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Abstract 
The CDP/Cux transcription factor is expressed as a 200 kDa protein that interacts rapidly 

and transiently with DNA. Proteolytic processing generates a shorter isoform, pli 0 

CDP/Cux, that binds stably to DNA. Processing occurs at the G liS transition of the cell 

cycle in normal cells, and constitutively in transformed cells. pllO CDP/Cux stimulates 

cell proliferation by acce1erating entry into S phase. Transgenic mice expressing pli 0 

CDP/Cux are more susceptible to different cancers. 

CDP/Cux was originally described as a repressor of transcription. My goal was to 

verify whether CDP/Cux might also participate in transcription al activation and 

characterize the molecu1ar basis for transcriptional activation by CDP/Cux. Using the 

DNA polymerase a gene promoter as a model system, 1 showed that stimulation of a 

DNA pol a reporter correlated with DNA binding. Importantly, pllO CDP/Cux 

stimulated expression from the endogenous DNA pol a promoter. Linker-scanning 

analysis of the DNA pol a promoter identified a cis-element that was required for p110-

mediated activation, yet was not bound by it. 1 determined that E2F1 and E2F2 

cooperated with pllO in activating the DNA pol a promoter, and did so via this cis­

element. Furthermore, CDP/Cux recruited these E2Fs to the promoter in chromatin 

immunoprecipitation experiments. Location array analysis revealed many targets 

common to p110 and E2Fl. DNA metabolism and cell cycle targets were 

overrepresented, and further studies showed that pli 0 and E2F cooperated to activate 

many cell cycle genes. 

1 also described a second proteolytic event, which generated an isoform lacking two 

active repression domains in the C-terminus. Processing was observed in S phase, but not 

in early G 1, suggesting that processing occurs in proliferating cells. 1 determined that 

caspases were responsible for this processing, and that this occurs in non-apoptotic 

conditions. A C-terminally-truncated CDP/Cux protein was a more potent activator of 

cell cycle-regulated promoters, and accelerated entry of Kit225 T cells into S phase, while 

uncleavable pllO CDP/Cux proteins were inactive in both assays. These results 

identified p110 CDP/Cux as a substrate of caspases in proliferating ceIls, and suggested a 

mechanism by which caspases may accelerate cell cycle progression. 
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Résumé 

CDPICux est un facteur de transcription de 200 kDa interagissant de façon rapide et 

transitoire avec l'ADN. Son clivage protéolytique génère une isoforme plus courte, 

appelée CDPICux pllO, se liant de façon stable à l'ADN. Ce clivage a lieu lors de la 

transition G 1/S du cycle cellulaire dans les cellules normales, et est constitutif dans les 

cellules transformées. plI 0 stimule la prolifération cellulaire en accélérant l'entrée en 

phase S du cycle cellulaire. Ainsi des souris transgéniques exprimant plI 0 sont plus 

susceptibles de développer différents cancers. 

CDPICux a originellement été décrit comme un répresseur transcriptionnel. Le but 

de mon travail a été de vérifier s'il pouvait également participer à l'activation 

transciptionnelle ainsi que de caractériser les bases moléculaires de cette activation 

transcriptionnelle. En utilisant le promoteur du gène de l'ADN polymérase acomme 

modèle d'étude, j'ai pu montrer que la stimulation d'un gène rapporteur sous le contrôle 

du promoteur de l'ADN polymérase a était corrélée à la liaison de CDPICux à l'ADN. 

De plus, pllO stimule l'expression de l'ADN polymérase a endogène. L'analyse 

séquentielle du promoteur de l'ADN polymérase a a permis l'identification d'un élément 

cis requis pour l'activation par pllO, mais sur lequel pllO ne se lie pas. J'ai déterminé 

qu'E2Fl et E2F2 coopèrent avec pllO pour activer le promoteur de l'ADN polymérase a, 

et ceci via cet élément cis. De plus, des expériences d'immunoprécipitation de chromatine 

ont révélé que CDPICux recrute les facteurs E2Fs sur le promoteur. Par des analyses de 

ChIP-chip, j'ai mis en évidence de nombreux gènes cibles communs à pllO et E2Fl. 

Parmi eux, les gènes impliqués dans le métabolisme de l'ADN et dans la progression du 

cycle cellulaire sont surreprésentés. Des études complémentaires ont montré que plI 0 et 

E2F coopèrent pour activer la plupart des gènes impliqués dans la progression du cycle 

cellulaire. 

J'ai par ailleurs décrit un second événement protéolytique, permettant d~ générer une 

isoforme ne possédant pas deux des domaines répresseurs actifs présents dans la région 

carboxy-terminale de la protéine. Ce clivage est seulement observé au cours de la phase 

S, et non lors de la phase G 1 précoce, suggérant qu'il a lieu dans les cellules en 

prolifération. J'ai déterminé que les caspases étaient responsables de ce clivage, et ceci de 

façon indépendante de l'apoptose. Une forme de CDPICux tronquée de sa région 
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carboxy-terminale représente un meilleur activateur des cibles impliquées dans le cycle 

cellulaire et accélère l'entrée des cellules Kit225 T en phase S, alors qu'une forme non­

clivable de plI 0 CDP/Cux est inactive dans ces deux essais. Ces derniers résultats ont 

identifié pllO CDP/Cux comme un substrat des caspases dans les cellules en 

prolifération, et suggèrent un mécanisme par lequel les caspases pourraient accélérer la 

progression du cycle cellulaire. 
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Preface 

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

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

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

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

The thesis must include the following: 

1. a table of contents; 
2. a brief abstract in both English and French; 
3. an introduction which clearly states the rational and objectives of the research; 
4. a comprehensive review of the literature (in addition to that covered in the 
introduction to each paper); 
5. a final conclusion and summary; 
6. a thorough bibliography; 
7. Appendix containing an ethics certificate in the case of research involving human or 
animal subjects, microorganisms, living cells, other biohazards and/or radioactive 
material. 

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

5. In general, when co-authored papers are included in a thesis the candidate must have 
made a substantial contribution to aIl 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 
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accuracy of this statement at the doctoral oral defence. Since the task of the examiners is 
made more difficult in these cases, it is in the candidate's interest to clearly specify the 
responsibilities of aIl the authors of the co-authored papers. 

1 have chosen to write my thesis according to these guidelines, with one published 
manuscript and two manuscripts to be submitted. The thesis is organized into six 
chapters: (1) a general introduction and literature review, (II-IV) manuscripts, each with 
their own abstract, introduction, materials and methods, results, discussion and 
references, (V) a general discussion of aIl results with references, and (VI) claims to 
original research. 
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Chapter 1 - Literature Review 

Chapter 1 Introduction and General Literature Review 

This literature review will first focus on the regulation of gene expression, 

particularly at the level of transcriptional regulation. The E2F family of transcription 

factors will be described. Limited proteolysis and the caspase family of cysteine 

proteases will then be discussed. Finally, the features and roles of CDP/Cux, a 

transcription factor involved in cell cycle progression in mammalian cells, will be 

summarized. 

1. Regulation of gene expression 

The human genome is thought to contain 20,000-35,000 protein-coding genes and 

several thousand RNA genes. Genes account for only 2% of the genome, with the 

remainder regulating the proper spatial and temporal expression of these genes, as weIl as 

providing structural integrity to the chromosomes (130). Every cell in an organism 

contains the same genetic information, yet the same gene can be regulated differently in 

different cell types and under different circumstances (62). 

ln eukaryotes, chromosomal DNA is packaged into chromatin, which rend ers it 

inaccessible by transcription factors and the RNA polymerase (RNAP) machinery. There 

are three RNA polymerases: RNAP l, RNAP II, and RNAP III, that transcribe rRNA 

genes, protein-coding genes, and tRNA, 5sRNA, and small RNA genes, respectively. 

Each RNAP holoenzyme is made up of different, yet homologous subunits, and is subject 

to similar regulation. As my studies have involved the regulation of expression of 

protein-coding genes, 1 will de scribe what is known about RNAP II-regulated 

transcription. 

If a gene is within packaged chromatin, it is inaccessible to transcription factors, 

and will not be expressed. Activation of its expression requires chromatin remodeling of 

the gene, and the sequences regulating its expression. Upon decondensation of higher­

order chromatin, nucleosomes become available for remodeling. Nucleosomes consist of 

approximately 146 bp DNA wrapped around a core histone octamer, which contains two 

molecules of each of histone H2A, H2B, H3, and H4. Chromatin structure at allieveis is 

dictated by post-translational modifications to histone tails, according to a "histone code", 
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as well as by the incorporation of histone variants, which marks chromosomal domains, 

and this governs gene expression patterns. To facilitate binding of transcription factors, 

and transcription, nucleosomes are remodeled by chromatin-modeling factors, and 

enzymatic modification of histones and other proteins. Examples of covalent 

modification include acetylation, phosphorylation, methylation, ubiquitylation, and ADP­

ribosylation. (14, 95, 134, 198). 

Gene expression is regulated by the precise arrangement of cis-regulatory regions, 

which are made up of clusters of several short recognition sites. These regulatory 

modules, or enhancers, interact with the sequences around the transcription start site, 

known as the proximal promoter. 

Individual sequence-specific factors bind to DNA recognition sites with relatively 

low affinity. The strength and specificity in the regulation of expression of a particular 

gene cornes from the arrangement of multiple factor recognition sites within the cis­

regulatory region. The cooperative recruitment of multiple sequence-specific binding 

proteins, or transcription factors, results in synergistic activation of transcription. This 

nucleoprotein complex is referred to as the enhanceosome (reviewed in (31,150)). 

Gene expression is regulated by repression, de-repression and activation. 

Mechanisms of each are discussed in the following sections. 

1.1 Mechanisms of Transcriptional Repression 

Transcriptional repression can arise by competition for binding site occupancy. In 

this situation, a repressor would prevent binding by a transcriptional activator, or general 

transcription factors (GTFs), thereby preventing the formation of the pre-initiation 

complex at the transcription start site. Alternatively, an activator and a repressor can bind 

to adjacent sequences, and, via prote in-prote in interactions, the repressor can prevent the 

activator from interacting with the general transcription complex. This mechanism is 

known as quenching. Direct repression involves DNA-binding by a transcriptional 

repressor, and interferes with the assembly, or activity of the basal transcription complex, 

by means of a repression domain. Finally, squelching can occur when a repressor can 

sequester an activator such that it cannot bind DNA and activate transcription. 
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Derepression occurs as a result of removal of repressors and corepressors from 

promoters, as in the case of pocket-protein phosphorylation (see section 2.4.2) 

1.2 Mechanisms of Transcriptional Activation 

Transcriptional activators can recruit the basal transcription machinery either 

directly, or through a coactivator intermediate, which aids in the recruitment of general 

transcription factors to, and stabilization of, the pre-initiation complex on the gene 

promoter. Altematively, protein-protein interactions between transcriptional activators 

and chromatin-modifying enzymes, results in the modification and remodeling of 

chromatin, such that it is accessible to the basal transcription machinery. These two 

mechanisms positively regulate the initiation of transcription. Elongation by RNAP II 

can also be regulated by transcription factors that interact directly with the RNAP II 

elongation complex (54, 179, 184, 258). 

The above mechanisms apply to transcription factors that have both DNA binding 

domains, and transcriptional activation domains. However, the formation of 

nuc1eoprotein complexes involved in activation, or enhanceosomes (see section 1.1), also 

de pends on DNA binding factors that do not have activation domains. These architectural 

transcription factors facilitate interactions between non-adjacent DNA-bound proteins, by 

distorting the conformation of the DNA. 

1.3 Dual function transcription factors 

It was initially believed that transcription factors were either repressors or 

activators. It is now c1ear that many transcription factors can both activate and repress 

transcription. The YY -1 transcription factor, named yin yang 1 for its dual function, has 

both activation and repression domains. YYI can repress transcription by competition 

with activators, by interaction with co-repressors, or by changing the conformation of 

DNA. This latter mechanism has also been associated with transcriptional activation 

(reviewed in (203)). In the presence of ElA, YYI can switch from being a repressor to 

being an activator. In fact, interaction with a number of other proteins also has this effect. 

YYI can also function as transcription initiation factor, by binding near the transcription 

start site (201, 210). 

3 



Chapter 1 - Literature Review 

Altematively, within a transcription factor family, members with the same DNA 

binding specificity can function as activa tors or repressors. This occurs within the E2F 

family of transcription factors, which is discussed in detail in section 2. 

In all the above examples, the promoter context influences the transcriptional 

outcome. Binding to a specific cis-element is influenced by neighbouring cis-elements 

and the trans-acting factors that bind them. In addition, the sequence of DNA 

surrounding the binding site can have an effect on the conformation of a transcription 

factor upon binding. In this sense, the DNA binding site would be seen to allosterically 

modulate the protein that binds it (128). 

Nuclear receptors activate or repress transcription in a ligand-dependent manner. 

Upon ligand-binding, corepressors are exchanged for coactivators. The promo ter context 

and tissue type can influence which coregulator is recruited to the same nuclear receptor. 

Nuclear receptors can also repress transcription by inhibiting other sequence-specific 

transcription factors (reviewed in (188)). Similarly, upon phosphorylation by PK.A, the 

Hox-Pbx complex switches from being a transcriptional repressor to being an activator, 

via the exchange of histone deacetylase activity for histone acetylase activity (189). 

2. The E2F Family of Transcription Factors 

2.1 Discovery of E2F 

In 1986, E2F was initially described as a cellular activity that bound and activated 

the adenovirus E2 promoter (123). E2F is now a collective term used to describe at least 

ni ne different E2F transcription factors: E2Fl, E2F2, E2F3a, E2F3b, E2F4, E2F5, E2F6, 

E2F7 and E2F8. DPI was also cloned by virtue of its sequence-specifie binding to the 

same site on the E2 promoter, and was found to heterodimerize with E2F. A DPI gene 

homolog, named DP2, was later cloned. A diagram of the E2F family members is 

presented in Figure 1. 
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2.2 E2F, Rb and the cell cycle 

Early experiments showed that E2F associated with the retinoblastoma tumour 

suppressor, pRb. The association of pRB with E2F was disrupted by viral oncoproteins, 

such as adenoviral ElA, which resulted in abnormal cellular proliferation. These 

observations suggested that E2F could also regulate cellular genes whose products play 

roles in regulating proliferative signaIs and the control of DNA replication. Indeed, E2F 

sites were found in many gene promoters whose products are required for the regulation 

of the cell cycle and DNA replication, such as MYC (220) and DHFR (15). E2F 

activation of these promoters was observed, and was dependent on intact E2F binding 

sites. 

It was soon determined that different E2Fs could be characterized as activators or 

as repressors. The expression of E2Fl-E2F3a, the activator E2Fs, increases at the GlIS 

transition, and they bind and activate the expression of their targets preferentially in S 

phase. E2F3b, E2F4, E2F5, E2F6, E2F7, and E2F8 are repressor E2Fs. E2F4 and E2F5 

were cloned by virtue of their interaction with pl07 and p130 pocket proteins, which 

function as repressors (see 2.4.2 and 2.5.2). E2F6, E2F7, and E2F8 do not contain 

transactivation domains and repress E2F responsive genes in overexpression studies. 

Interestingly, overexpression of E2Fl, and possibly E2F2 and E2F3, can also 

induce apoptosis ((126), and ref therein: (182), (202), (98), (176), (177), (178), (226), 

(46), (88). However, the mechanism by which this occurs has not been fully elucidated. 

A number of E2F targets play roles in apoptosis, including ASK-l (117), Chk2 (187), 

APAF-I (69), p73 (107), pl4ARF (12) etc. E2F-induced apoptosis likely involves 

interaction with pRB via a distinct interaction domain in Rb (48). The E2FI marked box 

do main is important for its apoptotic function (88). It can involve the p53 pathway, but it 

can also occur via p53-independent mechanisms (2), (106). 

2.3 DNA binding by E2F 

On their own, E2F family members with only one DNA binding domain have 

weak DNA binding affinity (E2FI-E2F6). However, upon interaction with DP proteins, 

they form stable heterodimers that bind strongly to DNA (93). E2F7 and E2F8 each 
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contain two DNA binding domains, which are both used to bind the E2F consensus site: 

TTT(C/G)(C/G)CGC. 

2.4 Regulation of E2F activity 

2.4.1 Protein expression 

The expression of E2F 1, E2F2, E2F3a, with increased expression occurring in late 

G 1 phase. E2F3b, E2F4 and E2F5 proteins are detected throughout the cell cycle (194). 

While E2F6 is expressed throughout the cell cycle, the highest expression is observed at 

the GIIS transition (43). E2F7 and E2F8 are constitutively expressed (122). 

2.4.2 Interaction with pocket proteins 

The pocket protein-binding domain in E2F overlaps with the transactivation 

domain. pRb, pl 07, and p 130 interact with E2Fs, shielding the E2F transactivation 

domain, and recruiting repressive chromatin remodeling factors, such as histone 

deacetylases, methyltransferases, and chromatin remodeling factors, thereby actively 

repressing transcription. E2Fl, E2F2, E2F3a and E2F3b specifically associate with pRb, 

while E2F4 can interact with all three pocket proteins, and E2F5 preferentially binds p 130 

(155), (92). In GO, the predominant complexes are pI30-E2F, while pI07-E2F 

complexes are observed in S phase, and pRB-E2F in Gland S, although the latter is 

observed to a lesser extent (38). Pocket proteins are released from E2F upon 

phosphorylation of multiple serine and threonine residues by cyclin-dependent kinase 

complexes, or by competition with viral oncoproteins (34), (119). Upon pocket protein 

release, E2F target genes are derepressed and/or activated. E2F6, E2F7, and E2F8 lack 

pocket protein-binding do mains and therefore are not subject to this type ofregulation. 

2.4.3 Post-translational modification 

2.4.3.1 Phosphorylation 

E2FI, E2F2, and E2F3a contain an N-terminal domain that can bind cyclin A. 

Upon interaction, cyclin A/CDK2 can phosphorylate E2F and DPI, thus downregulating 

activator E2F DNA-binding activity, and releasing E2F from DPI (52), (86). This effect 

is not observed with E2F4 and E2F5, which do not contain cyclin A-binding domains 

(53). 

6 



Chapter 1 - Literature Review 

Phosphorylation of E2F 1 by ATM kinase or ATR kinase interferes with 

ubiquitination (see 6.4.4), thereby protecting E2F from degradation. This 

phosphorylation has been proposed to occur as part of the cellular response to DNA 

damage (136). 

2.4.3.2 Acetylation 

The CBP/p/CAF acetyltransferase complex can acetylate lysine residues slightly 

N-terminal to the DNA binding domain. This occurs on E2F that is not complexed with 

pocket proteins, and results in increased protein stability, as well as DNA binding activity 

(71 ). 

2.4.4 Proteasome-mediated degradation 

While the half-lives offree E2Fl and E2F4 are approximately 2-3 hours, binding 

of a pocket protein can extend the half-lives of these proteins to 10-12 hours (91), (97), 

(28). Further studies demonstrated that their degradation was mediated by the ubiquitin­

proteasome pathway. p14ARF (the human homologue of mouse pI9ARF
) can bind the 

E2F 1 carboxyl-terminus and flag it for SCFSkp2ubiquitin ligase-mediated 

polyubiquitination and subsequent proteasome-mediated degradation. 

2.4.5 Subcellular localization 

While E2Fl, E2F2, and E2F3a are localized in the nucleus when overexpressed, 

E2F4 and E2F5 are found mainly in the cytoplasm. A nuclear localization signal (NLS) 

was found in the amino-termini of E2Fl, E2F2, and E2F3a. It has been suggested that 

nuclear localization of E2F4 and E2F5, which do not have an NLS, is dependent on their 

association with pocket proteins. ln early phases of the cell cycle, E2F4 and E2F5 are 

found in the nucleus complexed with pocket proteins and associated with promoters of 

genes that are repressed until Gland S phases are reached. At this time, the pocket 

proteins are phosphorylated and dissociate from E2Fs, thereby allowing activation of 

transcription (4). Two nuclear export signaIs (NES) were identified in E2F4 and are 

important for CRMI-dependent nuclear export. It is thought that, for this reason, E2F4 

and E2F5 cannot activate E2F responsive genes (73). 
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2.5 Transcriptional regulation by E2F 

E2Fs interact with specific promoter elements in a manner that is dependent on 

surrounding sequences and partner proteins. 

2.5.1 E2F as a transcriptional activator 

E2Fl, E2F2, and E2F3a are known as activator E2Fs. They activate a number of 

cell cycle regulators and genes with roles in DNA replication, and their overexpression 

can induce S phase entry. 

Overexpression of E2Fl, E2F2, or E2F3 induces quiescent cells to enter S phase 

(112). The combined loss of E2F 1-3 in mouse embryonic fibroblasts abolishes their 

ability to enter S phase, undergo mitosis, and to proliferate, providing direct evidence for 

the essential role of activator E2Fs in proliferation, cell cycle progression, and 

development (244), (46). 

Mutation of E2F sites in a number of cloned promo ter fragments has been shown 

to diminish promo ter activity. Examples of such promoters include E2F -l, E2F -2, cyclin 

A, cyclin E, and DHFR. Downregulation of E2F DNA binding activity by cyclin A­

CDK2-mediated DP phosphorylation, as well as degradation of activator E2Fs in S phase, 

correlates with decreased transcriptional activity of a number of E2F target genes. 

A number of coactivators have been shown to interact with E2F 1: ACTR (141), 

ASC-2 (121), PARP-l (207), (206), p300/CBP (204); (227) and Tip60 (218). These 

coactivators carry histone acetyltransferase activity and enhance transcriptional activation 

via their interaction with the activation domain ofE2F. These protein-protein interactions 

are coincident with activation of E2F target genes. 

2.5.2 E2F as a transcriptional repressor 

E2F3b, E2F4, E2F5, E2F6, E2F7 and E2F8 are known as repressor E2Fs. E2F3b, 

E2F4 and E2F5 are constitutively expressed, and are localized in the nucleus in GO. 

E2F3b specifically interacts with Rb in quiescent cells. 

As pocket proteins bind E2Fs, consequently mas king their transactivation 

domains, E2Fs have been associated with the repression of transcription. Furthermore, 

pocket proteins can interact with histone deacetylase activity and histone methylase 

activity, thereby remodeling chromatin to a repressive state. Mutation of E2F binding 
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sites in a number of genes normally expressed in S phase results in their aberrant 

expression in GO/G 1. E2F4 and E2F5, the repressor E2Fs, are believed to regu1ate cell 

cycle exit and differentiation. Upon release of repressive pocket proteins, the free 

repressor E2F is thought to be transcriptionally inert. 

E2F6 lacks pocket protein-binding and transcriptional activation domains. It 

mediates repression via recruitment of Polycomb proteins and histone methyltransferases 

(173); (225) rather than pocket proteins. From chromatin immunoprecipitation studies 

and comparison of gene expression in wild-type and E2F6-/- mouse embryonic 

fibroblasts (MEFs), a model was proposed whereby E2F6 down-regulates expression of 

G lIS-activated E2F target genes specifically in S phase (77). Results also suggest a role 

for E2F6 in development and differentiation. Gene ablation in mice resulted in a mild 

homeotic phenotype (215). MEFs isolated from these mice displayed no defect in cell 

proliferation assays or in the ability to undergo quiescence. 

E2F7 and E2F8 each have two distinct DNA binding domains, but no DP­

dimerization, pocket protein-binding or transcriptional activation domains. Their 

expression is cell growth-regulated, with a peak in transcription occurring at S phase. 

Overexpression of either E2F7 or E2F8 in primary mouse embryonic fibroblasts results in 

decreased proliferation, accumulation of cells in G 1, and repression of activator E2F gene 

targets (47); (147). E2F7 was found associated with promoters during Sand G2 phases of 

the cell cycle, a time when other E2F /pocket prote in complexes have not been observed. 

2.6 Transcriptional targets of E2F 

2.6.1 Identification of transcription al targets 

Transcriptional targets were initially studied using transient reporter assays. Many of 

these targets were confirmed in overexpression assays by measuring changes in 

endogenous gene expression. Correlations were made between the mutation of E2F 

binding sites and altered expression in GO versus G liS. These early studies involved a 

limited number of selected gene promoters. 

With the development of large-scale systematic approaches came the ability to 

identify gene targets in an unbiased manner. Using E2F-overexpressing cells and DNA 

oligonuc1eotide microarrays, hundreds of new targets were identified, and previously 
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identified targets were confirmed. Chromatin immunoprecipitation (ChIP), using E2F­

specific antibodies, enabled researchers to study the binding of specific E2Fs to 

endogenous gene promoters at different stages in the cell cycle. Similary, location 

analysis using ChIP-promoter microarray (also referred to as ChIP-chip) is being used for 

the genome-wide identification of targets. 

Gene targets with roles in proliferation, cell cycle, DNA replication, DNA repair, 

apoptosis, differentiation, development and other physiological processes were identified. 

Correlations were made between the new gene targets and phenotypes observed in 

knockout and transgenic mouse models (see 2.7.3). 

2.6.2 E2Fs target unique and overlapping gene promoters 

Results from activator E2F mouse models (see below) suggest that the se E2Fs 

regulate sorne common target genes, explaining their partially redundant roles, as well as 

sorne unique subsets of genes, which contributes to their unique functions. 

2.6.3 Cooperation with other transcription factors 

As E2Fs aB bind to the same sequence, other factors are necessary to recruit 

specific E2Fs to their target promoters via cooperative interactions. A number of 

transcription factors, including NF-Y, SpI, TFE3, YYl, and B-Myb, have been shown to 

cooperate with E2Fs in transcriptional regulation (261), (196), (75), (76), (233). By yeast 

two-hybrid screen, RYBP (Ringl- and YYl-hinding Qrotein) was identified as a protein 

that interacts with E2F2 and E2F3 specifically. The specificity of the interaction was 

mapped to the E2F marked box domain, a region originally shown to be necessary for 

E2F to interact with adenoviral E4 orf6/7 gene product. This interaction was necessary 

for the stable binding of E2F to the adenovirus E2 promoter (113); (171). RYBP 

cooperated with E2F2 and E2F3, but not E2F 1, in the activation of the Cdc6 promoter. 

These factors bound the endogenous Cdc6 promoter at the G 1/S transition, when the gene 

is expressed (196). Similarly, the E-box binding factor TFE3 interacted specifically with 

E2F3 and was dependent on the marked box domain. TFE3 and E2F3 cooperated in the 

synergistic activation of the p68 subunit gene of DNA polymerase alpha. Using ChIP 

assays with TFE3 or E2F3 knockout MEFs, it was shown that binding of each factor was 

dependent on the other (75). 
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Similarly, adjacent transcription factor binding sites in a gene promoter can 

determine whether an activator or a repressor E2F will bind a given E2F site in a gene 

promoter. The CCAA T site in the cdc2 promoter is necessary for binding by an activator 

E2F, while binding of a repressor E2F to a different E2F site is dependent on a (cell cycle 

homology region) CHR element (261). 

2.7 E2F in other organisms 

E2Fs are evolutionarily conserved among plants and animaIs, however there are 

no E2F homologs in yeast. In general, the more complex the organism, the more E2F 

factors there are and the more complex their roles. 

2.7.1 E2F in Caenorhabditis elegans 

Mutational analysis in C. elegans suggested that E2F (efl-l), DP (dpl-l) and Rb 

(lin-35) function as a corepressor complex, and individual mutants each give rise to a 

synthetic multivulval phenotype, synMUV B (142). lin-35 Rb functions in the negative 

regulation of G 1 progression. efl-l negatively regulates cell cycle entry, and dpl-l was 

shown to function both in positive and negative regulation (22). lin-35/Rb and efl-lIE2F 

also negatively regulate a component of the anaphase-promoting complex that promotes 

the progression from metaphase to anaphase (72). 

2.7.2 E2F in Drosophila Melanogaster 

Drosophila possess two E2F genes (dE2Fl and dE2F2), one DP (dDP) and two 

pocket prote in homologs (RBFl and RBF2). dE2Fl mimics activator E2Fs, while dE2F2 

is the repressor E2F. Reduced expression of a number of E2F target genes was observed 

in dE2F 1 mutant embryos, while loss of dE2F2 resulted in increased expression of a 

number of targets. Interestingly, dDP mutant embryos, which would be predicted to have 

no E2F DNA binding activity, survive until the pupae stage. Like dDP mutants, 

dE2FlIdE2F2 double mutants display unregulated expression ofE2F target genes. These 

results suggest that while E2F may not be required for cell cycle progression III 

Drosophila, it regulates the proper control of proliferation (reviewed in (45). 
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2.7.3 E2F in Mus Musculus 

E2Fs 1 through 5 have been knocked out individually and in vanous 

combinations. Interpretation of the roles of individual E2Fs is complicated since 

redundant roles have been proposed for the activator E2Fs and repressor E2Fs. The 

genetic ablation of DPI resulted in embryonic lethality prior to E12.5 (120), suggesting 

that the E2F family is dispensable for early embryonic development. 

Disruption of E2F 1 resulted in a range of tumours in older mice, and decreased T 

cell apoptosis (246), (66). E2F2 -/- mice also displayed increased tumourigenesis, and 

increased proliferation of hematopoietic cells (162). Interesting1y, E2F3 gene ablation 

resulted in partial embryonic lethality, and MEFs displayed reduced cell cycle entry 

(105). While E2F1-/-E2F2-/- mice were viable (260), E2F1-/-E2F3-/-, and E2F2-/-E2F3-

/- mice had more severe phenotypes (37). The different phenotypes highlight specific 

roles for different E2Fs, such as a pro-apoptotic role for E2F1 and a role for E2F3 in 

proliferation. MEFs with aIl three activator E2Fs ablated did not proliferate and were 

unable to reenter the cell cycle (244). These findings also suggest that redundant roles 

exist and are necessary for development. 

E2F4-/- mice are runt and display hematopoietic, craniofacial, and intestinal 

defects (105), (185). E2F5-/- mice die shortly after birth due to hydrocephalus (137). 

Combined gene ablation of E2F4 and E2F5 is embryonic lethal, suggesting partial 

redundancy during development. However, E2F4-/-E2F5-/- MEFs exhibit normal serum 

starvation-induced growth arrest, and upon reintroduction of serum, normal kinetics of 

proliferation are observed. No major defects in E2F target gene regulation were observed 

(74). E2F6 gene ablation suggested that it functions in 10ng-term somatic silencing of a 

number of maie-germ-cell-specific genes, however, no cell cycle regulation defects were 

observed (180). 

2.8 E2F and cancer 

2.8.1 E2F as an oncogene 

While E2F is a downstream mediator of the cyclin D/Rb pathway, whose 

deregulation is implicated in nearly aIl human cancers, E2F itself is not often mutated in 

cancer. Mutations in the Rb pathway are more frequently in the upstream regulators, 
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p16INK4
\ and cyclin Dl. Viral oncoproteins such as adenovirus ElA or the human 

papilloma virus E7 bind and inactivate pocket proteins, thereby deregulating E2F activity, 

and allowing transactivation of E2F target genes in the absence of growth factor 

stimulation (reviewed in (23)) 

E2F-1 overexpression and gene amplification has been described in a number of 

erythroleukemia cell lines, however no amplification was observed in primary human 

acute lymphoid or myeloid leukemias. Amplification of E2F1 was also observed in 4% 

(1/23) of gastric and 25% (3/12) of colorectal carcinoma samples, while its general 

overexpression was also frequently observed (217). E2F 1 was overexpressed in, and 

associated with, poor prognosis in non-small cell lung carcinomas (80) and esophageal 

squamous cell carcinomas (55). E2F3 was amplified and overexpressed in human 

bladder cancer (63), and was overexpressed in prostate cancer (67). 

In vitro, E2F -1 cooperates with activated Ras in soft agar transformation assays. 

The transformed cells produce tumours in nude mice (111). Overexpression of E2F -1, 

E2F-2 and E2F-3 was also noted in transformed NIH 3T3 cells (245). 

2.8.2 E2F as a tumour suppressor 

As mentioned above, E2F 1 overexpression induced apoptosis, and gene ablation 

resulted in increased tumourigenesis in adult mice. E2F3 mutation was shown to 

suppress pituitary tumour formation in tumour-prone Rb+/- mice (262). Therefore, E2Fs 

can also function in tumour suppression. 

3. Proteolysis 

Proteases can terminally degrade their substrates. They can also post-translationally 

modify their substrates by limited proteolysis. However, contrary to other post­

translational modifications, such as phosphorylation and acetylation, proteolysis is 

irreversible. 

3.1 Limited proteolysis 

The functional consequences of limited proteolysis, affect the activity, localization 

half-life and binding interactions (to DN A or other partners) of the target protein. These 

include the removal of an inhibitory domain, thereby activating the substrate. 
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Inactivation can also result, often yielding a dominant negative. Altematively, limited 

proteolysis can redirect a protein to a different subcellular localization, or change its 

biochemical activity. 

The blood coagulation pathway is a complex cascade of sequential limited 

proteolytic reactions, ending with cleavage of fibrinogen, by the thrombin protease, 

yielding insoluble fibrin, which polymerizes and forms a clot (reviewed in (166)). 

Another well-characterized cascade of limited proteolysis is the complement cascade, 

which is triggered by the binding of antibodies to a pathogen. Inactive precursors are 

cleaved into a large active fragment, which binds to the pathogen and triggers the next 

cleavage event, and a small peptide fragment that mediates an inflammatory response 

(224). 

3.2 Activation of protease zymogens 

Proteases, themselves, are regulated by limited proteolysis. Expression of a 

zymogen results in an inactive protease precursor that can be activated either by auto­

proteolysis, or by an upstream protease, and elicit a quick response. 

3.3 Regulation of subcellular localization by proteolysis 

Seeretory proteins are usually synthesized with an amino-terminal extension 

called the signal peptide, which is co-translationally cleaved by signal peptidase during 

translocation across the membrane (240). 

Intramembrane proteolysis of membrane receptors can initiate intracellular 

signaling in response to an extraeellular eue. Upon ligand binding, the Notch reeeptor is 

cleaved by y-seeretase eomplex proteases, and the Notch intracellular domain translocates 

to the nucleus, where it interaets with the CSL (ÇBF/RBPkJ, ~uppressor of Hairless, 

1AG-I) transcription factor, displacing a co-repressor, thereby converting CSL to a 

transcriptional activator (7, 11 0). Sterile Regulatory Element Binding Protein (SREBP), 

upon proteolysis, translocates to the nucleus, and regulates the expression of genes 

involved in cholesterol and fatty acid biosynthesis (25). Similarly, the amyloid precursor 

protein (APP), and the ErbB4 reeeptor tyrosine kinase, are subject to intramembrane 

proteolysis, and signaling to the nucleus (29, 169). 
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3.4 Change of biochemical activity 

Protease activated receptors (PARs) are another class of transmembrane receptors 

that are activated by proteolytic cleavage. Extracellular cleavage of PARs reveals an 

amino-terminal sequence that initiates transmembrane signaling by interacting with a 

nearby extracellular loop in the receptor (70). 

Prohormones are synthesized as inactive precursors. Upon limited proteolysis, 

catalyzed often by trypsin-like enzymes, the active hormone is generated (reviewed in 

(166)). 

The p50 subunit of NF-kappaB is generated from a pl05 precursor. pl05 is 

proteolytically processed by the proteasome, cotranslationally. Upon endoproteolysis, the 

C-terminus is selectively degraded by the proteasome in a ubiquitin-dependent manner. 

A glycine-rich region in pl05 prevents complete degradation, thereby allowing for the 

generation of p50 (160). 

3.4.1 Regulation of transcription factor activity 

HCF -1 is a transcriptional coactivator that is autocatalytically processed in the 

nucleus. The proteolytic products associate together (242, 243). This proteolysis 

regulates its interaction with prote in partners, and consequently its function as a 

transcriptional coactivator. The FHL2 coactivator associates with specifically with 

uncleaved HCF -1, via its proteolytic processing domain, and coactivates the HCF -1-

activated HSV immediate early promo ter. Upon proteolysis, the interaction is lost, as is 

the ability of FHL2 to coactivate HCF-l-regulated gene expression (236). HCF-l is 

essential for different stages of the cell cycle (81, 114). Interestingly, the amino-terminal 

cleavage products promote cell cycle entry from quiescence, while the carboxy-terminal 

products support cytokinesis (114). 

Signal transducer of activated transcription (STAT) transcription factors are 

activated downstream of cytokines, and regulate cell proliferation, differentiation, and 

survival. Limited proteolysis of ST A T transcription factors by serine and cysteine 

proteases removes the activation domain, creating a functional dominant negative. Short 

isoforms are detected in myeloid progenitor celllineages, but not in mature myeloid cells. 
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Proteolysis correlates with the loss of expression of STAT -regulated genes in mature 

myeloid cells (94). 

The IRF -1 transcription factor binds and activates the IFN-a gene promoter. 

Another IRF family member, IRF-2, was shown to displace IRF-l, and repress 

transcription (89). Proteolytic processing of the IRF-2 increases its DNA binding affinity, 

and, consequently, is a more potent transcriptional repressor (239) 

4. Cysteine Proteases 

Depending on which amino acid is acting as the nucleophile in the catalytic triad 

of the active site, a protease is classified as a cysteine protease, a serine protease, an 

aspartic acid protease, or a metalloprotease, whose activity depends on a zinc ion. 

The cysteine protease 'family' members share the same catalytic cysteine residue, 

however, their evolutionary origins are very different. Cysteine proteases have been 

divided into clans. Within a clan, prote as es often have low amino acid sequence 

homology, however their folding patterns are conserved (11). 

4.1 Caspases 

The caspase family of cysteinyl-aspartate-specific proteases belongs to Clan CD. 

There are 14 known caspases, which can be divided into three groups, depending on 

trends in substrate specificity, the length oftheir prodomain, and, to a certain extent, their 

function. Their targets always have an aspartate residue in the Pl position, meaning that 

cleavage follows the aspartate residue. Amino acids in positions P2, P3, and P4 play a 

role in determining the specificity of recognition by individual caspases (1, 20, 124). 

Figure 2 shows the different groups and their substrate specificity. 

Deregulation of caspases can lead to autoimmunity and immunodeficiency, 

cancer, neurodegenerative disorders, inflammation, sepsis, and reperfusion in jury after 

ischemic episodes (199, 214, 222, 254). 

4.2. Structure of caspases 

Caspases are synthesized as zymogens, that have a prodomain, which varies in 

length, followed by a large subunit, and a small subunit (see Figure 2). Upon activation, 
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the zymogen is cleaved at specific arginine residues located within the prodomain, and 

the large and small subunits. The large and small subunits from two caspase molecules 

form heterotetramers. 

Caspase prodomains contain conserved structural motifs that belong to the death 

do main superfamily, which consists of the death do main (DD), the death effector domain 

(DED), and the caspase recruitment domain (CARD). These motifs interact with other 

proteins with the same motif, via homotypic interaction. DEDs and CARDs are found in 

caspases that function as initiators of apoptotic or inflammatory signaIs (see Figure 2) 

(223). 

4.3 Regulation of Caspase Activity 

Caspases function in apoptosis, inflammation, development, and in proliferation. 

As most of the studies with cas pas es are associated with apoptosis, the caspases will be 

introduced in this context. Non-apoptotic functions will be discussed thereafter. 

4.3.1 Activation of caspases in apoptosis 

Apoptosis is a form of programmed cell death in which a cell is dismantled in a regulated 

fashion, without disrupting the extracellular environment. Characteristics of apoptosis 

include destruction of the cellular architecture, membrane blebbing, chromatin 

condensation and disassembly of the nuclear envelope, detachment of the cell from the 

embedding tissue, and clearance reviewed in (20, 222, 223). 

The general model follows that initiator caspase zymogens are recruited into 

protein complexes via homotypic interactions with upstream signaling molecules. Two 

very weIl characterized pathways are activated in response to external apoptotic stimuli, 

or internaI apoptotic stimuli. 

4.3.1.1 Extrinsic apoptotic pathway 

Briefly, following triggering by ligands, members of the tumour necrosis factor 

(TNF) family (TNFRl, CD95, TRAIL, etc.) that contain DDs, form a death-inducing 

signaling complex (DISC) containing cytoplasmic adaptor molecules, such as Fas­

associated death domain (F ADD/MOR Tl), which recruits procaspase-8 or procaspase-l O. 

According to the "induced proximity" model, high local concentrations of appropriately 
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oriented procaspases undergo autoproteolytic activation. However, it is the dimerization 

of the procaspases that imparts activity (19). 

4.3.1.2 Intrinsic apoptotic pathway 

Similarly to the extrinsic pathway, dimers of the initiator caspase zymogen, 

procaspase-9, are induced via the formation of the apoptosome complex. This complex 

forms in response to a number of apoptotic stimuli, such as heat shock, oxidative stress, 

cytotoxic stress, and DNA damage. These insults induce the release of cytochrome c 

from the mitochondria, which, in the presence of dA TP, catalyzes the oligomerization of 

Apaf-l (apoptotic protease-activating factor-l). This results in the recruitment of 

procaspase-9, facilitating dimerization and activation (20,223). 

4.3.1.3 Initiation of the inflammatory response 

Likewise, the inflammasome complex serves as the assembly site for caspase-l and 

caspase-5 dimerization and activation. Recruitment of the caspases occurs via CARO 

domain homotypic interactions with NALP-l (149). 

4.3.1.4 Effector caspases 

Effector caspases, such as caspase-3 and caspase-7, are activated downstream of 

initiator caspases. They are present, usually within the cytosol as inactive dimers, and are 

activated by limited proteolysis, which allows the activation loop to translocate and form 

the active site (19). Substrates for these caspases are involved in scaffolding of the 

cytoplasm, and nucleus, proteins involved in signaling, cell cycle, and DNA repair, and 

transcription regulatory proteins (see 4.6 for examples). These caspases are often referred 

to as executioner caspases, and this is thought of as the step after which the cell is 

committed to die. 

4.3.2 Negative regulation of caspase activity 

Both precursor and active caspases can be restricted via direct contact by viral and 

cellular gene products, as weIl as artificial caspase inhibitors. 

4.3.2.1 Natural caspase inhibitors 

Under conditions of overexpression, c-FLIP (Flice-like inhibitory protein, where 

Flice is F as-associated death domain interleukin 1 ~-converting enzyme) pro teins can 

inhibit the activation of procaspase 8, by blocking its recruitment to the DISC. However, 
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at low concentrations, cFLIPL can heterodimerize with procaspase 8, facilitating its 

activation (129). 

Inhibitor of Apoptosis (IAP) proteins were first discovered in baculoviruses, based 

on their ability to prevent host cell death upon viral infection. Homologs in yeasts, C. 

elegans, Drosophila melanogaster and vertebrates have since been described (reviewed in 

(230)). lAPs contain a minimum of one baculoviral IAP repeat (BIR), and can prevent 

apoptosis upon overexpression. Whether each IAP can function as a caspase inhibitor in 

physiological conditions has been a subject of debate. It is well accepted that XIAP binds 

and inhibits the catalytic activity of caspase 3, caspase 7, and caspase 9 (32, 102, 186, 

213). However, while clAPI and clAP do provide protection against apoptosis, they do 

so by a mechanism other than inhibition of caspase activity (56). Evidence suggests that 

survivin, another IAP family member, may play a role in cytokinesis, rather than in the 

regulation of apoptosis (131). 

p35 is another baculoviral prote in that can inhibit caspases in vivo. It can inhibit 

caspases 1,3,6, 7, 8, and 10 with high efficiency. While sorne caspase inhibitors inhibit 

non-caspase proteases, p35 could not (26, 259). After eleavage by a caspase at Asp87, 

the eleaved subunits form an inhibitory complex with the caspase, which can be 

dissociated by SDS (259). 

The Cowpox virus product Cytokine Response Modifier A (CrmA), was first 

described with regards to its ability to inhibit caspase 1 to prevent cleavage of interleukin-

1~, thereby preventing an inflammatory response. CrmA can also bind caspase-8 with 

high affinity, and could inhibit these two caspases in vivo. Inhibition is brought about as 

CrmA funetions as a pseudosubstrate that binds the active proteins, thereby inaetivating 

them. CrmA variants have been made by replacing its tetrapeptide pseudosubstrate 

region, LV AD, with tetrapeptides that are good substrates for different caspases, 

ineluding DQMD from the p35 protein. These variants target different caspases (59). 

Bel-2 family members have been suggested to act both upstream, and downstream 

of caspase activation. The best-known model suggests that antiapoptotic Bcl-2 family 

members preserve mitochondrial integrity, thereby preventing the release of cytoehrome c 

from the mitochondria, the assembly of the apoptosome, and caspase 9 activation, 

followed by caspase 3 activation (247). Bel-2, and its antiapoptotic family member Bel-
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XL, have each been detected in a complex with the endoplasmic reticulum-Iocalized 

protein, p28Bap31, and procaspase-8 (168). In addition, Bcl-2 interacted with activated 

caspase-3, thereby preventing caspase-3 activity, via the K7 Kaposi's sarcoma-associated 

herpes virus protein (237). Interestingly, Bcl-2 also delays cell cycle re-entry of 

quiescent cells, although it does not influence cycling cells (172). Overexpression of Bcl-

2 in colon carcinoma cells led to senescence (42). This function is genetically separable 

from its antiapoptotic role, since mutation of Tyr28 abolished the cell cycle constraint, 

but not apoptosis prevention (1 01). 

Alternatively-spliced, catalytically inert mRNAs for caspase 2, caspase 6, caspase 

8, and caspase 9 have been detected, and were suggested to prevent activation of 

procaspases (5, 50, 64, 100, 200, 212). Phosphorylation of procaspase-9, or the large 

subunit, by the serine/threonine kinase, Akt, inhibited its proteolytic activity (30). 

Cleavage of procaspase-7, procaspase-8, or procaspase-9 by calpains, in a manner 

different from one that activates them, results in their inactivation inactivates (35). 

4.3.2.2 Synthetic caspase inhibitors 

Caspase inhibitors are based upon substrate cleavage sites, and act as 

pseudosubstrates for active caspases. The peptides are linked to a chemical group, su ch 

as halo-methyl ketones, that influence permeability and irreversibility (reviewed in (58)). 

However, while they can be highly reactive, these inhibitors can inhibit other proteases 

(197). As such, conclusions as to the identity of a proteolytic activity cannot be made 

based on observations made using these inhibitors. 

However, new inhibitors are continually being developed. Activity-based probes 

for caspases-3, -7, -8, and -9 were recently described, and allowed for the identification 

of a novel, partially cleaved, caspase-7 (13). 

4.4 Subcellular localization 

The identification of the subcellular localization of caspases is complicated by the 

nature of their regulation. Caspases are first expressed as zymogens. Upon activation, or 

in response to different cues or interacting partners, they could relocate to a different 

compartment. The induction of apoptosis leads to disruption of the nuclear membrane, 

20 



Chapter 1 - Literature Review 

complicating the analysis even more. It is not surprising that conflicting results were 

obtained by different laboratories, as methods of analysis and reagents vary, as do the cell 

or tissue types analyzed, and the apoptotic stimuli. 

In one study, wild-type and catalytically inactive amino-terminally-GFP-tagged 

caspases were transiently expressed in cells. The subcellular localization of the caspases 

was observed in living cells. Caspase-I, -3, -6, -7, and -9 were mainly cytoplasmic, with 

sorne degree of nuclear localization. Caspase-2 was primarily nuclear, and caspase-8 and 

caspase-IO were cytoplasmic (205). 

Another study assessed subcellular localization by cellular fractionation and 

Western blot analysis of endogneous caspases. This method distinguished between 

proforms, and cleaved forms of the caspases. In untreated Jurkat T lymphocytes, 

procaspases-2, -3, and -9 were localized in the cytosol and mitochondria. Procaspase-2 

was also found in the nucleus, while procaspases-7 and -8 were cytosolic. In apoptotic 

cells, caspase-3 was found in the cytosol, mitochondria, and nucleus (257). 

4.5 Caspase Activity in Non-Apoptotic Conditions 

Non-Iethal roles for caspases in immune functions have been known for a long 

time. The first caspase to be described, caspase 1, was originally named ICE, or 

interleukin 1 B-converting enzyme, for its role in processing interleukin 1 B III 

inflammation (221). See below, as weIl as Figure 2 for non-apoptotic roles of caspases, 

that were predicted from mouse knockout phenotypes. 

4.5.1 Differentiation 

Caspase activity has been detected during sperm formation in Drosophila 

melanogaster. Sperm individualization involves the encapsulation of individual sperm by 

an independent plasma membrane, and the elimination of cytoplasm. This process 

requires the activities of DRONC, an apical caspase, and DRICE, an effector caspase 

(104). 

Upon induction of osteoblastic differentiation, active caspase fragments are 

detected by Western blot, and inhibition of caspase activity with inhibitors blocks exit 

from the cell cycle (156). 
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Caspase activation also occurs in the differentiation of red blood cells and lens 

fiber cells. This is accompanied by sorne of the morphological changes associated with 

apoptosis, such as chromatin condensation, and nuclear destruction (108, 161, 253). 

Similarly, skeletal muscle differentiation is dependent on caspase activity, and leads to 

actin fiber reorganization, and myosin light chain kinase, which plays a role in membrane 

blebbing (65). Therefore, apoptosis and induction of differentiation of sorne tissues may 

use common cellular mechanisms. However, it is not known how caspase activity is 

controlled, such that apoptosis does not occur. 

The differentiation of monocytes, specifically into macrophages, and not into dendritic 

cells, is inhibited by treatment with caspase inhibitors, suggesting a requirement for 

caspases(211). In addition, the terminal differentiation of keratinocytes is also correlated 

with the activation of caspases, as evidenced by antibodies specific for activated caspases, 

and increased expression levels ofcaspase-14 (57,138). 

4.5.2 T cell and B cell activation 

An inherited mutation in humans, causing defects in the activation of T, B, and 

NK (natural killer) cells, was mapped to caspase-8 (36). While targeted disruption of 

caspase 8 in mice is embryonic lethal, insight into its function in T cells was gained by 

targeted deletion of caspase 8 in the T cell lineage. This resulted in fewer than normal 

peripheral T cells, and an inability to mount an immune response following infection with 

choriomeningitis virus. In addition, ex vivo, the ability of T cells to respond to activation 

stimuli was impaired. Results from this study revealed that caspase 8 plays an essential 

role in T cell homeostasis and T cell-mediated immunity (190). 

Results from a number of studies suggested that caspases were activated following 

T cell stimulation with PHA (154), or with IL-2 and mitogens (241), where no evidence 

of cell death was detected. Levels of cleavage of procaspase 3 into its active form were 

higher than what is normally observed upon induction of apoptosis (154). This suggested 

that caspase activity could be regulated following activation. It was later shown that 

granzyme B, or another aspartate-specific protease, was activated post-Iysis, and was 

responsible for the cleavage of procaspase 3(250). However, following this study, 

another group showed that caspase 3 was activated following PHA-stimulation ofT cells. 
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Furthermore, IL-2 release from activated T cells was blocked in the presence of peptide­

based caspase inhibitors (181). 

Fas-associated death domain protein (F ADD) was originally described as being 

involved in the recruitment of caspase-8 to the DISC following stimulation of the 

extrinsic apoptotic pathway. However, similarly to caspase-8 knockout mice, ablation of 

F ADD led to hematopoietic precursor cells with impaired colony-forming ability, and 

fewer T cell progenitors, as well as impaired heart muscle development (248). In mice 

that lack F ADD function, either due to gene ablation, or expression of a dominant 

negative, T cells are defective in activation-induced proliferation (167,255). 

Furthermore, T cells expressing dominant negative F ADD arrest at GOIG 1 of the cell 

cycle (167). Mice expressing a FADD mutant, in which serine 191 was mutated to 

aspartate, were smaller, anemic and presented splenomegaly. No apoptotic defects were 

found, however, their T cells were defective in cell cycle progression. Interestingly, 

F ADD is differentially phosphorylated throughout the cell cycle, at serine 194, which is 

equivalent to serine 191 in mice, further suggesting that post-translational modification 

could modulate its function (195). 

4.5.3 Non-autonomous, apoptosis-independent function 

In the normal, developing Drosophila melanogaster wing disc, a large number of 

cells are lost (40-60%). However, this death induces compensatory proliferation, and 

may be mediated by the stimulation of the mitogen wingless. Activation of the DRONC 

caspase has been shown to be necessary and sufficient for compensatory proliferation, 

which suggested that caspases can function, nonautonomously, in the induction of 

proliferation (103). 

5. The CDP/Cux Transcription Factor 

The CDP/Cux/Cut family of proteins is conserved through evolution. cDNAs for 

homologs of the original member, Drosophila melanogaster Cut, have been isolated from 

many species including human (165), dog (6), mouse (231), rat (249), and C. elegans 

(NCBI accession number U28993). There is no known yeast homolog. The mammalian 
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homologs will be referred to, in general, as COP/Cux. The COP/Cux/Cut proteins 

contain two or more ONA binding domains: one, two, or three Cut repeats, and Cut 

homeodomain. 

The CCAAT Oisplacement Protein was first described in the sea urchin, 

Psammeehinus miliarus, as a factor that prevented the binding of a CCAAT-binding 

factor to the sperm-specific histone H2b-l gene in tissues where the gene is not expressed 

(10). The gene coding for this activity was cloned and found to resemb1e the Drosophila 

eut gene. 

5.1 Drosophila melanogaster Cut 

The name 'Cut' cornes from the eut wing phenotype of a viable mutation at the 

eut locus in Drosophila. Like other homeotic selector genes, eut is involved in the cell 

fate specification in many different tissues. It is expressed in, and is necessary for the 

normal differentiation and development of tissues in the embryo (16, 17, 21). In the 

adult, eut expression was the same, but was also expressed in additional tissues, 

suggesting that it is also required for the maintenance of the tissues in which it is 

expressed (18). 

Interestingly, in follicle cells and at the wing margin, Cut was shown to have non­

autonomous effects in cells adjacent to those in which it was expressed. The mechanism 

likely involves cut-mediated regulation of the expression of molecules involved in 

intercellular signaling (44, 151). This function could be evolutionarily conserved, as both 

murine Cux and human COP homologs complemented sorne eut mutants in Drosophila 

(143). 

5.2 Mammalian CDP/Cux 

Orosophila Cut and mammalian COP/Cux share 5 regions of homology: a coi led­

coil (CC) domain, three Cut repeats (CR, CR2, and CR3), and a Cut homeodomain (HO). 

Full-1ength COP/Cux is a ubiquitously expressed 200kOa, 1505 amino acid protein, 

referred to as p200. Mammalian COP/Cux proteins contain a putative nuclear 

localization signal (NLS), two active repression domains within the carboxy-terminus, as 
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well as an inhibitory domain located at the extreme amino-terminus, that inhibits DNA 

binding by CDP/Cux (reviewed in (164». These domains are illustrated in Figure 3. 

The human CUTL1 (Cut-like 1) gene is located on chromosome 7, band 22. It 

extends over 340 kb, includes 33 exons and codes for two proteins: CDP-1 and CASP 

(çut f!ltematively ~pliced I2roduct) (256), (78). Five different CDP transcripts have been 

detected (see Figure 4, (256), (85)). CDP transcripts that generate a full-Iength protein 

contain one of two altemate first exons, and are all spliced to a common exon 2. These 

proteins are coded for by exons 2 to 24. In addition, two different splice acceptor sites 

exist in exon 15, and further splicing has been detected, in which exon 16 was absent. 

The effect of the latter splicing event is unknown. 

The transcript that generates the CASP protein is generated by the splicing of 

ex on 14 to exon 25. It codes for the amino-terminal coiled-coil domain, but none of the 

DNA binding domains. The CASP protein contains a transmembrane domain and is 

located in the Golgi apparatus (78). 

An additional CDP/Cux transcript, which is initiated within intron 20, is detected 

in the placenta, thymus, CD4+/CD8+ and CD4+ T cells. While expression in normal 

human mammary epithelial cells and breast tissues is weak or undetected, many breast 

tumor cell lines and breast tumor samples show higher expression of this transcript. This 

intron 20-initiated mRNA generates a shorter CDP/Cux isoform, p75, that contains amino 

acids 1062-1505, within which is CR3, Cut HD, and the carboxy-terminal domain (85). 

A third CDP/Cux isoform, p110 CDP/Cux isoform has been characterized in 

proliferating cells. It is generated in a cell cycle-dependent manner in normal cells by 

proteolytic processing by a nuclear Cathepsin L isoform at the G liS transition. plI 0 

CDP/Cux contains CR2, CR3, the Cut HD, and two carboxy-terminal active repression 

domains (158). 

An addition al isoform has been identified in epithelial cells: p90 CDP/Cux. Like 

p11O, it contains CR2, CR3, the Cut HD, and the C-terminal domain, and is the product 

of proteolytic processing by Cathepsin L (84). 

A second human CDP gene, CUTL2, maps to 12q.23.13. Cux2 is expressed, late 

in fetal development, in neural tissue (183). It also functions in organogenesis during 

embryonic development (109). Like CUTL 1, it expresses a protein with four DNA 
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binding domains. ONA binding activities were similar to those of the corresponding 

COP-l isoforms. As shorter Cux2 isoforms were not detected, it is thought to function 

only as a transcriptional repressor (79). 

5.3 DNA Binding by CDP/Cux 

COP/Cux contains four ONA binding domains: three Cut Repeats (CR) and a cut 

homeodomain (HO), that function in pairs (see Figure 3) ((90), (157)). 

Evidence from in vitro ONA binding studies suggested that, in the context of the 

full-Iength p200 COP/Cux protein, ONA binding is mediated by the N-terminal two ONA 

binding domains, CRI and CR2. This ONA binding activity was transient, with rapid on­

and off-rates. The preferred ONA binding site was two C(A/G)AT sites, organized as 

direct of inverted repeats ((90), (157)). CR3 and the HO were shown to function together 

(90), allowing stable binding to an ATCGAT motif (158). 

A number of ONA binding sites were determined by gene promoter regulation 

studies. COP/Cux was shown to bind CCAAT, ATCGAT, SpI sites, and AT-rich matrix 

attachment regions ((238), (33), (49), (140)). Altogether, evidence suggests that 

COP/Cux can bind a wide range of sequences. 

5.4 Modulation of CDP/Cux Activity 

5.4.1 Proteolytic Processing 

A portion of p200 COP/Cux is proteolytically processed at the G liS transition of 

the cell cycle, generating an amino-terminally truncated isoform, pllO CDP/Cux. This 

proteolysis is catalyzed by a nuclear isoform of the Cathepsin L cysteine protease that is 

produced by downstream translation initiation (82). The ONA binding ofpllO COP/Cux 

is mediated by CR2, CR3, and the HO, is stable, while that ofp200 COP/Cux is rapid and 

transient ((158), (82)). A second isoform, p90 COP/Cux is also generated by Cathepsin L 

and displays the same ONA binding activity. Like pllO COP/Cux, it is amino-terminally 

truncated (84). 
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5.4.2 Inhibitory domain 

An inhibitory do main was mapped to the extreme amino-terminus of p200 

CDP/Cux and was shown to inhibit CDP/Cux DNA binding activities. This 

autoinhibitory function is independent of post-translational modification and other 

factors, as its effect was observed with proteins expressed in and purified from bacteria. 

However, we predict that this activity could be modulated by a post-translational 

mechanism in vivo. Amino-terminal proteolytic processing removes the autoinhibitory 

domain (228). 

5.4.3 Phosphorylation 

CDP/Cux is a substrate for a number of kinases, as weIl as for the Cdc25A 

phosphatase. Effects of phosphorylation include down-modulation, or maintenance of 

DNA binding, inhibition of proteolytic processing. Conversely, dephosphorylation of the 

homeodomain by Cdc25A stimulates DNA binding activity in the S phase of the cell 

cycle (40). In the G 1 phase of the cell cycle, the phosphorylation of atypical serine 

residues by the Cyclin D/cdk 4 kinase delayed the amino-terminal proteolytic processing 

of CDP/Cux (Santaguida, manuscript in preparation). 

The phosphorylation of DNA binding domains inhibits DNA binding ((39), (41), 

(192)). While cyclin A/cdkl has this effect, which servs to downregulate CDP/Cux 

activity in the G2 phase of the cell cycle, cyclin A/cdk2 phosphorylates different sites and 

does not inhibit DNA binding or transcriptional activities, rather it permits CDP/Cux 

activity in S phase (193). Protein kinase A (PKA) also phosphorylates the CDP/Cux 

homeodomain, and as predicted, inhibits DNA binding (152). 

5.4.4 Acetylation 

The homeodomain of CDP/Cux is acetylated by the p/CAF histone 

acetyltransferase in vitro and in vivo. However, the consequence of this is debated. One 

group showed that this inhibited DNA binding and transcriptional repression (132), 

however this could not be repeated in Dr. Nepveu's laboratory. Instead, p/CAF-mediated 

acetylation prevented phosphorylation by cyclin A/Cdk 1 in vitro, which inhibits 

CDP/Cux DNA binding ((163), and Muzzin et al, manuscript in preparation). In addition, 

acetylation enhanced amino-terminal proteolytic processing of CDP/Cux (163). 
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CDP was cloned by virtue of its CCAAT-displacement activity. By binding to a 

CCAA T site, CDP prevented binding of transcription al activators, thereby repressing 

transcription. The CCAAT displacement activity is mediated by the full-Iength p200 

CDP/Cux protein, likely via CRI and CR2 (157). 

A second mechanism of transcriptional repression was identified: active repression. 

CDP/Gal4 DNA binding domain fusion proteins were tested for transcriptional activity on 

a Gal4 reporter plasmid. Two regions, both downstream of the HD, repressed 

transcription (146). Evidence suggested that CDP/Cux cou Id interact with pRb, which 

has been associated with repression of cell cycle-regulated transcription (87). The 

carboxy-terminal do main (CTD) was later shown to recruit histone deacetylase activity 

(133). Furthermore, CDP recruited G9a histone lysine methyltransferase activity to the 

p21 WAFI gene promoter, upon overexpression of both proteins, in ChlP experiments. 

CDP/Cux functions as a repressor of developmentally regulated genes, preventing 

their expression prior to terminal differentiation. Such targets include the myeloid 

cytochrome heavy chain gene, gp91-phox ((209), (135), (144)), g-globin (148), b-globin 

(174), b-MHC gene (6), NCAM (231), Lactoferrin (116), Human Papillomavirus Type 6 

Long Control Region ((175), (3), (170)), neutrophil collagenase (125), cys tic fibrosis 

transmembrane conductance regulator (133), osteocalcin (234), immunoglobulin heavy 

chain enhancer (238), and tryptophan hydroxylase (219). Upon terminal differentiation, 

CDP/Cux DNA binding activity is lost, and expression of those targets is turned on. 

p200 CDP/Cux was also proposed to repress the thymidine kinase, c-myc, and c­

mos genes in proliferating cells ((51), (118), (96)). 

ln addition, CDP/Cux can repress transcription by binding to matrix attachment 

regions (MAR) and remodeling chromatin ((9), (33), (238), (140), (216), (115)). In so 

doing, on sorne promoters CDP/Cux can compete with nuclear matrix proteins such as 

SATB1 (special AT-rich DNA-binding protein 1) ((9), (33)). Interestingly, in so doing, 

overexpression of CDP/Cux could also stimulate expression from the mouse mammary 

tumour virus (MMTV) long terminal repeat (139). Alternatively it could repress 
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transcription by cooperating with other MAR-interacting proteins, such as SMAR1 

(scaffold/matrix associated region 1) (115). 

5.5.2 Transcriptional Activation 

The Gal4 fusion protein method described above can also, in sorne situations, 

reveal transactivation domains. No such domain was identified in CDP/Cux (146). 

However, there was sorne evidence that CDP/Cux cou Id participate in the activation of 

transcription. Binding of CDP2, the rat CDP/Cux ortholog, to the rat tyrosine 

hydroxylase (TH) enhancer enhanced the binding of rlTF2 (rat immunoglubulin 

transcription factor 2). Coexpression of these two proteins in transient reporter assays 

stimulated expression from TH promoter. 

CDP/Cux was shown to bind to positive-acting CCAAT sites in Xenopus histone 

H2A, H2B, H3, and H4 gene promoters (60), as weIl as sequences in the human histone 

Hl, H3, and H4 gene promoters (232). Later, CDP/Cux was defined as the DNA-binding 

component of the histone nuclear factor D (HiNF-D) complex that binds to cell cycle­

regulated histone gene promoters (235). In normal ceIls, DNA binding by HiNF-D is 

regulated in a ceIl cycle-dependent manner, where it is increased in S phase, while in 

transformed ceIls, it is constitutively elevated throughout the cell cycle (99). The other 

components of the HiNF-D complex are CDC2, cyclin A, and pRB (235). Studies using 

the G 1/S-activated histone H4 gene, F0108, revealed that sequences necessary for 

binding by CDP/Cux were also necessary for its correct temporal expression (8). 

However, transient reporter assays using p200 CDP/Cux showed transcription al 

repression (235) and recently, that pRb functioned as a co-repressor of p200 CDP/Cux in 

the repression of the H4 gene (87). From this, it was proposed that, in late S phase, pRb 

and CDP/Cux, in the context of HiNF-D, repressed histone gene promoters (87) 

A recent report suggested that p200 CDP/Cux could also function in 

transcriptional activation of the gp91-phox gene promoter, by displacing SATB 1, which 

repressed transcription (68). 
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5.6 CDP/Cux Activity During the Cell Cycle 

p200 COP/Cux is expressed in proliferating cells, and, as mentioned above, its 

CCAA T displacement activity functions to repress the expression of genes in precursor 

cells, prior to differentiation, upon which COP/Cux ONA binding activity is no longer 

detected, and the target gene is expressed (reviewed in (163), (157)(156)). 

plIO COP/Cux is generated in a cell cycle-dependent manner, as a result of 

proteolytic processing, by a nuclear isoform of the cathepsin L cysteine protease (83). 

Upregulation of COP/Cux ONA binding is observed late in G 1 phase, following 

processing by Cathepsin L, and dephosphorylation by the Cdc25A phosphatase «40), 

(158)). Following S phase, p110 COP/Cux ONA binding activity is downregulated, as a 

result of phosphorylation by cyclin A/Cdk1 (192). 

NIH 3T3 cells stably expressing plI 0 COP/Cux display shorter G 1 phase and 

accelerate entry in to S phase following a number of celI cycle synchronization methods. 

Furthermore, p11O-expressing wild-type MEFs proliferate faster, and reach a higher 

saturation density than their Cutll Z/z (COP/Cux-nulI) counterparts (191). However, the 

expression of p 110 COP/Cux is not sufficient to induce S phase entry of quiescent celIs in 

the absence of growth factors, and it is not essential for celI survival following gene 

ablation. As no increase in apoptosis was observed folIowing overexpression of p11O, it 

was proposed that COP/Cux overexpression serves to impart a growth advantage, 

consistent with its role in cancer «(191); see below). 

5.7 Knockouts and Transgenic Mice 

5.7.1 Cux gene ablation in mice 

Four COP/Cux knockout mou se models have been described. Oeletion of CR 1 

resulted in homozygous Cux-1~CR1 mutant mice with curly vibrissae and wavy hair. 

Mutant mothers lost 50% of their litter shortly after birth, irrespective of their genotype, 

due to a lactation defect (229). Cux-1~HO and Cux-1~C/- mice expressed a Cux protein 

truncated after CR3, thereby lacking the HO and carboxy-terminus. Homozygous mutant 

mice displayed partial neonatallethality «208), (145)). Surviving mice had a deficit in T 

celIs and B celIs, and a surplus of myeloid celIs (208), had stunted growth, hair folIicle 

defects and reduced fertility (145). Studies using mutant MEFs, as weIl as adult tissues 
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from mutant mice, revealed a loss in HiNF-O ONA binding activity, and reduced 

expression levels of histone H4.l and Hl genes (145). Cutll z/z mice were generated by 

targeted mutagenesis, in which the exons coding for CR3, and HO were replaced, in 

frame, with the lacZ gene. The COP-IacZ fusion protein was detected in the cytoplasm 

and was transcriptionally inactive. Homozygous mutant mi ce from an inbred strain died 

at birth due to respiratory failure caused by retarded differentiation of the lung epithelia. 

Homozygous mutant mice from an outbred background survived, but displayed retarded 

growth. Hair follicle development was impaired, and gave rise to sparse, abnormal hair 

(61). 

5.7.2 Transgenic CDP/Cux mice 

COP/Cux transgenic mice displayed contrasting phenotypes. Transgenic mice 

that constitutively overexpressed Cux-l presented muIti-organ hyperplasia and 

organomegaly (127). Studies of adult transgenic kidneys revealed an increased number 

of proliferative cells, which was correlated with the reduced expression of the p27kiPI 

cyclin-dependent kinase inhibitor. Further studies revealed the development of 

glomerulosclerosis and interstitial fibrosis, as weIl as increased mesangial proliferation 

(24). 

Overexpression of p75 COP/Cux under the control of the mouse mammary 

tumour virus long-terminal repeat (MM TV -LTR) caused a myeloproliferative-disease­

like myeloid leukemia with a long latency, an average of 20 months, in approximately 

33% of mice. Observations that lead to this conclusion included hepatomegaly, 

splenomegaly and infiltration of leukocytes into non-hematopoietic organs, such as the 

lungs and kidneys (27). 

5.8 CDP/Cux and Cancer 

Earlier studies predicted that COP/Cux was a tumour suppressor. The CUTLI 

gene lies in a chromosomal region, 7q22, which is frequently rearranged, or deleted in 

cancers «251), (252)). Polymorphic markers within and adjacent to CUTLl, were 

present in a frequently deleted region in seven of 50 uterine leiomyomas tested, and 

CUTLI mRNA levels were reduced in eight out of 13 tumour samples (251). In addition, 

at least one of the aforementioned polymorphic markers was deleted in breast cancers and 
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was associated with increased tumour size. Immunocomplexes of CUTL1 and the 

Polyomavirus (PyV) large T (LT) antigen were detected in leiomyomas and mammary 

tumours from PyV LT transgenic mice, which suggested that CUTLl, like pRB and p53 

could be a tumour suppressor targeted by the PyV LT oncoprotein (252). 

ln contrast increased expression of plIO CDP/Cux and p75 CDP/Cux has been 

associated with tumourigenesis. Western blot analysis of uterine leiomyomas revealed 

increased expression of shorter COP/Cux isoforms in 11 of 16 samples, but not in the 

surrounding, normal, myometrium (159). The increased expression of short isoforms 

correlated with an increase in ONA binding activity. Furthermore, sequencing of CUTLl 

isolated from uterine leiomyomas revealed no mutations, suggesting that CUTLl was not 

the tumour suppressor on 7q22 (159). p75 CDP/Cux was expressed weakly, or not at aIl, 

in normal breast tissues, but was detected in breast tumour samples and breast tumour ceIl 

lines. Expression of p75 was correlated with invasive breast tumours. Upon culturing in 

collagen, T470 cells stably expressing p75 COP/Cux, solid, undifferentiated aggregates 

of ceIls formed, rather than tubule structures that are normally observed (85). 

Therefore, COP/Cux is likely not a tumour suppressor, and shorter isoforms may 

function as oncoproteins. To explore this possibility, transgenic mi ce expressing short 

COP/Cux isoforms under the control of the MMTV LTR were generated, which drives 

expression in mammary epithelial ceIls, as weIl as in other cells, including the 

hematopoietic system (27). As discussed above, these p75 transgenic mice developed a 

myeloproliferative disease-like myeloid leukemia (see 5.7.2 ) (27). 

Further support for the role of CDP/Cux as an oncoprotein was provided by the 

finding that CUTL 1 expression correlates with poor prognosis in breast cancer. In 

addition, increased expression of CUTL1 was observed in high-grade breast and 

pancreatic cancers. Results from RNAi microarray analysis revealed many targets that 

promote growth, motility, and invasion, which are events necessary for metastasis. 

COP/Cux expression enhances migration and invasion in in vitro and in vivo assays (153). 

Therefore, in addition to its function in the ceIl cycle, favouring proliferation, COP/Cux 

may be a regulator of ceIl motility and invasion. 
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Figure 1: The E2F family of transcription factors 

There are 10 members of the E2F family. E2Fl-E2F3a function as transcriptional 

activators of cell cycle regulated genes. E2F3b-E2F8 are transcriptional repressors. DPI 

and DP2 are heterodimerization partners ofE2Fl-E2F6. Pocket proteins regulate E2Fl­

E2F5 via interactions at the carboxy-terminus, within the transactivation domain. 
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Figure 2: Caspase family members, substrate specificity, and in vivo models 

There are 14 known caspases. Group 1 caspases have similar structure and substrate 

specificity. These caspases are known for their roles in inflammation. Group II caspases 

are the apoptotic initiator caspases. Group III are the effector caspases, which are 

activated by limited proteolysis. 
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Figure 3: Alternative modes of DNA binding and regulation of CDP/Cux during the 

cell cycle 

p200 CDP/Cux is expressed throughout the cell cycle. It binds DNA transiently via CRI 

and CR2. During the G liS transition, the homeodomain (RD) is dephosphorylated by the 

Cdc25A phosphatase. AIso, a nuclear isoform of Cathepsin L proteolytically processes 

p200. This generates plIO CDP/Cux, which is truncated after CRI. pIIO CDP/Cux 

binds stably to DNA. This isoform regulates the expression of cell cycle-regulated genes. 

At the G2 phase of the cell cycle, DNA binding is downregulated as a result of 

phosphorylation by cyclin A/cdkI. 
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Figure 4: CUTLI splice variants 

The human CUTLl gene is located at 7q22. Within this locus are 33 exons. CUTLl 

codes for two proteins: CDP-l and CASP. Different splicing events lead to the potential 

generation of five different CDP proteins and one CASP protein. 
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Chapter II - CDP/Cux Stimulates Transcription from the DNA Polymerase a Gene 

Promoter 

Preface 

At the beginning of this project, there was sorne evidence suggesting that 

CDP/Cux, a transcriptional repressor, could also activate transcription. 

CDP/Cux was identified as the DNA binding subunit of the HiNF-D com­

plex that bound cell cycle regulated histone gene promoters in S phase. 

However, in transient reporter assays, CDP/Cux repressed transcription of a 

histone promoter. Dr. Nam Sung Moon had recently identified a new 

CDP/Cux isoform that was generated by proteolytic processing at the G 1/S 

transition of the cell cycle. This truncated isoform, piiO CDP/Cux bound 

DNA stably. In addition, Dr. Olivier Coqueret had recently shown that the 

p2I WAFI was a transcriptional target of CDP/Cux. My first objective was to 

determine if CDP/Cux could stimulate transcription from the DNA polym­

erase alpha gene promoter. This promoter contains seven CDP/Cux consen­

sus sites, and is regulated in a cell cycle-dependent manner. 

The results from this chapter show a correlation between DNA binding by 

pllO CDP/Cux and transcriptional activation of the DNA polymerase alpha 

gene promoter. They also show that CDP/Cux can bind to, and stimulate 

expression of the endogenous DNA polymerase alpha gene. 
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Abstract 

CDP/Cux (.ÇCAAT-gisplacement protein/cut homeoboK) contains four DNA 

binding domains: 3 Cut repeats (CRI, CR2 and CR3) and a Cut homeodomain (HD). 

CCAAT -displacement activity involves rapid but transient interaction with DNA. More 

stable DNA binding activity is up-regulated at the G liS transition and was previously 

shown to involve an N-terminally truncated isoform, CDP/Cux pl 10, that is generated by 

proteolytic processing. CDP/Cux has been previously characterized as a transcriptional 

repressor. However, here we showed that expression of reporter plasmids containing 

promoter sequences from the human DNA polymerase a, CAD and cyclin A genes are 

stimulated in co-transfections with N-terminally truncated CDP/Cux proteins but not with 

full length CDP/Cux. Moreover, expression of the endogenous DNA pol a gene was 

stimulated following the infection of cells with a retrovirus expressing a truncated 

CDP/Cux protein. Chromatin immunoprecipitation (ChIP) assays revealed that CDP/Cux 

was associated with the DNA pol a gene promoter specifically in S phase. Using linker 

scanning analyses, in vitro DNA binding and ChIP assays, we established a correlation 

between binding of CDP/Cux to the DNA pol a promoter and the stimulation of gene ex­

pression. Although we cannot exclude that stimulation of gene expression by CDP/Cux 

involved the repression of a repressor, our data support the notion that CDP/Cux partici­

pates in transcriptional activation. Notwithstanding its mechanism of action, these results 

establish CDP/Cux as an important transcriptional regulator in S phase. 
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Introduction 

COP/Cux (ÇCAAT -gisplacement proteinlcut homeobo~) belongs to a family of 

transcription factors present in all metazoans and involved in the control of proliferation 

and differentiation (reviewed in (49)). In Drosophila melanogaster, the gene was named 

eut after the "cut wing" phenotype more th an 50 years ago (27). Overall, genetic studies 

in Drosophila suggested that eut plays a role, late in development, in determining cell­

type specificity in several tissues (8-10,13,19,31,32,41,42,46). In higher, vertebrates, 

there are two COP/Cux genes called COP-1 and COP-2 in human, and Cux-1 and Cux-2 

in mouse and chicken (50, 57, 66). The cux-1 knockout mice displayed phenotypes in 

various organs including curly whiskers, growth retardation, delayed differentiation of 

lung epithelia, altered hair follicle morphogenesis, male infertility, a deficit in T and B 

cells and a surplus of myeloid cells (21, 44, 59, 65). In contrast to the small size of the 

cux -1 knock-out mice, transgenic mice expressing Cux -1 under the control of the CMV 

enhancer/promoter displayed multi-organ hyperplasia and organomegaly (38). Thus, 

from genetic studies both in Orosophila and the mouse, it is clear that the COP/Cux/Cut 

gene plays an important role in the development and homeostasis of several tissues. 

At the molecular level, COP/Cux is a complex prote in with four evolutionarily 

conserved ONA binding domains: three Cut repeats (CRI, CR2 and CR3) and a Cut ho­

meodomain (HO) (1, 2, 26, 50). The full length prote in, that we refer to as COP/Cux 

p200, was found to be proteolytically processed at the G liS transition of the cell cycle, 

thereby generating the COP/Cux pl10 isoform that contains three ONA binding domains, 

CR2, CR3 and HO (48). In addition, two altemate, tissue-specific mRNA species were 

found to code for a COP/Cux p75 isoform that contains only two ONA binding domains: 

CR3 and HO (23, 73). Oespite early claims made by us and others on the basis ofresults 

obtained with GST fusion proteins (1, 2, 25, 26), individual Cut repeats cannot bind to 

ONA on their own but need to cooperate with a second Cut repeat or with the Cut ho­

meodomain (47). CR1CR2 was found to make a rapid but transient interaction with 

ONA, whereas CR2CR3HO and CR3HO bound more slowly, but stably, to ONA (47). 

Predictably, COP/Cux piiO and p75 exhibited ONA binding properties similar to that of 

CR2CR3HO and CR3HO. However, somewhat surprisingly, COP/Cux p200 behaved 

like CRI CR2 and made an unstable interaction with ONA, suggesting that ONA binding 
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by CR3HD is inhibited in the context of the ful1-length prote in (47, 48). The carboxy­

terminal do main (CTD) of the protein was found to contain two active repression do­

mains, and the CTD was reported to recruit the HDAC-1 histone deacetylase (39, 45). 

The prote in was shown to repress transcription by at least two mechanisms: competition 

for binding site occupancy and active repression (45). CDP/Cux was reported to repress a 

large number of genes, in particular those genes expressed in precursor cells prior to ter­

minal differentiation (6,17,20,28,33-35,37,39,43,51,53,55,60,63,64,68,78). In 

addition, the binding of CDP/Cux to a number of matrix attachment regions (MARs) 

raises the possibility that the protein is involved in higher order chromatin organization or 

may be able to target certain regulatory loci to specific regions of the nucleus (5, 16,40, 

63, 75). 

A number of studies demonstrated that CDP/Cux is regulated in a cell cycle­

dependent manner and may have a specific function in S phase. The histone nuclear fac­

tor D (HiNF-D), which was later found to include CDP/Cux as its DNA binding partner, 

was shown to be up-regulated in S phase in normal cells (29, 69, 71, 72, 77). The up­

regulation of stable DNA binding at the G liS transition was shown to involve at least two 

post-translational modifications: dephosphorylation of the Cut homeodomain by the 

Cdc25A phosphatase, and proteolytic cleavage of CDP/Cux p200 between CRI and CR2 

to generate CDP/Cux p110 (17, 48). Later in the cel1 cycle, DNA binding was found to 

decrease in G2 following phosphorylation by cyclin A/Cdk1 oftwo serines residues in the 

region of the Cut homeodomain, S1237 and S1270 (58). The rise and decline of 

CDP/Cux' stable DNA binding activity at the beginning and at the end of S phase sug­

gests that the CDP/Cux p110 isoform plays a role in S phase. We reported that CDP/Cux 

was able to repress a reporter plasmid carrying the promoter of the p21 WAFIICIPI gene (17). 

Moreover, inhibition of CDP/Cux expression in S phase, by way of an antisense vector, 

restored expression of the p21 WAFl/CIPI reporter to the higher-Ievel observed in G 1 (17). 

Interestingly, expression of another cyclin kinase inhibitor, p27, was shown to be down­

regulated in the CMV/Cux-1 transgenic mice (38). 

The binding of HiNF-D to the promoter of several S phase-specific histone genes 

at the same time in the cell cycle when these genes are induced is consistent with the no­

tion that HiNF -D functions as a transcriptional activator (3, 4, 36, 71, 72, 77). However, 
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co-transfection of COP/Cux with a reporter containing the promoter of the F0108-H4 

histone gene did not lead to the activation ofthis reporter, but rather to its repression (71). 

In contras t, in another study co-transfection of COP/Cux with the ITF2 transcription fac­

tor led to the activation of a reporter containing the tyrosine hydroxylase gene promoter 

(79). These results may indicate that COP/Cux needs to cooperate with other proteins in 

order to mediate activation. Another difference that might explain the discrepancy be­

tween these results was that the latter study utilized an incomplete rat CDP/Cux cONA 

clone that expressed an N-terminally truncated COP/Cux protein equivalent to the plIO 

processed isoform (79). The latter two possibilities are not mutually exclusive. Indeed, 

one can envision a complex interdependent mechanism in which transcriptional activation 

requires both stable ONA binding by COP/Cux p110 as weIl as cooperation with other 

proteins. 

In the present study, we show that COP/Cux p11O, but not COP/Cux p200, was 

capable of stimulating expression of a reporter containing the promoter of the ONA po­

lymerase a (ONA pol a) gene. Moreover, the introduction of a truncated COP/Cux pro­

te in by retroviral infection led to an increase in ONA pol a mRNA level. Using in vitro 

mutagenesis and ONA binding assays, we were able to establish a correlation between the 

binding of COP/Cux to ONA pol a promoter sequences and the stimulation of the ONA 

pol a reporter plasmid. The potential mechanisms by which COP/Cux may stimulate ex­

pression of the ONA pol a reporter plasmid are discussed. 
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Materials and Methods 

Plasmid construction. 

The DNA pol a -1561/+47 reporter plasmid was constructed as previously described (48). 

5' deletion constructs were made as follows: -1158/+47 was inserted into pGL3-Basic, 

both digested with HindIII and NcoI; -402/+47 was constructed via insertion of the 

BssHIIlNcoI promoter fragment into MluIlNcoI of pGL3-Basic; the promoter was di­

gested with SphI, the overhang was removed with T4 DNA polymerase, followed by di­

gestion with NcoI, yielding -248/+47, which was cloned into SmaIlNcoI of pGL3-Basic; 

-1161+47 was made by digestion of the promoter with SacIllNcoI, and ligated with pGL3-

Basic digested with SacIlNcoI; -65/+47 was made by digestion of DNA pol a with 

EagIlNcoI, and ligation into SmaIlNcoI of pGL3-Basic. Linker scanning mutants were 

made by PCR using pGL3-pol a (-65/+47) as a template: 5'-most primer: 

5' AGGTACGGGAGGTACTTGGAGCGG3'; 3' -most pflmer: 

5' ATGTCGTTCGCGGGCGCAACTGCAACTC3'. The sequences of the inner primers 

can be made available upon request. Briefly, inner primers used to generate the upstream 

fragments had the following tail sequence: 5'GACTTGAAGCTTTC. Inner primers for 

the downstream fragments had the following tail sequence: 5'GACTGAAAGCTTCA. 

Upstream fragments were digested with NotIlHindIII, downstream fragments with Hin­

dIII/BstBI. Upstream and downstream fragments were ligated together with pGL3-Basic 

digested with NotIlBstBI. Constructs were sequenced to verify the absence of mutations. 

Sequences and/or maps will be provided upon request for CDP/Cux 831-1505, 831-1505, 

659-1192+NLS, CR2CR3HD constructs. AIl other CDP/Cux constructs have been de­

scribed in our previous studies (48), (58). 

Expression and purification of CDP/Cux fusion proteins. The full-Iength CDP/Cux 

prote in was expressed in SF9 insect cells using a Baculovirus vector as previously de­

scribed (47). AIl truncated CDP/Cux protein were otherwise expressed in bacteria using 

the pET-15b vector (Novagen). The expression plasmids were introduced into the BL21 

(DE3) strain of E. coli and induced with ImM IPTG for 1.5 hours. Proteins were purified 

on nickel nitrilotriacetic acid-agarose (Qiagen) according to the manufacturer's instruc­

tions. 
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Cell culture, transfection and synchronization. HeLa and C33A are human epithelial 

ceIllines derived from cervical carcinomas (18). HS578T, T47D and MCF-7 are human 

epithelial cell lines derived from breast carcinomas (11, 24, 76). T98G is a human fibro­

blastic cellline derived from a gliobastoma multiforme tumor (62). NIH3T3, C33A and 

HeLa ce Ils were grown in DMEM medium supplemented with 10% fetai bovine serum 

(FBS). HS578T, T47D and MCF-7 cells were grown in DMEM medium supplemented 

with 5% FBS. T98G cells were grown in EMEM medium supplemented with 10% FBS. 

Synchronization in G liS was performed by two methods. Serum starvationlstimulation: 

post-transfection, cells were maintained in DMEM plus 0.4% FBS for 36h, followed by 

18h in DMEM plus 10% FBS. Thymidine block: Post-transfection, cells were cultured 

overnight in DMEM plus 10% FBS supplemented with 2 mM thymidine and harvested. 

Transient transfections were performed with ExGen500 (MBI Fermentas) according to 

the manufacturer's instructions. 

Luciferase assay. Cells were plated in 12-well plates to be approximately 50% confluent 

on the day of transfection. A total of 750ng DNA (250ng reporter + 500ng effector) was 

transfected. Cells were either synchronized (see above) or harvested 24-48 hours later. 

Luciferase assays were performed as described previously (48). Because the internaI con­

trol plasmid is itself often repressed by CDP/Cux, as a control for transfection efficiency 

the purified ~-galactosidase prote in (Sigma) was included in the transfection mix, as pre­

viously described (30). The luciferase activity was then normalized based on ~­

galactosidase activity. 

The GST fusion proteins used for the generation of antibodies contained the following re­

gions: 

CDP/Cux antibodies and Western blot analysis. Antibodies 861 and 1300 have previ­

ously been described (23, 48). To generate polyclonal antibodies against various regions 

of CDP/Cux (1505 a.a.), rabbits were injected with 500 Ilg of purified bacterial fusion 

protein containing various regions of CDP/Cux in Freund's complete adjuvant. The a23 

was raised against amino acids (a. a.) 23 to 50; a403, a.a. 403 to 449; a510, a.a. 510 to 

541; a861, a.a. 861 to 936; a1300, a.a. 1300 to 1402. The animaIs were boosted twice 

with 250 Ilg of protein, and serum was collected 10 days after the last boost. Polyclonal 

antibodies were purified by affinity chromatography. The serum was passed through two 
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GST affinity columns and the flow-through was th en applied to a GST -CDP/Cux affinity 

column to isolate antibodies. 

Preparation of nuclear extracts and Western blot analysis. Nuc1ear extracts were 

prepared as described previously(48). For Western blot, indicated quantities ofnuclear 

extracts were recovered as described above, and were resuspended in Laemli buffer. 

Proteins were then boiled for 5 min and loaded on an SDS-polyacrylamide gel. The gels 

were equilibrated for 10 min in 0.1 M Tris, 0.192 M glycine, 20% (v/v) methanol, and the 

proteins were electro-transferred to PVDF membranes overnight at 40V at 4°C. The 

membranes were then washed with TBS (10 mM Tris pH 8, 150 mM NaCl) and blocked 

in TBS supplemented 5% milk and 2% BSA for 2 hours at room temperature. The indi­

cated antibodies were diluted 1: 1000 in TBS supplemented with 0.1 % Tween (TBST), 

and membranes were incubated for 1 hour at room temperature. Following 5 washes with 

TBST, HRP-conjugated secondary antibodies (Santa Cruz) were diluted 1 :4000 in TBST 

and membranes were incubated 40 minutes at room temperature. Membranes were 

washed 5 times with TBST followed by 2 washes with TBS. Proteins were detected us­

ing the ECL kit from Amersham Pharmacia Biotech. 

Electrophoretic Mobility Shift Assay (EMSA). EMSA was performed with the indi­

cated quantity of purified protein. Samples were incubated at room temperature for 20 

minutes in a final volume of30!-tl of25 mM NaCl, 10 mM Tris, pH 7.5,1 mM MgC12, 5 

mM EDTA, pH 8.0, 5% glycerol, 1 mM DTT, 3 !-tg BSA with 0.2 pmol of radiolabeled 

oligonucleotides. Samples were loaded on a 5% polyacrylamide (29: 1), 0.5X TBE gel 

and separated by electrophoresis at 8V/cm in 0.5X TBE. Gels were dried and visualized 

byautoradiography. 

Calculation of the DNA binding affinity. To determine the dissociation constant (KD), 

EMSA were performed essentially as described above, but using a fixed amount of DNA 

(:S10 pM) and a wide range of protein concentrations and with the following modifica­

tions: less than 10 pM of DNA was used, and protein and DNA were incubated for 15 

min at room temperature. The binding affinity (KD) was calculated using the method de-

scribed by Janet Carey (14, 15). The amount of free and bound DNA was quantitated by 

scanning of the autoradiograms on a Phosphoimager (Amersham Pharmacia Biotech Ty­

phoon 8600) and verified by scintillation counting of the excised bands in an independent 
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experiment. The data was plotted as the fraction of free DNA vs. log of protein concen­

tration. Since the protein concentrations did not take into account the fraction of inactive 

proteins, our data are referred to as the apparent dissociation constant (KD(app.)). 

Oligonucleotides. The sequences of oligonucleotides used in this study are are follows: 

TCGAGACGATATCGATAAGCTTCTTTTC (univers al CDP/Cux consensus binding 

site); TCGAGACGGTATCGATAGCTTCTTTTC (ATCGAT); 

GGGCCGCTGATTGGCTTTCAGGCTGGCGCCTCGA (DNA pol a -40/-14); 

GGGCCGCTGAAAGCTTCACAGGCTGGCGCCTCGA (DNA pol a -40/-14 mut -35/-

26). Underlined sequences represent mutations introduced in linker/scanning analysis. 

DNaseI Footprinting. The DNA pol a fragment -116/+47 was used for this analysis. 

The plasmid was 32p labeled at the NcoI site with the Klenow fragment of DNA Polym­

erase l, and cleaved with SacII. After electrophoresis through a 5% polyacrylamide gel, 

the labeled fragments were purified by passive elution in 10 mM Tris-HCl (pH 7.5), 1 

mM EDT A. DNase footprinting analysis was performed as previously described (25). 

End-Iabeled DNA (8,000 cpm per tube) was incubated with of purified bacterially ex­

pressed fusion pro teins for 15 min at room temperature in a final volume of 75 III in 10 

mM Tris (pH 7.5), 25 mM NaCl, 1 mM MgCh, 1 mM dithiothreitol, 5% glycerol, 4% 

(wt/vol) polyvinyl alcohol. 225 III of 10 mM MgCh, 5 mM CaCh was added for 90 s. 

Various dilutions of DNase 1 were added and samples were th en incubated for 90 s. At 

that time 270 III of DNase stop solution (20 mM EDT A, 1 % sodium dodecyl sulfate, 0.2 

M NaCl) was added and the solution mixed by vortexing. Following phenol-chloroform 

extraction and ethanol precipitation, samples were electrophoresed through a 6% dena­

turing polyacrylamide (40:1) gel in IX Tris borate-EDTA. Gels were dried and visual­

ized by autoradiography. 

Chromatin immunoprecipitation. Chromatin was prepared as described (52) with the 

following exception. Sonication was performed for 5 sec followed by a 2 min incubation 

on ice and this was repeated a total of 4 to 6 times. A single aliquot was retained for 

chromatin quality assessmentl chromatin quality control. We estimated that 15-20 X 10 6 

cells per aliquot would ensure similar titers of chromatin in all subsequent immunopre­

cipitations. To ensure quality control between experiments Protein A agarose beads from 

the ChIP Assay Kit #17-295 (Upstate Biotechnology) were used for the immunoprecipi-
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tations. The extract was first incubated with 30 !lI of beads for 1 hour. After centrifuga­

tion, the supematant was transferred to a new tube and was incubated ovemight at 4 oC 

with 2 !lg purified CDP/Cux antibody. The next day, 25 !lI of beads were added and in­

cubation was continued for at least 1 hour at 4 oC. The supematant was removed and the 

beads were washed 2 times with low salt buffer, 2 times with high salt buffer and then 

once with TE. Elution and DNA purification followed the protocol of Nissen and Ya­

mamoto, 2000, with the addition of an additional phenol-chloroform extraction (52). The 

presence of binding to 3 different regions of the DNA pol ex gene promoter in the im­

munoprecipitated chromatins was analyzed by PCR with specifie sets of oligonucleotides: 

region 1 (PCR 1) 5'CCCTCAGCTCTAGCTTTTCCCTAAGGGG 3' and 

5 'CA TGGTCCCGAATCTCCCGATTCC 3'; region 2 (PCR 2) 

5'GGTTCTCTCCTGGTTGGAAAAGCTTG 3' and 

5'TTGCCCACATGCTTATTGATCCCTTC 3' . , reglOn 3 (PCR 3) 

5'GGTGCCTTATTGCTCTGTTCTCACATGG 3 ' and 

5'CAGCTGATTACTTCCCACATGCCCG 3'. PCR reactions, 50 !lI, were done with 

Taq polymerase (MBI Fermentas) for a total of 37 cycles. The temperature ofhybridiza­

tion corresponded to the value of the Tm of the oligonucleotides for the first 6 cycles. 

The hybridization temperatures were decreased Ulltil 5°C below the Tm for the rest of the 

PCR. 

In vivo DNA binding to transfected reporter plasmids. HS578T cells were transfected 

with pGL3-Pol a (-65/+47), pGL3-Pol a (-65/+47) mut (-35/-26), and either pXJ42 or 

pXJ42/CDP/Cux CR2CR3HD. DNA was extracted approximately 24 hours post- trans­

fection. The chromatin immunoprecipitation protocol described above was used except 

that samples of extracted DNA were not sonicated. Primers used in PCR are as follows: 

5' CCGAGCCGCTGATTGGCTTT 3' (WT) or 5' CCGAGCCGCTGAAAGCTTCA 3' 

(mut -35/-26) was used with 5' AGCGGTTCCATCTTCCAGCGGATAGA 3' 

Retroviral infections and RT -PCR. HS578T cells were infected by the addition of vi­

rus-containing supematant from 293VSV producer cells (54). Cells were harvested 48 

hours post-infection. To minimize the extent of proteolytic processing of the full-length 

CDP/Cux prote in, cells had been plated so as to reach near-confluence 48 hours post­

infection. Real-time RT-PCR was performed with a Light Cycler using the Fast Start 
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DNA Master SYBR Green 1 Kit (Roche) and the following primers: For DNA pol a: 

sense primer: 5'-GCTTCACCGAATCCTTTCTCTGTG-3' (mRNA position 581-604); 

antisense primer: 5'-TTCCTCATCTGCCCCTTTTACC-3' (1030-1009). DNA pol a 

RNA was normalized to the amount ofGAPDH (see (23) for primer sequence) RNA am­

plified. 
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ResuUs 

CDP/Cux stimulates the DNA pol a gene promoter during S phase in NIH 3T3 cells. 

A search of the promoter database using the CDP/Cux consensus binding site revealed 

that the proximal promoter sequences of the DNA pol a gene contained several putative 

CDP/Cux binding sites in both Drosophila melanogaster and human (Fig. 1). The DNA 

pol a gene was previously shown to be up-regulated at the transcriptionallevel in S phase 

(56). Using reverse-transcriptase polymerase-chain-reaction, we confirmed that DNA pol 

alpha mRNA expression was up-regulated in S phase following re-entry ofNIH3T3 cells 

into the cell cycle (data not shown). To determine whether CDP/Cux could regulate the 

human DNA pol a gene promoter, NIH 3T3 cells were co-transfected with a luciferase 

reporter plasmid containing sequences -1561 to +47 of the human DNA pol a gene, and 

either an empty vector or a vector expressing CDP/Cux 817-1505 (Fig. 1). This recombi­

nant protein corresponds to the 110 kDa isoform, CDP/Cux plI 0, that is generated by 

proteolytic processing in S phase of the cell cycle (48). CDP/Cux pllO had little or no 

effect on the expression of the DNA pol a reporter when transfected NIH3T3 cells were 

allowed to grow asynchronously (Fig. 1 A and B). In contrast, expression of the DNA 

pol a reporter was stimulated in the presence of CDP/Cux pllO when NIH3T3 cells were 

synchronized in S phase either by thymidine block (Fig. lA) or by serum starvationlre­

stimulation (Fig. lB). The same assay was repeated using a panel of transformed cell 

!ines that were allowed to grow asynchronously. Significant stimulation of the DNA pol 

a reporter was observed in HS578T, T47D, and T98G cells, and moderate levels of 

stimulation were observed in C33A, MCF-7 and HeLa ce Ils (Fig. 1C). The levels ofacti­

vation may vary due to differences in transfection efficiency or levels of endogenous 

CDP/Cux, which may affect the response to its overexpression. In summary, CDP/Cux 

pllO was able to stimulate expression of the DNA pol a reporter in several cell lines, 

however, in NIH3T3 cells this stimulatory effect was dependent upon the cells being syn­

chronized in S phase. 

N-terminal truncation of CDP/Cux is necessary for stimulation of the DNA pol a re­

porter. To investigate the mechanism by which CDP/Cux was able to stimulate expres­

sion of the DNA pol a reporter, the reporter assay was repeated using effector plasmids 

expressing CDP/Cux recombinant proteins with progressive N-terminal truncations. 
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HS578T cells were utilized for these assays as our preliminary experiments revealed that 

this line consistently displayed the highest level of stimulation by COP/Cux. Full-iength 

COP/Cux protein was unable to stimulate expression and, in fact, produced what ap­

peared to be weak repression (Fig. 2A). Yet, the protein expressed from this plasmid was 

functional since it was able to repress a reporter plasmid carrying the promoter of the 

p21 WAFI/CIPI gene, as previously published (Fig. 2B) (17). In contrast to full-iength 

COP/Cux, aIl N-terminally truncated COP/Cux proteins were able to stimulate expression 

of the ONA pol a reporter (Fig. 2A). This stimulatory effect correlated weIl with the abil­

ity of COP/Cux proteins to bind to a consensus binding site that is specifie for CR3HO or 

CR2CR3HO (Fig. 20, lanes 3-6). In contrast, the full length COP/Cux prote in, whose 

expression was confirmed by Western blot (Fig. 2C, lane 1), interacted only weakly with 

this sequence (Fig. 2C, lane 2). This data is in agreement with previous studies showing 

that fuIllength COP/Cux only binds to ONA transiently and exhibits a preference for se­

quences containing not just one but two CAAT or CGAT motifs (47, 48). Thus we con­

clude that pll0, but not p200, is able to stimulate expression of the ONA pol a reporter. 

The carboxy-terminal domain (CTD) is expendable, but the Cut homeodomain is 

required, for stimulation. Removal of the carboxy-terminal do main of COP/Cux had no 

effect on the reporter assay, whereas removal of the Cut homeodomain prevented stimu­

lation ofthe ONA pol a reporter (Fig 3A). AlI COP/Cux proteins were expressed at high 

levels as observed by Western blot analysis (Fig. 3B). AlI recombinant proteins bound to 

ONA efficiently with the exception of COP/Cux 659-1192, in which the Cut homeodo­

main was deleted (Fig. 3C, compare lane 5 with 2-4). We conclude that the Cut ho­

meodomain is required for the stimulation of the ONA pol a reporter. In summary, re­

sults from mapping analysis demonstrated that amino acids 1 to 1061 and 1301 to 1505 

are dispensable. Moreover, the presence of the N-terminal portion of the prote in, from 

a.a. 1 to 659, and the absence of the Cut homeodomain will prevent the stimulatory func­

tion of COP/Cux. While the mapping data presented were obtained in the HS578T cell 

hne, similar results were obtained in NIH3T3 cells (data not shown). These results are 

consistent with the notion that COP/Cux must be able to make a stable interaction with 

ONA in order to stimulate expression from the ONA pol a reporter. 
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CDP/Cux can stimulate the expression of reporter plasmids containing the promoter 

sequences of other S phase-specific genes. To verify whether stimulation of gene ex­

pression by CDP/Cux was unique to the DNA pol a promo ter, we tested promo ter se­

quences from a number of genes whose expression is up-regulated in S phase. As a con­

trol, we also tested a reporter containing the core promo ter of the p21 WAFl/CIPI gene. This 

reporter was previously shown to be repressed by CDP/Cux in co-transfection assays (17, 

58). Co-transfection with CDP/Cux CR2CR3HD did not affect the expression of the 

p21 WAFI/CIPI reporter. It is likely that repression of the p21 WAFl/CIPl promoter by CDP/Cux 

requires the action of the active repression domains present in the CTD. In contrast, re­

porter plasmids carrying the promoters from the dihydrofolate reductase (DHFR), car­

bamoyl-phosphate synthase /aspartate carbamoyltransferase/dihydroorotase (CAD), and 

cyclin A genes were stimulated by CDP/Cux CR2CR3HD, albeit to a lesser extent than 

what was observed with the DNA pol a reporter (Fig. 4). 

CDP/Cux can stimulate the core promoter of the DNA pol a gene. To identify the 

DNA pol a promoter sequences that are required for stimulation by CDP/Cux, a series of 

reporter plasmids with progressive 5' deletions were tested in the co-transfection assays. 

CDP/Cux stimulated the expression of aIl reporter plasmids, including one plasmid car­

rying DNA pol a sequences from -65 to +47 (Fig 5A). We conclude that the core pro­

moter of the DNA pol a gene contains sequences that allow its stimulation in the presence 

ofCDP/Cux. 

Linker scanning mutations were introduced into the -65/+47 DNA pol a reporter 

plasmid. These mutations consisted in the seriaI replacement of 10 bp sequences with the 

sequence GAAAGCTTCA. Two replacement mutations, at position -35/-26 and -25/-16, 

significantly reduced the ability of CDP/Cux CR2CR3HD to stimulate gene expression 

(Fig.5B). 

CDP/Cux CR2CR3HD can bind to the core DNA pol a gene promoter in vitro. 

DNase footprinting analysis was performed to verify wh ether CDP/Cux proteins con­

taining the two DNA binding domains CR2, CR3 along with the Cut homeodomain 

(CR2CR3HD), or just CR3HD, would interact with the core DNA pol a gene promoter. 

A DNA fragment was end-Iabeled at position +47, incubated with purified bacterially ex­

pressed his-CR2CR3HD or his-CR3HD protein, and treated with DNase 1. A protected 
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region was observed between nt -14 to -40 of the coding strand (Fig 6A, lanes 2, 6-7). 

Interestingly, an inverted CCAAT motif resides within this interval, at position -30 to -34. 

Electrophoretic mobility shift assay (EMSA) using double-stranded oligonucleotides cor­

responding to nt -40/-14 confirmed that the purified his-CR2CR3HD prote in could form a 

strong retarded complex with this sequence (Fig 6B, lane 2). In contras t, the full-Iength 

CDP/Cux prote in was unable to make a stable interaction with the DNA pol a sequence 

(Fig. 6D, lanes 6-9). 

A mutation that reduces stimulation of expression in vivo also reduces DNA binding 

in vitro. Two assays were performed to verify whether the replacement mutation at posi­

tion -35/-26 would reduce the affinity of his-CR2CR3HD for this sequence. In the first 

assay, wild type or mutated -40/-14 oligonucleotides were used as co Id competitors in 

EMSA with the wild type -40/-14 probe. Whereas a 100-fold excess of the wild type oli­

gonucleotides completely eliminated the retarded complex, the oligonucleotides with the -

35/-26 replacement mutation did not compete as efficiently (Fig 6B, lanes 3 and 4). In 

the second assay, oligonucleotides with the -35/-26 replacement mutation were used as an 

EMSA probe. The his-CR2CR3HD prote in was able to form a generate a complex, al­

though the intensity of the complex appeared weaker than that of the wild type sequence 

(Fig 6B, compare lanes 2 and 6). Moreover, as we had seen previously, the wild type oli­

gonucleotides were more efficient competitors than the mutated ones (Fig. 6B, lanes 7 

and 8). 

The DNA binding affinity for the wild type and mutated oligonucleotides was as­

sessed by performing EMSA with a fixed amount of DNA (:::;10 pM) and a wide range of 

protein concentrations (Fig. 6C). The apparent dissociation constants (KD) were 

measured as described in Materials and Methods. His-CR2CR3HD exhibited apparent 

dissociation constants (KD) of 5.8 x 10-8 M and 1.3 x 10-7 M for the wild type and mu­

tated oligonucleotides, respectively (Fig. 6C). Thus, the -35/-26 replacement mutation 

reduced the affinity of CR2CR3HD for the core DNA pol a promoter by a factor of ap­

proximately 2.2-fold. In other experiments, we found that the -25/-16 replacement muta­

tion that also reduced the stimulatory effect of CDP/Cux on the DNA pol a reporter, did 

not affect the interaction of CDP/Cux with the DNA pol a promoter sequences in vitro 

(data not shown). We postulate that this mutation interferes with the binding of another 
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protein that participates in the transcriptional activation of the DNA pol Cl. promo ter and is 

required for the stimulatory effect of CDP/Cux. 

In summary, a CDP/Cux protein containing CR2CR3HD was able to stimulate 

expression of a reporter containing sequences -65/+47 from the DNA pol Cl. gene pro­

moter. This stimulatory effect was abolished by the replacement of sequences -35/-26 or 

-25/-16. In vitro, a purified CDP/Cux protein containing CR2CR3HD was able to interact 

with the core DNA pol Cl. promoter sequences, however the replacement of sequences -

35/-26 diminished the affinity of CDP/Cux for the DNA pol Cl. promo ter. Thus, a correla­

tion was established between the stimulation of the core DNA pol Cl. gene promo ter in vivo 

and the interaction ofCDP/Cux with DNA pol Cl. promoter sequences in vitro. 

CDP/Cux binds the DNA pol Cl. gene promoter in vivo, specifically during the S phase 

of the cell cycle. Chromatin immunoprecipitation (ChIP) assays were performed to in­

vestigate whether endogenous CDP/Cux proteins bind to the promoter of the DNA pol Cl. 

gene in vivo. Primers were designed to amplify three different regions of the DNA pol Cl. 

gene promoter and one region upstream of the glyceraldehyde phospho-dehydrogenase 

(GAPDH). Using total chromatin as a template, each pair of primers amplified a DNA 

fragment of the expected molecular weight (Fig. 7A, lane 3). Using chromatin obtained 

after immunoprecipitation with the anti-CDP/Cux antibody 861, an amplified fragment 

was observed for the regions -1179/-843 and -173/+47 (Fig. 7 A, lane 2, PCR1 and 2). In 

contrast, no fragment was obtained using primers for the GAPDH gene promoter or the 

upstream region of the DNA pol Cl. gene promoter between nt -1505 and -1229 (Fig. 7 A, 

lane 2, GAPDH and PCR3). Controls consisted oftemplate chromatin that was obtained 

following immunoprecipitation with either anti-IgG or anti-HA antibodies. No amplified 

fragment was observed with any of the primer pairs (Fig. 7 A, lanes 4 and 5). We con­

clude that CDP/Cux can interact with the DNA pol Cl. gene promoter in vivo. We note 

also that a more intense signal was obtained in the region -1179/-843 than in the proximal 

promoter region (Fig. 7 A, lane 2, compare PCR1 and 2). The reason for this is not en­

tirely clear but may involve the fact that this region of the promoter contains a higher 

concentration of sequence motifs that match the CDP/Cux consensus binding site (see the 

map in Fig. 1). To verify wh ether the association of CDP/Cux with the DNA pol Cl. gene 

promoter is regulated during the cell cycle, we performed ChIP assays on synchronized 
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HS578T cells. Binding to PCR regions 1 and 2 was detected specifically in S phase (Fig. 

7B, lane 2). COP/Cux did not interact with the ONA pol a gene promoter in 02/M or 01 

(Fig 7B, lane 3, 4). 

To verify whether the full-Iength COP/Cux protein can interact with the DNA pol 

a gene promoter in vivo, ChIP assays were performed using a panel of antibodies that 

recognize various regions of COP/Cux (see diagram in Fig. 7C). Three of these antibod­

ies, 23, 403 and 510 recognize only the full-Iength protein, while antibodies 861 and 1300 

can bind to both the full-Iength and the processed isoform (Fig 7C, rightmost panel). As a 

control, ChIP were performed with IgO. The signal obtained with this sample was taken 

as background and attributed a value of 1. Significantly stronger signaIs were observed 

with samples obtained with the 861 and 1300 antibodies. In contrast, samples obtained 

with antibodies that recognize only the full-Iength prote in did not generate a stronger sig­

nal than background. We cannot exc1ude that the epitope recognized by an antibody is 

masked when the prote in is bound to ONA. However, it becomes difficult to evoke this 

possibility to explain the absence of amplification with three different antibodies. The re­

sults rather suggest that the full-Iength COP/Cux prote in does not make a stable interac­

tion with the ONA pol a gene promoter. 

Reduction in stimulation of gene expression correlates with a decrease in DNA 

binding in vivo. Since we observed a correlation between a decrease in ONA binding in 

vitro and a reduction in the stimulation of gene expression in transfection assays with the 

linker scanning mutant -35/-26, we considered the possibility that the decreased affinity 

of COP/Cux for this mutant might preclude the recruitment of COP/Cux to the reporter 

plasmid following transfection into cells. To test this hypothesis, we designed oligonu­

c1eotide primers that would specifically amplify sequences from either the wild type or 

the -35/-26 mutant reporter plasmid. In preliminary experiments, the wild type primers 

were found to efficiently amplify the wild type, but not the mutated sequence, whereas 

the mutated primers amplified the mutated but not the wild type sequence (Fig. 8A). 

HS578T cells were co-transfected with both the wild type and the mutated reporter plas­

mids together with either an empty vector or a vector coding for COP/Cux CR2CR3HO. 

Using total chromatin, a fragment of the expected molecular weight was amplified with 

each pair of primers to verify that the cells had each received the two plasmids as ex-
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pected (Fig. 8B, lanes 2-3 and 8-9). Faint amplified fragments were observed when using 

as a template chromatin obtained by immunoprecipitation with the pre-immune serum or 

chromatin derived from ceUs that had received the empty effector plasmid (Fig. 8, lanes 

4-7 and 10-11). We think this is due to the fact that a smaU, background amount of 

CDP/Cux is immunoprecipitated with beads alone, regardless of the buffer used. How­

ever, when the chromatin was first subjected to immunoprecipitation with the anti­

CDP/Cux antibody, a fragment of strong intensity was amplified by the wild type primers 

but not by the mutated primers (Fig. 8, lanes 12 and 13). This result indicates that in ceUs 

containing both the wild type and the mutated reporter plasmids, the recombinant 

CDP/Cux protein was able to interact efficiently with the wild type reporter plasmid but 

not with the mutated plasmid. 

CDP/Cux can regulate the endogenous DNA pol alpha gene. The experiments de­

scribed above demonstrated that expression of a DNA pol a reporter could be stimulated 

in the presence of N-terminaUy truncated CDP/Cux protein. These experiments, how­

ever, did not establish whether CDP/Cux could regulate the endogenous DNA pol a gene. 

To address this question, we infected HS578T ceUs with high-titer retroviral vectors ex­

pressing either the fuU-Iength or a truncated CDP/Cux protein. CeUs were harvested 48 

hours following infection. RNA and proteins were purified from 70% and 30% of the 

cells, respectively. Expression of the recombinant CDP/Cux proteins was verified by 

Western blot analysis (Fig. 9B). Reverse-transcriptase polymerase chain reaction (RT­

PCR) analysis was used to quantitate DNA pol a mRNA (Fig. 9A). Wh en compared with 

ceUs infected with an empty retrovirus, the amount of DNA pol a mRNA was increased 

4-fold on average in ceUs infected with the retrovirus expressing the truncated CDP/Cux 

protein. However, no increase in DNA pol a expression was observed in ceUs infected 

with the fuU-Iength CDP/Cux vector. Again, the stimulation in gene expression by the 

truncated CDP/Cux protein could result from true activation or repression of a repressor. 

Nonetheless, these results clearly demonstrate the endogenous DNA pol a gene can be 

regulated in response to CDP/Cux. 
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Discussion 

The CDP/Cux transcription factor was originally characterized as a transcriptional 

repressor (6,17,20,28,33-35,37,39,43,45,51,53,55,60,63,64, 68, 78). Recently, it 

was shown that an N-terminally truncated isoform, CDP/Cux pl 10, is generated by prote­

olytic processing at the G liS transition of the cell cycle. Results from the present study 

revealed that CDP/Cux pllO is able to stimulate transcription from a reporter plasmid 

containing the DNA pol a promoter (Fig 1-5). Moreover, expression of the endogenous 

DNA pol a gene was stimulated in a population of cells infected with a retrovirus ex­

pressing a truncated CDP/Cux prote in (Fig 9). These results suggest, yet do not demon­

strate, that CDP/Cux plI ° can function as a transcriptional activator. Stimulation of tran­

scription, whether of a reporter or an endogenous gene, is consistent with a number of 

possible mechanisms. CDP/Cux pllO might directly activate transcription. It is unlikely 

that CDP/Cux plI ° functions like a classical transcriptional activator with a DNA bind­

ing do main and an activation domain. No region of CDP/Cux was found to function as 

an activation domain in the Ga14 fusion assay, in which various regions of a prote in are 

fused to the DNA binding domain of the Ga14 transcription factor and are assayed to­

gether a Ga14 reporter plasmid (45). Therefore, we envi sion that CDP/Cux pllO might 

contribute, perhaps as an architectural factor, to the formation of a larger complex or en­

hanceosome. This mode of action would be consistent with what we know of the HiNF­

D complex, which includes CDP/Cux as weIl as a number of other proteins, and whose 

presence on the promoter of histone genes coincides with their induction in S phase (3, 4, 

36,67,69-72). 

In light of the well-characterized role of CDP/Cux as a transcriptional repressor, 

we cannot exclude the possibility that CDP/Cux pllO represses the expression of another 

repressor that down-modulates the DNA pol a promoter. Indeed, as cells were harvested 

48 hours post-transfection or infection, any regulatory effect might be direct or indirect. 

However, we did not obtain any evidence in support of a repression mechanism. DNA 

fragments containing sequences -65/+47 of the DNA pol a promoter were tested in 

EMSA and DNase footprinting analyses. Using protein extracts from cells over­

expressing CDP/Cux, we did not observe a decrease or disappearance of a retarded com­

plex (data not shown). It still remains possible that CDP/Cux plI ° interferes with the 
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binding of a repressor that could not be detected in unfractionated nuclear extracts. In 

contrast to the lack of evidence in favor of a repression mechanism, we were able to es­

tablish a correlation between transcriptional stimulation and the ability of CDP/Cux pli 0 

to bind to the DNA pol a promoter sequences in EMSA and ChIP assays. These results 

strongly suggest, but yet do not prove, that CDP/Cux p110 functioned as a true activator. 

More direct evidence that CDP/Cux pllO may function as a transcriptional activator 

would be provided if the addition ofCDP/Cux p110 to an in vitro transcription system led 

to transcriptional activation. Again, however, in a crude in vitro system we could not ex­

clude that CDP/Cux p110 stimulates transcription by competing with, and displacing, a 

repressor. Therefore, we do not think that experimental evidence from a single assay will 

be sufficient to demonstrate one mechanism of action at the expense of another. Instead, 

the accumulation of evidence from a panoply of assays and experimental conditions will 

gradually build a case in favor of one mechanism. 

A recombinant CDP/Cux prote in corresponding to CDP/Cux p110 was able to 

stimulate transcription, but the full length CDP/Cux isoform was not (Fig. 2 and 9). 

These results indicate that stimulation of transcription is a specific property of CDP/Cux 

pllO that is not shared with CDP/Cux p200. As CDP/Cux pllO is capable of making a 

stable interaction with DNA, whereas CDP/Cux p200 is not, the need for N-terminal 

truncation is likely to reflect the requirement for stable DNA binding. This would be 

compatible with the two mechanisms cited above: direct activation or repression of a re­

pressor. CDP/Cux was previously shown to repress by two mechanisms: active repres­

sion and competition for binding site occupancy (45). While competition can be accom­

plished via transient or stable DNA binding, active repression was shown to involve the 

recruitment of a histone deacetyltransferase (39). Similarly, transcriptional activation has 

been associated with the recruitment of HA Ts, chromatin-remodeling machines, general 

transcription factors and/or the stabilization of other site-specific transcription factors (7, 

12, 61, 74). Although this has not been formally tested, it is generally assumed that a 

DNA-binding transcription factor must be able to make a stable interaction with DNA in 

order to participate in transcriptional activation or active repression. In the case of 

CDP/Cux, it is clear that proteolytic processing modifies its DNA binding properties. It is 
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possible that another consequence of processing is to change the ability of COP/Cux to 

interact with other proteins. 

One linker mutation between nt -25 and -16 abolish transcriptional stimulation by 

COP/Cux but did not affect its affinity for the core promoter (Fig. 5B and data not 

shown). It is likely that this mutation interferes with the binding of another protein that 

participates in the transcriptional activation of the ONA pol a promoter and is required 

for the stimulatory effect of COP/Cux. This prote in could be another transcription factor 

or one of the components of the pre-initiation complex. 

Results from ChIP assays showed that two regions of the ONA pol a gene pro­

moter could be immunoprecipitated with COP/Cux, the core promo ter and a region ap­

proximately 1 Kbp upstream. The latter was immunoprecipitated more efficiently, yet we 

found that the core promoter of the ONA pol a gene was sufficient to allow its stimula­

tion in reporter assays. This result does not exclude that the upstream sequences may also 

contribute to the recruitment of COP/Cux to the ONA pol a gene promoter. We envision 

that the core promoter, which contains a low affinity binding site for COP/Cux plIO, was 

able to recruit COP/Cux piiO wh en the protein was over-expressed in transfected cells, 

but it is possible that the upstream sequences play an important role in the recruitment of 

COP/Cux plI 0 wh en the protein is expressed at physiologicallevels. In agreement with 

this notion, we found that a substantial fraction of purified COP/Cux plIO elutes as a 

multimeric complex on a size exclusion column (Leduy and Nepveu, unpublished obser­

vations). Whether COP/Cux plIO can multimerize in vivo and how this process is regu­

lated should be addressed in future studies. 

Earlier studies on the HiNF-O factor pointed to a role of COP/Cux in the S phase 

of the cell cycle (29, 69, 71, 72, 77). More recently, various post-translational modifica­

tions of COP/Cux were shown to regulate its ONA binding activity in a cell cycle de­

pendent manner (17, 48, 58). Results presented herein have revealed a novel activity of 

this transcription factor that pertains to its role in cell cycle progression: COP/Cux piiO is 

capable of stimulating, directly or indirectly, the promoters of ONA pol a and other genes 

that are induced in S phase. Future studies should as certain the role ofCOP/Cux piiO as 

a transcriptional activator. Another important issue will be to evaluate the role of 

COP/Cux in the regulation of the cell cycle in various cell types. Unless the cux-l and 
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cux-2 genes were partially redundant, the fact that cux homozygous knock-out mice did 

not exhibit embryonic lethality indicates that cux-l is not an essential gene (21, 44, 59). 

Yet, sorne phenotypes of the cux -1 homozygous knockout mice, like the smaller size of 

the mice, their defect in hair growth and their reduced number in Band T cells, are com­

patible with a role of cux-l in the proliferation of at least certain cells:. Interestingly, 

these phenotypes are in striking contrast with the multi-organ hyperplasia and or­

ganomegaly dispIayed by a cux-l transgenic mouse (38). The identity of the cells in 

which CDP/Cux contributes to proliferation, and the developmental signaIs to which 

CDP/Cux responds should be the subject of intense investigation in the future. 
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Fig. 1. CDP/Cux stimulates the DNA pol a gene promoter. 

(A) & (B) NIH3T3 cells were co-transfected with a DNA pol a reporter construct (pGL3-

pol a (-1561/+47») and either an empty vector or a vector expressing a CDP/Cux prote in 

containing a.a. 817-1505 (pXM/HSCDP-817-l505). Cells were either left 

unsynchronized or were synchronized in S phase by thymidine block (A) or by serum 

starvation-re-stimulation (B), as described in Materials and Methods. Cytoplasmic 

extracts were prepared and processed to measure luciferase activity. Results are 

expressed as relative light units (RLU) normalized to ~-galactosidase activity from an 

internaI control, and are representative of the mean of a minimum of two separate 

experiments. 

(C) Various tumor celllines were co-transfected as in (A) and were left unsynchronized. 

Results are expressed as fold activation wh en CDP/Cux is transfected relative to 

transfection of empty vector. 

(D) HS578T cells were co-transfected with the DNA pol a -1561/+47 reporter construct 

and either an empty vector or increasing amounts of the pXM/HSCDP-817-1505 vector. 

Luciferase activity was expressed as relative light units (RLU) normalized to ~­

galactosidase activity from an internaI control, and are representative of the mean of three 

separate experiments. 

A diagrammatic representation of the reporter and effector plasmids is shown at the 

bottom. The bars within the DNA pol a promo ter sequences represent putative CDP/Cux 

binding sites. 
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Fig. 2. Amino-terminal truncation of CDP/Cux is necessary for stimulation of DNA 

pol a gene expression. 

(A) HS578T cells were co-transfected with the ONA pol a -1561/+47 reporter construct 

(see Fig. 1), and vectors expressing COP/Cux proteins with progressive N-terminal 

truncations, as indicated. 48 hours post-transfection, cells were harvested and 

cytoplasmic and nuclear extracts were prepared. Cytoplasmic extracts were analyzed for 

luciferase activity as in Fig. lA. 

(B) HS578T cells were co-transfected with a reporter plasmid carrying the promoter of 

the p21 WAFIICIPl gene and a vector expressing the full-Iength COP/Cux proteins. 48 hours 

post-transfection, cytoplasmic extracts were prepared analyzed for luciferase activity as in 

Fig. lA. 

(C) Nuclear extracts were separated on an 8% SOS-polyacrylamide gel. Proteins were 

transferred to PVOF membrane and analyzed by Western blot using an a HA antibody 

that recognizes the C-terminus. 

(D) Nuclear extracts were analyzed by EMSA with oligonucleotides encoding a COP/Cux 

consensus binding site. 
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Fig. 3. The Cut homeodomain, but not the carboxy-terminal domain of CDP/Cux is 

required for stimulation. HS578T cells were co-transfected with the DNA pol a -

65/+47 reporter construct (see Fig. 5), and vectors expressing N- and C-terminally 

truncated CDP/Cux proteins, as indicated. 48 ho urs post-transfection, cells were 

harvested and cytoplasmic and nuclear extracts were prepared. 

(A) Cytoplasmic extracts were analyzed for luciferase activity as in Fig. lA. The means 

of 3 transfections are shown. 

(B) Nuclear extracts were submitted to Western blot analysis using the a 861 antibody. 

(C) Nuclear extracts were analyzed by EMSA with oligonucleotides encoding a CDP/Cux 

consensus binding site as in Fig. 2e. Complexes containing CDP/Cux were supershifted 

with the 861 antibody (lanes 6-10), but not with a non-specifie antibody (lanes 11-15). 

A diagrammatic representation of the effector plasmids, and the region recognized by the 

861 antibody are shown at the bottom. 
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Fig. 4. CDP/Cux CR2CR3HD stimulates other S phase-specifie gene promoters. 

HS578T cells were co-transfected with the indicated reporter constructs and either empty 

vector or a vector expressing CDP/Cux CR2CR3HD. Luciferase assays were performed 

as in Fig lA. Average fold activation for DNA pol a, p21, DHFR, CAD, and Cyclin A 

are 12, 1, 12,8, and 9, respectively. 
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Fig. 5. CDP/Cux cao stimula te the core DNA pol a geoe promoter. 

(A) HS578T cells were co-transfected with DNA pol a reporter constructs with 

progressive 5' deletions, and either an empty vector or a vector expressing CDP/Cux 

CR2CR3HD. Luciferase assays were performed as described. Results are expressed as 

fold activation relative to that of the -1561/+47 reporter, which was assigned a value of 

100%. 

(B) Linker scanning mutations were introduced at 10 bp intervals within the reporter 

construct containing the core DNA pol a gene promoter. Mutations consisted in the 

replacement of the indicated sequence with the sequence GAAAGCTTCA. HS578T cells 

were co-transfected with the indicated reporter constructs and either an empty vector or a 

vector expressing CDP/Cux CR2CR3HD. Luciferase assays were performed as described 

in Fig lA. Results are expressed as fold activation relative ta that of the wild type -

65/+47 reporter, which was assigned a value of 100%. 
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Fig. 6. A truncated CDP/Cux protein can bind to the core DNA pol a gene promoter. 

(A) ONase l footprinting analysis of the core ONA pol a promoter. A ONA fragment 

including sequences -116/+47 of the ONA pol a promo ter was end-Iabeled at position 

+47 and was incubated with the purified bacterially expressed his-CR2CR3HO (lane 2) or 

his-CR3HO protein (lanes 5-7). A sequencing reaction was run in parallel. 

(B) EMSA was performed using radiolabeled oligonucleotides containing nt -40/-14 of 

the ONA pol a gene promoter, either wild type (left panel) or with the linker replacement 

mutation at position -35/-26 (right panel), and 20 ng of purified bacterially expressed his­

COP/Cux CR2CR3HO protein. As competitors, the same, cold, oligonucleotides 

representing the wild type and mutated sequence were added as indicated. 

(C) EMSA was performed using the same radiolabeled oligonucleotides as in (B) with 

increasing amounts of his-COP/Cux CR2CR3HO and analyzed by EMSA. The apparent 

KD was determined as described in Materials and Methods. 

(D) EMSA was performed using oligonucleotides containing nt -40/-14 of the ONA pol a 

gene promoter and varying amounts of the purified histidine-tagged COP/Cux 

recombinant proteins, 831-1336 (CR2CR3HO) and 1-1505. 

98 



A 

D 

Il.l .S !=: B Il.l 
en E '0:; en 
«S 0 «S 
Z CIl 2 .... CIl CIl Z 
Cl !=: 0- 0- CIl !=: !=: Cl 
0 <n 0 0 !=: 0 <n 0 
!=: N !=: !=: - - N !=: ,--E' ... 

!!II " 1 • « 
li! ! Il .. 
"" f'l .-

Â 

,. JIw 

t • 1 
,", 

1 2 3 4 5 6 7 8 

DNA Qol alQha k ~ 
1 

-116 -40 -14 + 

Il.l his/831-1336 hisll-1505 
..0 
2 

50 100 ng 0- 1 10 50 1001 10 
, . " 

123456789 

EMSA: ONA pol a -40/-10 

Chapter II - Manuscript 

lOx 

lOOx lOx 

+ - + + + 

-40 

-14 2 3 4 5 6 7 8 
DNApoia DNApol a 

-40/-14 -40/-14 
mut (-35/-26) 

C 008 
0 

0 0000 
o - <n - N<n_ V)-N-n- Ong 

W U 

47 

2 3 4 5 6 7 8 9 10 Il 12 13 14 

ONApol a ONApol a 
-40/-14 -40/-14 mut (-35/-26) 

KO(app) = 5.8xlO-8 KO(app) = l.3xl0-7 

99 



Fig.7. CDP/Cux binds the DNA pol a gene promoter in vivo, specifically during the 

S phase of the cell cycle. 

(A) CDP/Cux binds to the DNA pol a gene promoter in vivo. Chromatin 

immunoprecipitations (ChIP) were performed using HS578T cells and either of the 

following antibodies: a 861 CDP/Cux antibody (lane2), anti-IgG (secondary) antibody 

(lane 4), or anti-HA antibody (lane 5). The immunoprecipitated DNA was used as 

template in polymerase chain reactions (PCR) using the indicated primers from the DNA 

pol a gene promo ter or from the GAPDH promoter (lane 2). As control, the PCR 

reactions were performed in parallei using total chromatin (lane 3). Shown below is a 

map of the DNA pol a gene promoter indicating the positions of primers used in PCR 

reactions 1, 2 and 3 . 

(B) Binding of CDP/Cux to the DNA pol a gene promoter occurs in S phase only in 

HS578T cells. HS578T cells were synchronized by double thymidine block as detailed in 

Materials and Methods. To obtain populations of cells enriched in either S, G2/M or G 1 

phase, cells were grown for 0,4, or 10 hours respectively, following the second thymidine 

block. Cells were harvested and processed for ChIP assay and cell cycle analysis. Cell 

cycle distribution was monitored by fluorescence-activated cell sorting (FACS) analysis 

after staining of the DNA with propidium iodide. The FACS profiles are shown at the 

bottom, together with the calculated proportion of cells in each phase of the cell cycle. 

(C) Chromatin immunoprecipitations (ChIP) were performed using HS578T cells and the 

indicated antibodies. The immunoprecipitated DNA was used as template in real-time 

PCR using either PCR1 or PCR2 primers as indicated. The results are expressed as fold­

activation using as a control the aIgG sample which was given a value of 1. In the 

rightmost panel, nuclear extracts from HS578T cells were submitted to 

immunoprecipitation with the indicated antibodies, followed by immunoblotting with the 

1300 antibody. Below is a schematic representation of CDP/Cux isoforms and the 

regions recognized by the respective antibodies. The evolutionarily conserved domains 

are indicated (CC, coiled-coil; CRI, CR2 and CR3: Cut repeats 1, 2 and 3; HD, 

homeodomain) . 
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Fig. 8. A linker-scanning mutation at positions -35/-26 of the DNA pol a gene 

promoter prevents the binding of CDP/Cux to the reporter plasmid in vivo. 

(A) PCR primers (indicated by arrows in the diagram) were designed to specifically 

amplify either the wild type ONA pol a gene promoter or the mutant promoter containing 

the linker-scanning mutation at position -35/-26 (see Fig 7). PCR reactions were 

performed using either wild type or mutated plasmid ONA template and the 

corresponding primers, as indicated. 

(B) COP/Cux in vivo binds to the wild type ONA pol a reporter but not to the -35/-26 

mutant reporter. HS578T cells were co-transfected with the wild type and mutant -35/-26 

reporter construct and either an empty vector or a vector expressing COP/Cux 

CR2CR3HO. After two days, ChIP assays were performed using the indicated primers 

and antibodies. As control, the PCR reactions were performed in parallel using total 

chromatin (lane 3). Abbreviations: Pre-I: pre-immune serum; COP: 1300, a COP/Cux­

specifie Ab 
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Fig. 9. CDP/Cux stimulates the en doge nous DNA pol a gene promoter. 

(A) HS578T cells were infected with pREV retroviral vectors expressing a full-Iength or 

a truncated CDP/Cux protein. To minimize the extent of proteolytic processing of the 

full-Iength CDP/Cux protein, cells had been plated so as to reach near-confluence 48 

hours post-infection, at which time total RNA and whole cell extracts were prepared. 

Expression of DNA pol a RNA was determined by Real-Time PCR and was normalized 

for GAPDH RNA expression. DNA pol a expression in infected cells was compared 

with that in uninfected cells, and is expressed as fold activation relative to expression in 

uninfected cells. Values represent the mean of three separate infections. 

(B) Nuc1ear extracts were submitted to Western blot analysis using the a 1300 antibody. 
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Chapter III - pllO CDP/Cux Cooperates with E2F Transcription Factors in the 

Transcriptional Activation of Cell Cycle-Regulated Gene Promoters 

Preface 

1 had shown that pllO CDP/Cux could stimulate expreSSIOn of the DNA 

polymerase a gene promoter, and that this correlated with DNA binding. Results from 

my linker-scanning analysis suggested that another transcription factor could cooperate 

with pllO in the activation of this promoter. One of the mutants, -25/-16, displayed 

reduced activation by CDP/Cux in reporter assays, yet was not bound by CDP/Cux. 1 

reasoned that another transcription factor would bind there, and would facilitate 

activation by pllO CDP/Cux 

ln this chapter, 1 demonstrated that the -25/-16 mutant prevented binding by E2F 

transcription factors. E2Fl and E2F2 cooperated with pllO in the activation of cell 

cycle-regulated gene promoters. Chromatin immunoprecipitation experiments suggested 

that pllO CDP/Cux could recruit E2Fs to cell cycle-regulated promoters. 
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ABSTRACT 

The processed isoform of the COP/Cux transcription factor, p110 COP/Cux, was 

shown to stimulate cell proliferation by accelerating entry into S phase. Previous studies 

established that p110 COP/Cux can function as a transcriptional repressor or activator 

depending on promoter context. Using the ONA pol a gene promoter as a model system, 

we investigated the mechanism oftranscriptional activation by p110 COP/Cux. Linker­

scanning analysis identified a region that is required for p110-mediated activation but is 

not bound by it. This region contained a low-affinity E2F binding site, and co-expression 

with a dominant-negative mutant of DP-1 suggested that endogenous E2F factors, indeed, 

are needed for plI O-mediated activation. Tandem affinity purification, chromatin 

immunoprecipitation and reporter assays indicated that p110 COP/Cux can engage in 

weak protein-protein interactions with E2F1 and E2F2, stimulate their recruitment to the 

ONA pol a gene promoter and cooperate with these factors in transcriptional activation. 

Genome-wide location analysis identified 212 targets common to p110 COP/Cux and 

E2F 1. Validation assays on 16 targets did not uncover any false-positives. Gene ontology 

analysis revealed a striking overrepresentation of genes involved in ONA metabolism and 

cell cycle progression. Reporter assays on a subset of genes confirmed that plI 0 

COP/Cux and E2F1 cooperate in the transcriptional activation oftheir common targets. 

Overall, our results show that plI 0 COP/Cux and E2F cooperate in the binding to and the 

regulation of many cell cycle genes. 

INTRODUCTION 

COP/Cux (ÇCAAT-gisplacement proteinlcut homeobo~) belongs to a family of 

transcription factors involved in the control of proliferation and differentiation (reviewed 

in (44)). The full-Iength protein, p200 COP/Cux, interacts transiently with DNA and is 

expressed throughout the cell cycle. Proteolytic cleavage at the G liS transition yields an 

amino-terminally truncated isoform, p110 COP/Cux, which, following dephosphorylation 

by Cdc25A, interacts stably with ONA (7, 41). A tissue-specific mRNA is initiated 

within intron 20 and codes for the p75 COP/Cux isoform that also binds stably to ONA 

(48) (21). 

Initial studies of mammalian COP/Cux revealed its role as a transcriptional 
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repressor that is expressed in differentiating precursor cells, and serves to down-regulate 

the expression of genes expressed only in terminally differentiated cells (35, 46, 56, 58, 

59). CDP/Cux was also reported to regulate the expression cell cycle-regulated genes 

such as p21 WAFI (7), histone Hl, H2A, H2B, H3, and H4 (12, 23, 65, 67), and DNA pol a 

(62). Cux1 gene ablation in mice resulted in high perinatallethality. Surviving mice 

exhibited a number of phenotypes, including growth retardation, male infertility, curly 

whiskers, abnormal hair follicle morphogenesis, male infertility, and a shortage ofT and 

B cells (13, 37, 55, 64). Transgenic mice expressing p200 CDP/Cux exhibited multi­

organ hyperplasia and organomegaly (31), whereas those expressing p75 or plI 0 

CDP/Cux displayed enhanced susceptibility to malignancies in various tissues and cell­

types «4), and Cadieux and Nepveu, unpublished data). 

The E2F family of transcription factors consists of activator E2Fs (E2F 1, E2F2, 

and E2F3a), repressor E2Fs (E2F3b, E2F4, E2F5, E2F6, E2F7, and E2F8), and DP 

heterodimerization partners (DPI and DP2) (reviewed in (36)). Evidence from gene 

ablation studies has revealed sorne functional redundancy among E2F family members. 

While the loss of one E2F can be functionally compensated for by other E2Fs (15, 25, 26, 

32), the combined loss oftwo E2Fs results in a more severe phenotype (6, 33). Loss of 

E2F1, E2F2, and E2F3 prevents mouse embryonic fibroblasts (MEFs) from re-entering 

the cell cycle following quiescence (75). lndeed, E2Fs play a critical role in the control 

of cellular proliferation. ln quiescence, pRB pocket prote in family members bind E2Fs 

and repress transcription oftarget genes (50, 57). Following growth stimulation, 

cyclinlcyclin-dependent kinase (Cdk) complexes phosphorylate the pocket protein, which 

then dissociates from the promoter-bound E2F/DP heterodimer. This results in 

derepression, and allows for the transcriptional activation of numerous genes with roles in 

DNA replication and cell cycle progression. 

Using classical approaches, such as transient reporter assays and overexpression 

systems, a number of E2F targets were identified, such as DHFR, Cdc6, OreIL, Cdc25A, 

B-myb, and cyclin A (reviewed in Bracken 2004). ln more recent years, gene expression 

microarray profiling and chromatin immunoprecipitation-microarray (ChIP-chip) have 

allowed the unbiased identification oftarget genes (3, 22, 43, 70, 72). Other studies have 

explored the promoter occupancy, at different stages of the cell cycle, of different E2F 
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family members, and pocket pro teins (2, 49, 61). The molecu1ar basis for the functional 

differences among E2F family members has been the subject of many recent studies (17, 

18,22,54). Whereas no distinction in DNA binding specificity among E2Fs has been 

determined (76), specific prote in-prote in interactions were shown to contribute to 

promoter specificity. For example, cooperativity was documented between E2F3 and 

TFE3 (17) and both E2F2 and E2F3 and YYl (54). 

We have recently shown that p110 CDP/Cux can stimulate cell proliferation by 

accelerating entry into S phase (51). Moreover, plIO CDP/Cux was shown to stimulate 

expression of a DNA pol a gene reporter in transient transfection assays, and to stimulate 

the expression the endogenous DNA pol a gene following retroviral infection (62). 

Linker-scanning mutations identified a few regions that are required for CDP/Cux­

mediated activation. One region contained an inverted CCAAT sequence that functioned 

as a low-affinity binding site for CDP/Cux. Using in vitro and in vivo DNA binding 

assays, in conjunction with mutated versions ofthe promoter, a correlation was 

established between transcriptional stimulation and binding of CDP/Cux to this inverted 

CCAAT site (62). An adjacent region contained a sequence related to the consensus­

binding site for E2F. The homologous region in the mouse DNA pol a gene promoter 

had been shown to be required for growth-dependent regulation and for E2F 1-mediated 

stimulation (27). That this region was required for transcriptional activation, although 

CDP/Cux did not bind to it in vitro, suggested the possibility that E2F might cooperate 

with CDP/Cux. In the present study, we investigated this hypothesis. Reporter assays in 

the presence of a dominant-negative mutant of DPI suggested that the binding of an E2F 

factor was necessary for CDP/Cux-mediated activation. Further experiments showed that 

both E2F1 and E2F2 were able to cooperate with CDP/Cux. In chromatin 

immunoprecipitation assays, ectopic expression of CDP/Cux enhanced the recruitment of 

either E2F1 or E2F2 to the DNA pol a promoter. In contrast, increased expression of 

E2F1 or E2F2 did not improve the binding ofCDP/Cux, suggesting that CDP/Cux is the 

limiting factor in the recruitment ofthese factors to this promoter. Using ChIP-chip 

assays, we established a list of cell cycle genes that are co-regulated by CDP/Cux and 

E2Fl. These genes are involved in biochemical activities that take place during S phase, 
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like DNA replication and DNA repair, but also in functions that are required later during 

the cell cycle either in G2 or M phases. 
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MATERIALS AND METHODS 

Plasmid construction. 

CDP/Cux and luciferase reporter constructs have been described in our previous studies 

((52, 62) and (Harada et al., submitted for publication; please, see attached manuscript in 

appendix)). 

Cell culture and transfection and synchronization. 

Hs 578T cells were grown in DMEM medium supplemented with 5% fetal bovine serum 

(FBS)(Gibco). Transient transfections were performed with GeneJuice (Novagen) 

according to the manufacturer's instructions. For synchronization by thymidine block, Hs 

578T cells were cultured overnight in DMEM plus 5% FBS supplemented with 2 mM 

thymidine and harvested. 

Luciferase assay. 

Luciferase assays were performed as previously described (41). Because the internaI 

control plasmid is itself often repressed by CDP/Cux, as a control for transfection 

efficiency the purified ~-galactosidase protein (Sigma) was included in the transfection 

mix, as previously described (24). The luciferase activity was then normalized based on 

~-galactosidase activity. 

Chromatin Immunoprecipitation (ChIP). 2 x108 thymidine-blocked Hs 578T cells 

were used for each ChIP. Immunoprecipitation was performed with affinity-purified 

CDP/Cux antibodies 861 and 1300 (41), or an E2Fl antibody (#05-379, Upstate). The 

nuclei were lysed as described in (71), then lysed in RIPA-M buffer (10 mM Tris-HCl pH 

8,1 mM EDTA, 0.5 mM EGTA, 150 mM NaCI, 1% Triton X-100, 0.5% DOC, 0.1% 

SDS, 1 mM PMSF, protease inhibitors) and sonicated on ice to obtain 250- to 800-bp­

long DNA fragments. After preclearing for 1 hour and incubation with antibodies 

overnight, immunocomplexes were washed 3 times each in wash buffer 1 (20 mM Tris­

HCI pH 8, 2 mM EDTA, 2 mM EGTA, 150 mM NaCI, 1 % NP-40, 0.5% DOC, 0.2% 

SDS), wash buffer II (20 mM Tris-HCl pH 9,2 mM EDTA, 2 mM EGTA, 500 mM NaCI, 

1 % NP-40, 0.5% DOC, 0.1 % SDS), wash buffer III (50 mM Tris-HCl pH 7.5, 2 mM 

EDTA, 1 mM EGT A, 0.5M LiCI, 1 % NP-40, 0.7% DOC,) then washed once in Tris­

EDTA. Crosslinked DNA was eluted with 1 % SDS, 10 mM Tris-HCl pH 8, 10 mM 

EDTA at 65°C for 30 min. After reversaI of formaldehyde cross-linking, chipped DNAs 

111 



Chapter III - Manuscript 

were treated with RNase A and Proteinase K. 

Enrichment Calculation. Enrichment levels of genes were determined by real-time PCR 

using G6POH as an internaI control and chipped ONAs obtained by immunoprecipitation 

with either COP/Cux antibodies or no antibody. Specific enrichment of a promoter was 

calculated as follows: Target (COP/Cux IP)/Target (no Ab IP)) x «G6POH (no Ab 

IP)/G6POH (COP/Cux IP). 

Probe generation and microarray hybridization. The generation of labeled ONAs 

from individual ChAP samples was performed following the protocol of linker-mediated 

PCR (LM-PCR) as detailed previously (49). Briefly, ChIPped and ChAPped ONAs and 

input ONA were blunted, ligated to a unidirectionallinker and amplified by PCR for 24 

cycles to generate a sufficient amount of ONA. ChIP or ChAP, and input ONAs were 

fluorescently labeled with Cy5 fluorophore and Cy3 fluorophore, respectively, by using 

BioPrime Array CGH genomic labeling kit following the manufacturer's instructions 

(Invitrogen). Prior to hybridization, microarray slides were incubated in a blocking 

solution, 1.6% succinic anhydride in 1-methyl-2-pyrrolidinone, for 20 min at RT. After 

washing, labeled ONAs were added to the hybridization buffer (25% Formamide, 5x 

SSC, 0.1 % SOS, 0.2% BSA, OAug/ul of human Cot-1 ONA, 0.8ug/ul of yeast tRNA) and 

hybridized at 55°C for 20 hours. The slides were washed once with 2x SSC, 0.1 % SOS 

for 15 min, twice 2 min with O.lx SSC, 0.1 % SOS, twice 1 min O.lx SSC and then spun 

dried. Hybridized slides were scanned with an Axon 4000b scanner and the acquired 

images were analyzed with the software GenePix Pro, Version 4.1. Each set of 

hybridizations was performed three times with independent ChIP or ChAP materials. 

Microarray design. A microarray containing 19k human promoters was generated as 

reported (29). In brief, the regions ranging from 800 bp upstream and 200 bp 

downstream of the transcription start sites from 18,660 human genes were amplified by 

PCR and QC tested and applied on an Poly-L-Iysine glass slides. 

Microarray data analysis. The analysis of the ChIP-chip or ChAP-chip results was 

done as described (45). Promoters were considered 'bound' when the binding P-value in 

the error model was < 0.005. Functional categories were established using programs 

from Expression Analysis Systematic Explorer (EASE) at: 

(http://david.niaid.nih.gov/david/casc.htm). The list of genes from the 19k microarray was 
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used as the background. 

Tandem Affinity Purification and Western blot analysis. 

Hs 578T cells stably expressing a recombinant pllO-Tag2 protein, or vector control, were 

transfected with pCMV/HA-E2Fl, pCMV/HA-E2F2, pCMV/HA-E2F3a, or pCMV/HA­

E2F5 expression plasmids. 2-4 x 108 cells were used for purification by the Taptag 

purification method (47). Western blots were performed using 861 and 1300 antibodies 

(data not shown), or an HA-Il antibody (Covance). 

In vivo DNA binding to transfected reporter plasmids. 

Hs 578T cells were transfected with pGL3-Pol a (-65/+47), or pCADIuc, and either 

pXJ42 or pXJ42/Myc-CDP/Cux 878-1336, and either pcDNA3 or pCMVlE2Fl or 

pCMV /E2F2. DNA was extracted approximately 24 hours post-transfection, and was 

processed as described in (62). 
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RESULTS 

The dominant-negative DPl~103-126 mutant prevents transcriptional activation by 

CDP/Cux 

Previous experiments using linker-scanning mutations identified distinct regions 

of the DNA pol a gene promoter that were necessary for the transcriptional activation by 

p110 CDP/Cux. The -35/-26 and the -25/-16 regions, respectively, contain binding sites 

for p llü CDP/Cux and E2F (see introduction). The requirement for an E2F binding site 

raised the possibility that an endogenous E2F factor might participate in the 

transcriptional activation mediated by pll0 CDP/Cux. As a preliminary approach to test 

this hypothesis, we measured the activity of the DNA pol a gene reporter in the presence 

ofCDP/Cux and a dominant-negative mutant of DPI, DP1~103-126. This mutant was 

previously shown to interact with E2Fs but to be unable to bind DNA, thereby keeping its 

E2F partners away from DNA (74). Transcriptional activation was reduced from lü-fold 

down to 2.5-fold in the presence ofDP1~103-l26 (Fig. lA). These results suggested that 

functional endogenous E2F factors are necessary for CDP/Cux to transactivate the DNA 

pol a gene promoter. 

CDP/Cux cooperates with E2Fl and E2F2 in the stimulation of the DNA pol a gene 

promoter. 

We then investigated which E2F factors, if any, were able to transactivate the 

DNA pol a gene promoter. Hs 578T cells were transfected with the reporter construct, 

and increasing amounts ofE2FI-6 expression plasmids. Dose-dependent stimulation was 

observed for E2Fl, E2F2, and E2F4 (Fig. lB). It should be noted that while E2F4 does 

have a transactivation domain, it is observed in the nucleus only in GO and early G 1, in a 

complex with pocket proteins, and is therefore not normally associated with activation of 

transcription (69). 

We next asked if any E2Fs could cooperate with pli 0 CDP/Cux (Fig. 2C). Hs 

578T cells were co-transfected with sub-optimal amounts ofvarious combinations of 

effector plasmids. With these experimental conditions, on their own pllO CDP/Cux and 

E2Fl mediated 3.5- and 1.5-fold activation, respectively (Fig. lC). When the factors 

were expressed in combination, synergy was observed between CDP/Cux and either E2Fl 
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or E2F2, but not with E2F4 (Fig. lC). Therefore, directly or indirectly, activator E2Fs, 

E2Fl and E2F2, cooperate with piiO CDP/Cux in the activation of the DNA pol a gene 

promo ter. 

Cooperation between pllO CDP/Cux and E2Fl requires binding sites for both 

factors. 

The above results indicated that sorne E2F factors were able to potentiate the 

transcriptional activation mediated by pllO CDP/Cux. The effect ofE2F could be 

indirect or could involve a direct interaction with the DNA pol a promoter. To begin to 

investigate the mechanism by which E2F and pllO CDP/Cux cooperate, we repeated the 

reporter assay using linker-scanning mutants in which the CDP/Cux or the E2F binding 

site, or other sequences, were replaced. Interestingly, wh en CDP/Cux and E2Fl were co­

expressed, transcriptional activation was reduced to 7% and 15% of the wild-type 

promoter upon replacement of the CDP/Cux or E2F binding site, respectively (Fig. 2, -

35/-26 and -25/-16). In contrast, replacement of the -45/-36 region only had a mild effect 

on the stimulation by pllO CDP/Cux and E2Fl. We conclude that the cooperation 

between pllO CDP/Cux and E2Fl requires that the DNA pol a gene promoter contain 

binding sites for both transcription factors. 

pllO CDP/Cux interacts with E2Fl and E2F2 in vivo 

E2F and pllO CDP/Cux may each bind to the promoter independently. 

Alternatively, cooperation may involve physical interaction between the two factors. To 

investigate this possibility, tandem affinity purification (T AP) was performed using Hs 

578T cells stably carrying a retro viral vector expressing CDP 83l-l336/tag2 and 

transiently transfected with vectors for HA-tagged E2F proteins. As control s, transient 

transfections and TAP were performed in parallel using Hs 578T cells carrying an empty 

retroviral vector. Western blot analysis revealed weak protein-protein interactions 

between CDP/Cux and E2FI, and E2F2 (Fig. 3). In contrast, no band was observed for 

E2F5 (Fig. 3). A band for E2F3a was also observed in the purified fraction, however, 

since it was also present in the empty-vector control, we dismissed this result as being 

115 



Chapter III - Manuscript 

evidence for interaction. Thus, in affinity chromatography CDP/Cux specifically 

interacted with E2F1 and E2F2. 

pHO recruits E2Fl and E2F2 to the DNA pol a gene promoter. 

Given the proximity of the CDP and E2F binding sites, and the observed prote in­

prote in interactions, we next asked if co-expression of p Il a and E2F would strengthen 

their interaction with the DNA pol a gene promoter. Chromatin immunoprecipitation 

assays were performed to measure the interaction in vivo between E2Fs or CDP/Cux and 

the DNA pol a gene reporter plasmid. Immunoprecipitation using E2F1 or E2F2 

antibodies indicated that each factor was able to bind to the reporter plasmid in vivo (Fig. 

4A, lanes 5 and Il). Interestingly, co-expression with pllO CDP/Cux increased the 

interaction of either E2F1 or E2F2 with the reporter plasmid (Fig. 4A, E2F1, compare 

lane 5 with 4; E2F2, compare lane Il with 12, and Fig. 4B). Quantitative real-time PCR 

revealed a 5.2-fold and 2.5-fold increase in promoter binding for E2F1 and E2F2, 

respectively, upon co-expression ofCDP (Fig. 4B). Importantly, co-expression ofpllO 

did not increase the steady-state protein level of E2F 1 and E2F2 (data not shown). In 

contrast, chromatin immunoprecipitation using CDP/Cux antibodies did not reveal a 

stronger interaction ofp11O CDP/Cux with the promoter when either E2F1 or E2F2 were 

co-expressed (Fig. 4A, E2Fl, compare lane 2 with 3; E2F2, compare lane Il with 12, and 

Fig. 4B). These results demonstrate not only that E2Fl and E2F2 can bind to the DNA 

pol a reporter in vivo, but also that over-expression of p Il a CDP/Cux can help recruit 

more ofthese factors to the promoter. 

To ensure that the recruitment ofE2F1 and E2F2 by pllO is specifie for 

promoters activated by E2Fs, we repeated the chromatin immunoprecipitation with a 

CAD reporter plasmid, which had previously been shown not to be regulated by E2Fs 

(34). Immunoprecipitation with CDP antibodies gave 5-fold enrichment in binding, 

however no binding by E2Fl or E2F2 was observed, whether they were transfected alone 

or with plIa CDP/Cux (Fig. 4C). These results indicate that pllO CDP/Cux does not 

recruit E2F1 and E2F2 to every promoter to which it binds. 
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Cell cycle genes are overrepresented among ChIP-chip targets common to pllO 

CDP/Cux and E2Fl. 

Genome-wide location analysis was recently performed to identify transcriptional targets 

ofp110 CDP/Cux (Harada et al., submitted for publication; please, see attached 

manuscript in appendix). The same 19k promoter microarray was ernployed in location 

analysis with an E2F1 antibody. 611 E2F1 targets were identified with a p-value below 

0.005 (supplementary information). To this list, we added 16 genes that were identified 

as E2F targets in previous studies (5, 8, 18,39,49, 73, 77). Comparison ofp110 

CDP/Cux and E2F1 targets indicated that 212 targets are cornmon to E2F1 and p110. 

Gene ontology analysis using EASE revealed that DNA repli cation and cell cycle were 

vastly overrepresented in the list of common p110 and E2F1 targets (Table 1). To 

validate these results, chromatin irnmunoprecipitation was performed with CDP/Cux and 

E2F1 antibodies and quantitative PCR was performed using primers for 16 targets. 

Enrichment was observed for aIl targets tested (Table 2). 

pllO CDP/Cux and E2F cooperate in the stimulation of cell cycle-regulated gene 

promoters. 

We have recently shown, using transient reporter assays, that piiO CDP/Cux can 

stimulate expression from a number of cell cycle-regulated gene promoters that were 

identified in ChIP-chip analysis (Harada et al., subrnitted for publication; please, see 

attached manuscript in appendix). We asked whether E2F activity was necessary for the 

stimulation of cell cycle-regulated genes by piiO CDP/Cux. Cotransfection of 

DP1~103-126 with p110 caused a significant decrease in the stimulation ofCdc25A, 

MCM3, cyclin A2, and DHFR (Fig. 6A). However no change was observed with the 

CAD reporter, which has previously been shown not to be an E2F target (34). This 

suggested that E2F cooperates with pl10 CDP/Cux in the stimulation ofmany, but not 

aIl CDP/Cux-regulated gene promoters. Reporter assays were repeated with piiO 

CDP/Cux and E2Fl. Coexpression ofE2F1 resulted in greater-than-additive effects on 

the stimulation ofCdc25A, MCM3, cyclin A2, and DHFR (Fig. 6B). No increase in the 

CAD promoter activity was observed, confirming that the effect of E2FI is specifie to 
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E2F-regulated gene promoters. Together, these results suggest that p110 CDP/Cux and 

E2F 1 cooperate to stimulate the expression of many cell cycle-regulated gene promoters. 

Discussion 

CDP/Cux was originally characterized as a transcriptional repressor, but recent 

results indicated that its shorter isoforms could also function in transcriptional activation 

(20,41,53,62,63). In particular, p110 CDP/Cux was shown to stimulate expression from 

the DNA pol a gene promoter, whether in reporter assays or following the infection of 

cells with a high-titer retroviral vector (62). A direct involvement of CDP/Cux in 

activation was demonstrated from the correlation between the stimulation of gene 

expression and the binding of plI ° CDP/Cux to the DNA pol a gene promoter, both in 

vitro and in vivo (62). A similar correlation has now been established using a number of 

promoters from other genes, including cyclin A2 (51), MCM3, Cdc25a, and Orc 11 

(Harada et al., submitted for publication; please, see attached manuscript in appendix). 

The mechanism by which short isoforms of CDP/Cux function in transcriptional 

activation was not immediately apparent, since in the Gal4 DNA binding domain fusion 

assay two active repression do mains were identified downstream of the Cut 

homeodomain, but no region of CDP/Cux was found to function as an activation do main 

(38). One clue, however, was suggested from the finding that CDP/Cux is the DNA 

binding subunit of the HiNF-D protein complex that regulates transcription of cell cycle­

regulated histone genes (1,23, 30, 65-68). These results suggested that CDP/Cux could 

be part of larger nucleoprotein complexes that regulate transcription. This line of 

reasoning led us to investigate a replacement mutation, at position -25/-16 of the DNA 

pol a gene promoter, that prevented transcriptional activation by plI ° CDP/Cux without 

affecting its DNA binding site (62). In the present study, we presented evidence to show 

that E2F is the factor that binds to this region and cooperates with p110 CDP/Cux to 

trans-activate the DNA pol a gene. Briefly, in reporter assays we observed an increase in 

transcriptional activation upon co-expression of p110 CDP/Cux and E2F1 or E2F2 (Fig. 

IC). Replacement mutations of the CDP/Cux or E2F binding sites reduced stimulation by 

each factor individually (Fig. 6B and 6c in (62), and Fig. 2), and also reduced cooperative 

stimulation when both factors were coexpressed (Fig. 2A and B). Importantly, co-
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expression of a dominant negative DPI significantly reduced the transcriptional activation 

mediated by pIIO CDP/Cux, implying that the activity of endogenous E2F factors was 

necessary for the stimulatory effect of plIO (Fig. lA). Results from tandem affinity 

purification and chromatin immunoprecipitation suggested a potential mechanism for the 

cooperation between pIIO CDP/Cux and E2F factors. Firstly, E2Fl and E2F2 were 

found to interact with a tagged version ofpllO CDP/Cux (Fig. 3). Secondly, ChlP assays 

had previously shown that both pllO and E2FI could bind to the DNA pol a gene 

promoter ((18,39,62), and data not shown). In the present study, we demonstrated that 

co-expression with pIlO CDP/Cux leads to an increase in the recruitment of E2FI and 

E2F2 to this promoter (Fig. 4). In contrast, we did not observe cooperation in the 

recruitment t~, nor the activation of, the CAD promoter, which in previous studies was 

shown not to be a target of E2F (Fig. 4C, and Fig. 5). Altogether, the accumulated data 

suggest a scenario whereby the DNA pol a gene promo ter contains sub-optimal binding 

sites for pllO CDP/Cux and E2F. Consequently, each factor exhibits a low affinity for its 

binding site and, at physiological concentration, would not be expected to bind to the 

promoter on its own. However, the proximity of the two binding sites makes it possible 

for the two proteins to interact with each other as they bind to their respective sites on 

DNA. Thus, when present together, E2F and pllO CDP/Cux wou Id bind to the promoter 

with an affinity that is equal to the sum of their prote in-prote in and protein-DNA 

interactions. 

Interestingly, the cooperation between E2F and pIlO CDP/Cux in the regulation 

of cell cycle genes was independently brought to light using a genomic approach: the 

location array. Gene ontology analysis of the common targets between E2FI and pIIO 

CDP/Cux showed a striking over-representation of genes that play a role in cell cycle 

progression. Indeed, a role for both E2F and plIO CDP/Cux in cell cycle regulation has 

previously been established using cell-based assays and transgenic models (reviewed in 

(10)),(4,51). In contrast, genes involved in apoptosis were not overrepresented among 

the targets common to plIO CDP/Cux and E2Fl. This result is also in accordance with 

the known cellular functions of E2F 1 and plI 0 CDP/Cux. While overexpression of E2F 1 

was shown to induce quiescent cells to enter S phase and then to undergo apoptosis, plI 0 

CDP/Cux was unable to stimulate quiescent cells to re-enter into the cell cycle. In the 

119 



Chapter III - Manuscript 

presence of growth factors, however, cells over-expressing pllO CDP/Cux were able to 

enter S phase more rapidly, and proliferated faster than control cells, with no evidence of 

apoptosis. Future experiments should verify whether the induction of apoptosis by E2FI 

could be circumvented by over-expressing piiO CDP/Cux. 

Results for location array analyses confirmed that E2FI and piiO CDP/Cux do 

not cooperate in the induction of apoptotic genes, but cooperate in the regulation of cell 

cycle genes. These findings confirm that the location array analysis is an unbiased 

method that can effectively reveal the biological functions of a transcription factor. 

Moreover, the comparative analysis of data obtained with several transcription factors can 

point out the cellular activities in which two or more transcription factors cooperate. As 

transcriptional regulation is a combinatorial process involving the concerted action of 

several factors and co-factors, a better understanding of how transcriptional programs are 

established will require the completion of a repository of aIl overlapping sets of targets 

for various transcription factors. The location array will be essential in the 

accomplishment of this task. 

We presented evidence that piiO CDP/Cux cooperates with E2FI and E2F2, but 

we did not observe cooperation with E2F3. The interaction with plIO CDP/Cux, 

therefore, appears to be specific to sorne E2F factors, but the significance of this 

specificity is not immediately apparent. Recent results using RNAi-mediated knockdown 

in mouse embryo fibroblasts suggested that E2F3 is the primary E2F factor responsible 

for the expression of genes involved in cell proliferation(28). These findings, however, 

do not exclude that E2FI and E2F2 may play an essential role in promoting proliferation 

in distinct cell types or in specific situations. Moreover, the activator E2Fs are likely to 

fulfill partially redundant functions, as revealed from the various knockout mouse models 

(15,25,26, 32). One particular situation, where the stimulation of cell proliferation could 

be induced by any of the activator E2Fs, is cancer. While deregulation of the cyclin 

D/pRb pathway was most often reported, amplification and/or overexpression of E2F1 

and E2F3 has been observed in erythroleukemia cell lines, primary human acute 

lymphoid or myeloid leukemias, gastric and colorectal carcinomas, non-small cell lung 

carcinomas, esophageal squamous cell carcinomas, and bladder and prostate cancer (Il, 

14, 16, 19,60). On the other hand, from mRNA and immunohistochemical analyses, 
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CDP/Cux was found to be over-expressed in breast tumors and in ma lignant plasma cells, 

and studies addressing the specific isoforms of CDP/Cux established that pllO and p75 

were over-expressed in sorne uterine leiomyomas and breast tumor cell lines, respectively 

(9, 21, 40, 42). Moreover, in transgenic mice both pIlO and p75 CDP/Cux exhibited 

oncogenic potential ((4) and Cadieux et al., unpublisbed data). Therefore, we envision 

that the combined over-expression of both CDP/Cux and E2F factors in cancer cells may 

contribute to the aberrant stimulation of cell proliferation at the expense of differentiation. 

Targeting of transcription factors to specific regulatory sites does not rely 

exclusively, or even primarily, on their interactions with high-affinity binding sites. 

Indeed, location array analysis has revealed that a sizeable fraction of targets do not 

include high-affinity binding sites. In these cases, targeting can be accompli shed by the 

formation of a larger nucleo-protein complex that is stabilized by the accumulation of 

weak proteiniDNA and proteinlprotein interactions. The results presented here support a 

model whereby pllO CDP/Cux recruits E2F to a subset of cell cycle-regulated promoters 

in order to stimulate gene expression. 
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Fig.1. pllO CDP/Cux cooperates with E2Fl and E2F2 in the stimulation of the 

DNA pol a reporter. Hs 578T cells were transfected with the DNA pol a (-

65/+47)/luciferase reporter construct and the indicated vectors expressing CDP/Cux, 

DP1~103-126 (A), or E2Fl, E2F2, E2F3, E2F4, E2F5, or E2F6 (B and C). Cytoplasmic 

ex tracts were prepared and processed to measure luciferase activity. The mean of 3 or 

more transfections is shown. 
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Fig. 2. pllO CDP/Cux cooperates with E2Fl in the activation of the DNA pol a gene 

promoter in a binding site-dependent manner. (A) Hs 578T cells were transfected with 

wild-type or mutant DNA pol a (-65/+4 7)/luciferase reporter construct and the indicated 

vectors expressing CDP/Cux and E2Fl. Cytoplasmic extracts were prepared and 

processed to measure luciferase activity. Results are expressed as relative light units 

(RLU) normalized to p-galactosidase activity from an internaI control. The mean of 3 

transfections is shown and the results are expressed as fold activation over vector control. 

Results are representative of 3 separate experiments. (B) The diagram and DNA sequence 

show the position of the linker scanner mutations in the DNA pol a gene promo ter. The 

sequences of CDP/Cux and E2F sites are underlined. The % stimulation is expressed 

relative to the wild type reporter construct. The transcription start site is indicated with an 

arrow. 
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Fig. 3. CDP/Cux interacts with E2Fl and E2F2 in vivo. Hs 578T cells stably carrying 

an empty vector or a vector expressing CDP 831-1336/tag2 were transfected with the 

indicated HA-E2F constructs. Cellular extracts were submitted to tandem-affinity 

purification (TAP), followed by Western blot analysis with an HA antibody. 0.2% input 

was loaded as a prote in expression control. A schematic of CDP 831-1336/tag2 is shown 

below. 
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Fig. 4. CDP/Cux recruits E2Fl and E2F2 to the DNA pol a gene promoter. Hs 578T 

cells were co-transfected with the DNA pol a reporter (A), or the CAD reporter (C), and 

the expression vectors indicated. The following day, ChIP assays were performed using 

the antibodies indicated. (A) PCR reactions were performed in parallel using the 

immunoprecipitated chromatin and 0.5% total chromatin (input: lanes 1,6,7,9, 10, and 

15). (B and C) qPCR was performed using primers recognizing the CAD or DNA pol a 

gene promoters, and luciferase cDNA, and were normalized to a sample transfected with 

reporter and empty vector DNA. 
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Table 1. CDP/Cux and E2Fl targets include an overrepresentation of cell cycle 

genes. Targets common to CDP/Cux and E2F 1 from ChIP-chip analysis were analyzed 

for distribution among functional categories using EASE. Fisher Exact analysis 

represents the probability that the number oftargets common to CDP/Cux and E2Fl 

would be found randomly found. Categories from biologicallevel 5 with p-values of 0.02 

or lower are shown. 
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Category Fisher Exact 
cell cycle 2.15E-08 

tnuclear organization and biogenesis 1.1OE-05 
DNA packaging 2.40E-05 

DNA r~lication 4.86E-05 
mRNA metabolism 5.12E-04 
cytokinesis 9.66E-04 
DNA repair 1.23E-03 

Iquinone cofactor metabolism 2.08E-03 

lubiquitin cycle 1.29E-02 
Ivitamin B6 metabolism 1.47E-02 
oxidoreduction coenzyme metabolism 1.98E-02 
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Table 2. CDP/Cux and E2Fl bind many common cell cycle gene targets. A subset 

of gene targets from ChIP-chip analysis and their p-values are shown. References for 

E2Fl targets previously found by chromatin immunoprecipitation are shown. ChIP­

quantitative PCR validation results were performed with thymidine-blocked Hs 578T 

cells. Results are expressed as enrichment relative to no antibody ChIP control, 

normalized for enrichment of G6PDH. 
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Function Gene Gene Description location array ref ChIP-PCR 

Symbol (p-value) 

CDP E2FI CDP E2F1 

Cell cycle, S CCNA2 cyclin A2 6.0E-5 5,18,49,77 5.1 

CDC25A cell division cycle 25A 2.6E-4 1.2E-5 8,49 6.3 64.4 

Cell cycle, G2fM MAD2LI MA D2 m itotic arrest deficient-like 1 2.IE-7 4.0E-5 49 3.8 16.1 

Cell cycle, M APC10 anaphase promoting complex subunit 10 2.9E-3 1.2E-3 3.6 2.7 

KNTCl kinctochore associated 1 1.7E-3 1.7E-3 7.9 58.2 

NUMA1 nuclear mitotic apparatus protein 1 7.7E-6 2.1E-3 3.6 12.6 

DNA replication CDC7 cell division cycle 7 (S. cerevisiae) 3.0E-4 3.5E-6 5,4 14.2 

MCM3 minichromosom e maintenance dcficient 3 1.1 E-9 3.1E-7 49 13.0 4.3 

MCM7 minichromosom e maintenance deficient 7 1.9E-3 6.2 71.6 

ORC1L origin recognition comp lex, subunit I-like 5.5E-14 9.2E-5 49 7.2 2.3 

POLA polym erase (DN A-dirccted), alpha, 180 kD 3.2E-3 39,49 2.5 2.1 

POLD3 polymerase (DN A-dircctcd), delta 3 4.7E-3 9.1E-6 3.8 1.6 

RPA3 replieation protein A3, 14 kDa 4.0E-3 49 2.9 9.0 

Repair, MLHI mutL homo log 1 2.1 E-4 2.4E-4 49 5.2 3.8 

checkpoint PMSI postmciotic segregation increased 1 3.5E-3 6.3E-4 4.8 22.3 

RAD51 RAD51 homo log (RecA hom olog, E. coli) 2.5E-3 1.5E-5 49,73 2.5 2.8 

TP53 tumor protein p53 (Li-Fraumcni syndrome) 6.9E-4 3.6E-2 49 

Cell Proliferation SCANDI SCAN domain containing 1 9.9E-4 4.5E-5 4.7 5.3 
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Fig. 5. CDP/eux and E2Fl cooperate in the activation of their common target 

genes. Hs 578T cells were transfected with the reporter plasmid indicated (ex. Cdc25A), 

and vectors expressing p110 CDP/Cux and (A) DP1~103-126 or (B) E2Fl. Cytoplasmic 

extracts were prepared and processed to measure luciferase activity. Results are expressed 

as relative light units (RLU) normalized to ~-galactosidase activity from an internaI 

control. The mean of 3 transfections is shown and is representative of 3 separate 

experiments. 

141 



A 9 

8 

7 

('t) 6 
0 

x 
::::::-5 
ro 
Cl 
8 
:J 4 
...J 
ex:: 

3 

2 

1 

1 li 1 III 1 o 
vector + + 

CDP + + + + 
DN-DP1 + + + + 

Ji i. 
+ 

+ + + + 
+ + + + 

i • 
+ + 

+ + 
Cdc25A MCM3 Cyclin A2 DHFR CAD 

B 8 

7 

('t) 

6 0 

x 
~ 

Cil 5 
Cl 
8 
:J 

4 ...J 
ex:: 

3 

2 

1 o 
vector + 

CDP + 

1 
E2F1 + + 

.11 1 :1 i 1 1 
+ + + 

+ + + + + + 
+ + + + + + + + 

Cdc25A MCM3 Cyclin A2 DHFR CAD 

Chapter III - Manuscript 

142 



valoSin-contaon,ngprol,.,n 
T.U,bo~b",don9p.-OI .. on 

CVd'nH 
Qua! SP$C,fiC'tyPl>osphat ..... 10 
IIVpotll .. bcal prole,n FU13798 
proteil5<>/T\e(prosam~,lT\O<ropam)~b .. m,t.t>o!liltvpe.l 

Ef'f2 f!ukaryot..;IJ.,ru;I.,oneloflilat>onfact",2 
MTSP (mouse)b,ndmQpr-ote,n, L04kOa 
HMG..,ll4 Il'Qhmob!htyg'''UpAT-hookl-),ke. 

~D2 aDhvdrQl .... Iiom.lllncont~'n'nq2 
Io4GCl9W4 SIlT'I'I .... toRIKENcDN ... S2J0118G17g"" .. 
FUll).401 nvpolhebcai prole,n FU!()4()] 

uboqult,n-con)u~bn9 MZ)'''''' E20 2 (UOC4/S homol"". Y<!a.t) 
(maple ~vfl,lp unne d'$e~5e) 
I,ATS. larqt' lumor SUOPrU$or. tIomoloq 1 (Orosophila) 

ATP5Gl c( ..... bunlI91 ... aforml 
C6orl170 chromosome 6 QPIln reold,ng (rime 170 

en<!oplastTllcret'eulumtt>'oredox'n ..... pe<f .. mo)y ..... mt>er. i8kOa 
MGCZl90B s,m,larlo RNA po1v ......... ..., 6 tJ'llnscnpMn facto. 1 
117 57gen .. 

coenzv .... Q""duCla.<e) 
hVPGtl\ebcal prOle,n FU20422 
poI!nc,""lnolarmlltenall 
OnllJ(Hs.p<IO)homoIOQ,subl'alTlllyC,m .. moer1 
lumtlr $u$œpt,tHl'lv pene 101 

FrSll ft~homol~I(E coll) 
LOHIICRU, 10" of ~h>rozyoai,ty, Il, d"oromooomai r"'l,on l, Qene A, 
~NoIPI ve$lde·assooatedmernbrane proteon 1 (synaptobrev,n 1) 
~8C88 ATP·blnd,n; <a_III!, ~ub-fam"Y 6 (MORITAP), member 8 
ETfOH electron-transfemnç-ftavoprOte,n<lehydrogenau 

O"II'O"!"<><;I"'IOOficomplu.iut .... "'tl-I,~e(yeast) 
DCPIS a.,capp,ngenlymehDcplb 
RPSII nbQso .... proteinSII 
P~Al proteasome (prosome. macropa",) sutlo.Jn,t. alplla tyP"'. 1 
MOHI malatedehydrogenas.e l,NAD ('OIut!le) 
SELH selenoprote,nH 
5DCCAGl ~cally defined colon cancerant'Qen 1 

prolylen<l_~,da ... 
~MAC 0lCy1-maionyl(Ot'Iden5lng eOlyme 
Ll:NGl l .... kocytereceptorciuster(LRC) ..... mberl 
StelA3 member3 
PfX6 pero.,somalb<ogenesosfacto.-6 
"OUf AS NADH <lehydl'09'!nase (ub'Qu,none) 1 alphasubcomplax,S. llkOa 
Elf4E eukaryotw::translal;'onon,t, •• onfactor4E 

deilVilQe st,mulat,on factor, 3'p.-e-RNA,subun,t 1,50i<Da 
USOC'aledproh>,n 
hypathe~calprote,n FUl4981 
Co<omymeA,tII,QliI ... ) 
myeIQldd,l'ferent,at>""prirnaryrespon ... gene(B8) 
...... lartoRlI<ENcDNA4632412N21Qene 

2Nf265 1In<fingerprote,n26S 
C[)99L2 Cl>99antl!/'tn·l,k~ 2 
~SPCA. heal shock 91lkDa prot .. ,n 1. i1lpha 
lLE2 'rlter1euk.nenhar1cerb<nd .... Qfactor2.45kDa 

act'Vilted RNA pQlyme ........ Il tran~"~'on cofilctor 4 
COlA COIAant,gen,i1po1yp"'~,de 
COPB2 COalomerprote,ocomplex,subun,t beta2 (belapnme) 

.mallnucleilr"bonucleop<ote,nD2palype~,de16.SkDiI 

hypothebcajprote,nfU2oo84 
clyomobo.homOl095(HPlalphilhomolog. Droo.ophll~) 
hyPOlhebcalprote,ofUl4936 
CASP2aOdRIPl<ldomaln conta""ngadapt:or ... III""alhdom".n 
tropi"omon assooatedprotefn (lasbn) 
hyPOl:htbcalprote,nMGCSIOBl 

IIPSII nbosomalproteon58 
TMfl TATAelementmodulatory factor 1 

arrest,ndoma,ncontaon,nQ3 
gamma,K.,) 

MYST2 MYSThlstoneac~ylt .... n.ferase2 
05.9 aml)/lfied,noSfeosan::oma 
K1AAI8l6 KlAAI826proteon 
TSPYL4 TSPY·hke4 
PSMfl7 proteasome (prPso""",rnacropa'n) .... l>cn't, b<!'atype, 7 
PEXI3 poorox.some b1ogenesos factor 13 

CDCSceli d,~,,,,on<:vde S-bke(S. poml>e) 
multiple ank~nn "'peau, s,ngle l(H·doma,n (MASI<) ho-molOq 
ipaDlososantaQon, .. ngtnlnscnpt>onfilctor 

CHPPII reglon 
CTYMIC deoxytl!vm,dylat~~on6Se (thym,dylalekonase) 

IGF·f[mRNA-bond,n!lprote'n3 
DNA·d"mageJOduc,bleproteon2 

GSTM glutalh,on, S·transfer;ose A4 
IIB6PS ret,noblastoma b<nd,noprote,n 5 
liATl h'stoneilcetyltnlnsferasel 
HDA,CB h,stone<leaœtylaw8 

Onal (Hsp40) homolOll. suDf<w11,'y B. memb<!r H 
HNRPli2 heteroqeneousnuclearnbonudeaprote>nH2(H') 
RPCS RNApalymeraSO!llIBOkDlsubun'tRPC5 

ildultrel,naprote,n 
TMG4 transmembrane gamma-carbo~YQlutamlC .. cid prote>o 4 
CI<FZPSS6AODlCfZPS86AOSl2proteon 
LOC203S2l hvPOl:hebcal p<Dle,n LOC20)S22 
MG(333)8 hyPOl:l>ebcalprote,nMGC33338 
fUlOOn fUl0073prote,n 
GLRX Qlutaredo",n(th,pltransfe ... se) 
C9orl9O chro-mosome9_nnoildonQtrame'lO 
fU90024 fast,oo-,ndUC,ble ,ntegral membran .. prOle,n TM6P1 
C)(CU chemol<,ne(C·X·Cmol,f)h .... nd3 
TNfSFlO lumar necros,. factor (I,gand) superf!lm,ly, member 10 

~'ru: ~"9'" prole,n 234 
w!·hk .. 4 (Dmsoph,la) 
glutamate-nchWDrep .... tconta'n'ngl 
GTPb,nd'rlQprOleonl 
cofil'n1 (non·"",s(lt) 
ankynn~"'ltdorna,niJ 

TlJW012 
chromosome 10 open r .... dmg frame 70 
onO$ltolpolyonospi"oatemull,k,na ... 
hYPOtl>ebcalprole",FUll374 

OPAl OptiCatraphy1 (autosomaldom,nant) 
FUnnO hypathebcalprDl@lnFUI2770 

Meosl. rrwelO<decot"""c~"al'ntegnlbon.ot.lhomol09(mou ... ) 
hYPOthebulpr-ote,nfUlI301 
hypolhej,calpr-ote,ofU'lOI54 
p\10sphabdyhnO$tcI4-km ..... ,caulybc.b~apolypep~d' 

CA5P2 cell upressed, ,,*y~opmentally down·reQUla\ed l) 
GRCCIO Iokelyorthologofmou~go'nenchduster,CIOgene 

eukaryotoctransjill,on,not''''',on'''ctor3,wbun't64S1<Da 
lOCSIOS<! putative Wycol,pod I ..... nsferprote'n 
COG] (_nt ofOl,gomenc: goig, complex 3 
NXT2 nudeB,transportf21clo.-2-hkeexoortfactor-2 
SPG~ sp;ost,cp;orapleg'"4 (autosorTlilldomon""t: SOMM) 
!\PLl9 nbosomaiprote,nLl9 
DKFZP5fi>4Jl: Ol<fZp56-4JlS7p<ote,n 
LOC1l5704 4 SQ<One 
1!fX5 regulatOfYractor-x,S(,n"uencesHLAclas5l1el<P!'Usoon) 
fUI0374 hYl'OthebcalprDle,nfUI0374 
ARLfI ADP·nbosylatfonfacto,·I,k418 

chromosome 6 open read"'Q trame 79 
(alpha·lant,prote,nase.anl,tryp5ln),m<!mber8) 
act,,,,n ArltCeDlor. type 1 
myotubul ...... nrelatedprote'n8 

OLG7 dos.cs,lilrgehomoloq7 IDrosopi"o,la) 
nSK2 Itit .. -opeofiCk,naoe2 

NI<2trar1scnptlonfactor-related,locusJ{Drosoph,la) 
ret,noociIC,dre("I)Ior,beta 
protocadhennboeta) 
I<IAA1217 
hypoltwJl,calprDl4l,nfU20156 

THAPIO TliAPdomaoncont"m.ng iO 
PflKI PfTAIREprob!>nk,naM 1 

aœtylQlucoSilml1\e i»IypePlld4l·N·~cetvIQIUCO"'mlnyltransfe",_) 
CI4orf119 chromosome 14 open read,nQ m.me 119 
SI>.510 Q,srypter of",iencon~ 10 

Down syndrome cntocill reg,cnge"" 9 

:~.!,,::::'';::>~:::tte, s\Jb·fam,ly A (ABCI), """mller 7 

h,stonel,H3d 
fLJl0276 hypol"-bcalprot@,nFUIOn6 
VDP yQS,dedock,nQprote'npllS 

hvootl>el>calproteonMGC4006'l 
act.y'tV.lIIo/lil) 
:~~~dnal nbosom" proteon LI 

"" .. , 
70f·12 
261'-9 

7983120E-IO ISf-8 
S6896.0E-10 8AE-9 
1938 60E-4 27E-9 

2708S IlE·? ].5E-6 

J2S1 
;14140 

IRE-4 
llE-5 

35f-9 17E-8 
2 4e·l~ 94E-4 

11194 16f-8 19E·9 
2110 38E-4 29E-7 

196513 lOf·] 22E·5 
6205 12f·S 2.BE-6 
5682 55E-$ SOE-4 
4190 llE-~ 16E-5 

6507 
SI90 

6.8E-6 16E-7 
4.0E-4 2&1'-] 

27E-6 
1.1E-6 

3.SE-3 t.2E-8 
3.]E-4 
3.0E-4 BSE-S 

B49S<! S6E-S 4.0E-6 
30 I.OE-3 12E·S 

IOE-3 12E-5 
1.9E-l0 

4.0E-14 62E-8 
21e-9 2DE-6 

100ZJ 7.&1'-4 
909 6.SE-S 

l3468 
84950 

15E-5 1.31:'-3 
l.5E·S l.lf·] 

69E-4 
10024 26E-3 4.lE-4 

126299 S.7E-4 

64E-6 
1.&1'-4 
36f·B 
12E·S 
llE-5 
l.8E-6 
12E-4 
6SE·S 
15l'-3 

I.Of-6 
63E-6 
50E-8 
12E-5 
32E-4 
l1E-4 
8.7f·4 
]&E·8 

lOE·5 
7.se·S 
l3(-6 
3.61'·6 

l7E-S 
42E-S 
1.0E-4 
SOE-5 

l&E-5 
93(-4 

]9f·S 
2.SE-] 
I.IE-5 
IIE·S 

3.IE-6 
S.SE-6 

1.9E-6 
1.7E-9 46E-l0 
71E-7 4.Of·S 
4.5t:·) 
7.2E-4 
1.81:·8 S7E-l2 

6.2E-l3 6.6E-12 
48E-5 7.SE-9 
l.8E-7 )lE-1l 
1.41:-3 

1.8E·JO 
2ofE-3 l1E-5 
4Of-4 3.s.E-l 
lSE-4 
2ll"·] 
5.ll"-7 
5.ll"-7 
I.le-4 4.1E-6 
1.ot-7 26[-3 

1.1E·16 

45l'-4 

17E-1i 
44E-13 
59E-5 
4.Of-6 

7.oe·S 
]9E-8 
4.610-6 
1.01:-5 
12t-9 
3.se-9 
I.Of·S 
4.2E-l 

2.5E-6 2.Of·] 
5.2E-4 7.8E-4 

42E-5 
4.2E·S 
29E-3 

I.SE·S 
l.6E·S 

1.IE-8 
lOE·S 

14E-5 
3.&1'-8 33E-12 

72E-l3 
47E-7 1.4E-11 SIE-13 
17E·S 27f·13 l.8e·12 
22E-$ 
19E-8 
69f-S l4E-12 
3.0E-S 4.7E-1l 

5.8E-8 
4.lf-5 

181:-4 6.4E·] 
1&1'-4 57e-6 
liE-li 
201:-4 

78E-5 
17E·1I 

1.4E-5 2If-IO 3.7E·1I 
3&1'-4 39E-9 90E·S 

98(-10 3.2E-8 
2_6[-6 S.4(-9 

1.7E-4 25E-12 
nE·) 23e-8 
7.5E-4 ]lE-9 
IDE·3 44E-5 

9.4t·JO 
2.IE-9 I.SE-3 

2SE-4 35E-8 2.H-4 
12E-4 2.0E-9 L1E-3 

7.7E·1O 7.6E-4 
].ge-4 4.3E-7 
lofE-3 4.lE·4 1.5E-6 

2.4E-6 3.7E-6 
1.51"-4 3.2E·S 20E-3 
2SE-4 5.lf-6 
7.1If-6 1.8E-4 
21E·3 6.3E-6 4.IE-3 

5.s.E-4 2.8E-4 
S.SE-4 l8E-4 
6.SE-9 33E-9 

2.9E-4 18E-6 
1.&E-7 1.7E-ll 

5.3E·B 
3.SE-9 
6.6E-4 

3SE-6 86E-12 30E·7 
161'-6 S7E-9 43E-7 

34E-3 
1.3(-3 

58E-8 1.5E-l0 
S.8E-8 1.5(-10 

I.IE-S 
4.2E·5 50E·; 
3.(>1:-6 
4«-8 
6.3(-8 

1.7E-7 
2.3(·7 

1.2E-6 
L7E-6 
29E-6 
3.n·6 
J.4f-6 
6H-6 
9,1f-6 
I.Jf-5 
l.8E·S 
21(·S 
23f-5 
44t·S 
46f-5 
48f·5 

36f-4 
8.4(-8 
89E-8 
2.1f-7 

20E-6 
20f-6 

93f-6 
98E-6 

1.1E·3 70E-S 2SE-S 32E-5 S.Of-7 36E-5 
15l'-3 12E'] 64E-6 5.se-5 4.0E-7 39(-$ 
2.1E-4 72E-4 
31E-S 2s.E-4 

9.5E·4 
5194 In-3 2.lE-6 21E-5 11E-4 

98l! 68E·S 4AE-4 4.6t·S 3AE-8 
5488l I.Of-4 20E-6 S9E-S 
26574 5.5E-5 9.5l'-8 LOf-3 

3.IE-3 I.lE-4 lSE·5 l8E-6 1.6E-5 
13E·] 3.lf·6 42f-5 5.9E-4 5.lE"S 

10643 9.8(-6 
84)01 2ll"-8 4.6[-3 

3.4E-3 l5(-6 2.7f·S 
IOE-4 9.SE-4 l8E·3 17f·] 

3.lE-3 2 Of·. 29f-4 
4lf-4 76[-S 1.6E-4 l1E-3 
9.7(·S 2.2E-4 2.SE-3 1.3E·J 

318B 2.2f-3 4.Bf-4 44E-3 S.8(-7 
5S71B 2.lf-3 lSE-3 g.9E-4 22E·3 2.2E-) 

.03522 
126823 

IQ7S0 

35E-3 59E·5 
)5t-6 41E-6 

30E·S 
I.Of-3 

4.4E·5 
32E-S 

4.3E-1I 
S6E·10 

57167 34E-S 
2.IE-4 94E-4 

39E-5 26E-$ lSE·5 
2.U·7 1.1E-) 1.0E-8 

884S5 ]9E-) l1E-3 55E·S 
2821109 26E-4 50E-5 5U·S 

17E-7 
1.7E·7 

,- .-
4.01:-] 3.91:-6 

1.7E-3 
23E-3 15E-3 
)2E·S 1.3E-4 23E-3 

1_2E-. 19E-5 39E-3 
ISE-3 4.9E-3 I.SE-S 

9.9E-4 7.7E-4 
2.7f-4 2.SE-S 

3.9E-5 6.se·s 
S591644E-4 16E-3 
66B39.7E·S 1.&1:-4 
6143 4.SE-3 5.IE·S 4.3E·) 4.BE-5 
S4~58 l.'IE.) 42E-3 9.oe·S Q.3E-4 

115704 1.4E-3 l.0I:-3 3.0E-5 
5993 IOf-3 6lf-4 28E-3 

221079 
63933 

'" " 
9787 19E-5 

l(IoIlO 1.0E-4 331:-4 68E-6 
74E-6 

257203 
10347 

12E-6 
48E-S 

1.7E-3 9.1(·5 
84E-5 67(-4 
)9E-3 

2919 13E-7 
65008 SSE-5 

13E·4 
4.9E-] 

ISE-4 
S.3E-6 

57E-5 
5 Bf-5 

1.6E-4 
l.2E-4 

4.0E-4 
~ lE-4 

1.5E·] 
22E·8 

9.9E-7 
I.3E-6 
1.9E-6 
6.4E-6 

7,n·s 
12f-4 

21f-4 
2.a-4 

3.U-4 
3.1E-4 

40E-4 
S.5f-4 

S.7(-S 
6.7E·5 

If. DfPD"tlVD 
•• p.nmenq 

(/9) 



ChaplcrUl-ManuscnJ'l 

coponeVIII 
ct>",mosom. 6 open read,ng frame 211 
CXXCfinger 1 (PHO dom~,n) 
prog ..... mrn.fldcelldeatl>7 8.4~-5 2.]~-4 

CYP3A43 C'(tOChromeP450,f~moIV3, subfamolyA,poIypepMe43 64816 IIE'5 L7E-4 3.0E-4 
fU3J21S hypothebcalprote,nFU33215 259282 8.3E-6 S.OE·4 J.le-4 
FlPC155 po;lI.,..,.... ..... S<I (RNA) III (ONAd,rected) (ISSI<O) 11128 IIE-J J.7E·4 
com (A.-.bodopsls) 8511 !J.1E-4 4.0E·" 
GOSRI 9019,SN.-.p",œptorcomplexmembecl 9527 2.JE-3 

".", P'Qtt!.on'le (Prosome, ma.cropa,nj 26Ssub ... M, non-'-'T1'ase,9 5715 40E-" 
fU31675 I>ypoll>etocal prote,n FU31875 1.5.E-5 
am cllemol"ne(C·X·Cmot,f)hgand2 8.2E-4 

HMG·bo.lnsnscnpt,onfac!orl J9E-6 
HSPCZ68 l>yPOthe~cal prote,n H5PC2611 65.E·6 24E-3 

'" C2fprote,n ".JE·3 

-" laevosj 25805 5.6f-4 

~[~~~4 
Af1SqHproteon 57082 6.3f·<4 
1 ..... n.slocauof'nn ... m'IQC"ondn .. l~mt>rane4'lhomol<>ll(yeast) ,~~ 2.lE-4 65E-4 

MGe270S hypothebcalprote,nMGCV05 84787 2 lE·) 6SH 
adaptor·",lat .. d proteon eompl ... ), siQma 2 wbun,1 3lf'4 

CLNSIA chloroOe ch..,nel, nudeotlde·S<ln~~ve. lA 4.DE-3 4SE-3 
MO" MeM3 .... n,chromosome ma,nlenan.,. defic ... nt 3 (S cerev,soae) 38E-3 3.IE·" 

membecl 22E-3 
prog ..... m~c~ldülhIO 12E-J 

LOCS12SS hYPDlhebcalprot""LOC512S5 S125S 13E-. l.SE-3 
SLC36AI sol ... te carnet" famoly 36 (proton/am,no ""d symPOrler). membec 1 206J58 • lE·) 56E'S 
eSTa cystal,n8 {cyslaI,n·'elaledep,d,dymalspeofic) 36E-3 )8E-) 9.6E-4 
ZNf222 z,ncflngerprt>te.n222 J.SE-3 Slf-4 97E-4 

cytQch",,,,,,P450, famly 51. SOJbfam,lvA. polypept.,<le 1 1595 I.lf·) 
AlICel AT1'·b.nd,ng cassette. s ... b-fam,ly C (cnR/MRP). membec 1 .,,, 1.2E-3 
SEC22U SEC22 ves,d~ I ..... ffick'ng prote,n·l,ke 2 (S c...-ev,s,,,,,) l.JE·.) 

alolnyHRNAsynthelasel,ke 27E-4 1 ~f-3 
118~Ag troln5ilctovaled p"'teon 2 2.Of-) 2JE-3 
U1l6b,nd,"Up",""n1 8032"1 22E-) '"I3E-. 18E-3 
adaptor·rel.edp",t~nco"",lexl.mu2subunol 10053 45E·3 lJE-3 19E') 

,,~ f;;tlly ",i!! bind,ng "rote,~ 5 (psona .. s·assoe,atedl 2171 2.8E-7 
MINI( m's.s/I_n/NII(·relatedk,n ..... S[)488 14E·& 

m,o-nphthoolmoa-assoe'ated tr..,s.cr,,,toon factor 17(-6 
pencentr,nl 17E-6 
hemoglot>on. gamma A IlE-9 
copper metabohsm (MWT1) doma,neontaon,ng 1 
act'val'notr-...,5o-IIIIoonfactoc7,nl .... act'ngprole'n 
H$V-l st'mulaloon·...,l;aled g~ne l 6.4(-6 
solutecame,-fa .... ly 9 (sod,umjhydrooen .. "Mang.r). ,.oform6 67f-6 
d ... iMspec,fic,typhc>sphatase22 56940 
tet..-atncapept,dec"'l)ealcklma,n14 151613 

C1200f6 cl>comoso~12apenc .... d,ngf ..... me6 57097 1.5(·7 2.2E-4 
.-.SPH aspartatebeta·hydroxylase .« 1.4E-6 33f-5 

p/1oophOonosrt,<le·bind,n9P"", ... nP1P3-E 2.6E-4 

.00' ~=:~,:"ptoc ~If 10E-5 lSE-3 2SE-5 

'''' IlE,) 6.9E-9 36E'S 
~,rn prote.n kon".eC, n ... 23683 6.5(,6 44E-5 , .... neu",filament.lIgtotpolypept,de68kOa 4747 2.1E-7 4.8E-5 
PIA, praia 2,R1NG-H2 motol'contaon,ng 9867 2SE-5 6.8E-6 
TMEM16C nnsmembraneprot",n 16C 639B2 29E·S 71E-5 

1,nctingerproce,nJI7 3.8E-6 8.5E·S 
hyPOtIle~calprote,nfU12572 38E-) 9.2E-5 
pcote"'pItosp/1ataS<ll.reg ... Iat"",'ubunot3D l.lE·) 9.3E·S 

C200rfl77 chromoS<lmoo20aperoceadtngfra~l77 6J9)9 9.SE·l 9.3E-5 
C&orffil chromoS<l"'" 6 open read,ng frame 62 81688 2.ge-4 1.1E-4 

hyPOthf!toealprot.,nfU13955 79815 llE-4 
Gprot",n'coupledcl/Ceptor21 " .. 1.Bf·} 1.1E-4 

~" aOenylosuconate$ynll\au '" 1.5f·) S.6E-5 

"" g,ant"xonal ne ... roPithy (!IIga~on,n) 8139 1.8f-5 
ROO1ceg ... lalorold,ffol,.nl,aI,onl(S pombel 3 "IE-6 
nypothebcaln ... dearl'ilctor5B8122 IBE-3 S.4E-7 1.6E-4 

fU13Z73 hypotMeocalprote,nfUi327J 5.4E-7 1.6E-4 

"""" rn,_~~ 6 open .. ad,n\! frame 65 221))6 S.7f-6 16E-4 
01'Qodendrve)'lehneagennscnp!oonfactoc2 10215 3.6(-6 1.6E-4 
aOdacyllr""sferase.Oeb) 56895 71E-5 

P[PSK) typelll 200576 J"IE-S 
DKnp586e1 hypcKMetocalprul:e,nOKFZpS86C1924 41E-4 
PSATI pIlosphoser'neam'nOll"iI/1sfe ..... sel 2SE-4 l.U·<4 

uroporphVnn<>9.nd~c_xyl_ 2IE-4 
selenoPrt>te;n 1. 1 85465 43f·S 2SE-4 
5c12 mo<!,fyongtartoc 90427 J7E-3 25E'4 
cl>eckpoU"IISOJp;)ressoc1 8.SE-5 26l-4 
transcnpt.on term,natoonfactor. m~och""dniM 4.9E-J 27H 
RANguan", .. nucIeOlodoo,."aS<lt'acto,- 29098 12E-) 27f-4 
hVpothetoe~1 prote", fU13912 647115 96E-5 27t·<4 

=" cl\a~",n,neonla'n,n9TCFI.sub",,~B(lhetàl 

""''' prole,ntyro$lnep/1osphalasoo.receptorlype.e 
z,netiroqerand 8TBdomoo,nconlaon,ng8 127557 )8l-4 
hYPOlhe~cal pcot .. 'n l'flOISBIl 5S374 •. 1E-4 
tranS<J ... cm{bela)-I,keU-lonke<l 
e~'OeNT>al !lro .. 11> factoo- (beta-ucooaslront) 
act'vatoonprole,n.zetipolypepbde 
m,tQchondna1no..somalp"'le,nUO Ilf-4 
hypolhflocalprote,nSCOlB4S) 1)E-4 
SATBf..,..,lymember2 1!IE-4 33E·) 
ad;lptor-·,.latedp.-oc","co"",lu),mu2subun.1 l.4E-5 3IE') 
SCAN doma,n ca~I"'~"9 1 
XPAb,nd,n9Pnlteonl 
910mulon. fK8I'1\UOC,atedprote,n 
hypolMetocalprote,nfUl3150 2.9f·) S2E-. 
p/1enylalan"''''IRNAsyntr>etase-l,ke,alpl\a$lJbun'l 48E-4 S5t-4 

K1AAiOO7 KlAAlOO7prol",n 
POM2P3 POM (POM121 homolog. roIt) ""d ZP) fu .. OIl 

RAB, m...-nb<v of RAS <>nCO'l"ne fam,l<j-hke l 285282 13E-4 S.7{-4 
(yeast) 9B68 91E-4 6 .• f-4 

CGH2 CGI-72prOCtm 51105 IlE-. 6.4E-4 
WOR33 WD,..,putdomaon 33 5533"1 I4E') 
eell cMemol<",," (C-Cmol,f) hgand) 

.~" 1.6E-3 
CTflCS gf!neral t ..... nscropbon factor Ille. PGlypept"Je S. 63l<Da 9328 I2E-3 

"YPOl ne"calprote,nfUI127l 
AABlO RABlO. memb .. , AAS onCO<jene mm,ly 30E-] 15E-4 96E'4 
Cl90rf13 chromosome 19 open readmgframe 13 12f') 9 ~E'4 lOt·) 

el$ vana~1gene 1 2U5 
ATro(h,nteracbvedom",n4A(R5I'H,kel 5926 

'" chononOC90nado{",p,n<bela~ypept.d .. 
2Nf330 .,ne ~nq"r prote," 330 

hypothetocalp'OIf1,nMGeS5QB 
t..-ansflltm,ngQrowth factor. beta receptorll (70/BOI<Da) 14E-3 
caünoduhn2 (phospt>oryla$O!k,nase. delta) 14f-3 

"WSJTGJ TP53TG3P1"oIeon 
FU228JJ hypotheOcalPl"ote,nfUllB33 

~~~~~~ p"'le,n 165215 
IJll3J 

HlST1H2AD h'$tone1.,H2ad 3013 2"110-) 66f-. 381'-) 1.9E-3 
HISTIH2Bf h,stonel,H2t>f "" 19E-) 66E-4 38(-3 1.9E-3 

transcnpt.,onfaclOr(C 
nudea$O! $O!n~,uv~ <'!Ernent bond,ng prole.~ 1 18E-3 l.IE-3 
RNA·b,~d,~g ""g,on (RNPI, RRM) conla,n,ng 4 3C1E-3 2.1E·) 
hypQ\:he~calprole,n FU30313 25)866 28E·) 76f-4 2.1E-) 
heteroqeneOlJ5nlJ(le;trnbonucleoprote,nHI(H) 3181 15E-3 l.3E·) 22E·J 
<:eH d'~,.'on cvde assoo"ted 3 83461 191'·] 3.Of·] 23E·J 
nbosom~proteons27a 62ll 19E-J 21E·3 2.3E·3 
hypotMebeaiproto>,nFUJI4)8 l'lE·) 
chcomoso"'" 1. epen read<ngframe 120 19E-3 
lYOteasome(pcosome,macftIl)a,n)SUbun't,belitype.5 4.U·] 
~1>,catoonprote,nAJ,HkOa 4()f-J 
SETdoma,n.bofun:ated 1 
KlAA0962prot",n l.IE·) 
KlAAI018prot",n ).6E-3 
oamma) ).3(-3 
N-deacetyla..".·sulfot ..... nsfe.-i\SE{hep.aran~ucos.;wn'nVI)4 4.0(-14 

CAL =n~c ... :~'::',::..s~btnon.",..-able cand,dale 1 7260 51E-9 

'" 11E-8 
OKF2"")4SO $Im,l. to lemaf cyt0I>KmOC doma,n ~sooaled prot.,n 3 29"151 

~" RhesusIJoodO",up.CcEeanbgens "" <leo .. y~udeoO<lvIt ..... nsferase. te,",'nal 
ang,opo,et,nl 1.)E-3 3Sf-7 
ado!nov,n.os 5 ElA bond",~ prole'~ 1.4E-7 52f-7 
hYPOthebcal prate,n FUI0260 6.5(-7 

ffi" fib",blast growth factor 9 (gloa·actlval:,n~ factor) 
OKfZPfi67Clhypolhebcalp,ate",DKf2p667CI65 
CM'" GDP'mannose 4.6-dehydrata ... 

CSElch",mosomese~""oabon l·hke(yeasl) 
act,~,ty poJypept,d .. J l773 
~,cMeh .. -loop·h .. hxdoma,ncontaon, .... ,class8.2 8553 
Downsyndromeent'caIceq,onQene8 98E-6 
S··nucleoMau.cyloS<lloc!l1 1 U-5 
5AMandSH3dama,nconUO,n,nQ 1 
metalloprole'nase .. 'II> Il>rombosPOnd,n motJfs 10) (ADAM·TS 10) 

IPLA21GAMM pIloophohpaseA2gamma 57E-8 
TRPV6 trans,entreceplOcpote nt.alcat,oncnannel.s utlfamolyV.member6 1.IE-7 

TEAdomamf"""lymember2 27E-4 
nypQ\:hel,calpr-oteonfUI1848 5.2E-' 
CDC·I,k~ k,nase ) 



CIw;!ttrUl·Man""""rt 

hYPOtlleln:ill prOle'n FUZ(HS7 
FU10874 hypottlellCIIlprOleon fUlO874 2.9f·5 
TOMMoW IflIn.lcase.n ouler motodlondnal m.emOrane 41) homolog (yea.l) 6.51:-5 3.lE·$ 

coatomerprote,nC(W'IlplE_.iuoon,luta1 2.Je-6 3.2E·$ 
phosplloen~PVfiJvateCilrboxvk,na ... l(salu~e) 42(·3 35E-5 
C·lenrnnalbond,noproletn1 2.3E·3 3$f'$ 
adapIor· ... ,atQd pl"Oletn campI<!. l, mu 1 subuM 6.Of-6 3.6E-5 
tlypottlebCillprole,nFU90$86 49(-4 •. 2E·$ 

FUU576 hypottlet'C111 lI'OIe,n FU13576 6.3E-5 

"''' EH·doma,no;onta,n,ng4 
KlAAU63 KIAA1363pn;oletn 57552 4.7E·3 1.3E-6 1.91:·5 ,." carbonyl.-educta .. ) ,,. €o.Je·. l.3(·5 9.2E·$ 

eilrly orowth "'SIlOnse 2 (Krox·20homolog, OroSQ(lh,la) 2910-6 l.lE·. 
hypothebCillprotll,n MGCl9814 3.CJE-S 13E·4 
'nt~ron·rtlateddevelop"",nt.1l""Q<llatorl 3475 72E-5 IlE·4 
pulilt've membrane prote,n ,.." 2.JE·3 13E·4 
,mmed,ateeat1y",S(>Onse2 
nbonu.cl ...... RNUeAfam,ly,4 6038 14E-4 
5ynov,aI~~.Kbrnkpoont5 6758 ISE·4 

I1[STIH3E h,SlonQI.Hlf! 8353 
ASTI act'valorofbasaltranscnpbonl 29177 
SUV39HI suWrt • ..".ofv~_I,on3·9h~C!91(OrosoPh"a) I.IE-4 
aNNA3 catenm (cadhenn-ilS500ated prote,n). alpha] I.U-. 
CG65 cho"onlC90n .. dotn)(Hn.~taPO'vpept,de$ 

hltely ortholoQ ofylldstARVI 64801 75(-6 
,mmunooloool,n(C079A)t>ood,n',lPCOle,n 1 3476 8.2E·4 

RJ21144 hypoU,ebcalprOle,,,FU21144 23E-] 
C0I'55 (Arab<dopso,) 15E-3 

myos,n. 1'0~>t polyoept,,;j.. k'n ..... 4638 
penpher-almyehnprnte,nn 5376 
hyPQtheb~ .. 1 prol.,n MGC41n 
tlypoth.bc .. lprole,nFU20604 
nUd .. (n...cleosoded,phasphatel,nI<eomo,etyX)-tVpemol'fH 

"'" H8.AQI",nsacbval:Edproleonl 5$789 611E-4 2.0E·4 
me select,nl{lymphocyteadhesoonmolecuIE 1) 6402 5.0E-5 20f-4 
NAPIL2 n"deosom.a ...... ~VprOlein 1·I,hl 4674 2lE·4 "'. nude .... prote'np30 201161 21E·. 
RPPlO nbonu.cleil5e P (30~0) 12E-) 

Jub, iJubahomolog (XenOpUslaev'5) 8.3E·$ 
p/1ospllOd,estera ... 7A 5150 2.4E·4 
t>e .. œd fil"lT\QI1t 5IruCturai prote", 1. ~~nsm on 24E·4 
Daculo .... ""!APreP<eill·Conta'n'nQI 25E·4 

RJ22419 hyPQthebcal prote,n FU22419 2.5E·4 
ZNF20 ~,nc~nqer prote,n 20 (KOX 13) 2.5E-4 

'" ub,q"It,nll9a ... mmdtlomD 
fAPP2 p/1asphoon05<toI4·pI1osphal.a<liptorpn>te,n·2 W,,.,, 

major h,stocompabbll~y compj.e~. class I. III 
hypot""bCilI prole,n FU20195 54BS3 
chromosome 1 open readono frame Ja 9473 
~lutamate·cy.te",eh_.m<>d,fi.rsubuM IOE·4 

BIID2 bromodoma,ncontam'''92 SOf-) )3E-4 
<cn rnaperon,nconla.nlnqTCPI. subunot3{oamma) 3St-4 
~ARCKS myn$lOvlit.f!d;>lan.ne·roct> prote,n kinase C subSlratf! 40112 36f-4 
Cl40rl126 chromosome 14 Open read,n~frame 126 1124117 3.€oE-4 
C21orl59 chromosome 21 ooen read,n~f",me S9 566113 42E·4 
SMAACA2 rnromat,n.subfam,lya,m~""'r2 6S95 42E-. 

tumororote,np5]{u·fra"men,syndronw) 
.... lyltran5ferasel0{.lpha·2.3-"alyhransfe"'seVI) 2U·3 

LOC55580 hyPQthellCalprole,n LOC5SS8D 21E-3 
DKfl0434CO hyPOthebcajprolQ,nOKflQ4)4C0328 
lRIPIO Ihy,,:"dhO<mOne",ceplar,ntarllC!orID 
RJ321W4 hypOthebcai proie", FUl2844 199221 1.4E·) 
C0226 C0226anl'gen "'" 5.4(·5 
FU4012S hYPOthebcalproll,nFU4D125 H7699 49f-4 
'AAG poIy (AOP-nbose) glycohydrolaie 8505 SOt-4 
CDPS7A (ArablOop$l5) 50813 50f-4 

'" S290r0tetn 8Ja76 ~.Je·4 SIE-4 
FXYOd(W'lla,nconlaon,ng,anlransportreou",-tor6 6.7E-5 
f'TI(9prole,nlyro"nek,na ... 9 55E·4 
defll!n5ln ... lpha4,COrbCOstnn 5.5E·. 
hVpot"-lICIIlprOle,nFU22688 80199 62E-4 52E-4 S7E-4 
omllt"ne,mtnOtral15rerase(gy",teillrOphy) .,,, 13E-3 2SE·4 S.7E·4 

C220rfS chromosome 22 <lQen read,nQ frame 5 5.8E·4 
MGC268S6 hyoothe~CIII prot • ., MGC268$6 79E·S €olE·4 

hypot""bCillprole,nLOC51058 2 ~E·) 
leukotn<!l1eA4hydro"-se 
chromatin ... ~blyfactorl,suOOn,tA(pI50) 5SE-4 
vamel"On ..... 11 receptor2 95E-5 
secretedphospt>opn>te,n2. 24ltO .. 
bnxdomaincontaon,nQ 1 8SE·4 
fU27099proœ,n 22E-3 

:Gt~~9 
aquaponnU 282679 
hyPQthebcalprole,nFUH299 80139 

SNOI .taphylocO«aI nucle .. se do"""n cont.,n,n~ 1 

'''''' IJ<OOrbn€o 23214 4.2E·4 
Icvlphoiphillase2,muscletype " 7.9E·4 
urntensinll-relatedpeol,de 80E-4 
"boSOmaIprot .. nU7 8.1E·4 

lAI'TM48 lysosomalassoc,illedpn;oteonlransmembrane4beta 55153 82E·4 
CI60rf7 chromosome 16 open readinQ frame 7 "., 8.2E-4 
WKR81 br;odylt,,"n",ceptor81 m 46E·3 
PoPLI7 nboso~proteinLl7 6139 96E-. 
KPSl8 nbollO.,...prote>nSI8 

""" ~aclJOl.r pn;ot~,n 5<lrt",o 52 (veast) 3.Je·) 8.8E-4 
CXorf15 chromosomf X OPf!n rU<long frame 15 1.2E·3 8.9E·4 

nbosomalprot.,nLIS 6138 llE-3 6.2E-4 9.0E·4 
[-kappa-8-,nteract",gRu-l,lteprote,nl 26512 lJe·3 6.2E-4 90f-4 

~LHL6 kelc~·loke 6 (Oro$Op~" .. ) 9lE-4 
CDC~2 cell d,v,.,on cycl~ 42 (GTP b,nd,nQ prote'n, 25kOa) 9.2E-4 
,~, seronE/lhreon,nE k,nase w,th Obl-.OO pled .. nn hornolOllvdornaon~ 92E-4 

'" osolatonres'staroce .... soc'ated 9.2E-4 
cyoj,nG2 1.7E-4 
.. ctiyal+ng tranOO',pttOn factor 6 27E-3 34(-4 
prohn~-nch Gia (G'carbo'YQlutam,c aOd) I)Olypept'de 2 1.6E-3 
n'tnCO.odesynlhaw,nte"'cbnopl"Ot .. n 51070 
chromosome (o open .... ad,ng frame 82 51596 

CSRP) cyste,ne""dOIv<:,ne-nChprote,n3(cardIitCUM PI"OIetn) l.OE-3 
RJ22347 hypotnebCillprote,nFU21347 Ilf-3 
KPNA6 karvopnennalpha6(,mport,nalpha/l 30E_4 
f2RL1 Coaqulat,on facto-r Il (thromb,n) receptor·l,ke 2 67E·4 
RPU8 nbosom;>lp.-oteonU6 

""" calpa,n1. (mu/l)la"lesubun,t 
CQVAI CylOSO"co~a"anca""nomaant,oen l 
CI80rll chromo.ome.l.Booenreadongframe 1 12E-) 
ERALI EraG-PI"Otf!,n",kel(Ecoi,) 12,,·) 
MGC3)864 AOP·robasvlat,orH,kefactor6·,ntf!"'ct,n~p.-ote>n6 151188 13E-) 

amlionde'sen5luveCabOn CMannei 2. n~uronal .. 13E-) 
5LCI6AI member 1 IlE-) 13E·3 
fU2555S hypothet,Calprote,nfU25SS5 14E-3 13E') 
MGC40170 hypothebcal P'OII1" MGC40110 25H28 ,"" 5<gnalrecognlt.onpart,clereceptOf{·dod<,ngproleln·) 6714 

hypoth.llcaiprolflnHl7 55512 
turoornecrot.'sfactorreceptorsuperlam"y ....... mber21 27242 14E·3 
m'aosomal~lulalh'oneS-t"'n$fer-..... 3 4259 1.4E·3 
chromo$(lme 15 <IQ""rNd,nQfra ...... 12 55212 3IE-) 14E-3 
punnergocrleceptOrP2Y.G·prole,no;oupl"". B 286530 4aE·3 I.5f-) 

DADI defEnd", .. ga,nslcQlldeathl ,W, 46E-4 1.5E·) 
RIf! rtceptor-,nteract,ng facto< 1 55791 87E-4 l.5E·3 

ata ... telan9'eclas<. and 1lad3 rel .. ted ).4f.] ISE·3 
nb<>scm"prntetnL23a 391:·3 l.5E-3 
POZiodUMdoma'n3 27295 
nudearmitob(apparatuSprulelnl 4926 
chaperon,no;ontain'no TCPI .• ubun'168(>e1 .. 2) 

MGC20)98 hyoothebCIIlproteinMGC20398 
,~, LSM5homo1OO, lJfi smill nudearRNA assooated (5 cerev'Slae) 
C200rf7 chromosome 2C ap""read"'ufranw 7 79133 22E-3 17E-3 
MTM-R4 rnVOlubu'a"nrelatedprOle,n4 9110 31E-3 9.IE-4 I.7E-3 
C210rf4 chromosome 21 Open read,nQ frame 4 42E-] 
fNSP4 form,nbond'nQoroœ,n4 1AE_3 1.7E-3 

triln.motmbra".,,~nal). 1 l.lC-] 
hyPOlt\ebCillprOletnFUIOIOl 
z'ncl'inoerprotf!,n$75 
IovPQthebcalprOle,nJotGCI24&6 1.4E-3 
RNApolymerasel[[$ul)uMIlPC2 2.2E·3 
lowdenSllyloPOllroteon rtCep!Of(fam,I .. 1 ~vP",""oleslel"Ole""a) 3.5E-] 
ad;tptor·rtlatedpl"Ou.n compie_2. alpha lsubun,t 4.2E-3 
Orowlharnst-t-pecfic8 2622 
pled<strinhomoloQY. Sea .. OOco'led·co"doma,ns,blnd,ngprOle,n 9595 

HISTIH2AE h'slonel,H2ile 3012 19E-] 191:·] 
INn3 l'nc ~noer protem ~3 (KO)( 16) 7571 74E·4 48E-3 

Pill,d<n hornoioo (mouse) 
z,ncfJnoerprote,n286 19E·] 
RA858 ....... mberllASoncQgenefam,ly 20f-3 
l'lICfinoerpr""'onSOS 2.LE-3 
Ak, ....... (PRKA)anchorprote'nl 8165 2.2E·] 
aul,smsusœpt,bohtycand,date2 26053 22E') 
ARPI act,n·rel .. ted prote,n 1 homolOO A, cent",ct'n ~Iph .. (~east) 22E·3 
sIJPOre<>soroffusedhomoIOO(Orosop/101 .. ) 



fU233Hprol",n 
MGC~O~60 tlypolhebcal i><ot.,~ MGC21M6!I 92<454 19E-) l.iE·) 
LOC1.9830 M8prOle,n 149830 1.5E-) l.2E-) 

protfO,nphosph~asel(formeny2C)-I,kE 1517<42 
RADSI homolO(l (RecA IIomoIO(l, E c,"1) (5. cerey,Slu) 5888 

PII.ICI<LEI Pnckle-Hlte1 (OrOSOP/'IIla) 4.'11'-) 
ZNF:297 z'rlC finoerprOle,n297 •. SE-) 2.31'.-) 

F-bc.onlyprole.n4 1.5E-) 231'.-) 
MGCI4425 hypott)e~cal prot".n MGCl<H25 1.6.E-) 351'.-) 2_31'.-) 
CDe25C celld, ... ,sioncyde2SC 4.U-) 2.~E-3 

STI<24 $eI"'ne/ttlre".,' .... k,nase24 (STE20llOmolog.Y"'lSl) 8<428 2.SE-) 
rom, ce!ld'''''Sloncyde25A '" 2.51'.-3 
HS01787 hydrn.yst..-Oid(l7-b.et.)dIt1vdrogenase1 51.<478 2.SE-) 
MYNN myoneuM 55892 2.21'.·3 2.51'.-3 

hVP<lthe~calpr-ote.n FU3271H 3.81'.-) 2.SE-) 
ATl'6AP2 ATPase.H+transP<lrt.no.l"sosomaiaccessoo-yprol.,n2 10159 2.SE-) 
ZMPSTEH z,nc metallOflroteinase (STE24 hOmolOQ. yeasl) 10269 HE-3 
5KBI SKBlhcmolog(5.poml>e) 2.7E-) 
PSMC4 proteaso'''''(prOsame.m..,~n)26S5Ubun,l.ATPase.4 2.11'.-3 

'''''' mFll.SflA-assooatMlv,ad ... thdom",n 8717 28E-) 27E-3 2BE-) 
FBXL8 F-bg"'lIndleuc.ne-nchrepeatpr-ote.n8 55336 2.8E-3 2.7E-3 2.81'.-) 

glutamatereceptor. ,onotn>plc. delta 1 3.<4E-3 
mem~rl 2.JE-l 2.81'.-3 

FBX016 f-bgxonlyprole.n16 2.8E-) 
PP[U Il@plidylprnlv l 'some .... se(cvdOph,hn)-hke3 53938 4.21'.-3 2.Of-) 2.~E-3 

N[F) NGGl,nte~ng facto.- 3-hke 1 (S. P<lmbe) 60491 4.2E-) HIE-3 BE-3 
nbos-oma!prote.nL18 6141 3.lE-3 
Ploov8actrallSP<lsable"ementden~d2 267002 
RhcGTPase-act .... at.ngprote.n 3IE-) 
AASguanvlrelea ..... Oprole.n4 3IE-) 
pepl'dylprolVI,some""SII(CVdOph,I,n)hke5 31E-3 
tesl,senhancedOMelran",npl(BAX ",h,bltor1) 
hypott)ebc.alprotelfl MGC346<48 3.'E-3 
protoporphynnog"noxidase 2.6E-] 3.31'.-3 
HIV-l ...... blnd,noproteln2 4.1E-3 3.St-) 

"RHCU .... s I>omolog Qene fam,ly. member C I,k. 1 411'.-3 29E-) lSE-] 

"" v,menl,n 40E-3 J.2E-3 3.5E-3 
P5MOll proteasome (Pfo",me. macropa,n) 265 subun,t. non-ATPaS<!. H 5719 36E-3 
CAl'N51 calpaln.small .... bun,t1 ." 37E-3 

nng ~no..- pro,e,n 1] <4.IE-) 
mutLhomolog [,colonc,,"cer. nonpolyp05Os type 2 (E cohl 44E-3 
h,slone1.H3h 
hypothebca.lprotelflLOCl52687 152687 43(-3 
hvpothehcalproteonFUl1331 55345 l.SE-) 431'.-3 
Gprote.n-wupledrece~or39 45E-l 
lIncfinQerprote.n163 IIE-15 

THAP6 TI1APdoma.ncont<lln,nq6 152815 l.lE-IS 
PSMB) :;'=~;E (Pfosome. macropa,n) SUbun't. beta type, 3 5691 

57221 
hypo)thet,calprOle.nFUI0706 55732 2.5E-U 
NTKL-blnd.ngprQle,n\ 2.SE·12 2.SE-12 
hYP<lthet.calo.-ot"IfIMGCSJ()9 58E-12 
neurocalcondelta 8.7E-1i 
hypothebcalprote", L0C90333 1.4E·1O 
hypothehcalprOle,nFU25224 2.3E-ID 
O-Slaloglv«>p<ote,nendopeptidase-I,ltel 64172 2.4E-IO 2.4E-I0 
T-cellleukem'ajlymPi1oma6 27004 2.4E-[0 24E-[0 
d'''''rent.allye~pres.ed,nFDO'6homoIoQ{mouse) 37E-l0 
sp.ndlin(am,ly.memOer2 4.3E-l0 
mesenchymal slemceliprote.nOSCS<4 

~~::ss~:~e2 MMTV ,nteoralll)" SIle (otm,ly. member 8e 

MGAT4A aœtyIQI""".a' .. .,nvl'ransr.. .... se.'soenzyrneA 
C200rf<40 chromosome 20 Open rqd,ng ( .... me 40 
ITO tet"'lncooepl,der~eat<l<>ma,nl 7267 )3E-9 )31'.-9 
ZfPI06 lIncfingerprOle,n 106 hcmojOQ(mouse) 6ü97 46E-9 4 ~E-9 
"~ methylmalonyl C,,",nzyme A mu'_ 4594 47E·9 
C6orfB9 chromosome 6 open read.nQ frame 139 55166 

KlAA0792 yen" prodva 
Gprote,n-coupiedrecepiorISI 134391 11E-8 111'.-8 
hYP<lthebcal prote'n FU12750 79720 23E-8 23E-8 

LOC:184680 hypothebtal Pfote,n LOC28<4680 
KG' olmcto",reœPto.--lIke prole.n JCG3 
Cl4orf5~ chromosome 1<4 Open read,no frame 54 
OEPS Opa-interKbngprote.n S 36E-8 )6t-8 
NUSAPI nudeolaranasPlndleas5OClatedprole,nl 3.6E-8 3.6E-8 

~~5 allUapof1nS 
TXK .vros",e ~.nas.e 7294 
~~)~~rO) homolog. sutlf"",lv C, member ) 5611 

~R~~030 ,mmunoglobul,n ""p_m,lv receplor lr,,",slocaMn assoc",ted 2 7.51'.-8 
CIIOllne'li'C receplor. n".lIIn". alpha POlvpept,de ~ 8.51'.-8 
nypottlet,caiprote,nMGC3121 I.IE-7 
caspase ,ecr,"lment doma,n ~m,ly. meml).er Il 1.2E-7 

fCRHl Fe receplor·hkeo.-ole,n1 115350 1.:.11'.-7 

""" ~~..:~some x o~n read,ng frame li 5<4440 I.J~-7 

"Plnalmuscularalroohycand'dateqene3-I,ke 37SS13 HE-7 
hypothellcalprot",nMAC30 27346 lU-7 UE-7 

r .. S2R7 lastereceptor, type 2. member7 50837 2.~-7 2.0E-7 

'fi"" HTPAPprote.n 84513 2.0E-7 l.OE-7 
LRRTloI) leuanenChrepellllransmembran"neu"",,"13 347731 1.CE·7 
FU31795 hypathetocaiprote,nFU31795 124808 2.CE·7 

MA02 m,lot,e a!TUt der;"enH,ke 1. (vust) 'M' 21E-7 2.1~-7 
rnundabouthomoloO4. ma-Q'c roundabcut (Orosoph,la) 54538 2.1E-7 21E-7 
k,nes.nmm.IYmllmberl1 3832 2.21'.-7 
me.OSls-speo(icnudea.-structuralproleln 1 55329 3.1E-7 
plakoph,l,"2 HE-7 
OEAO (Asp-Glu-"""-Asp) bo~ P<lIVll@ptide27 55-661 36E-7 
nno ~no"- prOie,,, 128 79589 37E-7 
tran",nptlonelo"""t'".,(actorA(SH)-hke1 
male-spec.(icHltl!aI3-hke 1 (Oro50phlla) 

FU)7357 hYP<lthebcaIPfote,nFU)73S7 21H1M<4 

'''''' (Xll·hke) m 
hypothebcalprote,nMGC3036 65999 

COX6C cvtochrome C D~,d ........ bun't Vic D" 5.~E-7 
flJ)6600 hypotheoca!prOle,nFU36600 12S115 6.0E-7 

~Iulamat" rec~plor. ,onotropluc. AMPli. 3 "" 7SE-7 
hYP<lthebCalprote,nFUlJl71 83E-7 
.n,.,ahonfa<:l:o.-IUB(5 œ<l!v.s .... ) Z972 8 Bf-7 
ATP-b,nd,nQ uu~tt •. "'b-fl!mLly 6 (MDR{fAp). member 7 " LlE-6 

~IPK2 homeOdomam,n'.r .. <:I:,ngpralelnk,""""2 2119% 13f·6 

~~~~Oa67 
gu"",,nenUCleot,deblnd,nQo.-ote.n(Gprote,n).IIl>olypepl,de 2776 14(-6 
nvpotnebeaiproternMGCHlO6l 
nvpolnellcalprOle,nfU2)790 
lo .. denSl'yHpo!>l"ote'n .... ceplor·relatedprote.n3 
a<q,,,,ne-.,ch. mutatl"d ,n ~ar1y SlaQ~ tum"", lB7J 1&1'-6 
uropla!<,nlA 11045 17E·6 

MIIJ>S3J m'Iochondnal nbosomal Pfote."S33 18f-6 

"'" IINAb,nd,nomotlfprotem7 1.91:'·6 
""tal,v~h()l"n@odom"'''1",n501p1'on factor 1 

.ymphOCYIe-speoflCprQle,nly",s,nek'nas.e 
FU259R9prole,n 
FU21961Prote,n 7%11 
BCUlaoenov'r1JsE1B 19ltoa,nleriOct,n~o.-ote,n2 '" p<n,n.';"$m<I$ornea$Sllc.atedprole,n 

KIAA14<46 bI-",n-ennchedguanvlatek,nase· .. s..,,,atedD"'le.n 
fU20366 hypothehul PfOle,n FU20366 >OU, polymQraw(ONA-d'<l!ctEd).alpha(70kD) 271'.-6 
GRIN26 glulamatereceptpr .• onotroPlc.N-methyIO-aopilrtale26 27E-6 

olfacto", reœPto<. mm.1y 2. subf.""ly H. member 1 28E-6 
."pp .... 5SO<"ofTy 16homoloq(S. cerev'Slae) 3IE-6 

NAAlAO~ N-aelllvlat"; alph~-""ked ""d'e d,pepl'Clase l 

ONAJ&4 Dna] (Hs!l40) homoloO. subfam,ly B. member 4 )JE-6 
earlygrowthreSj)Qnsel l.3f-6 

C200rf18 :~~c~~c ::,~~d~<4Q frame 18 IIl616 34f-6 
VSPS<4 159195 l.SE-6 

cart.l_aOd,CQrolell'l ).6E-6 
protocadhenn ~Ipha 5 3.8E·6 

;~ SAtl\1M".ns,,,.,-assoc>atl"d homoloQ(ral) 6296 
KCNIP4 KvchaM"I,nlera.cl,noprOle,n4 80333 

glutamatereceptor ..... tat>ot"'p'el 
amylase. alpha III.; saltya", 4.2E-6 
pa,red,mmunoOlotNn-I,ketypeZreceQ.orbela 4.~E·6 
protfO,ntyro.,nephoS(lhatase.receptorlype.O 
m,o-ofibnllar-"$SOC,aledprotfO.n3 
ch<omosome S open read,ng frame 3 
l'rlCfingerprO\e,n5-46 
transP<l<on-denVedB"sterltransposase-I,keprote.n 
d~lta"~Ep,nduc,ng peplide.,mmunoreiOcto.-
chromosome 9 open <l!ad,"!! frame 42 116224 6.21'.-6 
Ras-",lal";GTl'bln<!'ngA 10670 6.71'.·6 

FUR1N fur,n (p",red baSIC am,no ,"od c .. avll1!l .. n~yme) 6.9E-6 
LAPTM5 lV50somal-as5OC1~led mult'$Ilann,ng membrane p""e,n-S 

CilPPlnq Pfote,n (iICl,n ~Iamen.) mu.de Z-Ilne. ~ta 
~:~,:';;,er fa<TIIly 39 (z,nc transportf!r). membe< 9 

$01"tecamerfa<TIIlv9(sod'umfhv<lrogen •• chan~rL,sofO""9 



I<:EAPI 
UfOll 
POf4D 
M!i4J\88 
lOC286G46 
00" 
TMEM18 
ALDH1A2 
fLOn 

TNFSF4 
,",om 

SUUI 
MGC39372 

ATPlllI 

"'"''' 

CIEH 
WIIP2 
Xf'NPEPI "' .. , 
GIoTA6 

_mu 
CAP3S0 

""" 

CHlorlU 
UGCGll 
~, 

""" 
fUl0~6 

RAVERI 

FCUIA 
CGI-32 

""" SELPLG 

I<elc~-I,kefCthI55O(,_edpr1)te,n 1 
ub'qu'bnfu .. onde9radat,onl-I,ke 
l>amolog.DrosopMa) 
membrane·spann,n<,l 4-ooma,ns. subfam,ly A. memMr BII 
hVPO'-hehC~1 prDl;e,n l0C286046 
qu,ntH<ldihydropterod,ner...:lucu ... 
transmemb<-aneprol:lrlnl8 
alde/1vde<lehydrog .. ~ ... lf...."ly.m,,",berA2 
flot,II,n2 
ubOQ",Massoc,atedproteln2 
transcnptiDn"llv.ct,~at...:l9"yCO!)r<>tein l, 3<lkDa) 
WAPfour·d,wlfidecoredomam Il 
T·LAl<:cell·on9,,,,,te<lprote,nk,nase 

:~:::te;n) 
hYPOIl\ehcalprOle,nMGC393n 
cytok,ne rf!Œptor-hhfactor 1 
Gprotem-coupledrlKeptorB4 
prc·melar"n·concent .... l'nghormone 
cMmojune·l,kefactor 
ATPase,Oas&V1.lype 1111 
polymerau (RNA) 1 W1ypept,de B. 128kDa 
cas<!>nk,na ... l.betapolypept'de 
HLA-Ba55O('atedIran...",pt4 
DAZaSSOClatedprole,n2 
presen,I'nenhancer2 
U2(RNU2)smoJ!l nuelearRNAau.oI,ary factor H,ko!3 
hYPO'-hehcal proIeon MGC20765 
z,ncfingerprote,n569 
",nlunnl 
c1llc,umand,nteonnbond,nOl(calmynn) 
WW dema,n b,n<l'''O proteon 2 
X·pr-Illyi amonC(l"llI,dase (amtnCl'.p~da ... Pli. SOluble 
polypynm.dHlEtractblnd,noprotelnl 
GATAbond'ngprDl;e,n6 
glvp>C.on4 
mEtl1y1trar>skrasehke 2 
c""'trosome·as:&.OC""tedprote,nlSO 
awllP09roteonC·1 
hypotheb'ulprDl;e,nfU2S952 
bulloU$pemph'Qo,danb9'!nl,230/240kDI 
adoonoly1mf1th,onin.deaorbo'ylas.el 
ret,noblastomabond,ngproteon7 
domains 
cM,nase3-hhl{cart,IaQeOIVCOPrQteon·l9) 
leukocyte·d.n~ed ar\l">o""arnmopept'd ..... 
calCI!<:In,n·rf!I_EdpOlypephde.beta 
.. 'n9Ie!l5-type MMTV "'tegrat,on sote fa",,,ly. memMr 4 
..,m,lartohypoth<OloCillprol",n 
nlCobnam,denudeotuJeadenylyltransfe",,..,1 
ctlromoscme10 epen......d,ngf",me 13 
UOP·glu<:ose «",m,dE ~uCIISyltfilnsfl!rase·hb 1 
nt!1'n'~.P09mentoSil2 (X-hnkednt!ce .. ,,,,,e) 
br~$1 Cll'Clnema amplified sequence 1 
upSlream IranocrlQt,on factor 1 
CD84 iItlt0gen (Ieul<ccyte ~nh9f'n) 
IWClneprehne·ennchedprol<!oQlycan(lep.-ecan)1 
nypothehcaiproteonFU10546 
RAVfRI 
molybdenumcofactorsvntl'lo!~ .. l 
apoptososmh,bo!<:lr 
CyelocA,MP-",eu"-ledphosphoprote,n.2IkO 
G-prote,ncouQledreo:eptorTG1019 
post""',ot,c s.Qrf!Qat,on ,ncrea ... d 2-h~. 5 
prefold,nl 
nYPO'-l'Io!bcalprote",fU20244 
fibroblaSl growth factor 21 
cIlromosome 20 apen read"'Qframe 31 
Fcfr'llqmentoflgE.h'qhaff;nayI,recep!"orfor,alpl>.polypeot,de 
CGI·J2proteon 
hywthe"calprote,nFU2Q31:l 
I<lMl228pn;1teon 
pynoo""l (P'lndo~,ne. ~,lam,n 116) pho.phata"" 
hyPQthebCalprDl;e,nMGCl1J49 
cyd,nA2 

2,ncfingerprote,nI<:R-2NFl 
tojl-llbreceptorl 
chromosome iO open read,ng frame 42 
Ras-,nducedsenescencel 
bas,eleuonez,werandW2domaonll 
select,nPhgand 
ADP-nbOsylat,on factor 1 

GPCI \lIYPlCanl 
C20orf54 çhromo .. ome20<IPenr~admQfram.54 
nc SEC7hOmolOQ 
NOSJ n'tnCO .. dESynt!l ...... 3 (endothehalcell) 

~ypotnebealproteon FU20254 
cyst:e,ne·nchw,t!lfGF·hkedoma,n.l 

POOl pa .... O~Dn ..... 1 
PKIB prote,nkonase(cAMP·depend,nt.catalyhC),nh,botorbeta 

tumordofferent,allyexprf!ssed2 
1.cyd,nO·",late<l 
ehilnnel.subfamolyN, memberl 
DESClproteon 
mesodermspec,~ctranscnplhomoIOQ(mou"') 

p/1oSPhol,paseA2reeeptorl.160!<Oa 
.. ncfin~rprote,n439 
FUn62~p",le,n 

CLU qlvcoprotein2. te5tosterooe-repressedprostalemessaQe2. 
TM4Sfl tratl$membrane 4 ""perlam,ly _mMr 1 
1<:[AA.1463 KlAAl46lprot ... n 
SCOC short ,,,,led·,,,,,1 prote", 
MGC431l3 hypDl;hebcalprote.,MGC4308 
WIIPll WW doma,n b,nd,nll prote,n Il 

hywthe~cal prete,n MGC~7869 
hypothEbCalprote,nFU11S11 

ARS2 ..... enale ", .. SUlnct! proteonAIl5l 

HtST1H2Bfo1 IIostonel,H2bm 

vrUB 

" ~"' 
MGCl7299 
ILIA 
O'P2A7 
~GNI 

HGRG8 

SUHWI 
KIMlll" 
GIPR 

"'GCISHO 
fU2S476 

I<:1M020S 
AA637 

FU36SlS 
SlC38A6 

human ,mmunoddc .. ncv ",,,,. type 1 enh~""" b'nd,ng prote,n 3 
t,,"'ISPecol\e.l0 
RANbond,nQProteon2·I,ke1 
KlAA0379proteln 
chromosome 1 open ",adonQ frame 36 
o~anan "ncllngerprote'" 
~pann·Dond'ngon:>wthfact.,..b,nd,ngprot.,n 

act'n,oam ....... 2.smoothmusclo!.ent.nc 
associatedfactor,20kDa 
AOp·ribo~I_,on~ctor·hke5 

(yeasl) 

~~=~':c~~o::'':!.) ôtCIlvator 
hypotholt,calprote,nMGCI7299 
,nterlWk,nl.alpha 
eytochromeP450,famtlyl.subfamoly,""POIypePMe7 
h,g~-mobol,ty \I"'uo nudeosome I>ndon~ ooma,n 1 
IIogh·glucose-regulatedproteon8 
pun""'lIoc,..,ceoterPlX.I".and-gatedIOnch ..... nel.3 
preterent,allye~pres .. dantooen,nme"'noma 
T·celliICI~ahonl .... one",peat-rochprole,n 

~~;~!s~~~~~~~~n~~ ~!~&~~ 
lammBreceI)CO' 
hVPOtM~caloreteonMGC12q72 

.,ncfinoerprole,nI92 

~~72~r::'~e~2 w,ng Mmoloo 1 (Drosoph,la) 

gastrlC,nIl,b,torypolypephderlKeptor 
Qrewth a",est and ONA-da ....... Qe-'nduCible. çamma 
pho""ha~dyl,no .. loi Qlyc~n. da •• 5 
cIlrOfflQsemE fj open ",iId,nQ frame 134 
ntloOsomill proteo" 529 
hypolhehcalprDl;e,nfUIJOOO 
hypothahcalprote,"I'IGC1S730 
FU25476prot.,n 
tasle",c~lor.lypel.member60 

~~~~ih.ne2 
nbose 5-ph!l5Pl1ate ,somerilSe A (nbOse 5-phosphate.p,mera..,.) 
PHO ~nger prote,n IS 
K!AA020SQeneprOdUCI 
RAlI17,memtlerofllASoneOQEnefam,ly 
FU1SI]lprole,n 
c""nabon",dreCElltor1 (bra,n) 
hypolh.hcal prote,nLOC2S917l 
lOIutecamerfamoly38 meml>@r6 
ntloOsomaiprote,nL21 
h,gh·mobohty Group 20A 
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MYHIO ~:!nb~:avy ~yp~,~ 10. non-mu«:l~ 4&Z8 

."', 1551 
MGC9651 ~ypoth~t .. :aI prote", MGC~6S1 ZZE-4 
m tranocnpt.an'acto.-) 2.1E-4 

.mmun'ty.ssoc .. tedpro"".nl 2.1E-~ 

zone finger, SW~ domaon contam"'q 3 Z.lE-4 
~:~I:otono~-COMlyme A carboxylase 2 (beta) 2 3E-~ 

hypotnetJcal prote,n LOC3~911~ 
fGU fibn noqe n-I'kel 
LARl'IP2 leuc.nenc~rePl!'" (,n FU[) .nteract,nq proteon 2 
MGAT! 1Iœtyl~ucosarmnyltransfll! .... se 
,~, ~~~~..=:!~Pt ..... ",~ (serntontn) .... c~pl:or ~ 3360 

"" Ellympho,dt-,orns,nek.na ... ." 2SE'4 25E-4 
vu,d~''''<>CIatedmEnlbraneprote<n4 8674 2 5E'~ 2.SE-4 
ATP·b"'d,no~ssett~ •• ub·f ..... ,lyA(Aecl). mO!mtlEr8 10351 26E-4 
chromosome 200(lMread.nofnlnl<! 179 2.6E·4 
prote,ntyro .. nepl1oSOhatase.nan-rKeptorlypel 
cotransportNl.memoer6 

RPS61'U nbo.omaI~E1nS6k,na ... -hkel 83&9<4 2.6E·4 
XPfo1GI-i XPMC2preventsmttotlC~aslrophf,2h"molQ!I(X"n"puSlilEVlS) S7109 2.6E-4 

h.'tod"'e-nchqlycoprote,n 3273 
uboqu,t"'.peCificproteasel 
z.ncf.ngerpt""IIte,nl2ZA 2&E'4 

'AA' p21(CDKN1A)-a<.tlvatedkonas.o2 5062 27E-4 
KlfCJ k>neti,n~m,lymemberC3 3801 2.JE-4 
STXBP3 svnœx,nb'nd,no;Jprotoo,n3 &814 2.7E-4 
LOCSI204 =.~~~PR00477P SI204 2.JE-4 

hypotllettcalLOC28H3B 284338 
hypotl><>~cai prote,n fU12118 79587 
34kOa 2BE-4 
pe"o.ttn.osteo~ast.pec,fieract"r 2BE-4 

EDNR8 endothf,hnre<;@j)ta.-t-,opeEl 1910 
CDC4S1.. CDC~S cell d,y,soon cycle 45·hk@ (5 c@ .... y,soa~) 8318 

nypotheto~~ prote,n FU21825 ZB4004 
dachshund homoloq (Drosoph,laj 1&02 

~" prote,nk,,,,,seC.,,,ta 5584 
m hkely orttloklg of mouse zme fin~~r prote.n El! 1685-4~ 

hypothetJc~prote",FUZ3654 

maJOl"vau~ prote," 
chol,nelethan<>am,n~hosphot",nfle",se 

CXCU2 chemol"ne (C·X·C rnotrf}"oaJ\d 12 (.trotTWMœlHlenvednctor1) 6387 
PDCD~ Pl"og.ramme<jceldeath4 (I\IIODlast,etra"lformat;,on,nh'botorl 27:150 
.o.Tl'IA3 ATPase.Na+/K+transport'''II.alphalpolypePlode '" llE-4 
S5Xl .ynOYI~sarcoma. Xbreakpn.n11 6756 31E-4 
,,~ fet.IAlzh",m...-antoQen 
IGU3 ,mmu""9lottuhn lambda Jo,n,n~ 3 

ACp·rlbosylat,onfactor-l,h2b,ndlflllprote,n 

'a, domonant.ata ... nl) 31E-4 
PACSIN2 prQte"'ko""seC;wIdca .... nk,niSesubWate.nneurons2 J 2E'~ 
TlIfJl.Sfl9 tumornecro ... facta.-recepl:orsu""rt ..... ,ly,member19 33E-4 
FU3S119 hypothebcalprote.nFU35119 3.3E-~ 

majOr h,stocompatoboloty ~om.pIe~. class 1. 8 3106 J.3E-4 
IrlAarsen'tetransporter.AT1'·omd,ng.homologlCOacte"aI) '" 3.lE-4 
apohpnprotE1nL.l "" inhib.torofgrowthfamoIY.mEnlber3 54SS6 
serum/{llucocort,œ,dregulatedk,nas.H,ke 23678 

LOC220074 I"1vpothe~caJ 55.1 kDa protE1n f09G8 5 ,n chromosome m 34E-4 

" ceruloplasmm(ferrox,diSe) 3.5E-~ 
cytopl ... m,et",I,4 

SNWI SKI-,nt@ractingprolf!m 

"'" d@oxycytod,n~ konase 1633 
ITGElJBP ,ntti,lnnbeta3borld.n9~ein(betal-@ndonex,n) 23-421 

l'[AA1799prot,,,n 36E-4 
hypothetocalprotM,nBC017397 3 6E-~ 
m,tocho"dn"lnbosomal~ ... n5IS 

COC.se celld'YlSloncvcle25E1 J6E-4 
PSM62 proteasom<!(prosome.ma.cropa,n)$Ubun,t.tlEtityPl!.2 3.6E·4 

)ump'rlQtran.locatoonbreakpoont 36(-4 
hypothet,~lprote.nMGC40053 J.7E-4 

PRCI proU!,nreQulatcrofcytok,nf$'s1 9055 
TNfRSf6 tumor n",ros,s factor reeeptor su""rfam,ly. memtlEr 6 '" sphClnQfactor) 6426 J7E-4 

slonqshotl ,«" 38E-4 
STXBP4 sy1Ita .. n!>,nd,ngll'ote.n4 3 8E'~ 
BClOl 8-celICLLJlvmphoma!H.h 3.8E-4 

"'U n"",somal prQI;",nLJ 3.9E-4 
.11.01 ARDI homolOQ, N-a.cet-,o",,,,nflerilSt! (S c .... eY''''a@) 3.9E-4 
ECG2 esoJ>hagusca"œr-relatedgene·2 3.9E-4 

hypotJ>e~cal prote'" FU35721 1'.IE·4 
U? .... Ii.NA·usooat@dSm·lokepr"Ote.n 4.1E-4 

K[AAOI70 KIAA0179 
IoIli.Pl9 motochondnalrioosomajprote,nL9 

pl,mrtefll'c reeeptorP2~. hoand-qated ",nchannel. 1 
ZNf410 z,ncfingf!rprot@,n410 57862 41E·4 
FUI0120 hypothebc~1 prote,,,fU101l0 55073 ~ 2E-~ 

hypO!hebcaiprottmfUJ7970 4.:J.E-4 
""nthonedehydroqenase ~ 3E-4 

Sft\AII.CA4 chromat,n. subram,ly ~. memtler 4 &597 4SE-4 
ZNf451 z'ncfirogerprote,n451 2603-6 ~ SE-~ 

AA8. mO!mb .... ofIlASoncogen@fam,ly-hkeZA 1 il 59 45E·4 ~ SE·4 
t:yd'nElltnte .... ctonqprote'nl 57820 4.SE·~ 4.51:-4 

fU33710 FU33710proce,n 
PPILI ""ptodylll'oIVI,sornera.~(ydOflh,hnHoktl 51645 

~ypothebcal prote,n MGC46496 285555 
403323 46(-4 

ql",os,dase. bet~. acod (ondude~ qlucosylaram,dase) 2629 ~ lE-4 
Spj.onQfactor ........ n'n~."nne-nch 46kO 
tnpart'temolof-conta,n>nq4J 

GNMT glyc,neN-methyltransfera.~ 48('-4 
IiARS2 h,stodvl-tRNAsynthet.lOse2 92675 48E-4 

.tromalan~~n2 10735 4aE·4 
8T8D4 8TB(POl)domanconta.n.n04 4 9E-~ 

CA" CAl·assooatedstrI.K1UraiprotE1n ~.9E-~ 
tnpept>dylpept,da ... n 7174 491'-4 
.olutec'''''...-fa .... ly 39 (z<nc transporter). memberl4 23516 SIE-4 SIE·4 

USI"51 ub'<lu.t,n.~c,ficll'otea$E51 51E-4 
PGLYRP pept'd09'YCill1recoqn't,onprote,n 

punne-r>Cli element I)ond,ng prote'" A 
tropon,n!.card,ac 
nuc1<!arfa<.tor.lnUi1""k.n3r"fjulated 
chromo.ome 16 open read,ngr .... m"S 5 4f-~ 

fU31461 hypothetocalp.-ote.nfU314&1 S 4t-~ 

~~;~115 
lowmoIK"'armllSSub!ou,none·l)ondlngprote,n(95kD) S 4t-~ 
CG!-1I5prote,n 
protocadl'lenngammasubfam'lvA.1 5 ~E·~ 
nudearrecepl:orsubram.lyl.g.-oupl.mEnltler2 5 ~E-~ 
TPx2.mlcrQl;ubul"-assoaatedprote,nhomoloq(Xeno",,s""y>s) SSE-4 5.SE-4 

5.SE·4 
emopam,1 I)on<!,nqprote'" (sie". '.omerase) 111682 S.SE·4 
MHCdassl!t ....... saàlYata.- ~261 5.6E-4 

CD20011. celsurfaceglyœp""'eonreceptorCDZOO 
E[f2S2 eukarvot,ctr-ans.lat,on.n,t'at,onfactor2.SUbun't2tlEta.38kDa .~, 57E-4 S.7E-4 
Clorf34 chromosome l """"read,ng trame 34 22996 5.7e-~ S.7E-4 
ZNf291 zoncfingerprote,n291 4%55 
~1I'3Rl alpha) "" solute cam .... r","'ly J~ (metill 'on tranSQOrter). member 11 201266 58('-4 

RWOdo"""ncontillllll{ll 51389 5 8E-~ 
FU20111 hypothetlCillprote,nfU2011l 5 8f-~ 
ITGB1BP2 'nteonnbetalbo!"ld,ng~",n(melu"n}2 6[E-4 
SEUl elonoatton facta.-forlelenoprote", tranlilat",n &.OI:-~ 

l'IAA079S~~n 23276 601:-4 
kinH,nfam.lymember9 64147 6.01:-4 
leuone-ndlreoealSand,mmo.onoo'oi>uhn-I,kedomaonsl 

'" 61E-4 ::::i =:::';"'''':~::'::~~ =~:~'I,n ... "lpI1a 2 4820 GIE·4 
hypothetocaiprote",MGC33J82 162681 
konase'nteract.f\ljw,thl .... ke ... a·u.oc."'edg@lle(stathm''') 63(-4 
,ort,l,"l 6.3(-~ 

PPPIR2 prote'npnosphat .... I ..... gulata.-y(,"h,b"-or)subun.t2 
SNTEl2 co~0""nt2) 

premeU'lIn 
~".nQ'iiàorl 
dual spec,fit,t-,opllo.phatase18 

SlC35C2 solutolcam .... fam1v 35. memt>erC2 ,,~ 65E-4 
FU2l761 hypoth@b~lprote,nFU22761 80201 6.SE-4 
Il.APIA IlAPIA. memt>er or RAS oneogenefam.ly 6.SE·4 
FUIO&18 hypoth@bcalprote,nfUI0618 6SE·4 

:"'~nt transform,nq growth ractor beta I)ond,nQ prot@,,, 1 405. 
hypoth~~cal prote,n FU25378 lS50S5 ~ 6E-4 
cyel'n-d .. pendent I:.onase (COC2-I,ke)Il 66E·4 

PRDMll PRdoma,n cont",,,,n9 i3 
~III1GAPIIA .. m,lartohu~nGTPa ... ·act,vat,n!lProt~.n 
MANEA manno .. dase.er1<!o·a,ph<> ,%~ 6RE-4 
C14orfl08 chromo.ome 14 <>oen r .... d'nQ f .... m .. lOB 55745 6BE·4 
NUOT2 nud .. (n",leo.od" d,phosp~ate Imked mO'I!tV ~)-tVpe mouf 2 

ADP-rlbosyl"',,,,,lactor-I,keIOC 



f)(506b,ndlngprOte,nn-rapamyc,nilSSOCliltedprote,nl 
lIypothe~Cillprote,n FU14800 84926 71E-4 J.lE·4 
memberl SM73 l.2E-4 7.2E·~ 

aNGPT2 anQiooo'et,n2 '" 1.2E-4 

"'"0> polycyst,cludneyill"ldhe~bcd'$e_l{ .... tosom.JIrecess<ve) 5314 1.2(-4 
~BMBA RNA bll"Id'ngmotif prntl!OnBA 9939 7_3f·~ 

MPIl4 ",,<:\I:/lsornelss.mblyprote,nl-hke4 4676 1_3f-4 
CGI-Olprote,n 51603 
StN3homo1oqA,tr1lIn5CT1pllOnalreQUlato<{yeast) 25942 

STMN2 slalhmln-hke2 
Ol(fZPS648IDl(fZP56"B147proll,n 26071 7.SE-4 7.SE-4 
I<tM0907 KtM0907protl!On 22889 7.5E-4 1.5(,4 
5UTRKS sI,tand trklikeQIIM5 26050 
TPSTl Iyrosylprotemsulfotf1lll.~~sel 8"60 

_edantl~I;.....:rOllhaQe .... t>Qenl("",,-l)beliisubunll) 7.7f-" 
)p·"S 7.8E·" 

FU20SH lIypoll">etlcalprote,nfU20S34 
2fPMI l'ncfingerprote'n, multltype 1 

,nler1eulunlre<:efltor-lIkell'lIi11"ld 11018 
PoIAGEA3 ~,:~ma antiQen. famdy 1o.. 3 4102 7.9E·4 

"'''' 7.9f·4 
C6orfl57 chromosome 6 open n!adm'1""'me 157 90025 80f·4 
Ol<f2""}<4000Kf2P4340047prot,M 26083 8.0E-4 

betil gillactosyltnlnsl"",,,,, eGALTlS 
arvlhydror:artlonrflceptor.,terict,n'1prote,n 

Reu RNAterm,nal pho$j)hatecy.:lase-I,ke 1 IOIl! 
OK/SW-d 56 bela5-tybul,n 20)068 82E-4 
P2RY5 punnerQIC",cEQtorP2Y.G·prote",coupled.5 8.3E-4 

.,ncronge'.Ol'l'ccoma,nconlilm,ng7 IIU-4 
crystall'n.QammaA 8.3E-4 
..... oterm,nd-h.e2(Oro"""II,la) 84441 
,nlMfl!'on·,nduce<!prote,,'w'lhtetnllncopeplldoer." ... "5 2413B 

cnorfl cl1(omosome 22 open readmg frame 1 

"', chapooron,ncontammgTCPI.5"bun,t7 (ela) 

""" cl!fflmosome 2 open read,ng frame 7 84279 
aldehy<le dehvdroo<'nau 3 lam,ly. mem~, 62 m 

"'" fcr-eceptorhomo~e"","essed,n6oolls 

OKfZP414"'lhypott-.et'Cillprote,nOKfZP"'341o.1319 
hypotl">e~callH"ote,n fUI0871 

C200rf24 cl!romo<Om<! 20 open read,ngffam<! Z4 55969 8.61'·" 

"'''' placenta'SPeoficB 51316 87f·4 
cm v-yeS-1 Yamagud"l, sarcoma v",olII ",lait><! OncQ~M h<>molOO "'" ~lAA05n KlAA0592proieon 253725 
~m adenylalecyclase5 ,U 9.0E-4 
SAl'18 ~~!~OCIatedpolvpept'de.18koa 10284 9.0E·4 
SUllfl 
FU12S-41 Sbmulalldby'e!,nQ,caodgene6 92E·4 
LOC5H44 hypotl">ebcal prote,n LOC5U44 9.2E·4 
CN1H comlChon/lomolQ<l(Orosoph,la) 10175 
LOCi/B607S hypoll">e~cal prote,n lOC286075 286075 

l'QI>! lunel'on JII"Ot~,n 4 (penph@ral) 94E·4 
f-boxilndWO-40domil,nprole,n2 26190 94E·4 
hypOthf!bcalprote,nSCOO1l39 1516411 <J4f-. 

flGNU fidQet,n-likel 6397<;1 94E-4 
ZNF547 l,ncfi~rpr-o""nS-47 9SE-4 

hypothf!lIcaj prote,n6C0118BO 96E'4 
MUS81 endonud..,,,,,homoloq (Ye.lst) 9.7E·4 
EGf·hke·doma,n.mylt>P!e6 

toG83687 hypothellcalPl"ote,nlOG83687 

"'" ~ymera .. (ON1o.d"ected)SI'1ma 9.lE·4 
IiNMT h'SI~,n"N·melhyltr.,,5ferase 9.7E-4 

hypOtl>olbcalpr-ote",PoIGC13159 
cancE"!"susceptib,I,t\lcand,datel 

VAMPS veSlde·assooill!Odm<!mbraneprote,n5(myob,..v,n) 

00." ~l"Idnllcceli-iSSOC'iI"'d~C'bn·1 99E·4 
hypoll">ellcalpr-ote,nfU200H 99E·4 
~y(A)bond,n!lprol ... n.nucl ... rl IOE-1 
ATP"""Cii++ transport,ng, card,acmuSde, 510wtw,tch i/ I.OE-3 

~PAG5 spermasoooalf!danllIIen5 10615 IOE-3 
LOC283S37 hypothetlcalprote.nlOC283537 283537 1.0E-3 

epolhel.alpr-oIe,nlost,nneOQlasmbela 
sec13-H.eproteon 
phosphod,tslerase 6D,cGPoIP'spec,ftc, ,1)(1. dell'" I.If-3 
Rho guan,ne nudeot,doee.chan'1e factor (GEf) 10 I.IE-) 

LOCJS8160 hypOthetlcalprole.,lOCISBI60 I.IE-) 
OKFZoS6bCO putal,veMAPKiICt'vatlnQProt ... nPPoIZO.F'M21 I.If-J 
FU2S735 hypOth .. bcalprote.,fU2573S IIE"3 

ITVl .... ne "" Gprnteon-OluoledrK~pIorlO .B34 IIE·3 
FU375&2 hypothebcalPl"oteonFU37562 l.IE-3 l.U-1 
50Xll SRY(sexo:lelerm,non'1rflg,onY)·bo"ll "" l.IE-) 

s,gnaltransducerilndilct,vitloroftrarw:npt,onSII 6777 
tumornecroSls""ctor..ecepior-suoerfam,ly. memt>er8 
hypothetlcalprote",fU31979 
lysyio.'daSe·hke4 
cl1(omosom" 10 op.., ""Id,nQ f,~me 4 
carno.yl<!SlE"!"ase2 (,nlesbne. "v..-) 8824 IZE-) I.ZE-3 
g.amma·amlnobut\lri( .cod (GA6A) B ~eptor, 1 2550 1.2E·3 \.2E·3 
cytod"lromeP"SO.famoly21, .... bfamoly ... , polyoept,de2 
seventransmemtlfanedomlllnorphanreceptor 12E') 
chfflmosome 6 open read,ng "'ame &6 l.2E·) 

L1MSI UMand senescent cellanlogen·hkedama,ns1 "" 12E·3 
NPAS3 neuronal PAS domiI,n proI ... n J 64067 IZE') 
ARTS·I "''1u'''IO' 51752 l.2E·3 
EMl4 ed"'lOdermm,crotubuleil5SO<:'atedprote,nl'ke4 <7436 12e·3 

.. ne ~noer Pl"ote,n 579 16303) 12E·] 
~~~:~er Pl"ote,n 499 84878 12E'] 

fK5G42 81~Sb 

FUI2760 hypothellc",lprote,nfUI.760 339175 
K!AA(JI;43prote,n 
,nos,lolpolypl>osphitle-5-phospllillase.40kOa 12E-] 
chromosome" opo!n "'a-d,nQ frame BO IlE'3 

K1AA14SS KIA1o.I458 prol~,n S7M)f! l.2E·J 
5LC16A6 member6 9120 l.2E·3 

OIlCCRH,ke 3394]9 I.n·) 
sm.JIlnucl ..... r"bonucieoproteonpolypeptldcsSandfll 6628 UE·] ,'<, CoAk.,a"", 8034] 1.2E·) 

'" complemefll component 8. gamma polypepllOe m 12E') 
F·bo.",ndWO-40doma,nprole,n5 IZE·3 
nunm (nudearenv~lopo! membl"i.ne !)rOte,n) 13E-3 
vang·l'kel("angOljh,Orosophola) 1.3E·3 

POU2l ~ym"r;lse (RNA) li (ON ... doreCled) polypepllde L 7.6kOa l.3E·) 1.1E·] 
TAAOBP TARON1o.o.nd,ngprote,n IlE-1 13E·3 
FU3067S hypothellcalprote,nfU30678 139324 1.3E·J 
~lAA0922 KlAA0922proleon 23240 13E·3 

'ffi' :~~e~~~ Olre~"M) 
ANX-'S 1.3E-) 

Œ""" clVomo.ome 9 open ",adonQ fr-ame 23 13E·3 
Onal(HsP'40)hornolOlj.subfam,ly6. memlle' 1 1.3E-) 
/lvPOthetocal prote," lOC2B38S] 1.3E·3 

~;;.~ 
prote'n .... ooilted) I]E·3 1.)E-3 
ESc~le'PI"essedP45 13E'] l.lE-3 
.I>nnejlhn!ononeluna""'Il,nlf!ract,noprote,n 114790 IJE-] 
I">epar;ln sylfate 6·0·sulfotransf~"a"" 1 9394 Ile-] 

:,::::~:c:::~:~~I~i~~~6020 
ATP-bond'no Cils"""e. suO-fam,ly C (CFTI\IMRP), membef 5 
dOhchylpy,oQhosphallpl>oS!>hal ... el 
myocard'n·,.. ... ledllGnscnpl'onfactorll 
OEPdomillncQnta,n,ng6 64708 
CCAAT/erohanœrb,nd'nQproteonzeta 10153 

PROIBSJ hypothebcaiprote,nPR018S1 5S471 14f·l 
NOUfA2 =~:.~~droQen ... e (uboqUlnonel 1 alpha 5ubcomple •. 2, 8kOa 4695 14E-3 m, 14f'l 

WOrflpUldoml,n23 803<14 14E-3 
four and ahaifUM domalnsS 9457 

RB6P6 ret,nobi ... toma bmd,noproteon 6 5930 1 ~E·3 
I<ADHA tn,o'ut/enoyl-COfllzy"",Ahy<lnltaoe(lnr."nCl,ona,prote,n),alpha 3010 14f'3 1.4E-) 
IiAOl'6 th,o"'se/..,oyl·CoenzvrneAhy<lralilse(lnfunCl,onalprol.,n).t>eta J032 14E-) 

RAIIHA. member RAS onCOQeM famdy 8766 
ZNF384 ",lCfinoerprO!e,nJB4 171017 14E-) 
MRPl37 m,tod!ondl1alnbosOmillprol ... nL37 51253 1.4E.J 14E-3 
LOC20000a hyOOIM~Calpr-Ole,nLOC20oo08 20000B 1.4f·3 I-"E·J 
FR6i/1 FR8Z1prole,n 360023 l "E-) 
SLC26AIO solullcam...-famolv26, memberlO 1.4E·) 
IJSP25 ub,qu,!<nspec,ficprotea .. ZS l "e·) m, synaplOlagm,nVU 

... " Ras·,nlelGct,ngprote,n 54922 14E·3 
CGI·HI CGI-HlprOle,n SI026 ISE,) 
EVl2S "mtrop,cv,ral ,ntegnll,on s,le 211 llZ~ ISE-l 

ATPase. H+lnlnsportlng, Iysosornai 14kOa, VI subun,lf 9296 ISE,) 
FU3B705 hypolhebcaiprote,nFUlB705 I.SE·l 
STXBPS syntax,nb,nd'''llprolf!,nS(lornosyn) I.SE-3 

vaclJOla,prote'n SO<t,rog 336 (yeaSl) 
solute Cilmer 'amoly 39 (z,nc tranSPOrter). member 1 ISE"3 
CNoIPrespons,,,elle,,,,,,lo.nd,ngprote,nl-loke4 ISE") 
Qolgi appilfatu5 prote., 1 
hYPOlhellcalprote",MGC3S0"a 1.5f·3 
1(!AA08SJ I.SE·3 



f"J9Q709 
Œ0rf210 

PltPSAP2 
fUI1S26 

ZNFS74 
PIleE·1 

"""~ ..... , 
PROM8 

CRE66f'/EP300,nn'tI'tol"'/prote,nl 
tiLAcomplexQroup4 
rnromosome 9 open read'n~ fra ..... 87 
hypothebcallVOtelrlFU2194S 
tran50lembrane 4 superlam,ly ..... mber Il 
Iymphocybl anllqf!n 8b 
50Iutecarnerfamly))(acelyl·CoAI""nsport~r). """"o..rl 
m,lochondnillnbosomaiprot.,n516 
annu,nA7 
hypothetl~prote ... fU90709 
cI .... omo50me6_n",ad,nllfra ..... 210 
act,vated Cdc42·aSSOCl~I.d kma ... 1 
Qlucurollldase.blilill 
phosph(mbosyl pyrophosph~l •• ynlheta ... ·as.aoal.d prote,n 2 
hypothebcalprote",fUllSl6 
.mcilndnngfinQ.rproten1 
• .ncfinQerprote,n574 
eznrHlln"'''9~rtnerPACE'1 

_ron ..... 1 1 reteptor3 
poIyme""se(RNA) [[[(ONAd,rected) polypeptld.K. 123kOa 
nwI)O( hlstocomp;1lllblllty compH>x. dass 1. C 

:.!~,nCOl1ta1",n08 

K!AAOSII6 rrZ.~~natek,nasel 
nMMQ InInsl~ ... of,nnerm,tochondnal .... mbfane9homolO\l(yeast) 

nypolhebû1lprote,nMGC2474 
ZNF2S8 .,ocfingerprotollnZS8 
GNAIl act,y,tvpolypepttde 1 
TBXA2R Ihrombou""AZreceplor 
lCHL lactatedehydr09"naii"A·ltke 

SRV( .... _rm,n,nQnlQtDrIV)·bo.S 
ATPase,H ... transportmll.lySOsomal13kOil,Vl ..... bun'IG .. oforml 

ATP6VODI ATPase,IHtransporttnll.Iy..,,..,mal38kOil.VOsubunlld,soform1 
OKfZP564000KfZP564(J1I813prole,n 
MIPOLI m' ........ ·"n •• gep-olyda.aVlyl 
FU2SbbO hypothellcaiprotelllfU2S6611 
ANAPC4 anaphase Promobng complex iubun~ 4 
SLC7A6 .ysteml. ..... mber& 

OKflIl4SI10. ~~:::I>ot1!as.sooaled 1 

.'m'lartoSP.c'nQfactor.arg""r>e! ......... e·.,rn4 
CSorfS ch'ornosomeSooen"'ad,n'lfra ..... S 
e~8 utracell"lar"Qnal·regulatedk,nase8 

~;!;,':t!,I: ;;mbrille prote," Nnd 4 l-Itke l 

IHB{POZldomatncontam tnq3 
"'IiPS27 m,tochonMal ~bo.."mal prote,n 527 
FUI,S'l8 hypothet.calorOle,,, FU12SgB 

1 
hypolne~û11 prote,,, MGC1lO4C 
,,,n'b,tor.alpha 
forkhudboxG18 
)"rnon],.AT nch 'nteract'vedom;>,n 10 (R8P2·I,kel 

PLEKHA3 IIInd,ng ""ec,~c)"",mbtor3 
SCAP2 ",",film,l~a"""c'<tle<lphQ$phop""em2 

hypoln..~CilI prote,n FUZ2671 
OPtatere<eptor·I,kel 
"'g"lilIorofG·IVOt .. ,n"unalltll!l19 
peptKlvllllyone alp/"ta·am,dattnq monoo~yqenase 
p/"to$i>ho9Iucomutase 1 

ZfP2B "n<:tin<;lerprCle,n 2BhomolOQ (mouse) 
OKFZoS86Ml putat",elysop/"tO$phalldtcaodacylt11tnsferase 
NIPSNAP3A nipsnaohO)rT\OjO<;j)",(CeleQilns) 
CSNK2A2 Ctielllk,nase2. alpha pnrnepol'(llept'de 
FUI0287 IIypolM~cal prote,n fU10287 
1'18 myOQlgb,n 
HSPA1B Mat.hock70kDaprote,n18 
HSPCI32 hypothet.cal prOlell1 HSPC132 
"GC16~1 hepatonwt·de~votd 9<0_ factor·nolate<l p.--ote,n 2 
IflT, ,nlerferon·,nduCe<lprO!e,nw,thtetratncapepMerepeats2 

Gprote,n·CQupledreceptork,naseS 
RNA·bmd,nqf"l!<j,on{RNPI.P.RMlconla,n'nq' 
S··nucleotldilSe.cytosohC18 

MAGEA2 motlat"lOma ilnt,ge". famtlv A. 2 
PROX3 peroxtre<lox,n3 

cells4 
hvpotnet,calprOle,nMGC23909 
",nl·relatEdtranscr'ptlOnfiKtor.} 
glutam<tle'CYile,nel,gase catalyt"cs"bun,t 
neuropepl,dev 
oc"lardeveloprl\ent'assoc'ated<,/l!ne 
sod,,,mthillllnel.voltilge·qated.tvpeIV. bela 
Sm;,dnucl .... r'nteriICI'ngprote'n 
~~;B~~~hromoscme ma,ntenance defiCtf!nl 7 (S. cen!v'5<ae) 

PhOSllhat,dyhno .. tol·4-p/"toSilhate5·k,nase.lype[[.bela 
act'v,typolypepl,de2 

~=":'~~I prote'n fU10312 

SI1J·domatnGRB2·I,kel 
SI12 doma,n contatntn9Phosphataseandlorprote,n 1 

MGCIS763 IIypolhebû1lprote,nBC008]2Z 
LOC28S381 hypotlle~cal protein LDC28S]81 
EVA4 .yesilbsent homolOQ 4 (Drosoph,la) 
KNSL7 Iunestn·ltke7 

KlAA1l43protetn 
l,nctingerprotetn 67homo!OQ (mouse) 
lysosornal·assooate<lprote,ntransrnembrane4a1pha 
W,lmstumor1 assoctaledprote,n 
m'toQen'ilCltvatedprotetnk,nasek,na ... l<lnasekll1i1oSe5 
acelylglucosarrnnyllrillllsfoo"" ••• ,soen>y"""B 
COC7celld,v'5<oncyde7(S.œ",vISUle) 
nbo:oomajprotetnSbkll1ase.90kDa.poIYPflpbdtl3 
k,nes,n'ilssoc,atedl!"lletn] 

Eli.Z ej<,"ga~onfaaor. RNA poIymerase Il. 2 
FLJI0201 hypothe~û1lprote,n FU10201 

:~~~ctlOnprote,n.illp/"tillO.S9kDa 

ATPSB polypeQI'de 
CGl-9b CG1·96prote,n 

manno.yll"'nsfer ..... ) 

"'GeHOS hypothebcol prote ... MGel40B 
Ol(flt>686L1hyOOlMflb(alprote,nOI(F2p6B611RI4 
U8XD.} UBXdoma,nconlilltn,nqJ 
K8TB06 k.lch",peatandBTB(POZ)doma,ncootilmtn(jQ 
GPRI44 Gprote,n·co"ple<lre<eplor144 
FU,S222 CXVonl'celate<lprote,n 

FB~S ~~:~htlelr"hYdl"1lf<>latE.homocv.t",ne melhvlt.an,""ra ... 

PRO<OOO f'RD2000prote,n 
NSfllC NSfL1(D97)cohtctor{~7) 

qenfl",1 transc"p~on factor !lA. 1. 19/37kOa 
rnromosome 21 OI)en r .... d'n~ fram~ 69 
chromo,..,me <l open readm~ frame 70 
,mmune ilSsooiited ntJdectlde 4 hke 1 (mou ... ) 
~rowth honnone 1 
hypolhebCillp,ote,nFU12331 
leu('nenrnrepeatr>etJronaIS 

N'lY2A amylase.aloha2A.pancn!abc 
FCGR2B fcfra9ment of IQG. 10walfin,Iy lib. ",cepl:orfor (C032) 

~~'~s"~(lUttn,nq prote,n l 

ntto,..,mal prot"'" Sbktnil .... JO~Oa. polypept,de 1 

~'~.!:~:d~~ :!or:.:: :::~~~' ::~Ia 1 
HNRPII Mter<>llene."..snuclearnbonucleoproleonR 
5lCgAB 5OIul.came,famly9{SOd,umJhydrooenexChan~er).,""ormB 

"'GCl226S hypolhebû11 ~~,n MGC2Z26S 
C2.00rll71 chromosome'O open r ... d,n~ frame 172 
FU304J3 hypolhebt:illprote,nFU)0473 
"'RGX3 Gprol ... n·co"ple<lre<@l)IorMRGX) 

hypotM~cal~e,nFU21172 

RAP2C IlAP1C."""mberofIlASon<:ogenefilm,ly 
O1'3AS cytochromeP450.famly 3.subfam,lyA.polypep~de 5 
lOC1S6148 hypothettcalprot.,n LOC28614B 
ACnIB All.PlliICI,n·t"eliltedprotetnBhOmolog(yeaSlt) 

ohoSllhOd,esteraseWA 
ONA(cytos,ne·S·)·methyltransfera ... 2 
...... ntransrnemttra.nehel'xreceptorLOC28S601 
e"karyot,ctran$liIt,oo ,ntl,at,on factor 2B. SUbuntl 5ep .. lon. 821<Oa 
chromosome 8 open noad,,,~ fra ..... 4 
prostatetumorovernpresse<lgenel 

TGlo17 t .... n.gILJtam'naseZ 
O1RM2 chohnergtCrflCeptor. muscann,c2 

hypolhebcai orOlell1 FUl34QO 

~~~~~,:c;l prOIe ... FUI296Q 

J88152 
8396 

79822 
65121 

b4SS 
79368 
9ZI06 

285181 

5145b 
Sl043 

ISE·.} 
ISE·] 

l.OE·) 
ZOe·3 

IllE,.} 
l.9E.] 

2.CE-3 
2.CE·] 

18E·) 
ISE·3 

19E') 
19E') 

2.1E·) 
2IE') 

ISE·3 
l.SE·3 

I.SE·] 
lSE·3 

l.SE·] 
ISE·3 
1.5E·) 
l.bE·3 
l.bE·] 
16E·3 
1.bE·3 
l.bE·3 
l.bE·3 
16E·) 
1.6E·3 
1.6E·J 

l.bE·3 
1.6E·3 
1.6E·3 
16E-3 
1.6E·] 
l.bE·) 
IbE·3 
1.6E·3 
1.6E·3 

1.6E-3 
1.6E·] 

17(·) 
17f·3 

17E'] 
18{·] 

I.BE·] 
111l-3 
I.Bt-3 

18E·3 
l.BE·) 

l.8E·3 
lRE·3 

1.8E·] 
laE·3 

1.9E·3 
1.9E·3 
1.9E·] 
1.9E·] 

1.9E·] 
IgE·3 
1.9E·) 
l'lE·) 
l.'lE·3 
lOE') 
l.OE·3 
20E·) 
2.0E·3 
l.OE·3 
l.CE·3 
lOE·3 
2.0E-3 
2.0E·] 
Z.OE·] 
l.Clf·] 
<.OE·) 
2.0f·] 

1.OE·] 
l.Of·3 
1.OE·] 
l.CE·) 

ZOE·3 
2.1f·] 
2.1E·3 
21E·3 

2.1E·3 
1.H·3 

1.1E·] 
llE-3 

2U·3 
2 lE,) 

2.2E·3 
2.2E·'} 
22E·] 

2.2E·] 
22E·3 
2.2E-3 

2.2E·] 
2.2E·] 
2.2E·) 
21E-3 

Z.lE·] 
2.3E·.} 

ChoplcJUI.M""wocnpt 



ChaptcrIll.MiII\ISCI1p1 

FUZ3058 hypoth~~cai prote,n Fun058 
.c rabconnecton·l llE·l ~ lE·) 
TU864Q lub<Jh".betapolypept,de4. memt>erQ l3E·l 231'·3 
SRPI4 ro':':~xDl 2.3E·3 

2.31'-3 
lNF51J ZI"cfiO'lge,proto!,,,S13 
C7otfl5 chromosome 7 open "'ild'''Q frame l5 
ANKROIO ilnhnnrepeatcloma,nlO 556011 231'·3 
1Rf2BP2 Inlerleronrefjulatoryfactor2btndongprotelnl l59~8 2.31'·3 
TM45flO uansmembo" .. ne 4 ",petfam,ly memt>e, 10 2.3E·] 

"'"' o~n3{encll!Phelop .. n.panO(l .. n) 2.3E·3 
PAl\PCI poly(A) bond,nQ prote,n. cytopjasm,c 1 231'-3 
AXIN2 ~n~,~~~on~~ct,n, <lx,l) 231'-3 

231'·3 
fU32658 hypol:l!et,calprOle,nfU32658 147872 24E-3 
C60<1142 chromosome 6 Open "'ildino frame 14. 90523 241'-3 

ill1I'nylilm'nopept"" ...... (am'nopePl:od ...... 8) 241'-] 
epotheh~lTII'mbraneprolO"n 1 2.41'·3 'OC, down",g"lale<l,novan .. ncanœrl 241'·) 

OTNA dystrob",v,n. alpn~ 241'-) 241'·] 
hypothebcalprOle,nfU14166 79616 2.41'-] 
lymphOCYlO'illpha-k,nase 80216 24E·3 
hVpothebcalprote,nMGC51550 241'·3 
reproductIOn 8 m, 241'-3 
z,ncfin<jerprotein 28 (KOX24) 7576 24E·3 
Interferon. ~Ipha 16 ,«, 2.41'-3 

;~;~~:=.~':~!::se SMG·l "" 2.51'-3 
,~, 25E-3 
ID"' endothehn3 2.51'·3 

KlAAo0323 2 SE·) 
WASP[P W,skott·A1dnchsynd'..".,.prote,n,nt""act'nQOrouM 2.51'·3 

"'" bilctltncodai/oermeabol,ty·,ncrea .. ngproteln·l'ke2 2.SE-3 
TCOFI T.....m..rCOlhns·frances<:hetl,syndro"""l 2.51'·3 

CO" hgll/1dofnumb-prote,nX 2.51'·) 
fll460n ft.)4{,072protem 286077 2.SE-3 
AD~ll ADP·nbl!sylhydrolaloel,kel ll3622 2.5E·) 
TR[1oI38 In""rt,lO'motof·conta,n,ngl8 2.SE·3 
fU260S6 hyPQthetocaiprote,nlOC375127 26E-3 2.6E-3 ,,- chromosome 9_n "'ad,ng rra,.,.., 89 HiE-) 2.6E·3 

chron\(lsome 6 open "'ad<nor.-ame 145 2.6E-3 
l,keyorthologofmouseprote,nphosphataM2Ceta 2.61'·3 

Tl'IPll luftelin,nlO'r»cbnOPrtlleonll l4144 2.61:·3 2.61'-) 
ttNf4A he""tOCYlO'nudearfactor4.alpha lin 2.tif-) 2.6E·3 
SCRNI 9805 2.6E-3 
~~:';P5f0.400 ~=~.tiCII oroteln DkfZpS6400523 84060 H,E·3 

8875 2.61'·3 
PCDH815 protocadhennbeta15 56121 2.6E-3 

e"Oulfment and cell mot,I,IV 2 (ced-12 homoloO. C eleo;oans) 26E·3 
C.-aniofiICiaiOeveklomenlPrtIte,n1 Hl428 2.tif-) 2.6E·3 
hypotl>ebcalprote,nMGC34695 219743 261:·3 2.61'·3 
Il.as·GTPa ... act,vat,ngproteonSH3doma,n·bond'noprote,n2 2.6E·) 

rNO·SPI2 NYO·SPl2proleon 26E·) 
CGI-C7 CGt·07pr_,n 26E·3 
ZNf161 z,ncl'inoerprole,n161 2.6E-3 

:=,~k~dney d'SEiIS" 1 (autosomal dom'nilnt) 53l.O 25E-) 26E-3 
50618 2.71'·) 2.71'·3 

cIlckkOQfnomoIOO4(Xenop .... I ........ 's) 2.7E-] 
fUI0462 hypolhebcalprote,nfUI0462 55711 2.7E-) 2JE·3 

'" translOCilted promolerreg'(I(I (toolKtIY~ledIoIEToncooen,) 7175 2.7E-3 271'·3 
chononIC somatom .. mmolropon honnane 1 (pliICentallactOljen) 
nng~ngwprote,n 121 

(OK CDICilnI,gen,cpolypept,Oe 
PRAM·I PRAM·l protetn 

th+oreclox,ndoma,nconta,n'nQ4 (endoj)lasm,c"'l,culum) 27f·3 
27E-) 

VP545A vacuolilrprote,n sort,ng 45A(yeast) 
Dl<fZP5&6Mlhypotl>etocalprote,nOKFZo566M1H 
PPf2RSE protetn phosphata ... 2. reQulatOf'o' ",.obo,m,tB (B56). eps,Jon ,sorurm 

beta·ilmylo,db,nd.n\lprolO',nprecursor 
f'lav,nconta.n.ngmonooxygena ... 1 
f-bo.""dle"",n.·nchrepeatprote,nl1 

i'lGC10JOI hVOO'l>etocalprOle,nMGC10701 84744 
CI4<"f45 cl1romosome 14 open rud,nij frame 45 B0127 

Ras sup,,",ssorprole'n1 
reI,noldehvdrogenas.ll(all·lr"".and9·co<) 
apol,poorotenl.5 
myel,nprotltinzero(Charcot·loIane·Tnothn""roPoltny:!8) 2!IE-) 28E·3 
.,.~, 20f·3 28E·3 

fU1297S hyOOlhetocalprOle,nfU12975 79867 28E-3 
APCIO ilnaphil$lt·promot,ngcomplexsubun,11O 10393 2.81'·3 

Q<lmmatubul,nnn'l,",m!>uprOl",,,(16p'lene) 

ffll<5l 
~n"ynnrepeatand SOCS too.-conta,n,O'Ig 3 

~Gô (olylpolyglut~male.ynlha$f! 

tyroo;oneamonotransf"", ... 
flJ40217 s,m.larto 1810012HllR.~ 

"" myo .. n,hijl1lpolypept,deS.re<julatory 
GPC6 Il'Yl>'can6 2SE-3 
fUI4639 hypotne~cal p,,~e'n FU14639 2.Sf·l 

GprotQ,n·coupjl!dreceptor30 2HE-) 
h,stonQI,H3c 280·3 

RFX3 reg"lalory factor X. 3 (,n~uQnces HLA daos!! ~xpre~ .. on) 2!IE-3 28E-3 
mrpl ~Ia""n" tnleri!CI,nll prote'" 1 2.8f·3 2.81'-3 

I<lAAo1627prote,n 
SU:23Al <-oluto>camerfamoly2) (nucieobasetranspoo1ers) member:! 29El 29E-l 
ARGIlP2 Arg/AbI·.ntetaCl>nqproleonA"l8Pl 29E·3 2.9E-] 
C"[·77 CGI-77prote,n 29E·l 
IPOI3 ,mOQl1'n13 2.91'·] 
ZCCHCIO .. ncfinger.CCHCtlom ... nconta,,\m~IO 54819 
Hm bloodgrouoonduded) 2525 
flJ90637 fLJ90637prnlo!,n 
(140<1141 chromosome 14 O(Ien reacllngframe 141 

I<lAAoll5-4prot~n 

APOL4 a~'o<>oroleonl.4 80832 2.<lE·3 •. gE·) 

"'" '''l>O'tJn 1 (CJUoIIhomoloq,yeast) 7514 29E-3 2g0-3 
A8CA12 ATP-b"'d,nll cassette. sub-fam,ly A (ASC1). member 12 
lMEM1S transmembrane protein 15 
fU13195 hypotheba.lproteinFUI3195s'm'lilrtoltrom.alilnt'9en3 ,'"U musdebhnd·hke2 (Drosoph,la) 

hypothabcalprote .. FU2l839 
collillOEn.typexxm,a1oh;a1 
hypoth<!toc.alprote .. SC017:!6!l 
apohpoproteonF '" 3.01'·) 
transcnpt'(I(IelonQ<lt,(I(Itegulator1 (CAI50) 10915 3.0~-3 
.,ncfinQOlrprOlO'in]6,CJHtYQe,homolOQ{mouse) 7538 lOE-J 
hypol:hetocal protem LOC512S2 51252 3.01'-) 

fUll710 hVpoth<!bcal prote", FUlJ710 3.0E-) 

'" fumaratehydratase 3.0E-3 
C068anl'gen 3.0E-) 
hypol:hetocalproteonFUIJ448 ).OE-3 
FU4564Soroieon l.OE·3 
hypothetocalorote,nFU900H 30E-) 
I<IAA0S15 30E-J 
chemok<ne{C·Cmotof)l'gilnd28 3.01'·3 lOE-3 
co<led-cooi-heh.-co,led-coll-hehxdomaonconta,n,ngJ Mf·3 30f-3 

C14orfllO clwomosome 14 open read,ng m.me 80 ).Of-) 
ZNFS87 z,ncfingerpr<>leinS87 30f-3 

s'm'lartoAVl'l472 389336 lOE-l 
c~ebr»1 cavemous ma~rmatIOns 1 ." 30f-) 
NADH dehydrogenase ("boqu,none) :! bElasubComplu.9. 22kDiI 
CDAllproteo" 83940 lOE-) 
matn~GlilProteon 4256 311'·3 
MU. ... pt.n·hk@fu .. on 101101 3IE-) 
v-mye my,"ocytomiitOSls "oral oncogene homoloq (av,an) 4609 3H·3 
MovlO. Moloneyleul<emoilv"'JSlO. homoloq(mou$f!1 

'" prote,n 
i'lC5P mllocl>ondnill ~""""Ie .... enoprote'n ~184 llE·l 

G-prote'" ,.gnilll,n~ modulalO' J (AGSJ·I,ke. ( @leg",,'1 6]940 
SyIV'uSI.MASA(me"talretanlat,on.ilphas,a,!;hutfl,nQQaot""d 
wenzymeQreductilse) 
pI10sphate<ybdylvl\rilnsl'erase:.cnol,ne.alp"",.soform 
KJAAOD5lorot"," 
cand,date2 

,nt"'a<:!,ngprote,n(hpnn).alOha1 
hypoih<!bulprote<nMGGI518 147184 
hypolh<!bulprot~<nMGC395l0 1954n 

HO)(AII nomeobo.All 3U·) 
lNf336 IIncfinQltrorote,n336 321'-] 

nuc!eOporln431oDa 348'195 )2E·3 
hypoih.bcal proteonfrcwn EURDIMAGE Ig77056 56965 J2f-) 
kera!,nas.sooatedorote,nl·5 321'·3 
polymerase (DNA d<recled). alpha l2E-] 
clYonloscme 15 open read,n\lframe lO )2f·l 
I<JAA:!944 QrOteon 
hypolhebulprote,nfU2190:! 

IlZlR .nler1eukm21 reœptor 
fl125461 hypothebCal prote", FUl5461 



peroK'redpK,n5 
lGFBRI lI-hkeklnase.SlkCa) 
KlAA1279 k1AA1279 

fibrobja5tgroorthhlClor12 
MRPl42 m'tochondnalnbosomalpn:ttelnL42 
FU21062 hypo\:hebcaiprolo!lnfUZl062 
lPCN 1 Iwo pore SeQment d'lan.nel 1 
lOCllS811 hv~thetlcalprote,n8C013IS1 
DOK5 dock,ngprotem5 

adaptor-relatedproteln eomple.4, mu 15ubunll 
clldhenn 12. type 2 (N-cadhenn 2) 
neuronalpentra,,,ntl 
'MertI!ron. "Iph,,-Induclblepr-ol,,'" (done IFl·6·16) 
Tl:Aaom."nfa .... ,ymeml>l>r4 
N[MA(neyer,nmlloSl,genea)·~I;tI:e<lk,fI;j$E6 

hvpothebcalprOle,nFU12610 
IIvpOthebcalprOle,n MGC19S71 , 
ADP'ntlosyl;tl:,on factor 3 
put;lt'YeN'acetyltransferaseCamello< 
(FEN1/Elo2.SUR4/Elo3·hke.yeast) 
chemok",.(C·CmotlfjhQand17 
l,ncfinqerpr-ote,nS8S8 
I>slOt1el.H2bt1 
cam,t'nepalm'toyltransferasf! IBlmu$I;le) 
hypoc~tln(o.-ex,n1reœplorl 

S'r'NlZ8P synapb»an ..... 2bond,nQProleln 
ATPI3A ATPaset~eHA 

PMS1.postmeoot.csegrega'IOn,nuease<lIIS cerev,s<~) 

hypothebcalprOle,n LOC51240 
k,netod>creassooabld2 
bram'<!enyedneurOI"whICfactor 
EH-donKllncon"",n'ng3 

,~, 

2612B 

53373 
115811 

1375 
3061 

S··3'honbonud"" ... 2 2280l 
KlAAoo90~I",n 23065 
chromascmelcpen",ad,nQfra""'J3 

lNF5S8 l,nçfingerpr-o"'.n5SB 
PRCMiI PRdom,,'ncontaol\lnQ9 

tQpo'somerase (ONA) Il b,ndol'l<;i prote,n 
lOC159091 hvpothebcalprcte,n 8C01786a 
OKFlDli6781Ilypotl\ebcalprote,nDKFlp66781218 
BRI] brôllnprole,nl3 

netnnGI 
se<:reted.(umaphpnn) 3A 
hostonel.H4h 
C·term,nalmodulalorprole,n 
tubul,n. al"..,. 4 
cllromo$ome 2 open read,nQ frame 13 
e~pI" ...... c rellCulum çha~rpne SILl. homol.,.. 0( yeasl 643J4 

SLC1.6A14 memberl4 151473 
ZN zona"..luodaglyccprote,n4 

PII.P4pre-rnRNApro<:ess,nofactor4~lcg8(y~ast) 8800 
RPS24 nboscmalprot",nS24 6229 
OKFloS6600 DKFlP5660084 pn:tt",n 
fOXC! fort.headbo"Cl 
CCKAlI. chol~stck,n,nAntceptcr 806 
SDCCAGI6 sero!oq,callydetin.ccolonCllnceranl,gen 16 10lIl) 

plyc,ne",ceplpr,alph.3 
K1AA03'11 
K1AA12'15jK"Oteon 
KIM1443 
hypolhe~cal prote,n fU33860 2B~756 

PCHX pyruv.ledehydl'O\le ....... cOMllie •• CO""'''''.ntX 8050 
MMRP19 lil<e1y orttlPIoq pfmeuse monocyte macropha,.e 1"1 5107~ 
KS3ST3BI heparilnsulfa"'(glucpSilm,ne)]·D·wlfotransferilse3Bl '1'153 
ELAC2 ela(lIpmoIoq2(E cohl 60528 
Tt1BSl Ihrombo ..... nd,nl 
lCCHC9 l'nc tinger. CCHC domi"n ccnlil,mnQ 9 
C200rf140 ellromoscme 20 open r""dino fr.Ime HO 
PARTI prostate and..-ogen-regulatedlrilns.cnpt1 2585'1 
MLYCD malonyl·CcAd8cart>oxylase U417 
lOC285513 hvpothel'ClII """.,n LOC285513 285513 
MGMT O·6·methvI9u~n,"f·OOAmelhyltriln5ferase 42S5 

N·a<;ylsph'ngoS<nea .... dohydrolase(non·ly1'Oscm;olceriln"d ..... )2 56624 
IIypOtlletlcalprotelf"lL0C201191 201191 
hypo\:hebcillprcte,nFU20719 
.... 'neestera5li!3) 

CKI,.FSF8 chemoki~-hkefacto.-supertam"yB 

ZNF445 zinC fin(,jer prote,n 445 
CG62 chonon"QO/1i!dolrop,n.l>I>tapolypeptlde2 

KlAAll.60"""e,n 5J461 
O ...... J (Hsp40) homolog. subfam,ly B. memlJer 8 16S721 
lIypol .... ~cal prote,n LOCI4423) 
dualspac,fic.typhosphalil<@19 
dual.pec,fic,typhpsphata<@ll(RNA/II.NPcol'rlPlu\-inte"ICl,nQ) 
hQ .... db'nd,nQProt"'nRy05 147199 
solute CliIrnerfam.lv]1 (coppe'tr ...... porters).member1 1317 
fzrlprolQ,n 
deleled m escph_al Cancer 1 
polyam,ne mcdul.ted facto' 1 b'od,nQ protE,n 1 

~~:~~~~~~'::~:~:e:I~"::'cl'::d!A6 
pero"someproltferat'veactlVatedr~eptor.Qarnma 

EHf etshomoloQousfactor 
FUIOOO6 hypolne~calprote,nFUI0006 55677 

dopam,ne rec"p1or03 181~ 

HIMAP4 ,mmun,tyasscc",tedprote,n4 
CPSfl cleilvage.ndpolyadenylabon.~of",filctor2.100k.Da 

dema," (TM) aod <hart cytOpla.m,c dQm~n, (5emaphQnn) 4' 
PCDHAll protocac~enn alpha 11 
OKFlP566E1 smailfraQmentnuclea<@ 
1.JoI02 LlM dpma,n only 2 (rtlomDotm-hke 1) 
PRKR(R de~nd"nt,nh,botc" .... prt!ü<>I"of(P5a .... pres.o.-) 
KCNE4 potass<um ""'ta(,je-Qal~d cn.annel. !.k·related film,lv. mEmDer 4 
MYOHOI mv05,nMlldd"""''''ccnt"m,ngl 
DRC]L ong,nrecogn,boncompl"'.liubun,13-hh(yEaU) 
RARSL ilrYlnyHRNAsynthetas.e·I,ke 
CKFlP56o!Il;DKFZP564!H2~le,n 

TMPRSS3 transm«nbrane prot"se. senne 3 
SCOlIN seolln 
BF 6·filClor,propero,n 
OHX]5 CEAl1(Asp-Glu-A.la·H,.)OOKpOIypeOtl<!e35 

polymeras.e(ONAd"ected).deltal ..... gu!alory5U!>un't50kDa 
dapperhomalog 1. antaQcn,slcfbeta·caten", ('enopus) 
ad,pasemOlitilbundantQenetransmpl1 
cytpchromeco"'d;>sesuoo",tV!b.teste.·spec,r", 
transcnQt'onfactQr4 
HERV·HLTli.·assooabngl 

54910 
5613B 

23704 
81>179 

64699 
51246 

'" 

OEKonçQg.en,,(DNAbood,nQ) 7913 
phoSPhabdylethanolam,neN-methyltransferaI;e lCHOO 

RINGI nngfi .......... prolf"n1 6015 
SEIHADI SERTAdOMalncont",n,ngl 299S0 

TAPb'nd, ....... prote'n(t.lpa .. n1 6892 
EPIM eotmo,ph", 
5CNlOA Sod'umdl ..... nel,Yoltage·oa!td. type X. alpha 

ub'qUlt,n·conJu!)abngentym. E2D) (U6C4/5110moIOQ,veast) 7323 
nucleos,dep/1QSPhor)'lase 4B60 
QXYSl<!rolb,nd,ngproM.n 5007 
COXI] homplog. cytochrome c Dx,due assembly p""ItIn (yeMt) 10063 

CtlTLI cut·hke 1. CCAATdl5p1acementprol .. n (Oroscph'la) 1523 
HSDI764 hydro.ystero,d(17·bO!t;l1dehydl"ll9"na ... 4 
CPSF5 deiilvage andpolvadenylatlon speafic factor S. 25 kDa 

~ypothebcalprote,n FU10826 
SRY(5ndelelTTlln,nq~g,pnY)·boK~ 

PUMI 1>\1","'0 ~omaloO 1 (Drosoph,la) 
H2Ml H2Ah,.lonefam.ly,m«nberZ 
so ... T sod,um·de~odenlc .... an'<an",nlransport... )45274 
KCTOl5 potass'um dl."",,' teVamenSill,on damaln CQnta,mng IS 790~7 

HMG211 h'Qh·mDbohtYQroupprot.,n2-hkel 
TUBEI tubuhn.ePSllonl 51175 

adenyla" .... "" ... ) 205 
Pf'ON4 orefold,n 4 5203 
ffM18 fem·lhornologb(Celegans) 10116 
WCR2l WOrepeatdo ...... n<l 26094 
rTG61 CC29,ndudesMDfl. MSKI2) ]688 

AOP-nbosylat'Dn filCIOrdoma,nproteon 1. 64kDa 373 
hypothe\lcalprote,nFUi3611 Boo06 

5MC411 SMC4 <Iructu",1 ",a,nlenance Df chromosomes 4·I,k. 1 (yeast) 
MCO~1 mucpl,p,n 1 

GTF21",peatdama,n <:Ot\t",n,ng 1 
pseuCp,n~ammatory) 

casprS casprSprcte,n 
RBM] RNAbo""'ngmol"'~le,n3 

hypothebcaiprotemFU2012S 
RTNI "'II<:UIo.-'II 
UNC93BI une·93 homolog BI IC elegans) 

Fta.·GTPa .... ·a.cI'vaMgpr<>te.nSH3·aoffiôl'n·b,nd,ngprcle'n 
hypOthebcaiprote,nMGCIl266 
",,,15homolo06(E cph) 

3Sf·3 
3SE-3 

3.GE-) 
3.61:-3 

3.0E-3 
18E·] 
38E-3 

~ lof·) 

4.1E·3 

42E·3 
41.E-3 

3.lE-3 
3.3E·3 

35E·3 
15E·3 

4.IE·) 
4.IE·] 

4.3E-] 

]U·3 
3.3E·3 
3.3(·3 
33(-3 
3.n·3 
ln-l 
3.3E·3 

34E-3 
34E·3 
]4f-3 
HE·) 
]4e-] 
].40-3 
3.SE·3 
35E·3 
35E·l 
3.SE·3 
3.5E·] 
3SE·3 
3.SE·3 
3.5E·3 
3SE-] 
3.5E·3 
35E-3 
3SE·] 
35E-] 
36E-3 
3.60-3 
36E·3 

l.6E·) 
36E·3 
l.6E·3 
3.6E-) 

36E-) 
37E-l 

].7f·] 
1.7E·3 
3.7E·] 
3.7E·3 
nE·3 
].7E·3 
3.7E·3 
)7E'3 
37E·] 
3.1E-] 
37E·3 
3.7E·3 
37E·3 
37E·3 
3.7E·3 
38E'] 
3.6E-3 
3.8E-] 
]8E-3 
3.8E·] 
J.IIE-3 

1.BE·3 
39E'] 
3.9E·3 
19E·3 
3.9E·] 
HE·3 
39E-3 
39E·3 
39E·3 

~ OE·3 
4.0E·3 

40E·) 
4 (·E·] 
4.0E·3 
4.IE·] 
4IE-] 
4.IE-3 
~ IE·3 
4.IE·] 
4.IE·] 
~ lE·3 

41.E·] 
~ lE·) 
4.1E·3 
~ lE,] 
4.1E·3 
4.1E-3 
41E-3 

4.1E-3 
42l-3 
4)f-3 
~ 2E·] 
42E'3 
4.2E·] 

42E3 
42E·3 

42E·3 
42(·] 
4.3E·3 
4.3E·3 
4.1E-3 

4.3E·3 
4.1(,3 

4.3E·3 
4 lE·] 
43E·3 

4.U·3 
~.4E·3 
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l'po)<CiOC,dsynll'lel;tH 
K1AAOOS30eneprQd<Kt 4SE·3 

400120 4SE·3 
NXPtH n."re.OQh~,n 3 11248 4.SE3 

'"' branch..:ld1a,nketo«,ddlthyd~""'~comol.";maplesy,,,p 4.SE·) 
AMOT12 ang,omcK,nhh2 4.SE·] 
SIATK 1.3)·fj·acetvl ~Iactosam,,,,dli alpha·2.6·";o!yltr",,sfll"''''l C 
.. n HlA-Bas.soc'iIt..:ltranscr,pll 
fU3SnS hypothellcalprot.,nfU3S77S 13BOO9 
TRUB2 Tru&pseudound,ne(pso)synlhasellomoloa2(E œh) 2&995 
COQ' cO<!fIzvme Q<I homoloa (vust) 4H·3 
C14orlSO ch,omoSQmeI4openrtild,noframe50 46E3 
FU20]5"! toypotl'lebcalprote,nFU201S9 4.6E3 

~~~B7 
cO<!flzymeQ6nomolog(yeast) 4.6E3 
UOPO'ycosy'l'ansfet"ase2fam,ly.ooIypePtlde&7 73&4 4&E·3 4H3 
EphA3 ",.., 46E-3 4.6E3 
delet..:l ,nlym""ocvbcleu~em,a, 2 
d.leted,nlymllhocyl,clf!ukem,a.1 10301 4.6E·l 'In" ~n~e'p'ote,n 17 56163 46E3 

FLH6576 toypolNlocal prote,n fUl6576 

"" alldd,hyd'OOt"otase 
"'~18A m,lochondnalnbo",m;oolpmle,nSi8A 
FU'I07<l8 nypetnetlcalprote,nFU90798 
IU2AAI ,nt...-1 .. uk,n22 fl!""pt ....... pha1 

""'" pelym .. ra~(DfjA-d'fl!ctedl.delta3,acces.sorySllbun'l 
chromo.ome 13 open 'ead,nQ frame 18 
n,cobnam,de noct"'I,,,,," a,*,~yll:mndoora~ 2 BOS7 
fem>chelalilse(pnlloporphyna) 22]5 
m,crOSlllloorulf!p"'l ... nl 4.7E·) 
colI~n,tvpeVIII,illph;ol 4.7E·] 

MAA "'AXproCe,n 4149 47E·) 
..... HGDI8 RhoGOPd"soc,abononh'boto'(GD!)beta '" 47E·3 
2Hf223 l,ne ~noe' prete,n 223 
fU3H75 hypeillooilcai pn;ote,n FU3611S 

quan'Nnucleol'deb,nd,nqprol",n{GprQle,n),betaS 
fUI0747 hypethet,calprot .. ,nFUIOH7 55219 4.7E·) 

"''' lAGllonqev,tvassuranœllomoJoo;jS(S œ'ev'so .... ) 91012 4.7E·) 

~;:;:L2 
nud .. cpennNup37 4.7E·l 47E3 
.rythrocyt~membriln@prote,ntland4.1-I,ke' 47E'] 4.7E3 

2DHtiC5 ~,ne fino@,. DHHC dom~,n conta,nong 5 
~OT3 CCR4·fjOTtmnsc"pt,oncom~e..subun't3 

"'1\P1K7 m'too~n-ilct'vilte<lprot".nkinil$el"na$ek,nase7 6885 
LOC]39287 hypothel,cal proteo" lOC339287 339287 
fUI0646 hYP<lthet'calprote,nfUI0846 
C2GorflO2 chromosome 20 CIIlen read,no frame 102 12R434 
2Nf462 z,n< finQe'prote,n 461 ,~~ 

5ecrottcry<aJTI@rm@mbran@p,ot@,nl 48E3 
mltoct>oodrialnbo""maI prol~nS21 48E·J , 
n'cot,nam,denuCleot,det,ans!>Yd'oqena5E 

PNlOCI poly(A)· • .,.,c,ficnDonucle~.e (FARN)·hke doma,nconto,n,ng 1 154197 
GOlGAl oalg'lIuIOanl'G"".ool .. ,n.ubfllm,lya.2 2801 

NY-REN-7a/lt,oen 
DDHOdcma.nconlam,nq 1 Boall 
enhancer (ador2D) 4209 
nudearfl!cepto,!>ond,noprole,n 49EJ 
mortal'tyfllcto'4 S.OE3 
g,owlhfactor fl!CEIltO'-Do""dprot .. n2 50E3 
neool", S.OEl 
lymphocyleantooen64homo1oa.,,,,,,,,,prOlecto.eI05kDa(mo,,$e) 5.0E·] 
COl7-b,nd,no (S'va)prote<n 50EJ 

DUSPll duaiopecofi"tvpho',*",1_21 S.Of·] 
RRP4 boobonudease 5.0f] 

pr-ognoS$l •• ~xlemalopnlhalmcpl"'9ia 1 SDE·3 5.0f·] 
HII.I'L4l m'tochondnalnbosomaiproteonL43 5DE-) S.OE-] 
ZNFSS6 zoncfinoe,pr-ote,n556 5.0f3 
TACR3 tachyk ... ,nfl!œpto,3 6870 

S.0€-3 ~.~~.l , HÇf-bmd,notranscnpt,onfllctor2hanoteo 584a7 
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Hs 57ST 
H.57ST Hs 57ST Hs 578T E2Fl ChIP 

E2Fl E2F1 E2F1 #4 (lk 
SYMBOL GENENAME LL ChIP #1 ChIP #2 ChIP #3 arrày) 

SFRSI solicine factor areinine 6426 2.87E-03 4.79E-04 2.UE-04 4.39E-02 
FB20S F-box onlv orotein 5 26271 2.S4E-03 6.4SE-OS l.90E-06 2.46E-02 
HnRNP A2 na na 2.08E-04 8.93E-OS 2.9SE-04 4.34E-02 
HnRNP Al na na l.08E-04 3.SSE-04 l.OSE-06 4.02E-03 
RAD21 RAD21 homolo~ S. pombe 5885 4.72E-03 2.83E-03 4.lSE-02 
GTF2H1 eneral transcri tion factor I1H DOlypeptide l 62kDa 2965 3.94E-03 2.80E-04 l.32E-02 
USP1 ubiauitin soecifie orotease 1 7398 3.94E-03 7.18E-04 l.18E-11 
FU41131 Homo sapiens eDNA FU41131 fis clone BRACE2024627 6626 284325 3.2SE-03 4.48E-04 3.39E-OS 
SNRPA small nuclear ribonucleoorotein oolYDeotide A 6626 6626 3.2SE-03 4.48E-04 3.39E-OS 
GTF2H2 eneral transeri tion factor IIH . oolvoeotide 2 44kDa 2966 3.20E-03 l.87E-04 2.03E-0 
C20orfl72 chromosome 20 ODen readina frame 172 79980 2.98E-03 l.43E-04 2.4SE-04 
KUPI KSHV latent nuclear anti en interactina orotein 1 79682 2.97E-03 4.S6E-04 2.76E-04 
SF3B3 splicine factor 3b subunit 3 130kDa 23450 2.9IE-03 S.3SE-04 7.37E-04 
HNRPH3 heteroaeneous nuclear ribonucleoDrotein H3 2H9 3189 2.77E-03 l.71E-OS 2.S8E-03 
TAF!2 TAF12 RNA pol merase Il TATA box bindina orotein TBP -associated fact 6883 2.4SE-03 l.22E-04 2.69E-02 
LOC220074 hvoothetlcal 55.1 kDa orotein F09G8.5 in chromosome III 220074 2.44E-03 2.80E-03 3.27E-03 
MAD2LI MAD2 mitotic arrest deficient-like 1 (veast 4085 2.42E-03 4.0SE-OS 9.0SE-03 
ILF2 interleukin enhancer binding factor 2 45kDa 3608 2.22E-03 4.2IE-04 3.22E-09 
FU2S409 hvpothetical proteln FU25409 137994 l.83E-03 l.03E-04 2.8IE-03 
SF3A2 solicina factor 3a subunit 2 66kDa 817 l.82E-03 4.68E-04 4.27E-04 
ARCH archease 339487 339487 l.73E-03 2.2IE-03 L6SE-03 
RBBP4 retinoblastoma bindina orotein 4 3 9487 928 1. 73E-03 2.2IE-03 l.6SE-03 
HSPCISO HSPC150 oroteln similar to ubieuitin-con ·uaatina enzyme 29089 L72E-03 LOSE-06 9.78E-09 
MGC13170 MGC131700ene 84798 L68E-03 6.S3E-04 S.81E-04 
TUlP3 tubb like orotein 3 7289 l.20E-03 1.23E-06 1.2SE-03 
HNRPAB heteroaeneous nuclear ribonucleoprotein A 3182 l.01E-03 3.38E-04 2.89E-03 
SFRS6 solicino factor ar inine 6431 9.03E-04 L03E-03 L63E-03 
KlAA0073 KlAA0073 protein 23398 8.38E-04 2.S3E-04 8.19E-OS 
GBA lucosidase beta' acid inciudes clucosylceramidase 2629 8.09E-04 2.SSE-03 S.27E-04 
E201 exonuclease 1 9156 S.32E-04 7.17E-04 2.16E-09 
FANCD2 Fanconi anemia com lementation aroup D2 2177 4.S9E-04 9.78E-04 3.20E-OS 
DKFZP564J0123 nuclear orotein E3·3 55152 25915 4.S3E-04 6.98E-04 2.92E-04 
FUI0496 hypothetical protein FUI0496 55152 55152 4.S3E-04 6.98E-04 2.92E-04 
5RRP40 na na 4.12E-04 4.1SE-IO 6.SIE-04 
LUC7L2 LUC7·like 2 5. eerevisiae 51631 3.84E-04 3.32E-06 l.06E-03 
XRCCS X-rav reoair complementino defective reoair in Chinese hamster cells 5 d 7520 3.24E-04 2.73E-04 8.36E-07 
ATFS activatina transcri tion factor 5 22809 2.2IE-04 3.13E-OS 1.10E-04 
ATF4 activatinQ transcription factor 4 ta2-responsive enhancer element B67 468 2.0IE-04 l.07E-04 2.20E-03 
HMG62 hi h-mobilitv arouo box 2 3148 L99E-04 4.09E-04 8.04E-12 
MRPl51 mitoehondrial ribosomal J;lrotein LSI 51258 l.30E-04 4.47E-07 7.63E-06 
POLR2A olymerase RNA II DNA directed OOlypeptide A 220kDa 5430 L02E-04 l.32E-06 L43E-03 
NPMI nucleoohosmin nucleolar ohosohoorotein 623 numatrin 4869 9.4SE-OS 4.29E-04 4.S3E-09 
HIST2H4 histone 2 H4 8370 S.9SE-OS l.12E-03 2.63E-04 
MCM3 MCM3 minichromosome maintenance deficient 3 5. cerevisiae 4172 S.72E-OS l.74E-OS 3.08E-07 
RPSI6 ribosoma! orotein 516 6217 S.21E-0 8.64E-OS 1.40E-08 
ATPSGI ATP synthase H+ transportinc. mitochondrial FO complex subunit c sub 516 3.04E-OS l.06E-03 4.79E-04 
HIST2H3C histone 2 H3c 126961 2.3SE-OS 3.19E-04 6.97E-07 
HISTlH2AG histone 1 H2aQ 8969 l.82E-OS S.SOE-04 6.64E-04 
CDKN2D cvclin-deoendent kInase inhibitor 2D (019 inhiblts CDK4 1032 7.3IE-06 2.64E-06 1.l9E-11 
RAD54B RAD54B homoloQ 25788 3.S8E-03 4.38E-03 4.63E-03 
KIF2C kinesin familv member 2C 11004 2.99E-03 4.21E-05 S.8IE-03 
CDC23 CDC23 œil divisioll ~cle 23, yeast homolqg) 8697 l.38E-03 4.30E-04 2.02E-02 
HNRPK heteroaeneous nuc1ear ribonucleoprotein K 3190 S.64E-04 2.29E-03 8.76E-03 
COCA3 cell division cvcle associated 3 83461 2.60E-04 2.86E-04 6.28E-03 
PRIM2A rimase, polypeotide 2A 58kDa 5558 2.40E-OS 3.66E-04 3.0IE-02 
COC7 CDC7 ceH division cvcle 7 S. cerevisiae 8317 3.S0E-06 4.16E-03 2.64E-03 
PA2G4 roliferation-associated 2G4 38kDa 5036 4.9IE-03 l.3IE-03 
ZNF431 zinc fincer orotein 431 170959 4.91E-03 2.9SE-04 
THEM2 thioesterase sU.Qerfamil member 2 55856 4.90E-03 l.02E-04 
MGC9718 zinc finaer orotein clone 647 58500 4.77E-03 6.3SE-04 
OK beta 5-tubulin 203068 4.7Q!'-03 6.03E-04 
CSTFI cieavaae stimulation factor 3' ore-RNA su bu nit 1 SOkDa 1477 4.6SE-03 4.SSE-06 
IFRDI interferon-relate<! develogmentai r~lator 1 3475 4.62E-03 3.9IE-OS 
E2F3 E2F transcription factor 3 1871 4.S6E-03 3.30E-03 
WBP4 WW dama in bindina Droteln 4 formin bindina orotein 21 11193 4.S0E-03 2.13E-03 
TM4SFl transmembrane 4 s~rfamil member 1 4071 4.49E-03 4.67E-03 
NUSAP1 nucleolar and splndle associated protein 1 51203 4.47E-03 3.S2E-10 
C6orf18 chromosome 6 ODen readina frame 18 54535 4.16E-03 3.68E-04 
DRI down-regulator of transcription 1 TBP-binding neg~tive cofactor 2 1810 4.08E-03 l.06E-03 
182-FIP 82-kD FMRP Interactinc Protein 57532 4.07E-03 9.76E-04 
DKFZo434CI714 hvoothetical orotein DKFZ0434C1714 129787 4.07E-03 6.67E-04 
TMS642 th mosin beta 4 2-linked 7114 4.04E-03 6.37E-04 
LOC200008 hypothetical protein LOC200008 51253 200008 3.97E-03 S.12E-OS 
MRPL37 mitochondrial ribosomal orotein l37 51253 51253 3.97E-03 S.12E-OS 
FUI44S1 Q.ypothetical p[otein FU14451 84872 3.92E-03 7.67E-OS 

P-C low molecular mass ubi uinone-bindinQ protein 9.SkD 27089 3.90E-03 2.83E-04 
FUI4346 hvoothetical orotein FU14346 80097 3.88E-03 1.26E-07 
FUI0640 hYPQthetical pratein FUI0640 54496 3.84E-03 l.74E-04 
KIAAI007 KlAA1007 protein 23019 3.83E-03 6.79E-OS 
LOC220988 heteroaeneous nuciear ribonucleQQ..rotein A3 220988 3.82E-03 2.IOE-03 
BAN FI barrier to autointearation factor 1 8815 8815 3.76E-03 6.60E-04 
MGCl1l02 hvoothetica! orotein MGCI1102 8815 84285 3.76E-03 6.60E-04 
CARHSPl calcium reQulated heat stable orotein 1 24kDa 23589 3.72E-03 2.69E-05 
RP512 ribosomal orotein 512 6206 3.72E-03 2.47E-Q4 
MGC5178 hypothetica! protein MGC5178 79008 3.71E-03 S.98E-OS 
DLEUI deleted in 1 mphacvtic leukemia 1 10301 10301 3.6IE-03 8.07E-04 
DLEU2 deleted in 1 mohocvtic leukemia 2 10301 8847 3.6IE-03 8.07E-04 
CCT3 chruLeronin contalni!lQ..TCPI su bu nit 3 {gamma 7203 J.S8E-03 2.42E-04 
MOCS3 molvbdenum cofactor svnthesis 3 27304 3.44E-03 7.77E-OS 
FUI0706 hvoothetical orotein FUI0706 55732 3.44E-03 2.04E-04 
RPllOA ribosomal protein L10;;l 4736 3.34E-03 3.08E-04 
CBWD2 COBW domain containina 2 150472 3.26E-03 2.49E-05 
P5MC4 roteasome (orosome macrooain 265subunit ATPase 4 5704 3.26E-03 6.63E-04 
GMRP-I 0 0 3.13E-03 2.06E-03 
EIF4A2 eu aryotic translation initiation factor 4A isoform 2 1974 3.09E-03 9.36E-04 
FUI2998 hVDothetical orotein FU12998 0 3.08E-03 l.98E-OS 
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TOB3 AAA-ATPase TOS3 83858 3.01E-03 2.14E-03 

RPS18 rlbosomal oroteln 518 6222 3.00E-03 1.50E-04 
RPS8 ribosomal Drotein 58 6202 3.00E-03 1.01E-03 
CDCA8 cell division cvde assoclated 8 55143 55143 2.97E-03 2.00E-03 
FU20508 hvoothetical orotein FU20508 55143 54955 2.97E-03 2.00E-03 
MGC26717 hVDothetical roteln MGC26717 285237 2.94E-03 3.19E-03 
DCLRElB DNA cross-Jjnk repair lB P502 homo log, 5. cerevisiae 64858 2.82E-03 1.51E-03 
FU20241 1 putative NFkS activatino oroteln 54862 54862 2.78E-0 1.83E-09 
MGC11271 hVQothetical proteln MGC11271 54862 79173 2.78E-03 1.83E-09 
HARSL hlstidvl-tRNA svnthetase-like 2343 2.74E-03 3.15E-03 
PRD21 eroxiredoxin 1 5052 2.71E-03 3.73E-04 
MLHI mutl homoloQ 1 colon cancer nonoolvoosls tvoe 2 E. coli 4292 2.68E-03 2.35E-04 
ERCCI excision reoair cross-comolementino rodent reoair deficlenc3 complemen 2067 2.68E-03 1.70E-06 
TM5l3 thvmosln-like 7117 2.56E-03 1.12E-04 
PAI-RBP1 PAI-l mRNA-bindina orotein 26135 2.53E-03 1.55E-04 
MTBP Mdm2 transformed 3T3 cell double minute 2, 053 bindlna orotein mouse 27085 2.41E-03 8.28E-06 
ZNF9 zinc finaer orotein 9 a cellular retroviral nudeic acid bindlnQ oroteln 7555 2.40E-03 2.40E-03 
GRCCI0 likelv ortholoc of mouse cene rich ciuster CIO oene 113246 2.10E-03 6.15E-04 
ARHGAP6 Rho GTPase activa tin a orotein 6 395 2.06E-03 1.08E-04 
TMLS thvmosin-Ilke 6 7120 2.02E-03 4.97E-03 
DNAJA3 DnaJ Hsp40 homoioQ, subfamil A member 3 9093 2.00E-03 5.18E-04 
FUI0986 hvoothetical oroteln FUI0986 55277 1.98E-03 1.29E-03 
H2AFZ H2A histone familv, member Z 3015 1.96E-03 1.38E-03 
UNRIP unr-interactlno orotein 11171 1.95E-03 1.25E-03 
TF81M transcri tion factor BI mitochondrial 51106 1.94E-03 2.32E-03 
R CDl RCDl reoulred for cell differentlationl homoloQ 5. pombe 9125 1.81E-03 7.82E-05 
C12orf8 chromosome 12 ODen readlna frame 8 10961 1.80E-03 1.17E-06 
BETlL blocked early in transport 1 homolQg S. cerevisiae iike 51272 1.79E-03 1.46E-03 
PQP4 POP4 (orocessina of orecursor 5. cerevisiae homoloQ 10775 1.71E-03 9.33E-05 
MNATl menaoe a trois 1 CAK assembl3 factor 4331 1.67E-03 5.53E-06 
ETRI0l Immediate earl ' oroteln 9592 1.64E-03 6.82E-04 
HISTlH4E histone 1 H4e 8367 1.55E-03 1.61E-04 
MGC3121 hvootheticat oroteln MGC3121 78994 1.51E-03 4.25E-03 
BRD2 bromodomain containlog 2 6046 1.42E-03 9.74E-04 
HISTlHID histone 1 Hld 3007 1.32E-03 3.19E-05 
MYNN mvoneunn 55892 1.31E-03 6.88E-05 
NSEP1 nuclease sensitive element bindin~rotein 1 4904 1.29E-03 1.26E-04 
LOC51236 brain oroteln 16 51236 1.28E-03 1.69E-04 
DKFZP56400463 DKFZP56400463 oroteln 25879 1.27E-03 2.85E-05 
RPS9 rlbosomal proteln 59 6203 1.23E-03 1.04E-06 
EIF4G2 eukarvotic translation initiation factor 4 oamma 2 1982 1.22E-03 1.12E-04 
METTL2 methyltransferase like 2 55798 1.22E-03 4.71E-03 
HNRPAO heterooeneous nuclear rlbonucleoorotein AO 10949 1.20E-03 2.72E-03 
NEK11 NIMA never in mitosls oene a - related kinase 11 79858 1.14E-03 1.60E-06 
HIST2H2AA histone 2 H2aa 8337 9.48E-04 2.96E-04 
KPNBl karvooherin Importin beta 1 3837 8.83E-04 2.22E-04 
SLC3A2 solute carrier famlly 3 activa tors of dl basic and neutrat amino acid trans 6520 8.48E-04 1.51E-04 
RRM2 rlbonucleotide reductase M2 polvoeptlde 6241 8.32E-04 7.04E-05 
RAB30 RAB30 member RA5 oncooene famllv 27314 7.52E-04 7.83E-06 
FGF5 fibroblast orowth factor 5 2250 7.50E-04 2.37E-04 
KIAA0907 KlAA0907 oroteln 22889 6.75E- 4 1. OE-04 
LIP8 l3ST -interactinQ protein LIP8 116840 6.25E-04 2.69E-07 
TRIP11 thvrold hormone receotor interactor 11 9321 5.97E-04 7.16E-04 
RPl27A ribosomal orotein l27a 6157 5.40E-04 8.44E-05 
TOMM70A translocase of outer mitochondrial membrane 70 homoloQ A (veast 9868 5.37E-04 2.43E-05 
NKTR natural killer-tumor recoanltion seauence 4820 5.34E-04 3.91E-04 
NDUFB9 NADH dehydroaenase ubiouinone 1 beta su bcom tex 9 22kDa 4715 4715 5.28E-04 7.53E-04 
RA RB retinolC acld receptor beta 5915 5.24E-04 1.02E-03 
UOCR ublauinol-cvtochrome c reductase 6.4kD subunlt 10975 5.07E-04 4.20E-06 
MGC4618 hvpothetica! oroteln MGC4618 84286 4.99E-04 3.37E-04 
POLR2A olvmerase RNA II DNA dlrected POlvpeptide A 220kDa 5430 4.77E-04 2.36E-03 
PR02000 PR02000 orotein 29028 4.77E-04 1.68E-12 
RPL37A ribosomal protein l37a 6168 4.72E-04 2.42E-04 
UBE2M ubiauitin-con·uoatina enzyme E2M UBC12 homoloo. east 9040 4.62E-04 1.04E-03 
TRAPPC4 traffickino orotein oartlcle cOrTlP!ex 4 51399 4.21E-04 6.02E-05 
FU22833 hvpothetical orotein FU22833 64859 3.61E-04 1.05E-07 
KIAA1404 KIAA1404 oroteln 57169 3.53E-04 4.98E-04 
ATP6VICl ATPase H+ transportlno, Ivsosomal 42kDa VI subunit C Isoform 1 528 3.16E-04 7.24E-04 
RPS28 ribosomal proteln 528 6234 3.05E-04 2.40E-04 
HIST3H2BB histone 3 H2bb 128312 2.66E-04 3.24E-04 
PTD012 PTD012 proteln 28970 2.11E-04 6.02E-04 
PIlRB aired immuno lobin-like tvoe 2 receotor beta 29990 2.08E-04 1.48E-03 
RPLiO ribosomal nrotein llO 6134 1.87E-04 2.18E-04 
KBRASI I-kaPDa-B-interactinQ Ras-like protein 1 6138 28512 l.86E-Q4 4.33E-03 
RPLi5 ribosomal orotein LlS 6138 6138 1.86E-04 4.33E-03 
LOC51240 hvnothetical oroteln lOC51240 5378 51240 1.66E-04 6.31E-04 
PMSI PM5l oostmeiotic seQreaation increased I 5. cerevisiae 5378 5378 1.66E-04 6.31E-04 
HISTlH3B histone 1 H3b 8358 1.64E-04 1.68E-04 
HISTlH4B histone 1 H4b 8366 1.59E-04 1.33E-03 
LMNBl lamin BI 4001 1.33E-04 1.54E-04 
HSPA8 heat shock 70kDa.protein 8 3312 1.24E-04 9.88E-04 
FU22624 hypothetical oroteln FU22624 79866 1.14E-04 2.00E-03 
PMS2L5 ostmeiotlc seoreoation Increased 2-like 5 5383 9.22E-05 2.78E-04 
HIST2H2AA histone 2 H2aa 8337 6.82E-05 3.10E- 4 
HISTlH2AC histone 1 H2ac 8334 4.88E-05 2.84E-03 
CALM2 calmodulin 2 (ohosohorvlase kinase delta 805 4.88E-05 3.30E-03 
RPL3 rlbosomal rotein l3 6122 4.58E-05 2.56E-03 
HISTlH2AE histone 1 H2ae 3012 4.12E-05 4.43E-0 
RPL28 ribosomal oroteln l28 6158 4.03E-05 5.04E-04 
HISTlH2BD histone 1 H2bd 3017 3.23E-05 1.45E-03 
HISTlH2AH histone 1 H2ah 85235 85235 2.65E-05 4.89E-04 
HISTlH2BK histone 1 H2bk 85235 85236 2.65E-05 4.89E-04 
HISTlH28M histone 1 H2bm 8342 1.19E-05 1.18E- 3 
HISTlH2BF histone 1 H2bf 8343 8343 1.06E-05 5.19E-04 
HISTlH3D histone 1 H3d 8343 3013 1.06E-05 5.19E-04 
HISTlH2BN histone 1 H2bn 8341 7.43E-06 5.39E-05 
HI5TlH2AI histone 1 H2ai 8329 3.56E-06 3.53E-04 
ZWI0 ZW10 homoloa. centromere 9183 4.81E-03 3.22E-02 
IDE insulin-dearadinQ enzyme 3416 4.31E-03 3.34E-02 
CDCAI cetl division cycle associated 1 na 4.23E-03 9.64E-03 
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lUN v- un sarcoma virus 17 oncoqene homoloQ avian 3725 3.71E-03 3.18E-03 
PARK7 Parkinson disease autosomal recessive earl onset 7 11315 3A2E-03 4.50E-03 
FUI0292 hypothetical protein FUI0292 55110 2.98E-0 1.22E-04 
SFP s liclna factor oroline 6421 2.65E-03 1.19E-02 
DD211 DEAD 1663 1.85E-03 4.55E-04 
SMC2l1 SMC2 structural maintenance of chromosomes 2-like 1 east 10592 1.20E-03 1.95E-02 
APCI0 anaphase-oromotinn com lex subunit 10 10393 1.17E-03 1.46E-02 
DNAJC9 DnaJ HSD40 homoloa. subfamilv C member 9 23234 1.03E-03 7.39E-06 
TEBP unactive oroaesterone receotor 23 kD 10728 9.56E-04 4.50E-03 
KIAAOD92 translokin 143684 9702 5.87E-04 3.54E-04 
MGC33371 hvoothetical protein MGC33371 143684 143684 5.87E-04 3.54E-04 
C3CS cvtochrome c somatic 54205 3.62E-04 3.33E-02 
CSPG6 chondroitin sulfate proteogl can 6 bamacan 9126 2.44E-04 5.62E-07 
C20orf77 chromosome 20 open readina frame 77 58490 1.35E-04 1.52E-03 
DCLRE1C DNA cross-link reoair 1C PS02 homoloa. S. cerevisiae 64421 1.25E-04 4.07E-0 
IPLA2 GAMMA intracellular membrane-associated calcium-independent phospholipase A2 50640 1.21E-04 4.33E-05 
ASFlB ASF1 anti-silencina function 1 homoloa B S. cerevisiae 55723 1.16E-04 4A7E-03 
SIVA CD27-bindina Siva orotein 10572 3.93E-05 3.80E-05 
MSH2 mutS homoloQ 2 colon cancer nonpolvposis tvoe 1 E. coli 4436 3A4E-05 1.63E-04 
FU12760 hvoothetical orotein FU12760 39175 3.23E-05 3.66E-07 
HSPC157 HSPC157 proteln 29092 1.26E-05 2.36E-03 
HAT! histone acetvltransferase 1 8520 6.91E-07 1.16E-04 
ORCH ori in recOgnition complex subunit Hike {veast 4998 9.20E-05 3.80E-02 
THOC1 THO com lex 1 9984 4.68E-03 2.32E-05 
MGC47869 hVDothetical oroteln MGC47869 144608 144608 1.73E-03 1.94E-04 
WBPll WW domain bindina protein 11 51729 51729 1.73E-03 1.94E-04 
GNAI3 u ni ne nucleotide bindina orotein G oroteln aloha Inhibitina actlvit3 DO 2773 3.03E-03 2.03E-03 
EEFIEI eukarvotic translation elonaation factor 1 epsilon 1 9521 5.86E-04 1.37E-03 
VAMP1 vesicle-associated membrane orotein 1 5 na otobrevi n 1 6843 4.91E-03 
LOC54499 utative membrane orotein 54499 4.84E-03 
APIS apoptosis inhibitor 5 8539 4.60E-03 
DLAT dih drollooamide S-acetvltransferase E2 comoonent of ovruvate deh dro 1737 4.46E-03 
FENI flaD structure-soecific endonuclease 1 2237 4.44E-03 
PDZGEF2 POZ domain containina ouanine nucleotide exchanoe factor GEF 2 517 5 4.43E-03 
ZNFl92 zinc finaer orotein 192 7745 4.43E-03 
HNRPO heteroQeneous nuclear ribonucleoprotein 0 AU-rich element RNA bindinQ 3184 4.41E-03 
TOMM40 translocase of outer mitochondrial membrane 40 homoloo (veast 10452 4.32E-03 
IARS isoleucine-tRNA svnthetase 3376 4.27E-03 
MGC5309 hvpothetical protein MGC5309 84246 4.24E-03 
APG-l heat shock orotein hso110 familv1 22824 4.23E-03 
PE212 eroxisomal biogenesis factor 12 5193 4.09E-03 
DDT D-dooachrome tautomerase 1652 4.04E-03 
FU90024 fastina-inducible intearal membrane orotein TM6P1 129303 4.04E-03 
MGC2655 hvpothetical proteln MGC2655 79228 3.81E-03 
LOC55580 hvoothetical orotein lOCS5S80 55580 3.34E-03 
RSUI Ras suppressor protein 1 6251 3.32E-03 
MPHOSPHI M-phase phosphoprotein 1 9585 3.27E-03 
HERCI hect homoloaous to the E6-AP UBE3A carbox 1 terminus domain and R 8925 3.26E-03 
RPL31 ribosomal protein L 1 6160 .16E-03 
FU20J64 hvoothetical orotein FU20364 54908 .l1E-03 
LOC148523 hvoothetical orotein BC017397 148523 3.11E-03 
TERF2IP telomeric repeat bindinQ factor 2 interactinQ orotein 54386 2.99E-03 
HMGAI hiah mobilitv aroup AT-hook 1 3159 2.98E-03 
RAB5A RABSA member RAS oncoaene familL 5868 2.83E-03 
NEUGRIN mesenchvma! stem cel! protem DSC92 51335 2.81E-03 
CCT6B chaDeronin containina TCP! subunit 68 zeta 2 91603 10 93 2.81E-03 
MGC20398 hvpothetica! .PIotein MGC20398 91603 91603 2.81E-03 
C14orf100 chromosome 14 open readina frame 100 51528 51528 2.55E-03 
FU25436 hvoothetica! orotein FU25436 51528 112849 2.55E-03 
SEPWl selenoprotein W 1 6415 2A9E-03 
IER5L Immediate earl resoonse 5-like 389792 2.39E-03 
C7orf24 chromosome 7 ooen readina frame 24 79017 2.30E-03 
ABTl activator of basal transcriotion 1 29777 2.27E-03 
PHLDA1 leckstrin homology-like domain familv A member 1 22822 2.26E-03 
MRPS16 mitachondrial ribosomal orotein 516 51021 2.07E-03 
STAG1 stromal anti en 1 10274 2.02E-03 
HRMTlL2 HMTl hnRNP meth Itransferase-like 2 5. cerevisiae 3276 1.93E-03 
LOC113251 c-Moi blndino orotein 113251 1.85E-03 
lTVI JTV1 aene 7965 1. 78E-03 
FU21103 hvoothetical orotein FU21103 79607 1. 72E-03 
L3K5 roteln kinase L3K5 92335 1.70E-Q3 
PCNT2 ericentrin 2 kendrin 5116 1.67E-03 
HRD1 HRD! protein 84447 l.61E-03 
AC021 aevl-Coenzvme A oxidase 1. oalmita ! 1018 51 1.55E-03 
CDK3 cvclin-depE;!ndent kinase 3 1018 1018 1.55E-03 
BCATl branched chain aminotransferase 1. cvtosolic na 1.54E-03 

NCL nucleolin 4691 1.50E-03 
HSPA4 heat shock 70kOa~rotein 4 3308 1.47E-03 
C20rf9 chromosome 2 open readlno frame 9 84269 1.36E-03 
C20orf147 chromosome 20 ODen readina frame 147 140838 1.16E-03 
SLC23A3 solute carrier familv 23 nucleobase tran~.9rters member 3 151295 l.10E-03 

BQLNI ubi uilin 1 29979 9.31E-04 
MGC2734 hvoothetical orotein MGC27 4 92399 92400 8.66E-04 
MRRF mitochondrial ribosome recvclina factor 92399 92399 8.66E-04 
LrD2bD 10w densitv liooorotein receotor-related orote!n blndina orotein 353322 7.88E-04 
FBL fibrillarin 2091 1.31E-04 
HIST2H2AC histone 2 H2ac 8338 5.71E-05 
AP4E1 adaptor-related proteln com lex 4 epsilon 1 subunit 23431 7.68E-06 
Clorl'J3 chromosome 1 open readina frame 33 51154 51154 4.95E-03 
KIAA0090 KIM0090 orotein 51154 23065 4.95E-03 
ETFDH e lectron-tra nsferri na -flavop rote i n dehvd roc enase 2110 4.94E-03 
NDUFAll NADH-ublauinone oxidoreductase subunit B14.7 126328 4.93E-03 
ANAPC5 anaohase oromotin comolex su bu nit 5 51433 4.92E-03 
RNPSI RNA bindina proteln 51 serine-rich domain 10921 4.92E-03 
BLCAP bladder cancer assoclated orotein 10904 4.91E-03 
FU20582 hVDothetical orotein FU20S82 54989 4.85E-03 
FU14779 hvpothetical protein FU14779 84924 4.85E-03 
GTF2B eneral transcription factor lIB 2959 4.85E-03 
GTPBG3 mitochondrial GTP bindina orotein 84705 4.75E-Q3 
PRa0971 hvoothetical orotein PR00971 55435 4.73E-03 
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R31 utative nucleic acid bindina oretein R3·1 11017 4.73E-03 
FUOO166 FU00166 protein 151613 4.72E-03 
RPS42 ribosomal oroteln 54 2-linked 6191 4.70E-03 
CPSF5 cleava e and Dolvaden lation soecific factor 5 25 kOa 55239 11051 4.68E-03 
FU10826 hVDothetical oroteln fUI0826 55239 55239 4.68E-03 
ZNF43 zinc fincer oretein 43 HTF6 7594 4.67E-03 
C6orf152 chromosome 6 open readinQ frame 152 167691 4.63E-03 
LOHA lactate dehvdroaenase A 3939 4.60E-03 
TAF13 TAF13 RNA Dolvmerase II TATA box bindino oretein TBP -associated tact na 4.42E-03 
OH235 DEAH Asp-Glu-Ala-His box polypeptide 35 6 625 4.41E-03 
RPS17 rlbosomal oretein 517 6218 4.39E-0 
IPOll importin Il 51194 4.37E-03 
POL02 01 merase DNA directed delta 2 reaulatorv subunit SOkDa 5425 4.37E-03 
FU11331 hvpothetical proteln FU1l331 55345 4.36E-03 
C027A2 cvtochrome c oxidase subunit VIla Dolvoeotide 2 liver 1347 4.36E-03 
ZWINT ZWIO interactor 11130 4.29E-03 
POLD4 olvmerase DNA-directed delt 4 57804 4.22E- 3 
MRPL43 mitochondrial ribosomal orDtein L43 56652 84545 4.20E-03 
PE01 rOQressive externat ophthalmopleaia 1 56652 56652 4.20E-03 
NCKI NCK adaotor orotein 1 4690 4.16E-03 
STC2 stannlocalcin 2 8614 4.16E-03 
FOFT1 farnes I-di hosohate farnes Itransferase 1 2222 4.15E-03 
HSPA1B heat shock 70kDa orotein lB 3304 4.12E-03 
RP3-366L4.2 ]-type co-chaperone H5C20 150274 150274 4.06E-03 

CHEK2 CHK2 checkooint homoloa 5. Dombe 150274 11200 4.06E-03 
RPL8 ribosomal. Protein L8 6132 4.04E-03 
FU12598 hVDothetical Drotein FU12598 79810 79810 4.04E-03 
MRPS27 mitochondrial ribosomal orotein 527 79810 23107 4.04E-03 
MGC2404 hvpothetical protein MGC2404 84320 4.04E-03 
OR1 down-reaulator of transcriotion 1 TBP-bindina neaative cofactor 2 1810 4.01E-03 
ARHGAP11A KlAAOO13 ene oroduct 9824 3.96E-03 
$MAP smalt acidic protein 10944 3.96E-03 
PSM012 roteasome (prosome macrooain 265subunit non-ATPase 12 5718 3.95E-03 
FU22002 hvoothetical orotein FU22002 79896 79896 3.87E-03 
MGC26778 hypothetical protein MGC26778 79896 219670 3.87E-03 
MGC39558 hvoothetical orotein MGC39558 148789 3.81E-03 
LZTRI leucine-zi :)[}er-like transcriotional re~ulator 1 8216 3.79E-03 
EAF2 ELL associated factor 2 55840 3.78E-03 
ARLTSI ADP-ribosvlation factor-like tumor suooressor orotein 1 115761 3.78E-03 
FU22059 hypothetical protein FU22059 64763 3.76E-03 
SLC39A9 solute carrier familv 39 zinc transporter member 9 55334 3.76E-03 
PM5CLl olvm asitis 5393 3.74E~ 

GAN iant axanal neuropathv (oioaxonln 8139 3.71E-03 
RTP801 HIF-l resoonsive RTP801 54541 3.68E-D3 
RBAF600 retinoblastoma-associated factor 600 23352 3.66E-03 
FUI0803 hvpothetical orotein FUI0803 55744 3.64E-03 
ZNF302 zinc finçw~rotein 302 55900 3.54E-03 
RPS24 ribosomal protein 524 6229 .47E-03 
POLR30 olvmerase RNA III DNA dlrected olvoeotide 0 44kO. 661 3.47E-03 
MGC2198 hVDothetical protein MGC2198 192286 3.41E-03 
FU39485 hvoothetical Droteln FU39485 285603 3.35E-03 
HISTlH4F histone 1 H4f 8361 3.34E-03 
WOR3 WD repeat domain 10885 3.31E-03 

0 0 0 3.31Ec03 
IPP intracisternal A oarticle-promoted pOlypeotide 3652 3.27E-03 
C2orf7 chromosome 2 ooen readina frame 7 84279 84279 .23E-03 
CCT7 chaperonin containinQ TCPI su bu nit 7 eta 84279 10574 3.23E-03 
ARMET ar inine-rich mutated in earlv staoe tu mors 7873 3.19E-03 
FU 9582 hVDothetical orotein FU39582 353117 353117 3.05E-03 
THAP7 THAP damain cantaining 7 353117 80764 3.05E-03 
SELH selenapratein H 280636 3.02E-03 
FU14346 hvoothetical orotein FU14346 80097 3.D2E-03 
APEH N-acylaminoacyl-oeotide h3drolase 327 2.99E-03 
HISTlH2BE histone 1 H2be 8344 2.97E-03 
NDRGI N-mvc downstream reaulated aene 1 10397 2.95E-03 
HIS1 HMBA-inducible 10614 2.85E-03 
MGC14421 hVDothetical oroteln MGC14421 84993 2.85E-03 
RBMSA RNA bindina motif rotein 8A 9939 2.84E-03 
lDH3G isocitrate dehydroQenase 3 NAD+· Qamma 6748 3421 2.84E-03 
SSR4 si nal seauence receotor delta translocon-associated orotein delta 674 6748 2.84E-D3 
BCL2Ll2 BCl2-like 12 (praline ri ch 83596 2.83E-03 
AGA aspartvl! lucasaminidase 175 2.82E-03 
MAP3K4 mitoaen-activated orotein kinase kinase kinase 4 4216 2.82E-03 
NR1H3 nuclear receptor subfamily 1. aroup H member 3 10062 2.81E-03 
VMPI likel ortholoo of rat vacuole membrane orotein 1 81671 2.78E-03 
OKFZD686L2D145 similar ta rab11-bindina orotein 54521 2.78E-03 
THAP8 THAP domain containino 8 199745 2.76E-03 
CGI-18 CGI-18orotein 119504 51008 2.74E-03 
LOC1l9504 hypothetical protein LOC119504 119504 119504 2.74E-03 
ILK intearin-linked kinase 611 3611 2.74E-03 
KlAA0409 KIAA0409 protein 3611 23378 2.74E-03 
H326 H326 50717 2.62E-03 
TAGLN2 transaelin 2 8407 2.61E-03 
5UGTl SGTI sY..QQressor of G2 allele of SKPI S. cerevisiae 10910 2.60E-03 
TRAP150 thvroid hormone receotor-associated orotein 150 kDa subunit 9967 2.55E-03 
HSU79266 rotein oredicted b clone 23627 29901 2.54E-03 
LPMT-e acld a Itransferase-e silon 55326 2.53E-03 
CENPA centromere Drotein A 17kDa 1058 2.51E-03 
NR01 nardil3sin N-ar inine di asic convertase 4898 2.51E-03 
NOUFA5 NADH dehvdroaenase ubiauinone 1 al ha subcomolex 5 IJkDa 4698 2.47E-D3 
TAZ transcriotional co-activator with PDZ-bindina motif TAZ 25937 2.47E-03 
NNMT nicotinamide N-methyltransferase 4837 2.47E-03 
MAP2K5 mitoaen-activated Drotein kinase kinase 5 5607 2.46E-03 
G3BP Ras-GTPase-activatina Drotein 5H3-domain-bindina Drotein 10146 2.37E-03 
COC6 CDC6 œil division cvcle 6 homoloQ S. cerevisiae 99 2.36E-03 
FU25078 hYDothetical croteln FU25078 148304 2.35E-03 
CCT2 chaoeronln containina TCPI subunit 2 beta 10576 2.35E-03 
RABL2A RAB member of RAS onco ene fa mil -like 2A 11159 2.34E-03 
PIK3RJ hosphOinasitide- -kinase reQulatory subunit oolypeptide 3 (055 CJamm 850 2.34E-03 
MGC33864 ADP-ribosvlation-like factor 6-interactina orotein 6 151188 2.28E-03 
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SMARCA3 SWI 6596 2.24E-03 
AP2Al adaPtor-related proteln complex 2 alpha 1 subunit 160 2.22E-03 
GTF21 eneral transcrlotlon factor II i 2969 2.22E-03 
FLJ10359 hYPothetical protein FUI0359 55127 2.19E-03 
RPC62 oolvmerase RNA III DNA directed 62kD 27246 10623 2.16E-03 
ZNF364 zinc finQer protein 364 27246 27246 2.16E-03 
UBE2D3 ubiauitin-con ·uaatina enzyme E2D 3 UBC4 7323 2.15E-03 
FLJ12886 hvoothetical oroteln FU12886 56006 2.UE-03 
H2AF2 H2A histone family, member 2 3014 2.10E-03 
CGOOS hvoothetical orotein from BCRA2 reaion 10443 2.05E-03 
ALCAM activated leukocvte ceU adheslon molecule 214 2.04E-03 
C3orf31 chromosome ooen readlna frame 31 132001 2. 4E-03 
STK18 serine 10733 2.04E-03 
PRKACB roteln kinase cAMP-dependent catalytic beta 5567 2.00E-03 
MPV17 MoV17 transaene murine homoloa. lomerulosclerosls 4358 1.99E-03 
NDUFB5 NADH dehydrogenase ublQl,Jinone 1 beta subcomolex 5 16kDa 4711 l.99E-03 
RPS5 ribosomal orotein S5 6193 l.95E-03 
TOB2 transducer of ERBB2 2 10766 l.89E-03 
CTAG3 cancer 285782 l.88E-03 
RIOKI RIO kinase 1 (veast 83732 l.88E-03 
RBBPI retinoblastoma bindina orotein 1 5926 l.86E-03 
PLCDl hospholipase C delta 1 5333 l.86E-03 
EIF3S10 eukaryotic translation initiation factor 3 subunit 10 theta 150 8661 l.76E-03 
CLCN3 ehloride channel 3 1182 l.74E-03 
ZFP91 zinc finQer proteln 91 homoloQ mouse 80829 l.70E-03 
P2MP3 eroxisomal membrane orotein 3 35kDa Zellweoer syndrome 5828 l.70E-03 
GTF2Al eneral transcription factor UA 1 19 2957 l.64E-03 
DKFZP434D1335 DKFZP434D13 5 protein 26065 l.61E-03 
ARF6 ADP-ribos lation factor 6 382 l.58E-03 
DD25 DEAD Asp-Glu-Ala-AsPl box polypeptide 5 1655 165S l.56E-03 
LOC9D799 hvoothetical orotein BCOO9518 1655 90799 l.56E-03 
C14orf87 chromosome 14 open readlng frame 87 51218 l.55E-03 
RAFl v-raf-l murine leukemia viral oncoaene homoloa 1 5894 l.54E-03 
RNGTT RNA gl,Jan 131transferase and 5'-ohosohatase 8732 l.54E-03 
MCCC2 meth Icrotonoyl-Coenzyme A carboxylase 2 beta 64087 l.53E-03 
C6 rf53 chromosome 6 ooen readina frame 53 51522 l.53E-03 
C15orf12 chromosome 15 open readinQ frame 12 55272 l.45E-03 
C14orf9 chromosome 14 ooen readino frame 9 90809 1.44E-03 
JAZ double-stranded RNA-bindino zinc finoer orotein JAZ 23567 l.44E-03 
SEC23A Sec23 homolOQ A 5. œrevisiae 10484 1.42E-03 
C60rf37 chromosome 6 open readino frame 37 55603 1.40E-03 
CGI-143 CGI-1430rotein 51027 l.34E-03 
H17 hypothetical proteln H17 55572 55572 l.32E-03 
SRPR si nal recoanition particle receotor 'dockina oroteln' 55572 6734 l.32E-03 
ZNF23 zinc finaer orotein 23 K0216 7571 l.31E-03 
CGI-30 CGI-30 protein 51611 l.29E-03 
RPS14 rlbosomal proteln 514 6208 l.21E-03 
CML66 chronic m3eloaenous leukemia tumor antiaen 66 56943 84955 l.20E-03 
DC6 DC6 proteln 5694 56943 l.20E-03 
ZNF258 zinc finaer orotein 258 9204 l.19E-03 
SSBPI sinole-stranded DNA bindino orotein 6742 l.19E-03 
MGC9515 hyoothetical oroteln MGC9515 348162 l.18E-03 
NAKAP95 nei hbor of A-kinase anchorino orotein 95 26993 l.18E-0 
HCCRI cervical cancer 1 protoonCOQene 25875 l.18E-03 
CCNLI c clin L1 57018 l.17E- 3 
DD05T dolich I-di hosphQoligQsaccharide.-g.rotein olvcosvltransferase 1650 1.17E-03 
RTN4 reticulon 4 57142 l.15E-03 
MGC40157 hvoothetical orotein MGC40157 125144 l.14E-03 
RPL37 ribosomal rotein L37 6167 l.13E-O 
HIRA HIR histone cell cvcle reaulation defective homoloa A S. cerevisiae 729 7290 l.12E-03 
MRPL40 mitochondrial ribosomal orotein L40 7290 64976 l.12E-03 
DKFZD761l139 hyoothetical protein DKFZp761J139 84240 1.09E-03 
GRWDl lutamate-rich WD repeat containina 1 83743 l.08E-03 
LOC81691 exonuclease NEF-sp 81691 81691 l.0IE-03 
MGC16943 slmilar to RI KEN cDNA 4933424N09 aene 81691 112479 1.0tE-03 
E2-EPF ubi uitin carrier oroteln 27338 9.9 E-04 
na 0 0 9.45E-04 
WDR23 WD reoeat domain 23 80344 9.39E-04 
LM04 LIM domain onl 4 8543 9.07E-04 
DPYI9L3 dDY-19-like 3 C. eleQans 147991 9.06E-04 
CENPB centromere protein B 80kDa 1059 8.88E-04 
SFRS2 s Heino factor arainine 6427 8.61E-04 
CENPF centromere proteln F 350 1063 8.59E-04 
UBC ubiauitin C 7316 8.42E-04 
CLONE24922 hvoothetical orotein CLONE24922 51117 26995 8.36E-04 
CO 4 coenzyme 4 homoloQ (yeast 51117 51117 8.36E-04 
MGC4093 hvoothetical orotein MGC4093 80776 8.24E-04 
FLJ14936 hvoothetical orotein FU14936 84950 8.22E-04 
GNB1L uanine nucleotide bindino proteln G proteln beta polyoeotide l-Iike 54584 8.08E-04 
SAP18 sln3-assoclated polvoeotide 18kDa 10284 7.98E-04 
C13orf3 chromosome 13 ooen readina frame 3 78988 221150 7.90E-04 
MRP63 mitochondrial ribosomal protein 63 78988 78988 7.90E-04 
RBM14 RNA bindina motif protein 14 10432 7.83E-04 
ATR ataxia telanoiectasia and Rad3 related 545 7.74E-04 
CCT5 chaoeron!n containinQ Tepl subunit 5 epsilon 22948 22948 7.62E-04 
LOC134145 hvoothetical orote!n LOC134145 22948 134145 7.62E-04 
DKFZP5640123 DKFZP5640123 proteln 25978 7.56E-04 
GALE alactose-4-e imerase UDP- 2582 6.94E-04 
MGC43690 hypothetical proteln MGC43690 253769 6.82E-04 
C21orf119 chromosome 21 ooen readina frame 119 84996 6.68E-04 
ARHGAP18 Rho GTPase activatina orotein 18 93663 6.16E-04 
HMGBl hiQh-mobility Qroup box 1 3146 6.15E-04 
AMDl adenos31methionine decarbox lase 1 262 6.06E-04 
MGC10067 hvoothetical orotein MGC10067 134510 6.01E-04 
SFRS10 soli cino factor arainine 6434 5.94E-04 
DNAlB4 DnaJ Hso40 homoJoo. subfamil B member 4 11080 5.70E-04 
MRPS15 mitochondrial ribosomal proteln 515 64960 5.57E-04 
DJ465N24.2.1 hypothetical protein dJ465N24.2.1 57035 5.36E-04 
SFRS3 solicino factor aroinine 6428 4.92E-04 
RNFl21 ri na finQer proteln 121 55298 4.91E-04 
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BRI2 BRI2 SS299 55299 4.86E-04 
RAD1 RAol homoloa S. Dombe 5S299 5810 4.86E-04 
RFC4 replication factor C activator 1 4 37koa S984 4.82E-04 
TPM3 trODomvosin 3 7170 4.82E-04 
CSNKlAl c sein kinase 1 alDha 1 1452 4.13E-04 
HIST1H2BB histone 1 H2bb 3018 3.78E-04 
NUP88 nucleoDorin 88kOa 4927 3.67E-04 
ARL6IP AOP-ribosvlatlon factor-like 6 Interactino rotein 23204 3.48E-04 
FU10006 hypothetical protein FUI0006 5S677 3.46E-04 
KIAAl724 KlAAI724 crotein 85465 2.80E-04 
RNF34 ring finger protein 34 80196 2.7SE-04 
FU10S04 misato S51S4 2.40E-04 
C3B5-M cvtochrome b5 outer mitochondrial membrane Drecursor 80777 2.36E-04 
C10orf7 chrQmosome 10 open readino frame 7 8872 2.33E-04 
HISTlH3D histone 1 H3d 8351 2.32E-04 
ZNF79 zinc finaer Drotein 79 (DT7 7633 2.18E-04 
STlPl stress-induced-phosphoprotein 1 HSD70 10963 l.48E-04 
C2F CZf orotein 10436 l.41E-04 
RPL3 ribosomal protein L3 6122 l.37E-04 
BRD8 na na l.36E-04 
LOC90678 hypothetical protein BC009239 90678 l.36E-04 
POIP46 olvmerase delta interactina Drotein 46 84271 1.27E-04 
TSG101 tumor susc~ptibilit3 gene 101 7251 l.24E-04 
MGC15763 hVDothetical Drotein BC008322 92106 1.15E-04 
RPS23 ribosomal protein 523 6228 1.13E-04 
HMGCR 3-h3dro23-3-meth31 lutar31-Coenzvme A reductase 3156 7.47E-OS 
HnRNP U na na 7.20E-OS 
CLTA clathrin li ht polypeptide Lca 1211 7.20E-OS 
RP513 ribosomal Drotein 513 6207 6.99E-05 
FU10514 hvoothetical ~rotein FUI0514 S51S7 6.81E-05 
PARG olv ADP-ribose Ilvcohvdrolase 8S0S S.78E-OS 
FU22347 hvoothetical orotein FU22347 648S2 5.78E-OS 
MUS81 MUS81 endonuclease 80198 5.62E-OS 
FU35775 hvoothetical orotein FU3S77S 138009 S.52E-05 
LOC5S871 COBW-like Drotein S5871 4.71E-05 
CUorfl chromosome U open re dina frame 1 64776 4.S8E-OS 
M96 likely ortholoq of mouse metal resoonse element bindina transcriction fa 22823 4.S2E-OS 
SCAND1 SCAN domain containino 1 S1282 4.S0E-OS 
GTF2H1 eneral transcri tion factor IIH polvpeptide 1 62kOa 2965 4.46E-OS 
HISTlH4H histone 1 H4h 836 4.43E-OS 
CHC1 chromosome condensation 1 1104 4.40E-OS 
COPSS CQP9 constitutive photomorphoQenic homoloQ subunit 5 Arabidopsis 10987 4.30E-0 
C19orf6 chromosome 1 ocen readina frame 6 91304 3.89E-0 
KIAA0186 KIAA01860ene roduct 9837 3.8SE-OS 
PAKlIPI PAKI interactino protein 1 S5003 3.38E-OS 
00246 OEAO ASD-Glu-Ala-Asol box olvoeotide 46 9879 3.13E-05 
ST210 s ntaxin 10 8677 2.90E-05 
CKLF chemokine-like factor Sl192 2.47E-05 
KLTLG KIT li and 42S4 2.38E-05 
HNLF utative NFkB activatina Droteln HNLF 222068 2.24E-OS 
DKFZP434H0115 hVDothetical Drotein OKFZD434HOl15 83538 2.03E-05 
BTD biotinidase 686 l.91E-05 
FU31364 homoloa of veast EME1 endonuclease 1469S6 l.89E-05 
C044 C044 anti en homlnQ function and Indlan blood oroup s3stem 960 l.76E-OS 
RADSI RADSI homoloe RecA homoloa. E. coli S. cerevisiae S888 l.49E-OS 
CENPH centromere protein H 64946 l.OSE-OS 
TRIP TRAF interactina Drotein 10293 5.20E-06 
EIF2AK3 eukarvotic translation initiation factor 2-alDha kinase 3 94S1 5.13E-06 
RPL21 ribosomal orotein L21 6144 l.58E-07 
3WHA tyrosine 3-monooxvaenase 10971 9.92E-04 
AATF aDoDtosis antaaonizino transcri tion factor 26S74 6.16E-05 
AD024 AD024 protein 57405 5.62E-05 
ADSS aden310succinate s nthase 159 2.8LE-04 
ALG8 aSDaraoine-linked 13cos31ation 8 homolo (yeast al ha-l 3-qlucos3ltran 79053 6.12E-04 
ANKTM1 ankyrin-like with transmembrane domains 1 8989 2.44E- 3 
APAl likel ortholoa of mouse another oartner for ARF 1 57862 7.91E-OS 
BCKDHA branched chain keto acid deh droaenase El alpha polypeptide maple s3 593 6.73E- 4 
BRIP1 BRCAI interactina orotein C-terminal helicase 1 83990 4.80E-02 
C14orf80 chromosome 14 ooen readina frame 80 283643 5.62E-05 
C20orf30 chromosome 20 open re ding frame 30 29058 8.QlE-04 
C200rf72 chromosome 20 open readina frame 72 92667 2.09E-03 
C21orf66 chromosome 21 ODen readina frame 66 94104 2.66E-07 
C3P2Fl çytochrome P450 famil 2 subfamil F, polypeptide 1 1S72 4.40E-0 
CALU calumenin 813 3.89E-03 
CASP8 caSDase 8 aooctosis-related cvsteine peptidase 841 4.l2E-02 
CASP8AP2 CASP8 associated Drotein 2 9994 1.39E-03 
CDC25A cell division CYcle 2SA 993 2.69E-04 
CDC25A cell division cvcle 2SA 993 !.l8E-05 
CDCSL CDC5 cell division cvcle S-like S. pombe 988 3.00E-02 
CDK5RAP2 CDK5 reoulatorv subunit associated Drotem 2 55755 4.86E-03 
CGI-141 CGI-141orotein 51026 1.51E-07 
CHEKl CHKI checkooint homoloo S. Dombe 1111 3.24E-05 
CLCF1 cardiotroohin-like c tokine factor 1 23592 2.05E-02 
COPS3 CQP9 constitutive DhotomorDhoQenic homoloo subunit 3 Arabidoosis 8533 2.18E-06 
CO 6 coenzyme 6 homoloo (veast 51004 4.59E-06 
CPSF2 cleavage and polyadenylation specifie factor 2 lOOk Da 53981 2.09E-04 
C5TF3 çleava e stimulation factor 3' re-RNA subunlt 3 77kDa 1479 2.62E-03 
CTGF çQnnective tissue Qrowth factor 1490 4.98E-02 
DH240 OEAH ASD-Glu-Ala-His box DolvDeotide 40 79665 7.60E-OS 
E1B-AP5 E1B-5SkOa-associated Drotein 5 11100 l.40E-0 
FA~H11B fam.i1v with seQuence similaritv 111 member B 374393 !.l8E-03 
FHODI formin homo!oQV 2 dama in containlno 1 29109 !.l7E-03 
FIGNLl fidoetln-like 1 6397 !.l9E-03 
FUOOO05 FU00005 Drotein 57184 l.80E-03 
FU10520 hvpothetical protein FUI0520 55159 !.l4E-03 
FU10579 hyoothetical Drotein FU10579 55177 l.98E-03 
FU11021 simiJar ta s licin factor ar inine 65117 1.70E-03 
FU13912 hypothetical protein FU13912 64785 l.50E-09 
FU14639 hVDothetical Drotein FU14639 84901 3.43E-05 
FU14640 hYDothetical Drotein FU14640 91442 84902 2.22E-04 



FU22301 
FU30574 
FU31100 
FU32783 
FU40137 
FUT2 
GRIA3 
HCAP-G 
HEC 
HHl.A3 
HSPCI29 
KCNIP4 
KHDR8S1 
KIAA0152 
KlAAI799 
KNSl7 
KNTCI 
LlMDI 
lOCI51648 
lOC57149 
MAP2 
MASA 
MATR3 
MGCI6733 
MGCI7358 
MGC32020 
MGC35361 
MGC48972 
MlHI 
MTHFD1 
NASP 
NCOA5 
NDUFS7 
NUMAI 
OSRF 
PABPC5 
PCNA 
PCNTl 
PIR51 
PlA2 
POlD3 
POlR21 
POlR2K 
PPARG 
PPP6C 
PRKCSH 
PSMD9 
RA611A 
RAD9B 
RAVERI 
RBU 
RHE8 
RHEBLI 
RNASE4 
RTIN 
S3NGR4 
SACMIL 
SERPINI2 
SFRSS 
SLBP 
SPAG5 
TOP2A 
TRAP25 
ZF 
ST26 
ZNF317 
VPS29 
TRIM26 
SSR3 
T1AMI 
T3R 
TPX2 
TP53 
STIL 
SRP72 

Note that for the 
Chlp-chip 
performed on the 
lk array, the eut-off 
for the p-value was 
raised to 
compensate for the 
lack of sensitivitly 
due to the 1055 of 
signal caused by 
high ozone level 
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hypothetical protein FU22301 79894 2.16E-03 
hvcothetical orotein FU30574 130132 9.52E-04 
hypothetical protein FU31100 284306 1.62E-05 
hvoothetical oroteln FU32783 158787 7.83E-04 
hYQQtheticatJll"otein FU40137 124817 1.38E-03 
fucosvltransferase 2 secretor status included 2524 4.85E-04 

luta mate receotor ionotroohic AMPA 3 2892 2.88E-03 
chromosome condensation proteln G 64151 4.14E-03 
hi hl e20ressed in cancer rich in leucine heotad reoeats 10403 5.28E-05 
HERV-H lTR-associatinQ 3 11147 3.36E-03 
hVDothetical Drotein HSPC129 51496 8. 2E-04 

otassium channel-interactinQ protein 4 80333 2.53E-09 
KH domain containina, RNA bindina, sianal transduction assoCiated 1 10657 7.65E-06 
KIM0152 cene oroduct 9761 8.93E-05 
KIM1799 protein 84455 9.32E-06 
kinesin-like 7 56992 1.50E-04 
kinetochore associated 1 9735 9735 1.70E-03 
LIM domains containina 1 8994 4.43E-03 
hVDothetical Drotein 6COO1339 151648 1.56E-03 
hvoothetical orotein A-211C6.1123879 57149 1.76E-03 
mlcrotubule-associated orotein 2 4133 2.13E-03 
E-l enzyme 58478 7.95E-07 
matrin 3 9782 2.16E-03 
hVDothetical aene MGC16733 similar to CG12113 92105 3.03E-03 
hvoothetical orotein MGC17358 257169 3.56E-03 
hyoothetical protein MGC32020 91442 91442 2.22E-04 
hVDothetical orotein MGC35361 2222 4 2.56E-03 
hypothetical protein MGC48972 123879 123879 1.76E-03 
mutl homoloa 1 colon cancer nonoolvoosis tvoe 2 E. coll 4292 4.57E-03 
methvlenetetrahvdrofolate dehvdro enase NADP+ de~ndent methen 1 4522 1.18E-03 
nuclear autoantiQenic sperm protein histone-bindinQ' 4678 .92E-02 
nuclear receotor coactivator 5 57727 2.58E-02 
NADH deh drooenase ubiauinone Fe-5.J>Toteln 7 20kDa NADH-coenzyn 374291 5.60E-04 
nuclear mitotlc aooaratus orotein 1 4926 2.07E-03 
osmosis resDonsive factor 23548 3.09E-03 

oly(A bindinQ protelO, MO lasmic 5 140886 2.35E-05 
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Chapter IV - Carboxy-terminal proteolytic processing of CDP/Cux by a Caspase 

Enables Transcriptional Activation in Proliferating Cells 

Preface 

This part ofmy project came from an observation made by Dr. Nam Sung Moon. He had 

recently shown that p200 CDP/Cux was subject to limited proteolysis, in a cell cycle­

regulated manner. In his identification and characterization ofpll0 CDP/Cux, Nam Sung 

noticed another isoform in his Western blots that was consistent with proteolytic proc­

essing near the carboxy-terminus. He could prevent the appearance of this band with a 

broad-spectrum caspase inhibitor. Mapping of the processing site revealed that last DNA 

binding domain, the Cut homeodomain was not cleaved. I reasoned that this C-terminal 

processing could influence transcriptional regulation by CDP/Cux. 

In this chapter, I describe caspase-mediated processing of CDP/Cux in proliferating cells. 

This proteolytic processing enabled transcriptional activation of cell cycle-regulated pro­

moters by CDP/Cux. This new isoform, p85 CDP/Cux, accelerated entry into S phase 

following serum starvation. I demonstrated that CDP/Cux is a substrate for caspases in 

proliferating cells. 
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ABSTRACT 

Proteolytic processing at the end ofthe GI phase generates a CDP/Cux isoform, pllO, 

which functions either as a transcriptional activator or repressor and can accelerate entry 

into S phase. Here we describe a second proteolytic event that generates an isoform lack­

ing two active repression do mains in the C-terminus. This processing event was inhib­

ited by treatment of cells with Z-V AD-FMK and by co-transfection of CrmA. ln vitro, 

several caspases generated a processed isoform that co-migrated with the in vivo gener­

ated product. In cells, recombinant CDP/Cux proteins in which the region of cleavage 

was deleted, or in which D residues were mutated to A, were not proteolytically proc­

essed. Importantly, this processing event was not associated with apoptosis, as assessed 

by TUNEL assay, cytochrome c localization, PARP cleavage, and F ACS. Moreover, 

processing was observed in S phase but not in early G 1, suggesting that processing indeed 

occors in proliferating cells. The functional importance ofthis processing event was re­

vealed in reporter and cell cycle assays. A recombinant, processed, CDP/Cux prote in was 

a more potent transcriptional activator of the DNA pol alpha promoter and was able to 

accelerate entry of Kit225 T cells into S phase, whereas mutants that could not be proc­

essed were inactive in either assay. Together our results identify a substrate of caspases in 

proliferating cells and suggest a mechanism by which caspases may accelerate cell cycle 

progresSIOn. 
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INTRODUCTION 

The caspase family of cysteine proteases contains 14 known members. Caspase 

substrates have aspartate in the PI position, and the specificity of recognition by individ­

ual caspases is determined by the amino acids in the P2, P3, and P4 positions. Their roles 

in cytokine maturation and apoptosis have been thoroughly documented (for a detailed 

review, see (29, 39)). Caspases are expressed as inactive zymogens, and their activation 

proceeds by one oftwo mechanisms. Caspase-2, -8, -9, and -10, the initiator caspases, 

are activated by dimerization. They contain CARD (caspase recruitment go main) or 

DED (geath ~ffector gomain) domains, and are brought together via homotypic interac­

tions with upstream molecules. However, caspase-3, -6, and -7, the effector caspases, are 

present as inactive dimers that are activated by proteolysis (6). 

Caspase activity plays a role in the differentiation of a number of tissues, includ­

ing red blood cells and lens fiber cells. This is often accompanied by sorne ofthe mor­

phological changes associated with apoptosis, such as chromatin condensation, and nu­

clear destruction (15,23,45). 

An inherited mutation in humans, causing defects in the activation of T, B, and 

NK (natural kiIler) ceIls, was mapped to caspase 8 (9). While targeted disruption of 

caspase 8 in mice is embryonic lethal, insight into its function in T cells was gained by 

targeted deletion of caspase 8 in the T ceIllineage. This resulted in fewer than normal pe­

ripheral T ceIls, and an inability to mount an immune response following infection with 

choriomeningitis virus. In addition, ex vivo, the ability ofT cells to respond to activation 

stimuli was impaired (28). 

Results from a number of studies suggested that caspases were activated following 

T cell stimulation with PHA (21), or with IL-2 and mitogens (43), where no evidence of 

cell death was detected. Levels of cleavage of procaspase 3 into its active form were 

higher than what is normally observed upon induction of apoptosis (21). This suggested 

that caspase activity could be regulated following activation. It was later shown that 

granzyme B, or another aspartate-specific protease, was activated post-Iysis, and was re­

sponsible for the cleavage ofprocaspase 3 (44). However, following this study, another 

group showed that caspase 3 was activated following PHA-stimulation ofT cells, even in 
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the presence of granzyme B inhibitors. Furthermore, IL-2 release from activated T cells 

was blocked in the presence ofpeptide-based caspase inhibitors (26). 

A non-apoptotic role for F ADD in T cell proliferation has been supported by re­

cent work from a number of groups. In mice that lack F ADD function, either due to gene 

ablation, or expression of a dominant negative, T cells are defective in activation-induced 

proliferation (25, 46). T cells expressing dominant negative F ADD arrest at GO/G 1 of the 

cell cycle (25). Mice expressing a FADD mutant, in which serine 191 was mutated to as­

partate, were smaller, anemic and presented splenomegaly. No apoptotic defects were 

found, however, their T cells were defective in cell cycle progression. Interestingly, 

F ADD is differentially phosphorylated throughout the cell cycle, at serine 194, which is 

equivalent to serine 191 in mice, further suggesting that post-translational modification 

could modulate its function (33). 

Limited proteolysis regulates the activities of many transcription factors. Cleav­

age ofNotch, SREBP, and others results in their translocation to the nucleus 0, 7). AI­

ternatively, limited proteolysis ofIRF2, Stats 3, 5, and 6, and CIEBP removes their acti­

vation domains (13). 

CDP/Cux has recently been identified as a substrate for the cathepsin L cysteine 

protease in the S phase of the cell cycle. The product of this proteolysis, plI 0, lacks the 

amino-terminal inhibitory do main and one cut repeat (CRI) and binds more stably to 

DNA. plI ° is predicted to repress or activate the transcription of a number of G 1 or S 

phase-specific genes, respectively. Putative or confirmed cell cycle targets include 

p21WAF1, p27, histone Hl, H2A, H2B, H3, and H4, DNA polymerase alpha, DHFR, cy­

clin A2, and CAD (insert refs). Two active repression domains have been mapped down­

stream of the homeodomain and were shown to be dispensable for the stimulation of the 

DNA polymerase alpha gene promo ter. 

Immunoblotting experiments with an antibody that recognizes the N-terminus 

have revealed a protein of 175 kDa. Interestingly, upon expression of a recombinant 

CDP/Cux protein corresponding to pl 10, a shorter isoform was also detected by Western 

blot with an N-terminal antibody «40) and Fig 3B, lane 2). These two results suggested 

that CDP/Cux is also processed near the C-terminus. 
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In the present study, we show that CDP/Cux is a substrate for another protease. 

Treatment of cells with a panel of protease inhibitors suggested a caspase was responsi­

bie. Using site-directed mutagenesis, we mapped the region of cleavage to one or more 

aspartate residues downstream of the Cut homeodomain. This cleavage was observed in 

proliferating cells and was confirmed to occur in the absence of apoptosis. In vitro proc­

essing assays suggested that CDP/Cux is a substrate for multiple caspases. Interestingly, 

a truncated recombinant prote in was a more potent activator in reporter assays and was 

also able to accelerate entry into S phase. These results identify a novel caspase substrate 

that plays a role in cell proliferation. 
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MATERIALS AND METHODS 

Plasmid construction. 

Sequences and/or maps will be provided upon request for CDP/Cux 831-1505 ~1320-

1351, Myc-CDP/Cux 878-1505 D1320,36,39A-HA, Myc-CDP/Cux 878-1336, 

pTriExlhis/Myc1 062-1505/TAPtag constructs. All other CDP/Cux constructs have been 

described in our previous studies (22, 31). 

Expression and purification of CDP/Cux fusion proteins. 

The pTriEx/his/Myc1062-1505/TAPtag expression plasmid was introduced into the BL21 

(DE3) strain of E. coli and induced with 1mM IPTG for 1.5 hours. Cleared lysates were 

resuspended in IPP-l 00 buffer (10 mM Tris (pH 8.0)/ 100 mM NaCI, 1 mM Imidazole, 1 

mM Mg-Acetate, 4.5 mM CaClz, 10 mM ~-mercatoethanol. 10% glycerol, 0.1% NP40) 

and incubated with calmodulin affinity resin (Stratagene). EGTA was used to elute the 

purified CDP/Cux containing complexes from the calmodulin column. 

Recombinant caspase expression, purification and titration. 

Recombinant caspases were expressed in E. coli as C-terminal His-tagged fusion proteins 

using the pET expression system (Novagen, Madison, WI). Proteins were expressed in 

the BL21(DE3) E. coli strain (Novagen) and purified by Ni2+-affinity chromatography as 

previously described (36). 

Cell culture and transfection and synchronization. Hs578T cells were grown in 

DMEM medium supplemented with 5% fetal bovine serum (FBS). NIH3T3 and MCF-7 

cells were grown in DMEM medium supplemented with 10% FBS. Kit225 T cells stably 

expressing CDP/Cux proteins were generated as in (30). Ce Ils were grown in RPMI sup­

plemented with 10% FBS and 75ng/ml human IL-2. Transient transfections were per­

fonned with GeneJuice (Novagen) according to the manufacturer's instructions. 

Cell cycle synchronization. 

Synchronization ofNIH3T3 cells was performed by two methods. Serum starva­

tion/stimulation: post-transfection, cells were maintained in DMEM for 72h, followed by 

5.5h or 10h or 16h in DMEM plus 10% FBS. Thymidine block: Post-transfection, cells 

were cultured ovemight in DMEM plus 10% FBS supplemented with 2 mM thymidine 

and harvested. Stably infected Kit225 cells were deprived of IL-2 for 48 hours, followed 

by readdition for 18 or 25 hours. Cell cycle distribution was monitored by fluorescence-
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activated cell sorting following ethanol fixation and propidium iodide staining (30) 

Luciferase assay. 

Luciferase assays were performed as previously described (22). Because the internaI 

control plasmid is itself often repressed by CDP/Cux, as a control for transfection effi­

ciency the purified ~-galactosidase prote in (Sigma) was included in the transfection mix, 

as previously described (14). The luciferase activity was then normalized based on~­

galactosidase activity. 

CDP/Cux antibodies. 

Antibodies 510, 861, 1061, and 1300 have been described previously (12, 22) (Goulet 

2002). Antibody c-20 is a goat polyclonal antibody raised against the last 20 amino acids 

of CDP (sc-6327). 

Preparation of nuclear extracts and Western blot analysis. 

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 KCI, 1.5 mM MgCI2, 1 mM DTT) (16). Nuclei were th en resuspended in 

Buffer C (20 mM Hepes, pH 7.9, 25 % glycerol 1.5mM MgCh, 420 mM NaCh, 0.2 mM 

EDT A.) and incubated at 4 oC for 30 min. After 15 min. of centrifugation, the supernatant 

was collected. Buffers A and C were supplemented with protease inhibitor mix tablet pur­

chased from Roche. Total extracts were prepared by applying buffer X (50 mM Hepes, 

pH 7.9, 0.4 M KCl, 4 mM NaF, 4 mM Na3V04, 0.2 mM EGTA, 0.2 mM EDTA, 0.1% 

NP-40, 10 % glycerol, 0.5 mM DTT, Protease inhibitor mix tablet from Roche) to a mon­

olayer plate. After 10 min. incubation on ice, the resulting slurry was centrifuged for 15 

min at 4 oC and the supernatant was collected. 

After electrophoretic transfer to PVDF, membranes were washed in Tris-buffered saline-

0.1% Tween-20 (TBS O.1%T) followed by incubation in TBS O.I%T, 5% milk, for 1 

hour. Antibodies were diluted in TBS 0.1 % T and incubated for 1.5 hours followed by 4 

X 10 minute washes in TBS 0.1 % T. Horseradish peroxidase (HRP) conjugated a-rabbit 

(114000) or a-mouse secondary antibody (1110 000) was diluted in a solution ofTBS 

0.1 % T blots. Immuno-reactive pro teins were visualized by chemiluminescence with ECL 

Western Blotting Detection Kit (Amersham Pharmacia Biotech). 
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Protease inhibitors. 

Protease inhibitors were purchased from Calbiochem and used at the following working 

concentrations: 20 ~M EST, 40 ~M MG132, 100 ~M Z-VAO-FMK, 100 ~M OEVO­

CHO, 100 ~M Pepstatin A. 

Electrophoretic Mobility Shift Assay (EMSA). 

EMS A was performed with the indicated quantity of purified prote in. Samples were in­

cubated at room temperature for 20 minutes in a final volume of30 ~l of25 mM NaCI, 

10 mM Tris, pH 7.5,1 mM MgCI2, 5 mM EDTA, pH 8.0, 5% glycerol, 1 mM OTT, 3 ~g 

BSA with 0.2 pmol of radiolabeled oligonuc1eotides. Samples were loaded on a 5% 

polyacrylamide (29: 1), 0.5X TBE gel and separated by electrophoresis at 8V Icm in 0.5X 

TBE. Gels were dried and visualized by autoradiography. 

In vitro proteolytic processing assay. 

In vitro c1eavage reactions were performed using 50mM Hepes pH 7.2, 50mM NaCI, 

0.015% CHAPS, lM sodium citrate, 10mM OTT (for caspase-2,3,8,9,1O) or 20mM 

PIPES pH 7.2, 100mM NaCI, 10mM OTT, 1mM EOTA, 0.1% CHAPS, 10% sucrose (for 

caspase-6 and -7). Briefly, caspases were activated at 37C for 10 minutes prior to the ad­

dition of 65 nM purified COP protein. Reactions were carried out at 37C for 20 minutes, 

after which loading buffer was added and samples were boiled. 

TUNEL assay. 

TUNEL assay for free ONA 3 'OH ends was performed as per manufacturers directions -

ApopTag kit #S711 0 (Serologicals). 

Immunofluorescence 

NIH3T3 cells were plated on cover slips and transfected or not (see figure legends). Cells 

were fixed with 2% paraformaldehyde then solubilized (95% PBS + 5% FBS + 0.5% 

Triton-X-IOO) and incubated with primary antibodies aMycgel0 (113000), Falloidin, 

acytochrome c, or aTom-20. Secondary antibody (anti-mouse alexa-488 1: 1000 or anti­

rabbit alexa-594) was added for 30 minutes. Cells were visualized using a Zeiss Ax­

ioVert 135 microscope with a 63X objective or using a Zeiss LSM 510 confocal micro­

scope 
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RESULTS 

CDP/Cux is proteolytically processed downstream of the homeodomain in prolifer­

ating cells. 

CDP/Cux proteins with different N-terminal truncations were expressed in 

Hs578T cells. Western blot analysis of nuclear extracts using an antibody against the N­

terminal Myc epitope tag revealed isoforms, shorter than the parental molecule by 20-30 

kDa, suggesting that CDP/Cux was proteolytically processed at its C-terminus (Fig lA). 

We next asked whether this proteolytic event was cell cycle regulated. NIH3T3 cells 

were transfected with a vector expressing Myc-CDP/Cux 878-1505 and were then syn­

chronized in early G 1, mid-G 1 and S phases by serum deprivation and restimulation or 

thymidine block (see Materials and Methods). Nuclear ex tracts were prepared and ana­

lyzed by Western blot with the Myc antibody (Fig. lB). The C-terminally cleaved prote in 

was barely visible in early Gland mid-G 1, but was strongly expressed in unsynchronized 

cells and in S phase using either method of synchronization. Importantly, the leftmost 

portion of the F ACS profile did not reveal the presence of apoptotic cells at those time 

points where processing was observed (Fig. lB; also see below, Fig. 3B). These results 

showed that CDP/Cux is C-terminally truncated in proliferating cells. 

Evidence for the existence of an amino- and carboxy-terminally truncated CDP/Cux 

isoform. 

We then verified whether an endogenous CDP/Cux protein lacking both the N­

and C-terminus could be detected. Hs578T cells were labeled overnight with 35S Met and 

Cys. Whole cell extracts were immunoprecipitated with 861 and 1300 antibodies or, as a 

control, an HA antibody (Fig. 1C). Following autoradiography, the p200 and p110 

CDP/Cux isoforms were detected, as well as an 85 kDa isoform that could be the product 

of processing events at the N and C-termini. In order to address this possibility and to at­

tempt to map the epitopes present in the 85 kDa isoform, nuclear extracts were immuno­

precipitated with a series of CDP/Cux antibodies, followed by Western blotting with the 

1300 antibody (Fig. 1 D). As expected, p200 was immunoprecipitated by all of the anti­

bodies (Fig. ID, lanes 1-5). In contrast, p110 was detected following immunoprecipita­

tion with antibodies 861, 1061 and 1300, but not with 510 and only weakly with C-20 
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(Fig. 10, lanes 1-5). The 80-85 kDa species was immunoprecipitated with antibodies 861, 

1061 and 1300, but not with 510 or C-20 (Fig. 10, lanes 1-5). These results are consis­

tent with the notion that an endogenous 85 kDa COP/Cux species is truncated at both its 

C and N-termini. Hereafter in the text, this species will be called p80. 

A caspase c1eaves CDP/Cux in the C-terminal region. 

To determine which protease(s) cleaves the COP/Cux C-terminus, NIH3T3 cells 

were transfected with a vector expressing Myc-COP 878-1505-HA and, following treat­

ment with a series ofprotease inhibitors, nuclear extracts were analyzed by Western blot 

with the Myc antibody (Fig. 2A). Proteolytic processing was partially inhibited by treat­

ment with Z-V AO-FMK, a broad-spectrum caspase inhibitor, but not by any of the other 

inhibitors tested (Fig. 2A, compare lane 5 with the others). Inhibition by Z-VAO-FMK 

was also observed in transfected MCF -7 and Kit225 T cells stably expressing Myc-COP 

747-1505-HA (Fig. 2A, compare lanes 9 and 13 with 10-12 and 14). Inhibition ofproc­

essing by Z-V AO-FMK and the absence of inhibition by E-64d and MG 132 implicated a 

cysteine protease and discriminated against cathepsins Band H. Indeed, co-transfection 

of a vector expressing a viral caspase inhibitor variant with broad-range caspase inhibi­

tion, CrmADQMD
, inhibited C-terminal processing (Fig. 2B). Expression of a recombinant 

COP/Cux 831-1505 protein generated a processed species that migrated close to the re­

combinant COP/Cux 831-1336 prote in (Fig. 2C, lanes 1-2) Examination of the amino 

acid sequence in this region revealed the presence of four Asp residue: 01320, 01336, 

01339, 01351 (Fig. 2E). Oeletion of amino acids 1320 to 1351 prevented proteolytic 

processing (Fig. 2C, compare lanes 2 and 3). Moreover, replacement of 1, 2 or 3 Asp 

residues with alanine reduced or eliminated proteolytic processing (Fig. 20). Altogether, 

these results suggest that COP/Cux is processed by a caspase in the region downstream of 

the Cut homeodomain. 

CDP/Cux is processed in non-apoptotic conditions. 

To ensure that processing was not occurring post-Iysis (11), Z-VAO-FMK was 

added to the cells 5 minutes prior to lysis and was included in all buffers used in subse­

quent steps. The processed isoform was still observed in Western blot analysis (data not 
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shown). We next asked whether there was any evidence of apoptosis in cells in which 

processing is observed. No evidence of membrane blebbing or abnormal cellular mor­

phology was observed upon actin staining (Fig. 3A, and data not shown). No apoptotic 

population was observed in flow cytometry profiles of cells stained with propidium iodide 

(Fig. 3B). Using the TUNEL assay, we examined 250 Myc-positive cells and found that 

none ofthese transfected cells was TdT -positive (Fig. 3C). In contrast, TdT -positive cells 

were easily detected following five hours of treatment of NIH3T3 cells with TNFa and 

cycloheximide (Fig. 3C). Protein extracts from transfected cells (see Fig. 2B) were im­

munoblotted for the caspase substrate, PARP, but cleavage products were not detected 

(Fig. 3D). Another indicator of apoptosis, the release of cytochrome c from the mito­

chondria, was only observed upon induction of apoptosis with TNFa and cycloheximide 

(Fig. 3E). Altogether, these results confirmed that proteolytic processing of CDP/Cux 

was occurring in non-apoptotic cells. 

CDP/Cux is a substrate for caspases in vitro. 

A C-terminally epitope-tagged CDP/Cux prote in was produced in bacteria and af­

finity purified on calmodulin beads. The approximate concentration of substrate was de­

termined by comparing Coommassie staining to BSA standards (data not shown). 66 nM 

of substrate, which is below the predicted Km of 100 nM (36) and therefore allows the 

observation of first-order kinetics, was incubated with increasing amounts of a panel of 

activated titrated recombinant caspases for 30 minutes at 37°C. Western blot analysis 

with a Myc antibody revealed that CDP/Cux was a substrate for caspases-2, -3, -7, -8, -9, 

and -10, but not for caspase-6 (Fig. 4). A recombinant protein truncated at 1336 co­

migrated with the caspase cleavage product (Fig. 4), confirming that cleavage happens at 

or near Asp1336, like it does in vivo (Fig. 4, 2C and 20). C-terminal processing was ob­

served in MCF-7 cells, which lack caspase-3, and caspase-8-null Jurkat cells (data not 

shown). These findings indicate that other caspases must cleave CDP/Cux in these cells, 

but the involvement of caspases -3 and -8 in other ce lis cannot be excluded. Altogether, 

these results confirm that CDP/Cux is a substrate for one or more caspase(s). 
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A CTD-truncated CDP/Cux isoform stimulates the DNA pol a gene promoter. 

Functional assays were performed to investigate the consequence of C-terrninal 

processing. The Myc-COP 878-1505-HA construct was introduced into Hs578T cells and 

nuclear extracts were prepared from cells treated or not with Z-VAO. As pre dicte d, this 

treatment inhibited the production of the processed isoforrn (Fig. 5A). Electrophoretic 

mobility shift assays with a consensus COP/Cux binding site demonstrated that the proc­

essed isoform was able to bind to ONA (Fig. 5B, lane 3, p80). Note that while the pllO­

retarded complex was supershifted by both the Myc and HA antibodies, the p80-complex 

was shifted by the Myc antibodies, but not by the C-terminal HA antibodies (Fig. 5B, 

lanes 1 and 2). In previous studies, the pli 0 isoforrn was shown to function as a tran­

scriptional activator of the ONA polymerase alpha gene promoter (22,32,40,41). How­

ever, in retrospect, we realized that the plI 0 isoforrn was always expressed together with 

its C-terrninally processed isoform (see for example Fig. 3B in (40)). The question arose, 

therefore, as to which of the two isoforrns was able to transactivate this promoter, espe­

cially that proteolytic processing in the C-terminal region results in the removal of two 

active repression domains (17, 18). The availability of mutants that are defective in this 

processing event enabled us to compare the transactivation potential ofboth the processed 

and unprocessed p110 isoforrns. Whereas both the recombinant COP/Cux 878-1505 and 

878-1336 proteins strongly stimulated the ONA pol alpha reporter, the two mutants that 

are not C-terminally processed, 878_1505ô1320-1351 and 878_1505D1336,1339A, were unable to 

transactivate this reporter (Fig. 5C-F). While 878-1336 strongly stimulated the cyclin A2, 

CAO, OHFR, and B-myb reporters, the 878_1505D1336,1339A had little effect, if any (Fig. 

5G). Importantly, the mutant 878_1505ô1320-1351 was able to repress the p21 WAFIICKI gene 

reporter, a finding that confirrns that the prote in was able to bind to ONA and carry tran­

scriptional regulation (Fig. 5C). We have recently shown that COP/Cux cooperates with 

E2F transcription factors in the transcriptional activation of cell cycle-regulated genes 

(Truscott et al., manuscript submitted). 878-1336 cooperated with E2F1 in the transacti­

vation of the ONA pol alpha reporter. However, no cooperation was observed between 

878_1505ô1320-1351 and E2F1 (Fig. 5H), suggesting that it is p80 and not p110, which 

forrns a complex with E2F 1 on the ONA pol alpha promoter, and mediates transcriptional 
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activation. Altogether, these results demonstrate that only the C-terminally processed 

isoform is able to transactivate the DNA polymerase alpha reporter. 

Overexpression of a truncated CDP/Cux protein accelerates entry into S phase. 

In cell-based assays, the plI 0 isoform was previously shown to stimulate cell cy­

cle progression by accelerating entry into S phase (30). Again, the availability of mutants 

that are less efficiently processed enabled us to investigate the cell cycle activities of the 

distinct isoforms. We used the IL-2-dependent Kit 225 T cellline and generated popula­

tions of cells stably carrying a retroviral vector expressing either nothing, or the CDP/Cux 

747-1505, 747-1336 or 747_1505D1320,1336,1339A proteins. Cell cycle progression assays 

were performed three times with similar results. A representative example is shown in 

Fig. 6A. Following IL-2-starvation and restimulation, the control Kit 225 cells started to 

enter into S phase after 18 hours (Fig. 6A). Expression ofCDP/Cux 747-1505 stimulated 

proportionally more cells were in S phase at 18 hours (Fig. 6A). These results are con­

sistent with those from a previous study (30). In contrast, cells expressing the 747-

1505D1320,1336,1339A protein progressed just like the control cells (Fig. 6A). These results 

suggest that it is the truncated isoform of CDP/Cux, generated from p 110, that stimulates 

entry into S phase. 
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DISCUSSION 

The DNA polymerase alpha promoter, as weU as other S phase promoters, was 

efficiently activated by a C-terminaUy truncated p80 CDP/Cux isoform, but not signifi­

cantly by a mutant pllO CDP/Cux protein that was not C-terminaUy processed (Fig. 5). 

Furthermore, C-terminal processing occurs as ceUs re-enter the ceU cycle foUowing serum 

deprivation-induced quiescence (Fig. lB), which correlates with timing oftranscriptional 

activation of the DNA pol alpha promoter (refWang). Moreover, p80 accelerated the 

entry of quiescent T ceUs into S phase, while ceUs expressing plI OD1320.36,39A entered S 

phase at a rate similar to vector control ceUs (Fig. 6). These results are consistent with a 

model whereby C-terminal processing converts CDP/Cux from a transcriptional repressor 

to an activator of ceU cycle genes in proliferating ceUs. The mechanism by which 

CDP/Cux activates transcription has not yet been fuUy elucidated. Transcriptional acti­

vation of S phase genes requires cooperation with E2F transcription factors (Truscott et 

al., manuscript submitted). E2Fl cooperated with p80, but not with pllOô1320-1351, in the 

activation of the DNA polymerase alpha reporter (Fig. 5H). Indeed, proteolytic process­

ing downstream of the homeodomain results in the removal of two active repression do­

mains, which would not be expected to hinder its role as a transcriptional activator. The 

loss of ability to recruit histone deacetylase, or methyltransferase activity would be con­

sistent with the loss of repression. While, derepression is not synonymous with true acti­

vation, the C-terminal active repression domains could impose steric hindrance on the re­

cruitment to a subset of gene promoters, and the formation of a transcriptional activation 

complex. 

In opposition to this model, an uncleavable plI 0 CDP/Cux protein was able to 

stimulate expression from the CAD and B-Myb promoters, albeit to a lesser extent than 

p80 CDP/Cux. This would suggest that pllO and p80 can both function as transcriptional 

activators. However, the observed stimulation of transcription by p11OD1320,36,39A could 

actuaUy be mediated by the smaU portion of the plI 0 molecules that is still proteolyti­

caUy processed even with the mutation ofthree of the four D residues to A (see Fig. 2D). 

Alternatively, forced expression of a CDP/Cux prote in that contains the same DNA 

binding domains, and overaU is similar to p80 could function as a mild activator in this 
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context. We have detected transcriptional activation ofan N-Myc reporter construct by 

pllOD1320,36,39A (Leduy and Nepveu, unpublished observations), which suggests that pllO 

could function as a transcriptional activator of a different subset of promoters. Therefore, 

transcriptional activation by different CDP/Cux isoforms could be context-dependent. 

Chromatin immunoprecipitation (ChIP) in combination with expression analysis 

is required to determine conclusively whether a transcription factor regulates the expres­

sion of a target gene, In order to discriminate between which isoform( s) regulates a gene 

promoter, antibodies specific for each isoform are required. Attempts to make an anti­

body that recognizes the neo-epitope generated as a result of caspase-mediated processing 

were unsuccessful. However, it is possible that both plI 0 and p80 interact with cell cy­

cle-regulated gene promoters in different contexts, therefore it would be difficult to assign 

a particular role to each factor. As such, there is not one assay, but rather a combination 

of different techniques, that will de termine the transcriptional activity of the p80 and pllO 

isoforms of CDP/Cux. 

Caspase activity plays a role in the differentiation of a number of tissues. These 

processes are often accompanied by sorne of the morphological changes associated with 

apoptosis, such as chromatin condensation, and nuclear destruction (15, 23, 45). Prote­

olytic processing of interleukin-l B by caspase-l occurs in inflammation, and does not re­

suIt in apoptosis. Similarly, caspase activity is necessary for proper spermatid differen­

tiation in drosophila (ref Huh, and other papers). Finally caspases play roles in the acti­

vation and proliferation oflymphocytes (insert refs). 

A role for caspase 8 in the proliferation of immune cells has been weIl docu­

mented. Humans with mutations in the caspase 8 gene have impaired proliferation of T, 

B, and natural killer (NK) cells. While gene ablation of caspase 8 in mice produced an 

embryonic lethal phenotype, conditional ablation in the T celllineage resulted in normal 

thymocyte development, yet fewer peripheral T ceIls, and impaired activation-induced 

proliferation. However, the mechanism by which caspase 8 affects immune cell prolifera­

tion is not fully understood. Caspase 8 was shown to induce the nuclear translocation of 
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NF-KB, in a manner dependent on its catalytic activity. In this same study, low levels of 

caspase activity were detected in stimulated human T ceUs. However, substrates cleaved 

by caspase 8 under these conditions were not identified (37). 

How caspases can cleave some substrates, and yet not others, is also an impor­

tant question. The subceUular localization of the caspase and/or its substrate could de­

termine whether or not cleavage could occur. An alternative explanation would be via a 

post-translational modification of the caspase, its substrate, or a regulator of caspase ac­

tivity. 

While autocatalytic cleavage, which results in the removal of the prodomain, is 

necessary to sustain catalytic activity, procaspase 8 dimers can be catalyticaUy competent 

(5). One could th en speculate that the activity of caspase 8, and possibly other initiator 

caspases, could be modulated at the level of dimerization. Non-apoptotic activity could 

be mediated by dimerized proforms, which could then be subsequently shut off by dis­

rupting dimerization, which would also prevent the cleavage of targets that play roles 

apoptosis. Interestingly, F ADD, which facilitates the dimerization of caspase 8 and 

caspase 10, was shown to be required for ceU cycle entry, and its activity is regulated in a 

ceU cyc1e-dependent manner (ref 25 and ref 32 from 1.6b). In addition, the activity of ef­

fector caspases is commonly measured by Western blot detection of cleaved, activated 

forms. However, once activated, caspases are difficult to detect, as they are rapidly de­

graded (38). Therefore, while there are standard methods used to de te ct caspase activity 

in apoptotic conditions, these methods may not detect lower levels of caspase activity in 

other conditions. 

In this study, we characterized the carboxy-terminal proteolytic processing of the 

CDP/Cux transcription factor. Treatment of ceUs with Z-VAD-FMK and co-transfection 

of CrmA prevented C-terminal processing, as did the removal or replacement of aspartate 

residues in the region of proteolysis (Fig. 2). The in vitro proteolysis observed for 

caspases-2, -3, -7, -8, -9, and -10 proceeded with relative efficiency (l<cat/Km in the 10-7 

M- l sec- l range) and corresponded to that of known caspase substrates, such as PARP 
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whose kcatiKm is in the 10-6 M-I sec-I range) (Fig. 4, data not shown, and (27)). That 

cleavage was significantly reduced but not entirely prevented by mutation of D residues 

near the site of proteolysis suggests that the sequence around the PI Asp is not overly spe­

cific and that when one Asp is mutated, another Asp becomes the PI, as has been shown 

for P ARP and Huntingtin (27). 

None of our results point to one caspase in particular, as being the caspase that 

cleaves CDP/Cux. ln vitro, aIl caspases tested but one, caspase 6, processed CDP/Cux. 

However, C-terminal processing was observed in caspase 3-deficient MCF -7 cells and 

caspase 8-null Jurkat cells. Therefore, in vivo, processing of CDP/Cux is not performed 

exclusively by caspase 3 or caspase 8. However, we cannot mIe out the possibility that 

these caspases process CDP/Cux in sorne cells and not in others. ln vitro, caspases are 

not subject to the effects of post-translational modification and subcellular localization, 

therefore it is possible that not caspases 1,2,3,7,8,9, and 10 don't aIl process CDP/Cux in 

vivo. As CDP/Cux is a nuclear transcription factor, we believe that proteolytic processing 

occurs in the nucleus. Evidence exists for the presence of caspases 1, 2, 3, 6, 7, 8, and 9 

in the nucleus (3) (8,19,24,34,35,47) (4,10). In sorne ofthese cases, nuclear localiza­

tion was observed in apoptotic cells with high levels of caspase activity. However, as 

discussed above, traditional methods are likely to miss the detection of active caspases, so 

it is likely that lower levels of active caspases are located in the nucleus in conditions be­

yond those tested to date. At this time, it is not clear which caspase(s) cleave CDP/Cux. 

As this cleavage event would give cells an advantage, whether it is at the level of survival 

or proliferation, we predict that CDP/Cux is a substrate for more than one caspase. 

In addition, caspases have been implicated in the regulation of cell motility. 

Treatment ofNIH3T3 cells with a caspase inhibitor prevented cell spreading and migra­

tion (42). It was also shown that stimulation of the CD95/Fas death receptor in apoptosis­

resistant tumour cells induced increased motility and invasiveness. This was shown to 

involve activation of caspase-8 (2). Interestingly, the stimulation of CDP/Cux activity 

downstream of TGF~ was associated with increased migration and invasion. Further­

more, CDP/Cux regulated the expression of genes with functions in cell motility, and in-
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vasion (20). One could speculate that caspase-mediated processing of CDP/Cux would 

stimulate its function in transcriptional activation, allowing upregulation of genes in­

volved not only in cell cycle progression but also in cell migration and invasion. 
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FIGURE LEGENDS 

Fig. 1. CDP/Cux is proteolytically processed downstream of the homeodomain in 

proliferating cells. (A) Hs578T cells were transfected with vectors expressing recombi­

nant CDP/Cux proteins with a Mye epitope tag at their N-terminus. Nuclear extracts 

were prepared and analyzed by Western blot with a Mye antibody. Arrows indicate 

cleaved isoforms. (B) NIH3T3 cells were transfected with pXJ/MCH878-1505 and syn­

chronized by serum starvation and restimulation or thymidine block. Cells were harvested 

and cell cycle distribution was monitored by fluorescence-activated cell sorting (F ACS) 

analysis after staining of the DNA with propidium iodide. Nuclear extracts were analyzed 

by Western blot with the Mye antibody. (C) Hs578T cells were grown overnight in me­

dium containing 35S-labeled Met and Cys. Whole cell extracts were immunoprecipitated 

with the indicated antibodies, run on SDS-PAGE and exposed to film overnight. (D) Nu­

clear extracts from Hs578T cells were immunoprecipitated with the antibodies indicated, 

and analyzed by Western blot with the 1300 antibody. (E) A schematic representation of 

CDP/Cux proteins. 
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Fig. 2 C-terminal proteolytic processing can be inhibited by caspase inhibitors. (A) 

NIH3T3 and MCF -7 cens transiently transfected with a vector expressing Myc-CDP878-

1505, or Kit225 cens stably expressing Myc-CDP747-1505 were treated with protease in­

hibitors as indicated. Nuclear extracts were analyzed by Western blot with a Myc anti­

body. (B) Hs578T cens were co-transfected with a pX] plasmid expressing a Myc-tagged 

CDP/Cux prote in and a plasmid expressing either nothing or the indicated CrmA mutant. 

Western blot analysis was performed on nuclear extracts 48h post-transfection. (C and D) 

Hs578T cens were transfected with vectors expressing the 878-1336 or 878-1505 

CDP/Cux proteins, either wild type or with the indicated mutations: deletion ofresidues 

1320-1351, replacement of Asp 1320, 1336 and/or 1339 with alanine. Nuclear extracts 

were analyzed by Western blot with a Myc antibody. (E) A schematic representation of 

recombinant CDP/Cux proteins CDP/Cux proteins in which the indicated Asp residues 

were mutated to Ala were expressed and analyzed by Western blot as indicated. 

lR4 



Chapter IV - Manuscript 

A <t: 
"0 .!: "0 "0 

C\J 
(1) 

§o ~ .Sl 
'" Cii 0 0 0 0 ctl 0 0 

I 1- ..- ~ <t: > (/) U) 
~ ~ U) ~ ~ U) 

0 U) (!) ë > w g.~ ~ ë ~ 
W N N c N w ~ ~ 0 0..0 ~ 0 ~ 0 

B 0 0 ~ <t: w a 
...J 0 
<t: <t: 

.... 
E E ~ 
Ü Ü (1) 

> 

c ..-
L{) 

'" ..-
6 
C\J 

~ '" <i 
CD L{) L{) 

'" 0 0 

'" L{) L{) .... 

---------.....-. .. ........... 
..- ..- ..-

~ , , , 
C;; C;; C;; (1) 
co co co > - ... - +-p110 

-- .... -"'" _,;W _,_,~ 

- .. , 
~ ... .. - +-p80 

192 191 66 pl10 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 40 6 18 p80 • 

NIH3T3 + MCF-7 + Kit225/ 4.8 31 3.7 pl10/p80 1 2 3 4 
878-1505 878-1505 747-1505 Blot: Mye Blot: 861 

0 878-1505 878-1505 E 
<t: <t: 
0) 0) 

<t: "'. "'. <t: 
CD 0) CD CD CD 0) 

'" <t: "'. ~ '" "'. "'. <t: '" CD CD 0 '" o CD CD 
..- '" '" C\J 

..-
C\J '" '" 

dl ~ '" '" '" dl 
'" CV) '" ~ ........ ,.-,.- T"- ...... ..- ..-..-

CI) 000 CI) 000 

175 
-175 

--------
83 

-83 

CDP/Cux 861 
rï CR2 CR3 HD 

878-1336 c..R ---L..V/l'-'l....----L..V/l'-'1-.II.~~1 
1300 

Rl R2 
Mye 

878-15050 11 ---LP;",-21.4...-_,""V/I~ .... ~.=·",,:.L.· _.L:JI'I 

1~61~ 
1 1 1 1 

SQGQAGASDSPSARSGRAAPSSEGDSCDGVEATEGPGSADTEEP -.- Point Mutations: A 
Deletion L;!1..:.32::.;O:..-__________ ....;1..:.3~511 

A A 

2 3 4 5 6 7 8 9 10 

Hs578T ras-NIH3T3 

185 



Chapter IV - Manuscript 

Fig. 3 CTD processing occurs in non-apoptotic conditions. (A) NIH3T3 cens were 

transfected with a construct expressing Myc-CDP878-1505. Immunofluorescence was 

performed with antibodies that recognize transfected CDP (Myc) and F-actin (Phanoidin). 

(B) Hs578T cells were transfected with Myc-CDP 878-1505. The fonowing day, cens 

were fixed and stained with propidium idodide and the DNA content was analyzed. The 

bar indicates where cens with sub-2N content would be found. (C) NIH3T3 cens were 

plated on coverslips and halfwere transfected with a construct expressing Myc-CDP878-

1505. The following day, the untransfected sample was treated with TNFalpha and cy­

cloheximide for 5 hours. cens were fixed and stained with DAPI (blue), Myc (red), or 

free 3'OH (green). (D) Extracts from Fig. 2B were analyzed by Western blot with an 

anti-PARP antibody. (E) NIH3T3 cens were plated on coverslips and transfected or not 

with a construct expressing Myc-CDP878-1505. The following day, the untransfected 

sample was treated with TNFalpha and cycIoheximide for 5 hours. Cells were fixed and 

stained with DAPI (blue), for mitochondrial marker (Tom20, red) or for cytochrome c 

(green). In parallel, coverslips with transfected cens were stained with a Myc antibody 

(data not shown). In the transfected, untreated sample, 3 of 155 cens (1.9%) had no mito­

chondrial cytochrome c staining. 
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Fig. 4 CDP/Cux is cleaved by caspases-2,3,7,8,9,lO in vitro. Titrated activated caspases 

were incubated with 66 nM Myc-CDP 1 062-1505/CBP/protA that had been affinity puri­

fied from bacteria with calmodulin beads. Western blot analysis was performed with a 

Myc antibody. Extracts from Hs578T cells transfected with CDP/Cux 1062-1336 were 

run to compare to in vitro cleavage products. 
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Fig. 5 C-terminal proteolytic processing is necessary for transcriptional activation of 

the DNA polymerase alpha gene promoter. (A) Hs578T cells were transfected with 

Myc-CDP 878-1505-HA, followed by treatment with Z-VAD for 6 hours prior to harvest. 

Nuclear extracts were analyzed by Western blot with a Myc antibody. (B) Nuclear ex­

tracts from (A) were used in EMSA. Supershift analysis was performed with the indi­

cated antibodies. (C and D) Hs578T cells were cotransfected with the DNA polymerase 

alpha/luciferase reporter construct or a p21 reporter, and the indicated vectors expressing 

CDP/Cux. Cytoplasmic extracts were prepared and processed to measure luciferase ac­

tivity. The mean of 3 transfections is shown and the results are expressed as relative light 

units (RLU) normalized to ~-galactosidase activity from an internaI control. Western blot 

analysis was performed with nuclear extracts made from parallel transfections. (E) An il­

lustration of the CDP/Cux constructs used. 
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Fig. 6. A C-terminally truncated CDP protein accelerates entry into S phase 

(A) IL-2-dependent Kit225 T cens were infected with retroviruses expressing the indi­

cated CDP isoforms. 48h later, cens were deprived of IL-2 for 48 hours, after which IL-2 

was reintroduced for 18h or 25h. cens were then fixed and stained with propidium io­

dide. Cell cycle distribution was analyzed by F ACS. (B) Western blot analysis was per­

formed with nuclear extracts from the cells used in (A). 
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Introduction 

Chapter V - General Discussion 

ln this thesis, 1 have begun to define the molecular basis for transcriptional 

activation by the CDP/Cux transcription factor. 1 showed a correlation between DNA 

binding by plI 0 CDP/Cux, and activation of the DNA polymerase alpha gene promo ter. 

1 also demonstrated that plIO CDP/Cux recruits E2F1 and E2F2 to the DNA pol alpha 

gene promoter. These E2Fs cooperate with p110 CDP/Cux in activation. In fact, E2F 

activity was necessary for plI 0 CDP/Cux to activate cell cycle-regulated promoters. 

Finally, 1 showed that CDP/Cux is a substrate for caspases in proliferating cells. The 

truncated isoform was a more potent transcriptional activator, and accelerated entry into S 

phase. 1 will discuss these findings, and their significance, as weB as sorne of the 

questions that remain to be answered. 

When 1 started this project, there was already sorne evidence supporting a role for 

CDP/Cux in activation. 1 will start by reviewing this. Studies published from two labs 

showed that CDP/Cux could function as part of a transcriptional activation complex 

(reword). The group of Gary S. Stein and Janet L. Stein had identified CDP/Cux as the 

DNA binding subunit of the HiNF -D complex that bound to cell cycle-regulated histone 

gene promoters in S phase, wh en they were transcriptionally active (10, 25-28, 31). 

Another group showed binding by CDP/Cux to Xenopus histone gene pro mot ers (4). 

However, CDP/Cux repressed the histone H4 promo ter in reporter assays. van Wijnen et 

al. proposed that HiNF-D may both activate and repress transcription, and this would 

depend on the availability of other proteins (27). It was also shown that the rat homo log, 

CDP2 cooperated with the ITF2 transcription factor in the activation of the tyrosine 

hydroxylase enhancer (32). Results from the Nepveu lab also suggested that CDP/Cux 

could function in activation. CDP/Cux weakly, but consistently, stimulated expression 

from the CMV promoter in reporter assays (Ginette Berube and Alain Nepveu, 

unpublished observations). However, no activation do main had been identified in Ga14-

fusion reporter assays (18). Altogether, these results showed that CDP/Cux could 

stimulate gene expression. But it was not clear whether CDP/Cux could function as a 

transcriptional activator, or if it repressed a repressor. The latter explanation could be 
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supported by many publications showing that CDP/Cux repressed transcription by 

competition for binding site occupancy (12, 16, 17,20,24) 

After having recently published a paper showing that CDP/Cux could repress the 

transcription of the p2l wAFl cyclin-dependent kinase inhibitor (2), Dr. Nepveu looked for 

other cell cycle genes that had CDP/Cux binding sites in their promoters. The lab had 

recently shown that the preferred binding site for CDP/Cux was ATC(G/A)AT (6). The 

DNA polymerase alpha promo ter had seven ATCGAT-like sites. However, it is activated 

at the G liS transition. But perhaps given the proper binding sites, CDP/Cux could 

function as a transcriptional activator. Around this same time, Nam Sung Moon had 

found that CDP/Cux DNA binding activity was upregulated at the G 1/S transition. In 

addition p200 CDP/Cux could be proteolytically processed between CRI and CR2, 

generating piiO CDP/Cux, which bound DNA more stably. 

DNA binding by CDP/Cux correlates with transcriptional activation 

1 found that pllO CDP/Cux, but not p200, could stimulate expression from a DNA 

polymerase alpha gene promoter in transient reporter assays (Chapter II). Promoter­

mapping revealed that -65/+47 was sufficient for stimulation by plI O. Linker-scanning 

analysis studies showed that three mutants could not be stimulated by piIO. One ofthem, 

-35/-26 contained an inverted CCAAT site, which was a known CDP- sequence. plIO 

bound this mutant site with 2.8-fold lower affinity in EMSA. Chromatin 

immunoprecipitation studies ofbinding to the DNA pol alpha reporter in cells confirmed 

the decrease in recruitment of piiO upon mutation of -35/-26. In chapter II, 1 also 

showed that CDP/Cux bound, and stimulated, the endogenous DNA polymerase alpha 

gene promoter. This was the first evidence showing a correlation between DNA binding 

and transcriptional activation by pllO CDP/Cux. We have since shown that this is a 

general theme. plI 0 bound to, and activated many cell cycle-regulated gene promoters 

((7), (21)see also Chapter III). 

We predicted that piiO CDP/Cux was the DNA binding subunit of HiNF-D. 

Indeed, Brigitte Goulet confirmed that plI 0 bound the Site II element of the histone H4 
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gene promoter in EMSA analysis (Brigitte Goulet, unpublished observations). Gupta et 

al. showed that pllO CDP/Cux could not repress a histone H4 reporter, while p200 could. 

This experiment was performed in unsynchronized NIH 3T3 ce Ils (5). 1 had shown in 

Chapter II that, while pllO could activate the DNA pol alpha reporter in many 

unsynchronized transformed cell lines, activation was observed in NIH 3T3 cells only 

following synchronization in S phase. To my knowledge, a reporter assay with the 

histone H4 reporter and pllO has not been performed in S phase-synchronized NIH 3T3 

celIs, or in another cell line that does not require synchronizing. 1 predict that plI 0 

would stimulate the histone H4 promoter under these conditions. Even more informative, 

would be to show that the endogenous gene promoter could be activated by retroviral 

infection with a virus expressing plI O. We observed activation of the endogenous DNA 

pol alpha gene by pllO, but not p200, in this manner (Chapter II). 

Cooperation with other transcription factors 

Results from linker-scanning analysis (see Chapter II, and Mary Truscott and 

Alain Nepveu, unpublished observations) showed that two mutants, in addition to -35/-

26, were not stimulated by plI 0 in reporter assays. A transcription factor-binding site 

lies within each ofthese two mutants. 

E2F 

E2F 1 and E2F2 cooperated with plI 0 in the activation of the DNA pol alpha, 

Cdc25A, MCM3, Cyclin A2, and DHFR gene promoters in transient reporter assays. 

Moreover, inhibition of E2F DNA binding by a dominant negative DPI prote in also 

prevented activation of these promoters by plI O. These results suggest that E2F 1 or 

E2F2 is necessary for activation of these promoters by pllO. In vivo DNA binding 

studies suggested that plI 0 recruits E2F 1 and E2F2 to the DNA polymerase alpha. 

Location array analysis showed many targets common to pll0 CDP/Cux and E2F1, and 

an overrepresentation of cell cycle targets (Chapter II and (7)). 
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GA-binding protein (GABP) 

A -65/-55 linker-scanning mutant was not activated by piiO CDP/Cux in reporter 

assasys. This mutation resulted in the removal of an Ets-like binding site. The specificity 

of DNA binding by different Ets family members is similar, and it is therefore difficult to 

predict which family member(s) will be recruited (9). However, another group had 

shown that GA-binding prote in (GABP), an Ets transcription factor family member, 

bound to this site in the mouse DNA polymerase alpha promoter (11). GABP protein 

cooperated with both E2F land plI 0 in reporter assays. Another group has also shown 

that GABP interacted with E2F l, but not with other E2F family members (8). 

Interestingly, this interaction also prevented E2F l-mediated apoptosis. 

Cyclin A 

Results published from the Nepveu laboratory showed that CDP/Cux interacted 

with cyclin/Cdk complexes ((22, 23), and Marianne Santaguida, unpublished 

observations). While cyclin A/cdkl prevented DNA binding by piiO CDP/Cux in the G2 

phase of the cell cycle. Cyclin A/cdk2 did not pre vent DNA binding or activation by 

piIO. On the contrary, it stimulated activation of DNA polymerase alpha by piiO in 

reporter assays. 

Chromatin immunoprecipitation should be performed with cyclin A and/or Cdk2 

antibodies. 1 predict that these immunoprecipitated complexes will be enriched for the 

DNA polymerase alpha, and other cell cycle-regulated gene promoters. Functional 

studies could th en be performed to look at regulation of these endogenous gene 

promoters. There is evidence in support of this hypothesis - the HiNF-D complex 

contains cyclin A/Cdk (27, 28) 

B-myb 

B-myb had previously been shown to regulate the expression of DNA polymerase 

alpha (30). 1 have preliminary results showing cooperation between piiO and B-myb in 

the activation of the DNA polymerase alpha gene promoter. B-myb has also been shown 

to interact with Cyclin A/Cdk2 (27, 28). 
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An enhanceosome for the regulation of cell cycle gene promoters 

These results support a model whereby plI 0 binds a cell cycle-regulated 

promoter, and recruits an activator E2F, thereby activating transcription. Preliminary 

observations suggest that GABP could also be part of a complex with pllO and E2F. 

This raises a number of questions. What recruits pIlO to the promoter? Or is CDP/Cux 

already at the promoter, inactive, awaiting a post-translational modification of sorne sort? 

Results from Chapter II showed that there is a cluster of high affinity CDP/Cux binding 

sites (ATCGAT-like) approximately lkb upstream of the transcription start site. Ch1P 

experiments showed significantly more enrichment of these sequences th an the core 

promoter. It is likely that the low affinity CCAAT site at -34/-30 is sufficient for 

activation in reporter assays, but that the higher affinity binding sites upstream are 

required for stimulation of the endogenous promoter. Altematively, since binding to high 

affinity binding sites is less easily modulated, they may not be involved in the formation 

of a nucleoprotein complex that functions in activation. 1nstead, they could serve as 

parking spots for CDP molecules to wait. However, su ch clusters were not generally 

found upstream of the cell cycle-regulated CDP/Cux targets identified in location 

microarray analysis. CDP/Cux has been reporter to interact with DNA organized in 

nucleosomes (14). CDP/Cux may facilitate chromatin remodeling, which would favour 

the recruitment of other transcription factors to form activation complexes. 

Are there different mechanisms of recruitment of CDP/Cux to different 

nucleoprotein complexes? 1s there really more than one nucleoprotein complex that 

contains CDP/Cux, which binds to cell cycle-regulated gene promoters? High affinity 

binding sites for E2F transcription factors were not found in histone gene promoters (27). 

However, enhanceosomes are formed with weak protein-protein and protein-DNA 

interactions, which enables modulation (1). Perhaps high affinity E2F binding sites are 

used for transcriptional repression, by the recruitment of pocket prote in complexes. 

Lower affinity binding sites, which would not be identified using searches for a 

consensus site, are not easily identified, as they would not conform to a strict consensus 

site. 1nterestingly, from my location microarray analysis, l found that E2Fl bound a 

number of histone gene promoters (Mary Truscott and Alain Nepveu, unpublished 

observations ). 

198 



Chapter V - General Discussion 

What other transcription factors and/or coactivators are recruited? By analyzing 

the promoter sequences targeted by both plI 0 and E2F 1, one can identify DNA binding 

motifs that are overrepresented. Indeed this has been do ne with plI 0 promoter targets. 

Overrepresentation of binding sites for different transcription factors was found. One, 

Pax2, is currently being investigated in the laboratory as a potential CDP/Cux binding 

partner and coactivator. The p/CAF acetyltransferase has been shown to interact with 

CDP/Cux ((15), (19), and unpublished observations). However, Li, et al. showed that 

p/CAF inhibited binding by CDP/Cux, while results from the Nepveu lab suggest that it 

stimulates DNA binding. 

The tandem affinity purification (TAP-tag) protocol has allowed the biochemical 

purification of complexes within which components have few interaction partners. For 

example, transcriptional elongation complexes (13) and histone acetyltransferase 

complexes (3). However, our evidence suggests that CDP/Cux is part of many different 

nucleoprotein complexes, and has different binding partners. In addition to interacting 

with E2Fs and the HiNF-D complex, 1 predict that CDP/Cux would interact with different 

proteins on promoters that it represses. In addition, CDP/Cux would cooperate with other 

factors to regulate genes that are not cell cycle-regulated, such as those involved in cell 

migration. CDP/Cux also interacts with matrix attachment regions, and represses cell 

type-specific genes. 

Carboxy-terminal processing of CDP/Cux 

1 showed that CDP/Cux is a caspase substrate in proliferating cells (see chapter 

IV). This proteolytic processing removed two carboxy-terminal active repression 

domains. A recombinant, processed CDP/Cux protein activated the DNA polymerase 

alpha gene promoter, while a mutant that could not be processed did not. This 

recombinant prote in accelerated entry of Kit225 cells into S phase. While CDP/Cux is 

similarly processed in apoptotic conditions (Mary Truscott, unpublished observations), 1 

observed processing in cells for which there was no sign of apoptosis. 

Evidence for a role for caspases in proliferation is mounting (see Chapter 1). 

However a mechanism must ensure that substrate processing is selective. Subcellular 

compartmentalization would be one way to regulate processing of substrates. This could 
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serve to limit the access of the caspase(s) to substrates, or to bring endogenous caspase 

inhibitors into close proximity of the active caspase. Alternatively, the cleavage site 

could be masked by regulating the conformation of the substrate, and/or by post­

translational modification. 

Oue to this requirement for lower levels of caspase activity, it has been difficult to 

detect active caspases in non-apoptotic cells. Reagents are needed to identify conditions 

in which low levels of caspase activity occur, and in what subcellular compartment(s) this 

could be happening. 

Interestingly, the activity of COP/Cux was associated with increased migration 

and invasion. In addition, COP/Cux regulated the expression of genes with functions in 

cell motility, and invasion. Similarly, caspases have been implicated in the regulation of 

cell migration (29). COP/Cux could be a substrate for caspases in cellular proliferation, 

and also migration and invasion. Rather than inactivating its substrate, as is observed in 

apoptosis (see Chapter 1), this caspase activity could serve to activate COP/Cux and its 

cell cycle, and cell migration targets. 

Conclusion 

In summary, 1 have shown that COP/Cux can function as a transcriptional 

activator. pll0 COP/Cux binds cell cycle-regulated gene promoters and stimulates their 

expression. This is accompli shed in cooperation with E2F, and likely other 

transcriptional activators and coactivators. This explains, at the molecular level, how 

pllO accelerates entry into S phase. Finally, 1 showed that COP/Cux is a substrate for 

caspases in proliferating cells. This suggests a mechanism by which caspases may 

accelerate cell cycle progression. 
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Chapter VI - Contribution to Original Research 

1. 1 demonstrated that piiO CDP/Cux, but not p200 CDP/Cux could stimulate expression 

from the DNA polymerase alpha gene promo ter. This was dependent on ONA binding, 

and occurred in cells synchronized at the G liS cell cycle transition. The endogenous 

DNA polymerase alpha gene promoter was bound, and stimulated by COP/Cux. This 

was the first evidence that COP/Cux could stimulate the expression of S phase promoters. 

2. 1 demonstrated that plI 0 CO P /Cux could cooperate with E2F 1 and E2F2 in the 

activation of the DNA polymerase alpha gene promoter. In fact, E2F activity was 

necessary for activation by piIO. E2FI and E2F2 were recruited to the ONA polymerase 

alpha gene promoter by piIO. In fact, pllO and E2FI were recruited to many common 

targets, among which cell cycle targets were overrepresented. My results suggested that 

p110 recruits E2F 1 and E2F2 to cell cycle-regulated gene promoters, and that this results 

in cooperative activation of the expression of these genes. 

3. 1 demonstrated that COP/Cux is a substrate for caspases. This proteolytic processing 

occurred in non-apoptotic proliferating cells. To my knowledge, this is the first 

demonstration of the regulation of a transcription factor by non-apoptotic caspases. This 

processed isoform was a more potent activator of cell cycle-regulated gene promoters. 

Furthermore, this isoform accelerated the entry of cells into S phase. 

204 



Chapter VII - Abbreviations 

Abbreviations: 

ACTR 
APAF-I 
APP 
ASC-2 
ATM 
ATR 
Bcl-2 
BIR 
bp 
CAD 

CASP 
CBP 
CC 
cdc 
Cdk 
CDP 
ChIP 
CHR 
CKII 
CLL 
CR 
CREB 
CrmA 
CUTLI 
DP-I 
DRTFI 
E2 
E2F 
ER 
FADD 
FHL2 
Gl 
G2 
GFP 
GTF 
HCF-I 
HD 
HiNF-D 
HSV 
IAP 
ICE 
IFN 
IGHM 
IHC 

(a.k.a. AlBI, RAC3, p/CIP, TRAM-l, SRC-3) 
apoptotic protease-activating factor-l 
amyloid precursor prote in 
activating signal co-integrator-2 
Ataxia Telangiectasia mutant 
ATM and Rad3-related 
B-cell CLLllymphoma 2 
baculoviral IAP repeat 
base pair 
carbamoyl-phosphate synthase (glutamine-hydrolyzing)/aspartate 
carbamoyltransferase/dihydroorotase 
~ut ~ltematively ~pliced 12roduct 
CREB-binding prote in 
coiled-coil 
cell division cycle 
cyclin-dependent kinase 
CCAAT Displacement Prote in 
chromatin immunoprecipitation 
cell cycle homology region 
casein kinase II 
chronic lymphocytic leukemia 
Cut Repeat 
cAMP receptor element binding prote in 
Cytokine Response Modifier A 
Cut-like 1 
DRTFI protein-l 
differentiation regulated transcription factor 1 
Early gene 2 
E2 Factor 
endoplasmic reticulum 
Fas-associated death do main 
four-and-a-half LIM domain-2 
Gap 1 
Gap 2 
green fluorescence protein 
general transcription factor 
host cell factor-l 
homeodomain 
histone nuclear factor D 
herpes simplex virus 
inhibitor of apoptosis protein 
interleukin 1 ~ converting enzyme 
interferon 
immunoglobulin heavy constant mu 
immunohistochemistry 
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IRF 
ITF2 
kb 
MAR 
MEF 
MMTV 
NALP-l 
NCAM 
NF-Y 
NLS 
p14ARF 

p200 
p/CAF 
PHA 
PKA 
PKC 
Rb 
RNA 
RNAi 
RNAP 
rRNA 
RYBP 
S phase 
SATBI 
SMARI 
SpI 
STAT 
TFE3 
TH 
TNF 
tRNA 
YYI 

Chapter VII - Abbreviations 

IFN response factor 
immunoglobulin transcription factor 2 
kilobase 
matrix attachment region 
mouse embryonic fibroblast 
mouse mammary tumour virus 
NACHT-LRR-PYD-containing protein 
neural cell adhesion molecule 
nuclear factor Y 
nuclear localization signal 
pl4 Alternative Reading Fram 
200 kDa, full-Iength CDP/Cux prote in 
R300/ÇREB-binding protein-~ssociated factor 
phytohemagglutinin 
protein kinase A 
protein kinase C 
retinoblastoma 
ribonucleic acid 
ribonucleic acid interference 
RNA polymerase 
ribosomal RNA 
Ring 1- and YY l-Qinding Rrotein 
Synthesis phase 
special AT-rich DNA-binding prote in 1 
scaffold/matrix associated region 1 
specificity prote in 1 
signal transducer and activator of transcription 
transcription factor binding to IGHM ~nhancer l 
tyrosine hydroxylase 
tumour necrosis factor 
transfer RNA 
yin yang 1 
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