we can reasonably assume that
cathepsins might only be weakly active in the nuclear milieu (Turk et al., 1999; Turk et al.,
1993). Yet, using partially purified cathepsin L from two independant sources, rat liver and
the yeast Pichia pastoris, we have shown that cathepsin L is able to process a CDP/Cux
substrate at neutral pH, although a reduction in activity was observed at pH 7.5 relative to

pH 5.5 (Fig. 2C and data not shown). We emphasize that limited cathepsin L activity in the
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nucleus is entirely compatible with a role in the proteolytic processing of specific nuclear
proteins. In contrast, optimal activity of cathepsins in the acidic environment of the
lysosome is necessary for the terminal degradation of proteins. Thus, the sub-optimal pH
that prevails in the nucleus should not be taken as an obstacle but rather as an important
element that enables cathepsin L to play a role in the limited proteolysis of nuclear proteins.
Future studies should investigate the possibility that other cysteine proteases might be pre-
sent in the nucleus. In agreement with this notion, we observed a small amount of the
CDP/Cux p110 isoform in cat L-/- MEF cells (Fig. 3B). It is possible that redundant prote-
ase activities co-exist in the nucleus in a somewhat constitutive manner; alternatively, gene
inactivation of cathepsin L may lead to the compensatory induction of other proteases like
cathepsin F for example. We note that the coding sequences of cathepsin F and V contain,
like cathepsin L, several AUG codons that are located downstream of the first AUG
codons.

We consider the possibility that some of the phenotypes already described for the vari-
ous cathepsins mutant mice might involve a biochemical activity distinct from that which
has been characterized in the lysosomes. For example, we note that the CDP/Cux knockout,
the cathepsin L knockout and the furless mutant display strikingly similar phenotypes. In-
deed, each of these mutant mice exhibits smaller size at birth, a high rate of mortality early
in life and defective hair follicle cycle. In the case of CDP/Cux, this phenotype was not en-
tirely surprising in light of the documented role of Drosophila cut in the development of
bristles (Blochlinger et al., 1991; Bodmer et al., 1987). In contrast, it was not immediately
apparent why inactivation of cathepsin L would lead to a tissue-specific defect in the hair
follicle (Benavides et al., 2002; Roth et al., 2000). It was suggested that cathepsin L may be

involved in the activation of extracellular degrading metalloproteinases, or in the prote-
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olytic processing of growth factors or their receptors, in a way that would modulate the bal-
ance between proliferation and differentiation in the skin (Roth et al., 2000). Although we
cannot exclude that the molecular and cellular basis for the altered hair follicle cycling may
be entirely different for the cat L-/- and cux-/- mutant mice, we deem worthy of investiga-
tion the notion that the role of cathepsin L in the control of proliferation and differentiation

involves the proteolytic processing of some nuclear proteins.
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Experimental Procedures

Cell culture. NIH3T3, CV-1, MEF and MEF Cat B -/- cells were cultured in DMEM me-
dium supplemented with 10%FBS. MEF Cat L -/- cells were cultured in RPMI medium
supplemented with 10%FBS. To obtain cells in GO using the serum starvation/stimulation
method, NIH3T3 cells were maintained for 2.5 days in DMEM (0Oh). The medium was then
changed for DMEM plus 10% FBS and cells were harvested at different time points. Syn-
chronization in G1/S was also performed using the double thymidine procedure (55).
FACS analysis was performed as previously described (32). Transfections were done using
ExGene500 (MBI Fermentas) or GeneJuice (Novagen) according to the manufacturer's in-
structions. When specified, various cell-permeable protease inhibitors were added to cells
4 hours prior lysis (Most inhibitors were purchased from Calbiochem. ALLN, 20 pM;
MG132, 20 pM; Lactacystin, 10 uM; E-64D (or EST), 20 uM (or 200 uM); PD501616 20
uM; EGTA, 1mM; Cathepsin Inhibitor I, 20 uM; and Chloroquine, 100 pM). For popula-
tion of NIH3T3 cells over-expressing CDP/Cux 878-1505, 50 000 cells were first plate in a
6 well plate. pREV or pREV-878-1505 expressing viruses were added to the cells and the
plates were spun at 300g for 1 h at 32°C. 48 h later, cells were trypsinized and replated at
lower densities, and the next day, infected cells were selected with hygromycin (0.3 mg/ml)
for 10 days.

Preparation of cell extracts. Nuclear extracts were prepared according to the procedure of
Lee et al. (56) except that nuclei were obtained by submitting cells to 3 freeze/thaw cycles
in buffer A (10 mM Hepes, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 1 mM DTT). Nuclei
were then resuspended in Buffer C (20 mM Hepes, pH 7.9, 25 % glycerol 1.5mM MgCl2,

420 mM NaCly, 0.2 mM EDTA, 1 mM DTT) and incubated at 4 °C for 30 min. After 15
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min. of centrifugation, the supernatant were collected. Buffers A and C were supplemented
with protease inhibitor mix tablet (Roche), MG132 and DTT. For total extracts, cells were
lysed in Buffer AE (0.6% SDS, 50 mM Tris pH 8, 100 mM NaCl, 2 mM EDTA and prote-
ase inhibitors (Roche)).

Immunoprecipitation. Polyclonal antibodies for Cathepsin L (Chapman et al., 1997b)
were incubated with cell extracts in AE buffer supplemented with 4% triton and 8 mM io-
doacetamide for 90 min. Protein G Agarose beads (Gibco BRL) were added for an extra
hour. IP's were washed with total lysis buffer 3 times. Immunoprecipitated products were
resolved on a 12% polyacrylamide gel and analyzed by Western blot using an HA antibody
or autoradiography..

Cathepsin activity labeling. Cathepsin activity was measured using a small molecule ABP
as previously described (Bogyo et al., 2000). Briefly, NIH3T3 and MEF Cat L"cells were
synchronized by serum-starvation and restimulation. One hour before each time point,
cells were labeled with 10° counts/ml of a *Jodine-labeled E64 analog, '*I-JPM-OET.
Extracts and immunoprecipitations were done as mentioned using cathepsin L antibodies.
Western blot analysis. Protein extracts (10 pg for transfected NIH3T3, MEF and MEF cat
B~/ cells or 50, 100 and 150 g for transfected MEF cat L-/- and 25 pg for non transfected
cells) were separated by electrophoresis on 6% (CDP/Cux), 8% (CR1+2) or 12% (Cathep-
sin L) polyacrylamide gels. Western blot analysis with aHA, aMyc , 0861 were performed

as previously described (Moon) (Coqueret et al., 1998).
Expression and purification of CR1CR?2 fusion proteins. The bacterial expression vec-

tors pTriEX (invitrogen) expressing CR1+2-NLS-HA-Myc or amino acids 612-1336-HA
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were introduced into the BL21(DE3) of E.coli and induced with IPTG. The fusion proteins
were purified Ni-NTA agarose (Qiagen using procedures provided by the suppliers).
CDP/Cux in vitro cleavage assay and cleavage site determination. 200 ng of bacterially
purified CR1ICR2 were incubated with 200 pM of recombinant cathepsin L in reaction
buffer I (50mM Acetate buffer, SmM DTT, pH 5.5). Similar assay was performed in the
presence of the recombinant cathepsins B, H, K, F, V and S. In one experiment, in vitro
cleavage of CDP/Cux was tested under different pH conditions. In this experiment, the as-
say was performed in 50 mM MES (at pH range of 5.5-6.5) or HEPES (at pH 7.0 and 7.5)
supplemented with 5 mM DTT. In order to determine the cleavage site, recombinant
CDP/Cut cleavage products were blotted on to a PVDF membrane and subjected to N-
terminal sequencing by Edman degradation.

Electrophoretic mobility shift assay (EMSA). 1 pg of nuclear extracts from transfected
NIH3T3 cells were incubated in a final volume of 30 ul for 5 min. at room temperature in
binding buffer (10 mM Tris-HCI, pH 7.5, 1 mM MgClp, | mM DTT, 5 mM EDTA, 5%
glycerol, 25 mM NaCl) with 60 ng of poly dIdC and 30 pg of bovine serum albumin (BSA)
as non specific competitors. 10 pg (5 x 107 mol) of radiolabeled oligonucleotide
(TCGAGACGGTATCGATAAGCTTCTTTTC) was added and further incubated for 15
min. at room temperature. Samples were loaded on a 4% polyacrylamide gel (29:1) and
separated by electrophoresis at 8V/cm in 0.5X Tris-Borate EDTA. Gels were dried and
visualized by autoradiography.

Plasmid Construction. Plasmid maps and sequences will be provided upon request. Wild-
type mouse cathepsin L was inserted into pCDNA3 vector using BamHI sites. Two PCR-

amplification were performed to obtain the pcDNA3-Cat L-Ha tagged construct. The first
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primer set included BamH1 and Nhe I sites (nt 14 to 34 + Bam HI: ACTGGGATC-
CGAGTTTGACTTC and nt 716 to 693 + Nhe I:
ACTGGCTAGCCTCGGCTCTGTATTTACAAGATCC), respectively, and the second
primer set included the HA tag-Nhe I and Not I site respectively (nt 717 to 736 +HA+ Nhe
I. ACTGGCTAGCTATCCATACGACGTACCTGACTACGCATTCGCTGTGGCTAAT-
GACAC and nt 1175 to 1151 + Not I: ACTGGCGGCCGCTCAATGATTCAAGTAC-
CATGGTTTG). The PCR products were digested and ligated to a Bam HI/Not I digested
pCDNA3 vector. Cathepsin L mutants were made by site directed mutagenesis using oli-
gonucleotides containing the following substitutions. The seven AUG codons (Met 1, 56,
58, 75,77, 82, 111) were mutated to UUC (Phe) and the UGC codon (Cys 25) was mutated
to UCC (Ser). Oligonucleotide sequences are available upon request. AUG 56 was con-
structed by PCR using a primer overlapping AUG 56 and using Cat L-HA as a template
with the same 3’ nt1175 to 1151 + Not I primer. All PCR were sequenced.

Pichia pastori Expression system. Cat L-HA was introduced into the pPIC9 vector and re-
combinant yeast were generated and selected using the manufacturer's instructions (Invitro-
gen). Recombinant and wild type P. Pastori were induced for 48 hours with 0.5% MeOH,
spun for 2 min, and the supernantant (media) was kept at —80°C. For in Vitro assays, 1 pl
of media was incubated with the recombinant CR1+2 protein for 10 min at 37°C at pH 7.0.
Protein loading buffer was added to stop the reaction. Samples were boiled and loaded on
an 8% SDS-polyacrylamide gel and analyzed by Western blot using a Myc antibody.
Immunofluorescence. NIH3T3 cells were plated on a cover slip and transfected or not
with 5 ug of wild type or mutant pPCDNA3-CatL-HA. Cells were fixed with 2% parafor-

maldehyde and quenched in 50 mM of NH4Cl. Cells were solubilized (95% PBS + 5% FBS
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+ 0.5% Triton X-100) and incubated with aCatL (1:20000, (Chapman et al., 1997b); 1:200,
Santa Cruz D20; 1:200, Santa Cruz M19 or aHA (1:20000) for 1 hr at RT. Secondary anti-
body (anti- mouse alexa 488 1:1000 or anti-rabbit alexa 594) was added for 30 min. Cells
were visualized using a RETIGA 1300 digital camera (QIMAGING) and a Zeiss AxioVert
135 microscope with a 63x objective. Images were analyzed using Northern Eclipse version
6.0 (Empix Imaging).

In Vitro transcription-translation. In Vitro transcription-translation was performed with
333.labelled methionine-cysteine labeling mix (Amersham) using rabbit reticulocyte lysate -
TNT Kit from Promega in the absence or presence of canine pancreatic stripped microso-
mal membranes. Membranes were isolated as described in (Kim et al., 2002) with minor
modifications. Microsomes were isolated by centrifugation in a TL100.1 rotor (50 000 rpm
for 5 min) through 100 pul of a 0.5M sucrose cushion (1X PBS, 100 mM KAc, 50 mM
HEPES pH 7.4, 5 mM MgAc,). Protein in the supernatant were precipitated with 2% TCA
and washed once with EtOH before loading. Membranes were washed with 2 mM EDTA
and recentrifuged as described above. Pellets were dissolved in protein loading buffer and
analyzed by SDS-PAGE (12%). All gels were processed by fluorography using Amplify

(Amersham), dried and exposed.
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Figure 1: CDP/Cux processing by a papain family cysteine protease is required for its
function in cell cycle regulation. (A and B) Unsynchronized NIH3T3 cells were trans-
fected with a vector expressing Myc-Cut-HA. After 18 hours, cells were treated with vari-
ous cell-permeable protease inhibitors, and after an additional 4 hours, nuclear extracts
were prepared and analyzed in Western blots with anti-HA antibodies (A), and in EMSA
with the ATCGAT probe (B). Indicated is a schematic representation of the full length, HA
and Myc tagged Cux protein. The evolutionarily conserved domains of the CDP/Cux pro-
tein are indicated (CC, coiled-coil; CR1, CR2 and CR3: Cut repeats 1, 2 and 3; HD, ho-
meodomain) (C and D) Stable populations of NIH3T3 cells carrying a pl110 expression
vector or the empty vector were synchronized by serum starvation/re-stimulation. In two
series of plates (E and F), the cysteine protease inhibitor E-64d was added to a final con-
centration of 200 uM at the same time as the fresh medium with 10% serum. At the indi-
cated times, cells were harvested and cell cycle distribution was monitored by fluorescence-

activated cell sorting (FACS) analysis after staining of the DNA with propidium iodide.
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Figure 2. CDP/Cux is proteolytically processed by cathepsin L in vitro to produce the
endogenous p110 fragment. (A) Purified, bacterially expressed HA-CR1+CR2 protein
(200ng) was incubated with various recombinant cathepsins (0.2ng) for 10” at RT. Reac-
tions were quenched by the addition of sample buffer and samples were analyzed by West-
ern blot using anti-HA tag antibodies. The fragments resulting from cleavage at sites 1, 2
and 3 are indicated at right. (B) Purified CR1+CR2-HA protein (200ng) was incubated with
recombinant cathepsin L (0.2ng) for 1, 5’ 10’ and 30 at RT (lanes 2-6). As a control, 100
uM E-64 was added to the enzyme simultaneously with the substrate and incubated for 30°
at RT (lane 7). A nuclear extract from CR1+CR2-HA Ras-3T3 transfectants probed with
the anti-HA antibody is shown to compare the band pattern for the recombinant cathepsins
to that observed for CDP-Cut processing in vitro (lane 1). (C) Recombinant CDP/Cux 612-
1336-HA was purified from bacteria and incubated with cathepsin L at various pH for the
indicated times. Samples were analyzed by western blot using anti-HA tag antibodies. (D)
Schematic representation of the His, HA-tagged internal CR1+CR2 construct. The proc-
essed sites observed in vitro are indicated with arrows. Sequences of the cleavage sites

identified by N-terminal sequencing of the protein fragments are indicated.
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Figure 3: CDP/Cux is proteolytically processed by cathepsin L in vivo to produce the
endogenous p110 fragment in NIH 3T3 and CV-1 cells, but not in cathepsin L defi-
cient cells.

(A) NIH3T3 (left panel) and CV1 (right panel) cells were transfected with the Myc-Cux-
HA vector expressing the CDP/Cux protein with Myc and HA epitope tags at its amino-
and carboxy-terminus, respectively, with or without increasing amounts of a wild-type
cathepsin L vector (lanes 2, 3, 5, 6, 7 and 10) or with one where the active cysteine 25 was
mutated for a serine (lane 9). In lane 7, cells were incubated in the presence of 20 uM of E-
64d for 2 hours prior to harvesting. Nuclear extracts were resolved on a 6% denaturing
polyacrylamide gel and analyzed by immunoblotting with anti-HA antibodies. (B) Wild
type MEF, MEF cat L-/- and MEF cat B-/- cells were transfected with the Myc-Cux-HA
vector (see diagram in Fig. 1). Nuclear extracts were analyzed by immunoblotting using an

HA antibody.
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Figure 4: Cathepsin L Activity in the nucleus increases in a cell cycle dependant man-
ner.

(A) and (B) MEF cat L-/- and NIH3T3 cells were incubated for 72hr in the absence of se-
rum (time point O). Serum-containing medium was added and cells were isolated after 12,
13, 14, and 16 hour following serum addition. At each time point cells were incubated with
10° counts/ml '*I-JPM-OET for 1hr at 37C. Cells were subsequently lysed in hypotonic
buffer and cytosolic and nuclear fractions were prepared as described in the materials and
methods. Samples (50ug/lane) were analyzed on a 14% SDS-PAGE. (C) 121_JPM-OET la-
beled nuclear and cytosolic extracts from the 14hr time point were subjected to immuno-
precipitation using an anti mouse cathepsin L antibody (IP CL lanes) and control normal
mouse serum (IP 0 lanes). Full-length Cathepsin L single chain form (CLSC) and the trun-

cated heavy chain form (CLHC) are labeled with arrows at right.
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Figure 5: Evidence from indirect immunofluorescence that cathepsin L translocates to
the nucleus in NIH 37T3 cells in a cell cycle dependent manner.

(A) NIH3T3 cells were plated on a glass cover-slip, and synchronized by serum starva-
tion/stimulation, as described in Materials and Methods. Indirect immunofluorescence was
performed using a cathepsin L antibody and the cell cycle distribution was monitored by
fluorescence-activated cell sorting (FACS) analysis after staining of the DNA with propid-
ium iodide. (B) Two different patterns of staining were observed. The relative percentage
of cells exhibiting each staining pattern was calculated upon examination of a minimum of
200 cells. (C) Confocal microscopy images of 14h serum stimulated NIH3T3 cells. Cathep-
sin L was detected by indirect immunofluorescence assay and analyzed by eight-step Z-
position sectional scanning of the cell. (D) NIH3T3 cells were plated on a glass cover-slip,
transfected with a vector expressing cathepsin L containing an internal HA epitope (Cat L-
HA). Cells were either maintained as an unsynchronized cell population or were synchro-
nized using either of two methods: double thymidine block followed by a 2 hour-release or
serum stimulation for 13 hours following a 3-day starvation period. (E) Confocal micros-

copy images, as in (C).
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Figure 6: Translation initiation at an internal start site allows the expression of a
cathepsin L isoform devoid of the signal peptide

(A) Wild type or mutated cathepsin L-HA vectors were expressed in vitro using the TNT-
Promega transcription-translation system in the presence of 33S-labelled methionine and
cysteine. The mutation numbers refer to the methionine codons that were mutated (AUG to
UUC): M1-HA, the first AUG codon was mutated; M56,58,75,77,83,111-HA: the corre-
sponding methionine codons were mutated. Cat L-HA proteins expressed in vitro were re-
solved on a 12% SDS-PAGE and revealed by autoradiography. (B) Wild type or mutated
cat L-HA vectors were expressed in vitro using the TNT-Promega transcription-translation
system, and in vivo in NIH3T3 cells. 48 hours after transfection, cat L species were de-
tected by autoradiography or immunoblotting with an HA antibody, as indicated. Samples
from NIH3T3 cells were first immunoprecipitated with cat L antibodies. (C) In vitro tran-
scription-translation with 33S-labelled methionine was performed using the cat L-HA or
M1-HA vectors without (input) or with microsomal membranes. Following the reactions,
membranes and supernatant were separated as described in material and methods and cat L
isoforms were detected by autoradiography as in (A). (D) Wild type or mutated cat L-HA
vectors were introduced into NIH3T3 and indirect immunofluorescence was performed
using an HA antibody. Representative cells are shown. In the cases where more than one

staining pattern was observed, the proportion of cells exhibiting each pattern is provided.
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Figure 7: Short cathepsin L isoforms can process CDP/Cux and increase its DNA
binding activity.

(A) NIH3T3 cells were transfected with the Myc-Cux-HA vector with or without in-
creasing amounts of wild type or mutated cat L-HA vectors. For detection of the
Myc-Cux-HA protein, nuclear extracts were resolved on a 6% denaturing poly-
acrylamide gel and analyzed by immunoblotting with anti-HA antibodies. (B) In
order to detect cat L-HA proteins, total extracts were first submitted to immunopre-
cipitation with cat L antibodies prior to immunoblotting with HA antibodies. This
procedure was used to eliminate a non-specific band that co-migrates with the short
cat L species. (C) 250 ng of bacterially purified CR1+2-HA protein was incubated
with 1ul of media from either wild type or cat L-HA expressing Pichia pastori in
the presence or absence of E-64d for 10 min at 37°C. Reactions were quenched by
the addition of sample buffer and samples were analyzed by western blot using
anti-HA antibodies. A nuclear extract from CR1+CR2-HA Ras-3T3 transfectants
probed with the anti-HA antibody is shown to compare the band pattern for the re-
combinant cathepsins to that observed for CDP-Cut processing in vitro (lane 1).
(D) NIH3T3 cells were transfected with Myc-Cux-HA vector (MCH) with or with-
out increasing amounts of wild type or mutated cat L vectors. Nuclear extracts were
submitted to Western Blot analysis as described in (A) (Lanes 1,2,3 and 10 to 13).

EMSA (Lanes 4 to 9 and 14 to 20) were performed as described in Figure 1.
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Chapter III Elevated Cathepsin L Expression In Cancer Cells
Correlates with Increased Proteolytic Processing of the
CDP/Cux Transcription Factor

Preface

As more evidence for the involvement of CDP/Cux in cell cycle progression
becomes available, we can begin to understand the potential role for CDP/Cux in cancer as
previous observations had already suggested. It was shown that p110 steady state levels
were increased in the majority of uterine leiomyomas analyzed compared to their normal
counterparts. In addition, CDP/Cux is the DNA binding counterpart of the HiNF-D
complex. This complex, which regulates histone gene expression in S phase, is
constitutively active in transformed cells. In chapter II, the protease responsible for the
cleavage of the full length CDP/Cux into the p110 isoform was identified as cathepsin L.
This protease has long been known to be over-expressed and secreted in many cancers.
Moreover, cathepsin L expression was shown to correlate with the metastatic potential of
certain tumors.

In this chapter, the increased processing of CDP/Cux in transformed cells is first
described, followed by the corroboration of this increased cleavage with cathepsin L
activity. I will argue that the role of cathepsin L in cancer is not limited to its extra-cellular

functions but also involves some activities within the cells, particularly in the nucleus.
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Abstract

The CDP/Cux transcription factor was previously shown to acquire distinct DNA
binding and transcriptional properties following a proteolytic processing event that takes
place at the G1/S transition of the cell cycle. We have recently obtained evidence
implicating a nuclear isoform of cathepsin L in the proteolytic processing of CDP/Cux. In
the present study, we show that CDP/Cux DNA binding activity is increased in several
transformed cells as compared to their normal counterparts and that this correlates with the
increased processing of CDP/Cux. As previously reported, cathepsin L expression was
found to be elevated in ras-transformed 3T3 cells as compared to the parental 3T3 cells.
Importantly, in vivo labeling experiments using activity based probes demonstrated the
increased activity of cathepsin L in the nuclear fraction of ras-3T3 cells, and ectopic
expression of cathepsin L in 3T3 cells brought their capacity to process CDP/Cux close to
that of ras-3T3 cells. These results raise the interesting notion that the role of cathepsin L
in cancer may not be limited to its extracellular activities but may also involve intracellular
functions specifically in the nucleus. More generally, there is emerging evidence to suggest
that proteolytic processing may represent an important epigenetic mechanism in cancer. As
site-proteolysis has the potential to generate truncated protein isoforms with novel
biochemical properties, we propose that aberrant expression or activity of intracellular
proteases may lead to the activation of some proto-oncogenes and inactivation of some

tumor suppressors.
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Introduction

CDP/Cux (CCAAT-displacement protein/cut homeobox) belongs to a family of
transcription factors present in all metazoans and involved in the control of proliferation
and differentiation (reviewed in (1)). From genetic studies both in Drosophila and the
mouse, the CDP/Cux/Cut gene is believed to play various roles in the development and
homeostasis of several tissues (2-15). Transcription initiation at three possible start sites,
alternative splicing and proteolytic processing contribute to generate multiple CDP/Cux
isoforms (p200, p110, p75 and CASP) that contain various combinations of four DNA
binding domains and, therefore, display distinct DNA binding and transcriptional activities
(16-19). A role for CDP/Cux in cell cycle progression has been inferred from a number of
reports. The histone nuclear factor D (HiNF-D), which was later found to include CDP/Cux
as its DNA binding partner, was shown to be up-regulated in S phase in normal cells (20-

24). CDP/Cux was also found to repress the promoter of the p21"VAFV/CIF!

gene and to
stimulate the expression of the DNA polymerase o, CAD and cyclin A genes (25, 26). The
increase in the stable DNA binding activity of CDP/Cux at the G1/S transition was shown
to result from at least two post-translational modifications: dephosphorylation of the Cut
homeodomain by the Cdc25A phosphatase, and proteolytic cleavage of CDP/Cux p200
between CR1 and CR2 to generate the amino-terminally truncated CDP/Cux p110 (17, 25).
During the G2 phase of the cell cycle, cyclin A/Cdkl was reported to phosphorylate two
serine residues in the region of the Cut homeodomain and thus inhibit DNA binding by
CDP/Cux p110 (27). Altogether these studies indicate that CDP/Cux fulfills an important

function in cell cycle progression, specifically in S phase, and that it is important to down-

modulate CDP/Cux once the genome has been replicated.
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The gene coding for CDP/Cux in human, CUTL1, was mapped to 7922, a chromosomal
region that is frequently rearranged in several types of human tumors (28-35). Loss-of-
heterozygosity studies originally implicated CUTLI as a putative tumor suppressor gene
since it was located within the smallest commonly deleted region in uterine leiomyomas
and breast tumors (36, 37). This notion was reinforced by the detection of specific
complexes of CDP/Cux and Polyomavirus large T (PyV LT) antigen in both leiomyomas
and mammary tumors of female transgenic mice expressing the PyV LT transgene (38).
However, no mutation was found within the CUTL1 gene and cDNAs in ovarian cancers
and uterine leiomyomas, and expression analysis in uterine leiomyomas revealed that
CDP/Cux was expressed in all tumor samples (39, 40). Moreover, N-terminally truncated
CDP/Cux isoforms were often expressed at higher level in the leiomyoma than in adjacent
normal myometrium (39). Thus, not only did these findings indicate that CUTL1 is not the
tumor suppressor on 7q22, but the frequent increase in smaller CDP/Cux isoforms
suggested that molecular events associated with the truncation of CDP/Cux proteins may be
selected in uterine leiomyomas.

We have recently presented evidence implicating a nuclear isoform of cathepsin L in
the proteolytic processing of CDP/Cux (Goulet et al., unpublished observations; see
attached manuscript). Cathepsin L is a ubiquitously expressed cysteine protease that
localizes primarily to the lysosomes and can be secreted (41-43). The growing protein is
first targeted into the endoplasmic reticulum (ER) via a signal peptide (44). However,
mutagenesis and expression analyses in vitro and in vivo indicated that translation initiation
within the cathepsin L mRNA can take place with low efficiency at two internal start sites,
thereby generating cathepsin L species devoid of the N-terminal signal peptide. Immuno-
fluorescence imaging and labeling using activity based probes revealed that N-terminally
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truncated cathepsin L could traffic to the nucleus during the S and G2 phases of the cell
cycle. CDP/Cux peptides of identical electrophoretic mobility were generated in vivo and
with purified cathepsin L in vitro. Moreover, ectopic expression of cathepsin L increased
CDP/Cux processing, whereas less processing was observed in mouse embryo fibroblasts
derived from the cathepsin L knock-out (MEF®* Y. These results uncovered a novel role
for cathepsin L in the processing of a nuclear protein.

Expression of cysteine cathepsins was reported to be elevated in many types of cancers
(reviewed in (45-47)). In particular, tumor promoters like phorbol ester and certain
oncogenes like ras, v-src, SV40 Large T, and raf were shown to induce cathepsin L
expression and secretion (48-51). In fact, cathepsin L was independently isolated as the
major excreted protein (MEP) of transformed cells (42). Moreover, the metastatic potential
of transformed cell lines were shown to correlate with cathepsin L expression levels (52).
Abundant literature has extended this observation to human tumors originating from
various tissues. Notably, human colorectal carcinomas containing K-ras mutations
demonstrated greater increases in cathepsin L activity (53-59). Overall, it is generally
admitted that the role of cathepsin L in cancer would be related to its activities outside the
cells once it has been secreted.

In the present study, we have used tissue culture systems to investigate CDP/Cux
expression and activity in transformed cells. We found that proteolytic processing of
CDP/Cux is activated in many transformed cell lines and that this results at least in part
from the increased cathepsin L expression and activity in the nucleus of these cells. These
results raise the interesting notion that the implication of cathepsin L in cancer might not be
limited to its extracellular activities but also involve intracellular functions specifically in

the nucleus.
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Material and Methods

Cell Culture. 3T3, ras-3T3 i.e. transformed with a constitutively active Ha-ras-V12 (Ref
Chang J. virol), 293, HeLa, PANC1 were cultured in DMEM medium supplemented with
10%FBS. All breast tumor cell lines and MDCK were a generous gift from Dr. Morag
Park. MCF7, MDA 231, T47D and Hs578T cells were cultured in DMEM medium
supplemented with 5% FBS. SkBr3 and MDCK cells were cultured in DMEM medium
supplemented with 10%FBS. MDA 436 cells were cultured in Leibovitz medium
supplemented with 15% FBS and 5 mM insuline. HMEC cells were purchased from
clonetics and cultured using the manufacturer’s medium and instructions. LoVo C5, a
human colon carcinoma cell line a generous gift from Dr. Nabil Seidah, were grown in
MEM medium supplemented with 10% FBS. All transfections were done using Exgene500
(Fermentas) or Gene Juice (Novagen) according to manufacturer's instructions. When
indicated, 50 uM of E-64d was added to the cells for 4 hours before harvesting. To obtain
cells in GO using the serum starvation/stimulation method, cells were maintained for 3 days
in DMEM (SS). The medium was then changed for DMEM plus 10% FBS with or without
200 uM E-64d (Calbiochem) and cells were harvested at different times after serum
stimulation.

Preparation of cell extract. Nuclei were obtained by submitting cells to 3 freeze/thaw
cycles in buffer A (10 mM Hepes, pH 7.9, 10 mM KCI, 1.5 mM MgCl2, 1 mM DTT).
Nuclei were then resuspended in Buffer C (20 mM Hepes, pH 7.9, 25 % glycerol 1.5mM
MgCI2, 420 mM NaClp, 0.2 mM EDTA, 1 mM DTT) and incubated at 4 °C for 30 min.
After 15 min. of centrifugation, the supernatant were collected. For total cell extracts, cells

were lysed in RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% DOC,
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0.1% SDS), incubated on ice for 15 min and passed 5 times through a 22G1 syringe. All
buffers were supplemented with protease inhibitor mix tablets (Roche) and
DTTElectrophoretic mobility shift assay (EMSA). 5 pg of nuclear extracts were
incubated in a final volume of 30 pl for 5 minutes at room temperature in binding buffer

(10 mM Tris-HC], pH 7.5, 1 mM MgClp, 1 mM DTT, 5 mM EDTA, 5% glycerol, 25 mM

NacCl) with 60 ng of poly dIdC and 30 ug of bovine serum albumin (BSA) as non specific
competitors. 10 pg of radiolabelled oligonucleotide was added and further incubated for 15
min. at room temperature. Samples were loaded on a 4% polyacrylamide gels (29:1) and
separated by electrophoresis at 8V/cm in 1X Tris-Glycine. Gels were dried and visualized
by autoradiography. For EMSA using the OCT oligonucleotide, the nuclear extracts were
incubated 5 min at room temperature in the binding buffer (10 mM Tris-HCI, pH 7.5, 1 mM
MgCl, 1 mM DTT, 5 mM EDTA, 5% glycerol, 25 mM NaCl) with 4 ug of poly dIdC and
30 pg of BSA as non specific competitors. For antibody supershift experiments, nuclear
extracts were incubated 30 min at room temperature with 0.5ug of antibody prior to the
incubation with the radiolabeled oligonucleotide. Competition experiments were
performed by adding cold oligonucleotide (10 ng, 50 ng, 100 ng and 200 ng) before adding
the radiolabeled probe.

Oligonucleotides. ATCGAT: TCGAGACGGTATCGATAAGCTTCTTTTC, NF-Y
ATCG:, TCGAGAAAAGAACAACCAATCACCGATC, OCT:
GATCCGAGCTTCACCTTATTTGCATAAGCGATTGA

Pulse-chase labeling. 3T3 and ras-3T3 cells were transfected with a vector encoding a
CDP/Cut species beginning upstream of CR2 (pXM/CDP 878). Two days after

transfection, medium was removed from cells and replaced with medium containing
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0.1mCi/ml of **S-labelled methionine. Cells were labeled for 4 hours, then washed with
PBS and incubated with cold medium. At different point times, cells were harvested and
lysed in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM DTT and proteinase inhibitors tablets (Roche).
Immunoprecipitation was performed using HA antibody (BabCo) and protein G agarose
(Amersham Pharmacia Biotech). The immunoprecipitated product and a portion of the
lysate were resolved by electrophoresis on an 8% SDS polyacrylamide gel followed by
fixing and washing with Amplify fluorographic enhancer (Amersham Pharmacia Biotech).
The gel was dried and exposed to film.

Counterflow centrifugal elutriation. Cells were grown until 80% confluency, and were
resuspended in 10 ml of cold PBS + 1% FBS. Cells (around 2.10® cells) were submitted to
counterflow centrifugal elutriation (Beckman Coulter Avanti TM J-20 centrifuge using a
JE-5.0 rotor) at constant speed (2460 rpm). NIH3T3, ras-NIH3T3 and ras-FR3T3 cells
were equilibrated at a flow rate of 16 ml/min and eluted at a flow rate from 17 ml/min to 40
ml/min. Hela cells were equilibrated at a flow rate of 20 ml/min and eluted with a flow rate
from 22 ml/min to 50 ml/min. To monitor cell cycle distribution, an aliquot of each
elutriation fraction was fixed, stained with propidium iodide and submitted to fluorescence
activated cell sorting (FACS) analysis.

Purification of His-CR1+2. pTriex2 vector encoding histidine-CR1+2-NLS-HA proteins
were introduced into the BL21(DE3) strain of E. coli and induced with 1 mM IPTG for 1.5
hours. Proteins were purified on Ni-NTA agarose (Qiagen) according to manufacturer's
instructions.

In Vitro processing assay. 250 ng of purified his-CR1+2 (from bacteria or mammalian

cells) was incubated with 25 wg of whole cell extracts from 3T3, ras-3T3 or 3T3 cells
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transfected with Cathepsin L expressing vector, in buffer S (50 mM MES, pH 6.8, 0.4 M

NaCl, 4 mM NaF, 4 mM NaVO03, 0.2 mM EDTA, 0.2 mM EGTA, 0.1% NP-40, 10%

glycerol) for 20 min at 37°C. Protein loading buffer was added, the sample were boiled and
loaded on an 8% SDS polyacrylamide gel, followed by Western blot analysis using HA
antibody.

Immunoprecipitation. Polyclonal antibodies for Cathepsin L (39) were incubated with
cell extracts in AE buffer supplemented with 4% triton and 8 mM iodoacetamide for 1h30.
Protein G Agarose beads (Gibco BRL) were added for an extra hour. IP's were washed
with total lysis buffer 3 times. Immunoprecipitated products were resolved on a 12%
polyacrylamide gel and analyzed autoradiography.

Immunofluorescence. 3T3 and ras-3T3 cells were plated on a coverslip. 2 days after, cells
were fixed with 3.7% paraformaldehyde for 10 min. After 2 washes with 1X PBS, cells
were quenched for 10 min in 50 mM of NH4Cl, solubilized for 10 min (95% PBS + 5%
FBS + 0.5% Triton X-100) and incubated with aCatL (1:20000) for 1 hr at RT. After
extensive washing, the secondary antibody (anti-rabbit alexa 488) was incubated for 30 min
at RT in the dark. Cells were visualized using a RETIGA 1300 digital camera
(QIMAGING) and a Zeiss AxioVert 135 microscope with a 63x objective. Images were
analysed using Northern Eclipse version 6.0 (Empix Imaging).

Plasmid description: pXM/CDP (a.a 1 to 1505), pXM/CDP A 733-766 was and
pXM/CDP 878-1505 constructs were described previously. also described previously (NS
paper). To construct pXM/CDP 938-1505, pXM/CDP was digested with AfIIII-Notl and
pXM/Myc-HA (Ref MS paper) was digested with Mlul and Notl. The two were ligated

together. pXM/CDP A 918-938 was constructed using a pXM/Myc-HA vector digested

154



Chapter III - Manuscript

with Xhol-NotI ligated to the first insert from a Xhol-Pvul digest of pXM/CDP and a
second insert from a AfIIII-NotI digest of pXM/CDP. pTriEx 2.1/His CR1+2-NLS-HA was
described previously (catL paper).

Cathepsin activity. Cathepsin activity was measured as previously described (60).
Briefly, 3T3, ras-3T3 and MEF cat L cells were labeled with 10°CPM/ml of '*’I-JPM-
OET for 1hr at 37°C. Cells were washed with PBS and subjected to hypotonic lysis.
Cytosolic and nuclear fractions from each time point were analyzed by SDS-PAGE. Gels
were fixed, dried and analyzed using a Typhoon phosphor Imager. In some cases labeled

extracts were subjected to immunoprecipitation using cathepsin L antibodies.
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Results

CDP/Cux expression and DNA binding activity are increased in ras-
transformed 3T3 cells. DNA binding by the CDP/Cux transcription factor was compared
in ras-transformed and normal 3T3 cells. The CDP/Cux transcription factor was previously
shown to display two DNA binding activities involving the full-length isoform, p200, and
the processed isoform, p110 (17, 61). Electrophoretic mobility shift assays (EMSA) were
performed using as a DNA probe the 29FP oligonucleotide, which contains binding sites
for the two isoforms of CDP/Cux. As a control, EMSA were performed in parallel with
oligonucleotides containing a binding site for the Oct transcription factor. Oct DNA
binding activity was similar in the two cell lines (Fig. 1A, lanes 3 and 4). In contrast, DNA
binding by the two main CDP/Cux isoforms was increased in ras-3T3 cells as compared to
the parental 3T3 cell line (Fig. 1A, lanes 1 and 2). The two retarded complexes seen in lane
2 correspond to the p110 (1) and the p200 (2) isoforms, as demonstrated from supershift
analysis with antibodies raised against distinct portions of CDP/Cux and competition with
cold oligonucleotides. An antibody raised against the N-terminal region that is unique to
the p200 isoform was able to supershift the retarded complex #2 to generate a slower
migrating complex at the top of the gel, #5 (Fig. 1A, lane 6). However, the N-terminal
antibody did not affect the migration of the p110 complex, #1 (Fig. 1A, lane 6). In
contrast, antibodies raised against C-terminally located epitopes, a861 and a1300, were
able to supershift both retarded complexes: complex #1 was supershifted into complex #3,
and complex #2 was supershifted into complex #4 (Fig. 1A, compare lane 5 with lanes 7
and 8). An unrelated antibody raised against the glutathione-S-transferase («GST) did not

affect either retarded complex (Fig. 1A, lane 9). In agreement with the results obtained
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with antibodies, the two retarded complexes were efficiently competed away with the same,
cold, oligonucleotides (Fig. 1 A, lanes 10-13). The NFY-ATCG oligonucleotides, which
contain an optimal binding site for p200 but a low affinity binding site for p110, competed
away the #2 retarded complex at low concentration and the #1 retarded complex only at
higher concentration (Fig. 1 A, lanes 14-17).

ras-3T3 cells express relatively higher level of short CDP/Cux proteins. From
Western blot analysis, the ratio of full-length and truncated CDP/Cux isoforms was
strikingly different in ras3T3 cells as compared to the parental 3T3 cells (Fig. 1B). The
p110 isoform was more abundant in ras-3T3 cells, and an additional shorter species was
also present in these cells (Fig. 1B). These results suggest either that processing of
CDP/Cux is more efficient in ras-3T3 cells or that the processed CDP/Cux proteins are
more stable in these cells. Notwithstanding its molecular basis, increased p110 expression
in ras-37T3 cells is likely to be responsible for the elevated p110 DNA binding activity. In
contrast, the steady-state level of the p200 isoform in the two cell lines did not correlate
well with the p200 DNA binding activity (Fig. 1, compare A and B). We speculate that
post-translational mechanisms may modulate p200 activity.

Processing of CDP/Cux is increased in ras-transformed 3T3 cells. The increase
in steady-state level of the CDP/Cux processed isoform in ras-3T3 cells may alternatively
result from accelerated synthesis or prolonged half-life of p110. To test these hypotheses,
we independently assessed p110 steady-state level upon introduction of an exogenous p200
species, and we measured the half-life of a recombinant protein corresponding to p110.
First, 3T3 and ras-3T3 cells were transfected with a vector, CDP, expressing the full length
CDP/Cux protein with Myc and the influenza virus hematoglutinin (HA) epitope tags at its
amino- and carboxy-termini, respectively. Nuclear extracts were then analyzed by
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immunoblotting with the anti-HA antibody that recognizes the C-terminus. As seen in Fig.
2A, a higher level of the processed p110 isoform was observed in ras-3T3 cells. Secondly,
a vector expressing a recombinant protein that corresponds to pl110, CDP878, was
introduced into each cell line, and the half-life of the protein was measured by pulse-chase
analysis as described in Material and Methods. As seen in Fig. 2B, the half-life of CDP878
was not significantly different in the two cell lines. Altogether, results from pulse-chase
labeling, transfection studies and endogenous CDP/Cux expression indicated that
processing was increased in ras-3T3 cells.

Processing of CDP/Cux is increased in many tumor cell lines. To verify whether
CDP/Cux processing was often activated in transformed cells, the CDP expression vector
was introduced into a panel of tumor cell lines and processing was assessed by
immunoblotting with the anti-HA antibody. Short CDP/Cux protein species were
generated at higher levels in several breast tumor cell lines including SkBr3, Hs578T and
MDA231 (Fig. 3A, left panel). In contrast, CDP/Cux processing was relatively weaker in
human mammary epithelial cells (HMEC) and the TD47 and MCF7 cell lines, which are
derived from breast tumors but have retained the capacity to differentiate in vitro and are
thus considered less transformed than other breast tumor cell lines. CDP/Cux processing
was also elevated in PANCI, 293 and HelLa cell lines but was reduced in MDCK, LoVoC5
and FR3T3 cells. Overall, elevated CDP/Cux processing was observed in many, but not
all, tumor cell lines (Fig. 3A, right panel).

A shorter CDP/Cux processed species is generated in epithelial cells. In most
cell lines of epithelial origin, we observed in addition to p110 another processed isoform
with an apparent molecular mass of 95 kDa (Fig. 3A). Generation of the p95 isoform did
not require the production of p110, as it was produced from a deletion mutant, A733-766, in
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which the p110 processing site had been removed (Fig. 3B, lanes 1 and 2). The p95
isoform migrated closely to a recombinant protein whose amino-terminus corresponded to
amino acid 938 of CDP (Fig. 3B, lanes 3 and 4). In accordance with this finding, the p95
isoform was not generated upon expression of a deletion mutant, A918-938, in which the
corresponding amino acids had been deleted (Fig. 3B, lanes 5 and 6). The p95 isoform was
generated upon co-expression of CDP with cathepsin L (Fig. 3C, lanes 2-4), and its
expression was reduced following a 4-hour treatment with the cysteine protease inhibitor,
E-64d (Fig. 3C, lanes 1 and 5). Altogether, these results indicate that that p95 is generated
by a cathepsin L-dependent processing event that takes place in the region between amino
acids 918 and 938. Intriguingly, however, cathepsin L is unable to generate the p95
isoform when CDP and cathepsin L are co-expressed in fibroblastic cells like NIH3T3 and
FR3T3 (Goulet et al., unpublished observations; and data not shown). We speculate that
the cleavage event responsible for the production of p95 is regulated by a cell-type specific
post-translational modification.

Expression of CDP/Cux p110 is not regulated in a cell cycle-dependent manner
in transformed cells. Processing of CDP/Cux was previously shown to be regulated
during cell cycle pfogression in NIH3T3 cells (17). Processing was either very weak or
non existent in G1, but became more intense as cells progressed into S phase. To verify
whether expression of CDP/Cux p110 remained cell cycle-dependent in transformed cells,
fractions of cells in different phases of the cell cycle were obtained by counterflow
centrifugal elutriation. CDP/Cux expression was analyzed by immunoblotting and the
DNA content of cells in each fraction was measured by fluorescence activated cell sorting
(FACS). In NIH3T3 cells, little or no p110 was detected in the first two fractions which
contain the smallest cells in G1 (Fig. 4, NIH panel). Expression of p110 became apparent
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in fraction 3 and increased steadily from fraction up to fractions 6 and 7. Since p200
expression also increased in the same fractions, it appears that pl10 expression is
dependent, at least to some extent, on a threshold level of p200. However, upon forced
expression of p200 the proteolytic processing event itself was found also to be cell cycle-
regulated (17). In contrast, in the three transformed cell lines tested here, HeLla, ras-
NIH3T3 and ras-FR3T3, expression of both p200 and pl110 was relatively constant
throughout the cell cycle (Fig. 4). We conclude that expression of CDP/Cux p110 is
constitutive in transformed cells.

Ras-3T3 cells display elevated nuclear cathepsin L expression and activity. We
have recently obtained evidence implicating a nuclear isoform of cathepsin L in the
processing of CDP/Cux (Goulet et al., unpublished observations). Interestingly, cathepsin
L is over-expressed in many transformed cells in tissue culture as well as in human cancers
(reviewed in the introduction). We therefore considered the possibility that the increased
processing of CDP/Cux in transformed cells might be related to the elevated expression of
cathepsin L in these cells. Indeed, from Western blot analysis, cathepsin L was expressed
at higher level in ras-3T3 cells than in the parental 3T3 cells (Fig. 5 A). To measure
cathepsin L activity in specific cellular compartments, we used a recently described method
to radioactively label cathepsins directly within cells (60). 3T3, ras-3T3 cells and cat L

FC ") were labeled for one hour with a 125Todine-labeled

mouse embryo fibroblasts (ME
E64 analog, 151_JPM-OET. Cytoplasmic and nuclear fractions were then prepared and
analyzed by SDS-PAGE and autoradiography (Fig. 5B). A band of the expected molecular
mass for the heavy chain of cathepsin L was observed in the cytoplasmic and nuclear
fraction of both 3T3 and ras-3T3 cells, but was absent in the MEF®* ™" sample. This band

was clearly more intense in the nuclear fraction of ras-3T3 cells than in the corresponding
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fraction of 3T3 cells (Fig. 5B, lanes 1 and 2). To confirm that this band could represent
cathepsin L, nuclear fractions were submitted to immunoprecipitation with a cathepsin L
antibody prior to SDS-PAGE. Again, this band was present at higher intensity in the
nuclear fraction of ras-3T3 cells than in the 3T3 sample, and importantly, was absent in the
nuclear fraction of MEF cat L™ cells (Fig. 5C). Thus, higher cathepsin L activity can be
detected in the nuclear fraction of ras-3T3 cells than in 3T3 cells. As a third approach to
analyze the expression of cathepsin L, indirect immunofluorescence was performed on 3T3
and ras-3T3 cells using antibodies raised against murine cathepsin L (41). Although this
method can be considered semi-quantitative at best, we clearly observed a stronger signal in
ras-3T3 cells with the anti-cathepsin L antibody (Fig. 5D). In summary, results from
immunoblotting, cell labeling with a radiolabeled inhibitor, immunoprecipitation and
indirect immunofluorescence confirm that cathepsin L is expressed at higher level in ras-
3T3 cells. Importantly, a higher concentration of active cathepsin L appears to be present
in ras-3T3 cells.

Forced expression of cathepsin L in 3T3 cells brings their capacity to process
CDP/Cux close to that of ras-3T3 cells. If indeed the increased capacity of ras-3T3 cells
to process CDP/Cux is due to their higher expression of cathepsin L, we would predict that
over-expression of cathepsin L in normal 3T3 cells should bring their capacity to process
CDP/Cux up to the level observed in ras-3T3 cells. To test this hypothesis, a small
recombinant CDP/Cux protein, CR1+CR2, containing the site of processing fused to a
nuclear localization signal was expressed into 3T3 and ras-3T3 cells in the presence or
absence of cathepsin L expression vector. Following transient transfection, the CR1+CR2
protein was more efficiently cleaved in ras-3T3 than in 3T3 cells (Fig. 6A, lanes 1 and 2).

Treatment of ras-3T3 cells with the cysteine protease inhibitor E-64d reduced cleavage of
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CR1+CR2 (Fig. 6A, lanes 4 and 5). Co-expression of cathepsin L in 3T3 cells increased
the cleavage of CR1+CR2, however, not quite to the level observed in ras-3T3 cells. As a
second test, we employed an in vifro processing assay using a bacterially expressed
CR1+CR2 protein and whole cell extracts as a source of protease. As a control to ensure
that processing was similar in vitro and in vivo, the same vector, pTri-Ex-2, served for the
expression of CR1+CR2 in bacteria and in mammalian cells. Indeed, peptides of similar
mobility were generated in vitro and in vivo (Fig. 6B, compare lane 5 with lanes 2-4).
Processing of CR1+CR2 was more efficient using extracts from ras-3T3 cells than from
3T3 cells (Fig. 6B, lanes 1 to 3). Interestingly, upon ectopic expression of cathepsin L in
3T3 cells, whole cell extracts from these cells were able to process CR1+CR2 as well if not
better than the extracts from ras-3T3 cells (Fig. 6B, lanes 2 and 4). These results strongly
suggest that the higher ability of transformed cells to process CDP/Cux is related to their
increased expression of cathepsin L. However, the discrepancy between the results
obtained in the in vivo and in vitro assays (compare Fig. 6A and 5B) suggests that cathepsin

L expression level is not the only factor at play.
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Discussion

The CDP/Cux p110 isoform is generated by a proteolytic processing event that
takes place at the G1/S transition in normal cells (17). Whereas the full-length p200
isoform can only transiently bind to DNA and carry the CCAAT-displacement activity,
CDP/Cux p110 is able to make a stable interaction with DNA and is involved in distinct
regulatory transactions (17, 26, 61). In particular, CDP/Cux p110 is able to stimulate
expression of the DNA pol o gene and of other genes whose expression is up-regulated in S
phase (26). These findings suggest that CDP/Cux p110 might play a role in cell cycle
progression in promoting the G1/S transition. Indeed, ectopic expression of CDP/Cux p110
was found to shorten passage through the Gl phase in NIH3T3 cells (Sansregret,
manuscript in preparation). Interestingly, an increase in CDP/Cux p110 expression was
previously reported in uterine leiomyomas, which represent the most frequent benign
tumors in humans (39). These results raised the possibility that regulation of CDP/Cux
expression might be altered in cancer cells. In the present study, we have use tissue culture
systems to investigate CDP/Cux expression and activity in transformed cells. The DNA
binding activity of CDP/Cux p110 was found to be elevated in several transformed cell line
(Fig. 1A and 2C). When observed, the elevation in DNA binding activity correlated with
an increase in the steady-state level of CDP/Cux p110 (Fig. 1B and 2D). Ectopic
expression together with pulse-chase labeling experiments in vivo demonstrated that
proteolytic processing of CDP/Cux is more efficient in ras-transformed 3T3 cells than in
their normal counterparts (Fig. 2A and 2B). Moreover, whereas little or no processing was
detected during the G1 phase in NIH3T3, constitutive processing was observed in three

transformed cell lines (Fig. 4).
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Altogether our results indicated that proteolytic processing of CDP/Cux is activated
in many cancer cells. In parallel, we confirmed, as was previously reported, that cathepsin
L expression and activity was increased in ras-transformed cells (48-51)(Fig. 5). Moreover,
while previous studies reported the overall increase in cathepsin L expression as well as its
secretion from cancer cells, our results revealed in addition that cathepsin L expression and
activity were increased in the nucleus of ras-transformed cells (Fig. 5). The causal link
between increased cathepsin L expression and CDP/Cux processing in cancer cells received
support from the observation that ectopic expression of cathepsin L stimulated CDP/Cux
processing (Fig. 6). However, in this experiment we noted that the stimulation in CDP/Cux
processing was more pronounced when processing was assayed in an in vifro system than
in vivo (compare results in Fig. 6 A and B). We conclude that the level of cathepsin L
expression, albeit important, is not the only factor controlling the extent of CDP/Cux
processing in cells. We consider likely that the regulated transport of cathepsin L to the
nucleus, a mechanism that has yet to be investigated, plays an important role in this
process. Alternatively, it is possible that post-translational modifications of CDP/Cux may
modulate its processing.

The link between higher cathepsin L expression and the metastatic properties of
cancer cells is well established. However, recent studies using cell permeable protease
inhibitors have raised the possibility that intracellular functions of cathepsin L might also
contribute to the tumorigenic phenotype. For example, inhibition of insulin-like growth
factor-1 processing was reported to adversely affect receptor-mediated signaling (62). In
another study using a multistage mouse model of cancer, the angiogenic properties of

pancreatic islet tumours were differently affected by cell permeable and cell-impermeable
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cysteine protease inhibitors, raising the possibility that intracellular activities of cathepsins
might influence the angiogenic process (M. Bogyo and D. Hanahan, personal
communication).

The recent discovery that cathepsin L isoforms devoid of a signal peptide can
localize to the nucleus, and the identification of a nuclear substrate raises the interesting
notion that the nuclear activities of cathepsin L might also promote the acquisition of a
cancerous phenotype. We envisage that whereas extra-cellular cathepsin L can only
contribute to the metastasis process, nuclear cathepsin L would have the ability to affect the
transcriptional program of cells by changing the properties of transcriptional factors. In
this manner, higher nuclear cathepsin L activity could potentially affect various stages of
tumorigenesis including hyperplasia, angiogenesis, cell movement and invasion. The
findings that CDP/Cux processing is often elevated in uterine leiomyomas, which are
benign tumors of smooth muscle cell origin, suggests that cathepsin L might participate in
the early steps of tumorigenesis (39).

Site-specific proteolysis has emerged as an important regulatory mechanism that
plays a role in a number of cellular processes including transduction within the Notch and
Hedgehog signaling pathways, sister-chromatid separation at anaphase, and generation of
the amyloidogenic peptide in Alzheimer’s disease (63-66). Proteolytic processing of
transcription factors was found to redirect the localization of these proteins or to generate
specific isoforms with distinct biochemical properties (66-71). The potential role of intra-
cellular proteases in cancer is emerging from a number of studies (Fig. 7). Activation of v-
Src was shown to increase the protein synthesis of calpain II, which in turn, is responsible
for the increased cell migration and proliferation (72). Cyclin E, an important regulator of
cell cycle progression was shown to be proteolytically processed into hyperactive truncated
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isoforms in cancer cells (73, 74). Calpain was recently found to be the enzyme responsible
for this cleavage (75). Oncogenic Ras was shown to increase levels and activity of the
intracellular form of Notch-1 via up-regulation of Presenilin 1. From the studies cited
above, we envisage that cancer is not only acquired via genetic changes but that epigenetic
mechanisms also contribute to cancer promotion. As site-proteolysis has the potential to
generate truncated protein isoforms with novel biochemical properties, we propose that
aberrant expression or activity of intracellular proteases may lead to the activation of some

proto-oncogenes and inactivation of some tumor suppressors.
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Figure 1: Increased CDP/Cux DNA binding activity in ras-transformed 3T3 cells.

(A) Nuclear extracts (5mg) from 3T3 and ras-transformed 3T3 cells were incubated 15 min
at room temperature with radiolabeled oligonucleotides containing the indicated binding
sites: ATCGAT or OCT. Retarded complexes were resolved on a 4% non-denaturing
polyacrylamide Tris-glycine gel and revealed by autoradiography. For supershift
experiments, nuclear extracts of ras-3T3 (5§ pg) were incubated 30 min at room temperature
with the indicated antibodies prior to the incubation with oligonucleotides. Competition
experiments were performed by adding increasing amounts (10 ng, 50 ng, 100 ng and 200
ng) of cold oligonucleotides containing the indicated sequence (see Material & Methods).
The CDP/Cux retarded complexes are indicated by the numbered arrows: 1, p110; 2, p200;
3, supershift of p110 with 861 or «1300; 4, supershift of p200 with a861 or a1300; 5,
supershift of p200 with aN-term. (B) Nuclear extracts were prepared from 3T3 and ras-
3T3, and analyzed immunoblotting with anti-CDP/Cux «861 antibody. (C) Schematic
representation of the full-length (p200) and proteolytically processed (p110) CDP/Cux

isoforms. The regions recognized by each antibody are indicated.
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Figure 2: Increased CDP/Cux processing in tumor cell lines.

(A) 3T3 and ras-3T3 cells were transfected with a vector expressing a CDP/Cux protein
containing Myc and HA epitope tags at its amino- and carboxy termini, respectively (CDP:
Myc-Cux-HA). Nuclear extracts were prepared and analyzed by immunoblotting with an
anti-HA antibody. (B) A vector coding for an HA-tagged recombinant CDP/Cux p110
protein, 878, was introduced into 3T3 and ras-3T3 cells. 24 hours later, cells were labeled
for 4 hours with **S-methionine. The medium was replaced for complete medium with cold
methionine (chase). At the indicated time, total extracts were prepared,
immunoprecipitated with anti-HA antibodies. Proteins were resolved on a SDS-
polyacrylamide gel and detected by autoradiography. (C) Schematic representation of the
recombinant proteins used in this figure and the proteins generated by proteolytic

processing.
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Figure 3: Processing of CDP/Cux is increased in many tumor cell lines.

(A) The indicated cell lines cells were transfected with the Myc-Cux-HA vector (CDP) and
nuclear extracts were analyzed by immunoblotting with an anti-HA antibody. (B) Hs578T
breast tumor cells were transfected with the indicated CDP/Cux expression vectors.
Nuclear extracts were prepared and analyzed in Western blots with anti-HA. (C) CV-1
cells were transfected with a vector expressing CDP, and were treated or not for four hours
with the cysteine protease inhibitor E-64d. Nuclear extracts were analyzed as mentioned
above. (D) Schematic representation of the recombinant proteins used in this figure and the

proteins generated by proteolytic processing.
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Figure 4: CDP/Cux processing into p110 is not regulated in a cell cycle-dependent
manner in transformed cells.

Approximately 2x10® continuously cycling cells were subjected to counterflow centrifugal
elutriation to obtain fractions of cells in different phases of the cell cycle. Cells from each
fraction were analyzed for their DNA content by fluorescence activated cell sorting (FACS)
and nuclear extracts were analyzed by immunoblotting with the anti-CDP/Cux a861

antibody.
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Figure 5: Ras-transformed cells exhibit increased cathepsin L expression and activity.
(A) Total extracts from 3T3 and ras-3T3 cells (25 ug) were resolved on an SDS-
polyacrylamide gel and analyzed by immunoblotting with a cathepsin L antibody. As a
loading control, the same membrane was immunoblotted with an actin antibody (below).
(B) 3713, ras-3T3 and MEF cat L7 cells were incubated with 10° counts/m] '*’I-JPM-OET
for 1 hour at 37°C. Cells were subsequently lysed in hypotonic buffer and cytoplasmic and
nuclear fractions were prepared as described in the materials and methods. Proteins (50
ng/lane) were resolved on a 12% SDS-polyacrylamide and revealed by autoradiography.
(C) '»’I-JPM-OET labeled nuclear extracts were subjected to immunoprecipitation using an
anti mouse cathepsin L antibody. A Schematic representation of cathepsin L isoforms is
shown below. (D) 3T3 and ras-3T3 cells were plated on a glass cover-slip and indirect
immunofluorescence was performed using the anti-mouse cathepsin L antibody (top panel).

Dapi staining of cell nuclei (bottom panel).
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Figure 6: CDP/Cut is more efficiently processed ir vitro using extracts from ras-3T3
cells as a source of protease.

The same vector, pTri-Ex-2, served to expression the CR1+CR2 region of CDP/Cux in
bacteria and in mammalian cells (see diagram in C). (A) 3T3 and ras-3T3 were transfected
with the CR1+2 expression vector. In lane 3, cells also received a vector expressing
cathepsin L. In lane 5, cells were treated for 4 hours with 50 uM of the E-64d cysteine
protease inhibitor prior to harvesting. Nuclear extracts were prepared and analyzed by
immunoblotting with an anti-HA antibody. (B) 250 ng of bacterially purified His tagged
CR1+2 protein were incubated 20 min at 37°C with 25 ug of total extracts from 3T3, ras-
3T3 and 3T3 cells transfected with a cathepsin L expression vector (lanes 2, 3 and 4).
Untreated CR1+CR2 is shown in lane 1. As a control for processing, lane 5 received
nuclear extracts from ras-3T3 cells transfected with the CR1+CR2 vector. Proteins were
then resolved on a SDS-polyacrylamide gel and immumobloted with aHA monoclonal
antibody. (C) Schematic representation of CDP/Cux and the His- and HA-tagged internal

CR1+CR2 construct.
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Figure 7: Intracellular proteases in cancer
The figure illustrates the intracellular proteases that have been reported to play a role in

cancer.
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Chapter IV Characterization of a Tissue-Specific CDP/Cux Iso-

form, p75, Activated in Breast Tumor Cells

Reproduced with permission from Goulet, B., Watson P., Poirier M., Leduy L., Bérub¢ G.,
Meterissian M., Jolicoeur P. and Nepveu A. (2002), Characterization of a Tissue-Specific
CDP/Cux Isoform, p75, Activated in Breast Tumor Cells. Cancer Research, 62: 6625-6633.
Copyright 2002 the American Association for Cancer Research.

Preface

While studying the proteolytic processing of CDP/Cux, RNase protection assays
were performed using different probes to exclude the possibility that the truncated isoform
results from the generation of a novel mRNA. A protected fragment corresponding to the
size of exon 21 was detected using a probe containing exons 19 to 21, but no novel mRNA
encoding for p110 was found. Further experiments led to the identification of a novel
mRNA that is initiated within intron 20 of CUTL1. Importantly, the transcription of this
mRNA is normally regulated in a tissue- and cell-specific manner but aberrantly transcribed
in breast cancer cells.

CUTLI is a large gene that codes for a protein containing four DNA binding do-
mains, three Cut repeats and a homeodomain. Proteolytic processing generates a protein
with two Cut repeats and the homeodomain. Other genes of the Cut homeodomain family
encodes for proteins containing one, two or three Cut repeats, which could confer different
DNA binding properties and biological outputs. This manuscript described the identifica-
tion of the intron20-mRNA, the biochemical properties of p75, a novel short CDP/cux iso-
form that contains only one Cut repeat and the homeodomain and some its potential bio-

logical activities.
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Abstract

Two isoforms of the CDP/Cux transcription factor have been characterized so far.
The full-length protein, p200, contains four DNA binding domains, transiently binds to
DNA and carries the CCAAT-displacement activity. The pl110 isoform is generated by
proteolytic processing at the G1/S transition and is capable of stable interaction with DNA.
Here we demonstrate the existence of a shorter CDP/Cux isoform, p75, which contains only
two DNA binding domains, Cut repeat 3 and the Cut homeodomain, and binds more stably
to DNA. CDP/Cux p75 was able to repress a reporter carrying the promoter for the cyclin
dependent kinase inhibitor p21 gene, and to activate a DNA polymerase o gene reporter.
Expression of CDP/Cux p75 involved a novel mechanism: transcription initiation within
intron 20. The intron 20-initiated mRNA (I120-mRNA) was expressed at higher level in the
thymus and in CD4+/CD8+ and CD4+ T cells. 120-mRNA was expressed only weakly or
not at all in normal human mammary epithelial cells (HMECs) and normal breast tissues,
but was detected in many breast tumor cells lines and breast tumors. In invasive tumors a
significant association was established between higher 120-mRNA expression and a diffuse
infiltrative growth pattern (n=41, p=0.0137). In agreement with these findings, T47D breast
cancer cells stably expressing p75 could not form tubule structures in collagen but rather
developed as solid undifferentiated aggregates of cells. Altogether these results suggest that
aberrant expression of the CDP/Cux p75 isoform in mammary epithelial cells may be asso-

ciated with the process of tumorigenesis in breast cancer.
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Introduction

CDP/Cux (CCAAT-displacement protein/cut homeobox) belongs to a family of
transcription factors present in all metazoans and involved in the control of proliferation
and differentiation (reviewed in (1)). In Drosophila melanogaster, a large number of phe-
notypes were found to be caused by insertion of transposable insulator sequences that inter-
fered with the function of tissue-specific enhancers (2-6). The affected tissues included the
wings (“cut wing”), legs, external sense organs, Malpighian tubules, tracheal system and
some structures in the central nervous systems (2, 7-14). In higher vertebrates, there are
two CDP/Cux genes called CDP-1 and CDP-2 in human, and Cux-1 and Cux-2 in mouse
and chicken (15-17). While Cux-2 is expressed primarily in nervous tissues, Cux-1 is pre-
sent in most tissues (15, 18, 19). The cux-1 gene has been the subject of three gene-
targeting studies. The cux-1 knockout mice displayed phenotypes in various organs in-
cluding curly whiskers, growth retardation, delayed differentiation of lung epithelia, altered
hair follicle morphogenesis, male infertility, and a deficit in T and B cells (19-22). In con-
trast to the small size of the cux-1 knock-out mice, transgenic mice expressing Cux-1 under
the control of the CMV enhancer/promoter displayed multi-organ hyperplasia and or-
ganomegaly (23). Thus, from genetic studies both in Drosophila and the mouse, it is clear
that the CDP/Cux/Cut gene plays an important role in the development and homeostasis of
several tissues.

In tissue culture, the expression and activity of CDP/Cux has been associated with
cellular proliferation (24-26), the repression of genes that are turned on in terminally differ-
entiated cells (27-32), and the regulation of matrix attachment regions (MARs) (33-37).

CDP/Cux/Cut proteins may contain two to four DNA binding domains. All proteins con-
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tain at least a Cut homeodomain (HD) and either one to three Cut repeats (CR1, CR2 and
CR3). The cut superclass of homeobox genes has been divided into three classes: CUX,
ONECUT and SATB (38). While the Drosophila Cut, human CDP and mouse Cux genes
contain three Cut repeats, in each species there is also a ONECUT gene containing a single
Cut repeat (15, 16, 39-41). SATBI includes two Cut repeat-like domains and a divergent
Cut-like homeodomain (42). The term CDP/Cux will be used in the remainder of this
manuscript to designate mammalian proteins that contain three Cut repeats and a Cut ho-
meodomain.

Individual Cut repeats cannot bind to DNA on their own but need to cooperate with
a second Cut repeat or with the Cut homeodomain (43). Two CDP/Cux DNA binding ac-
tivities have been reported in cells. CDP/Cux p200 binds transiently to DNA, like the
CR1CR2 domains, and carries the CCAAT-displacement activity (15, 31, 43, 44). At the
G1/S transition of the cell cycle, proteolytic cleavage of p200 generates CDP/Cux pl10,
which contains CR2CR3HD and exhibits distinct DNA binding specificity and kinetics
(45). In particular, p110 is able to make a stable interaction with DNA.

In the present study, we describe a novel CDP/Cux isoform, p75, that is encoded by
a mRNA initiated within intron 20 (I20-mRNA). Interestingly, this novel isoform displays
DNA binding properties distinct from that of the previously characterized p200 and p110
CDP/Cux isoforms. While expression of the 120-mRNA is restricted to certain tissues or
cells, we found that its expression was activated in breast tumor cell lines and in primary
human breast tumors. These results, together with the finding that the p110 isoform is ex-
pressed at higher level in uterine leiomyomas, suggest that alternative mechanisms may be

selected in cancer cells to favor expression of short CDP/Cux isoforms (46).
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Material and Methods

RNA preparation: RNA was prepared using Trizol™ purchased from GibcoBRL accord-
ing to manufacturer's instructions and treated with RNase free DNase at 37°C for 30 min.
RNase mapping: The riboprobes were prepared as previously described (39). Briefly, 1 pg

of template DNA, transcription buffer (200 mM PIPES, 2 M NaCl, 5 mM EDTA), 10 mM

DTT, RNasin (40 units), 500 mM ATP, CTP, GTP, 12 mM UTP, 50 uCi a-32P-UTP and
T7 RNA polymerase (69 units) (Pharmacia) were combined and then incubated for 1 h at
37°C. After 1 h, 500 mM UTP was added and further incubated for 5 min. The riboprobe

was then treated with RNase free DNase at 37°C for 15 min, extracted with chloropane and

run through a Sephadex G50 spun column. Forty pg of total RNA was annealed to 8x103
cpm of labeled riboprobe at 54°C for 16 h in 80% formamide, 0.4 M NaCl, 0.4 M
piperazine-N,N-bis (2-ethanesulfonic acid) (PIPES) (pH 6.4), 1 mM EDTA. RNA-RNA
hybrids were digested with 30 U of RNase T2 (GibcoBRL) per ml at 37°C for 1 h. Hybrids
were then precipitated with 20 pg of tRNA, 295 pl 4 M guanidine thiocyanate and 590 pl
of isopropanol. Pellets were resuspended in 80% formamide, 1x TBE and 0.1% xylene
cyanol + bromophenol blue, denatured and electrophoresed on 4% acrylamide-8M urea gel.
Gels were dried and visualized by autoradiography.

Reverse transcriptase-PCR: Reverse transcriptase-polymerase chain reaction (RT-PCR)

was performed on Human Multiple Tissue cDNA (MTCTM) of normalized, first-strand
cDNA preparations derived from different adult human tissues, purchased directly from
Clonetech. MTC cDNA ranges in size from 0.1 to at least 6 Kbp and is virtually free of ge-
nomic DNA (Supplier information). cDNA from mouse tissues, thymocytes, breast tumor

cell lines and breast tumor samples (from the Manitoba Breast Tumor Bank) were prepared
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using Superscript' VII RNaseH Reverse transcriptase (Gibco BRL) according to the manu-
facturer’s instructions.

Primers used: Fi20 (human nt-40 to —18 within intron 20)
GCTATTTTCAGGCACGGTTTCTC, B22 (human nt 3630-3609 and mouse nt 3345-
3324): TCCACATTGTTGGGGTCGTTC, F19 (human nt 3021-3041):
AGAAAGGCCGAGAACCCTTCA, Fi20m (mouse nt-111 to -88):
CGACGGTCCCCTTCTGGAATGG and F18 (mouse nt 2411-2447):
CAAGCGCTGAGTCCC

Primers were labeled in a final volume of 50 pl, containing Spl of 10X kinase buffer (70
mM Tris-HCI (pH 7.6), 10 mM MgCl, and 5 mM DTT), 15 units of T4 polynucleotide
kinase and 0.8 mCi y **P-ATP and incubated at 37°C for 1 h. The labeled primer was then
run through a Sephadex G25 spun column. PCR was performed in a final volume of 30 pl,

containing 1 ng cDNA, 1.5 mM MgCl, 3 ul standard 10x PCR buffer (200 mM Tris-HCl

pH 8.4, 500 mM KCl), 0.45 pM of each primer, 0.12 mM dNTPs, and 1 units of Taq po-
lymerase (Gibco BRL). An initial step of 4 minutes at 95°C was followed by 25 cycles of
45 s of denaturation at 95°C, 50s of annealing at 61°C, and 60 s of extension at 72°C, fol-
lowed by a final extension step of 7 minutes at 72°C. Pilot tests have been done to make
sure the PCR reaction does not reach its plateau (not shown). PCR products were separated
on a 4% non-denaturing polyacrylamide gel and visualized by autoradiography.

Cell culture: HeLa, HEL, 293 and NIH3T3 cells were cultured in DMEM medium sup-
plemented with 10%FBS. All breast tumor cell lines were a generous gift from Dr. Morag
Park. MCF7, MDA 231, MDA468, T47D, Hs578T, MDA 435s, BT 549 cells were cul-

tured in DMEM medium supplemented with 5% FBS. SkBr3 cells were cultured in
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DMEM medium supplemented with 10% FBS. MDA 436 cells were cultured in Leibovitz
medium supplemented with 15% FBS and 10 mg/ml insulin. MCF 10A and MCF 12A
cells were cultured in 50% DMEM-F12 medium supplemented with 5% HS, 10 mg/ml in-
sulin (Gibco BRL), 0.5 mg/m! hydrocortisol (Sigma), 0.1 mg/ml cholera enterotoxin (Gibco
BRL), and 20ng/ml EGF (Boehringer Mannheim). HMEC cells were purchased from
Clonetics and cultured using the manufacturer’s medium and instructions. Transfections
were done using ExGene500 (MBI Fermentas) according to manufacturer's instructions.
T47D collagen assay: T47D cells were transfected with 10 ug of pMX or pMX-p75 along
with 1 pg of pPSV-NEO. Stable expressing lines were selected for 3 weeks with 400 pg/ml
G418 (Gibco, BRL). Tubule forming assay was performed by adding 2x10° cells/ml into
1.3 mg/ml of collagen in DMEM supplemented with 5% FBS as described in (40, 41).
Cells were cultured for 10 days. Tubules were visualized using a RETIGA 1300 digital
camera (QIMAGING, Burnaby, BC, Canada) and a Zeiss AxioVert 135 microscope with a
10x objective (Carl Zeiss Canada Ltd., Toronto, Canada). Cells in collagen were then fixed
in 4% paraformaldehyde, embeded in paraffin and sectioned (8 uM). Sections were stained
with hematoxylin and eosin. Images were acquired using PixCell II™ LCM system (Arctu-
rus Engineering Inc. Mountain View, USA) using a 40x objective.

Preparation of nuclear cell extract: Nuclear extracts were prepared according to the pro-
cedure of Lee et al. (42) except that nuclei were obtained by submitting cells to 3
freeze/thaw cycles in buffer A (10 mM Hepes, pH 7.9, 10 mM KCI, 1.5 mM MgCl2, 1 mM
DTT). Nuclei were then resuspended in Buffer C (20 mM Hepes, pH 7.9, 25 % glycerol

1.5mM MgCl2, 420 mM NaCl,, 0.2 mM EDTA, 1 mM DTT) and incubated at 4 °C for 30
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min. After 15 min. of centrifugation, the supernatant were collected. Buffers A and C were
supplemented with protease inhibitor mix tablet (Roche) and DTT.
Preparation of mouse thymus extract: Thymus protein extracts were prepared by ho-

mogenization in buffer X (50 mM Hepes, pH 7.9, 0.4 M NaCl, 4 mM NaF, 4 mM NaVO3,

0.2 mM EDTA, 0.2 mM EGTA, 0.1% NP-40, 10% glycerol, and protease inhibitor
(Roche)).

Expression and purification of CDP/Cut fusion proteins. The bacterial expression vec-
tors pET-15b (Novagen) expressing CR2ZCR3HD and CR3HD were introduced into the
BL21(DE3) of E.coli and induced with IPTG. The fusion proteins were purified by affinity
chromatography using procedures provided by the suppliers.

Electromobility shift assay (EMSA): 1 pg of nuclear extracts from transfected mammal-
ian cells were incubated in a final volume of 30 ul for 5 min. at room temperature in bind-
ing buffer (10 mM Tris-HCL, pH 7.5, 1 mM MgCl2, 1 mM DTT, 5 mM EDTA, 5% glyc-
erol, 25 mM NaCl) with 60 ng of poly dIdC and 30 pg of bovine serum albumin (BSA) as
non specific competitors. 10 pg (5 x 10" mol) of radiolabelled oligonucleotide
(TCGAGACGGTATCGATAAGCTTCTTTTC) was added and further incubated for 15
min. at room temperature. Samples were loaded on a 4% polyacrylamide gels (29:1) and
separated by electrophoresis at 8V/cm in 0.5X Tris-Borate EDTA. Gels were dried and
visualized by auto-radiography. DNA binding affinity was performed using a fixed amount
of DNA and increasing concentration of proteins. For off-rate experiments, 1 pg of nuclear
extracts were incubated with 60 pg of radiolabelled probe for 15 min. A 1000 fold excess of

the unlabeled probe was added to the reaction mixture, and aliquots were taken and loaded
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on non denaturing polyacrylamide gel at different time points in the presence of electric
current.

Luciferase Assay: This assay was performed as previously described (37). Briefly,
HS578T cells were plated at 1x10° cells per 22.1 mm well. The next day, 0.5 ug of re-
porter DNA and increasing amount of effector DNA were transfected using ExGen500
(MBI, Fermentas). Cells were harvested 40 hours later: cells from 3 wells served to prepare
separate cytoplasmic extracts for luciferase assay. Because the internal control plasmid is
itself often repressed by CDP/Cux, as a control for transfection efficiency the purified b-
galactosidase protein (Sigma) was included in the transfection mix. The luciferase activity
was then normalized based on (3-galactosidase activity.

Immunofluorescence: NIH3T3 cells were plated on a coverslip and transfected with 5 ug
of pMX-Intron 20-HA. 2 days after, cells were fixed with 100% of methanol of 2 min.
After 2 washes with 1X PBS, cells were quenched for 10 min in S0 mM of NH4Cl, solubi-
lized for 10 min (95% PBS + 5% FBS + 0.5% Triton X-100) and incubated with aHA
(1:10000) for 1 hr at RT. After extensive washing, the secondary antibody (anti- mouse al-
exa 488 1:1000) was incubated for 30 min at RT in the dark. Cells were visualized using a
RETIGA 1300 digital camera (QIMAGING, Burnaby, BC, Canada) and a Zeiss AxioVert
135 microscope with a 63x objective. Images were analysed using Northern Eclipse ver-
sion 6.0 (Empix Imaging, Missisauga, Canada).

Plasmid Construction: For the expression of human Intron 20, PCR-amplification was
performed to produce a fragment starting within intron 20 using a primer at the 5’end
which includes Xhol and Notl sites

ACTGCTCGAGCGGCCGCTTTTAGCAGAATGCCCTCATG) and a 3’ end primer (nt
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3862-3841: GTTTTTGGTGACGGGTATGGC). The product was digested with Xhol and
BstXI (nt 3625 of CDP/Cux) and ligated together with a BstXI-Notl fragment that includes
nt 3625 to 4551 of CDP/Cux to an Xhol-Notl digested pMX139 vector. To generate
pMX139-Intron-20-HA, a fragment BstXI-Xhol from pMX-Intron-20 was ligated together
with a BstXI-Notl fragment from pMX-Myc-HSCDP-HA into a pMX vector previously
digested with Notl-Xhol. In order to generate a mouse intron 20 construct, an Xhol-
BamHI (human nt 3936 and mouse nt 3651) fragment of pMX-human i20 was ligated to a
BamHI-Notl fragment from mouse pMX-CDP/Cux.

Human Breast Cancer Specimen Analysis: A cohort of 41 invasive ductal carcinomas
was selected from the Manitoba Breast Tumor Bank with two subgroups. All cases are
processed uniformly to produce matched mirror image parafin and frozen tissue blocks.
Tumor pathology and characteristics can therefore be assessed directly in high quality par-
affin sections from tissue immediately adjacent to frozen tissue sections used for RNA ex-
traction and RT-PCR analysis (43). The first group comprised invasive ductal carcinomas
(n=21) showing large cohesive clusters of tumor cells forming nests or glandular arrange-
ments, without a diffuse or infiltrating growth pattern. The second subgroup (n=21) com-
prised invasive tumors selected for a diffuse infiltrating growth pattern. These included
'"Mixed Ductal & Lobular Carcinomas' (n=9) with a significant lobular component or a
'lobular' pattern of growth but with either focal glandular formation and/or ductal type cy-

tological features and invasive lobular carcinomas (n=11) (44, 45).
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Results

A CDP/Cux mRNA is initiated within intron 20 and is expressed in a tissue-
specific manner. RNase mapping using a riboprobe containing exons 19, 20 and 21 gen-
crated a smaller protected fragment than anticipated with RNA samples from certain
sources, notably HeLa cells and placenta (Fig. 1A). This result indicated the existence of
an alternative CDP/Cux transcript that contains exon 21, but not exon 20. The 5’ end of
the novel transcript was cloned from placenta by the method of rapid amplification of
¢DNA ends (RACE) using as reverse primers two successive oligonucleotides from exon
21. DNA sequencing analysis showed that the sequence upstream of exon 21 originated
from intron 20 and extended at least 500 nt upstream of the intron 20/exon21 junction. To
exclude the possibility that genomic DNA that was still present in our RNA preparations,
reverse-transcriptase polymerase chain reaction (RT-PCR) analysis was performed using as
forward primers oligonucleotides from exon 19 or intron 20 and as a reverse primer, an oli-
gonucleotide from exon 22. First-strand cDNA preparations derived from different adult
human tissues (Clonetech) were used as a source of material (Fig. 1C). We obtained frag-
ments of 609 bp with the exons 19 and 22 primers and of 474 with the intron 20 and exon
22 primers. The latter corresponds to the size predicted for a mRNA containing sequences
from intron 20, exon 21 and exon 22. This result confirmed the existence of a CDP/Cux
mRNA that initiates upstream of exon 21 and does not contain exon 20. RT-PCR analysis
of mouse tissue RNAs confirmed that a similar transcript is expressed at higher levels in the
placenta and thymus of the mouse (Fig. 2 A). The I20-mRNA was expressed in mature

and immature T cells, but at higher level in mature CD4” than in mature CD8" T cells (Fig.
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2B). Altogether, these findings indicate that the 120-mRNA 1is expressed in a tissue and
cell-type specific manner.

RT-PCR products of the expected sizes were obtained with forward primers situated
approximately 500, 1500, 2500 nt upstream of exon 21 (data not shown). No product was
obtained with oligonucleotides positioned 3000 and 3500 nt upstream of exon 21. RNase
mapping analysis was then performed with a riboprobe containing nucleotides ~2270 to
—2978 upstream of exon 21. A unique protected fragment of approximately 200 nt was ob-
served, suggesting that transcription may start at a position approximately 2.5 kbp upstream
of the intron 20/exon 21 junction (Fig. 1B). We cannot, however, exclude the possibility
that this position represents an alternative splice acceptor site. Altogether, our results de-
fine a novel CDP/Cux mRNA that is expressed in a tissue-specific manner and is initiated
upstream of exon 21. We will refer to this novel transcript as the intron 20-containing
mRNA (120-mRNA).

120-mRNA encodes for a CDP/Cux protein of 75 kDa that localizes to the nu-
cleus and binds to DNA. The 120-mRNA contains a long 5’untranslated sequence fol-
lowed by an open reading frame starting at the beginning of exon 21. An AUG codon is
present at a position corresponding to nt 3224 of the HSCDP ¢cDNA sequence. The se-
quence at this position, CCGAUGG, does not conform to the Kozak consensus. Yet, a
protein was expressed in an in vifro transcription/translation system, and replacement of
AUG for UUC completely eliminated translation (Fig 2A). Transfection of NIH3T3 cells
with a mouse I20-mRNA expression vector gave rise to a novel protein of 75 kDa that co-
migrated with a protein present in mouse thymus (Fig 3B). This protein was detected with
the C-terminal 01300 but not the 023 N-terminal CDP/Cux antibody (3A, lane 3). In elec-

trophoretic mobility shift assays (EMSA), nuclear extracts from transfected NIH3T3 cells
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generated a retarded complex which could be supershifted with the a1300 CDP/Cux but not
with an unrelated antibody (Fig. 3C, lanes 2-4). When NIH3T3 cells were transfected with
a vector expressing p75 with an influenza virus hematoglutinin (HA) tag at its carboxy-
terminus, a specific signal was detected by indirect immunofluorescence in the nucleus of
transfected NIH3T3 cells (Fig. 3D). Altogether these results demonstrate that [20-mRNA
codes for a CDP/Cux protein of 75 kDa that localizes to the nucleus and binds to DNA.

p75 makes a more stable interaction with DNA than p110 and displays similar
transcriptional properties in reporter assays. The CDP/Cux p110 isoform contains
CR2, CR3 and HD (CR2CR3HD) while the p75 isoform contains CR3 and HD (CR3HD).
We compared the DNA binding properties of the two isoforms first using bacterially ex-
pressed his-tagged fusion proteins and then nuclear extracts from transfected mammalian

cells. The purified CR2CR3HD and CR3HD his-tagged proteins exhibited similar DNA

binding affinities, with apparent dissociation constants of (Kp(app.)) of 0.7 and 1.1 109 M,
respectively (Fig. 4A, top panels). In contrast, their DNA binding kinetics were different.
CR3HD bound more stably to DNA than CR2CR3HD (Fig. 4A, bottom panels). In agree-
ment with these findings, the off rate of p110 was 0.8 min. and that of p75 was 6.15 min.
(Fig. 4B). These results indicate that CDP/Cux p75 makes a more stable interaction with
DNA than the p110 isoform that is expressed in S phase. To investigate the transcriptional
properties of p75 CDP/Cux, reporter assays were performed in parallel using either p110 or
p75 as effectors. The results from several experiments indicated that both proteins, p110
and p75, were able similarly to repress the p21WAF”CIP ! reporter and stimulate expression
from the DNA pol o reporter (Fig. 5). Whether stimulation of gene expression involves di-

rect activation or repression of a down-modulator is currently under investigation. In
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summary, p75 CDP/Cux localizes to the nucleus, binds to DNA, and is able to regulate
transcription of target genes.

120-mRNA and p75 are weakly or not expressed in HMEC cells, but are de-
tected in many breast tumor cells lines. We analyzed expression of the CDP/Cux full
length and 120-mRNAs in a panel of breast tumor cell lines and in human mammary
epithelial cells (HMEC). In RNase protection and RT-PCR assays, a fragment correspond-
ing to the 120-mRNA was detected in some but not all breast tumor cell lines (Fig. 6A and
B). Similarly, Western blot analysis revealed that the 75 kDa protein was detected in some
breast tumor cell lines but not in HMEC cells (Fig. 6C). We then compared expression of
[20-mRNA in two pairs of cell lines. Expression of the 120-mRNA was higher in the tu-
morigenic Hs578T cell line than in its non tumorigenic counterpart, Hs578Bst (Fig. 6D, left
panel) (53). A similar comparison in a pair of immortalized and notch-transformed mam-
mary epithelial cell lines of mouse origin, HC11 and notch-HC11 (54), also showed that the
mouse CDP/Cux 120-mRNA was expressed at a higher level in the transformed line (Fig.
6D, right panel). Altogether, these findings suggest that expression of the CDP/Cux 120-
mRNA and p75 protein is activated in some breast cancer cells.

T47D-p75 stable cell lines do not form tubules in collagen. To evaluate whether
p75 may be able to confer to mammary epithelial cells properties that are associated with
cellular transformation, we generated T47D cell lines stably expressing p75. Although
T47D cells are derived from a breast tumor, they have retained the capability to differenti-
ate and form tubules in collagen (48, 49). For this reason, they represent a good cellular
model in which to investigate the effect of putative oncogenes. Interestingly, we observed
that the T47D clones expressing p75 could no longer form tubules in collagen (Fig.7A and
7B). Moreover, the colonies generated by the p75-T47D clones were not hollow cysts but
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instead compact aggregates of cells which were devoid of a central lumen (Fig. 7C). These
results indicate that upon forced expression of CDP/Cux p75, T47D cells loose their ability
to form an organized epithelial sheet.

The 120-mRNA is expressed in some breast carcinomas but not in normal
breast tissue. Using RT-PCR analysis, the 120-mRNA was not detected in RNA isolated
from a reduction mammoplasty tissue sample from a woman without known breast pathol-
ogy (Fig. 8A, right panel). This result is in accordance with the findings that the I20-mRNA
was not expressed in normal mouse mammary glands (see Fig. 2A). However, a strong
[20-mRNA signal was observed in three cases of breast cancer, tumors C8921D, A168A
and C8961B (Fig. 8A, left panel). Two of these tumors, C8921D and C8961B are lobular
carcinomas, whereas A168A was classified as a mixed ductal-lobular carcinoma but with a
very diffuse growth pattern. All other tumors showing low or no 120-mRNA expression
were classified as ductal carcinomas.

Higher 120-mRNA expression in invasive carcinoma is associated with a more
diffuse growth pattern and the lack of tubular differentiation. The above results raised
the possibility that 120-mRNA expression may be associated with a more diffuse growth
pattern. To further examine this hypothesis, we analyzed CDP/Cux mRNA expression in an
expanded panel of invasive carcinomas that were selected on the basis of their classification
as either ductal, lobular or mixed lobular/ductal carcinomas. Higher I20-mRNA expression
levels was significantly associated with invasive lobular and invasive mixed lobular/ductal
carcinomas compared to invasive ductal carcinomas {mean (sd), lobular and mixed; n=20,
115200 (84770) vs ductal n=21, 45510 (43360), p=0.0137, Mann Whitney test} (55).
These results suggest that the 120-mRNA is expressed at a higher level in a subset of breast
tumors that exhibit a more diffuse growth pattern compared to tumors that exhibit the abil-
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ity to form cohesive clusters and tubules. These results are in agreement with our tissue
culture assays showing that mammary epithelial cells loose their ability to form tubules in

collagen upon forced expression of the I20-mRNA.
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Discussion

The full length 200 kDa CDP/Cux protein was previously found to be proteolyti-
cally processed in S phase to generate an amino-terminally truncated isoform of 110 kDa
(45). Here, we showed that an alternate mechanism can serve to generate an amino-
terminally truncated isoform of 75 kDa: transcription initiation within an intron. Thus, al-
ternative mechanisms can serve to generate amino-terminally truncated CDP/Cux isoforms
(see Fig. 9). We speculate that the existence of two modes of regulation enables the pro-
duction of short Cut proteins in response to different signaling or developmental cues. In-
terestingly, while the ONECUT genes contain only one Cut repeat, it appears that the more
complex Cux genes have the potential to encode proteins with either one (p75), two (p110)
or three Cut repeats (p200). We favor the opinion that there is a functional advantage asso-
ciated with the ability to express proteins with variable numbers of Cut repeats. Various
combinations of Cut repeats and the Cut homeodomain were found to exhibit different
DNA binding properties (43, 56-59). CDP/Cux p200 and p110 clearly displayed distinct
DNA binding and transcriptional properties (43, 45). The differences between p110 and
p75 appear to be more subtle. We have not detected differences in binding affinity or
specificity, but DNA binding was found to be more stable in the case of p75. This property
could make of p75 a more potent transcription factor than p110. The two isoforms were
found to behave similarly in a reporter assay (see Fig. 5), but it is possible that subtle dif-
ferences would not be revealed in transient assays where proteins are overexpressed. An-
other potential difference between p75 and p110 concerns the proteins with which they can

interact, as the presence or absence of Cut repeat 2 may allow interaction with different
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partners. Future studies should investigate the protein-protein interaction capabilities of the
various CDP/Cux isoforms.

We have shown that forced expression of CDP/Cux p75 isoform in T47D cells in-
hibited the formation of tubules in a tissue culture assay and that elevated 120-mRNA ex-
pression in breast tumors was associated with a more diffuse infiltrative growth pattern and
the lack of tubule structures (Fig. 7 and 8). These findings would warrant a more extensive
study to verify whether CDP/Cux 120-mRNA or p75 protein expression could be used in
the future as a molecular marker to augment grading of breast tumors. Interestingly, acti-
vated forms of the Notch4 receptors were previously shown to prevent branching morpho-
genesis in mammary epithelial cells (60, 61). That Notch and CDP/Cux p75 can confer
similar phenotypes onto mammary epithelial cells raises the possibility that the receptor
and the transcription factor function in the same pathway. This notion is in agreement with
the reported interactions between the notch pathway and cut in Drosophila melanogaster
(reviewed in (1)). Indeed, a number of genetic studies indicated that activation of the Notch
pathways leads to the induction of Cut which would function as a downstream effector of
this pathway (8, 62-66). It will be interesting to verify whether a similar connection exists
in the mammary gland between Notch and CDP/Cux and, if so, which of the CDP/Cux iso-
form functions downstream of the Notch signaling pathway. Activation of the Notch path-
way in human cancers has so far been documented only in T cell leukemia (67). However,
both the murine Notchl and Notch4/int3 have been found to represent common sites of
provirus integration in mouse mammary tumors (54, 68). Moreover, recombinant truncated
Notch proteins were shown to transform HC11 and MCF-10A mammary epithelial cells in
vitro (54, 69). These findings raise the possibility that activation of the Notch pathway
might also take place in some human breast cancers but would avoid detection by the cur-
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rently available tools (70). In this respect, the confirmation of CDP/Cux as a downstream
targets of Notch in higher vertebrates could provide a molecular marker for Notch activa-

tion in human cancers.
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Figure 1: Identification of a novel CDP/Cux transcript starting within intron 20

(A) RNase mapping analysis was performed using a riboprobe encompassing exons 19 to
21 of the CUTLI1 gene and total RNA samples from 3 cell lines (HeLa, HEL and 293), pla-
centa and tRNA as a control. The undigested riboprobe as well as the major protected
fragments are indicated by arrows. Shown below is a schematic representation of the ribo-
probe and the two protected fragments. The black bars on top of the probe indicate the po-
sition of CR2 and CR3 coding sequences. (B) RNase mapping analysis was performed us-
ing a riboprobe derived from the CUTL1 intron 20 and total RNA samples from various
cells lines, placenta and tRNA as a control. (C) CDP/Cux (upper panel) and intron 20-
initiated mRNA (I20-mRNA) (middle panel) were analyzed by reverse-transcriptase po-
lymerase chain amplification (RT-PCR) using Human Multiple Tissue cDNA (MTC™,) of
normalized, first-strand cDNA preparations derived from different adult human tissues
(Clontech) and the indicated oligonucleotides as primers (see Material and Methods).

GAPDH mRNA was used as a control for the quantity of mRNA/cDNA in each sample.
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Figure 2: Identification of 120-mRNA in mouse tissues and mouse thymocytes

(A) Intron 20-initiated mRNA (I20-mRNA) was analyzed by RT-PCR using first-strand
c¢DNA derived from various mouse tissues and the indicated oligonucleotides. The ampli-
fied fragments are 900 bp for the full length CDP/Cux mRNA and 600 bp for the intron 20-
initiated mRNA. GAPDH mRNA was used as a control for the quantity of mRNA/cDNA in
each sample. (B) 120-mRNA was analyzed by RT-PCR as described above using first-
strand cDNA preparations derived double positive (CD4+/CD8+) or single positive (CD4+

or CD8+) mouse thymocytes.
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Figure 3: The 120-mRNA codes for a nuclear protein of 75 kDa that binds to
ATCGAT

(A) A ¢cDNA fragment for the [20-mRNA was inserted into the pcDNA3.1 vector and the
first ATG was replaced for TTC. The resulting plasmids were tested in an in vitro tran-
scription/translation system (Promega) in the presence of 33S-labeled methionine. (B) The
pcDNA3.1-p75 vector was introduced into NIH3T3 cells. Nuclear extracts from trans-
fected NITH3T3 cells (5 ng) and total extracts from mouse thymus (500 pg) were analyzed
in Western blots with anti-CDP/Cux 23 and 1300 antibodies. (C) Nuclear extracts from
transfected NIH3T3 cells were analyzed in EMSA with the ATCGAT probe. Note that the
small amount of proteins used from transfected cells precludes the detection of endogenous
CDP/Cux proteins in immunoblots and EMSA. (D) An HA-tagged was inserted at the C-
terminus of p75 and the resulting vector was introduced intro NIH3T3 cells. Indirect im-

munofluorescence was performed using an HA antibody.
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Fig. 4: p75 binds more stably to DNA than the proteolytically processed p110 isoform

(A) The DNA binding affinity and stability were measured using purified His-tagged pro-
teins containing two Cut repeats (CR2CR3HD), as in p110, or one Cut repeat (CR3HD), as
in p75. (Top panels) Binding affinity: ten pM of radiolabeled oligonucleotides containing
the ATCGAT sequence was incubated with increasing concentrations of CR2ZCR3HD or
CR3HD fusion proteins. The incubations took place at room temperature until the equilib-
rium was reached (15 min.) and the samples were resolved by electrophoresis on a non-
denaturing polyacrylamide gel. To obtain the apparent dissociation constant, Kp(app), the
percentage of free DNA (relative to the amount in the lane with no protein added) was
plotted against the log of protein concentration. (Bottom panels) Off rates: 1 ug of the indi-
cated fusion protein was incubated with radiolabeled oligonucleotides at room temperature
until the equilibrium was reached (15 min.). 1000 fold molar excess of unlabeled oligonu-
cleotides was added, and at the indicated time points aliquots of the mixture were taken and
analyzed in EMSA. (B) Hs578T cells were transfected with vectors expressing recombinant
p110 and p75 CDP/Cux isoforms. Nuclear extracts were used to measure off rates as de-

scribed above.
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Fig. 5: p75 can repress the expression of a p21"aflieiel reporter and stimulate the ex-
pression of a DNA polymerase o reporter

NIH3T3 cells were transfected with 500 ng of a P21°PW#f!/lyciferase reporter construct
(A) and Hs578T, with a DNA polymerase o/luciferase reporter (B), together with either an
empty vector or a vector encoding for p110 or p75 CDP/Cux. Two days later, cytoplasmic
extracts were prepared and processed to measure luciferase activity. Mean of 6 transfec-
tions are shown and the results are expressed as relative light units (RLU) normalized to -

galactosidase activity from an internal control.

231



Chapter IV - Manuscript

-

7

W

T

7

| I I I I I
208642
1 1

(¢01¥) 1eD-g/N'Td

p75

Luciferase

pl10
p21 Cipl/Wafl

Vector

kep d

AN\

—HRAMMIMNY

N

p75

Luciferase

pl10
DNA Polymerase o

Vector

232



Chapter IV - Manuscript

Fig. 6: Intron 20-initiated mRNA is detected in breast tumor cell lines but weakly or
not in normal human mammary epithelial cells (HMEC)

(A) RNase mapping analysis was performed using a riboprobe encompassing exons 19 to
21 of the CUTL1 gene (as described in Fig. 1A) and total RNA samples from breast tumor
cell lines and a primary culture of human mammary epithelial cells (HMEC). The undi-
gested riboprobe as well as the major protected fragments are indicated by arrows. A sche-
matic representation of the riboprobe and the two protected fragments is shown in Fig. 1A.
(B) CDP/Cux (upper panel) and intron 20-initiated mRNA (120-mRNA) (middle panel)
were analyzed by RT-PCR using total RNA from breast tumor cell lines and HMEC cells.
The assay was performed as described in Fig. 1C. GAPDH mRNA was used as a control
for the quantity of mRNA/cDNA in each sample. (C) 25 pg of nuclear extracts from breast
tumor cell lines and HMEC were analyzed in Western blots using anti-CDP/Cux 1300 and
409 antibodies. As controls to identify the p75 protein, 5 pg of nuclear extracts were taken
from pcDNA3.1-p75 transfected NIH3T3 (lane p75). Coomassie-blue staining of the
membranes are shown to compare the amounts of proteins in each sample. The epitopes
recognized by the 1300 and 409 antibodies are shown in Fig. 3. (D) RT-PCR analysis of
full length and 120 CDP/Cux mRNA in a pair of immortalized and transformed cell lines of
human origin, Hs578Bst and Hs578T (left panel) and of mouse origin, HC11 and notch-
HC11 (right panel). The assay was performed as in Fig. 1C for the human cell lines and as
in Fig. 2 for the mouse cell lines, except that the two forward primers were included to-

gether with the same backward primer.
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Fig. 7: T47D cell line stably expressing p75 cannot form tubule in collagen

(A) Cells from the T47D breast tumor cell line were transfected with pMX-p75 or the
empty vector, pMX139, along with a neomycin expressing vector. Following a 3 week-
selection in the presence of G-418, stably transfected cell clones were expanded and ana-
lyzed for p75 CDP/Cux expression by Western blotting with the CDP/Cux1300 antibodies.
A diagram of the p75 expression vector is shown below. (B) Stably transfected T47D
clones were analyzed for tubulogenesis in collagen assay. Tubules and cysts were photo-
graphed as described in material and methodes using a 10x objective. (C) Hematoxylin and
eosin staining of T47D-pMX-p75 clone D cysts sectionned from paraffin were visualized
as described in material and methodes using a 40x objective. The other clones showed the

same morphology.
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Fig. 8: RT-PCR analysis of CDP/Cux mRNA expression in normal breast tissue and
breast tumor,

(A) Total mRNA was isolated from a panel of 14 human breast tumors. RT-PCR was per-
formed with either the F19 and B22 primers (upper panel) or the Fi20 and B22 primers
(lower panel). Equal mRNA/cDNA amounts were verified using GAPDH mRNA amplifi-
cation as a control. (B) Similar RT-PCR assays were performed using RNA isolated from a
reduction mammoplasty tissue sample from three women without known breast pathology.
(C) Total mRNA was isolated from a panel of 32 human breast tumors divided in three
classes: invasive lobular carcinomas (ILC); invasive ductal and lobular mixed carcinomas

(IDLC) and invasive ductal carcinomas (IDC). RT-PCR was performed as described in

(A).
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Fig. 9: Schematic representation of the CUTL1 gene, some of its mRNAs and proteins

The exon/intron structure of the gene is shown at the top. Below are two CDP/Cux
mRNAs , the full length mRNA and the intron 20-initiated mRNA (I20), as well as the
proteins encoded by these mRNAs: p200, p110 and p75. Note that two mechanisms can be
used to generate amino-terminally truncated CDP/Cux isoforms: proteolytic processing of
p200 to generate p110, or transcription initiation at a start site within intron 20 to produce
p75. We speculate that the existence of two modes of regulation enables the production of

short Cut proteins in response to different signals or developmental cues.
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CHAPTER V - General Discussion

Chapter V- General Discussion

In this thesis, I have identified cathepsin L as the protease responsible for the
proteolytic cleavage of CDP/Cux at the G1/S transition of the cell cycle. I have also shown
that in transformed cells, short CDP/Cux isoforms can be generated by different
mechanisms, which are alternative transcription initiation and increased proteolytic
processing. The fact that the enzyme that cleaves CDP/Cux is a lysosomal enzyme raised
many questions and opened a whole new field in cell cycle and cancer research. In this last
section, I will discuss the significance of my results as well as some of the issues that still

remain to be addressed.

5.1 The Short CDP/Cux Proteins

Until now, we have detected at least three different short endogenous CDP/Cux
proteins that do not possess the amino-terminal region present in the full-length protein.
We found that two CDP-Cux proteins were generated by proteolytic processing of the full
length CDP/Cux: p110 and p95. The other one, p75, was produced from a novel mRNA
transcript initiated within intron 20 (i20) of CUTL1. Another proteolytic event, carboxy-
terminal cleavage was also observed to occur in a proliferation or cell cycle regulated
manner (79). These C-terminally-truncated products were also detected following transient
transfection of p200 or p110 in some breast tumor cell lines, such as MCF 7 and Hs578T.
A student in the lab is currently studying these isoforms and found that they might be
responsible for the transcriptional activation of the DNA polymerase alpha gene promoter

rather than the p110 (Truscott M. et al, manuscript in preparation). As this region contains
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two active repression domains, their removal might be necessary to convert CDP/Cux from
a repressor to an activator. Whether proteolytic cleavage within the carboxy-terminal
domain of CDP/Cux is also aberrantly regulated in cancer cells will have to be investigated.
These short CDP/Cux isoforms are likely to play an important role in the cell.

5.1.1 The p75 Protein

The p75 isoform differs from p110 in many ways. First, it is expressed in a tissue-
specific manner such as in thymus, prostate and placenta, but not in the normal breast.
However, the i20 transcript and p75 protein were expressed in many breast tumor cell lines
and in a subset of breast cancers (which are mainly epithelial cells) (chapter IV). It is
tempting to speculate that p75 could be involved in regulating cell type specificity in
mammalian cells. For example, in the thymus, p75 expression correlated with certain
stages of the development of thymocytes (Chapter IV). Three of the CDP/Cux knockout
mice generated showed general pleiotropic developmental abnormalities (23, 70, 104).
However, as CR3HD is deleted, we cannot distinguish between the activities of p110 and
p75. Regarding the link between p75 expression and cancer, the effect of p75 could be at
the level of cellular differentiation rather than proliferation. This link could be similar to
the example of the Notch receptor. The Notch receptor is involved in the regulation of
development and in tissue homeostasis, and its role in cancer has also been well established
(72). |

When epithelial cells undergo transformation, they often “dedifferentiate” and can
acquire a mesenchymal phenotype (14, 32). T47D cells that stably over-express p75, are
unable to differentiate into tubules (EMT) when grown in collagen (chapter IV). In
addition, epithelial-mesenchymal transitions were observed in a number of MCF12A clones

upon selection for stable over-expression of p75. This EMT was transient and lost upon
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treatment with trypsin. The cells returned to their normal morphology but proliferated
slightly faster than cells stably transfected with empty vector. It would be interesting to test
whether these T47D-p75 cells have become more aggressive, i.e. if they can form tumors in
nude mice and, if so, would these metastasize.

We have generated lines of transgenic mice expressing p75 in order to test the
oncogenic or differentiation potential of p75. Three types of constructs were generated for
these purposes. In one, the transgene was under the control of the MMTYV promoter.
Another had the same promoter flanked with hprt sequences for specific integration at the
hprt locus (32). The third line was generated with p75 under the control of a CMV
enhancer and chicken B-actin promoter. So far, all mice were born with a normal
phenotype and the usual mendelian frequencies. Mice from the CMV line displayed
organomegaly in a number of tissues (such as the heart and the thymus) at an early age. A
more in-depth analysis of this will be performed. These phenotypes are in accordance with
the ones observed in the cux/ transgenic mice (59). Interestingly, one mouse from the hprt
line showed a defect in kidney development; no nephrons were formed. This phenotype is
consistent with the fact that p75 inhibits tubule formation. However, as of yet, we have not
observed additional mice with this abnormality. These mice are currently being monitored
for tumor development. Eventually, they should be crossed with other transgenic mice
overexpressing known oncogenes (such as ras, erbB2/neu, c-myc) to measure the rates of
tumor formation.

In light of my results (chapter IV), we are currently generating antibodies raised
against the amino-terminus of p75. Once characterized, they will be used to perform
immunohistochemistry on breast tumors collected by the MUHC Breast Tumor Bank. We
will correlate the staining of p75 with some of the known pathological features of tumors.
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The staining of p75 may emerge as a novel biological marker for certain breast cancers, and
be used as a predictive or prognostic tool.

Another comparison that remains to be made is the in vivo DNA binding
characteristics of p75 and p110. As p110 may be expressed in cells that harbor p75 (for
“example in the breast tumor cell lines), the question arises if these isoforms compete for the
same binding sites. From studies using the Tandem Affinity Purification tool (Tap-tag),
p75 and p110 seem to have different binding partners (Leduy L. and Nepveu A.) (15, 93).
In accordance with this result and if indeed p75 is involved in cellular differentiation, we
would expect it to regulate different genes than p110. Another possibility could be that, in
vivo, p75 may act as a dominant negative on some genes regulated by p110. This could
happen if some of the essential co-factors recruited by p110 do not interact with p75, and as
the latter binds more stably to DNA, it would be preferentially bound, preventing the action
of p110 and its associated factors. There are various examples in the literature of two
proteins from the same gene having divergent effects. Some isoforms of the C/EBPB
(CCAAT/enhancer binding protein) transcription factor have opposite transcriptional
effects. The 35 kDa LAP protein (liver-enriched transcriptional activating protein) is, as its
name indicates, a transcriptional activator, whereas the 21 kDa LIP protein (liver-enriched
transcriptional inhibitory protein) functions as a dominant negative inhibitor. Both proteins
are translated from the same mRNA (18). Interestingly, site-specific proteolysis of the full
length C/EBPp was also shown to give rise to protein analogous to LIP (125). It is also the
case for two isoforms of the p63 regulator, a member of the p53 family of proteins. While
TAp63alpha and DeltaNp63alpha arise from the same gene, transcription of the latter is

initiated within intron 3 of the gene and as a consequence DeltaNp63alpha does not express
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amino-terminal sequences (21). Both proteins have opposing regulatory functions on many
genes in cancer and development (128). A last example is c-Myc, where shorter proteins
are translated via leaky scanning and can act as dominant negatives of the full length

protein (106).

5.1.2 The p110 Isoform

A role for CDP/Cux during the cell cycle initially came from studies indicating that
it was the DNA binding subunit of the promoter complex HiNF-D, which regulates the
transcription of histone H4 gene at the G1/S transition (120). Interestingly, in transformed
cells, the DNA binding of HINF-D was constitutively elevated through the cell cycle (37). I
speculate that the isoform of CDP/Cux that is part of the HINF-D complex might be p110
at the G1/S transition and in transformed cells. In a preliminary experiment, I observed that
p110 could bind to the site II of the histone H4 promoter (data not shown) (118, 119). This
hypothesis could be confirmed by doing supershift experiments with CDP/Cux antibodies
that specifically recognize the p110 species in electrophoretic mobility shift assays using
the purified HINF-D complex (120). A panel of CDP/Cux antibodies has been sent to the
laboratories of Drs. Stein and Van Wijnen in order to test this hypothesis.

Stable NIH-3T3 cells over-expressing p110 confirmed the role for this CDP/Cux
isoform in cell cycle (chapter II). Interestingly, the more these cells were maintained in
culture, the higher the DNA content, (i.e. multiples of 2n larger than 4n) indicating a role
for CDP/Cux in endoreduplication (Goulet B. and Sansregret L., unpublished
observations).

The potential role of p110 in cell cycle progression does not appear to be essential

for life. The knockout mice are viable. The MEF cux I” cells do not have any obvious
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defect in their cell cycle profile (although their behavior has not been extensively studied)
(70) (Sansregret L., unpublished observations). This could be explained by the fact that the
MEF cells may not divide as rapidly as NIH3T3 cells. A relevant observation is that by
immunohistochemistry, CDP/Cux expression was mainly observed in epithelial cells (of the
mammary gland, the colon, the uterus and the lung) and not in the surrounding
mesenchymal cells like fibroblasts (Poirier M., Master Thesis, 2002). Again, mesenchymal
cells do not multiply as much as epithelial cells. Alternatively, a second cux gene (cux-2)
has been identified (96, 112), and could complement cux-I. Although cux-2 expression
was not upregulated in the MEF cux 1 “ cells (Gingras H. and Nepveu A.), and is not as
efficiently processed into a p110 isoform its different DNA binding characteristic may still
allow it to complement cux-1.

Western blot analysis using the 861 antibody revealed an increased amount of p110
in pregnant and lactating mouse mammary gland, in which epithelial cells are proliferating,
compared to tissues isolated from virgin mouse. As the gland underwent involution
(apoptosis), the levels of p110 dropped (data not shown). Interestingly, some p110 mice
displayed a “big nipple” phenotype after weaning, suggesting that in the continued presence
of p110, cells do not undergo apoptosis properly (Furtenbacher H., Nepveu A.). In
agreement with this observation, CDP/Cux knockout mice exhibit increased apoptosis of
thymocytes (104). These results would suggest that the presence of p110 might also protect
cells from undergoing apoptosis (and vice-versa). Other result also indicated the presence
of p110 in specifically proliferating cells. In growing MDA 231 breast tumor cells (two
days in culture), Western blot and DNA precipitation indicated increased expression of
p110 and p95 proteins as well as increased DNA binding activity. Yet at high confluence

(6 days in culture; most cells are in GO/G1), the expression and DNA binding activity of
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both isoforms were lost. Interestingly, the intensity and activity of a protein migrating at 75
kDa did not vary (data not shown). This would suggest that p75, in contrast to p110, is not

regulated in a cell cycle-dependent manner.

5.2 CDP/Cux in Cancer

No clear role for CDP/Cux in cancer has been identified as of yet. Initially, LOH
studies in leiomyomas and breast cancer samples implicated CUTL1 as a tumor suppressor
gene located on 7q22 (135, 136). Further analysis of CDP/Cux expression in leiomyomas,
as well as cell cycle studies in NIH3T3, pointed more towards CDP/Cux as being an
oncogene (80)..

This discrepancy can be explained in two manners. The simplest way would be that
the tumor suppressor gene at 7q22 is not CUTL1 but another gene. Moreover, no
mutations were found in CUTLI1 in breast cancers, or in CDP/Cux cDNAs in uterine
leiomyomas (80).

Alternatively, different isoforms of CDP/Cux could produce these opposing effect.
The tumor suppressor could be p200, whereas p110 would be the oncogene. There are data
that support this alternative hypothesis. First of all, p200 was found to compete with p110
for a binding site within the DNA polymerase a promoter (Moon N.S., unpublished
results). Thus, the CCAAT displacement activity of p200 could prevent activation of the
DNA polymerase o gene promoter. Secondly, it has been very difficult to generate stable
cell lines over-expressing p200. The over-expression of p200 might impede cell cycle
progression. This was finally achieved by retroviral infections, which allowed much lower

expression of the protein. Thirdly, I made an interesting observation when soft agar assays
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were performed using the wild type ras-3T3 cells and those stably expressing either p110 or
p200. Ras cells expressing the full-length protein generated the same number of colonies
(or slightly fewer) than wild type. Ras-3T3 with stably integrated p110 formed twice as
many clones compared to wild type. Subsequent subcutaneous injection of these Ras
3T3/p110 cells into nude mice formed larger tumors that had more angiogenesis (data not
shown). These results suggest that Ras and p110 are oncogenes that can cooperate. In the
future, crosses of p110 transgenic mice with other oncognene transgenics may further
confirm this hypothesis.

CDP/Cux would not be the only protein with tumor suppressor and oncogene
properties. The transcription factor E2F1 was initially shown to promote cell proliferation
by activating the transcription of several S phase genes. However, when knockout animals
were generated, these animals were viable and developed neoplasias with age. E2F1
became the first protein to function both as an oncogene and a tumor suppressor gene (42,
91, 105, 130). This dual activity was rationalized with the fact that E2F1 is able to be an
activator and a repressor of transcription, and by its role in both proliferation and apoptosis
(41). Another protein with dual tumorigenic activity is Ras. Ras is the most frequently
activated oncogene in cancer. However, people are finding tumors in which wild type Ras
is inactivated. In neuroblastomas, H-Ras overexpression leads to tumor regression (51). In
lung carcinogenesis, K-Ras2 displayed tumor suppressor activity and was frequently lost
during lung tumor progression (134). The mechanisms responsible for these observations
are currently unknown. One possibility comes from the observation that, depending on the
cell type, Ras can induce either cellular differentiation (as in PC12 cells) or proliferation.
A last example is the membrane receptor Notch. Aberrant signaling by Notch has been

associated with tumorigenesis (40, 133). Recently, a role for Notch 1 as a tumor suppressor
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gene in mouse skin cancer models was proposed (85). Interestingly, all the proteins
mentioned above were shown to have dual activities, depending on the cell type and the
cell environment.

A series of transgenic mice were generated to study the role of CDP/Cux in vivo.
Three transgenic mouse lines were generated that over-expressed different CDP/Cux
isoforms (p200, p110 and p75) under the control of the MMTV promoter flanked by hprt
sequences (32). The advantage of using the hprt locus was that all transgenes integrated at
the same location in the genome. These mice are currently being backcrossed to FVB mice
to facilitate the study of mammary glands. Indeed, the majority of the research done on this
topic was performed in the FVB strain of mouse. Nevertheless, as backcrosses are
progressing, three of the original p110-expressing mice were found to be sick.

One of them was a year and a half old and had enlarged mammary and salivary
gland lymph nodes. Histopathology analysis revealed a lymphoma. Although MMTV-
driven expression is supposedly restricted to mammary tissues, some oncogenes under its
control also induced lymphomas. This occurred with other transcription factors, A-Myb
and c-myc and the tyrosine receptor ErbB2 (17, 58, 109). Moreover, there are specific and
inducible transcription factors that regulate MMTV expression in B cells (3, 69). The
enhanced expression of CDP/Cux could prevent apoptosis in lymphoid cells, and/or induce
proliferation of these cells (104). ChIP assays using specific CDP/Cux antibodies are
revealing novel genes bound by p110 (Harada R. Nepveu A. unpublished observation).
One of them is Bcl6, an important regulator lymphocytes differentiation that, when

upregulated, can induce lymphomas (107).
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Another MMTV-p110 mouse at one year and two months had a liver that was about
ten times larger than normal. Furthermore, a tumor was detected on one of the lobes. The
spleen was also unusually large in size.

The third MMTV-p110 mouse at one year had a pancreas that was full of tumors.
The phenotypes of these mice add to increasing amount of evidence for a role for p110 in
cell proliferation and in tumorigenicity. A mouse expressing the full-length isoform was
sacrificed at six months of age because of illness. Among the ailments were an ocular
prolapse and ascites. It also displayed lymphadenopathy and organomegaly of the spleen
and kidneys. The organomegaly observed in these mice is in agreement with the results
obtained with the cux! transgenic mouse (59).

One interesting question would be to know if CDP/Cux knockout animals are less
prone to tumors. Crosses with transgenic mice overexpressing oncogenes or treatment of
these and control animals with tumor promoting agents would provide evidence against or
in favor of this hypothesis. However, one type of cancer these mice may get is myeloid
leukemias. The cuxI%P*P mice showed an increase in myeloid cells and furthermore,
7q22 was deleted in acute myeloid leukemias and myeloid dysplasia (27, 43, 66, 67, 104,
113). This discrepancy points to cell- and/or isoform-specific roles for CDP/Cux proteins.
Could this protein be an oncogene for certain types of cells and a tumor suppressor gene for
others?

Knowing the importance of p110 in the cell cycle, the regulation of the cleavage of
p200 in normal cells should be studied. Projects are currently underway to find a role for
cyclin D/Cdk4 in the inhibition of amino-terminal proteolytic processing (Santaguida M. et
al. Manuscript in preparation). Interestingly, cyclin E/Cdk2 stimulated the cleavage of
CDP/Cux (Leduy L., Santaguida M. and Nepveu A.). That cyclin D is upregulated in some
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cancers does not preclude an increase in the processing of p200 in these cells (30). As a
matter of fact, recent reports indicate that cyclin D could act as a sink for the Cdk inhibitors
(CKI) p21 and p27, therefore releasing cyclin E/Cdk2 from inhibition (103). It is currently
not clear whether the effect of cyclin E/Cdk2 on CDP/Cux processing is direct or if it is via
the activation of Cdc25A or both. As a preliminary results, Cdc25A was shown to enhance
the proteolysis of CDP/Cux (Hebert S. Master thesis, 2001). Results therefore suggest a
tight regulation of CDP/Cux cleavage, at the level of CDP/Cux itself (for example by

phosphorylation) and via the modulation of cathepsin L levels.

5.3 The Novel Role of Cathepsin L in Cell Cycle Progression

5.3.1 Which Cathepsin L Isoform Translocates to the Nucleus?

A short cathepsin L isoform translocates to the nucleus in a cell cycle-regulated
manner. In order to do so, translation must be initiated at downstream AUG sites to
generate these shorter isoforms lacking a signal peptide.

Under normal circumstances, this short sequence located at the amino-terminus
allows the protein to be routed to the endoplasmic reticulum (ER). Once the newly formed
protein enters this compartment, it is glycosylated and folded with the help of resident
chaperones. A correctly folded protein continues its path towards the trans golgi network
(TGN), and eventually is either secreted, or sent to other compartments, such as the
lysosomes. Misfolded proteins are retained in the ER to either be refolded or degraded
(22).

In the ER, truncated cathepsin L species cannot fold properly. In contrast to the
zymogene, a cathepsin L isoform that starts at methionine 56 and is fused to a signal
peptide cannot not be secreted in Pichia pastori. The detection of AUG56 in total extracts
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indicated that the enzyme accumulated inside the yeast (data not shown). The portion of
the prodomain missing in short cathepsin L isoforms contained some residues important for
the folding and glycosylation of the protein (11, 101, 111). When abnormal folding occurs,
proteins aggregate and are eventually degraded (111).

Since shorter cathepsin L isoforms are devoid of a signal peptide and do not enter
the ER, how does proper folding occur in a non-redox environment? On the one hand,
recent evidence indicates that a redox potential might be available in the cytosol. Members
of the protein disulfide isomerase (PDI) family were found in non-ER locations, including
the cytosol and the nucleus (117). It is also becoming clear that some cytosolic chaperones,
such as Hsp90 or Hsp33 displayed redox activities (31, 82, 90). Interestingly, the redox
potential of the mammalian cell changes during the cell cycle, where a more oxidative state
may be necessary for the G1/S transition (78). This could help the proper folding of all the
necessary factors that are newly synthesized. On the other hand, the folding machinery in
the cytosol is somewhat different than in the ER. The cytosol contains chaperones that
function while the nascent protein is still on the ribosome, and others that form barrel
structures and provide the fully synthesized proteins with a favorable environment for
folding (28). Therefore it may be possible that the cytosolic chaperones somehow serve as
substitutes for the proregion. It must be noted that aggregation of unfolded or partially
folded intermediates is sometimes observed in crowded environments of the cells.
Following transient expression of cathepsin L AUG 56, some cells displayed the diffuse
pattern shown in Chapter II (see figure 6), while others had various big bright dots (data not
shown). DAPI staining and the use of a catalytically inactive mutant ruled out apoptosis
(data not shown), suggesting that either the folding of these short species is not very

efficient, or that it is cell cycle regulated. Recent reports are showing that the levels of heat
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shock proteins Hsp90 and Hsp70 increased during cellular proliferation in a cell cycle
regulated manner (34, 35), and that Hsp90 is important for the folding of many cell cycle
regulated proteins (90). In either case, from these results overexpression of AUGS56 by
transfection may not be the correct way to generate active enzyme.

The next question is which form of cathepsin L translocates to the nucleus; is it the
proform or the mature enzyme? It is more likely the former, since the mature, active
protease could display aberrant processing activity. Reports in the literature revealed that
other proteases such as caspase 2 and caspase 1 translocate to the nucleus as proforms (4,
73). The 208 proteosome also localized to the nucleus as a precursor complex (61). Yet, it
is not always the case as the prodomain of caspase 7 prevented its nuclear localization
(131). If it was the mature enzyme that was translocating, it would need to be associated
intermolecularly with an inhibitor other than its prodomain. For example, similarly to
MENT, the general cysteine protease inhibitor cystatin B (Stefin B) was found, by electron
miscroscopy, in the nucleus of proliferating cells and in the cytoplasm and nucleus of
differentiating cells (39, 98). As the enzyme-inhibitor binding is reversible, once in the
nucleus, we could hypothesize that binding site competition could remove the inhibitor and
allow the substrate to enter in the active site (64). Future studies should also tell us whether
the mechanism by which cathepsin L translocates to the nucleus is active or passive. Until
now, not much information is available on the nucleocytoplasmic shuttling of proteases.
Although calpain activity in the nucleus is widely accepted, the way it migrates to the
nucleus is still unknown. To my knowledge, only one paper reported the nuclear
localization of one calpain isoform. They showed that mu Calpain was going to the
nucleus in an ATP dependent manner and that interestingly, its endogenous inhibitor

calpastatin did not prevent this (77). Caspase 2 and the 20S proteasome were shown to
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bind the importin alpha/beta complex via their NLS (nuclear localization signal) (4, 61).
As pointed out in chapter II, cathepsin L also has a stretch of basic amino acids in its
prodomain. However, mutation of 3 lysines did not prevent its nuclear localization,
indicating that either the translocation is independent of a typical NLS sequence, or
cathepsin L travels by association with another protein, as was proposed for cyclin D (19,
56). Regulated nuclear export also plays an important role in determining protein
localization (71). It is therefore not impossible that the nuclear localization of cathepsin L
could be regulated in this manner. This could be easily tested by treating cathepsin L
transfected cells with leptomycin B an inhibitor of CRM1-mediated nuclear export (127).
Finally, the nuclear pore diameter allows proteins up to 50 kDa in size to diffuse freely
across the nuclear envelope (75). Even if the molecular masses of the cathepsin L isoforms
are between 20 and 33 kDa, the fact that over-expression of cathepsin L in NIH3T3 cells
did not process as much CR1CR?2 substrate as in the in vitro assays (chapter IlI, figure 6)
tends to exclude this possibility and rather suggests the active transport of cathepsin L.
Another issue is within which nuclear compartment does cathepsin L resides. As observed
in chapter II, transfection of full-length cathepsin L generally gives a specific nuclear signal
by indirect immunofluorescence. When the mutant M1 or AUGS56 were transfected, a more
diffuse pattern was observed. This difference in signal is not yet fully understood.

5.3.2 Cell cycle regulation of cathepsin L

Cathepsin L activity during the cell cycle could be regulated by the rate of its
nuclear translocation. It is becoming clear that nuclear localization of many proteins is
controlled in a cell cycle-dependent manner at least at two levels. The first one is on the
target protein itself where some events such as phosphorylation/dephosphorylation, or

proteolytic cleavage can unveil an NLS/NES (nuclear localization signal/nuclear export
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signal). The other one is through interaction with the transport machinery (132). It was
shown that the capacity of nuclear transport and the size of nuclear pore increased in
proliferating cells (25, 26). Furthermore, the rate of nuclear import directly depends on the
quantity of cargo proteins available (110, 132). Thus during the cell cycle, cargo protein
levels should also be augmented as general protein synthesis increases.

In parallel to its transport into the nucleus, the regulation of cathepsin L activity is
also important. Nothing is yet known about post-translational modifications that may affect
its activity or localization. RT-PCR analysis using NIH3T3 cells separated at various
stages of the cell cycle indicated that the mRNA levels of cathepsin L were constant during
all phases (data not shown). However, 33 labeling of synchronized NIH3T3 cells showed
an increase in the steady state level of all cathepsin L isoforms at the G1/S transition (data
not shown). This result is not really surprising as the general rate of protein synthesis
increases as cells are in their growth phase (7). Additionally, during G1/S progression, the
translation of specific cell cycle proteins is enhanced (94). The synthesis of potent
regulatory proteins, maybe including short cathepsin L, needs to be tightly controlled. This
is accomplished not only at the level of transcription (as is the case for some proteins), but
also of translation, by regulating the translation initiation factors.

Secondary structures at the 5’UTR of certain mRNAs can affect the efficiency of
initiation (55). As mentioned in chapter II, human cathepsin L mRNA can be alternatively
spliced into species with shorter 5’UTR that are lacking secondary loops and are translated
more effectively (2). Translation is a way to generate amino-terminally truncated proteins,
which may then have different localization and/or biological properties. For example, in
certain situations ribosomal reinitiation (or shunting) occurs: following a terminator codon,
the 40S subunit stays on the mRNA and reinitiates at downstream AUGs. This mechanism
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depends on the size of the upstream ORF, and as reinitiation is generally very inefficient,
these uORF are used to decrease translation efficiency (54). Leaky scanning is an event
that happens when the context surrounding the first AUG codon is suboptimal, or when the
initating codon is not an AUG, so the ribosome continues scanning until the next AUG.
Usually, a small amount of protein can be generated from leaky scanning (see chapter II).
In addition, cap-independent translation takes place via the use of an internal ribosome
entry site (IRES). In this case, the ribosome starts translation from an internal sequence.
IRES were initially identified in viruses and have since been identified in mammalian cells.
The experimental evidence in favor of IRES has remained somewhat controversial (54,
102). Some groups actually found cap-independent translation to be active during the
G2/M phase of the cell cycle, when protein synthesis is not as prominent (95). 1 propose
that leaky scanning is the mechanism generating the truncated cathepsin L isoforms. I
excluded the presence of an IRES for two reasons. First of all, cloning of the first 162
nucleotides of the cathepsin L mRNA (i.e. from AUG 1 to AUG 56) between the firefly
and renilla luciferases genes did not allow the synthesis of the renilla luciferase. Moreover,
rapamycin decreased the synthesis of all the cathepsin L isoforms, thus excluding cap
independent translation for the shorter isoforms (data not shown). Importantly, rapamycin
also prevented proteolytic processing of CDP/Cux. Knowing the effect of p110, it is
tempting to suggest that the cell cycle inhibitory action of rapamycin could also be
mediated in part by preventing the synthesis of cathepsin L and therefore the processing of
CDP/Cux.

A proof for the role of short cathepsin L in the cell cycle would be provided if
ectopic expression of cathepsin L would be able to alter cell cycle progression and/or

profile. We attempted to generate cell lines using retroviral infections, which permit lower
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expression of the protein. The tagged AUGS6 isoforms were barely detected by indirect
immunofluorescence and Western blotting. The cell cycle analysis of these populations has
not been studied yet. However, in light of the potential role for cathepsin L in the cell cycle
progression, and since it is a protease, we suspect that an excess amount of it could be
deleterious for the cells. Inducible expression systems might circumvent this problem and

allow cell cycle studies.

5.4 Cathepsin L in Cancer: Novel Way to Inhibit Cell Proliferation?

The involvement of cathepsin L in tumorigenesis and metastasis has been studied
for many years. First of all, cathepsin L was independently identified as the major excreted
protein (MEP) in transformed cells (44, 114, 116). Cathepsin L was then shown to be
overexpressed in many malignant human tumors, and many reports correlated this
increased expression with the invasive behavior of tumors (5, 12, 20, 65, 89, 100, 108). In
tissue culture models, phorbol esters or certain oncogenes such as ras, v-src, SV-40 Large T
and raf, cytokines (IL-1, IL-6, TNF o) were shown to also induce cathepsin L expression
and secretion (29, 33, 46, 62, 63, 115). Moreover, cathepsin L expression correlated with
the metastatic potential of ras-transformed cells (16). Therefore most of the research on
cathepsin L and its relationship with cancer focused on the secreted isoform and its
involvement in invasion and metastasis. In addition, an imbalance between the endogenous
cysteine protease inhibitors (stefin and cystatins) and their enzyme is observed in some
cancer patients (52, 53). Only a short paper reported the localization of cathepsin L in the
nucleus of some transformed cells by cell fractionation and Western blotting (36).

Interestingly, the authors commented on an unrelated 33 kDa isoform observed in the
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nuclear fractions of transformed cells. It is possible that this band corresponds to the
truncated cathepsin L isoform that I identified in chapter II.

It is believed that secreted cathepsin L mainly cleaves extracellular matrix proteins
(47). Cancer cells treated with various inhibitors of cathepsin L, such as chemical
compounds, monoclonal antibodies or anti-sense RNA showed not only a reduction in their
metastatic potential, but in some cases, in cellular proliferation (48, 83, 123, 126). Some
cysteine protease inhibitors were also shown to selectively inhibit proliferation of certain
tumor cell lines, such as SkBr3 and MCF7 (129). Expression of antisense cathepsin L
mRNA in malignant cells significantly reduced their tumor growth potential in nude mice
(50). My own results (chapter IIT) along with the ones from Mellgreen et al, confirmed that
the inhibitor E-64d could cause a block in the G1 phase of the cell cycle (76). Altogether
these results suggest that cathepsin L might also control cellular proliferation. Therefore in
cancer cells, I suspect that both the full length and the truncated nuclear isoforms are
expressed at higher levels and contribute to tumorigenesis in different ways: the full-length
isoform would promote metastasis, whereas the truncated nuclear isoform would stimulate
proliferation. The novel spliced variant of human cathepsin L, hCATL AIIl was expressed
more highly in transformed cells and was translated at higher rates than the full length
mRNA. Preliminary data from Dr. Chauhan seems to indicate that hCATL AIlI also
produces more of the short cathepsin L. In light of my results in chapter II and III, it is
tempting to speculate that proliferation of cancer cells could be reduced by inhibiting the
processing of CDP/Cux into the p110 isoform, via the targeting of cathepsin L.

One question will be to determine whether transgenic mice overexpressing

cathepsin L are prone to tumors, and if p110 steady state levels will be increased in these
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mice. In addition, I suspect that mice produced from a cross between p200 and cathepsin L
animals should develop malignancies at a higher rate.

My results raise the idea that novel cell-permeable cathepsin L inhibitors specific
for cathepsin L (that are able to function at neutral pH) or RNAi technology may be useful
in preventing the action of intracellular cathepsin L in cancer cells. Most known inhibitors
are used in in vitro assays at pH 5.5 on synthetic peptide substrates. However, CDP/Cux
processing assays in vitro using cathepsin L isolated from P.pastori were done at pH 7,
because CDP/Cux was barely processed at pH 5.5 (Goulet B. and Leduy L. unpublished
observation). It is possible that the interaction between the enzyme and CDP/Cux is more
stable at pH 7. The entry of CDP/Cux into the active cleft may be affected by the charges
of the amino acids in the cleft resulting from the change in pH. It has been described for
cathepsin B that inhibitors targeted to the occluding loop were of poor inhibitory design if
the enzyme environment had a pH greater then pH 5.5, because of charge hindrance (10).
This would suggest that in order to accurately target the nuclear enzymes, the inhibitors
should be efficient at neutral pH. If this idea is correct, then we could envisage a situation
whereby a tumor would be treated with a mixture of a non-permeable inhibitor that is active

at low pH, and a permeable inhibitor that is active at neutral pH.

5.5 Protease Activity in Cancer Cells

Proteolysis is an important event in cell cycle progression. At each stage, key
players are degraded by the ubiquitin/proteasome pathway. Studies and clinical trials have
focused on the proteasome, as its inhibition resulted in cell cycle arrest and apoptosis in

many tumors (1).

259



CHAPTER YV - General Discussion

It is now becoming clear that site-directed proteolysis plays an important role in
cancer. More and more examples of the activation of specific proteases, located in various
cellular compartments, are emerging in cancer. As previously mentioned, proteolytic
cleavage can generate truncated variants of a protein that either possess a more potent
activity than the wild type, or on the contrary, act as dominant negatives. Alternatively,
these shorter isoforms may have a different cellular localization. Various transmembrane
receptors and some ligands, such as Notch, the Notch ligands Deltal and jagged2, ErbB4,
HER2/neu, E-cadherin, CD44 were shown to be processed (13, 38, 45, 57, 60, 68, 74, 81,
84, 88, 97, 99, 124). Following cleavage of Notch and erbB4, the intracellular domains
translocate to the nucleus and function as transcription factors. The processing of E-
cadherin can play an important role in cancer in two manners: via the disruption of cell-cell
adhesion, and via the activation of B-catenin, which is imported in the nucleus and
modulates transcription (86). When the cell surface receptor for hyaluronate, CD44, is
cleaved at its intramembrane cleavage site, its intracellular domain is liberated and the
truncated receptor loses its ability to interact with its substrate, thereby promoting cell
migration. The intracellular fragment is a transcriptional activator (87). Regarding the
change in activity of a given protein following cleavage, we showed the example of the
transcription factor CDP/Cux. As mentioned in chapter III, cyclin E is proteolytically
cleaved into more active molecules (92, 122). These low molecular weight cyclin E forms
strongly correlated with a worse survival rate in breast cancer patients (49).

Many over-expressed proteases are active in cancer. Calpain was shown to be up-
regulated in transformed cells and in human cancers (8, 9, 99). Metalloproteases were
shown to be up-regulated in tumor cells and are involved in metastasis via the degradation
of extracellular matrix proteins (121). As mentioned previously, this is the case for
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cysteine proteases. Finally, some members of the family of prohormone convertases are
expressed in various tumor lines and human primary tumors (6). Active proteases are
becoming key targets in the search for inhibitors of cancer progression and metastasis. As
more and more proteases have different substrates located in various compartments in the
cell, it may be important to find specific cell permeable compounds for each substrate.
Indeed, it was shown that secreted cathepsin L could also generate endostatin, an inhibitor

of angiogenesis (24).

5.6 Conclusion

At last, these results have revealed that active short CDP/Cux isoforms can be
generated by two mechanisms in cancer. Most importantly, the novelty of this thesis comes
from the proposed new role for the cysteine protease cathepsin L. Not only is it targeted to
the nucleus via alternative translation initiation but it processes a novel substrate: a
transcription factor involved in cell cycle regulation. Moreover, my results indicate that
this nuclear truncated cathepsin L may play a role in cancer, by stimulating the processing
of CDP/Cux and perhaps other nuclear proteins. This suggests that the aberrant expression
and activity of certain proteases within the cell could induce cellular transformation and

cancer.
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Figure 1: Shorter cathepsin L isoforms localize to the nucleus in S phase and cleave
CDP/Cux.

A fraction of cathepsin L is translated from downstream AUGs. These shorter isoforms
devoid of signal peptide localize to the nucleus in a cell cycle dependent manner. It is
currently unclear which isoform of cathepsin L translocates to the nucleus, and the
mechanism by which it translocates. As shown in this schematic representation, short
cathepsin L (including part of the prodomain) could be matured in the cytoplasm, therefore
cathepsin L would translocates as a mature enzyme. Alternatively, short cathepsin L could
translocate as is in the nucleus where it would then become mature and process nuclear

substrates such as CDP/Cux.
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Figure 2: Increased CDP/Cux processing in cancer cells
In cancer cells, CDP/Cux is constitutively processed into the active p110 isoform, which
correlates with the increased nuclear cathepsin L expression and activity observed in these

cells.
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Chapter VI Contribution to Original Research

1 I identified the “lysosomal” cysteine protease cathepsin L as the protease
responsible for CDP/Cux processing into the p110 isoform at the G1/S transition in the
nucleus. One mechanism that accounts for the nuclear localization of cathepsin L is
translation initiation at downstream AUG sites within the cathepsin L mRNA, thereby
generating truncated enzymes devoid of a signal peptide. These results demonstrate for the
first time the activity of a “lysosomal” enzyme in the nucleus and establish a novel role for

cathepsin L in cell cycle regulation.

2 I demonstrated that CDP/Cux processing is increased and constitutive throughout
the cell cycle in transformed cells, and that this is caused by the overexpression of
cathepsin L. These findings suggest a novel role for cathepsin L in tumorigenesis. More
generally, when considered together with the findings reported in a few other articles, my
results raise the notion that the increased activity of certain site-specific proteases, within
the cell, plays a role in cancer by activating certain proto-oncogenes or inactivating tumor

SUpPIessors.

3 I identified and characterized of a novel mRNA initiated within the intron 20 of
CUTL1, which codes for a protein of 75 kDa. The intron20 mRNA and p75 are usually
expressed in a tissue specific manner, but were found to also be expressed in breast tumor
cell lines and in a subset of breast tumors. This finding suggests a novel mechanism to

generate short CDP/Cux isoforms in some cancer cells. It also raises the possibility that
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shorter CDP/Cux isoforms might be used as prognostic or predictive markers in breast

cancer.
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