Modes and Regulation of CDP/Cux DNA Binding

Nam Sung Moon

A thesis submitted to the Faculty of Graduate Studies and Research in partial fulfillment
of the requirement for the degree of Doctor of Philosophy

Department of Biochemistry
McGill University, Montreal
Quebec, Canada
January 2002

© Nam Sung Moon, 2002



i+l

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services

395 Waellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

Bibliothéque nationale

services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre rélérence

Our file Notre référence

L’auteur a accordé une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protege cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-78738-9

sl

Canadi



ABSTRACT

The CDP/Cux transcription factor contains four DNA binding domains: three Cut
repeats (CR1, CR2 and CR3) and the Cut homeodomain (HD). The CCAAT-displacement
protein (CDP) was first identified as it represses transcription of certain promoters by
competing for the occupancy of the CCAAT sequence. CDP was then found to be the
ortholog of the Drosophila Cut protein (Cux: Cut homeobox). The goal of my project was
to define the modes of interactions of CDP/Cux with DNA. I demonstrated that high
affinity DNA binding requires the cooperation between at least two of the CDP/Cux DNA
binding domains. Among all combinations of domains, Cut repeats 1 and 2 (CR1CR2) and
Cut repeat 3 and the Cut homeodomain (CR3HD) exhibited the highest DNA binding
affinities, but with different kinetics and specificities. Whereas CR1CR2 bound with fast
kinetics to dimers of CAAT or CGAT, CR3HD bound to ATCGAT with slow kinetics.
CR1CR2 was shown to be responsible for the CCAAT displacement activity of CDP/Cux.
Surprisingly, the full-length CDP/Cux protein, p200, exhibited DNA binding properties
similar to that of CR1CR2, indicating that CR3HD is inactive in this context. However, an
amino terminally truncated 110 KDa CDP/Cux isoform capable of stable interaction with
DNA was identified in cellular extracts. The p110 isoform was shown to be generated by
proteolytic cleavage of p200 at the G1/S transition. The p200 and p110 isoforms displayed
different transcriptional activities in reporter assays, as only pl110 was able to activate
transcription from the DNA polymerase a gene promoter. Interestingly, expression of p110
was found to be increased in human uterine leiomyomas as compared to the adjacent
normal myometrium, raising the possibility that proteolytic processing of CDP/Cux is

activated in cancer cells. Finally, cyclin D/CDK4 was shown to interact with CDP/Cux,
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phosphorylate it on several serine residues and inhibit proteolytic processing as well as
DNA binding by CR3HD. Replacement of these serines for alanine residues caused
proteolytic processing to occur earlier in the cell cycle. These results demonstrate that
cyclin D/CDK4 is responsible for the inhibition of CDP/Cux activity during the G1 phase

of the cell cycle.
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Résumé

Le facteur de transcription CDP/Cux contient quatre domaines de liaison a ’ADN :
trois répétitions Cut (RC1, RC2 et RC3) et ’homéodomaine Cut (HD). Le "CCAAT-
displacement protein" (CDP) réprime certains promoteurs en compétitionnant avec des
activateurs pour la liaison avec la séquence CCAAT. Le clonage du CDP humain a révélé
que celui-ci était 'orthologue de la protéine Cut de la Drosophile, d'ou l'origine du nom
Cux (Cut homeobox). Le but de mon projet était de définir les modes d'interaction de
CDP/Cux avec 'ADN. J'ai montré que la liaison a haute affinité nécessitait la coopération
entre au moins deux domaines. Parmi toutes les combinaisons possibles, les répétitions Cut
1 et 2 (RC1RC2) ainsi que la répétition Cut 3 et I'hnoméodomaine (RC3HD) liaient ' ADN
avec la plus haute affinité mais avec des spécificités et cinétiques différentes. Alors que
RC1RC2 liait de fagon transitoire des dimeres des séquences CAAT ou CGAT, RC3HD
liait de fagon stable la séquence ATCGAT. J'ai démontré que RC1RC?2 était responsable de
la compétition pour la séquence CAAT. Curieusement, la protéine CDP/Cux entiére, p200,
liait 'ADN de la méme manic¢re que RC1RC2, ce qui suggere que l'activité des domaines
RC3HD soit inhibée dans le contexte de la protéine entiere. Toutefois, j'ai identifié dans
des extraits cellulaires une protéine CDP/Cux de 110 kDa dont I'extrémité amino-terminale
est tronquée et qui est capable d'interagir avec ' ADN de fagon stable. J'ai démontré que
l'isoforme p110 est produite par clivage protéolytique de la p200 au moment de la transition
entre les phases G1 et S du cycle cellulaire (G1/S). Les isoformes p200 et p110 semblent
avoir des activités de régulation transcriptionnelle différentes puisqu' en transfections
transitoires seule la p110 était capable de stimuler la transcription du promoteur de la

polymérase de I'ADN alpha. Par ailleurs, l'analyse de 1éiomyomes utérins humain a montré
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que l'expression de l'isoforme p110 était augmentée dans la majorité des tumeurs. Ce
résultat suggere que le clivage protéolytique de CDP/Cux soit activé dans certaines cellules
cancéreuses. Finalement, j'ai montré que le complexe kinasique cyclin D/CDK4 interagit
avec CDP/Cux, le phosphoryle sur plusieurs résidus sérines et inhibe le clivage
protéolytique ainsi que l'activité de liaison a I'ADN des domaines RC3HD. Le
remplacement de ces résidus sérines par des résidus alanine a permis au clivage
protéolytique de CDP/Cux de se produire plus t6t dans le cycle cellulaire. Ces résultats
indiquent que la kinase cycline D/CDK4 est responsable de l'inhibition de CDP/Cux

pendant la phase G1 du cycle cellulaire.
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Preface

“The Guidelines for Thesis preparation” issued by The Faculty of Graduate Studies
And Research at McGill University reads as follows:

“ 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.

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 between the different papers are mandatory.

In addition to the manuscripts, the thesis must include the following: (a) a
table of contents, (b) an abstract in English and French, (¢) an introduction which
clearly states the rational and objectives of the research, (d) a comprehensive review
of the literature (in addition to that covered in the introduction to each paper), (e) a
final conclusion and summary

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 judgment to be made of the importance
and originality of the research reported in the thesis.

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 defense.
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. When previously published copyright material is presented in a
thesis, the candidate must include signed waivers from the co-authors and
publishers and submit these to the Thesis Office with the final deposition, if not
submitted previously.”

I have chosen to write my thesis according to these guidelines, with two published
papers and two submitted manuscripts. The thesis is organized in seven chapters: (I)
Literature review, (Il — V) Manuscripts with its own abstract, introduction, material and
method, results, and discussion, (VI) General discussion, and (VII) contribution to original
research.
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Chapter I - Literature review

LITERATURE REVIEW

1 Protein-DNA interactions in transcription

Sequence-specific DNA binding by different transcription factors controls the
selective gene expression in all cell types of an organism. Insight into the physiological
significance of different transcription factors can be gained via the identification of target
genes and the resulting effects on transcription. For example, identification of Apaf-1 as a
target of the E2F transcription factor provided a mechanism by which E2F induces
apoptosis (124). Recent advance in DNA array technology and the development in the
chromatin immunoprecipitation (ChIP) assay have facilitated the identification of the in
vivo targets of transcription factors. Alternatively, some studies have focused on
identifying the important regulatory elements of a promoter to understand how the gene of
interest is regulated. For example, studies of the TNF-o enhancer sequence have identified
important regulatory transcription factors such as NF-xB and HMG-1. In this section,
some of the DNA binding motifs that are shared by different transcription factors will be
discussed.
1.1 DNA binding motifs in transcription factors

Transcription factors contain at least one DNA binding domain that enables them to
bind to DNA. Often, structurally conserved DNA binding motifs are shared by unrelated
transcription factors. Examples include helix-turn-helix (HTH), zinc finger, basic-helix-
loop-helix (bHLH), and basic leucine zipper (bZip). These motifs are frequently identified
by their amino acid sequence homology.

1.1.1 Helix-turn-helix (HTH)
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The HTH motif can be found in many different DNA binding proteins in
prokaryotes (ACro, A repressor, and CAP) and in eukaryotes (c-Myb, Oct-1, and
Homeobox). The structure of many HTH motifs has been determined (8, 53, 95, 122, 123,
133, 180). The most basic structure of the HTH motif consists of two a-helices separated
by a turn, which consists of three or more amino acids (Figure 1 A). While the length of
the turn can vary, it serves to position the two o-helices in a perpendicular orientation
(177). The second a-helix is called the recognition helix, because it allows the sequence
specific interaction with DNA. The recognition helix is inserted into the major groove of
DNA and the side chains of the helix contact specific bases of DNA. A family of
eukaryotic proteins called homeobox proteins is defined by the presence of a unique HTH
motif. The structure and the function of the homeobox will be discussed later.

1.1.2 Zinc finger

The zinc finger motif is present in transcription factors such as GAL4, Spl, WT]1
and steroid receptors (65, 88-90). A typical zinc finger is composed of two anti-parallel -
sheets and a recognition o-helix (Figure 1 B). Cysteine residue near the turn of each f3-
sheet and two histidine residues from the o-helix coordinate the zinc ion. This interaction
between the peptide and the zinc ion stabilizes the globular structure of the motif. Usually,
a cluster of two or more zinc fingers forms a DNA binding domain of a transcription factor.
Steroid receptors contain atypical zinc fingers in that the coordination of the zinc ion is
mediated by four cysteine residues from two perpendicular o-helices (154). Similar to the
HTH motif, a recognition a-helix fits into the major groove and makes specific contacts
with DNA.

1.1.3 Basic helix-loop-helix (P HLH) and basic leucine zipper (bZip)
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bHLH and bZip motifs are similar in that they mediate two types of interactions.
The first interaction is the protein-protein interaction, which results in either homo- or
hetero-dimerization of the transcription factor. This dimerization allows the protein to bind
DNA, constituting the second interaction. The bHLH motif consists of two o-helices
connected by a loop. The basic region that binds to the major groove of DNA is an
extension of the second a-helix (Figure 1 C) (109). The bZip motif has a similar structure
except that the dimerization is mediated by a leucine zipper (Figure 1 D). Some proteins,
such as Myc, contain a combination of both bHLH and bZip (b HLHZip) motifs. Formation
of the homo- or hetero-dimers between different bHLH- and bZip-containing transcription
factors is an important aspect in the regulation of transcription. An example of such
regulation can be seen from the interaction between the Myc, Max, and Mad transcription
factors (58, 108). While the Myc/Max heterodimer forms a transcriptional activator
complex, the Mad/Max heterodimer represses transcription, antagonizing the action of the
Myc/Max heterodimer.
1.1.4 Others

Many transcription factors have DNA binding motifs that are different from those
mentioned above. For example, the pS3 tumor suppressor protein has a DNA binding motif
with a loop-sheet-helix secondary structure that has not been found in other transcription
factors (26). Further more, several transcription factors are shown to bind to the minor
groove of DNA, such as High mobility group-1 (HMG-1) and the TATA box binding
protein (TBP). Often, these minor groove binding proteins induce a significant
conformational change in the structure of DNA (10, 93, 94, 130, 166). For example, TBP
binding to TATAA sequence results in DNA bending at a 90 degree angle and partial

melting of the double strand DNA.
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1.2 Homeodomain

The homeobox containing transcription factors can be found among different
eukaryotes, ranging from yeast to human. The term homeotic gene was first given from the
genetic studies in drosophila melanogaster, where mutations of homeotic genes resulted in
the abnormal development of various body parts. For example, the Antennapedia (Ant)
homeotic mutation results in the growth of a leg where an antenna should grow. Analysis
of genes that result in homeotic mutations lead to the discovery of a conserved 180 bp
sequence motif called the homeobox. This motif is translated into a 60 amino acid
sequence, the homeodomain that can bind to a specific DNA sequence. Many homeobox
containing genes were found by their sequence homology. Homeotic genes play an
important role during embryonic development and their structures and functions are
evolutionarily conserved among different species (118).
1.2.1 Structure of the homeodomain

The first homeodomain structure was determined with the Antennapedia
homeodomain by nuclear magnetic resonance (NMR) spectroscopy (144). Since then, the
structures of many other homeodomains have been identified by either X-ray
crystallography or NMR. The homeodomain contains three a-helices that are folded
together to form a globular structure (Figure 1 E). Helix I is connected to helix II by a loop
making them anti-parallel to each other. Helices II and III are connected by a turn,
resulting in the formation of a HTH motif. However, the recognition helix of the
homeodomain is longer by two turns of helix than a typical HTH. Several amino acid side
chains of homeodomain make contact with DNA. Like other HTH motifs, the recognition
helix of the homeodomain, helix III, is inserted into the major groove, where it makes the

majority of the intermolecular contacts with DNA. In addition, amino acids located at the
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N-terminus of helix I were shown to bind in the minor groove and the linker region
between helix I and helix II makes contact with the DNA backbone (53, 54).
1.2.2 Sequence specificity

The DNA recognition sequence of most homeodomains contains an ATTA (TAAT)
core sequence (54). Conserved amino acids from helix III and N-terminal of helix I make
contact with the major and the minor grooves of this sequence respectively. In addition, the
9™ amino acid of helix III was shown to make an important contact immediately upstream
of the core sequence and contributes to the sequence specificity among different
homeodomains. Mutating this particular residue was shown to be sufficient to change the
DNA binding specificity of certain homeodomains. (66, 139, 163). However, the extent of
sequence specificity provided by this particular amino acid could not account for the
versatile functional specificity of different homeobox genes. One additional element of
specificity was suggested by the observation that some homeodomain proteins interact with
another transcription factor to bind to DNA. For example, the Extradenticle homeodomain
protein was shown to cooperate with other homeodomain proteins, such as Ultrabithorax
and abdominal-A, to increase their DNA binding specificity (165). Also, Fushi Tarazu (ftz)
has been shown to interact with a nuclear orphan receptor, ftz-F1, and bind to DNA
cooperatively (62). In addition, some homeobox proteins are shown to encode for an
additional DNA binding domain. This has been found in the POU, Paired, Lim and Cut
classes of homeodomain proteins, which encode a second DNA binding domain called
POU specific, Paired, Lim, and Cut Repeat domain, respectively (53, 54). The presence of
a second DNA binding domain was shown to increase the sequence specificity (4, 33, 160).

1.3 Regulating the DNA binding activity of a transcription factor. .
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The activity of a transcription factor can be regulated at various levels: intracellular
localization, protein-protein interaction and/or protein-DNA interaction, etc. In particular,
the ability to bind DNA is an essential activity of transcription factors that is often targeted
for regulation. Generally, a transcription factor that cannot bind to DNA is considered
inactive. The DNA binding activity of a transcription factor can be modulated at a different
level. In this section, some of various methods of controlling the DNA binding activity of a
transcription factor will be discussed.

1.3.1 Protein-protein interaction

Most bHLH or bZip containing transcription factors require a partner protein in
order to bind to DNA. It forms either a homodimer or a heterodimer. This requirement
allows the opportunity to regulate DNA binding activity and/or specificity of bHLH or bZip
containing transcription factors. For example, Id, a transcription factor with HLH without
DNA binding domain, can inhibit the DNA binding activity of others (83). Also, Jun/Fos
family of heterodimers typically binds to AP-1 sites (TGAC/GTCA) of promoters.
However, they are able to bind to other sequence when dimerized with other family of
transcription factors such as ATF and Maf (25). Another example of a transcription factor
that requires protein-protein interaction is the p53 tumor suppressor protein. The active
form of the p53 tumor suppressor protein that binds to DNA with high affinity was found to
be a tetramer (49). It is suggested that in the absence of DNA damage, the concentration of
the p53 is kept low to prevent tetramerization. When cells accumulate DNA damage, an
increase in p53 protein concentration and the phosphorylation of p53 occurs to stimulate
the tetramerization, thereby increasing DNA binding affinity (149).

1.3.2 Post-translational modifications
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The DNA binding activity of many transcription factors has been shown to be
modulated by phosphorylation (76). In addition, several transcriptional co-factors such as
CBP/p300 and P/CAF have been shown to acetylate transcription factors and modify their
DNA binding activity (61, 142). The mechanisms of such modifications can vary from one
protein to another. For example, as shown in the cases of Max and E2F-1, the DNA
binding domain or the nearby region can be directly modified and alter the DNA binding
activity (9, 114). Alternatively, the modifications can occur outside of the DNA binding
domain and alter the DNA binding activity indirectly (149). As will be described below,
several proteins contain an auto regulatory domain, which is often regulated by a post-
translational modification.

1.3.3 Intrinsic regulatory domain

The C-terminus of the p53 tumor suppressor protein was found to negatively
regulate its DNA binding activity. It is believed that an allosteric interaction between the
C-terminal domain and the sequence specific DNA binding domain of p53 inhibits DNA
binding activity (61). Removal of this domain can increase the DNA binding activity and
post-translational modifications, such as phosphorylation and acetylation of this domain,
were shown to increase in the DNA binding activity of p53 (96). Ets-1 and IRF-3
transcription factors also contain an auto-inhibitory domain that modulate DNA binding
activity (104, 141). Similar to p53, both Ets-1 and IRF-3 inhibitory domains affect the
DNA binding activity by an allosteric interaction and can be modified by phosphorylation

under different physiological conditions (31) (104).

2 The cell cycle control in eukaryotes.
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In tissue culture, eukaryotic cells will duplicate themselves in time, resulting in two
identical daughter cells from one parent cell. Exponentially growing cells go through
cycles of different phases, called gap 1 (G1), synthesis of DNA (S), gap 2 (G2), and mitosis
(M). Thus, the successive repetition of these phases is called the cell cycle. Specific events
occur in each phase of the cell cycle. In G1 phase, cells increase their rate of metabolism
and mass. In S phase, DNA replication occurs. In G2 phase, cells will again increase in
size to be able to divide into two cells. In M phase, cellular division, mitosis, occurs.
Different external signals such as nourishment, growth factors, and cellular adhesion
influence the cell cycle progression. Cells can also exit from the cell cycle when some of
the above requirements are not met. For example, withdrawal of serum from the medium
will prevent NIH3T3 cells from dividing and drive them into the quiescent state (GO).
These cells can reenter the cell cycle when the serum is added back to the medium. Cell
cycle progression is controlled by sequential phosphorylation, transcription, and proteolysis
of various genes and their products. In higher eukaryotes, the G1 to S phase transition is
tightly regulated. There are two checkpoints where the cell cycle can be arrested if not all
the requirements are met. For example, accumulation of DNA damage by either UV or
chemical stress in early G1 will prevent cells from going into S phase. During cancer
development, the control mechanisms of G1/S transition is often deregulated, allowing
cancer cells to bypass the G1/S cell cycle checkpoint in the absence of all the necessary
requirements. In this section, different processes that govern the G1 to S transition will be
reviewed.

2.1 G1 Cyclin/Cdk and Cdc25A
A cyclin dependent kinase (Cdk) is a kinase that requires a cyclin as a positive

regulator. Cyclins and Cdks were first identified in a yeast genetic study as important
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regulatory genes for cell cycle progression (147). Since then, many different families of
Cdks have been identified in higher eukaryotes and shown to be important for the cell cycle
progression from G1 to M. In the G1 phase of mammalian cells, there are two families of
Cdks that regulate the G1 to S phase transition: Cdk4 and Cdké6 that interact with cyclin D
family members (D1, D2 and D3) in G1 and Cdk?2 that complexes with cyclin E from late
G1 to early S (43). Cdc25 is a dual specificity phosphatase that was also initially identified
in yeast as a regulator of mitosis (148). In mammals, three Cdc25s (Cdc25A, Cde25B, and
Cdc25C) have been identified and Cdc25A was shown to play an important role in the
G1/S transition (86). Both Cdk4/6 and Cdk2 kinase complexes and Cdc25A are capable of
shortening G1 phase when over expressed in cells (16, 146). In addition, the level of the
activity of theses enzymes is often up regulated in various cancers (30, 178). Interestingly,
even though the physiological relevance of cyclins, Cdks, and Cdc25s has been established,
the targets of their enzymatic action have been poorly understood.
2.1.1 Cyclin D dependent kinase

When tissue culture cells come out of quiescence and reenter the cell cycle, cyclin
D dependent kinase activity, Cdk4/6, is detected before any other Cdk activity (116, 119).
The kinase activity of Cdk4/6 is closely associated with the protein level of cyclin D,
although other regulatory mechanisms are also at play. In the absence of serum, the level
of cyclin D is kept low and increases when serum is added back. In exponentially growing
cells, while the steady state level of other cyclins oscillates during the cell cycle, the
expression level of cyclin D stays relatively constant (116). The steady state level of cyclin
D can be regulated at the level of both synthesis and degradation. Transcription of cyclin D
is activated by serum responsive transcription factors such as Myc and AP-1 (19, 71, 140).

Cyclin D protein is degraded via ubiquitin dependent proteolysis and has been shown to be
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regulated by GSK-3 phosphorylation (40). Besides the expression level of cyclin D, other
factors are shown to modulate Cdk4/6 activity. Cyclin activating kinase (CAK) can
phosphorylate different Cdks, including CDk4, and activates the kinase (48, 115).
Furthermore, the Cip/Kip and ink4 family of inhibitor proteins can physically interact with
cyclin D/Cdk4/6 complexes and Cdk4/6 alone, respectively, and inhibit the kinase activity
(156). The role of the Cip/Kip and Ink4 families of inhibitors will be discussed later. As
mentioned above, not many targets of cyclin D/Cdk4/6 have been identified. Rb family
proteins are the known targets of cyclin D/Cdk4/6. Cyclin D/Cdk4/6 phosphorylates Rb
protein to inactivate it (46). In fact, the effects on cell cycle progression by cyclin
D/Cdk4/6 are tightly linked to their ability to phosphorylate Rb family members. For
example, cyclin D/Cdk4/6 is unable to overcome the cell cycle arrest induced by Rb protein
containing mutations in the Cdk phosphorylation sites (106). Also, drugs that specifically
inhibit Cdk4/6 kinases cannot arrest the cell cycle in cell lines where Rb proteins are non-
functional (50). In addition to their ability to phosphorylate Rb family members, a recent
study demonstrated that cyclin D/Cdk4/6 complexes contributes to the activation cyclin
E/Cdk2 by sequestering the Cip/Kip inhibitory proteins away from cyclin E/Cdk2 complex
(140). Recently, beside its role in cell cycle progression, it was found that cyclin D
dependent kinase may also play a role in cell growth (35).
2.1.2 Cyclin E dependent kinase

After Cdk 4 kinase activity is first detected in early G1, kinase activity of Cdk2 can
be detected next in late G1 when cyclin E begins to be expressed (41). The expression
level of cyclin E oscillates in a cell cycle dependent manner and is highest from late G1 to
early S phase. Similar to cyclin D, the steady state level of cyclin E is regulated both at the

level of synthesis and degradation. Furthermore, it can also phosphorylate Rb family
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members. It is believed that, Rb protein is sequentially phosphorylated by cyclin D/Cdk4/6
and cyclin E/Cdk2 from G1 to early S (107). The important role of the Rb family proteins
will be discussed later. However, contrary to cyclin D/Cdk4/6, cyclin E/Cdk2 can
overcome cell cycle arrest imposed by Rb that cannot be phosphorylated by cyclin E/Cdk2
(106), suggesting that there are other targets of cyclin E/Cdk2 that contribute to the G1/S
transition. Recent studies showed that NPAT, a protein that is important for histone
biosynthesis, is a downstream target of cyclin E/Cdk2 (187, 188). Also, some studies
suggested that cyclin E/Cdk2 might be more directly involved in initiation of DNA
replication (2).
2.1.3 Cdc25A

Cdc25A is a dual specificity phosphatase that can dephosphorylate phospho serine,
threonine, and tyrosine. One of the known functions of the Cdc25 family of phosphatase is
the removal of inhibitory phosphates on different Cdks (153, 155). In particular, Cdc25A
removes the inhibitory phosphate at tyrosine 15 of Cdk2 (51, 155). Transcription of
Cdc25A is activated by cell cycle dependent transcription factors such as Myc and E2F
(152, 170). For optimal phosphatase activity, Cdc25A is phosphorylated by different
kinases such as Rafl and Pim1 (52, 121), including cyclin E/Cdk2 (73). Thus, it is believed
that cyclin E/Cdk2 and Cdc25A are involved in a positive feedback loop that leads to an
increase in their activity at the G1/S transition. Recent report that CDP/Cux is a novel
substrate of Cdc25A raises the possibility that Cdc25A might have other targets that
contribute to the G1 to S transition (28).
2.2 Cyclin-dependent inhibitors

There are two groups of cyclin dependent kinase inhibitors, Cip/Kip family proteins

(p21, p27, and p57) and Ink4 family proteins (p16, pl15, p18, and p19). The Cip/Kip family
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can form complexes with both cyclin D/Cdk4/6 and cyclin E/Cdk2 (156). Interaction
between the cyclin D dependent kinase complex and Cip/Kip can have both positive and
negative effects on kinase activity depending on the stoichiometry of these molecules. Itis
believed that at a lower concentration, Cip/Kip proteins can act as an assembly factor for
cyclin D dependent kinase complexes, and at a higher concentration, they can inhibit the
kinase activity (98). However, the interaction between Cip/Kip proteins and cyclin E/cdk2
results exclusively in inhibition of the kinase activity (143). The steady state level of theses
inhibitors is tightly controlled by various mechanisms under different circumstances. For
example, transactivation of the p21"4"“r'4#! gene by p53 is shown to be required for cell
cycle arrest induced by DNA damage (179). Also, the stability of p27 protein is controlled
by an ubiquitin dependent proteolysis that can be triggered by cyclin E/Cdk2
phosphorylation in a cell cycle dependent manner (164). Ink4 family proteins can only
form a complex with Cdk4/6, and, not with Cdk2. They inhibit the kinase activity by
preventing the association with cyclin D (72, 85). However, recent evidence suggests that
the interaction of Ink4 family proteins with Cdk 4/6 also serves to relocate Cip/Kip family
inhibitors from cyclin D dependent kinase complex to cyclin E dependent kinase
complexes, resulting in inactivation of both cyclin D and E dependent kinases (117).
Because of their ability to inhibit the Cdk activity, the Cip/Kip and Ink4 have a negative
effect on cell cycle progression and are deregulated in human tumors.
2.3 Proteolysis

Many genes that are shown be important in the cell cycle progression have been
first identified from yeast genetic studies. Often the biological importance of these genes
was revealed before their mechanism of action. It is biochemical studies that have

demonstrated that some of these cell cycle regulatory genes identified in yeast are involved
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in ubiquitin dependent proteolysis (56). In particular, a trimeric ubiquitin ligase protein
complex called SCF (Skp-Cullin-F-box protein) is found to be a key regulator of the G1/S
transition (105). An F-box protein is responsible for the substrate specificity of SCF
complexes (37). It physically interacts with substrates and targets it to the SCF complex for
the ubiquitination. Often, the F-box protein selectively recognizes a phosphorylated
substrate Families of different SCF complexes were identified in different organisms. In
mammals, SCF complex that contains Skp2 as the F-box protein was shown to be important
for the G1/S transition (127). There are two main targets of SCF®”that havebeen
identified, cyclin E and p27. In addition, a recent study demonstrated that SCF**** can also
ubiquitinate E2F-1(112). Ubiquitination of p27 by SCF*** is phosphorylation dependent
(164). Only p27 that has been phosphorylated by cyclin E/Cdk2 on threonine 187 is
recognized by Skp2. It is believed that the full activation of cyclin E/Cdk2 is achieved
when cyclin E/Cdk2 has accumulated enough to be able to phosphorylate p27 and target it
for degradation. Cyclin E itself is believed to be a target of Skp2. Contrary to p27, SCFs*2
does not recognize a phosphorylated form of cyclin E selectively. However, Skp2 interacts
with the free form of cyclin E (126). Cyclin E that is complexed with Cdk2 is protected
from SCF**** dependent ubiquitination. Indeed, a Skp2 knock-out mouse shows an increase
in the steady state level of free cyclin E and p27 (126). Recently, a human homologue of
yeast cdc4, an F-box protein that recognizes a phosphorylated form of cyclin E has been
identified (159). Other molecules, such as cyclin D, have also been shown to be degraded
in an ubiquitin dependent manner (40). However, the F-box protein that targets these
proteins for ubiquitination has not been identified. It is important to note that the

proteolysis mentioned above is involved in a degradation pathway of the proteins.
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2.4 Transcription

When serum deprived quiescent cells reenter the cell cycle by supplementing serum
back to the medium, a large increase in the expression of immediate early gene such as the
Myc transcription factor can be detected as early as 30 min. post-stimulation (18, 32). Myc
has been shown to activate the transcription of genes that are important for cell growth (64).
However, expression level of Myc does not change in continuously dividing cells ((67,
162), reviewed in (18)). Over-expressing Myc can shorten the G1phase of the cell cycle. It
is one of the first identified proto-oncogenes that are frequently over-expressed in many
cancers. Recent evidence suggests that the Myc transcription factor is an interdependent
parallel pathway to the E2F transcription factor, which can stimulate G1 to S progression
by activating transcription of important cell cycle regulators such as cyclin D and Cdc25A
(19, 140, 152). The Rb/E2F/DP trimeric complex is the most studied cell cycle dependent
transcription factor that controls the G1/S transition (42). In higher eukaryotes, the
Rb/E2F/DP complex was shown to control the transcription of cyclin E, Cyclin A, Cdc25A,
etc (34, 134, 138, 170). In mammals, three Rb family proteins (pRb, p107, and p130) and
six E2F family proteins (E2F-1 to —6) and two DP family proteins (DP-1 and DP-2) have
been identified so far. E2Fs and DPs heterodimerize and bind to DNA. Except for E2F-6,
which does not have a transactivation domain, E2F/DP acts as a strong transcriptional
activator. Rb family proteins do not bind to DNA directly, however, they can be recruited
to DNA through E2F/DP and repress transcription. Recent studies showed that active
repression by Rb is achieved, in part, by the association with histone deacetylase and
chromatin remodeling factor (20, 42). In early G1, the hypophosphorylated form of Rb
proteins are predominant and interact with the E2F/DP heterodimer. The Rb/E2F/DP

protein complexes repress the transcription of the genes mentioned above. As cells
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approach S phase, Rb family proteins are phosphorylated by cyclin D/Cdk4/6 and cyclin
E/Cdk2. The hyperphosphorylated form of Rb dissociates from E2F/DP, which can then
activate transcription (42). For transcription of some genes like cyclin E, repression by
Rb/E2F/DP seems to have a predominant effect since the mutation of the E2F/DP binding
site in their promoter results in derepression of transcription (99). For other promoter, the
reverse seems to be true (171). Rb is often inactivated in cancers. In fact, Rb is the first
identified tumor suppressor genes (101) and a target of DNA tumor virus proteins such as
SV40 Large T and adenovirus E1A (36, 176). However, neither E2F nor DP family
proteins have been found to function as oncogenes in human cancers thus far. A potential
explanation for this is the fact that E2F can induce apoptosis under certain situations (145).
Recent studies using ChIP and DNA array assays demonstrated that specific members of
the E2F and Rb families regulate selective sets of genes (77) and some of previously
identified targets might not be the primary targets of the Rb/E2F/DP complex (170).

2.5 Links between cell cycle regulation and cancer.

The proteins mentioned above work together to control the sequential events that
are necessary for normal G1 to S transition. Since the activity of each protein can regulate
each other's activity, deregulation of any component of the cell cycle regulation can
potentially affect the activity of the other factors. Some of the positive and negative
feedback network among different factors are described in figure 2. For example, E2F can
activate transcription of cyclin E, which, in turn, can phosphorylate and inactivate Rb and
p27. Also, increases in the level of p16 will inactivate Cdk 4, resulting in the activation of
Rb which can inhibit E2F activity. Interestingly, in most human cancers, at least one
component of the cell cycle regulation network is altered to favor uncontrolled cell cycle

progression. In human retinoblastoma and osteosarcoma, inactivation of Rb can be
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6" is frequently inactivated in melanoma (172). It is

frequently found (11), whereas pl
still unclear why the inactivation of a certain gene is manifested in a tissue-specific manner.
The network of positive and negative regulation between different cell cycle regulators is
closely linked to other important biological processes such as cell growth, apoptosis,
development, and senescence. Some of the same cell cycle regulatory components are
commonly used to regulate these biological processes. For example, exit from the cell

cycle by over-expression of p21 is a necessary step for muscle development (63) and E2F

and Myc can induce apoptosis under different condition (145).

3 Transcription factors and proteolysis.

In addition to the proteolysis that degrades a transcription factor (22, 60, 112), site-
specific proteolysis can be used to regulate the activity of a transcription factor. In this
section, I will discuss some examples of such proteolysis that can either activate or modify
the activity of a transcription factor. The cleavage of a transcription factor often results in
the migration of the protein from an extra-nuclear compartment to the nucleus. It is often
triggered by a specific signal that will either activate or repress the transcription of a
specific set of genes.

3.1 Cytoplasmic transcription factors

Many transcription factors such as Smad, Stat, and nuclear receptor are shown to
migrate from the cytoplasm to the nucleus when cells receive a specific signal (87, 110).
These proteins however do not require a proteolytic event for their localization to the
nucleus. Nuclear factor k-B (NF-kB) and Cubitus interruptus (Ci) transcription factors are

two examples where translocation to the nucleus requires a proteolytic event.
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3.1.1 NF-xB

Two distinct proteolytic processes are involved in the activation of NF-kB. NF-kB
is a heterodimeric transcription factor that plays an essential role in the immune system.
NF-xB can be activated by different stimuli including TNF-a., IL-2, and lipopolysaccharide
(LPS) (55). In the absence of stimulus, NF-kB exists in a complex with IxB (inhibitor of
kB). IxB binds to a conserved motif called the Rel homology region (RHR) of NF-kB.
RHR is responsible for heterodimerization, DNA binding and nuclear localization (78). It
is believed that when IkB binds to NF-kB, it masks the nuclear localization signal and
retains NF-kB in the cytoplasm. When cells receive the signals mentioned above, the N-
terminus of IxB is rapidly phosphorylated and ubiquitinated for degradation (91). The free
form of NF-kB is then trans-located to the nucleus and activates a specific panel of genes.
Recently, enzymes that are responsible for the phosphorylation and the ubiquitination of
IxB have been identified (39). A large kinase complex call IKK (IkB kinase) was shown to
phosphorylate serines 32 and 36 of Ik-B. This allows recognition by a F-box protein called
E3RS"™®/B-TrCP (181). Interestingly, a subunit of NF-kB, p50, is itself a product of
ubiquitin dependent partial proteolysis of the precursor protein p105. The exact mechanism
of this process is still unclear (136).

3.1.2 Cubitus interruptus (Ci)

Ci is a transcription factor that is best know as a downstream effecter molecule of
the Hedgehog (Hh) signaling pathway in Drosophila melanogaster (5). The Ci transcript
encodes for a protein with zinc finger motifs as the DNA binding domain (184). However,
the full length form of Ci is a cytoplasmic protein because of the C-terminal sequence that

retains it in the cytoplasm (6, 125). In the absence of Hh signal, Ci is proteolytically
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cleaved. The resulting N-terminal half of Ci, which contains the DNA binding domain,
migrates to the nucleus (6). In contrast to the full length Ci, which is believed to be a
transcriptional activator, the proteolytically cleaved N-terminal part of Ci is a
transcriptional repressor. The exact mechanism of transactivation by full length Ci is still
unclear. Similarly to IxkB, there is evidence that the processing of Ci is also regulated by
phosphorylation (24). Furthermore, an F-box protein, Slimb, was shown to modulate the
processing of Ci (84). However, it is still unknown whether Ci is a direct substrate of
Slimb.
3.2 Membrane-bound transcription factors

Among the transcription factors that are found in the cytoplasm as inactive forms,
some transcription factors exist as transmembrane proteins. These molecules can sense
extracellular signals or homeostasis of cells and directly transmit the message to the
nucleus for a selective and immediate response.
3.2.1 SREBP

The steroid responsive elements binding protein (SREBP) is a transmembrane
protein that can be found in the endoplasmic reticulum (ER) (75). SREBP regulates the
transcription of genes that are important for fatty acid biosynthesis and lipid uptake by cells
(21). Both the amino and carboxy termini of SREBP are oriented toward the cytoplasmic
side of the ER membrane because the central region of the protein spans the ER membrane
twice (75). At a low level of cholesterol, SREBP is sequentially cleaved; first, in the
sequence exposed to the lumen and second, in the transmembrane region (150, 173). The
resulting N-terminal portion that contains the bHLHZip motif is then released from the ER
membrane and migrates to the nucleus. It activates transcription of genes such as 3-

hydroxy-3methylglutaryl coenzyme A reductase (57). The sterol responsive cleavage of
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SREBP is regulated by SREBP cleavage activating protein (SCAP), which can sense the
level of sterol in cells (151). Interestingly, the protease that cleaves the first site is active in
the Golgi and SCAP is responsible for trafficking SREBP from the ER to the Golgi
compartment upon a decrease in the cellular sterol level (132). Recently, the same protease
that is responsible for cleaving SREBP was shown to cleave ATF6, another ER membrane
bound transcription factor (182).
3.2.2 Notch

In Drosophila melanogaster, Notch is a developmentally important protein that
plays an important role in cell fate determination (59). It is a cell surface receptor protein
capable of transmitting extracellular signals directly to the nucleus (97). Delta and Serrate
are the ligands of Notch, and are themselves cell surface molecules (175). Similarly to
SREBP, upon binding to ligands, Notch is sequentially cleaved in the extracellular domain
by metalo-proteases and the transmembrane domain by a transmembrane protease called
presenilin (12). Even though Notch does not bind DNA directly, the cleaved cytoplasmic
domain of Notch migrates to the nucleus and interacts with a transcription factor called
Suppressor of hairless (Su[H]), (82). In the absence of Notch, Su[H] represses

transcription, whereas it is capable of activating transcription when complexes with Notch.

4 The CDP/Cux transcription factor

CDP/Cux is an evolutionarily conserved transcription factor that is found among all
metazoans. The gene is named cut in Drosophila, cux (Cut homeobox) in mouse, clox (Cut
like homeobox) in canine and in human, the protein was cloned as the CCAAT
displacement protein (CDP) (Figure 3). In this thesis, it will be referred to as CDP/Cux.

4.1 Drosophila Cut
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The nomenclature of CDP/Cux provides the information about how this gene was
identified in different species. The name cut was given to this gene as a result of genetic
studies in Drosophila melanogaster where a mutation in the cut locus resulted in a
scalloping wing phenotype (79, 80). In Drosophila melanogaster, Cut is expressed in many
tissues including the central and peripheral nervous system, the wing and leg discs, and the
malphighian tubules (13, 14, 128). The tissue specific transcription of cut is controlled by
specific enhancer elements located up to 100kb upstream of the gene. Mutations in specific
tissues were caused by insertion of a gypsy transposable element (an insulator of
transcription) between the tissue specific enhancer and the core promoter of cut. Thus,
closer the gypsy integration site to the cuf gene, more tissues were affected. Furthermore,
mutations in the coding region of Cut resulted in embryonic lethality (reviewed in (128)).
In tissues where it is expressed, Cut seems to play a role in cell type specification. This
was best demonstrated in the nervous tissues where the absence of Cut expression
transformed external sensory organs into internal sensory organs and the forced expression
of Cut resulted in differentiation of all precursor cells into external sensory organs (15, 17).
Furthermore, absence of Cut expression in tissues such as the wing and leg margin resulted
in truncated wing and kinked femur. In particular, in the wing margin and the ovary, Cut
was shown to have non cell-autonomous effects during development (81, 120). These
studies also demonstrated that Cut genetically interacts with developmentally important
genes such as notch and wingless.

4.2 Mammalian CDP/Cux

In mammals, the cut homologue was first cloned as a transcription factor capable of

repressing transcription by competing with transcriptional activators for binding to the

CCAAT elements of a gene promoter (7, 129). Thus, the protein was named CCAAT-

20



Chapter I - Literature review

displacement protein (CDP). The target genes of CDP can be divided into two groups:
genes that are repressed in proliferating precursor cells such as B-globin, gp92-phox,
CDS8a, etc, and genes that are expressed in proliferating cells such as histone genes,
thymidine kinase, c-myc, etc (128). From the sequence analysis of these promoters, CDP
recognizes a wide range of DNA sequences such as CCAAT, ATCGAT, Spl-like site, and
AT-rich sequences. The finding that CDP contains four DNA binding domains provided
some hints as to how CDP has such a broad range of sequence specificity (1, 3, 69) (Figure
3). However, the exact mechanism by which CDP interacts with DNA is still unclear.
Besides its ability to compete away transcriptional activators such as CBF, CDP was shown
to contain two active repression domains at the C-terminal end of the protein (111) (Figure
3). Recently, this region was shown to interact with the histone deacetylase HDAC1 (103).

" mouse equivalent to Drosophila with a cuf mutation in the coding region, has been

A cux”
generated by two different groups (45, 157). The cux” mice displayed defects in hair
follicle and lung, B and T cell development and often died shortly after birth. There were
some phenotyphic similarities between cux”™ mice and cut mutants in Drosophila, such as
defects in leg development However, the cux” did not result in embryonic lethality and in
some case, was able to grow into an adult mouse. Reduced severity of the cux”" phenotype
could be explained by the existence of a second cut homologue in mouse called cux-2,
which is specifically expressed in nervous system. It is unclear whether cux-2 can
compensate for the loss of the cux-I activity, or, it contributes to distinct developmental
defects.

4.3 CDP/Cux DNA binding activity and its regulation during cell cycle..

In this section, the issues to be presented in the thesis will be introduced. A detailed

introduction for each subject will be presented for each manuscript.
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4.3.1 The alternative modes of the DNA binding by CDP/Cux

Understanding how CDP/Cux recognizes DNA is not a trivial task. There are two
reasons for this complexity. First, as mentioned above, CDP/Cux was found to bind to a
variety of sequences, which do not share much sequence similarity. Second, unlike most
transcription factors, CDP/Cux contains four distinct DNA binding domains: three Cut
Repeats (CR) and one Cut Homeodomain (HD) (1, 3, 69) (Figure 3). Interestingly, all
other genes that encode protein containing for the Cut HD such as SATB-1 and HNF-6
have at least one CR as an additional DNA binding domain, suggesting that the Cut HD
always functions with CR (38, 100, 102). It is believed that having the four DNA binding
domains enables CDP/Cux to bind to a wide range of sequences. There have been several
studies performed with individual DNA binding domains of CDP/Cux. PCR-mediated site
selection study using GST/Cut repeat fusion proteins demonstrated that CR prefers
ATNNAT and CCAAT sequences (68). Also, a similar study using cell extracts transfected
with vectors expressing the CDP/Cux proteins yielded similar results (1). However, not
much effort has been made to understand how the four DNA binding domains of CDP/Cux
function in the context of the full-length molecule. Furthermore, the mechanism of the
CCAAT-displacement activity by CDP has not been studied in detail. Interestingly, the
diversity of the CDP/Cux DNA binding activity was also reflected in studies where cellular
extracts were used. Often, in electrophoretic mobility shift assays, CDP/Cux DNA
retardation complexes with different mobilities were observed (28, 131, 167). Even though
there have been reports that CDP/Cux can form a complex with other protein, no clear
explanation has been given for this observation.

4.3.2 The cell cycle dependent regulation of the CDP/Cux DNA binding activity
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Generally, the DNA binding activity of CDP/Cux correlates with the level of
cellular proliferation. When proliferating precursor cells stop dividing and start to
differentiate, a decrease in the DNA binding activity of CDP/Cux is observed (23, 137,
158). However, there is an exception to this rule whereby the DNA binding activity of
CDP/Cux is sustained during megakaryocyte differentiation (113). This finding, in general,
agrees with the idea that CDP/Cux represses genes that are differentiation specific in
proliferating precursor cells. However, some genes that are expressed in proliferating cells
have also been reported to be regulated by CDP/Cux (44, 92, 167, 168). In particular,
CDP/Cux was found to be a component of HiNF-D complex. HiNF-D complex was
previously identified as transcriptional activator complex whose activity is shown to be
important for S phase specific expression of various Histone genes (169). The DNA
binding activity of HiNF-D itself is regulated in a cell cycle dependent manner and
constitutively active in tumors (74). Even though CDP/Cux alone was unable to activate
Histone gene transcription (168), these findings indicate that CDP/Cux could be part of an
activator complex in a cell cycle dependent manner. Furthermore, the DNA binding
activity of CDP/Cux was shown to be modulated in a cell cycle dependent manner and
highest in G1/S (28). The same study demonstrated that the cell cycle dependent
phosphorylation in the region of the Cut HD was responsible for the inhibition of the DNA
binding activity by CR3HD in G1. This inhibitory phosphorylation was counteracted by
the Cdc25A phosphatase when cells enter S phase. Phosphorylation of CRs by CKII and
PKC was reported previously, however, these kinases did not phosphorylate the Cut HD
nor the kinase regulated in a cell cycle dependent manner (27, 29).

4.3.3 CDP/Cux in human cancer

23



Chapter I - Literature review

No clear evidence has been provided to demonstrate the involvement of CDP/Cux
in human cancer. The region of chromosome 7q22, where CUTL1gene is located, is
frequently rearranged in uterine leiomyomas (135), acute myeloid leukemia (47, 161) and
myelodysplastic syndrome (70, 183). Loss of heterozygocity (LOH) of CUTL1 gene was
analyzed in human uterine leiomyomas and breast cancer using polymorphic markers
within CUTL1 gene. LOH in CUTLI locus was detected in 15% of uterine leiomyomas
and 18 % of breast cancer (185, 186). In conjunction with the study showing molecular
interaction between CDP/Cux protein and Polyoma Large T oncoprotein in an animal
model (174), these studies introduced the possible involvement of CDP/Cux in cancer

development..

4.3.4 Issues addressed in this thesis

The mechanism and the regulation of the divers DNA binding activity of CDP/Cux
are investigated in this thesis. In vitro DNA binding studies using different fusion proteins
of CDP/Cux will demonstrate the alternative CDP/Cux DNA binding characteristics by
different CDP/Cux DNA binding domains. Furthermore, studies using cellular extracts will
uncover novel mechanisms of regulating DNA binding characteristics of CDP/Cux. The
investigation of the regulatory mechanism of CDP/CuxDNA binding will also reveal how
DNA binding activity of CDP/Cux is regulated in a cell cycle dependent manner. The
regulation during G1/S transition will be discussed in detail. The potential involvement of
CDP/Cux activity in tumor development will be also discussed in the thesis. The expression
level and the activity of CDP/Cux in the human uterine leiomyomas versus normal tissues

will be presented.
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H: a-helix

T: Turn

S: B-sheet

Zn: Zinc ion

b: Basic region

Zip: Leucone Zipper
L: Loop

Figure 1. Structure of different DNA binding motifs.
Structural representations of different DNA binding motifs
bound to DNA are presented in the figure. (A) Helix-turn-
helix, (B) Zinc finger, (C) Basic-leucine zipper, (D) Basic-
helix-loop-helix and (E) Homeodomain.
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Figure 2. Interaction between different molecules that govern the G1 to S progression
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The Cut Homeodomain Protein Family

Drosophila Cut ¢ CRI1 CR2 CR3 HD
! 1111 A A S0
1 2175 a.a.

Human Cut
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Figure 3. The Cut homeodomain protein family. Schematic
representation of Cut homologue from different species is
shown in the figure. Evolutionarily conserved domains are
indicated as different shade of box. CC: Coiled Coil, CR: Cut
Repeat, HD: Homeodomain, R: Repression domain.
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Chapter II The CCAAT-Displacement Activity Involves Cut Repeats 1 and 2, not
the Cut Homeodomain.

Reproduced with permission from Moon, NS., Bérubé, G., and Nepveu, A. (2000)
CCAAT displacement activity involves Cut Repeats 1 and 2, not the Cut homeodomain . J.
Biol. Chem. 275(40):31325-34. Copyright 2000 the American Society for Biochemistry
and Molecular Biology
Preface

The CDP/Cux transcription factor is unique in a manner that it contains four
distinct DNA binding domains, three Cut Repeats and one Cut homeodomain. It is known
to bind to variety of sequences, such as CCAAT, ATCGAT, Spl site, and AT rich matrix
attachment region. In particular, CDP/Cux can act as a repressor of transcription by
preventing activators of transcription from binding to CCAAT site of a gene promoter,
CCAAT-displacement activity. Previously, several studies have investigated DNA
binding specificity and affinity by the individual DNA binding domain of CDP/Cux.
However, they have failed to provide a molecular basis for how CDP/Cux bind to a wide
range of DNA sequences. Furthermore, it was still unclear how the CCAAT-displacement
activity is achieved by CDP/Cux. The following manuscript describes two most efficient
bipartite DNA binding domains of CDP/Cux with different DNA binding characteristics.

It discusses alternative modes of DNA binding by CDP/Cux and identification of the

domain responsible for the CAAT-displacement activity.
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ABSTRACT

The CCAAT-displacement protein (CDP), the homologue of the Drosophila
melanogaster Cut protein, contains four DNA binding domains: three Cut repeats (CRI1,
CR2, CR3) and the Cut homeodomain (HD). Using a panel of fusion proteins, we found
that a Cut repeat cannot bind to DNA as a monomer, but that certain combinations of
domains exhibit high DNA binding affinity: CR1+2, CR3HD, CR1HD and CR2HD. One
combination, CR1+2, exhibited strikingly different DNA binding kinetics and specificities.
CR1+2 displayed rapid on and off-rates, and bound preferably to two CA/GAT sites,
organized as direct or inverted repeats. Accordingly, only CR1+2 was able to bind to the
CCAAT sequence, and its affinity was increased by the presence of a CA/GAT site at
close proximity. A purified CDP/Cux protein exhibited DNA binding properties similar
to those of CR1+2, and in nuclear extracts the CCAAT-displacement activity also
required the simultaneous presence of a CA/GAT site. Moreover, CR1+2, but not
CR3HD, was able to displace the NF-Y factor. Thus, the CCAAT-displacement activity
requires the presence of an additional sequence, CAAT or CGAT, and involves Cut

repeats 1 and 2, but not the Cut homeodomain.
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INTRODUCTION

A CCAAT displacement activity was identified originally in the sea urchin and
later in humans and other mammals (9, 51, 52). Sequence analysis of the cDNA encoding
for the human CCAAT- displacement protein (CDP) revealed a high degree of
conservation with the Drosophila melanogaster homeodomain-protein, Cut (12, 46).
Several lethal and viable cut mutations have been reported in Drosophila (reviewed in
(B1) ); (11, 14, 16, 26, 29, 30, 41, 42). Altogether, genetic studies in Drosophila
suggested that the Cut protein plays an important role in determining cell-type specificity
in several tissues late in development (13, 14, 41, 42). In mammals, CDP/Cux has been
characterized primarily as a transcriptional repressor (38, 39, 43, 44). The bulk of the
results indicated that CDP/Cux expression or activity may be restricted to proliferating
cells. Accordingly, many of the identified targets of CDP/Cux are genes that are repressed
in proliferating precursor cells and are turned on as cells become terminally differentiated
and CDP/Cux activity ceases (4, 9, 28, 32, 33, 39, 46, 51, 54, 57). It was thus proposed
that mammalian CDP/Cux proteins function as transcriptional repressors that inhibit
terminally differentiated gene expression during early stages of differentiation (27, 39, 51).
In addition, a role for CDP/Cux in cell cycle progression was suggested from the findings
that CDP/Cux DNA binding activity oscillates during the cell cycle, reaching a maximum
at the end of G1 and during the S phase (21). CDP/Cux was shown to repress the
p21WAFI/CIPI/SDII gene and also to bind to the promoters of various histone genes, which
are regulated in a cell-cycle dependent manner (8, 9, 21, 23, 36, 55, 56). Intriguingly,

binding of CDP/Cux to histone gene promoters has been associated with both activation
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and repression of these genes, and it has been suggested that CDP/Cux activity could be
modulated by Rb and Rb-related proteins (9, 23, 36, 55, 56).

Sequence homology between Drosophila and mammalian Cut proteins is limited to
five evolutionarily conserved domains: a region predicted to form a coiled-coil structure
(CQO), three regions of ~70 amino-acids, the Cut repeats (CR1, CR2 and CR3), that share
from 52 to 63% amino-acid identity with each other, and a Cut-type homeodomain (HD)
(12, 46). The high degree of conservation of Cut repeats suggested that they may have an
important biochemical function. Indeed, Cut repeats were found to function as specific
DNA binding domains (3, 6, 24, 25). CDP/Cux proteins therefore are unique in that they
contain four DNA binding domains: the Cut homeodomain and the three Cut repeats.

The available data suggest that CDP/Cux has the capability to bind to a wide range
of DNA sequences. Reported binding sites included sequences related to either CCAAT,
ATCGAT, Sp1 sites and AT-rich matrix attachment regions (MAR) (20, 22, 40, 57). On
the other hand, PCR-mediated site selection with GST fusion proteins containing various
CDP/Cux DNA binding domains led to the isolation of several types of sequences which
could be aligned to either ATNNAT (mainly ATCGAT) or CCAAT. However, a sizable
fraction of the selected sequences (~20%) diverged greatly from these consensus and yet
represented excellent binding sites (3, 6, 24). These results therefore indicate that
CDP/Cux can tolerate a certain degree of flexibility in their DNA targets. This property
may not be unique to CDP/Cux proteins, as a similar relaxed sequence specificity was
found for the GATA factors when submitted to PCR-mediated site selection (35, 45).

The evolutionary conservation of four DNA binding domains within the same

protein strongly suggests that this peculiar organization permits the execution of
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functions that could not otherwise be fulfilled. At this point, however, it is not well
understood how CDP/Cux proteins interact with DNA. So far, DNA binding by Cut
repeats has been investigated using glutathione S-transferase fusion proteins, which exist
as dimers (3, 6, 24, 25). It has not been convincingly demonstrated whether each Cut
repeat can bind DNA as a monomer or whether it requires cooperation with another Cut
repeat or with the Cut homeodomain. As a monomer, Cut repeat 3 was shown to
cooperate with the Cut homeodomain to bind to DNA with high affinity and specificity
(24, 25). Yet, it is not known whether Cut repeats 1 and 2 can cooperate with each other
or with the Cut homeodomain. If this was the case, we could extrapolate that various
combinations of Cut repeats and the Cut homeodomain may confer to the protein the
capacity to interact with a large spectrum of DNA sequences. Moreover, if CDP/Cux
proteins were capable of binding simultaneously to multiple binding sites, then
cooperativity should increase the overall affinity for a given DNA segment. Another
issue that remains to be investigated is which of the four CDP/Cux DNA binding domains
are responsible for the CCAAT-displacement activity, and what are the DNA sequence
requirements for this activity to take place.

To begin to decipher the various modes of interaction of CDP/Cux with DNA, we
have expressed each Cut repeat as a monomer, either alone or with another Cut repeat or
the Cut homeodomain. As monomers, either two Cut repeats or one Cut repeat and the
Cut homeodomain were required for efficient DNA binding. The DNA binding properties
of the most efficient combinations, CR1+2 and CR3HD, were characterized and compared
to that of the full length CDP/Cux protein. We then defined the DNA sequence

requirement for the CCAAT-displacement activity and investigated the contribution of
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each domain to this activity. In contrast to what was previously reported, our results
demonstrate that the Cut repeats 1 and 2 are responsible for the CCAAT-displacement
activity, without the participation of the Cut homeodomain. A model is presented to

illustrate the known CDP/Cux DNA binding activities.
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MATERIALS AND METHODS

Plasmid Construction. Plasmids for expression of histidine-tagged fusion proteins were
prepared by inserting various fragments from the human CDP/Cux ¢cDNA (GenBank,
accession No. M74099) into the bacterial expression vectors pET-15b (Novagen) (46).
CR1: nt 1605 - 2019 into the Xho I site of pET-15b. CR2: nt 2861-3153 into the Xho I
site of pET-15b. CR1HD and CR2HD: a fragment encoding the homeodomain, nt 3737-
3949, was placed in frame at the carboxy terminus of his-CR1 and his-CR2 in the vectors
described above. CR1+2: nt 1694-3127 into the Bam HI site of pET-15b. CR2+3: nt
2861-3737 into the Bam HI site of pET-15b. For CRI1-L-L-HD, three separate
fragments, nt 1694-2853, nt 3071-3409 and nt 3673-3963 were placed in frame into the
Xho I site of pET-15b. For CR2-L-HD, two fragments, nt 2853-3409 and nt 3673-3963,
were placed in frame into the Bam HI site of pET-15b. The MBP-CR3 and MBP-
CR3HD vectors have previously been described (24). MBP-CR1 was prepared by
inserting nt 1605 - 2019 into the pMal-C2 plasmid (New England Biolabs). For
expression of the full length CDP/Cux protein in SF9 insect cells, nt 27-5101 were
inserted into the pBlueBac His2b (InVitrogen). The resulting plasmid was cotransfected
with a helper plasmid to obtain Baculoviruses expressing CDP/Cux.

Expression and purification of CDP/Cux fusion proteins. pET-15b and pMal-C2
derived vector were introduced into the BL21(DE3) or DHS strain of E.coli and induced
with IPTG. SF9 insect cells were infected with Baculovirus encoding his-CDP/Cux and
incubated for 3 days. The fusion proteins were purified by affinity chromatography

using procedures provided by the suppliers.
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Electro Mobility Shift Assay (EMSA). EMSA were performed with either 10 ng of
purified fusion protein or 5 pg of nuclear extract from mammalian cells. The samples were
incubated at room temperature for 5 min. in a final volume of 30 ul of 25 mM NaCl, 10
mM Tris, pH 7.5, 1 mM MgCl,, 5 mM EDTA, pH 8.0, 5 % of glycerol, 1 mM of DTT,
with 30 ng of poly dIdC and 3 pg of BSA as nonspecific competitors. End-labeled double
stranded oligonucleotides (~10 pg) were added and further incubated for 15 min. at room
temperature. Samples were loaded on a 5% or 4% polyacrylamide gel (30:1) and separated
by electrophoresis at §V/cm in 0.5 x Tris borate-EDTA. Gels were dried and visualized
by autoradiography.

Oligonucleotides. The sequences of oligonucleotides used in this study are as follows:
29FP, TCGAGACGGTATCGATAAGCTTCTTTTC; "CGGT-ATCGAT", same as
29FP; "CGATATCGAT", TCGAGAAAAGAAGCTTATCGATATCGTC; "GG-
GCATCGAT", TCGAGAAAAGAAGCTTATCGAT-GCCCT; N11,
ACGCGATCGATATTTCGA-ATTCGCC; N15, CTAGATCGATATTTAGTTC-
GAATTCG; N19, CTAGATCGATATTTAGTTCGT-TCGAATTCG; N21,
CTAGATCGATATTTAGAGA-TCTCGTTCGAATTCG; "CGAATTCG",
TCGACT-TGTCATTGGCGAATTAGAACACGCA; "CCAAT",
TCGAGAAAAGAACAACCAATCACCCGTC

; "CCAAT--CGAT", TCGAGAAAAGAACAACCAA-TCACCGATC.
PCR-mediated random site selection. Binding site selections were performed
essentially as described previously, using 50 ng of hisCR1+2 fusion protein in the first
selection cycle, and then 10 ng in the subsequent cycles (10, 24). The sequence of the

oligonucleotide used was 5'-AGACCTGCAGTC-TGC(N)15CTGTCGTCTAGAGGA-
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3".  Protein-DNA complexes were separated from the free oligonucleotides by
electrophoresis on a 5% polyacrylamide gel (30:1).  After the fifth cycle, the PCR
products were digested with Pstl and Xba I and cloned into the plasmid pBlueScript pKS
(Stratagene). Sequencing of the inserts were performed with the T7 polymerase
sequencing kit (USB).

Calculation of the DNA binding affinity. To determine the dissociation constant
(Kp), EMSA were performed essentially as described above, but using a fixed amount of
DNA (<10 pM) and a wide range of protein concentrations and with the following
modifications: less than 10 pM of DNA was used, and protein and DNA were incubated
for 15 min at room temperature. The binding affinity (Kp) was calculated using the
method described by Janet Carey (17, 18). The amount of free and bound DNA was
quantitated by scanning of the autoradiograms on a Phosphoimager (Fuji). Scintillation
counting of the excised bands in one case gave similar results. The data was plotted as the
fraction of free DNA Vs log of protein concentration. Since the protein concentrations
did not take into account the fraction of inactive proteins, which were estimated in
independent experiments to be less than 30% in each case, our data are referred to as the
apparent dissociation constant (Kp(app.)).

On (kopn) and off (kofp) rate Determination To estimate the on rate, the reaction was
performed at 4°C. 50 ng of purified protein was preincubated at 4°C for 30 min. in
EMSA binding buffer prior to adding 1 ng of radiolabelled probe. Once the probe was
added to the reaction mixture, an aliquot was taken and loaded on non denaturing
polyacrylamide gel at different time points in the presence of electric current. To estimate

the off rate, 50 ng of purified proteins was incubated with 1 ng of radiolabelled probe for
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15 min. A 1000 fold excess of the unlabeled probe was added to the reaction mixture, and
aliquots were taken and loaded on non denaturing polyacrylamide gel at different time
points in the presence of electric current.

Preparation of nuclear cell extract. Monolayers of NIH3T3 cells were grown in
Dulbecco modified Eagle supplemented with 10% fetal bovine serum. Nuclear extracts
were prepared according to the procedure of Lee et al., 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 MgCl,, 1 mM DTT) (37).

Methylation interference assay. The assay was performed essentially as previously
described (58) The probe was prepared from the pKS pBlueScript vector (Stratagene)
whose polylinker includes an ATCGAT motif. To label the upper or lower DNA strand,
the plasmid was digested with either Eco R1 or Xho 1, end-labeled with [g-32P]ATP using
T4 polynucleotide kinase and digested with the second enzyme, Xho 1 or Eco R1. The
probes were purified from a non-denaturing acrylamide gel by passive elution. The labeled
probes were partially methylated at purines using dimethylsulfate (DMS). 20 000 c.p.m.
of partially methylated probe was used in EMSA as described above. The free and the
retarded DNAs were visualized using autoradiography and purified by passive elution.
The DNAs were cleaved at guanine and adenine bases using 0.2 M of NaOH. The digested

products were analyzed on 12 % denaturing polyacrylamide.
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RESULTS

Monomers of Cut repeats do not efficiently bind to DNA. The DNA binding
properties of Cut repeats have previously been investigated using glutathione S-
transferase (GST) fusion proteins (3, 7, 19, 24, 25). Since GST fusion proteins exist as
dimers, these prior studies did not resolve whether individual Cut repeats can bind to
DNA (1, 24, 50). To address this issue, we expressed each Cut repeat as a fusion protein
with a histidine-tag (His) and assessed their DNA binding properties in electrophoretic
mobility shift assays (EMSA) using 29FP oligonucleotides encoding a CDP/Cux
consensus binding site, ATCGAT. Representative results using 10 ng of his-tagged
fusion proteins are shown in Fig. 1B. Similar results were obtained when the maltose
binding protein (MBP) was fused to either CR1, CR3 and CR3HD (data not shown).
When expressed as monomeric fusion proteins, none of the Cut repeats nor the Cut
homeodomain were able to bind efficiently to DNA (Fig. 1B, lanes 1-4). We then asked
whether various combinations of Cut repeats and the Cut homeodomain could bind to
DNA as monomers. The Cut repeats 1 and 2 (CR1+2), but not the Cut repeats 2 and 3
(CR2+3), were able to bind to DNA (Fig. 1B, lanes 5 and 6). In addition, each Cut repeat
bound to DNA when expressed together with the Cut homeodomain: CR1HD, CR2HD
and CR3HD (Fig. 1B, lanes 7-9). In the latter fusion proteins, the Cut repeat 3 and the
Cut homeodomain were maintained in the arrangement in which they exist in the CDP/Cux
protein. Thus, the result obtained with the CR3HD fusion protein most likely reflects
the activity of these domains in the context of the CDP/Cux protein. However, the same

cannot be said of CRIHD and CR2HD, because in these fusion proteins the
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homeodomain has been brought in close proximity to Cut repeat 1 or 2, unlike in the
original CDP/Cux protein. To verify whether the Cut repeats 1 and 2 could cooperate
with the Cut homeodomain in the context of the entire CDP/Cux protein, we engineered
larger fusion proteins in which the Cut repeats 2 and/or 3 had been precisely deleted,
keeping intact the linker regions between Cut repeats: CR1-L-L-HD and CR2-L-HD (Fig.
1A). These two fusion proteins were able to bind to DNA, indicating that the Cut
repeats 1 and 2 can cooperate with the Cut homeodomain even when positioned at a
distance from each other in the primary sequence (Fig. 1B, lanes 10 and 11). Whether
such cooperation can occur in the context of a full length CDP/Cux protein which contains
CR3 could not be demonstrated, because any DNA sequence that is recognized by
CRIHD or CR2HD is also bound by CR3HD (see discussion). In summary, when
expressed as monomers individual Cut repeats cannot bind to DNA but can do so in
conjunction with another Cut repeat or the Cut homeodomain. Therefore, at least two
DNA binding domains are necessary for DNA binding, and the combinations that work
are CR1+2, CR1HD, CR2HD and CR3HD.

CR1+2 binds to sequences containing two CA/GAT sites, organized either
as direct or inverted repeats, and separated by a variable number of nucleotides.
We have assessed the DNA binding specificity of CR1+2 by performing polymerase
chain reaction-mediated random oligonucleotide selection using oligonucleotides containing
random bases at 15 positions. Selected sequences were then analyzed in order to find the
best alignment and derive a consensus binding site. Strikingly, all selected binding sites
contained a CAAT or CGAT sequence almost invariably positioned at the beginning of

the random sequence, indicating that CA/GAT is a preferred binding site but that the
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flanking, non random, sequences also contribute to the binding site (Fig. 2A). For this
reason, we have included the last three non random bases in the compilation of selected
sequences. In addition, all selected binding sites contained a second CA/GAT sequence
(although sometimes with one mismatch), either as a direct or inverted repeat and
positioned at a variable distance from the first CA/GAT site. Consequently, the selected
sequences have been organized in two groups on the basis of whether the CA/GAT sites
occur as direct or inverted repeats. Thus, the derived consensus binding sites for CR1+2
include two half-sites organized as direct or inverted repeats: cCCA/GAT;)CA/GAT.

The consensus binding site for CR1+2 is quite different from the ATCGAT
consensus that was previously identified using GST fusion proteins (3, 7, 24). However,
we noted that the juxtaposition of two CGAT sites, as in the case of sequences where N
equals zero (N=0), reconstitutes the ATCGAT consensus binding site. Such a sequence
would be expected to be recognized by CR3HD, whereas other sequences where N is
superior to zero (N>0) would be bound by CR1+2 only. Indeed, CR1+2 bound well to
oligonucleotides where the CA/GAT sites were separated by either 0, 5 or 6 bases, but
CR3HD recognized only the N(g) oligonucleotide (Fig. 2B).

Monomers of CR1 or CR2 do not bind to a recognition site that is optimal
for CR1+2. We showed in Fig. 1B that monomers of CR1 or CR2 could not bind
efficiently to oligonucleotides containing the ATCGAT motif. This failure of Cut repeat
monomers to bind DNA could have resulted from the fact that the ATCGAT site is not
optimal for Cut repeats. To resolve this issue, we performed EMSA with
oligonucleotides encoding a consensus binding site for CR1+2. Monomers of CR1 or CR2

were compared with the CRI+2 bipartite domain. While CR1+2 generated a strong
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retarded complex in the nanomolar range, a monomer of CR1 produced only a faint
retarded complex when present in the 10-M range, and the CR2 monomer did not exhibit
any DNA binding (Fig. 2C). Altogether, results in Fig. 1B and 2C demonstrate that Cut
repeats do not efficiently bind to DNA as monomers.

CR1+2 binds to the ATCGAT binding site more efficiently when a second
CGAT motif is also present. In previous studies, the universal Cut repeat consensus
binding site was defined as ATCGAT (3, 6, 24). Indeed, CR1+2 bound well to the 29FP
oligonucleotide containing this motif (Fig. 1, lane 5). We reasoned that this
oligonucleotide was well recognized by CR1+2 because it contained one perfect CGAT
half-site (within the ATCGAT motif), and one imperfect inverted half-site, CGGT,
immediately upstream (Fig. 3A). To test this hypothesis, we generated two sets of
oligonucleotides which differed within the second half site. In one case, a point mutation
generated a second, perfect, CGAT site. As shown in Fig. 3, CR1+2 bound more
efficiently to this sequence (compare panels A and B). In the other case, two point
mutations created a GGGC motif, which diverged completely from the CGAT consensus.
CR1+2 bound the least efficiently to this sequence (Fig. 3, compare panel C with A and
B). In contrast, the affinity of CR3HD for the three sets of oligonucleotides did not vary
significantly (Fig. 3, compare panels D, E and F). These results demonstrate that the
affinity of CR1+2 for a given DNA sequence depends on the presence of two half-sites
that conform to the CA/GAT consensus.

CR1+2 and CR3HD exhibit similar DNA binding affinity but very different
DNA binding kinetics. Since the Cut repeats and homeodomain exist in their normal

configuration in the CR1+2 and CR3HD fusion proteins, we decided to characterize
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further their DNA binding properties. The DNA binding affinity of each fusion protein
for its consensus binding site was measured by calculating the apparent dissociation
constant (Kp), as described in Materials and Methods (Fig. 4). The apparent dissociation
constants were calculated by plotting the fraction of free DNA versus the log of protein

concentration. CR3HD and CR1+2 exhibited similar apparent dissociation constant (Kp)

for their respective consensus binding sites: 1.6 and 1.1 x 10-9 M (Fig. 4 and Table 1).

Whereas the off rate of CR1+2 was less than 1 min., the CR3IHD/DNA complex
was much more stable (Fig. 5 A and C). We considered the possibility that the low
stability of the CR1+2/DNA complex was due to the fact that this binding site was not
optimal. We thus recalculated the off rate, this time using the N(s) oligonucleotides
containing the CCAAT---ATTG sequence (note that ATTG is the reverse complement of
CAAT). Again, the retarded complex had completely disappeared 1 min. after addition of
the specific competitor DNA (Fig. 5 B). We conclude that a fast off rate is an intrinsic
property of CR1+2. The Cut homeodomain must be responsible for the increased
stability of the protein/DNA complex since CRIHD and CR2HD exhibited slower off
rates than CR1+2 (Fig. 5, D, E and A, respectively).

Another striking difference was observed with regards to the ON rate. Whereas
an equilibrium was reached within the first minute in the reaction with CRI1+2, the
intensity of the retarded complex continued to increase for at least 15 min. in the case of
CR3HD (Fig. 5 F and G). Thus, CR1+2 rapidly associates with DNA, while formation
of CR3HD/DNA complexes takes place much more slowly. As a result, even though the
CR1+2/DNA complex was very unstable, the rapidity with which CR1+2 bound to DNA

helps explain why its apparent Kp was not higher than that of CR3HD. In summary,
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CR1+2 and CR3HD exhibited strikingly different DNA binding kinetics: CR1+2 rapidly
bound to DNA, but just as rapidly dissociated from it. In contrast, CR3HD slowly
associated with DNA but remained bound to it for a much longer period of time.

CR3HD wraps around the DNA more than CR1+2. To understand the
difference in DNA binding kinetics between CR1+2 and CR3HD, we performed DNA
methylation interference assays. The most obvious differences were at the second and
fifth positions of the ATCGAT core, as indicated by the stars in Fig. 6A. Methylation at
these position interfered with CR3HD but not CR1+2 binding. In contrast, methylation
of the adjacent guanine residue interfered with both CR1+2 and CR3HD binding. Since
dimethylsulfate is known to methylate adenine at the N-3 position within the minor
groove, and guanine at the N-7 position within the major groove, these results suggest that
CR3HD makes contact within the minor and major groove at these positions, whereas
CR1+2 makes contact within the major groove only.

To confirm that CR1+2 and CR3HD make contact within the major groove at the
CG positions within the ATCGAT core, we performed EMSA using oligonucleotides in
which the G:C base pairs were replaced for C:I. The structure of the C:I base pair differs
from that of the C:G base pair only within the minor groove. Thus, these mutations
should not affect DNA binding by CR1+2 and CR3HD if indeed these proteins bind
within the major groove at these positions. This is exactly what was observed: CR1+2
and CR3HD efficiently bound to a DNA molecule containing the ATCIAT sequence in
place of ATCGAT (Fig. 6B, compare lanes 1 with 3, and 4 with 6). In contrast, a C:I base
pair differs from a T:A base pair only within the major groove. Thus, replacing the T:A

and A:T base pairs with C:I and I:C at the second and fifth position of the ATCGAT
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core, respectively, should abolish DNA binding if CR1+2 and CR3HD normally make
contact within the major groove at these positions. Indeed, CR1+2 and CR3HD did not
bind efficiently to a DNA molecule containing the ACCGIT sequence instead of
ATCGAT (Fig. 6B, compare lane 1 with 2, and 4 with 5).

Altogether results from methylation interference assays and EMSA with mutated
binding sites demonstrate that CR1+2 and CR3HD make contact within the major groove
at positions 2, 3, 4 and 5 of ATCGAT, and within the minor groove at position 1 and 6 of
ATCGAT (see diagram in Fig. 6C). The main difference was at the second and fifth
positions of ATCGAT. CR3HD makes contact within the major and minor grooves at
these positions whereas CR1+2 makes contacts only within the major groove. Thus,
CR3HD wraps around the DNA, at least to some extent, at these positions, whereas
CR1+2 interacts with only one side of the double helix. These differences in DNA
binding contacts are likely to explain the higher stability of the CR3HD/DNA complex as
compared to CR1+2.

CR1HD binds preferably to an ATCAAT site. DNA binding studies presented
in Fig. 1 demonstrated that CR1 can cooperate with the Cut homeodomain to form a
bipartite DNA binding domain. These results raised the possibility that the CDP/Cux
protein may exist in alternative conformations, one of which would favor the association
of the homeodomain with CR1 instead of CR3. To investigate this possibility, we would
need first to identify sequences that are recognized by CR1HD but not by CR3HD. To
this end, PCR-mediated site selection was performed with CR1HD. The derived
consensus binding site was ATCAAT, although a few of the selected sequences included

different bases at the two central positions of the ATNNAT core (data not shown). The
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same sequences were previously reported to be selected at high frequency by CR3HD
(24). Therefore, as of yet we do not know a DNA sequence that is recognized uniquely
by CRIHD. As a result, it is not possible to verify whether CDP/Cux may exist in
different conformational states.

The full length CDP/Cux exhibits limited cooperativity between CR1+2 and
CR3HD. We next investigated the DNA binding properties of the full length CDP/Cux
protein. To this end, the protein was purified as a histidine-tagged fusion protein using a
baculovirus expression system. A coomassie stain of the purified protein is presented
(Fig. 7A). Since CR1+2 and CR3HD can bind to distinct DNA sequences, we verified
whether the full length protein would bind with higher affinity to a DNA molecule
containing two binding sites, one for CR1+2 and one for CR3HD. EMSA were
performed with a series of double-stranded oligonucleotides containing either one or two
binding sites separated by varying distances. Oligonucleotides were designed such that
their total lengths did not vary by more than just a few base pairs. Judging from the
intensity of the retarded complexes, the full length CDP/Cux protein exhibited the highest
affinity for a DNA molecule, N19, containing two binding sites separated by 19 base
pairs (calculated from the center of each binding site) (Fig. 7B). The apparent dissociation
constants indicated that the affinity was approximately 3-fold higher for N19 (Kp(app.)
= 0.5 x 10-9 M), than for the single ATCGAT site (Kp(app.) = 1.6 x 10-° M). In
contrast, CR1+2 or CR3HD, when expressed separately, did not bind significantly better
to the DNA molecule containing two sites (Table 1). These results demonstrate that the

full length CDP/Cux protein is capable of cooperativity, albeit to a limited extent. The
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possible reasons for the lack of extensive cooperativity will be addressed in the
discussion.

The NF-Y (CCAAT) binding site is recognized by CR1+2, but not CR3HD,
CR2HD nor CR23HD. We asked which of the CDP/Cux DNA binding domains were
able to bind to a CCAAT site. First, EMSA were performed using CR1+2 or CR3HD
fusion proteins and oligonucleotides encoding either the ATCGAT site (29FP), the
CCAAT site, or both the CCAAT site and a CGAT site. The rationale for the design of
the latter oligonucleotides was that the optimal binding sequence for CR1+2, as
determined in Fig. 2, includes not just one but two CA/GAT sites. While both CR1+2
and CR3HD were able to bind to the ATCGAT sequence, only CR1+2 efficiently bound
to the single CCAAT site (Fig. 8, panels A to F). Importantly, replacement of two bases
to create a second CA/GAT site (CCAAT+CGAT) greatly increased the affinity of
CR1+2 for the oligonucleotides (Fig. 8, panels B and C; see also Table 1). Thus, CR1+2
binds with higher affinity than CR3HD to a prototype CCAAT site, and the affinity of
CR1+2 for this site is further increased when a second CA/GAT sites is present. These
results are in agreement with the findings of several studies which reported the presence
of more than one CCAAT-like sequence within promoters that are regulated by the
CCAAT-displacement activity (2, 9, 23, 32, 33, 36, 43, 46, 48, 51, 53). Importantly,
fusion proteins containing CR2 and the Cut homeodomain, CR2ZHD and CR23HD, did
not efficiently bind to the CCAAT sites although they could bind to ATCGAT (Fig. 8,
panels G to L). Thus, in contrast to previous claims, the CCAAT-displacement activity
does not involve cooperation between the Cut repeat 2 and the Cut homeodomain (3).

Altogether, these results suggest that the CCAAT-displacement activity of CDP/Cux is
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provided by CR1+2 and is optimized by the proximity of another half-site, CAAT or
CGAT.

The full length CDP/Cux displays DNA binding kinetics and specificity
similar to that of CR1+2. To confirm that CR1+2 is active in the context of the full
length CDP/Cux protein, we tested whether the protein could bind to the CCAAT and
CCAAT+CGAT DNA sequences, two sites that are well recognized by CR1+2 but not
by CR3HD. The full length CDP/Cux protein efficiently bound to these DNA sequences
(Fig. 8, panels N and O; see also Table 1). Moreover, CDP/Cux displayed DNA binding
kinetics essentially similar to that of CR1+2 (Fig. 9, A and B). It rapidly formed a
complex with DNA and it rapidly dissociated from it. Altogether, these results suggest
that the CR1+2 domains are active in the context of the full length protein and play an
important role in determining the DNA binding kinetics and specificity of CDP/Cux.

CR1+2 is responsible for the CCAAT-displacement activity of CDP/Cux.
The results accumulated so far suggested that the CCAAT-displacement activity would
require the presence of another half site, CAAT or CGAT, and would involve
competition by CR1+2. To confirm these hypotheses, we analyzed binding to the
CCAAT site using nuclear extracts from NIH3T3 cells. With a probe that contained
CCAAT plus an CGAT motif, two main retarded complexes were observed (Fig. 104,
lane 2). The fast migrating complex disappeared in the presence of anti-NF-Ya antibodies,
while antibodies against CDP/Cux caused a supershift of the slower migrating,
demonstrating that these two complexes contained NF-Y and CDP/Cux, respectively (Fig.
10A, lanes 3 and 4). The slow migrating CDP/Cux complex was not observed with a

probe containing a simple CCAAT site, indicating that CDP/Cux does not efficiently bind
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to a CCAAT site in the absence of a second half site (Fig. 10A, lanes 6-8). In contrast,
with a CCAAT--CGAT probe, overexpression of CDP/Cux led to an increase in the
intensity of the slow migrating complex with a corresponding decrease of the NF-Y
complex (Fig. 10B, lanes 1 and 2). As expected, the CCAAT-displacement activity was
abolished by adding an excess of cold oligonucleotides containing a CDP/Cux consensus
binding site (Fig. 10, lanes 2 and 3). These results confirm that the CCAAT-displacement
activity is strengthened by the presence of a CA/GAT motif at close proximity. We then
verified whether the addition of purified CR1+2 or CR3HD to the nuclear extract would
similarly compete with NF-Y. Purified CR3HD did not bind to the CCAAT--CGAT
probe (Fig. 10C, lane 5), and addition of CR3HD to the nuclear extract did not
significantly affect any of the retarded complexes (Fig. 10, lanes 6-8). In contrast, 1 ng of
CR1+2 produced a strong retarded complex, and addition of the same amount of CR1+2
to the nuclear extract was sufficient to decrease both the CDP/Cux and NF-Y retarded
complexes (Fig. 10C, lanes 2 and 3). Altogether, these results demonstrate that Cut

repeats 1 and 2 are responsible for the CCAAT-displacement activity of CDP/Cux.

64



Chapter II - Manuscript

DISCUSSION

Cut proteins belong to a novel class of homeodomain proteins that exhibit the
unique feature of containing multiple DNA binding domains. In previous studies, the
DNA binding properties of various GST/Cut repeat fusion proteins were analyzed (3, 7,
19, 24, 25). However, GST fusion proteins were shown to exist as dimers, a property
which may have affected their interaction with DNA (1, 24, 50). Moreover, how the
native Cut protein interacts with DNA using four DNA binding domains, has not been
thoroughly investigated. In the present study, we analyzed monomeric histidine-tagged
fusion proteins containing one or two Cut DNA binding domains. We then investigated
the properties of the full length CDP/Cux protein, either as a purified protein from a
Baculovirus expression system, or as an endogenous protein present in nuclear extracts
from NIH3T3 cells. These experiments have established that a single Cut repeat does not
efficiently bind to DNA as a monomer (Fig. 1B and 2C). However, a Cut repeat can
efficiently bind to DNA in cooperation with either another Cut repeat or with the Cut
homeodomain. The combinations that worked best were CR1+2, CR1HD, CR2HD and
CR3HD. Thus, not only can CR3 cooperate with the homeodomain, but also CR1 and
CR2, even when positioned at a distance from the homeodomain. Obviously, the linker
regions between the Cut repeats and the Cut homeodomain allow sufficient flexibility to
permit interactions between different Cut repeats and the homeodomain. We can
therefore envisage, at least in theory, multiple modes of DNA binding by CDP/Cux.
However, the demonstration that CR1 or CR2 can interact with HD when CR3 is also
present in the protein would require that we use a binding site that is recognized by

CR1HD or CR2HD, but not by CR3HD. Unfortunately, such a binding site does not
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exist because the DNA binding specificities of the various Cut repeats are not different
enough.

While CR1 and CR2 were able of cooperative DNA binding, CR2 and CR3 were
not. This was surprising, in light of the fact that CR2 was able to interact with either
CR1 or HD, that CR3 could interact with HD, and that each Cut repeat can cooperate
with itself when expressed as a GST homodimer (3, 6, 24). We have considered the
possibility that the failure of CR2+3 to bind to DNA resulted from the fact that we did
not use an optimal binding site for this particular combination. However, using PCR-
mediated site selection, we have not been able to pull out high affinity binding sites for
CR2+3, even after seven amplification/selection cycles. These results lead us to conclude
that some intrinsic properties of CR2 and CR3 or the linker region between them do not
permit a functional association between these two domains.

In contrast, the linker region between CR1 and CR2 appears to be highly flexible
since the optimal binding sites as defined in PCR-mediated site selection contained two
CA/GAT sites organized either as direct or inverted repeats. Moreover, the distance
between these two sites could be varied (within the limits of the random sequence)
without affecting the efficiency of DNA binding. Thus, CR1 and CR2 can exist in
multiple configurations in relation to one another. Although we did not determine the
upper limit of the distance between two CA/GAT sites, it is likely that CR1+2 are able to
accommodate a fairly large distance since cooperative binding to CCAAT sites at a
distance has been reported for the gp91phox gene promoter (43).

The kinetics of DNA binding by CR1+2 and heterodimers made of one Cut repeat

and the Cut homeodomain were very different. CR1+2 displayed rapid on and off-rates,
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whereas much slower on and off-rates were observed when the Cut homeodomain was
tested in association with any of the Cut repeats. The results from methylation
interference assays suggested that the differences in binding kinetics is due to the fact that
CR1+2 binds the second and fifth positions of ATCGAT only within the major groove,
while CR3HD is able to make contacts both within the major and minor grooves. This
latter findings is in agreement with the crystal structure of the Pou domain and Pou
homeodomain in association with their binding site (5, 34). In this complex, the Pou
homeodomain was found to wrap around the double helix and make contact within the
minor groove.

The results from PCR-mediated site selection indicated that CR1+2 binds with
higher affinity to DNA sequences containing two CA/GAT sites in either orientations.
Since the CAAT sequence is part of the consensus NF-Y binding site, our results
suggested that CR1+2 would bind with high affinity to this site when a second CAAT or
CGAT site was present. Indeed, our results confirmed this prediction. In contrast,
CR3HD preferred ATCGAT or ATCAAT, and did not bind if the CAAT sequence was
not preceded by AT (24). Similarly, CR2ZHD and CR23HD efficiently bound to
ATCGAT but not to the NF-Y binding site. These results are in disagreement with
previous claims that the CCAAT-displacement activity involves cooperation between the
Cut repeat 2 and the Cut homeodomain (3). Our results clearly demonstrate that the
CCAAT-displacement activity involves CR1+2 without the participation of the Cut
homeodomain. It is important to note, however, that the efficiency of the CCAAT-
displacement activity will not be the same on all promoters containing a CCAAT site, and

will rely on the presence of a second CAAT or CGAT site. The strength of the CCAAT-
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displacement activity will be maximal when two perfect half sites are present, and will
decrease when one or both half sites diverge from the consensus binding site. In
agreement with this prediction, we note that all promoters so far characterized as being
regulated by a CCAAT displacement activity indeed contain two CA/GAT sites (see
Table 2) (2, 9, 23, 32, 33, 36, 43, 46, 48, 51, 53). Moreover, in EMSA with DNA
sequences from these promoters, detection of a CDP/Cux retarded complex required that a
fairly long piece of DNA be used as a probe. In retrospect, we interpret these results to
mean that a single CCAAT site was not sufficient for CDP/Cux binding.

Our results revealed that cooperation between various CDP/Cux DNA binding
domains can generate at least two DNA binding activities with distinct binding Kinetics
and specificities (Fig. 11). On the one hand Cut repeats 1 and 2 bind rapidly but
transiently to sequences containing two CA/GAT sites in either orientation. On the other
hand, Cut repeat 3 and the Cut homeodomain can form a stable complex with the
ATCGAT DNA sequence (Fig. 11). Moreover, we were able to show that the purified
full length protein binds with higher affinity to oligonucleotides containing two binding
sites (Fig. 7). Thus, the two bipartite domains CR1+2 and CR3HD can cooperate, albeit
weakly, to bind to DNA. Surprisingly, however, in vitro the full length Cut protein
bound with kinetics similar to that of CR1+2, with fast on and off rates (Fig. 9).
Although a fast on rate was to be expected because of CR1+2, the simultaneous presence
of CR3HD should have stabilized the protein on DNA. These results suggest the
possibility that CR3HD is not very active in the context of the full length CDP/Cux
protein. This would help explain the lack of extensive cooperativity as noted above.

While such behavior by CDP/Cux in cells could be explained by invoking the
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phosphorylation of the homeodomain during the G1 phase of the cell cycle, the same
explanation cannot hold in the case of the purified full length protein which was
dephosphorylated in vitro prior to DNA binding (21). We considered the possibility that
CR1+2, in a manner /analogous to HMG proteins, may impart a conformational change to
DNA that would cause the quick release of CR3HD from its adjacent binding site (15, 47,
49). But when tested as individual proteins, CR1+2 and CR3HD were able to bind
simultaneously to the N19 probe which contains binding sites for both proteins (data not
shown). Therefore, CR1+2 does not prevent the stable binding of CR3HD to an adjacent
site. Our results instead suggest that something else, perhaps some conformational
constraint, prevents CR3HD from binding to DNA with high affinity in the context of the
purified full length protein. Yet, the same protein when present within nuclear extracts in
S phase can stably bind to DNA (21). The molecular basis for this discrepancy is not
known, however, our results clearly point to a difference in the behavior of the CDP/Cux

protein in vitro and in nuclear extracts.
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Figure 1. Electrophoretic mobility shift assay of CDP/Cut fusion proteins.

(A) Schematic representation of CDP/Cut fusion proteins. Fusion proteins were expressed
in bacteria as His-tagged fusion proteins. (B) Radiolabeled 29FP oligonucleotides encoding
the CDP/Cut consensus site, ATCGAT, were incubated either alone or with 10 ng of
purified fusion proteins at room temperature for 15 min. and resolved on a non denaturing
polyacrylamide gel. Note that lane numbers in (B) correspond to the fusion proteins shown

in (A).
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Figure 2. Compilation of sequences selected by CR1+2.

(A) DNA sequences were selected using purified his-tagged CR1+2 and PCR-generated
random oligonucleotides, as described in Material and Methods. After five rounds of
selection, selected oligonucleotides were cloned and analyzed by DNA sequencing. The
DNA sequences were organized to fit the best possible alignment. On the basis of the
frequency of each nucleotide at each position, a core consensus sequence was deduced.

(B) Radiolabeled oligonucleotides encoding sequences selected by CR1+2 were incubated
with 100 ng of the indicated fusion protein at room temperature for 15 min. and resolved on
a non denaturing polyacrylamide gel.

(C) Radiolabeled oligonucleotides encoding the CR1+2 consensus site (CAAT--CGAT)
were incubated with decreasing concentrations of monomers of CR1, CR2 or CR1+2 at

room temperature for 15 min. and resolved on a non denaturing polyacrylamide gel.
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Figure 3. CR1+2, but not CR3HD, binds better to ATCGAT oligonucleotides that
contain an additional CGAT motif.

Radiolabeled oligonucleotides encoding the ATCGAT site with various flanking sequences
were incubated either alone or with 10 ng of purified CR1+2 fusion proteins at room
temperature for 15 min. and resolved on a non denaturing polyacrylamide gel. On the left,
the original 29FP oligonucleotides containing the ATCGAT site also includes the sequence
CGGT, which closely resembles the CGAT consensus half-site for CR1+2. In the middle
and on the right, point mutations were introduced in the second half-site either to produce a

perfect CGAT (middle) or make a degenerate half-site, GGGC (right).
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Figure 4. Apparent dissociation constants (Kp) of CR1+2 and CR3HD for their
respective binding sites.

(A) EMSA: ten pM of radiolabeled oligonucleotides encoding either the CR3HD or the
CR1+2 consensus binding sites was incubated with decreasing concentrations of CR3HD or
CR1+2 fusion proteins and analyzed in EMSA as in Fig. 1. The percentage of free DNA
(relative to the amount in the lane with no protein added) was plotted against the log of

protein concentration to obtain the apparent dissociation constant, Kp(app).
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Figure 5. Off and on rates of CR1+2, CR1HD, CR2HD and CR3HD.

(A-E) 100 ng of the indicated fusion protein was incubated with radiolabeled
oligonucleotides at room temperature until the equilibrium was reached (15 min.). 1000
fold molar excess of unlabeled oligonucleotides was added, and at the indicated time points
aliquots of the mixture were taken and analyzed in EMSA as in Fig. 1. Oligonucleotides
encoding the ATCGAT site were used in panels A, C, D and E, while the N(5) site, CAAT-
-ATTG (see Fig. 2B), was used in panel B.

(F-G) 100 ng of either CR1+2 (A) or CR3HD (B) fusion protein was mixed with
radiolabeled oligonucleotides encoding the ATCGAT site. The incubation took place at
4°C and at the indicated times aliquots of the mixture were taken and analyzed in EMSA as

in Fig. 1.
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Figure 6. Methylation interference assay of CR1+2 and CR3HD.

(A) A DNA fragment containing the ATCGAT site was end labeled within the upper or
lower strand, partially methylated and used in EMSA with either CR1+2 or CR3HD fusion
proteins. The free and bound DNA molecules were separated by PAGE and purified. Free
DNA (F), bound DNA (B) and the probe before EMSA (P) were digested with NaOH and
resolved on a 12% denaturing polyacrylamide gel.

(B) The ATCGAT binding site was mutated as shown and the mutated oligonucleotides
were tested in EMSA with CR1+2 (lanes 1, 2, and 3) and CR3HD (lanes 4,5, and 6).

(C) Diagram showing the contact points made by CR1+2 and CR3HD within the major and
minor grooves of the ATCGAT core sequence. Note that, in contrast to CR1+2, CR3HD

makes contact within the minor groove at the second and fifth position.
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Figure 7. Cooperative DNA binding by the full length CDP/Cut protein.

(A) The his-tagged full length CDP/Cut protein was expressed and purified from SF9 insect
cells. The purified protein was analyzed on a 8% polyacrylamide gel and stained with
Coomassie blue. (B) Following treatment with calf intestinal phosphatase, 10 ng of
purified CDP/Cut was tested in EMSA with radiolabeled oligonucleotides encoding a
single binding site, either ATCGAT (lane 1) or CGATATCG (lane 6), or these two binding
sites separated by varying distance (lanes 2 to 5). The number of base pairs from the middle

of one binding site to the middle of the second site is indicated at the top of each lane.
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Figure 8. The NF-Y (CCAAT) binding site is recognized by CR1+2, but not CR3HD,
CR2HD nor CR23HD.

Radiolabeled oligonucleotides encoding the ATCGAT site (29FP) or the NF-Y consensus
binding site (CCAAT) flanked or not with a CGAT site were incubated with decreasing
concentrations of various CDP/Cut fusion proteins at room temperature for 15 min. and

resolved on a non denaturing polyacrylamide gel.
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Figure 9. On and off rates of full length CDP/Cut.

100 ng of dephosphorylated full length CDP/Cut was incubated with radiolabeled 29FP
oligonucleotides encoding the ATCGAT site.

(A) The incubation took place at 4°C and at the indicated times aliquots of the mixture
were taken and analyzed in EMSA as in Fig. 1.

(B) The incubation took place at room temperature until the equilibrium was reached (15
min.). 1000 fold molar excess of unlabeled oligonucleotides was added, and at the
indicated time points aliquots of the mixture were taken and analyzed in EMSA as in Fig.

1.
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Fig. 10 CR1+2 is responsible for the CCAAT-displacement activity of CDP/Cut.

(A) Nuclear extracts from NIH3T3 cells were tested in EMSA with oligonucleotides
encoding the NF-Y consensus binding site, CCAAT, either alone or flanked with a CGAT
motif. The DNA and proteins were incubated with either no antibody (lanes 1, 2, 5 and 6 ),
anti-CDP/Cut antibodies (lanes 3 and 7) or anti-NF-Ya antibodies (lanes 4 and 8). The
positions of known retarded complexes are indicated by the arrows.

(B) NIH3T3 cells were transfected with a vector encoding either nothing or the CDP/Cut
protein. Whole cell extracts were prepared 48 hours later and tested in EMSA using
oligonucleotides encoding both the CCAAT and CGAT motifs. In lane 3, the incubation
took place in the presence of 100-fold excess of oligonucleotides encoding both ATCGAT
and CGAT motifs.

(C) EMSA were performed as in (A) except that purified fusion proteins were added to the

reaction as indicated.
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Figure 11. Modes of DNA binding by CDP/Cut.
Schematic diagrams of the two modes of DNA binding by CDP/Cut. The CCAAT-

displacement activity involves CR1+2, whereas stable DNA binding to ATCGAT involves

CR3HD.
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Table 1
Apparent KD of CDP/Cut DNA binding domains for various DNA sequences
29FP N19 NF-Y+CGAT NF-Y
CGGT- ATCGAT- CCAAT- CCAAT
ATCGAT | CGAT-CGAT CGAT

CR1+2 0.9 X 109 1.1X10° 6.7 X 109

CR3HD 1.6 X 109 1.8 X 109

CDP/Cut 1.6 X 109 0.5 X 109 1.9 X 109 8.2 X107
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CDP Binding Sites Reported in the Literature

GP91phox CAGTTCCAATGATTATTAGCCAATTTCTGATAAAAGA
NCAM AAAATCGAACCGAATCTAAAATT

hTPH CAGGTCATTGTGTCGATAATAGGCGTTATCT

H4 GTTTTCAATCTGGTCCGATACTCTT

H2B-1 (Sea Urchin) TGATTGGTAGATTATCATTCGCGCTGAT

TK CCGGGCGCTGATTGGCCCCATGGCGGC

CGGCTCGTGATTGGCCAGCA

H2a H2B (Xenopus laevis)

GGGTGCGAGGAAGCCTAACCAATCGGCA
GACACTGATTCCCATTGGCTGGG

v-Globin

CTTGACCAATAGCCTITGACAAGGCAAACTTGACCAATA
G
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Chapter II1 S Phase-Specific Proteolytic Cleavage Is Required to Activate Stable
DNA Binding by the CDP/Cux Homeodomain Protein.

Reproduced with permission from Moon, NS., Premdas, P.D., Truscott, M., Leduy, L.,

Bérubé, G., and Nepveu A. (2001). S Phase-Specific Proteolytic Cleavage Is Required to
Activate Stable DNA Binding by CDP/Cux. Mol. Cell. Biol. 21(18):6332-45. Copyright 2001

the American Society for Microbiology

Preface

Since full length CDP/Cux protein contains four DNA binding domains, CR1, CR2,
CR3, and HD, it is expected to display the DNA binding characteristic of both CR1+2 and
CR3HD. In the previous chapter, full length CDP/Cux was found to posses DNA charac-
teristic similar to that of CR1+2 in vitro. However, the off-rate experiment indicated that
DNA binding activity of CR3HD, stable binding to DNA, is near inactive. This was sur-
prising finding considering the fact that strong DNA binding to ATCGAT, a consensus
binding site of CR3HD, by CDP/Cux is readily detected from a cellular extract. Interest-
ingly, the previous study also demonstrated that this stable DNA binding activity of
CR3HD is regulated in a cell cycle dependent manner and strongest in S-phase. In this
manuscript, one of the key steps to expose the stable DNA binding activity by CDP/Cux in

a cell cycle dependent manner is discussed.
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ABSTRACT

The CCAAT-displacement protein (CDP), the homologue of the Drosophila mela-
nogaster Cut protein, contains four DNA binding domains that function in pairs. Coopera-
tion between the Cut repeat 3 and the Cut homeodomain (CR3HD) allows stable DNA
binding to the ATCGAT motif, an activity previously shown to be upregulated in S phase.
Here, we showed that the full length CDP/Cut protein is incapable of stable DNA binding,
and that the ATCGAT binding activity present in cells involves a 110 kDa carboxy-
terminal peptide of CDP/Cut. A vector expressing CDP/Cut with Myc and HA epitope
tags at either end generated N- and C-terminal products of 90 and 110 kDa, suggesting that
proteolytic cleavage was involved. In vivo pulse/chase labeling experiments confirmed that
the 110-kDa protein was derived from the full length CDP/Cut protein. Proteolytic proc-
essing was weak or not detectable in GO and G1, but increased in populations of cells en-
riched in S phase, and the appearance of the 110-kDa protein coincided with the increase in
ATCGAT DNA binding. Interestingly, the amino-truncated and the full-length CDP/Cut
isoforms exhibited different transcriptional properties in a reporter assay. We conclude that
proteolytic processing of CDP/Cut at the G1/S transition generates a CDP/Cut isoform
with distinct DNA binding and transcriptional activities. These findings, together with the
cleavage of the Sccl protein at mitosis, suggest that site-specific proteolysis may play an

important role in the regulation of cell cycle progression.
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INTRODUCTION

Genetic studies in Drosophila indicated that cut plays an important role in deter-
mining cell-type specificity in several tissues (reviewed in (35). Defects caused by Cut mu-
tations appear to result from the fact that some cells have enrolled in the wrong develop-
mental program (6, 8-10, 12, 13, 24, 29-31). In higher vertebrates, Cut proteins were origi-
nally characterized as CCAAT-displacement proteins (CDP), and have been termed CDP
(CCAAT displacement protein), Clox (Cut-like homeobox), Cux-1 (Cut homeobox), and
CDP-2 (2, 36, 43, 50).

CDP/Cut proteins are unique in that they contain four DNA binding domains: the
Cut homeodomain (HD) and the three Cut repeats (CR1, CR2 and CR3), three regions of
~70 amino acids that share from 52 to 63% amino-acid identity with each other (1, 3, 7, 20,
21, 36). Using a panel of fusion proteins, we have shown that a Cut repeat cannot bind to
DNA as a monomer, but that certain combinations of domains exhibit high DNA binding
affinity: CR1+2, CR3HD, CRIHD and CR2HD (33). CR1+2 displayed rapid on and off-
rates, and bound preferably to two CAAT or CGAT sites, organized as direct or inverted
repeats. Accordingly, only CR1+2 was able to bind to the CCAAT sequence, and its affin-
ity was increased by the presence of a CA/GAT site at close proximity. Moreover,
CR1+2, but not CR3HD, was able to displace the NF-Y factor. Thus, the CCAAT-
displacement activity involves Cut repeats 1 and 2, but not the Cut homeodomain. In con-
trast, various combinations involving the Cut homeodomain and one Cut repeat were found
to make a stable interaction with ATNNAT motifs. In particular, CR3HD stably bound to
DNA, preferably with the ATCGAT sequence. CDP/Cut proteins were generally

found to function as transcriptional repressors (2, 17, 27, 28, 32, 38, 40, 43). In addition,
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CDP/Cut may also be able to participate in gene activation on specific promoters (45, 50),

Indeed, CDP/Cut was found to be a component of the promoter complex HiNF-D, which is
believed to contribute to the transcriptional induction of several histone genes at the G1/S
phase transition of the cell cycle (5, 44, 45). In this instance, transcriptional activation
could not be demonstrated in co-transfection assays, but it was proposed that the regula-
tory effect of CDP/Cut on transcription might vary depending on the proteins with which it
interacts (45). In particular, supershift assays using antibodies against pRb-related proteins
suggested that CDP/Cut might alternatively interact with pRb or p107 on different promot-
ers (45).

We have recently obtained evidence that CDP/Cut may play an important role in
cell cycle progression (16). Using the ATCGAT site as a probe, little CDP/Cut DNA
binding was detected in GO and early G1, unless cell extracts were previously treated with
alkaline phosphatase. In contrast, strong DNA binding was observed in S phase. This was
shown to result, at least in part, from dephosphorylation of the Cut homeodomain by the
Cdc25A phosphatase. Thus, apart for cdk2, CDP/Cut is the only known substrate for
Cdc25A, a phosphatase that is required for G1/S transition, and whose overexpression trig-
gers S phase entrance (11, 25, 46). The increase in CDP/Cut activity coincided with a de-
crease in p21 WAF1/CIP1/SDI1 ;n\RNAs. In co-transfection experiments, CDP/Cut repressed
a reporter controlled by the p21 promoter, whereas an antisense CDP/Cut vector restored
p21 expression in S phase. Moreover, p21 expression was repressed equally well by either
Cdc25A or CDP/Cut. Altogether, these results led us to propose a model whereby Cdc25A
activates the CDP/Cut repressor that subsequently down-regulates transcription of p21 in S

phase.
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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 (4, 15, 19, 42). In the field of transcrip-
tion, proteolytic processing of transcription factors was shown to redirect the localization
of these proteins or to generate specific isoforms with distinct biochemical properties (4,
14, 18, 22, 47, 49).

The present study was triggered by a surprising result. We found that a purified
CDP/Cut protein exhibited DNA binding properties similar to that of CR1CR2, suggesting
that CR3HD was weakly or not active in the context of the full-length protein. Moreover,
in mammalian cells the ATCGAT binding activity that is upregulated in S phase could be
supershifted with C-terminal, but not with N-terminal-specific anti-CDP/Cut antibodies.
Further investigation led to the discovery that the full length CDP/Cut protein is prote-
olytically cleaved to generate N-terminal and C-terminal peptides of 90 and 110 kDa, and
that processing is regulated during cell cycle progression. Interestingly, the full-length and
110 kDa CDP/Cut isoforms displayed different effects in a reporter assay suggesting that
processing of CDP/Cut serves to generate an isoform with distinct transcriptional proper-

ties.
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MATERIALS AND METHODS

Plasmid Construction. For expression of the full length CDP/Cut protein in SF9 insect
cells, nt 27-5101 from the human CDP/Cut cDNA (GenBank, accession No. M74099)
were inserted into the pBlueBac His2b (InVitrogen)T™™, The resulting plasmid was cotrans-
fected with a helper plasmid to obtain Baculoviruses expressing CDP/Cut with a histidine
tag at the amino-terminus. The DNA polymerase alpha/luciferase reporter construct was
prepared as follows. PCR-amplification was performed to obtain a fragment of genomic
DNA containing nt 56 to 1657 of the human DNA polymerase alpha gene 5’ end (GenBank
# M64481). The primer at the 5* and 3’ ends included EcoRI and BamH] sites, respec-
tively, to allow cloning into the pBluescript KS vector (Stratagene). An EcoRV-Ncol frag-
ment, including nt 56 to 1621 of the DNA polymerase alpha gene, was then subcloned into
the corresponding sites of the luciferase reporter vector, pGL3 (Promega). The resulting
plasmid contains sequences from -1517 to +49 relative to the transcription initiation site of

the DNA polymerase alpha gene.

Expression and purification of CDP/Cut fusion proteins. The his-tagged CR1CR2,
CR3HD and full-length CDP/Cut have been described previously (33). ET-15b derived
vector were introduced into the BL21(DE3) of E.coli and induced with IPTG. SF9 insect
cells were infected with Baculovirus encoding his-CDP/Cut and incubated for 3 days. The
fusion proteins were purified by affinity chromatography using procedures provided by the

suppliers.
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Cell culture and synchronization.

NIH3T3, HeLa cells and HS578T cells were grown in DMEM medium supplemented with
10% fetal bovine serum (FBS) and 293 cells, in DMEM with 10% horse serum. To obtain
cells in GO using the serum starvation/stimulation method, NIH3T3 cells were maintained
for 3 days in DMEM plus 0.4% FBS (Serum Oh). The medium was then changed for
DMEM plus 10% FBS and cells were harvested either, 3 hours later to obtain cells in early
G1 (Serum 3h), 10 hours for mid-G1 or 18 hours of S phase. Synchronization in G1/S was
performed using the double thymidine procedure (39). Cells were cultured overnight in
DMEM plus 10% FBS supplemented with 2 mM thymidine, washed the next day, cul-
tured for 10 hours in DMEM plus 10% FBS and finally further incubated overnight in the
presence of 2 mM thymidine (Thymidine Oh). To allow celis to progress in the cell cycle,
the medium was replaced with DMEM plus 10% FBS and cells were harvested three hours

later (Thymidine 3h). FACS analysis was performed as previously described (16)

Preparation of nuclear extracts. Nuclear extracts were prepared according to the proce-
dure of Lee et al., except that nuclei were obtained by submitting cells to 3 freeze/thaw cy-
cles in buffer A (10 mM Hepes, pH 7.9, 10 mM KCI, 1.5 mM MgCl,, 1 mM DTT) (26).
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.) and incubated at 4 °C for 30 min. After 15 min.
of centrifugation, the supernatant was collected. Buffers A and C were supplemented with
protease inhibitor mix tablet purchased from Roche. Total extracts were prepared by ap-
plying buffer X (50 mM Hepes, pH 7.9, 0.4 M KCl, 4 mM NaF, 4 mM NazVOy, 0.2 mM

EGTA, 0.2 mM EDTA, 0.1% NP-40, 10 % glycerol, 0.5 mM DTT, Protease inhibitor mix
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tablet from Roche) to a monolayer plate. After 10 min. incubation on ice, the resulting

slurry was centrifuged for 15 min at 4 °C and the supernatant was collected.

Electrophoretic mobility shift assay (EMSA). EMSA were performed with 2 to 5 pg of
nuclear extract from mammalian cells. The samples were incubated at room temperature for
5 min. in a final volume of 30 ul of 25 mM NaCl, 10 mM Tris, pH 7.5, 1 mM MgCl,, 5
mM EDTA, pH 8.0, 5 % of glycerol, ] mM of DTT, with 30 ng of poly dIdC and 30 pg of
BSA as nonspecific competitors. End-labeled double stranded oligonucleotides (~10 pg)
were added and further incubated for 15 min. at room temperature. Samples were loaded on
a 5% or 4% polyacrylamide gel (30:1) and separated by electrophoresis at 8V/cm in 0.5 x

Tris borate-EDTA. Gels were dried and visualized by autoradiography.

Oligonucleotides. The sequences of oligonucleotides used in this study are as follows:
Universal CDP/Cut consensus binding site, CGATATCGAT,

TCGAGACGATATCGATAAGCTTCTTTTC. ATCGAT,

TCGAGACGGTATCGATAAGCTTCTTTTC.

CDP/Cut antibodies and Western blot analysis. To generate polyclonal antibodies
against various regions of CDP/Cut (1505 a.a.), rabbits were injected with 500 pg of puri-
fied bacterial fusion protein containing various regions of CDP/Cut in Freund's complete
adjuvant. The oN was raised against amino acids (a.a.) 227 to 1003; 861, a.a. 861 to 936.
The animals were boosted twice with 250 ug of protein, and serum was collected 10 days

after the last boost. Polyclonal antibodies were purified by affinity chromatography. The

104



Chapter III - Manuscript

serum was passed through two GST affinity columns and the flow-through was then ap-
plied to a GST-CDP/Cut affinity column to isolate antibodies against CDP/Cut. To gener-
ate N-term antibodies, the N serum was immunodepleted by passing through a column con-
taining GST-CDP/Cut 861-936 and GST-CDP/Cut 940-1036. For Western blot analysis,
protein extracts were recovered as described above and separated by electrophoresis on 8%
(Fig. 2) or 6% polyacrylamide gels. Western blot analysis with aCut 861 and aCut N-term
was performed as previously described (16). Western blot analysis for Myc and HA epi-
topes were done with minor modification. For the primary antibody incubation, aMyc or
aHA antibodies were incubated with the membrane in TBST (10 mM Tris pHS, 150 mM
NaCl , 0.1% Tween) for 1 hour at room temperature. After four 10 min. washes with
TBST, secondary antibodies were added to membrane in TBST and incubated for 45 min. at
room temperature. Following four 10 min. washes with TBST, proteins were visualized

with the ECL system from Amersham.

DNA affinity chromatography. A 5'biotinylated oligonucleotide containing an ATCGAT
site was annealed with its unlabeled complementary oligonucleotide and bound to strep-
tavidine agarose beads for one hour in EMSA reaction buffer. 100 pug of HeLa nuclear ex-
tract were precleared with streptavidine agarose beads for one hour and added to strep-
tavidine-biotin-DNA beads and incubated for one hour in EMSA buffer. The DNA-
protein-beads complex was washed three times for 5 min. with EMSA buffer at 4C°, re-

solved by SDS-PAGE and visualized by western blot analysis.

Luciferase assays
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HS578T cells were plated at 1x10° cells per 22.1 well. The next day, a total amount of 1.5
ug of DNA was transfected including 0.5 ug of reporter DNA and increasing amount of ef-
fector DNA using ExGen500 (MBI, Fermentas). Each transfection was carried in 6 sepa-
rate wells. Cells were harvested 40 hours later: cells from 3 wells served to prepare sepa-
rate cytoplasmic extracts for luciferase assay, and cells from 3 other wells serve to prepare
total extracts for Western blot analysis. Luciferase assays were performed as previously
described with minor modifications (16). Because the internal control plasmid is itself often
repressed by CDP/Cut, as a control for transfection efficiency the purified B-galactosidase
protein (Sigma) was included in the transfection mix, as previously described (23). The lu-

ciferase activity was then normalized based on -galactosidase activity.
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RESULTS

The full-length CDP/Cut protein exhibits DNA binding kinetics similar to
that of CR1CR2. The CDP/Cut protein contains four DNA binding domains: CR1, CR2,
CR3 and HD. We have previously shown that two DNA binding domains are required for
efficient DNA binding, and that the two most efficient combinations, CRICR2 and
CR3HD, exhibit different DNA binding specificities and kinetics (33). Whereas CR1CR2
only transiently bound to sequences containing direct or inverted repeats of the CGAT or
CAAT motifs, CR3HD made a stable interaction with the ATCGAT sequence. To analyze
DNA binding by the full length CDP/Cut protein, we designed oligonucleotides that can be
recognized both by CRICR2 and CR3HD. Oligonucleotides containing the
CGATATCGAT sequence were recognized efficiently by CR1CR2 since two CGAT direct

repeats are present (CGATATCGAT), and by CR3HD since the ATCGAT sequence is

present (CGATATCGAT) (Fig. 1A). These oligonucleotides thus can serve as universal
CDP/Cut consensus binding sites.

To investigate the DNA binding properties of the full length CDP/Cut protein, the
protein was purified as a histidine-tagged fusion protein using a baculovirus expression sys-
tem. When incubated with the CGATATCGAT probe, CDP/Cut generated one retarded
complex (Fig. 1A). We next investigated the DNA binding kinetics of the full length
CDP/Cut protein. Like CRI1CR2, but in contrast to CR3HD, CDP/Cut bound to DNA
with a fast "off" rate (Fig. 1B). Thus, the full length CDP/Cut protein binds only tran-
siently to DNA, although it contains CR3HD that, on its own, makes a stable interaction

with DNA. Altogether, these results suggest that the CR1CR2 bipartite DNA binding do-
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main is active in the context of the full length CDP/Cut protein, whereas CR3HD is weakly

or not active,

An amino-truncated 110 kDa CDP/Cut is responsible for the lower of two re-
tarded complexes observed with the universal CDP/Cut consensus-binding site. Elec-
trophoretic mobility shift assays were performed using the universal CDP/Cut consensus
binding site, CGATATCGAT, and nuclear extracts from NIH3T3 cells that had been trans-
fected with a vector expressing the full length CDP/Cut ¢cDNA. Two main retarded com-
plexes were observed (Fig. 2A, lane 1). Antibodies raised against different regions of the
CDP/Cut protein were used in supershifting experiments in order to assess the nature of the
protein(s) responsible for the retarded complexes. While the 861 antibodies supershifted
both retarded complexes, the N-term antibodies supershifted only the highest complex, sug-
gesting that the higher complex involved the full length CDP/Cut protein and the lower
complex, a CDP/Cut protein that is truncated at its amino-terminal end (Fig. 2A, lanes 2
and 3). In Western blot analyses with the N-term and 861 antibodies, several lower mo-
lecular weight species were observed in addition to the full length 200 kDa CDP/Cut protein
(Fig. 2C, lanes 1 to 4)). Interestingly, a 110-kDa protein detected with the 861 antibody
was also present in untransfected 293 cells, indicating that this smaller protein is normally
expressed in untransfected human cells (Fig. 2C, lanes 3-4).

To confirm and extend the above results, we prepared a vector, called MCH (Myc-
Cut-HA), expressing the full length CDP/Cut protein with Myc and HA epitope tags at its
amino- and carboxy-termini, respectively. NIH3T3 cells were transfected with the MCH

vector and tested in EMSA with the universal CDP/Cut consensus-binding site. Again, two
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main retarded complexes were observed (Fig. 2B, lane 1). The Myc antibody supershifted
only the highest retarded complex, the HA antibody supershifted both complexes, whereas
an unrelated antibody had no effect (Fig. 2B, lanes 2 to 4). These results indicate that the
protein responsible for the highest complex contains both epitope tags and therefore must
be full length. In contrast, the protein generating the lower retarded complex contains an
HA tag but not a Myc tag, and must be truncated at its amino-terminal end. In Western
blot analysis, the HA antibody revealed two main proteins: one with an apparent M.W. of
200 kDa corresponding to the full length CDP/Cut, and one of approximately 110 kDa.
The Myc antibody also revealed two main proteins: one of 200 kDa and one of approxi-
mately 90 kDa. These results demonstrate that shorter CDP/Cut proteins can be generated
from the full-length CDP/Cut coding sequences, and that an amino-truncated CDP/Cut pro-
tein binds to the universal CDP/Cut binding site.

Two mechanisms could account for the generation of shorter CDP/Cut proteins: A
proteolytic processing event may at once produce the 110 kDa protein seen with the HA
antibody, and the 90 kDa protein seen with the Myc antibody. Alternatively, the amino-
truncated 110-kDa protein may be generated by translation at an internal start codon, while
the carboxy-truncated 90-kDa protein would be generated by premature translation termina-
tion or proteolytic cleavage of the full-length protein. Experiments described below will
address this issue. It is important to stress that several experiments were performed to en-
sure that shorter CDP/Cut isoforms were not simply generated as a result of proteolytic
cleavage occurring post lysis. First, our lysis buffer contained an extensive cocktail of pro-
tease inhibitors (see Materials and Methods). Secondly, the shorter CDP/Cut isoforms

were observed with a series of lysis buffers containing various concentrations of ionic and
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(data not shown). Thirdly, treatment of cells with certain protease inhibitors for 4 hours
caused a reduction in the amount of short CDP/Cut isoforms (Fig. 8, and data not shown).
However, no reduction was observed when the same protease inhibitors were applied to

cells only minutes prior to cell lysis (data not shown).

DNA affinity chromatography leads to the specific enrichment of a 110-kDa
CDP/Cut protein. The results presented in Fig. 2 showed that the most abundant
CDP/Cut protein species was the 200-kDa full-length protein. However, in EMSA the
most abundant retarded complex was the lowest one. Assuming that the lowest retarded
complex involved a shorter CDP/Cut protein, these results could only be reconciled if the
putative shorter species exhibited a higher DNA binding affinity or was able to bind more
stably to DNA. To investigate this possibility, we performed DNA affinity chromatogra-
phy, and assessed the relative amounts of CDP/Cut protein species before and after the
procedure (see Materials and Methods). In unfractionated nuclear extracts from HeLa cells,
the 110 kDa species was clearly a minor species as compared to the 200-kDa species (Fig.
3, lanes 1 and 6). However, DNA affinity chromatography led to the specific enrichment of
the 110-kDa protein (Fig. 3, lanes 5 and 7). The 110-kDa protein was recognized by the
861 and 1300, but not by the N-term CDP/Cut antibodies (see Fig. 2 for the position of
their respective epitopes). These results clearly demonstrate the N-terminally truncated

110 kDa CDP/Cut protein can bind to DNA with high affinity.

S phase-specific proteolytic cleavage of CDP/Cut. We have previously shown

that CDP/Cut is regulated in a cell cycle-dependent manner and that DNA binding to the
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ATCGAT sequence increases as cells progress into S phase (16). We therefore verified
whether expression of the shorter 110-kDa protein was also regulated during the cell cycle.
NIH3T3 cells were transfected with the MCH vector, and then synchronized in GO, early
G1, mid-G1 and S phase using serum starvation/restimulation or thymidine block (see Ma-
terials and Methods). Total extracts were prepared and analyzed in Western blot using the
HA and Myc antibodies (Fig. 4A). The 110 kDa protein was not detected in the popula-
tion of cells enriched in GO, it was barely visible in early G1 and mid-G1, but it was
strongly expressed in S phase using either method of synchronization. Interestingly, with
the Myc antibody a protein of 90 kDa was detected in the two populations of cells en-
riched in S phase, suggesting that the 110 kDa HA-tagged protein and the 90 kDa Myc-
tagged proteins were generated at the same time, most likely by proteolytic cleavage. This
hypothesis will be tested in pulse-chase labeling experiments (see Fig. 6). Interestingly, the
Myc antibody also revealed a carboxy-terminally truncated protein that migrated with an
apparent M.W. of 180 kDa. These findings raise the possibility that another processing
event also takes place within the carboxy-terminal domain of the protein. This possibility
is currently under investigation. EMSA were performed with the same extracts and oli-
gonucleotides containing the ATCGAT consensus (Fig. 4B). These oligonucleotides were
previously shown to be well recognized by CR3HD but weakly or not by CRICR2 (33).
Indeed, only one retarded complex was detected, and its intensity was increased in S phase.
Altogether these results demonstrate that the increase in ATCGAT binding activity at the
G1/S transition coincides with the production of the N-terminally truncated 110 kDa

CDP/Cut protein.
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We then verified whether expression of the endogenous CDP/Cut protein was also
regulated in a cell cycle-dependent manner. NIH3T3 cells were synchronized by serum
starvation/restimulation and analyzed in Western blot using the 861 antibodies, and in
EMSA using the ATCGAT binding site. Interestingly, a doublet of bands at 110 kDa was
observed at 18 hours following serum stimulation in the population of cells enriched in S
phase (Fig. 5A). Whether there are two processing events, or one processing event fol-
lowed by some post-translational modification is not known at this point. It should be
noted that only one 110-kDa band was detected in 293 cells using the same antibodies (see
Fig. 2). Thus, there could be a difference in this respect between human and murine cells.
Importantly, these novel bands correlate with the increase in the retarded complex seen in
EMSA (Fig. 5B). In conclusion, amino-truncated CDP/Cut proteins are expressed pre-
dominantly in S phase, and the increase in their expression correlates with the increase in

DNA binding to the ATCGAT sequence.

Pulse-chase labeling in vivo indicates that the 110-kDa protein derives from
the 200-kDa full length CDP/Cut protein. The fact that the 110 kDa N-terminally trun-
cated CDP/Cut protein was expressed concomitantly with a 90 kDa C-terminally truncated
protein suggested that a proteolytic processing event was involved in the generation of the
110-kDa protein. To verify this hypothesis, we performed 35S pulse-chase labeling in vivo
and followed expression of the 200 and 110 kDa CDP/Cut proteins. NIH3T3 cells were
transfected with a vector expressing MCH and synchronized in GO by serum starvation for
72 hours. After serum starvation, cells were stimulated to re-enter the cell cycle by replac-

ing the medium for complete medium with 10% FBS. 12 hours later, cells were incubated
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with complete labeling medium for 30 minutes. Total extracts were prepared from one plate
(Fig. 6A, sample 1), while cells in the second plate were incubated with normal medium for
an additional 4 hours at which time total extracts were prepared (Fig. 6A, sample 2). This
scheme was chosen because previous cell synchronization experiments revealed that the 110
kDa protein was weakly or not expressed in G1, but appeared later as cells progressed into
S phase (Fig. 4 and 5). Following immunoprecipitation with the 861 antibody, the 110 kDa
protein was not detected in sample 1, indicating that it is not synthesized in mid-G1 (Fig.
6A, lane 1). Yet, the 110-kDa protein was clearly visible in cells that had been incubated an
additional 4 hours in the presence of "cold" medium (Fig. 6A, lane 2). Since radiolabeling
took place from 12h. to 12h30 and only full length CDP/Cut was visible at 12h30, the pres-
ence of the 110-kDa protein at 16h30 could only be accounted for by supposing that it was
generated by cleavage of the full length CDP/Cut protein. Moreover, as both samples were
prepared in the same manner, the presence of the 110-kDa protein in one sample but not in
the other further demonstrates that the proteolytic cleavage did not occur post-lysis.
Another mechanism for the production of the N-terminally truncated 110-kDa pro-
tein would be translation initiation at an internal start site. To investigate this possibility,
we modified the MCH vector by inserting a stop codon in the coiled-coil region upstream of
CRI1. The presence of a stop codon in the 5' coding region should not affect expression of
the 110-kDa protein if translation at a downstream start site is involved. The MCH-STOP
vector produced a short, truncated, protein that was easily detected with the Myc anti-
body, indicating that the stop codon was functional (Fig. 6B, lane 1). However, the 110

kDa protein could not be detected with the HA antibody (Fig. 6B, lane 2). We conclude
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that expression of the 110-kDa protein requires the prior production of the full length 200
kDa CDP/Cut protein.

Altogether, these results exclude translation at an internal initiation site as the
mechanism leading to the expression of the 110-kDa protein, and are most consistent with
the notion that this shorter protein is generated from the 200-kDa protein by proteolytic
processing. Thus, translation in mid-G1 leads to the synthesis of a 200 kDa full length
CDP/Cut protein that is later processed into an amino-terminally truncated protein of 110
kDa with DNA binding properties similar to that of CR3HD.

Mapping of the sequences required for processing. To map the sequences re-
quired for processing, we generated a series of vectors expressing amino-truncated Myc-
Cut-HA proteins (Fig. 7A). The name of each vector corresponds to the first amino acid
encoded by this vector. Only the full length MCH and the 659 vectors produced the 110-
kDa proteins (Fig. 7A). The 878, 958 and 1029 vector generated shorter proteins. Thus,
the site of cleavage is located between CR1 and CR2, more precisely between amino acids
659 and 878. In EMSA with the ATCGAT sequence, the 878 and 958 vectors generated
retarded complexes that migrated faster than those produced by the full length MCH vector.
In contrast, 659 produced two retarded complexes, one comigrating with the MCH com-
plex, and one more intense that migrated more slowly. These results suggest that the full-
length 659 protein, in contrast to the full length MCH protein, is able to bind efficiently to
the ATCGAT sequence. Since the full-length 659 protein is more abundant than its proc-
essed form (Fig. 7A, lane 2), it gives rise to the most abundant retarded complex in EMSA.

We deduce from these results that the ATCGAT DNA binding activity is inhibited in the
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context of the full-length protein, and that this inhibition can be released following amino-
terminal truncation of the protein.

We then generated a series of MCH vectors with progressive carboxy-terminal dele-
tions. Since processing was observed with each construct, we conclude that the carboxy-
terminal domain, the Cut homeodomain and the Cut repeat 3 can be removed without af-
fecting processing (Fig. 7C). An internal deletion from a.a. 659 to 878 completely abolished
processing (Fig. 7D), whereas a construct encoding only the Cut repeats 1 and 2 and the
linker between them generated a shorter protein of the expected M.W. (Fig. 7D). Alto-
gether, our mapping data indicate that proteolytic cleavage occurs between a.a. 659 and 878
and does not require domains of the protein that are located far away from the cleavage site.
Whether sequences between a.a. 659 and 878 are sufficient for cleavage is currently under

investigation.

Processing changes the transcriptional properties of CDP/Cut. Since the short
isoform is capable of stable DNA binding, whereas the full-length protein only transiently
binds to DNA, we envisaged that the two isoforms could exhibit different transcriptional
properties. CDP/Cux has been characterized by us and other groups as a transcriptional
repressor (2, 17, 27, 28, 32, 38, 40, 43). However, some results in the literature suggest that
it may also participate in transcriptional activation (45, 50). This is also suggested by our
own studies using a reporter construct containing the DNA polymerase alpha gene reporter
(Truscott et al., in preparation). To compare the effect of the two CDP/Cut isoforms in a
transient reporter assay, we needed to express the full-length protein in the absence of the

processed isoform. In parallel studies, we found that little or no processing of CDP/Cut
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takes place in confluent cells. Therefore, in this experiment, cells were plated at a higher cell
density and, following transfection, were allowed to reach near confluence before harvesting
them. As can be seen in Fig. 8B, no processed isoform was observed in cells transfected
with the full length Myc-Cut-Ha construct. In the reporter assay, we found that a recom-
binant protein corresponding to the p110 CDP/Cut isoform was able to stimulate expres-
sion from a DNA polymerase alpha gene reporter (Fig. 8A). In contrast, expression was
decreased in the presence of full-length CDP/Cut (Fig. 8A). These results do not demon-
strate that p110 directly activates the DNA polymerase alpha reporter. The results are also
consistent with a model whereby the short CDP/Cut isoform would repress expression of a
protein that, in turn, acts as a down-modulator of the DNA polymerase alpha gene pro-
moter. Notwithstanding the exact mechanism leading to an increase in reporter gene expres-
sion, these results suggest that an important consequence of CDP/Cut processing is to gen-

erate an isoform with distinct transcriptional properties.
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DISCUSSION

The CDP/Cut transcription factor contains two bipartite DNA binding domains,
CRICR2 and CR3HD, that exhibit distinct DNA binding activities. When expressed as fu-
sion proteins, CR1CR2 bound with rapid "on" and "off" rates to DNA sequences contain-
ing direct or inverted repeats of the CAAT or CGAT motifs, whereas CR3HD made a sta-
ble interaction preferably with the ATCGAT sequence (33). To our surprise, we found
that the full length CDP/Cut protein could only make a transient interaction with DNA
(Fig. 1). In cells, the CDP/Cut protein that binds to the ATCGAT site was found to be an
amino-terminally truncated 110-kDa protein (Fig. 2 and 3). Production of this protein was
shown to involve the synthesis of the full-length protein followed by an S phase-specific
proteolytic cleavage (Fig. 4 to 7). In reporter assays, an amino-terminally truncated
CDP/Cut protein caused an increase whereas the full-length CDP/Cut caused a decrease in
the expression from the DNA polymerase alpha gene promoter (Fig. 8). Altogether our re-
sults demonstrated that proteolytic processing of CDP/Cut leads to the production of an
isoform that displays distinct DNA binding and transcriptional activities (Fig. 9).

The proteolytic processing event leading to the production of the 110 kDa CDP/Cut
protein was found to occur at a much higher rate in populations of cells enriched in S phase,
either by serum starvation/stimulation or thymidine block, than in unsynchronized cells or
in populations enriched in GO or G1 (Fig. 4 and 5). This suggests that CDP/Cut processing
begins as cells progress into S phase. It is not clear whether the triggering event at the end
of G1 involves the protease or CDP/Cut. Two scenarios can be envisaged: The protease

itself may be expressed or activated at the end of G1. Alternatively, we can envisage that
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the protease acts in a constitutive manner, but that CDP/Cut needs to be post-
translationally modified in order to become a substrate of this protease.

Interestingly, S phase-specific proteolytic processing of the p27 cdk inhibitor has
previously been reported (37). Processing was assumed to cause the inactivation of p27 by
removing the cyclin interacting domain, CY. The cleavage of p27 and CDP/Cut suggests
that proteolytic processing may be an important regulatory mechanism in the control of the
G1/S transition. These results, along with the findings that sister-chromatid separation at
anaphase is promoted by cleavage of the cohesin subunit Sccl, indicate that proteolytic
processing may be involved in different phases of the cell cycle (42). Thus, two sorts of
proteolysis appear to be needed to ensure cell cycle progression. The first is the destruc-
tion of several cell cycle regulators following ubiquitination by the Skpl-Cdc53/cullin—F-
box protein (SCF) complexes or the anaphase-promoting complex/cyclosome (APC/C) (re-
viewed in (41)). The second is the precise cleavage of certain proteins to generate peptides
with properties distinct from that of their precursors.

In most cases thus far reported, the consequence of proteolytic processing was to
redirect the localization of these proteins, in particular from a cytoplasmic site to the nu-
cleus. For example, cleavage of SREBP and ATF6 in response to sterol-deprivation and
ER-stress caused the release of their cleaved products from the ER membrane and their
movement to the nucleus (22, 48). Cleavage of Cubitus interruptis in the absence of Hedge-
hog signaling enabled the translocation of the Ci 75-kDa isoform from microtubules in the
cytoplasm to the nucleus where it functioned as a repressor (4). Processing of NFxB p105
into NFxB p50 was proposed to contribute to its nuclear translocation by separating the

P50 N-terminal peptide from the ankyrin repeats which would retain it to a cytoplasmic
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anchor (18). In a few cases, specific proteolytic cleavage serves to generate novel isoforms
with altered biochemical properties. Cleavage of full-length 38-kDa C/EBPB leads to the
production of a dominant negative C/EBPBisoform of 21-kDa, LIP (liver-enriched tran-
scriptional inhibitory protein), that can bind to DNA but is devoid of transactivation poten-
tial (49). Autocatalytic processing of the C1 factor was found to generate a number of
polypeptides that remained tightly associated together (47). In this case, processing re-
sulted in the production of a protein complex with different properties, but whether proc-
essing also affected its localization remained unclear. In the case of CDP/Cut, processing
did not seem to alter sub-cellular localization, as antibodies raised against N- or C-terminal
peptides generated a strong signal primarily, if not exclusively, in the nucleus (data not
shown). We cannot of course exclude the possibility that processing affects localization in
a more subtle way within the nucleus itself. Clearly, however, processing of CDP/Cut gen-
erated an isoform with different DNA binding properties.

An amino-terminally truncated CDP/Cut protein, but not the full length CDP/Cut
protein, was able to stimulate expression from a reporter construct containing the DNA
polymerase alpha gene promoter (Fig. 8). We do not know the mechanism of action of
p110: it may directly activate transcription of the reporter; alternatively, it may repress ex-
pression of another repressor that binds to the DNA polymerase alpha promoter. What-
ever its mechanism of action, we can speculate that the distinct transcriptional activities of
the short and full-length CDP/Cut proteins may result from their differences in DNA bind-
ing activities. Whereas the full length CDP/Cut protein could only make transient interac-
tion with oligonucleotides containing the ATCGAT motif, shorter proteins containing

CR3HD or CR2CR3HD were capable of stable DNA binding (Fig. 1 and (33)). It is gener-
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ally assumed that transcriptional activation requires stable interaction with the promoter.
On the other hand, we and others have shown that CDP/Cut can repress by two mecha-
nisms: active repression and competition for binding site occupancy (27, 28, 32). While
transient DNA binding could cause repression by preventing the binding of an activator to
an overlapping binding site, active repression would be expected to require stable DNA
binding to the promoter in order to recruit a histone deacetylase. Future experiments should
test the notion that stable DNA binding is required for active repression and transcriptional
activation. Moreover, our results raise the interesting possibility that CDP/Cut isoforms
may exhibit distinct biochemical activities on different promoters.

An important component of the transcriptional regulation at the G1/S transition in-
volves the phosphorylation of Rb by G1 cyclin/CDKs and the concomitant release of E2F,
which can then activate the transcription of genes whose products are required for DNA
replication (reviewed in (34)). However, some of the genes previously reported to be acti-
vated by E2F in co-transfection assays, including the DNA polymerase alpha gene, were
recently found not to be primary targets of E2F, implying the involvement of other effec-
tors acting downstream of, or in parallel with, E2F (46). Our results suggest that prote-
olytic cleavage of CDP/Cut in part may serve to activate the transactivation function of
CDP/Cut (Fig. 8). These findings raise the possibility that the processed CDP/Cut isoform
represents one of the G1/S effectors. Future experiments should aim to verify whether

CDP/Cut function is required for the induction of S phase by E2F.
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Figure 1. The full length CDP/Cut protein exhibits DNA binding kinetics similar to
that of CR1CR2.

(A) DNA binding specificity of CRICR2, CR3HD and CDP/Cut for CGATATCGAT.
Decreasing amounts of the indicated fusion proteins were mixed with radiolabeled
oligonucleotides containing the CGATATCGAT, at room temperature until the equilibrium
was reached. DNA-protein complexes were resolved on a nondenaturing polyacrylamide
gel that was dried and autoradiographed. Note that oligonucleotides containing the
CGATATCGAT sequence are recognized efficiently by CR1CR2 since two CGAT direct

repeats are present (CGATATCGAT), and by CR3HD since the ATCGAT sequence is

present (CGATATCGAT).

(B) DNA binding kinetics of CR1CR2, CR3HD and CDP/Cut. 100 ng of the indicated
fusion protein was incubated with radiolabeled oligonucleotides, containing the
CGATATCGAT sequence, at room temperature until the equilibrium was reached (15
min.); 1000 fold molar excess of unlabeled oligonucleotides was added, and at the indicated

time points aliquots of the mixture were taken and analyzed in EMSA.
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Figure 2. Two distinct retarded complexes are generated by CDP/Cut proteins, only
one of which is supershifted by antibodies raised against the n-terminal region of the
protein.

(A) and (B) NIH3T3 cells were transfected with a vector expressing the CDP/Cut
protein (A), or Myc-Cut-HA, a CDP/Cut protein with Myc and HA epitope tags at its
amino- and carboxy-terminus, respectively (B). Nuclear extracts were prepared and
analyzed in EMSA with oligonucleotides containing a universal CDP/Cut consensus-
binding site (CGATATCGAT). The DNA and proteins were incubated with either no
antibody (lanes 1), or the indicated antibodies (lanes 2 to 4). The preimmune serum is that
for anti-861, the non-related antibody is a goat anti-rabbit IgG. The arrows indicate the
positions of the retarded complexes. Note that the lower retarded complex can be
supershifted with anti-861 (A) and anti-HA (B) antibodies, but not with anti-N-term (A) not
anti-Myc (B) antibodies. A diagram of the protein is shown indicating the evolutionarily
conserved domains and the regions recognized by the respective antibodies (CC, coiled-
coil; CR1, CR2 and CR3: Cut repeats 1, 2 and 3; HD, homeodomain).

(C) Nuclear extracts from untransfected 293 cells and transfected NIH3T3 cells (CDP/Cut,
MCH, Vector) were separated by electrophoresis on 8% polyacrylamide gels and analyzed
in Western blots with CDP/Cut N-term, CDP/Cut 861, HA and Myc antibodies. Note that
the relative abundance of the full length CDP/Cut protein appears lower than in subsequent
blots using 6% polyacrylamide (Fig. 3, 4 and 5). This is because transfer of the 200-kDa

protein to the membrane is less efficient in 8% polyacrylamide.
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Figure 3. DNA affinity chromatography with the ATCGAT sequence leads to the
specific enrichment of a 110 kDa CDP/Cut protein

(A) Nuclear extracts from HeLa cells were subjected to affinity chromatography
using as a bait biotinylated oligonucleotides containing the ATCGAT sequence. Samples
were then separated by electrophoresis on 6% polyacrylamide gels and analyzed by
Western blot analysis with the anti-CDP/Cut 861 (lanes 1-5), 1300 (lanes 6-7) and N-term

(lanes 8-9) antibodies.
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Figure 4. S phase-specific proteolytic cleavage of CDP/Cut

A cDNA encoding Myc-Cut-HA generates short proteins specifically in S phase.
NIH3T3 cells were transfected with a vector expressing Myc-Cut-HA, a CDP/Cut protein
with Myc and HA epitope tags at its amino- and carboxy-termini, respectively. Cells were
synchronized either by serum starvation/stimulation or thymidine block, as described in
Materials and Methods. Total extracts were prepared and analyzed in Western blots with
anti-Myc and anti-HA antibodies (A), and in EMSA with an ATCGAT probe (B). Note
that only a lower retarded complex is visible in EMSA with total extracts, whereas two
complexes were observed with nuclear extracts (see Fig. 1). Cell cycle distribution was
monitored by fluorescence-activated cell sorting (FACS) analysis after staining of the DNA

with propidium iodide (C).
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Figure 5. 110 kDa CDP/Cut proteins are expressed in S phase

NIH 3T3 cells were synchronized in GO by serum starvation for 72 h and then
stimulated with fresh DMEM plus 10 % FBS. The indicated time correspond to the time
elapsed since release from the GO block. Nuclear extracts were prepared and analyzed in
Western blots with anti-Cut 861 antibodies (A), and in EMSA with the ATCGAT probe
(B). 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 6. 35S Pulse chase labeling demonstrates that the 110 kDa amino-truncated
protein derives from the 200 kDa full length CDP/Cut protein. (A) NIH3T3 cells were
transfected with cDNA expressing Myc-Cut-HA in two 150 mm-plates and synchronized in
GO by serum starvation for 72 h and then stimulated with fresh DMEM plus 10 % FBS.
The indicated time correspond to the time elapsed since release from the GO block. At 12
hours, the medium was replaced for complete labeling medium containing 35S-labeled
methionine and cysteine. At 12 hours and 30 minutes, total extracts were prepared from
one plate of cells, while the medium was replaced for complete medium with cold
methionine and cysteine in the second plate. At 16 hours and 30 minutes, total extracts
were prepared from the second plate. Samples 1 and 2 were immunoprecipitated with 861
antibody, resolved by PAGE and revealed by autoradiography.

(B) A cDNA expressing Myc-Cut-HA and Myc-Cut-HA with a stop codon inserted in the
coiled-coil region were transfected in NIH3T3. Nuclear extracts were prepared and

analyzed by Western blot with Myc and HA anti body.
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Figure 7. Proteolytic cleavage occurs downstream of CR1, between a.a. 659 and 878.
NIH3T3 cells were transfected with a series of vectors expressing amino- and carboxy-
terminally truncated Myc-Cut-HA (MCH) proteins. Nuclear extracts were prepared and
analyzed in Western blots with anti-HA or anti-Myc antibodies, as indicated, and in EMSA
with the ATCGAT probe (B). A diagram of the proteins encoded by each construct is
shown at the bottom.

Note that only the full length MCH and the 659 are processed into a shorter form. In
EMSA, 659 generates two main retarded complexes, the higher of which migrating more
slowly than what is seen with MCH. This is because the non-processed 659 is more
abundant than its processed derivative, and is capable of stable binding to the ATCGAT

probe.
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Fig. 8 An amino-terminally truncated CDP/Cut isoform is capable of transcriptional

activation

HS578T cells were cotransfected with the DNA polymerase alpha/luciferase

reporter construct and a vector expressing either nothing, full-length Myc-Cut-HA (MCH

1) or a Myc-Cut-HA protein starting at a.a. 878

(MCH 878). (A) Cytoplasmic extracts were

prepared and processed to measure luciferase activity. Mean of 6 transfections are shown

and the results are expressed as relative light units (RLU) normalized to b-galactosidase

activity from an internal control. (B) Total extracts were prepared in parallel and analyzed

in Western blots with anti-HA antibodies.
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Fig. 9 Modulation of CDP/Cut at the G1/S transition

In early G1, CDP/Cut exists as a full-length protein that cannot stably bind to the
ATCGAT sequence. As cells reach S phase, CDP/Cut is proteolytically processed into an
amino-truncated 110-kDa protein in which the CR3HD bipartite DNA binding domain is

fully active.
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Chapter IV Expression of N-Terminally Truncated Isoforms of CDP/Cux Is
Increased in Human Uterine L.eiomyomas.

Preface

The previous chapter described a cell cycle dependent site specific proteolytic event
that produces a N-terminally truncated isoform of CDP/Cux. p110 CDP/Cux. pl10
CDP/Cux is different from full length CDP/Cux, p200 CDP/Cux, that it is capable of inter-
acting DNA more stably and has a different effect on transcription of a gene. In particular,
p110 CDP/Cux was able to activate the transcription of DNA polymerase o subunit while
p200 can not, suggesting that p110 CDP/Cux might contribute to the G1 to S phase transi-
tion. The activity of many genes that promote the G1 to S phase transition, such as c-Myc
and Cyclin D, are often upregulated in human cancer. The following chapter describes an
observation that was made from human uterine Leiomyomas. It demonstrates that the cells
that over-expresses N-terminally truncated isoforms of CDP/Cux are selected for during

tumorigenesis.
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Abstract

Genetic analyses and mRNA expression studies have implicated CUTL1 as a
candidate tumor suppressor gene in uterine leiomyomas and breast cancers. However, the
modulation of CDP/Cux, the protein encoded by CUTL1, does not agree with this notion.
The activity of CDP/Cux, which is the DNA binding subunit of the histone nuclear factor D
(HINF-D), was shown to be upregulated as normal cells progress into S phase and
constitutively elevated in several tumor cell lines. Recently, activation of CDP/Cux at the
G1/S transition was found to involve the proteolytic processing of the protein to generate a
shorter isoform. Uterine leiomyomas represent a unique reagent for molecular analysis
because they are resected as homogenous tumor tissue together with the adjacent normal
myometrium and they are often very large. In the present study, proteins were isolated
from 16 pairs of matched tumors and adjacent myometrium and analyzed by Western blot
analysis and electrophoretic mobility shift assays. Strikingly, in 11 out of 16 tumors, the
steady-state level of small CDP/Cux isoforms was increased as compared to the normal
control tissue. Where tested, a corresponding increase in CDP/Cux stable DNA binding
activity was observed. DNA sequencing analysis of CUTL1 cDNAs from 6 leiomyomas,
including 4 with LOH of CUTLI, did not reveal any gross rearrangement nor point
mutations. Altogether these findings suggest that CUTL1 is probably not the tumor
suppressor on 7q22. Moreover, the frequent increase in smaller CDP/Cux isoforms
indicates that molecular events associated with the truncation of CDP/Cux proteins may be

selected in uterine leiomyomas.
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Introduction
Uterine leiomyomas are benign tumors that arise from smooth muscle cells of the
myometrium "2 It is estimated that between 20 to 30% of women over the age of 30 will

develop a leiomyoma "°.

Approximately half of the uterine leiomyomas exhibit
cytogenetic abnormalities. The most frequent genetic alterations are translocations
involving the 12q15 region and deletions within the large arm of chromosome 7"*. The
12q15 chromosome target was identified as the high mobility group protein gene HMGI-C
>, Following translocation, the HMG1-C gene is truncated and fused to various ectopic
DNA sequences to create a fusion gene °. Deletions on chromosome 7q, del(7q), were
found in approximately 35% of studied cases with cytogenetic abnormalities (128/366), and
the smallest commonly deleted region of 7q was mapped to band 7q22 " '°. The high
proportion of cytogenetically detectable deletions of 7922 in leiomyomas and other types of
cancers suggests that a tumor suppressor gene may be located within this chromosomal
region °. We have previously shown that CUTL1 is present in a commonly deleted region
in 7 out of 50 uterine leiomyomas samples examined °. Furthermore, Northern blot
analysis revealed that CUTL1 mRNA levels were reduced in eight tumors out of thirteen °.
Loss-of-heterozygosity of CUTL1 was also reported in 12 out of 66 sporadic breast cancers
', Altogether these results raised the possibility that CUTL1 may be the tumor suppressor
gene on 7q22. However, this notion is in contradiction with DNA binding studies in tissue
culture systems. CUTL1 encodes for the CDP/Cux protein, which was characterized
independently as the CCAAT-displacement protein (CDP) and the DNA binding sub-unit

of the histone nuclear factor D (HiNF-D) '*'*, The DNA binding activity of HINF-D was

shown to be upregulated in S phase in normal cells, but to be constitutively activated in
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tumor cell lines ***. CDP/Cux is a transcription factor that contains four DNA binding
domains and whose expression has been associated with cellular proliferation, the
repression of genes that are turned on in terminally differentiated cells, and the regulation
of matrix attachment regions (MARs) '°. In addition, a number of evidence points to a role
of CDP/Cux in cell cycle progression. CDP/Cux was found to be a component of the
histone nuclear factor D (HiNF-D), whose presence on various histone promoters coincides
with their upregulation in the cell cycle. '*'*'>?*2! " Moreover, one of CDP/Cux DNA
binding activities was shown to be upregulated as normal cells progress into S phase, and
inhibited in G2 following the phosphorylation of the Cut homeodomain by cyclin A/CDK1
1522233 More recently, the upregulation of CDP/Cux DNA binding activity at the G1/S
transition was found to involve the proteolytic processing of p200 CDP/Cux into an N-
terminally truncated isoform of 110 kDa *.

From the point of view of the experimentalist, uterine leiomyomas represent an
excellent tumor system for molecular investigation. These tumors occur very frequently
and are always resected together with abundant adjacent normal myometrium which can be
used as control tissues in molecular studies. Moreover, leiomyomas present themselves as
homogenous tumor tissue, with little or no infiltration by normal cells such as
macrophages. This is best illustrated in LOH studies: in contrast to what is observed with
other types of tumors, those leiomyomas with LOH of a particular marker show no or very
weak signal for the lost allele °. Finally, leiomyomas are sometimes very large, a feature
that makes it possible to isolate RNA and proteins from the same tumor. The expression
pattern of candidate tumor suppressor genes can therefore be investigated directly in the

tumor and the adjacent normal tissue. In the present study, we took advantage of these
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features to investigate CDP/Cux protein expression and activity in uterine leiomyomas,
including 2 with LOH of CUTLI1. In parallel, we cloned CUTL1 cDNAs from leiomyomas
with and without LOH and investigated whether these transcripts carried short deletions or

point mutations.
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Materials and Methods

Preparation of Total Protein Extracts from Tumors

Uterine leiomyomas and matched normal tissue samples were obtained at the time of
hysterectomy in the Royal Victoria Hospital, Montreal, Canada, according to the guidelines
of the Canadian Health Research Institute. All patients have signed an inform consent
approved by the local Ethics Committees. Specimens were grossly and then
microscopically examined by a pathologist and were classified as benign leiomyomas. No
cellular atypia, increased mitotic activity, or necrosis was identified in any of the
leiomyomas. Tissue samples measuring 0.5 cubic cm were collected from each uterus: one
from the central area of the largest leiomyoma and the second from the grossly unaffected
myometrium situated more than 2 cm away from the leiomyoma capsule. Tissue samples
were snap-frozen in liquid nitrogen and were kept at —80 °C until protein extraction. To
make protein extracts, tissues were grinded to small powder using mortar and pestle in the
presence of liquid nitrogen. Grinded tissues were resuspended in buffer X (50 mM Hepes,
pH 7.9, 0.4 M KCl, 4 mM NaF, 4 mM NazVOy4, 0.2 mM EGTA, 0.2 mM EDTA, 0.1% NP-
40, 10 % glycerol, 0.5 mM DTT, Protease inhibitor mix tablet from Roche) and incubated
at 4 °C for 30 min. The resulting slurry was centrifuged for 15 min at 4 °C and the
supernatant was collected.

Western Blot Analysis

For each sample, 100 pg of protein was loaded on an 8% polyacrylamide-SDS gel.

Following electrophoresis, CDP/Cux isoforms were visualized by immunobloting using

0861 antibody as previously described *. To verify equal loading of protein extracts, 10 pg
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of each protein extracts were analyzed by Western blotting using smooth muscle specific
actin antibody (Neomarker, cat. #: MS-113; clone 1A4).
Electrophoretic Mobility Shift Assays

For electrophoretic mobility shift assays (EMSA), nuclear extracts from selected
samples of pairs of uterine leiomyomas and matched normal myometrium were prepared as
follows. Grinded tissue powders were submitted to 3 freeze/thaw cycles in buffer A (10
mM Hepes, pH 7.9, 10 mM KCI, 1.5 mM MgCl,, 1 mM DTT, Protease inhibitor mix tablet
from Roche). After a brief spin, nuclei were resuspended in Buffer C (20 mM Hepes, pH
7.9, 25 % glycerol 1.5mM MgClz, 420 mM NaCl,, 0.2 mM EDTA, Protease inhibitor mix
tablet from Roche) and incubated at 4 °C for 30 min. After 15 min. of centrifugation at
maximum speed, the supernatant was collected. 10 pug of nuclear extracts were analyzed in
EMSA with oligonucleotides containing a CDP/Cux consensus-binding site
(CGATATCGAT). For supershift experiments, the DNA and protein mixtures of one
selected sample was incubated with the indicated antibodies.
RNA isolation, cDNA cloning and sequencing
RNA was prepared using the procedure described by Chomczynski and Sacchi (1987) #. 5
pg of RNA was used in reverse transcription with Superscript reverse transcriptase
(InVitrogen) using as primers either oligo dT or nt 3097-3080 of CDP (NCBI accession
number M74099). The reaction was stopped by boiling for 10 minutes. An aliquot of 2 ul
was used as template for polymerase chain reaction (PCR) using the Elongase Enzyme mix
(InVitrogen) and primers F1 and B1 or F2 and B2. F1, nt 24-49; B1, 2805-2788; F2, 2695-
2713; B2, 4567-4547. PCR was performed in a final volume of 100 ul, containing

approximately 1 ng cDNA, 1.5 mM MgCl2, 10 ul standard 10x PCR buffer (200 mM Tris-
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HCI pH 8.4, 500 mM KCl), 0.45 uM of each primer, 0.2 mM dNTPs, 5% DMSO, and 2.5
units of Elongase Enzyme mix (InVitrogen). An initial step of 4 minutes at 95°C was
followed by 30 cycles of 45s of denaturation at 95°C, 45s of annealing at 53°C, and 3
minutes of extension at 68°C, followed by a final extension step of 7 minutes at 68°C. The
amplified fragments were purified on agarose gel . An aliquot was saved for cloning into
the pCRII plasmid (InVitrogen). For each ligation, three independent clones were expanded
and analyzed by DNA sequencing. In parallel, the rest of the amplified fragment was used
for direct DNA sequencing using oligonucleotide primers situated approximately 400 nt

apart from each other.
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Results

Total protein extracts from 16 pairs of uterine leiomyomas and matched normal
myometrium were examined by Western blot analysis using a861 anti-CDP/Cux antibodies
(Fig. 1; see Fig. 2 for a diagram of the proteins and antibodies). These included two
leiomyomas with LOH of CUTL1, #68 and #98. To control for equal loading, the samples
were analyzed in parallel for expression of the smooth muscle specific actin. The first
observation that can be made is that CDP/Cux proteins were expressed in all tumor
samples. In most samples, three bands corresponding to three isoforms could be
distinguished: p200, p110 and pl100. The p200 and pl110 have previously been
characterized in various cell lines ' **. However, an isoform with an apparent molecular
weight of 100 kDa has not yet been reported. The p100 protein is an amino-terminally
truncated isoform of CDP/Cux since it is recognized by the 861 and 1300 but not by the N-
term antibodies (Fig. 1 and data not shown). Since p100 has not been observed elsewhere,
we consider the possibility that it represents a tissue or cell type-specific isoform of
CDP/Cux. Since we have not found an alternatively spliced transcript that could account
for its production, p100 is probably generated by proteolytic cleavage of p200, like we have
shown for p110 **. We are currently characterizing this isoform to determine the exact
positions of its amino- and carboxy-termini. Comparison between the normal and tumor
sample within each pair of samples revealed that the steady-state level of the full length
CDP/Cux isoform, p200, was reduced in 6, equal in 1 and increased in 9 out of 16 samples.
Among the two samples with LOH, 68 and 98, p200 was increased in one and reduced in
the other. More strikingly, the shorter isoforms, p110 and p100, were present at higher

level in 11 out of 16 samples. These comparisons are presented in a tabulated form in

151



Chapter IV — Manuscript

Tables 1 and 2. We conclude that there is no obvious selection against CDP/Cux protein
expression in uterine leiomyomas. In fact, in most patients there is an increase in the
steady-state of CDP/Cux proteins, in particular the processed isoforms of 110 and 100 kDa.

Electrophoretic mobility shift assays (EMSA) were performed using
oligonucleotides containing a CDP/Cux consensus binding site to verify whether DNA
binding activity could be correlated with CDP/Cux steady-state levels (Fig. 2) . DNA
binding assays could not successfully be performed with total protein extracts. Therefore,
nuclear extracts were prepared from a number of sample pairs for which more material was
available. To confirm the specificity of retarded complexes, the reaction was incubated in
the presence of various CDP/Cux antibodies as previously described **%*. The region
recognized by each antibody is indicated on the diagram (Fig. 2). As previously shown, the
antibody raised against the amino-terminal portion of the protein, N-term, supershifted only
the higher retarded complex since this antibody recognizes the full length protein but not
the processed isoforms (Fig. 2, lane 11)*. In contrast, antibodies raised against more
carboxy-terminally located epitopes, 861, 1300 and C-term, were able to supershift both the
higher and lower retarded complexes, albeit to a variable extent (Fig. 2, lane 12 to 14).
These results confirm that the retarded complexes observed with the CDP/Cux consensus
binding site involve both the full length and processed CDP/Cux isoforms. In EMSA with
4 pairs of samples, the intensity of the higher and lower retarded complexes correlated
perfectly with the variations in CDP/Cux steady-state levels. The tumor with reduced
CDP/Cux proteins, 204, also displayed less intense retarded complexes (Fig. 2, lane 6 and
7), whereas more intense retarded complexes were observed with tumors expressing higher

levels of CDP/Cux proteins: 401, 59 and 402 (Fig. 2, lane 2 to 5, 8 and 9). We conclude
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that the steady-state level of CDP/Cux proteins as judged from Western blot analysis
provides a correct estimate of the protein activity in tumor samples.

CUTL1 mRNA sequences from 6 pairs of samples were analyzed for the presence
of mutations: 66, 67, 68, 98, 100 and 402. The first four had LOH of CUTL]1, whereas the
last two had no LOH. Patients 98, 100 and 402 showed higher, whereas patient 68 had
lower, CDP/Cux protein expression in the tumor than in the adjacent myometrium (Fig. 1).
The status of CDP/Cux protein expression in patients 66 and 67 is not known because the
small size of their tumors did not allow us to prepare protein extracts. The cDNAs were
cloned by reverse-transcriptase polymerase chain reaction (RT-PCR) using the primers
depicted in Fig. 3, and the DNA sequence was analyzed by two methods: either PCR-
sequencing or isolation of individual cDNA clones followed by DNA sequencing of 3
individual clones for each leiomyoma. All amplified cDNA fragments were of the
expected molecular weight, indicating that gross molecular rearrangements had not taken
place. Moreover, no point mutation or short deletion was identified in any tumor. These

results are in agreement with those from a similar study in ovarian cancers .
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Discussion

Overall, our results indicate that CDP/Cux proteins are expressed in 16 uterine
leiomyomas, including 2 tumors with LOH of the CUTL1 gene. From our sequencing
analysis of 6 leiomyomas, including 4 tumors with LOH, it appears that the coding region
of the CUTL1 gene does not carry mutations. We cannot exclude the possibility that
mutations are present within non-coding regions at the 5’ or 3’ end of the mRNA, or
within regulatory sequences that control the expression of the gene. However, if these
mutations exist, they do not affect the overall level of CDP/Cux protein expression. In fact,
one surprising findings of this study was that a majority of uterine leiomyomas were found
to express a higher level of CDP/Cux proteins. In particular, the proteolytically processed
isoforms of CDP/Cux were found to be expressed at higher level in 11 out of 16
leiomyomas. Since proteolytic processing of CDP/Cux has been shown to be activated as
normal fibroblastic cells progress into the S phase of the cell cycle, it is tempting to
speculate that the elevated levels of CDP/Cux processed isoforms in uterine leiomyomas is
linked to the high proliferation index of these tumors. Whether activated CDP/Cux
processing in uterine leiomyomas is only the consequence of their proliferative capacity or
whether it plays a causative role in this process remains to be investigated. In conclusion,
our results suggested that CUTL1 is not the tumor suppressor gene on 7q22. In this regards,
it should be noted that CUTL1 covers a very large distance, over 470 Kbp, and that several
putative genes have already been identified within this chromosomal region #. Our results
also revealed that molecular events leading to the activation of CDP/Cux processing may

be selected in uterine leiomyomas.
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With LOH

Figurel Expression of CDP/Cux proteins in uterine leiomyomas and matched

normal myometrium.

Total protein extracts from 16 pairs of uterine leiomyomas and matched normal

myometrium were prepared and analyzed by Western blot analysis using 0861 anti-

CDP/Cux antibodies. Leiomyomas #68 and #98 have previously been shown to exhibit

LOH of CUTL1 °.
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Antibodies
401 59 204 402 402 2 g S
— N TNT NT NT T 2 & & ©

i

10 11 12 13 14

Fig. 2 EMSA of in uterine leiomyomas and matched normal myometrium using a
CDP/Cux consensus binding site.

Nuclear extracts from selected samples of pairs of uterine leiomyomas and
matched normal myometrium were prepared as described in Materials and Methods and
analyzed in EMSA with oligonucleotides containing a CDP/Cut consensus-binding site
(CGATATCGAT). The DNA and proteins were incubated either with no antibody (lanes
1-10), or with the indicated antibodies (lanes 11 to 4). The diagram shows a schematic
representation of the CDP/Cux proteins with their conserved domains and the regions
recognized by the respective antibodies ***. CC, coiled-coil; CR1, CR2 and CR3: Cut
repeats 1, 2 and 3; HD, homeodomain; R, repression domain. The amino- and carboxy-

termini of the p100 isoform remain to be precisely defined.
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Fig. 3 DNA sequence analysis of CDP/Cux cDNA isolated from uterine leiomyomas
with CUTL1 LOH

The diagram shows a schematic representation of the CDP/Cux mRNA with its 24
exons®, and the primers that were used for cDNA cloning. CDP/Cux cDNA fragments
were generated by RT-PCR using primers F1-B1 and F2-B2, as indicated. The cDNA
fragments were either cloned into the pCRII plasmid or used as substrates in PCR-
sequencing using a second set of primers. For each cDNA fragment cloned, three
individual clones were analyzed by DNA sequencing. Similar results were obtained from

PCR-sequencing and cDNA cloning and sequencing: no mutation was found.
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The expression of each CDP/Cux isoform has been measured semi-quantitatively using a
densitometer. For each pair of leiomyoma and matched normal tissue, we have indicated
the ratio of CDP/Cux proteins in tumor versus the normal sample. This comparison was
done either for all CDP/Cux isoforms (p200 + p110 + p100), the full length isoform only

(p200), or the processed isoforms (p110 + p100).

Ratio of CDP/Cux proteins

Patient (Tumor/Normal)
p200 p200 p100
+ p110 + p110
+ p100

401 2.1 1.1 >10
59 2.1 14 6.9
20 5.8 4.4 >10
100 3.2 1.9 6.6
403 0.1 0.1 0.2
204 0.6 03 0.9
16 2.6 0.2 4.4
57 2.0 3.0 1.4
15 >10 >10 >10
402 4.3 7.7 34
50 1.0 14 0.5
62 1.1 0.7 1.6
28 1.1 0.7 1.2
206 2.2 2.5 2.2
68 0.4 0.4 0.3
98 3.1 2.5 >10
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Table 2 Comparative CDP/Cux protein expression in uterine leiomyomas and

matched myometrium

CDP/Cux Proteins Tumors Tumors Tumors
with higher expression with equal expression with lower expression
p200 9 1 6
p110 + p100 11 2 3
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Chapter V Phosphorylation of CDP/Cux by Cyclin D/Cdk4 in G1 Inhibits Its
Proteolytic Processing and DNA binding Activity.

Preface

In the chapter 111, the cell cycle dependent site-specific proteolysis that cleaves full
length CDP/Cux into p110 CDP/Cux has been described. So far, there are two events identi-
fied that regulate the stable DNA binding activity of CDP/Cux in a cell cycle dependent
manner. One is the previously described phosphorylation in the region of the Cut ho-
meodomain and the other is the processing event. Both events control the activity of
CR3HD in a manner that it is only active in S phase. Even though, the consequence of the
processing is clear, the identity of the protease and the mechanism regulating the proteolytic
event have not been identified. One way to regulate the cell cycle dependent processing is to
regulate the activity of the proteolysis. Alternatively, a cell cycle dependent modification
on the substrate, CDP/Cux, could regulate the processing event. In this chapter, the phos-
phorylation by cyclin D/Cdk4 that seems to control both cell cycle dependent DNA bind-

ing activity of CR3HD and the proteolysis that produce p110 CDP/Cux is described.
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ABSTRACT

Two regulatory events contribute to stimulate a stable DNA binding activity of the
CDP/Cux transcription factor at the G1/S transition of the cell cycle: dephosphorylation of
the Cut homeodomain by the Cdc25A phosphatase and proteolytic cleavage of CDP/Cux
p200 to generate the N-terminally truncated CDP/Cux p110 isoform. Inhibition of DNA
binding in G1 was previously shown to involve the phosphorylation of the Cut homeodo-
main. Here, we present evidence showing that cyclin D/Cdk4 interacts with CDP/Cux and
phosphorylates it on serine residues. Phosphorylation of two of those, serines 1237 and
1270, was sufficient to inhibit DNA binding by a recombinant CDP/Cux p110 protein. In
addition, over-expression of cyclin D/Cdk4 also inhibited proteolytic processing of
CDP/Cux p200. This inhibition was observed only with CDP/Cux substrates that contained
the Cut homeodomain, which is necessary for the interaction with cyclin D/Cdk4.
CDP/Cux mutants were generated in which serines were replaced with alanine. Cyclin
D/CDK4 inhibited the processing of most mutants except for one that contained 8 muta-
tions. Whereas wild type CDP/Cux was not processed until S phase, this mutant was
processed earlier, in G1. Altogether these results demonstrate that CDP/Cux is a target of
cyclin D/Cdk4, which acts to delay its processing and inhibit its stable DNA binding activ-
ity until the end of G1. These findings introduce a novel concept in cell cycle regulation:
cyclin-dependent kinases not only serve to stimulate the transition from one phase to an-

other, but also must ensure that some events do not take place prematurely.
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INTRODUCTION

The CDP/Cux/Cut transcription factors are a family of evolutionarily conserved
homeodomain proteins that contain four DNA binding domains: three regions called Cut
repeat 1, 2 and 3, and the Cut homeodomain (reviewed in (34)). In Drosophila mela-
nogaster, cut has been implicated in the determination of cell-type identity in several tissues
(6, 21, 26). One mutation preventing the function of a distant wing specific enhancer
caused the formation of truncated or cut wings (7, 20). This is the phenotype that gave its
name to the locus, cut. In vertebrates, the CCAAT-displacement activity was first charac-
terized in sea urchin, early B cells and myeloid precursor cells (3, 39). Purification of this
activity from HeLa cells and subsequent cloning of the corresponding cDNA revealed that
the CCAAT-displacement protein, CDP, was the human ortholog of Cut (5, 35). Other
cDNAs have been isolated from various species. In particular, the mouse cDNA was called
Cux (Cut homeobox) in accordance with the nomenclature rules (41). The term CDP/Cux
will be used in the remainder of this manuscript to designate the mammalian protein.

In the mouse, replacement of the Cut repeat 3 and/or the Cut homeodomain by gene
targeting has revealed several phenotypes including partial neonatal lethality, growth retar-
dation, delayed differentiation of lung epithelia, altered hair follicle morphogenesis, per-
turbed B and T lymphopoiesis and myeloid hyperplasia (15, 28, 38). In tissue culture, the
expression and activity of CDP/Cux has been associated with cellular proliferation, the re-
pression of genes that are turned on in terminally differentiated cells, the up- and down-
regulation of genes encoding histones and the thymidine kinase, and the regulation of matrix
attachment regions (MARs) (34). CDP/Cux proteins were found generally to function as

transcriptional repressors (1, 10, 24, 25, 29, 39-41). However, certain results suggest, but
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do not prove, that CDP/Cux may also be able to participate in gene activation (45, 47), In-

deed, Cut was found to be a component of the promoter complex HiNF-D, which is be-
lieved to contribute to the transcriptional induction of several histone genes at the G1/S
phase transition of the cell cycle (2, 44, 45). More recently, one isoform of CDP/Cux was
found to stimulate expression of a reporter plasmid carrying the DNA pol o gene promoter
(32). Whether this stimulation involved direct transcriptional activation by CDP/Cux or an
indirect mechanism, via the down-modulation of a DNA pol & repressor, is currently under
investigation.

A significant amount of evidence supports a role for CDP/Cux in cell cycle progres-
sion. Interaction of CDP/Cux with a consensus binding site or with histone H4 gene pro-
moter sequences (as part of HINF-D) was found to be upregulated as cells progress from

Gl to S phase (8, 17). CDP/Cux was shown to bind to the core promoter of the

1 WAF1/CIP1 1 WAF1/CIP1

p2 gene and in transient transfection assays, CDP/Cux repressed a p2

reporter whereas an antisense CDP/Cux construct was able to restore p21WAFVCIF!

expres-
sion levels in S phase (8). Increase in DNA binding at the G1/S transition involved two
regulatory events: dephosphorylation of the Cut homeodomain by the Cdc25A phospha-
tase, and specific proteolytic cleavage of CDP/Cux between CR1 and CR2 to generate an
amino-terminally truncated protein of 110 kDa (8, 32). Interestingly, CDP/Cux p200 was
found to be incapable of stable interaction with DNA, whereas p110 could bind stably to
DNA (31, 32). Thus, cell cycle-dependent processing of CDP/Cux serves to generate a
p110 isoform with distinct DNA binding and transcriptional properties. More recently, a

cyclin-Cdk complex that is present at the end of S phase and in G2, cyclin A/Cdk1, was

shown to interact with p110 CDP/Cux, phosphorylate the Cut homeodomain and inhibit its
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DNA binding activity (37). Overall, the existing data suggest that the activity of CDP/Cux
is regulated throughout the cell cycle following post-translational modifications by kinases,
phosphatases and a site-specific protease.

Cell cycle progression is controlled by a series of cyclin-dependent kinases (Cdk),
phosphatases and Cdk inhibitors. Each phase of the cell cycle, and the transition between
any two phases, is controlled by certain cyclin/Cdk complexes whose activation requires
several steps (reviewed in (33)). While the mechanisms of Cdk regulation have been deci-
phered to some extent, less is known about the targets of cyclin/Cdks and their functions.
Only a few targets have been identified, and for most cyclin/Cdks we still do not know
what targets are necessary and sufficient for progression into the next phase of the cell cy-
cle. For example, G1 Cdks, the cyclin D/Cdk4 and 6 and cyclin E/Cdk2, have been shown to
phosphorylate Rb, triggering its release from the E2F transcription factor (11, 22). Yet, cy-
clin E was also found to induce the G1/S transition in an Rb-independent manner, suggesting
that at least one other target is essential for progression into S phase (27). Cyclin D has
been found to interact with a number of transcription factors including the estrogen recep-
tor, DMP1, v-myb, MyoD and Stat3 (4, 16, 18, 19, 48, 49). However, so far only pRb has
been shown to be phosphorylated by cyclin D/Cdk4 (reviewed in (12, 13)). Despite the
abundant literature regarding the regulation of pRb during cell cycle progression in normal
and cancer cells, whether or not the role cyclin D/Cdk complexes is limited to the phos-
phorylation of pRb is currently unknown.

The present study was inspired by our previous findings regarding the phosphory-
lation of a recombinant CDP/Cux protein containing the Cut repeat 3 and the Cut ho-

meodomain (CR3HD) during the G1 phase of the cell cycle (8). In light of the accumulating
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eyidence linking the modulation of CDP/Cux with cell cycle progression, we considered that
a Gl-specific Cdk complex might be responsible for modulating the DNA binding activity
of CDP/Cux during this period of the cell cycle. Indeed, we obtained results confirming that
cyclin D/Cdk4 can interact with CDP/Cux and inhibit DNA binding of a recombinant pro-
tein containing CR3HD. However, we found that the effect of cyclin D/Cdk4 on CDP/Cux
was more complex than originally anticipated. Cyclin D/Cdk4 was able to phosphorylate
CDP/Cux at several positions upstream of CR3HD, and phosphorylation of CDP/Cux was
associated with the lack of proteolytic processing. These results suggests a novel role for
cyclin D/Cdk4 in ensuring that some events that take place at the onset of S phase do not

occur prematurely during the G1 phase.
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MATERIALS AND METHODS

Cell Culture and Synchronization.

NIH3T3 cells were grown in DMEM medium supplemented with 10% fetal bovine serum
(FBS). To obtain cells in GO using the serum starvation/stimulation method, NIH3T3 cells
were maintained for 2 to 3 days in DMEM plus 0.4% FBS. The medium was then changed
for DMEM plus 10% FBS and cells were harvested either 9 hours later for mid-G1 or 16
hours for S phase. However, it should be noted that the time required to reach S phase var-
ies with the length of time cells were maintained in medium with low serum. The longer this
incubation, the longer it takes for cells to reach S phase upon re-addition of serum. In prac-
tice, cell cycle progression must be monitored by FACS analysis for each experiment. Syn-
chronization in G1/S was performed using the single thymidine block procedure. Cells were
cultured overnight in DMEM plus 10% FBS supplemented with 2 mM thymidine. FACS
analysis was performed as previously described (8)

Preparation of Nuclear extract

The 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 MgCl,, 1 mM DTT). After quick centrifugation, re-
sulting nuclei were then resuspended in Buffer C (20 mM Hepes, pH 7.9, 25 % glycerol
1.5mM MgClz, 420 mM NaCl, 0.2 mM EDTA.) and incubated at 4 °C for 30 min. After 15
min. of centrifugation, the supernatant was collected. Buffers A and C were supplemented

with protease inhibitor mix tablets purchased from Roche and with E-64 from Calbiochem.

Plasmid Construction
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Plasmids for expression of CDP/Cux proteins in both bacteria and mammalians cells were
prepared by inserting various fragments from human CDP/Cux (Genbank accession number
NM 001913) cDNA into the specified vectors. GST-CDP/Cux constructs and the mam-
malian expression vector Myc-CDP/Cux-HA (MCH) were described previously (37). DNA
sequence coding for amino acid 612-1328 and 522-1027 of CDP/Cux were cloned into a 5’
6XHis expression vector TriEx 2.1 (Novagen) with an HA tag at the carboxy terminus. The
same TriEx vector were used for expression in mammalian and bacterial cells. Serine to
alanine mutations were made at following amino acid position of CDP/Cux by site directed
mutagenesis according to the method of Deng and Nickoloff (9): mutant A, S749; mutant B,
S887, S909 and S914; mutant C, S1054 and S1059; mutant D, S1237 and S1270; mutant
ABCD, S749, S887, S909, S914, S1054, S1059, S1237 and S1270. Dr. Bob Fisher kindly
provided Baculovirus expressing Cyclin D and Cdk 4 and the Mammalian expression vec-
tors for Cyclin D, Cdk 4. The dominant negative form of Cdk 4 and GST-C-term pRb were
generous gift from Dr. Sander Van Den Heuvel and Dr. Nicholas Dyson, respectively.
Expression and Purification of Fusion Protein

PTriEx-CDP/Cux 612-1328 was introduced into the BL21(DE3) strain of E. coli and in-
duced with 1 mM IPTG for 1.5 hours. Proteins were purified on Ni-NTA agarose (Qiagen)
according to the manufacturer's instructions. Vectors encoding the indicated region of GST-
CDP/Cux fusion proteins were introduced in the DHS strain of E. coli and protein expres-
sion was induced with 1 mM IPTG for 1.5 hours. Proteins were purified on glutathione

sepharose (Amersham Pharmacia Biotech) according to the manufacturer's instructions.

173



Chapter V - Manuscript

Antibodies

Antibodies against CDP/Cux were previously described (8). Anti -HA antibody was pur-
chased from Covance (cat #139021002). Anti-Cyclin D1 and anti-Cdk 4 were purchased
from Neo Markers (Cat. #MS-210 and Cat. #MS-229).

Immunoprecipitation

Rabbit or mouse antibodies were incubated with protein A sepharose beads (Gibco BRL) or
protein G agarose beads (Gibco BRL), respectively, for 2 hours at 4°C. Beads were washed
with lysis buffer 3 times. Cell lysates were then incubated with antibody-bound beads for
1 hour at 4°C followed by 5 washes in lysis buffer. Immunoprecipitated products were
analyzed by SDS-PAGE. For co-immunoprecipitation, cells were lysed in buffer X (50 mM
Hepes, pH 7.9, 0.4 M NaCl, 4 mM NaF, 4 mM NaVOs3, 0.2 mM EDTA, 0.2 mM EGTA,
0.1% NP-40, 10% glycerol, and protease inhibitor mix tablets (Roche)).

Electro Mobility Shift Assay (EMSA)

EMSA were performed with 1 ug of nuclear extract from transfected mammalian cells. The
samples were incubated at room temperature for 5 min. in a final volume of 30 pl in 25 mM
NaCl, 10 mM Tris, pH 7.5, 1 mM MgCl,, 5 mM EDTA pH 8.0, 5 % of glycerol, 1 mM of
DTT, with 60 ng of poly dIdC and 10 pg of BSA as nonspecific competitors. End-labeled
double stranded oligonucleotides (~10 pg) were added and further incubated for 15 min. at
room temperature. Samples were loaded on a 5% polyacrylamide (29:1),1X Tris/Glycine
(100 mM Tris/ 575 mM Glycine/ 1.32 mM EDTA, pH 8.5) gel and separated by electro-

phoresis at 8V/cm in 0.5X Tris /Glycine. Gels were dried and visualized by autoradiogra-

phy
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GST Pull-down

Lysates from baculovirus S9 cells previously infected with baculovirus encoding cyclin D
and Cdk 4 were mixed with glutathione beads bound with 1 ug of GST-CDP/Cux fusion
proteins at 4°C for 1 hour in binding buffer (20 mM Tris pH 7.5, 0.05% NP40, 137 mM
NaCl), washed 3 times in binding buffer and resolved by SDS-PAGE on a 10% acrylamide
gel. Proteins were analyzed by western blotting with a monoclonal antibody for cyclin D or
Cdk 4 (E2 3, Neo Markers) and a monoclonal antibody for HA (11, Covance).

Western blot

Western blot analysis for HA epitope, Cyclin D, Cdk 4 and CDP/Cux were done in an iden-
tical manner. Protein extracts were resolved by SDS-PAGE electrophoresis and transferred
to PVDF membrane. The PVDF membrane was incubated with blocking solution (10 mM
Tris pH8, 150 mM NaCl, 5% powder milk, 2% BSA) for 2 hours at room temperature.
Primary antibodies were incubated with the membrane in TBST (10 mM Tris pHS8, 150
mM NaCl, 0.1% Tween) for 1 hour at room temperature. After four 10 min. washes with
TBST, secondary antibodies were added and incubated in TBST for 45 min. at room tem-
perature. Following four 10 min. washes with TBST, proteins were visualized with the
ECL system from Amersham.

In vitro Kinase Assay

The method used was adapted from that of Meyerson and Harlow (30). Briefly, baculovi-
rus-infected SF9 insect cells were lysed in kinase buffer and sonicated 3 times for 10 sec-
onds. Cyclin D/Cdk 4 kinase complexes were isolated by immunoprecipitation using a Cdk4

monoclonal antibody (Ab-1, Neo Markers) forl hour at room temperature. The precipitate
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was washed with kinase buffer three times at 4°C. and 1 ug of proteins of interest was in-

cubated with Cyclin D/Cdk4 in presence of 5 pCi *2P y-ATP (6000 Ci/ mmol) (Amersham
Pharmacia Biotech) in kinase buffer (50 mM Hepes pH 7.5, 10 mM MgCl2, 1 mM DTT, 1

mM NaF). Reactions were allowed to proceed for 10 minutes at 24°C and were terminated
by adding 6 pl of SDS loading buffer and boiling for 5 minutes. The reaction mixtures were
resolved by were resolved by SDS-PAGE electrophoresis on 8% acrylamide gel followed
by coomassie staining. Phosphorylated proteins were visualized by autoradiography.

Phospho-amino acid analysis. 6His 612-1328 was phosphorylated by in vitro kinase as-
say as described. Phosphorylated 6His 612-1328 proteins were migrated on a 10% SDS-
PAGE and electrophoretically transferred to PVDF membrane. The membrane was washed
in a large volume of water, dried and rewetted with methanol and water and dried again.
Membrane was exposed to X-ray film to visualize the phosphorylated species and cut out

of membrane. Phospho-amino acid analysis was performed as previously described (8).
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RESULTS

CDP/Cux interacts with cyclin D. We have previously shown that the DNA
binding activity of a recombinant CDP/Cux protein containing CR3HD was inhibited during
the G1 phase of the cell cycle (8). This inhibition correlated with serine phosphorylation
within a 12 kDa segment containing the Cut homeodomain. Since the phosphorylation pat-
tern of CDP/Cux displayed cell cycle dependence, we considered the possibility that the
kinase phosphorylating CDP/Cux in G1 was in fact the cyclin-dependent kinase complex,
cyclin D/Cdk4. As a first step to test this hypothesis, we performed co-
immunoprecipitation assays using antibodies against cyclin D and CDP/Cux. Remarkably,
an interaction between the two proteins was detected without having to over-express any of
the proteins. Endogenous CDP/Cux was precipitated with cyclin D antibodies (Fig. 1A,
lane 2). Reciprocally, endogenous cyclin D was brought down with CDP/Cux antibodies
(Fig. 1A, lane 3). To determine the region of CDP/Cux that associates with cyclin D and
Cdk4, pull-down assays were performed using a panel of GST-CDP/Cux fusion proteins
and total extracts from Sf9 cells that had been infected with baculovirus expressing cyclin D
and Cdk4. Both cyclin D and Cdk4 were pulled down by GST-CR3HD (Fig. 1B, lane 6).
In addition, a weak interaction was observed with GST-CTD. It should be noted that these
two fusion proteins share a region of overlap between a.a. 1299 and 1313 and that a cyclin
interaction motif (CY), RRELF, has previously been mapped from a.a. 1299 to 1304 (37).
This would explain why both fusion proteins interacted with cyclin D. The binding to
GST-CR3HD was stronger, suggesting that the overall interaction was stabilized by the

presence of the Cut homeodomain as was previously found for cyclin A/Cdk1 (37).
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Phosphorylation of CDP/Cux by cyclin D/Cdk4 inhibits the DNA binding ac-
tivity of CR3HD. Cyclin D/Cdk4 was found to phosphorylate the GST-CR3HD fusion
protein in vitro (data not shown; see also Fig. 5). Phosphorylation within this region by
cyclin A/Cdkl was previously shown to inhibit DNA binding (37). We tested whether
DNA binding by a recombinant protein corresponding to the proteolytically processed
CDP/Cux isoform, p110, would be similarly inhibited upon co-expression with cyclin
D/Cdk4. NIH3T3 cells were transfected with a vector expressing MCH878, a recombinant
CDP/Cux protein containing amino acids 878-1505 and an influenza virus hematoglutinin
(HA) tag at its carboxy-terminus (described in (32)). MCHS878 was expressed either alone
or with cyclin D and Cdk4 expressing vectors. Whereas the steady-state level of MCHS878
was not affected (Fig. 2 A, left panel), its DNA binding activity was reduced in the pres-
ence of cyclin D/Cdk4 (Fig. 2 A, right panel). In contrast, no reduction in DNA binding
was observed when the same experiment was repeated with a mutant, MCH878%4 in
which serines 1237 and 1270 were replaced with alanines (Fig. 2B). These results indicate
that cyclin D/Cdk4 can phosphorylate CDP/Cux in the region of the Cut homeodomain and
inhibit its DNA binding activity.

Co-expression with cyeclin D/Cdk 4 inhibits proteolytic processing of
CDP/Cux. Proteolytic processing of CDP/Cux was previously shown to occur at the G1/S
transition of the cell cycle (32). Thus, the CDP/Cux isoform expressed when cyclin
D/Cdk4 is active in G1 is the full length CDP/Cux p200. We therefore tested the effect of
cyclin D/Cdk4 on this CDP/Cux isoform. As expected, we observed a reduction in DNA
binding (Fig. 3A, lanes 1-3). However, to our surprise, Western blot analysis revealed that

the level of p110 was reduced in the presence of cyclin D/Cdk4 (Fig. 3A, lanes 4 and 5).
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The reduction in p110 may have occurred for one of two reasons. Proteolytic processing of
CDP/Cux p200 may have been inhibited, or the stability of CDP/Cux p110 may be reduced
in cells over-expressing cyclin D/Cdk4. Since the steady-state level of the recombinant
MCHS878 protein was not affected by cyclin D/Cdk4 in earlier experiments (see Fig. 2A,
lanes 1 and 2), the former possibility appears to be more likely. This notion is further con-
firmed by the finding that p90, the carboxy-terminal peptide generated as the result of
CDP/Cux processing (32), is also less abundant in cells expressing cyclin D/Cdk4 (Fig. 3A,
lanes 6 and 7). We then tested whether co-expression of CDP/Cux with a dominant nega-
tive mutant of Cdk4, CDK4PN, would have an opposite effect on the processing of
CDP/Cux from that of cyclin D/Cdk4. We observed no significant difference in CDP/Cux
processing when this experiment was performed in NIH3T3 cells (data not shown; see also
Fig. 4C, lanes 1 and 2). However, co-expression of CDK4P" in 293 cells lead to an increase
in the level of the processed isoform, p110 (Fig. 3B, lanes 1 and 2). One possible explana-
tion for the discrepancy between the results in NIH3T3 and 293 cells was provided from
the Western blot analysis of cyclin D1 in each cell line. As shown in Fig. 3C, the steady-
state level of cyclin D1 was much higher in NIH3T3 than in 293 cells. Since CDK4°N ex-
erts its dominant negative effect by binding to cyclin D and displacing the endogenous
Cdk4, it is possible that this effect is more easily observed in cells that express a lower level
of cyclin D, as in 293 cells here. Altogether, results from Fig. 2 and 3 suggest that process-
ing of CDP/Cux may be inhibited by cyclin D/Cdk4.

The CR3HD region is required for the inhibition of CDP/Cux processing by
cyclin D/Cdk4. The potential mechanisms by which cyclin D/Cdk4 inhibits CDP/Cux

processing can be broadly divided into two categories. Cyclin D/Cdk4 may inhibit the pro-
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tease or alternatively, it may modify the CDP/Cux substrate in a manner that renders it re-
fractory to processing. In either case, the effect may be direct or may involve several inter-
mediary steps. One approach to distinguish between these alternative mechanisms is to
investigate the processing of a CDP/Cux substrate that does not contain the sequences nec-
essary for its interaction with cyclin D/Cdk4. A recombinant protein containing CR1, CR2
and the linker in between them, CDP/Cux 522-1027, was previously shown to be prote-
olytically processed in cells (32). We reasoned that since this protein does not contain the
CR3HD region, it would not interact with cyclin D/Cdk4. If processing of this protein was
still inhibited in the presence of cyclin D/Cdk4, it would suggest that the protease is tar-
geted. On the contrary, no reduction in processing would suggest that the inhibition re-
quires that cyclin D/Cdk4 interacts with CDP/Cux. NIH3T3 cells were transfected with a
vector expressing CDP/Cux 522-1027, in the presence or absence of vectors expressing cy-
clin D/Cdk4. In Western blot analysis, the level of the processed product was not signifi-
cantly affected by the presence of cyclin D/Cdk4 (Fig. 4A, lanes 1 and 2). We then tested a
CDP/Cux substrate, CDP/Cux 612-1328, whose carboxy-terminus extends past the
CR3HD. Importantly, this protein includes the CY motif present at a.a. 1299 to 1304.
Processing of CDP/Cux 612-1328 protein was not as efficient in the presence of cyclin D
and Cdk4 (Fig. 4B, lanes 1 and 2). These results indicate that sequences far downstream
from the site of processing are required for the inhibition of processing by cyclin D/Cdk4.
Moreover, the difference in electrophoretic mobility of the two recombinant proteins in the
presence of cyclin D/Cdk 4 suggested that phosphorylation of CDP/Cux may be involved in
the inhibition of processing. Indeed, the migration of CDP/Cux 522-1027 was not altered,

whereas an additional band of slower mobility was observed when CDP/Cux 612-1328 was
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expressed together with cyclin D/Cdk 4 (Fig. 4A and B, compare lanes 1 and 2). Impor-
tantly, both cyclin D and Cdk4 were required, as processing of CDP/Cux 612-1328 was not
significantly affected when only cyclin D or Cdk4 were present (Fig. 4B, lanes 3 and 4). To
obtain additional evidence that inhibition of processing was associated- with the phos-
phorylation of CDP/Cux, we repeated the same experiment using either wild type Cdk4 or a
catalytically inactive mutant of Cdk4, Cdk4®N. Equal expression level of the two Cdk4
proteins was verified by Western blot analysis (data not shown). Processing of CDP/Cux
612-1328 was inhibited by cyclin D/Cdk4 but not by cyclin D/Cdk4®N (Fig. 4C, lanes 1-3).
Moreover, the electrophoretic mobility of CDP/Cux 612-1328 was slightly retarded in the
presence of cyclin D/Cdk4. Altogether, these results show that the inhibition of CDP/Cux
processing by cyclin D/Cdk4 requires the presence of CR3HD, a region of CDP/Cux that
interacts with cyclin D/Cdk4, and is potentially associated with the phosphorylation of
CDP/Cux.

Cyclin D/Cdk 4 phosphorylates several serine residues of CDP/Cux in vitro.
We investigated whether cyclin D/Cdk4 was able to phosphorylate CDP/Cux 612-1328 in
vitro. Cyclin D/Cdk4 complexes isolated from baculovirus-infected Sf9 cells (see Material
and Methods) were incubated together with a bacterially expressed CDP/Cux 612-1328
protein and radioactively labeled ATP. As controls for the efficiency and specificity of the
kinase complex, other reactions were run in parallel using as substrates either BSA or a GST
fusion protein carrying the carboxy-terminal domain of the retinoblastoma protein,
GST/pRb-CTD (36). While BSA was not phosphorylated at all, CDP/Cux 612-1328 was
phosphorylated to a higher level than that of GST/pRb-CTD (Fig. SA, lanes 4, 5 and 6).

Phospho-amino acid analysis revealed that phosphorylation of CDP/Cux 612-1328 oc-
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curred on serine residues (Fig. 5B). To confirm that co-expression with cyclin D/Cdk4 can
lead to an increase in the phosphorylation of CDP/Cux in vivo, transfected 293 cells were
metabolically labeled with 32P-orthophosphate, and the recombinant CDP/Cux 612-1328
was purified by affinity chromatography and revealed by coomassie blue staining or autora-
diography (Fig. 5C, compare lanes 1 and 2). Examination of the amino acid sequence of
CDP/Cux 612-1328 revealed the presence of § serine-proline (SP) residues that could serve
as Cdk phosphorylation sites. We engineered S mutants in which specific serine residues
were replaced with alanine either individually or as a group. The names and positions of the
mutations are shown in a diagram (Fig. SD). The mutant ABCD carried a mutation at each
of the 8 putative phosphorylation sites. Kinase reactions were carried as previously with
wild type CDP/Cux 612-1328 and mutants A, B, C, D and ABCD (Fig. 5D). The level of
phosphorylation was significantly reduced in the case of mutants B, D and ABCD. These
results indicate that cyclin D/Cdk4 can phosphorylate CDP/Cux at several positions. There
was still detectable phosphorylation of mutant ABCD even though all putative Cdk phos-
phorylation sites containing the SP sequence had been removed. A number explanations
could be evoked for this phenomenon. It is possible that another kinase was brought down
when cyclin D/Cdk4 complexes were precipitated from insect cells with anti-cyclin D anti-
bodies. However, we favor the possibility that cyclin D/Cdk4 displayed promiscuity in the
in vitro kinase reaction, especially that only one potential substrate was available. In par-
ticular, we note that the sequence TP is present at five positions within CDP/Cux 612-
1328. Although phospho-amino acid analysis of wild type CDP/Cux 612-1328 did not re-
veal the presence of phosphorylated threonine residues, it is possible that some of these

sites may be targeted once all the serine phosphorylation sites have been eliminated.
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Serine to alanine mutations within CDP/Cux prevent the inhibition of proc-
essing by cyclin D/ Cdk 4. We tested the effect of cyclin D/Cdk4 co-expression on the
processing of CDP/Cux 612-1328 mutants. Cyclin D/Cdk4 inhibited the processing of wild
type CDP/Cux as well as mutants A, B and CD (Fig. 6A, lanes 1-8). However, the proc-
essing of mutant ABCD was not affected in the presence of cyclin D/Cdk4 (Fig. 6A, lanes
9-10). To confirm that mutations ABCD were sufficient to prevent the effect of cyclin
D/Cdk4 on processing, all mutations were transferred into a construct expressing the full
length CDP/Cux. Again, cyclin D/Cdk4 inhibited the processing of most mutants except for
mutant ABCD (Fig. 6B, lanes 1-10). Two conclusions can be drawn from these results.
First, the mechanism by which cyclin D/Cdk4 inhibits the processing of CDP/Cux involves
the phosphorylation of CDP/Cux. Secondly, the mutation of several serine residues is nec-
essary to prevent the inhibition of processing by cyclin D/Cdk4. These results suggest that
the phosphorylation of CDP/Cux at several alternative positions has an inhibitory effect on
processing.

Serine to alanine mutations within CDP/Cux de-regulate cell cycle-
dependent processing. Processing of CDP/Cux was previously shown to be tightly regu-
lated during the cell cycle as no processing was observed before the G1/S transition (32).
We considered the possibility that the molecular basis for this cell cycle regulation may in-
volve the phosphorylation of CDP/Cux by cyclin D/Cdk4 in G1. If this hypothesis was
correct, we would predict that the ABCD mutant should be able to be processed in G1. To
test this hypothesis, NIH3T3 were transfected with vectors expressing either the wild type
or mutated full length CDP/Cux protein, and were then synchronized by serum starvation

and re-stimulation. Cells were harvested 9h and 16h following serum addition and analyzed
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for CDP/Cux processing and cell cycle distribution. The FACS analysis indicated that most
cells were still in G1 at the 9h time point, whereas a large proportion of cells had progressed
past the G1/S transition at 16 hours (Fig. 7). As expected, the wild type CDP/Cux protein
was processed at 16 hours but little or no processing was observed at 9 hours (Fig. 7, left
panel). In contrast, processing of the ABCD mutant was essentially similar at the two time
points (Fig. 7, right panel). These results indicate that the mutations of Cdk phosphoryla-
tion sites within CDP/Cux prevented the inhibition of processing in the G1 phase of the cell
cycle.

Evidence from indirect immunofluorescence that mutations of Cdk phos-
phorylation sites alter the regulation of CDP/Cux processing in cells. Evidence that
CDP/Cux is proteolytically processed in cells can be obtained from indirect immunofluores-
cence using antibodies against amino- and carboxy-terminal epitopes. Typically, following
transfection of CDP/Cux we can observe two distinct staining patterns on the same cover
slip: type 1 and type 2 (Fig. 8). In type 1, staining is identical with both antibodies and is
limited to the nucleus. In type 2, however, the two antibodies generate different staining
patterns. Whereas the antibody against the carboxy-terminal antibody stains only the nu-
cleus, the antibody against the amino-terminal peptide stains the entire cells. The type 2
staining pattern can most easily be explained by assuming that the two epitopes are present
on different molecules as would be expected if the protein was cleaved and the amino-
terminal peptide, which does not contain a nuclear localization signal, diffused out of the
nucleus. That a CDP/Cux protein truncated upstream of CR3HD localizes to the cyto-
plasm has previously been reported (15, 28). As can be seen in the tabulated data, when the

wild type CDP/Cux protein is introduced into continuously growing cells, approximately
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82% of the cells exhibit the type 1, and 18% the type 2 staining pattern (Fig. 8). In a
population of cells enriched in S phase using the thymidine block procedure, the proportion
of cells exhibiting type 2 staining pattern was increased to 35%. These results clearly sup-
port the notion that proteolytic processing of CDP/Cux is regulated in a cell cycle depend-
ent manner. If, as shown from the Western blot analysis of synchronized cells, mutant
ABCD can be processed in G1, we would predict that a higher fraction of continuously
growing cells expressing this mutant would display the type 2 staining pattern. Indeed this
is what we observed, as the type 2 staining was observed among 35% of cells transfected
with this construct. As expected, synchronization using the thymidine block procedure did
not further increase this proportion. These results confirm by yet another approach that
the mutation of Cdk phosphorylation sites alters the cell cycle dependent regulation of

CDP/Cux processing in cells.
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DISCUSSION

DNA binding by the CDP/Cux protein was previously shown to be upregulated at
the G1/S transition as a result of dephosphorylation by the Cdc25A phosphatase (8).
CDP/Cux was later found to be proteolytically processed at the G1/S transition to generate
an isoform, p110, which is capable of stable DNA binding (32). More recently, cyclin
A/Cdk1 was shown to interact with CDP/Cux, phosphorylate the Cut homeodomain and
inhibit DNA binding (37). In the present study, we have shown that a G1 cyclin/Cdk com-
plex, cyclin D/Cdk4, can interact with CDP/Cux, phosphorylate it and inhibit both prote-
olytic processing and DNA binding. Altogether, these results point to a very tight regula-
tion of CDP/Cux during the cell cycle, such that its stable DNA binding activity is maximal
during S phase but is controlled before and after, in G1 and in G2. This type of regulation
suggests that the p110 CDP/Cux isoform plays a role specifically in S phase. We speculate
that CDP/Cux regulates the expression of a number of genes whose products are involved in
DNA replication. Interactions between CDP/Cux and regulatory elements of several histone
genes have been documented by several groups (3, 14, 17, 42, 43, 45, 46). Interestingly,
the histone nuclear factor D (HiNF-D) complex had been characterized for a number of
years before it was realized that CDP/Cux was its DNA binding subunit (45, 46). Whether
CDP/Cux plays a role as an activator or a repressor of these genes has not yet resolved. Our
group has obtained evidence that CDP/Cux would stimulate expression of the DNA polym-
erase alpha gene in transient transfection assays (37). However, whether this effect is direct
or indirect is currently being investigated. CDP/Cux was also suggested to play both a posi-

tive and negative regulatory role in the case of the thymidine kinase gene (23).
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The processing of CDP/Cux and its stable DNA binding activity were inhibited in
cells over-expressing cyclin D/Cdk4. While we have shown that cyclin D/Cdk4 did not af-
fect a mutant CDP/Cux protein in which 8 serines had been mutated to alanine, we have
been unable to identify a single Cdk phosphorylation site that would be sufficient to medi-
ate the inhibition of processing. Four other mutants, carrying either one, two or three muta-
tions were assayed. The processing of each of these mutants was inhibited in the presence
of cyclin D/Cdk4. The mutant CD, in which serines 1054 and 1059, 1237 and 1270 were
mutated, seemed less affected than the wild type, as a processed isoform was detected even
in cells over-expressing cyclin D/Cdk4 (Fig. 6). Yet, cyclin D/Cdk4 was still partially able
to inhibit processing. These results strongly suggest that the inhibition of processing re-
sults from the phosphorylation of several residues over a rather large region of the protein.
We speculate that the accumulation of negative charges in CDP/Cux leads to a conforma-
tional change such that the linker region between CR1 and CR2 is not as readily accessible
to the protease. Alternatively, it is possible that processing takes place in a specific sub-
cellular compartment and that phosphorylation of CDP/Cux precludes its trafficking to this
location.

If phosphorylation of CDP/Cux by cyclin D/Cdk4 serves to delay its processing
until S phase, then a mutated CDP/Cux protein in which all Cdk phosphorylation sites have
been removed should be processed earlier in the cell cycle. This is what we observed (Fig.
7). In addition, we predicted that a larger fraction of cells in a population of unsynchro-
nized cells should display evidence of processing. To test this notion, we performed indi-
rect immunofluorescence using antibodies against an amino- and a carboxy-terminal epi-

tope. Since the nuclear localization signal within CDP/Cux is located in the CR3HD region,
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we expected that the amino-terminal peptide generated as a result of processing would lo-
calize to the cytoplasm, whereas the carboxy-terminal peptide containing CR3HD would
stay in the nucleus. Indeed, following transfection of a wild type recombinant CDP/Cux
protein, we observed two types of staining patterns. In one type, type 1, the amino- and
carboxy-terminal antibodies both stained only the nucleus. In type 2, the amino-terminal
antibody stained the entire cell. Although we cannot exclude that processing occurs in the
cytoplasm, we favor the notion that the full length CDP/Cux protein localizes to and is
cleaved in the nucleus, and that the amino-terminal peptide then diffuses out of the nucleus.
Only 18% of the cells displayed the type 2 staining pattern, a proportion that is lower than
that of the cells having progressed beyond the G1/S transition. Our current explanation for
this discrepancy is that the amino-terminal peptide is unstable and that the rapid disappear-
ance of this peptide causes the loss of a cytoplasm signal with the amino-terminal antibody
in many cells that have progressed past the G1 phase. In support for this hypothesis, we
note that we have not been able to detect the amino-terminal peptide generated from the
processing of the endogenous CDP/Cux protein. In contrast to p110, detection of the N-
terminal peptide requires the over-expression of CDP/Cux.

Our findings have uncovered a new target for cyclin D/Cdk4. In addition, the find-
ings that cyclin D/Cdk4 acts to delay the activation of CDP/Cux introduces a novel concept
in the field of cell cycle regulation. The role of cyclin/Cdk complexes is generally perceived
to consist primarily in promoting the transition from one phase of the cell cycle to the next.
Thus, the phosphorylation of pRb by cyclin D/Cdk4 contributes to trigger the dissociation
of pRb from the E2F/DP complex, which can then activates the transcription of genes in-

volved in DNA replication. In contrast, the effect of cyclin D/Cdk4 on CDP/Cux is to de-
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lay the time at which the protein is proteolytically processed and its stable DNA binding
activity is unleashed. This suggests that the role of cyclin D/Cdk4 is not limited to the
preparation of the G1/S transition but also to ensure that some events meant to take place
at the onset of S phase would not occur prematurely during the G1 phase. What happens
then in cancer cells that over-express cyclin D/Cdk4? Is processing of CDP/Cux inhibited?
This question merits investigation, but at this point we would speculate that the effect of
cyclin D/Cdk4 may be counter-acted by the action of a phosphatase, perhaps Cdc25A, that

is activated at the end of G1. This hypothesis should be investigated in future work.
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Fig.1 Interaction between Cyclin D and CDP/Cux. (A) Whole cell extracts from 293
cells were submitted to immunoprecipitation and immunoblotting using antibodies against
CDP/Cux or cyclin D, as indicated. (B) Pull down assays were performed using GST-
CDP/Cux fusion proteins and whole cell extracts from SF9 cells previously infected with
baculovirus encoding cyclin D and Cdk 4. Cyclin D and Cdk 4 were visualized by

immunoblotting. Below is a schematic representation of the CDP/Cux regions present

within the GST-CDP/Cux fusion proteins.
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Fig. 2 Phosphorylation of CR3HD by Cyclin D/Cdk 4 inhibits DNA binding. (A)
NIH3T3 cells were transfected with a vector expressing a CDP/Cux recombinant protein,
MCHBS878, containing amino acids 878-1505 and an HA epitope at its carboxy-terminus.
The CDP/Cux vector was introduced either alone (lanes 1 and 3) or with vectors expressing
cyclin D and Cdk 4 (lanes 2 and 4) as indicated. Nuclear extracts were analyzed in Western
blot with anti HA antibody (left panel) and in EMSA with oligonucleotides containing a
CDP/Cux consensus binding site (CGATATCGAT). (B) The same experiment was
repeated with a the mutant MCH878%* in which serines 1237 and 1270 were replaced with

alanines. The positions of the mutations are indicated in the diagram.
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Fig. 3 Co-expression with cyclin D/Cdk 4 inhibits proteolytic processing of CDP/Cux.
(A) NIH3T3 cells were transfected with a vector expressing Myc-Cux-HA (MCH), a
CDP/Cux protein with Myc and HA epitope tags, either alone or with vectors expressing
Cyclin D and Cdk 4, as indicated. Nuclear extracts were analyzed in Western blot with an
anti-HA antibody and in EMSA with oligonucleotides containing a CDP/Cux consensus
binding site.

(B) 293 cells were transfected with the MCH vector either alone (lanel) or with a vector
expressing a dominant negative mutant of Cdk 4 (lane 2). Nuclear extracts were prepared
and analyzed in Western blot with HA antibody.

(C) Western blot analysis using antibodies against cyclin D1 and total extracts from

baculovirus-infected Sf9 cells, NIH3T3 and 293 cells
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Fig. 4 Inhibition of processing by cyclin D/Cdk4 requires the presence of the CR3IHD
region and is associated with a reduction in the electrophoretic mobility of CDP/Cux.

NIH3T3 cells were transfected with a vector expressing CDP/Cux recombinant proteins
containing amino acids 522-1027 (A) or 612-1328 (B and C) and an HA epitope at its
carboxy-terminus. The CDP/Cux vectors were introduced either alone (lanes 1) or with
vectors expressing cyclin D with Cdk 4 or dominant negative form of Cdk4 as indicated.
Nuclear extracts were analyzed in Western blot with anti HA antibody. The arrow indicates

in each case the position of the processed CDP/Cux protein.
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Fig. 5 Cyclin D/Cdk 4 phosphorylates several serine residues of CDP/Cux in vitro.

(A) Cyclin D/Cdk4 complexes from S{9 cells were immunoprecipitated using an anti-Cdk4
antibody, and were incubated with 500 ng of the indicated proteins for 20 min. in the
presence of 5 pCi **P g-ATP. Proteins in each sample were separated by electrophoresis on
a 12% SDS-polyacrylamide gel and revealed by staining with Coomassie-blue and
autoradiography.

(B) In vitro phosphorylated CDP/Cux 612-1328 was hydrolyzed with acid. The
hydrolysate was applied to TLC plates and subjected to two-dimensional electrophoresis in
pH 1.9 and pH 3.5 buffers. The mobilities of phosphoserine, phosphothreonine and
phosphotyrosine are indicated according to the migration of a phosphoaminoacid standard
mixture.

(C) For the purpose of metabolic labeling, 293 cells were transfected with constructs
expressing CDP/Cux 612-1328 with or without cyclin D and Cdk4 vectors as indicated.
Cells were metabolically labeled with {**P} orthophosphate. Recombinant CDP/Cux
proteins were purified by affinity chromatography on nickel column and visualized by
Coomassie blue staining and autoradiography. Note that this purification scheme allows
the purification of only the full length 612-1328 protein, not the processed isoform.

(D) In vitro kinase assays were performed as described in A with either wild type (lane 1)
or mutant CDP/Cux 612-1328 (lane 2 to 6) in which serine residues were replaced for
alanine at position 749 (A), 887, 909 and 914 (B), 1054 and 1059 (C), and 1237 and 1270
(D). The positions of mutated serine residues are shown in the diagram. Proteins in each
sample were separated by electrophoresis on a 12% SDS-polyacrylamide gel and revealed

by staining with Coomassie-blue and autoradiography.
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Fig. 6 Serine to alanine mutations within CDP/Cux prevent the effect of Cyclin D/ Cdk
4 on processing. NIH3T3 cells were transfected with a vector expressing a wild type or

mutated versions of CDP/Cux 612-1328 (A) or full length CDP/Cux (B). The CDP/Cux
vector was introduced either alone or with vectors expressing cyclin D and Cdk 4 as

indicated. Nuclear extracts were analyzed in Western blot with anti HA antibody.
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Fig. 7 Serines to alanine mutations within CDP/Cux allows processing to occur in G1.
NIH3T3 cells were transfected with a vector expressing a wild type or a mutated version of
full length CDP/Cux, mutant ABCD, in which serines 749, 887, 909, 914, 1054, 1059, 1237
and 1270 were replaced with alanine. Cells were then synchronized by serum starvation
followed by serum addition for 9h (lane 1 and 3) or 16h (lane 2 and 4) respectively. Nuclear
extracts were analyzed in Western blots with anti-HA antibody. Cell cycle distribution was
monitored by fluorescence-activated cell sorting (FACS) analysis after staining of the DNA

with propidium iodide.
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Fig. 8 Indirect immunofluorescence of cells expressing wild type or mutant ABCD
CDP/Cux proteins. NIH 3T3 cells on glass coverslips were transfected with a vector
expressing wild type or mutant ABCD CDP/Cux (see diagram in Fig. 7). The recombinant
CDP/Cux protein included a Myc epitope tag at the amino-terminus. One day later, indirect
immunofluorescence was performed with the indicated antibodies as described in material
and methods. The coverslips were mounted on slides and cells were visualized with
incident light fluorescence. Two staining patterns are presented, type 1 and type 2. The
table gives the proportion of cells that display type 1 and type 2 staining pattern in the

indicated situation.
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GENERAL DISCUSSION

In this thesis, I have described different modes of DNA binding by CDP/Cux, a
transcription factor with four DNA binding domains, and some of the mechanisms that
control it. Recent studies from other groups and ours have generated evidence that
CDP/Cux may play an important role in the G1 to S transition. Figure 1 summarizes the
finding from this thesis. Briefly, CDP/Cux exists mainly as full-length form in G1 that
exhibits DNA binding characteristics similar to CR1+2, the domain responsible for the
CCAAT-displacement activity. The DNA binding activity of CR3HD is inactive in G1
since the phosphorylation by cyclin D/Cdk4 inhibits the processing and DNA binding by
CR3HD. As cells enter S phase, CDP/Cux is cleaved between CR1 and CR2. The N-
terminally truncated p110 CDP/Cux stably binds to DNA and regulates S phase specific
genes. In addition, an increase in the expression level of N-terminally truncated CDP/Cux
isoforms is observed in human uterine leiomyomas. In this section, I will discuss the
significance of new findings in understanding the function of CDP/Cux and questions that

remain to be answered.

CCAAT Displacement Activity

The ability to prevent a transcriptional activator such as NF-Y to bind to the
CCAAT element of a promoter is unique to p200 (full-length) CDP/Cux since the isoform
contains CRICR2. The identification of CR1CR2 as a bipartite DNA binding domain
responsible for CCAAT displacement activity permitted us to study the mechanism of
action in vitro. Since both CDP/Cux and NF-Y can bind to the CCAAT element, one is

lead to ask which CCAAT sites are bound by CDP/Cux at a given time. Depending on the
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factor occupying the CCAAT site of a gene promoter, transcription could be turned on or
off. Since CDP/Cux needs at least two CAAT or CGAT like site in order to bind to DNA
with high affinity, we can, to some extent, predict which CCAAT sites of a promoter are
preferred by CDP/Cux. However, any DNA sequence with CCAAT consensus sequence
that is longer than 128 bp (4X2X4X4) probably contains an additional C(A/G)AT
sequence. Furthermore, since CRICR2 can tolerate some variation in the recognition
sequence, the chance of finding such a sequence increases. As mentioned in chapter II, this
raises the issue of whether CDP/Cux binds to any DNA sequence long enough to contain
two C(A/G)AT like sequence. It would be important to determine the maximum tolerable
distance between two C(A/G)AT site recognized by CR1CR2. This is not easy to study in
vitro as sequence specificity for the second recognition site by CR1CR2 is somewhat
promiscuous and the difference in the affinity among those sequences may not be
significant enough. The result of previously performed in vitro DNA binding assays with
CDP/Cux should be reexamined. Another issue here is whether DNA looping may allow
CR1CR2 to bind to two CGAT sites situated at a distance from one another. One could
envision a situation whereby CR1ICR2 binds only to those promoters where the second
CGAT sites is located at less than, for example, 15 bp or more than 90 bp. The latter
number representing the minimal distance at which DNA looping is possible, whereas the
former number would represent the maximal distance between two closely spaced sites.
Using technique such as ChIP assay, it will be important to investigate if the targets of
CDP/Cux in vivo include genes that were previously shown to be bound by CDP/Cux in
vitro.

The first attempt to create a cux-I knockout mouse resulted in a mouse expressing

Cux-1 protein with deletion at CR1 (CuxACR1) due to the production of an alternatively

209



Chapter VI - General discussion

spliced mRNA (15). Since CR1CR?2 is responsible for the CCAAT-displacement activity,
the CuxACR1 protein should not display any CCAAT displacement activity. However, the
only visible phenotype observed from the CuxACR1 mouse was a mild defect in hair
morphology. Compared to what was observed in the cuf mutants in Drosophila, the defect
observed from this mouse was minor. It is possible that the resulting CuxACR1 protein, a
protein with CR2, CR3, and the Cut HD, can still display some CCAAT-displacement
activity, indicating that CR1 may be dispensable for this activity. Alternatively, the
CCAAT-displacement activity may not be the major function of the Cux-1 protein.
Recently, a cux-1 knockout mouse with non-functional protein was generated and displayed
more significant defects in the hair follicle, the lung development and B and T cell
production (5, 14). However, it is difficult to determine how much of the phenotype
observed in the total cux-1 knockout is due to the absence of the CCAAT-displacement
activity since the mouse does express neither p200 nor p110 CDP/Cux protein.
Stable DNA binding by CDP/Cux

CR3HD is a previously identified bipartite DNA binding domain of CDP/Cux (8,
9). Clearly, the DNA binding characteristics of CR3HD are different from those observed
with CR1ICR2. The p110 CDP/Cux, which contains CR2, CR3, and the Cut HD, was able
to bind to DNA stably, in a manner similar to that of CR3HD. The absence of stable DNA
binding activity in the context of the full-length CDP/Cux protein indicates that the DNA
binding activity of CR3HD is specific to the p1 10 CDP/Cux protein. A proteolytic event
seems to be required for this activity. No other modification has been identified to activate
stable DNA binding activity in the context of p200 CDP/Cux. It appears that the presence

of the N-terminal portion of CDP/Cux suppress the DNA binding activity of CR3HD. This
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suggests the presence of an inhibitory domain in the N-terminal portion of p200 CDP/Cux.
Ongoing experiments performed by a postdoctoral fellow in the laboratory have localized
this localization of this domain to the first 300 amino acids of the protein (Raynal et al.,
manuscript in preparation). Interestingly, a new transcript initiating within intron 20 of
CUTLI1 has been cloned (Goulet et al., manuscript submitted for publication). It contains
CR3HD as the DNA binding domains, an alternative way to produce a CDP/Cux protein
with stable DNA binding activity.

The DNA binding specificity of CR3HD is different from that of CR1CR2.
However, many of the CR3HD binding sites could be recognized by CR1CR2 since the
consensus recognition sequence of CR3HD, ATCGAT, contains the consensus binding site
of CRICR2 (ATCGAT). If we presume that the p110 CDP/Cux proteins have a similar
DNA binding specificity to CR3HD, it is tempting to speculate that some of the sequences
recognized by p200 CDP/Cux might also be competitively bound by p110 CDP/Cux if any
one of two C(A/G)AT site resembles ATCGAT. Since p200 and p110 CDP/Cux were
shown to have an opposite effect on transcription, the relative expression levels of the two
isoforms might be important for transcriptional regulation for genes with such sequences in
their promoter. For genes shown to be regulated in a cell cycle dependant manner by
CDP/Cux, the increased expression level of p110 CDP/Cux in G1/S might be a crucial
event for their transcriptional regulation. There are many examples where both
transactivation and repression of a gene is regulated by the same regulatory element within
its promoter. Transcriptional regulation by Myc/Max/Mad (1) and E2F/DP/RB (4)
transcription factors are such examples. It will be interesting to determine the specific
targets of p200 and p110 CDP/Cux. However, identifying the specific in vivo targets of

p200 and p110 CDP/Cux using technique such as ChIP assay is a difficult task since an
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antibody that recognize p110 CDP/Cux would also recognize p200 CDP/Cux. An antibody
specific to the proteolytically processed form of a protein is clearly necessary for this
experiment.
Modulation of DNA binding Activity.

Phosphorylation on number of sites in the CDP/Cux has been shown to modulate
the DNA binding activity. Phosphorylation by CKII, PKC, and Cdks occur either within a
DNA binding domain or in close proximity to it (2, 3, 13). CKII and PKC phosphorylate
conserved motifs in all three CRs and decrease their affinity for DNA. As a result, the
DNA binding activities of both p200 and p110 CDP/Cux should be inhibited. It is still
unclear in which physiological situation CKII and PKC down-regulate the CDP/Cux DNA
binding activity. In contrast, modification by Cdks seems to regulate primarily the stable
DNA binding activities of CDP/Cux (CR2CR3HD and CR3HD). Cyclin D/Cdk4
phosphorylates CDP/Cux to inhibit the stable DNA binding by CR3HD in G1 and the
proteolytic cleavage of CDP/Cux, preventing the production of the pl 10 CDP/Cux protein.
These results, together with the previous findings that Cdc25A stimulates DNA binding by
CR3HD in S phase and that cyclin A/Cdkl down-modulates p110 DNA binding in G2,
indicate that the stable DNA binding activity of CDP/Cux is tightly regulated in a cell cycle
dependent manner, such that it is highest in S-phase. In contrast, the CCAAT-displacement
activity has not been found to be regulated in a cell cycle dependent manner. It is tempting
to speculate that the first class of CDP/Cux target genes that are shown to be repressed in
proliferating precursor cells are primarily regulated by the CCAAT-displacement activity
since Cdks should not have much effect on CRICR2 DNA binding activity in proliferating
cells. p110 CDP/Cux is probably responsible for regulating the second class of CDP/Cux

targets genes that are regulated in a cell cycle dependent manner. (See introduction)
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Proteolysis of CDP/Cux

Contrary to several examples mentioned in the introduction, the site-specific
proteolysis of CDP/Cux did not change the intracellular localization of the protein. Instead,
it changed its DNA binding activity and effect on transcription. It is the first case to my
knowledge in which the activity of a transcription factor is regulated by a site-specific
protease in a cell cycle dependent manner. It is possible that the site-specific proteolysis is
more commonly used post-translational modification for many different proteins than what
one might suspect. However, there are several reasons why a proteolytically created
isoform might have been ignored in different studies. First, the cleaved product might not
contain the necessary epitope for the detection by Western blot or immunoflorescence.
Second, it is hard to distinguish a product of site-specific proteolysis from a degradation
product. Third, there is always a possibility that the proteolysis could have occurred after
cells have been lysed. In the case of CDP/Cux, the immunoflorescence data provided an
important evidence that the proteolysis occurred in vivo. Due to the clear differences in
intracellular localization, it has been easier to demonstrate in vivo proteolysis of proteins
such as Notch and SREBP (10, 17).

We still do not know the identity of the protease that cleaves CDP/Cux. So far,
studies of cell cycle dependent proteolysis have mainly been focused on ubiquitin-
dependent proteolysis by the proteasome (16). It is likely that the protease that cleaves
CDP/Cux targets other proteins that might be important for the G1 to S transition. It would
be interesting to identify the protease and other targets that are cleaved by it. Such a
finding would provide new insight into the regulation of the G1 to S phase transition.
Indeed, there has been a report that a cysteine protease inhibitor can block the G1 to S

progression while lactacystin, a specific inhibitor of proteasome, could not (11).
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CDP/Cux in cell cycle

Biochemical evidence clearly suggests that the stable DNA binding activity of
CDP/Cux is activated in S phase, suggesting that p110 CDP/Cux has an important role in
cell cycle progression. However, the cux-1 knockout mouse that does express neither p200
nor p110 CDP/Cux did not display any clear developmental defects that could result from
abnormal cell cycle progression (5). Recently, the cux-2 gene, another mouse homologue
of cut, was cloned (12). It is possible that Cux-2 can compensate for the loss of Cux-1 in
the cux-1 knockout mouse. In an early study the expression pattern of cux-2 was shown to
be restricted to the nervous tissue. However, a more recent study in chicken embryo
demonstrated that cux-2 can be expressed in tissues other than the nervous tissue.
Obviously, more work is required to resolve the tissue-specific expression of cux-2 and
determine whether it may be expressed in additional tissues in the context of a cux-1
knockout. A double knockout of Cux-1 and Cux-2 should be generated to address this
issue. However, there is an alternative explanation for the lack of cell cycle defects in the
cux-1 knockout mouse. The knockout mouse generated from this study does not express
functional p200 and p110 CDP/Cux. Because both isoforms share some similarities in their
target sequence specificity and are suggested to have an opposite effect on transcription, it
is possible that p200 and pl110 CDP/Cux antagonize each other’s activity during the cell
cycle. Since the expression of pl10 CDP/Cux is S phase specific, a subset of CDP/Cux
target genes could be repressed by p200 CDP/Cux in G1, and activated in S phase when the
expression level of the p110 CDP/Cux is increased. Elimination of the functional p200 and
p110 CDP/Cux protein could result in a milder phenotype since both negative and positive
regulatory factors are lost for such genes. If this is true, then most of the phenotypes

observed in the cux” mouse could be the result of the deregulation of genes regulated by
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p200 CDP/Cux, and not by pl10 CDP/Cux. The compensatory effect of losing two
antagonizing factors has been suggested in the study of Drosophila E2F (6). It would be
interesting to design a mouse model or a tissue culture system where the activity of a
specific isoform of CDP/Cux is altered with out affecting the activity of the other.

Given that p110 CDP/Cux might activate transcription directly, the proteolysis
event that creates pl 10 CDP/Cux seems to be a critical step for CDP/Cux to behave as an
activator of transcription. It is still unclear how p110 CDP/Cux can activate transcription
while p200 CDP/Cux cannot. One of the possible mechanisms how CDP/Cux is converted
from a repressor to an activator of transcription is that the proteolysis uncovers motifs that
are usually hidden in the context of p200 CDP/Cux. One can imagine that the truncation of
the N-terminal half of CDP/Cux could change the overall structure of the protein or some
covalent modifications in a specific CDP/Cux isoform could be used as interaction motifs.
One important aspect to point out is that the extreme C-terminus of CDP/Cux contains two
active repression domains. This means that somehow in the context of p110 CDP/Cux, the
repression domain has to be inactivated. One interesting observation is that in S phase,
when one detects the proteolysis between CR1 and CR2, another proteolysis event occurs
that cleaves between the Cut HD and the C-terminal repression domain. It is possible that
the true isoform of CDP/Cux that can activate transcription might be truncated both at the
amino- and carboxy- terminus.

CDP/Cux in cancer.

12 out of 16 uterine Leiomyomas samples showed increases in the expression level
of N-terminally truncated CDP/Cux isoforms as compared to the normal tissues. Clearly,
tumor cells that express higher level of the shorter CDP/Cux protein have been selected for

during tumor development. It is still unclear whether the higher expression of pl110
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CDP/Cux is the consequence of increased level of proliferation in tumor cells or it actually
contributes to the higher level of proliferation in these cells. Given the fact that CDP/Cux
participates in the regulation of genes necessary for S phase, it is probable that p110
CDP/Cux plays a more active role in tumors. It is the first evidence that suggests CDP/Cux
might be an oncogene. It would be interesting to see if the expression of p110 is also
elevated in other human cancers. However, it is hard to obtain enough pure protein extracts
from most human tumors for Western blot analysis. An alternative way to investigate the
protein expression pattern in tissues is to use an immuno-histological approach. Since all
the antibodies available that recognize the p110 CDP/Cux protein also recognize full-length
form, it will be important to generate an antibody specific to p110 CDP/Cux.

One possible mechanism by which the expression level of p110 CDP/Cux is
increased in human uterine leiomyomas is that the regulatory modification on CDP/Cux
that controls its proteolysis may become deregulated in tumors. For example, the level of
phosphorylation on CDP/Cux by cyclin D/Cdk4 could be decreased in tumors. The
absence of the kinase activity or an increased phosphatase activity in cancer could
potentially results in over-expression of pl110 CDP/Cux. However, cyclin D/Cdk4 is
probably not responsible for the increased expression of pl 10 CDP/Cux in cancer since its
activity is often upregulated in human cancers (7). In contrast, the Cdc25A phosphatase
has been shown to be overexpressed in certain cancers. Alternatively, the protease that
cleaves CDP/Cux could be upregulated in cancer, suggesting that an increase of an intra-
cellular protease activity might contribute to tumor development. As mentioned
previously, the targets of the protease could be important for G1 to S progression and
increased protease activity might contribute directly to tumorigenesis. If this is true, it is

possible to envisage the protease as a target for a chemotherapeutic reagent that could be
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used in the treatment of cancer. Interestingly, there is evidence from our laboratory that the
protease activity that cleaves p200 CDP/Cux is increased in some transformed tissue

culture cells, and that the regulation of the cell cycle dependent expression of p110

CDP/Cux is lost.
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Figure 1. Alternative modes and cell cycle dependent regulation of CDP/Cux DNA binding .
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Contribution to original research

1 Identification and characterization of CR1+2 as the bipartite DNA binding
domain responsible for the CCAAT-displacement activity by CDP/Cux. This
finding provided crucial insight on how CDP/Cux can recognize a wide range
of DNA sequence and exert the CCAAT-displacement activity.

2 Identification and characterization of a new CDP/Cux isoform, p110
CDP/Cux, which is a product of S phase site-specific proteolysis. This
isoform contains DNA binding characteristics and effects on transcription
that differ from that of full length CDP/Cux, p200 CDP/Cux. This finding
suggests that site specific proteolysis of CDP/Cux might be an important
component of the G1 to S phase transition in mammalian cells.

3 The observation that the N-terminally truncated CDP/Cux protein is
expressed at a higher level in human Uterine Leiomyomas than in normal
tissue may be the first evidence that CDP/Cux might behave as an Oncogene.

4 Demonstration that the cell cycle dependant DNA binding activity and the S
phase site-specific processing of CDP/Cux are both regulated by cyclin
D/Cdk 4 phosphorylation. This suggests that CDP/Cux is a novel target of

cyclin D/Cdk4 kinase complex.
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