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Abstrsct 

The E2F and Dp protein families are structurally related transcription factors that 

bind to specific consensus DNA sites as heterodimers. They control expression of genes 

that are required for cellular division to occur in a timely and ordered fashion. The six E2F 

proteins are regulated on many diffaent levels. One level of regulation is the inhibition of 

k i r  transactivation potential by their interaction with the retinoblastoma (Rb) family of 

proteins. The Rb famil y are in tum controlled by cyclin dependent kinases (cdks) and their 

regulatory subunits the cyclins and two classes of inhibitors. This thesis examines the 

cyclin dependent kinase contrd of E2F4 in an Rb fmily independent and dependent 

manner. 

The direct interaction of D-type cycluis with E2F4 in vitro and in vivo is 

demonstrated. The interaction corresponds with phosphoryiation of E2F4 both in vivo and 

in vitro in the presence of cdk4. The cdk4 kinase activity promotes the disruption of the 

E2F4/Dp-1 complex with DNA. A catalytic event is required as a kinase inactive version of 

cdk4 is unable to duplicate the finding. Also, cyclin E/cdk2 is unable to disrupt the DNA 

binding complex suggesting a specific cdk catalytic event. This mle for cdk4 is 

conoborated with two different approaches. First, transient tmsfection assays 

demonstrate that cyclin D l/cdk4 can repress the E2F4 tramactivation potential. Second, 

Dpl  is unable to interact with ceriah phosphorylated forms of E2F4, as revealed by 

phosphopeptide mapping experiments. There are two domains on E2F4 that can interact 

with cyclin Dl. The C-terminal binding site is necessary for cyclin Dlkdk4 to affect the 

E2F4 DNA binding potential. Taken together these studies suggest a novel regulation of 

E2F4 by cyclin DI associatecl kinase cdk4 relating a potential requirement for some gene 

promoters to eliminate E2F4 DNA binding. 

iii 



The d e  of cdk activity on E2F4 function also was investigated in a p 130 dependent 

manner. p 130, a member of the Rb family. is known to complex with E2F4 and inhibit its 

tramactivation potential at early times during the cell cycle. As a first step to analyre how 

p 130 causes this effect, the E2F4 binding site on pl 30 was mapped to a region known as 

the B domain. 

D-type cyclin interactions with p 130 occur through sequences that are distinct h m  

sequences mediating interactions between pl30 and cyclins A and E. This suggests 

differences in the functional outcome of pl 30 targeted phosphorylation. Thae differences 

may be important to the regulation of E2F4 that is complexed with p130. In this regard, 

the potential mie of cdkî versus câk4 phosphoiylation on the p130-E2F4 complex was 

examineci. Cdk4 phosphorylation of p 1 30 induces the dismption of the p 130-E2F4 

complex. As a means to M e r  investigate how this occurs, the cyclin D binding site was 

mapped to a region of pl30 tbat @lly overlaps with the E2F4 binding site. & 

interaction of cyclin Dl with the pocket proteins does not rely on the Leu-x-Cys-x-Glu 

peptide motif in contrast to what has bear suggested by others. The cdk2 regulation of 

E2F4 in the presence of pl 30 is different for cdk4. Cdk2 was unable to disrupt the p 130- 

E2F4 complex either in vivo or in vitro. Cdk2 activity could phosphorylate E2F4 in the 

presence of p 130. E2F4 was not phosphorylated by cdkî in the presence of a mutant of 

pl30 that is unable to interact with cyclins A and E, and cdk2. In addition a mutant of 

E2F4 that does no< interact with pl 30 could not be phosphorylated by cdk2. 

These studies suggest that cyclin Dl/cdk4 disrupts p130EZF4 interactions and 

E2F4DNA interactions thereby contributing to the ce1 cycle control of E2F4 regulated 

genes. 
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Chapter 1. Introduction 

1.1 The Cet1 Cycle and E2F 

The cell cycle is the process of ce11 division, composed of a senes of coordinated 

events nquired to replicate DNA and divide the ce11 to mate two daughter cells. The 

eukaryotic ce11 cycle is separated into phases or stages where the prime events of DNA 

replication (S-phase) and cellular division (M-phase) are interspersed by growth and 

reorganization intervals known as Gap phases called G 1 and G2 (Fig. 1.1 ). The G 1 phase 

is a growth interval characterized by an increase in ceil size required to prepare for DNA 

replication. During Gl  the ceii is under the influence of its environment. If the 

environmental conditions for division are not presmt the celi can arrest. S-phase is the 

stage where DNA replication and histone synthesis occurs. It is followed by G2 when the 

components required for the next stage, M-phase, are produced The M-phase is the stage 

at which DNA material is equally divideci between two daughter cells containing equal 

amounts of cytoplasm. With the completion of M-phase the cycle is brought back to G 1 or 

if under the influence of other signals to GO. GO is a quiescent state where cells are not 

actively preparing for division as in G1. Division is possible fiom GO if the environmental 

signals for division are optimum. 

Cellular division is a tightly regulated process calling upon a vast array of 

specialized molecula working together to bring about an ordered and controlled sequence 

of events. Tùis is accomplished by regulated timing of expression and function of certain 

factors. One of the more important moleniles involved in the cell cycle regulation is a 

family of transcription factors known as E2F (Dyson, 1998; Helin, 1998; Johnson and 

Schneider-Broussard, 1998; Nevins, 1998). The control of E2F is managed on many 

different levels, by a large group of proteins, including the retinoblastoma f h l y  or pocket 





pmtein family, cyclins, cyclin dependent kinases (cdks) and cdk inhibitors (ckis). In cancer 

cells, a hallmark of inappropriate cell division is the dysregulation of E2F controlled gene 

expression. 

1.2 Discovery of the E2F tnnscriptional activity 

Isolation of the E2F transcriptional activity began with studies involving the 

adenoWus E2 promoter. The E2 region represents the last of the early transcriptional units 

to be expressad after adenovhs infection following the expression of Ei A, E4, E3 and 

El B (Nevins, 1987). In 1986, Kovesdi et al, employing electrophoretic mobility shifi 

assays (EMSA), found that a factor from HeLa ce11 extracts bound DNA sequences in the 

promoter region of the E2 Cranscnptional unit (Kovesdi et al., 1986). The concentration of 

the factor increased in extracts of adenovins infected ceils. The cellular factor was temed 

E2F for E2 promoter binding factor (Kovesdi et al., 1987; Yee et al., 1987). Independent 

studies by La Thangue and Rigby c h a r a c t d  what tumed out to be the same binding 

activity on the E2 promoter, h m  undiffetttltiated F9 muriw embryonal carcinoma ceIl 

extracts, that was barely evidmt in differentiated cells, designated as diffe~entiation- 

regulated transcription factor 1 @RTFI) (La Thangue and Rigby, 1987). The activity 

designated as E2F/DRTF 1 is actually a hetetodimer made up of the closely relateci E2F and 

Dp protein family members (Bandara et al., 1993; Helin et al., 1993). The binding sites on 

the E2 promoter are represented by two inverted repeats of the E2F recognition motif 

TTTCGCGC (Loeken and Brady, 1989). Subsequent studies have revealed that the two 

E2F binding sites present in the E2 promoter contain DNA-protein complexes made up of 

the E2F 1-1 heterodimer that are connected by a homodimer consisting of the 19 kdal E4 

617 orf protein (Bandara et al., 1994; Cress and Nevins, 1994; Helin and Harlow, 1994). 



1.3 Molecular Clonfng of  the EZF and Dp family members 

There are six known E2F proteins designated E2Fl through E2F6, al1 capable of 

binding directly to the E2F DNA consensus site. E2F1 was the first E2F family member to 

be cloned based on its ability to bind to pRb (Helin et al., 1992; Kaelin et al., 1992; Shan et 

al., 1 992). The newly cloned E2F 1 molecule was confinned by demonstrating that it could 

tramactivate a promoter containing E2F DNA consensus binding sites. E2F2 and E2F3 

were isolated by low stringency screening of cDNA libfaries with an E2Fl cDNA probe 

(Ivey-Hoyle et al., 1993; Lees et al., 1993). 

Additional E2F molecules were suggested by the inability of E2F 1, E2F2 and E2F3 

ant ï i ies  to completely offset abundant E2F activity present in EMSA and the presence of 

the retinoblastoma family members pl07 and p 130 in E2F-DNA complexes despite their 

inability to bind E2F 1, E2F2 ami E2F3 (Chiaenden a al., 1993; Wu et al., 1995). 

Subsequent searches for E2F family membas provideci E2F4 and E2FS. E2F4 was 

isofated by the screening of a cDNA expression library with pl07 and by PCR utilipng 

degrnerate oligonucleotides based on E2F 1 (Beijersbergen et al., 1994; Ginsberg et al., 

1 994). E2FS was cloned by employing p 107, p 1 30 or Dp- 1 as bait in yeast two-bybrid 

scnening (Buck a al., 1995; Hijmans a al., 1995; Sardet et al., 1995). E2F6 was 

discovered by employing the Dp-1 dirnerization domain as bait in yeast two-hybrid screens 

and fiom sequences obtained h m  the human genome project (Cartwright et al., 1998; 

Gaubatz a al., 1998; Morkel et al., 1997; Trimarchi et al., 1998). Two Dp genes have 

beem isolated thus far. Dp-1 was cloned by purifyuig DRTFl from F9 ceIl extracts and 

microsequencing various peptide fiagrnents generated h m  protease treatment. From the 

garnered amino acid data, degenerate primers for PCR were used to screen an F9 cDNA 

library (Girling et al., 1993). The encoding gene was designated Dp- 1 for DRTF 1 pmtein 

1. Dp-2 was cloned by using the mouse Dp-l cDNA as a probe to screen a human cDNA 





Figure 1.2 Schematic representation of E2F and Dp protein families. The 

numbers above each protein represent amino acid positions. The functional and structural 

dornains are highlighted. 



libraty (Wu et al., 1995; Zhang and Chellapan, 1995). -2 contains at least five splice 

variants encoding 3 different proteins (Omiondroyd et al., 1995; Rogers et al., 1996; Wu et 

al., 1995; Zhang and Chellapan, 1995). 

1.4 Structural and functional analysis of E2F and Dp proteiis 

The E2F and Dp pmteiw range in s ix  h m  28 1 to 465 arnino acids containhg 

regions encding fùnctional and structural domains (Fig. 1.2). Crystallographic &ta for 

the E2F4/Dp-2 complex revealed that the region necesSacy for DNA bhding is composed 

of an N-terminal wingsd-helix protein structure (Zheng et al., 1999). This motif consists 

of three a-helices and a f!-sheet contributhg to a hydrophobie core. The winged-helix 

motif is found in sevexal culraryotic transctiption factors including HNF-3y, HSF and 

ETS 1 (Clark et al., 1993; Harrison a al., 1994; Kodandapani et al., 1996). The E2Fs 

interact with the DNA collsetlsus sequence TITSGCGCS (S=C or G) (Lee a al., 1 998). 

The DNA binding domains arnong the E2F fiunily are approximately 54% identical, 

whereas only about Wh identity exists with the Dp proteins which do not bind to DNA in 

the absence of E2F (Girling et al., 1993; Modcel et al., 1997). The Dp proteins are about 

90% identical to each other in this domain (Morkel et al., 1 997; Wu et al., 1 995). 

The DNA binding domain of E2Fs on its o m  is not efficient for proper binding. 

The DNA binding domain for E2F1 binds weakly to DNA and Dp-1 does not bind at all, 

but in the presence of both Dpl and E2Fl DNA binding domains the complex formation 

with DNA is enhanced (Bandara et al., 1993; Krek et al., 1993). The heterodimerization 

between EZF and Dp proteins is accomplished via a ngion containhg a leucine-zipper 

motif that is present adjacent and C-terminal to the DNA binding dornain found in ali the 

E2F and Dp family memben. The heterodimerization region is about 44% identical 

betwem the E2F family and 75% between the Dp farnily (Wu et al., 1995). E2Fs can fom 



homodimers but in the presence of DNA prefa to bind as heterodimers (Bandara et al.. 

1993; Helin et al., 1993; Ivey-Hoyle et al., 1993; Zheng a al., 1999). The Dp family 

members can h~etodimerize with any of the E2F fimily rnembers (Beijersbergen et al .. 
1994; Buck et al., 1995; Cartwright et al., 1998; Gaubatz et al., 1998; Hijrnans et al., 

1995; Sardet et al., 1995; Trimarchi et al., 1998; Wu et al., 1995). Dp proteins fùnction by 

increasing the DNA bmding efficiency and activation potential for the transactivating E2F 

f i l y  members (Bandara et al., 1993; Beijersbergen a al., 1994; Buck et al., 1995; 

Ginsberg et al., 1994; Helin et al., 1993; Hijmans et al., 1995; Krek et al., 1993; Sardet et 

al., 1995; Vmna et al., 1997). It is hypothesized that heterodimerization is essential to 

form an extensive protein-protein interfire whose structural features are necessary to bind 

DNA (Zheng et al., 1999). Memkrs of the hetefodimer make similar contacts to the DNA 

bases in the symmetric-like portion of the DNA binâing site SGCGCS. Whereas, the 

asymmetric portion of the site, T'iT, interacts w i i  E2Fs at an invariant amino acid motif 

that is missing in Dp proteins. 

E2Fl h u g h  5 contain an acidic Cacboxy-tenninal region that corresponds to the 

transactivation domain and the sequences necessary to associate with the packet proteins 

pRb, pl07 and p130. It is not clear whether the traasectivation dornain can be separated 

h m  the pocket protein binding domain. A fusion protein compnsed of the C-terminal 

368-437 amino acids of E2F1 joined to the GAL4 DNA binding domain allowed 

transactivation of a GAL4 promoter wnstruct (Kaelin et al., 1992). Discrepancies arise 

when a sïmilar fusion rnissing 41 7-437 arnino acids at the C-teminus, cormponding to the 

pRb binding domain, abolished transcriptional activity in some reports but had no effect in 

others (Cress et al., 1993; Helin et al., 1993; Kaelin et al., 1992; Shan et al., 1992). 

The distribution of pocket protein binding with the E2F W l y  members is not the 

same. E2F6 does not contain a transactivation domain nor a region to bind the pocket 

proteins. E2F6 actf as a transcriptional repressor by binding E2F sites at promoters 



prirnarily containing the consensus DNA sequence TTTCCCGC (Cartwright a al., 1998; 

Gaubatz et al., 1998; Morkel et al., 1997; Trimarchi et al., 1998). E2F 1 through to E2F5 

can associate with pRb (Helin et al., 1992; Ikeda et al., 1996; Ivey-Hoyle et al., 1993; Lees 

et al., 1993; Moberg a al., 1996). pl07 and pl 30 prefetentially bind to E2F4 and E2F5 

(Beijersbergen et al., 1994; Buck et al., 1995; Ginsberg et al., 1994; Hijrnans et al., 1995; 

Sardet et al., 1 995). The Dp proteins do not contain a &amactivation domain, but they 

possess an acid rich carboxy tetminus with 44% identity and 70% similarity that Mght 

facilitate the binding with the pocket proteins (Zhang and Chellapan, 1995). in this regard, 

in viîro translateâ Dp l has been found to interact with a pRffiST fusion protein (Bandara 

et al., 1994). 

ûownstrearn of the heterodimerization domain for the E2F family lies a stretch of 

strong homology berneen the E2F mdecules and absent from the Dp molecules termed the 

Marked box. To date no fiuiction has ken ascribed to this site. Reports suggest that this 

ngion in E2FI might be involved in E2F mediated DNA bending or provide a target site 

for phosphorylation resulting in the disruption of the pRB-E2F 1 interaction (Fagan et al., 

1994; Huber et al., 1994). 

E2Fl and by homology E2F2, E2F3 and E2F6 contain a region, at the N-taminal 

portion, that interacts with cyclin A (Knk et al., 1994; Krek et al., 1995; Xu et al., 1994). 

The cyclin binding dornain is not pmmt on E2F4, E2FS and the Dp proteins, but is similar 

to a conserved cyclin binding dornain that is present on various proteins such as the cdk 

inhibitors p2 1, p27 and the pocket proteins (Adams et al., 1 996). Cyclin A binding targets 

the E2F molecules and Dpl for phosphorylation by cdk.2 disrupting the DNA binding 

potential (Krek et al., 1994; Krek et al., 1995; XII et al., 1994). 

E2F4 contains a stretch of repeat senne residues between the Marked box and the 

pocket protein binding site that is not present on the other E2Fs. The CAG oligoserines in 

humans is of variable size making the E2F4 gene polymophic (Ginsberg et al., 1994). Of 



55 individuals tested for E2F4 al1 had at least one common aliele of 13 repeats. The E2F4 

ainucleotide repeat sequences represent a microsatellite which are repeating oligonucleotide 

tracts througbout the genome. Abnomdities of such repeats, rnicrosatelli te instability 

(MI), have ken implicated in the fornation of various g h c  disorciers including 

colorectal cancers with replicationlrepair e m  phenotypes (RER) (Markowitz et al., 1995). 

E2F4 might be a target for mutation necessary for tumour formation. Recm reports 

describe the presence of variable oligoserine repeats for UF4 in RER positive primary 

colotectal cancers and gass~intestinal tumours as cornparecl to non-cancmus tissue h m  

the same individuai (Souza, 1 997; Yoshitaka et al., 1 996). 

Based on structural and fùnctional considerations the E2F molecules have been 

subdivided into three different pups. E2F 1, E2F2, and E2F3 bind to pRb (Helin a al., 

1992; Ivey-Hoyle et al., 1993; Lees et al., 1993), are predomhantly nuclear (Lindeman a 

al., 1997; Mulla et al., 1997; Vama a al., 1997) and contain a cyclh A binding motif 

(Krek et al., 1994; Xu et al., 1994). h t h e r  group, consisting of E2F4 and E2F5, am 

also bind to pRb as weli as to pl07 and pl30 (Beijersbergen a al., 1994; Buck a al., 

1995; Ginsberg et al., 1994; Hijmans et al., 1995; Ikeda et al., 1996; Moberg et al., 1996; 

Sardet et ai., 1995). However, they do not contain an N-terminal extension with a cyclin A 

binding motif and are mainly locakd in the cytoplasm (Lindeman et al., 1997; Muller et 

al., 1997; Verona et al., 1997). The recently cloned E2F6 pmtein represents a third type of 

E2F lacking a transactivation dornain but retaining Dp and DNA binding capabilities 

(Cartwright et al., 1998; Gaubatz et al., 1998; Morkel et al., 1997; Trimarchi et al., 1998). 

E2F6 is thought to fùnction as a repressor to transcription. It does not bind to the p k e t  

proteins but contains a putative cyclia A binding site. 



1.5 The E2F responsive genes 

The E2F responsive genes, implicated in the control of cellular proliferation, are 

expressed in a ce11 cycle dependent manner. Studies on E2F dependent regulation of 

transcription rely almost entirely on fmdings derived h m  tissue culture cells, analyzing 

potential E2F binding sites on relatively short pieces of genomic DNA. The number of 

E2F binding sites on target gaies varies h m  one to six and they are usually located 

approximately 200 base pairs upstream of the start of transcription (Helin, 1998). The E2F 

regulated genes can be grouped into two types. One targeted group are genes involved in 

celi cycle control such as cyclin E (Botz et al., 1996; Ohtani et al., 1995). cyclin D 

(Watanabe ct al., 1 998), cdc2 (Tommasi and Pfeifer, 1999, p 1 O7 (Zhu et al., 1999, pRb 

(Shan et al., 1994), E2Fl (Hsiao et al., 1994; Johnson et al., 1994). E2F2 ( S e m  a al., 

1997), cdc25A (Tavarone and Massague, 1999), c-Myc (Oswald et al., 1994; Rousse! a 

al., 1994; Thalmeier et al., 1 Mg), N-Myc (Hiebat et al., 199 1 ), B-Myb (Zwicker a al., 

1996). p 1 gARF (Bates et al., 1998) and p2 1 (Hiyarna a al., 1998 ). The second group 

comists of genes that are essential for DNA synthesis and replication such as âihydrofolate 

ductase (DHFR) (Fry et al., 1997; Wells a al., 1997), DNA polyrnerase a (Pearson et 

al., 1991), thymidine lciaase (Karlseder et al., 1996; Tommasi and Pfeifer, 1997), 

HsOCRl(0htani et al., 1996), cdc6 (Yan et al., 1998), histone H2A (Oswald et al., 1 996), 

and RaneP 1 (Di Fiore et al., 1999). 

1.6 E2F can activate transcription and drive cells into S-phase 

E2F binding is necessary to activate transcription h m  certain promoter sites. 

Mutations of the E2F binding sites in the promoter of p107, DHFR and TK lead to the 

inactivation of gene expression (Karlseder et al., 1996; Wells et al., 1997; Zhu et al., 

1995). Traasient transfection assays with EZF-reporters have shown that E2F 1 through 5 



can activate transcription (Beijersbergen et al., 1994; Buck et al., 1995; Ginsberg et al., 

1994; Helin et al., 1992; Hijmans et al., 1995; Shan and Lee. 1994). Furthemore, the 

tramactivation domain of E2F transferred to the DNA binding region of GAL4 is sufficient 

to tramactivate gene expression of a GAL4 reporter (Buck et al., 1995; Cress et al., 1993; 

Helin et al., 1993; Hijmans et al., 1995; Kaelin et al., 1992; Shan et al., 1992). 

Overexpression of E2F using inducible systems or microinjection of E2Fl and 

E2F4 can &ive serum stanred quiescent cells into S-phase (Beijersbergen et al., 1994; 

Johnson et al., 1 993; Qin et al., 1 994; Shan and Lee, 1994). S-phase entry requins intact 

E2F 1 DNA binding and transactivation domains (Johnson et al., 1993; Shan and Lee, 

1994). E2F 1 has also been show to override G1 amst induced by TGFP in mink lung 

epithelial cells (Schwan et al., 1995). Further evidence for the E2F requirement to drive 

the ceIl cycle is dernonstrateci by the use of E2Fl anâ D p l  mutants that act as dominant 

negatives to block ce1 cycle progression (Hieben et al., 1995; Wu et al., 1996). These 

aitered proteins are deficient in DNA cornplex formation, but retain the ability to 

heterodimerke, block the ceIl cycle in Gl when they are overexpressed. This suggests that 

E2F pmmoted gene expression is required for cellular division. 

In keeping with the notion that E2Fs control cellular prolifeiation is the ability of 

E2F 1 through 4 and Dp- 1 to tramforni irnrnortalized cells, or in collaboration with activated 

Ras, primary fibroblasts (Beijersbergen et al., 1994; Ginsberg et al., 1994; Johnson et al., 

1994; Jooss et al., 1995; Singh et al., 1994; Xu et al., 1995). This ability is indicated by a 

number of criteria such as growth on soA agar and low serum, loss of contact inhibition 

and the potential to induce tumoun in nude mice. Experiments using the E2F1 DNA 

binding and transactivation domains suggest its oncogenic potential is linked to its function 

as a transcription factor (Singh et al., 1994; Xu et al., 1995). The ability of E2F 1 to cause 

proiiferative ceNuiar growth is demonstrated in ûansgenic mice models. Tratl~genic mice 



with E2FI under the control of an inducible pmmoter develop hyperplasias and together 

with a Ras transgene induce skin tumourigenesis. To &te there have been no reports on 

the amplification or overexpression of the E2F family memben in human tumours. 

Overexpression is documenteci in one report in the human erythroleukemia (HEL) ce11 line 

(Saito et al., 1995). 

The d e  of E2F in the induction of S-phase has been demonstrated by experiments 

perfonned with Drosophila embryonic cells. The mammalian analysis of S-phase induction 

by E2F is clouded by the large E2F fâmily t h  might be fùnctionally redundant at ceriain 

promoters. in Drosophila, a singie E2F (âE2F) gene and a single Dp (dDp) gene have 

been identi fied, to date (Dydacht et al., 1 994; Ohtani and Nevins, 1 994). For Drosophila 

cells at later stages in embryonic deveIoprnent dE2F is necessary for S-phase to occur 

(Diuonio et al., 1995). dE2F is quired for the expression of cyclin E, a necessary k t o r  

for the S-phase transition (Duronio and O'Farrell, 1995; Knoblich et al., 1994). 

E2F transcriptional activity is the target of multiple signaling cascades. nie ability 

of dominant negative Ras to inhibit cellular proliferaton by blocking the expression of E2F 

responsive genes is overcome by the addition of E2F I / D p  1 or E2F2 (Leone et al., 1997; 

Peeper et al., 1997). ûther &ta points to the opposite effccts of the two non-mitogenic 

signal transduction cascades involving the MAP kinases JNKl and p38 on E2F activity. 

M C 1  is demonstrated to repress E2F activity whereas p38 promotes its activation (Wang 

et al., 1999). 

1.7 Mechanism of E2F transcriptional activation 

Three different mechanisms have been proposed for how E2F activates 

transcription. A simple hypothesis relates the binding of E2F to the basal transcriptional 

apparatus via the TATA Binding Protein (TBP) to induce gene transcription (Hagemeier et 
8 

al., 1993). Another mechanism suggests that transcription is stimulated by the mitment  



of CO-factors. The transcriptional CO-activator CBP/p300 has been demonstrateci to bind to 

the trimsactivation domain of E2Fl (Tmuche and Kowrides, 1996). p300lCBP 

possesses histone acetylase activity that can disrupt nucleosome structures thereby altering 

chromatin and affe*ing transcription. Another CO-factor TRRAP 

(transfomationftratlscription domain-associated protein) that is essential for the c-Myc 

transformation of mamrnalian cells has been shown to bind to the transactivation domain of 

E2Fl. T RAPP might be a universal CO-factor essential for the transcription of genes 

quired for proliferation as it interacts with the transformation domain of c-Myc 

(McMahon a al., 1998). A third proposal relies on the potential of E2F to bend DNA 

(Cress and Nevins, 1996). The end effect of this is to alter the DNA architecture making it 

more iikely for other pmmota bound transcription factors, such as Sp-1, to corne in 

contact with the basal transcriptional rnachinery (Kailseder et al., 1996). The above 

described mechanisms are not necessady mutually exclusive. 

1.8 E2F ean repress gene expression 

E2F can also act as a transcriptional repressor when bound to certain promoter 

sites. Mutation of the E2F consensus sequence in the promoters for cyclin E, p2 1, E2F 1, 

E2F2, cdc25A and HsORCl nsults in the enhancement of theu mRNA expression level 

(lavarone and Massague, 1999; Johnson, 1995; Johnson et al., 1994; Ohtani et al., 1996; 

Ohtani et al., 1995; S e m  et al., 1997). Evidence from in vivo footp~ting experiments on 

the b-myb and cdc2 promoters suggests chat repnssion might occur in the GO/Gl phase of 

the cell cycle when the pmmoter sites are bound by E2F4 (Tommasi and Pfeifer, 1995; 

Zwicka et al., 1996). At later stages of the ce11 cycle when the genes for these promoters 

are transcribed there is no E2F binding activity. These results suggest that gene expression 

ensues with the loss of E2F cornplex formation. The suppressive role for E2F is made 

possible by the binding of pocket proteins and is discussed in detail below. 



1.9 Transcriptional regulation of E2F 

Transcriptionai control is one method by which E2Fs are regulated. Studies 

involving the measurement of protein or mRNA levels in quiescent fibmblasts or resiing T- 

cells stimulated to enter the cell cycle demonstrate that the expression pattern for the E2F 

b i l y  memben is different. 'Ihe mRNA levels for E2F1 and E2F2 are significantly 

increased in the G LIS phase of the ce11 cycle (Hsiao et al., 1994; Johnson et al.. 1994; 

Kaelin et al., 1992; Sears et al., 1997). in fact, E2F l and E2F2 contain E2F promoter 

sites which might act in an auto regulatory fashion andor be occupied by other E2Fs 

(Hsiao et ii., 1994; Johnson a al., 199+ Sears et al., 1997). The transcriptional profile 

for E2F3 is slightly different at lest in REF52 cells. E2F3 is expressed beginning in the 

Gl/S phase when GO cells are growth stimulateci. Its expression continues to cycle with 

successive cell divisions, whereas E2Fl and E2F2 do not nappear after the initial O1 lS 

transition h m  quiesance (Leone et al., 1 998). E2F5 mRNA levels are inaeased very 

early in GI fibroblasts with levels rising 12 fold as compared to E2F4 which undergoes a 

2-3 fold increase (Sardet a al., 1995). E2F4 and Dp-l are coastitutively expressed 

including during 00 with E2F4 teptesenthg the most acîively transcribed mernber of the 

family (Lindeman et al., 1997; Moberg et al., 1996; Muller et al., 1997; Vairo et al., 1995; 

Verona et ai., 1997). The E2F farnily gene expression pattern suggests that E2F 1,2. and 3 

might be important in cell growth, whereas E2F4 and Dp- 1 Mght k involved during the 

quiescent phase. To date, the ce11 cycle expression patterns for E2F6 and Dp-2 have not 

been reporteci. 



1.10 Regulation o f  E2F by pocket proteins 

1.10.i Identification of  pRb regulation of E2F by the interaction with DNA 

tumour viruses 

Another methcxi of E2F regulation is protein-protein interaction with the Rb farnily. 

The Rb f d l y  in hm is under the influence of cyclins, cdk's and their inhibitors cki's. 

The pocket proteins can form repressor complexes with the E2F tiunily of transcription 

factors. The ability of the DNA tumour virus pmteins, adenovh E 1 a, SV40 large T- 

antigen and human papillomavinis (HPV) E7, to drive quiescent, temunally differentiated 

cells into S-phase and pmmote transformation provided the link bawcen E2F and the Rb 

protein f h l y  (Bayley and Mymryk, 1994; Fanning, 1992; Phelps et al., 1992). M y  

reports had show that Ela was nquired for expression of the E2 transcriptional unit based 

on mutational studies of the E2 promoter (Loeken and Brady, 1989). The DNA sequences 

lhat are necessary for the induced transcription contain E2F consensus binding sites. Ela, 

lacking a sequence specific DNA binding activity, induces transcription indirectly by 

promoting the activation of E2F (Cbatterjee et al., 1988; Ko et al., 1986). Ela was also 

found to transactivate certain promoters of cellular genes nlated to the E2F bindhg site 

(Blake and Azizkhan, 1989; Hiebert et al., 1989; Thalmeier a al., 1989). 'Ibe previous 

results and the finding that large T-antigen and E7 could also promote transcription from 

the E2 promoter suggested that the DNA tumour virus oncoproteins were infiuencing the 

activity of E2F by the same mechanism to obtain a growth advantage over the infected ceIl 

(Loeken et al., 1986; Phelps et al., 1988). 

The rnethod by which the oncoproteins regulated E2F funetion was unraveled by 

the hduigs that Ela could intemct with a variety of celluiar proteins (Harlow a al., 1986; 

Y& and Branton, 1985). The fmt identifieci was the interaction with a 1 10 kdal protein 

that was found to be the retinoblastoma susceptibility protein @RB) (Whyte et al., 1988). 



pRb represents the prototyjic tumour suppresser protein (Weinberg, 1995). The 

retinoblastoma gene has been directly irnplicated in the formation of hereditary 

retinoblastoma by mutation of a second allele afier fieritance of one mutated allele (Friend 

a al., 1986; Fung et al., 1987; Lee et al., 1987). This was first hypothesized in 

Knudson's mte limiting "two-hit" mode1 that proposes the requirement of two mutations 

for the formation of retinoblastoma (Knudson, 197 1 ). In addition, the mutation or loss of 

the pRb gene is found in many different cancer types such as, cenical carcinomas, small 

ceIl lung carcinomas, bladder carcinomas, breast carcinomas, prostate carcinoma, pnrnary 

leukernias, oesteosammas and sofl tissue saxomas, suggesting chat it is an important 

target for disniption leading to oncogenesis (Bookstein et al., 1990; Fnend et al., 1986; 

Friend et al., 1987; Harbour, 1988; Horowitz et al., 1989; Mendoza et al., 1988; TAng et 

al., 1988; Toguchida et al., 1988; Weichstlbawn et al., 1988). pRb's p w t h  suppressive 

pmperties are evident by its re-introduction in prostate, breast, bladder and osteosarcorna 

c d  lines that are deficiait for it (Bookstein a al., 1988; Huang, 1988; TakahaShi et al., 

1991; Wang et al., 1993). The suppression of the neoplastic phenotype in these cells is 

exernplified by slowed growth and i n d  average ce11 size. Nude mice that were 

injected with the hunour cells hartx,uring newly fÙnctiona1 pRb did not develop turnours as 

opposed to the Mce that were injected with pRb negative cells. The importance of the pRb- 

Ela interaction to cell dysregulation is cvident h m  mutants of EIA that are unable to 

transfomi cells do not bind to pRb (Egan et al., 1988; Jelsma et al., 1989; Whyte et al., 

1988; Whyte et al., 1989). Furthemore, E7 and large T-antigen interact with pRb and 

their adnsforming ability is dependent on this interaction (DeCaprio a al., 1988; Dyson et 

al., 1989; Moran, 1988; Phelps et al., 1988). 

It has been demonstrated tbat the basis by which Ela, E7 and large T-antigen 

interact with pRb is to disrupt the interaction with E2F. In this manner, transcriptional 

repression causeci by pRB binding to E2F is deviated by the DNA tumour virus 



oncoproteins and expression for proliferative genes can progress. A hint that Ela caused 

this to happai is detailed in reports that describeci the Ela disruption of host ce11 protein 

complexes releasing E2F that was utilized for E2 transcription (Bagchi et al., 1990; 

Raychaudhuri a al., 199 1). The regions of Ela that were required to dissociate this 

complex w m  also necessary to bind to pRb. Many studies have reported the ability of Ela 

to dislodge the interaction of pRb with E2F (Bagchi et al., 1991; Bandara and La niangue, 

1991; Cao et al., 1992; Chellappan et al., 1991; Chittenden et al., 1991; Shidkar et al., 

1 992). In addition, E7 and large T can also abrogate the Rb-E2F complex revealing that 

the DNA hunour virus oncoproteins function by the same mechanism to regulate E2F 

activity (Cheliappan et al., 1993). Taken together, these results suggest that the DNA 

tumow viwes act to drive the cell cycle and transform cells partly through the interaction 

with pRb to release E2F. 

1.lO.ii pRb-E2F complex formation functions as a negative regulator of 

ceil proliferatioa 

The interaction between pRb and E2F provides a mode1 for a mechanism of pRb 

mediated growth regulation contributing to its tumeur suppmsor capability. Different lines 

of evidence other than the interaction with oncoproteins suggest that pRB functions as a 

negative ngulator of ce1 prolifnrtion through its interaction with E2F. For example, 

mutant pRb molecules found in tumowigenic cells are unable to bind E2F or they contain 

mutations within the domain tbat is quired for stable interaction (Bandara and La 

Thangue, 199 1; Chellappan et al., 199 1; Cobrinik, 1996; Horowitz et al., 1990; Horowitz 

et al., 1989; Kaelin et al., 199 1). The addition of pRb into osteosarcorna cells, lacking a 

fiinctional pRb protein, blocks cells in Sghase if microinjecteci in early G 1 or if triinsiently 

transfected (Goodrich et al., 1991; Hinds et al., 1992). This fiuiction of pRb comlates 

with the potential to bind EZF. The minimal region of pRb required to block the c d  cycle 



is represented by the E2F binding domain (Hiebert, 1993; Qian et al., 1992; Qin et al.. 

1992). 

pRb can inhibit growth by forming a transcriptional suppressor complex with E2F 

on promoter sites thereby inhibiting the expression of E2F target genes. This hinction for 

pRb has been confimed by rnany differnit experimental approaches. As an example. the 

capacity of pRb to repress E2F mediateci triansactivation is described in experiments 

miploying transient trailsfection assays with simple E2F-promoter constmcts (Hiebert et 

al., 1992; Weintraub et al., 1992; Zamanian and La Thanguc, 1992). The suppression by 

pRB is dependent on direct binding to E2F that is bound to DNA. Mutations within the 

E2F binding site of the myc promoter tbat alleviate E2F interaction can no longer be 

suppressed by pRB (Hamel et al., 1992). In addition, pRb can suppress transactivation by 

a fusion protein containhg the E2F1 hausactivation domain and the GAL4 DNA binding 

domain. GAL4/'2F 1 mutants that transactivateâ gene expression but did w t  bhd to pRb 

were no longer suppressed by pRb overexpression. Mutants of pRb that did not bind E2F 

lost the ability to suppress (nemiagton et al., 1993; Helin et al., 1993). 

Recnit data in support of E2F fomiing a suppresser complex with pRb are h m  

experiments with a stably transfected E2Fl mutant that d n s  its DNA binding potentid 

but is deficient in the C-temiinal transactivation and pocket protein binding domains (Zhang 

et al., 1999). This mutant is assumed to &c the DNA binding potential of the E2F 

family and is proposai to bind al1 the available E2F sites. The stable ceIl lines expressing 

the mutant are not blocked in the ce1 cycle by pRb suggesting that the transactivation 

potential of E2F is not necessary for ce1 cycle progression, but is required to form a 

repressor complex with pocket proteins. 



1.11 pl07 and pl30 can also suppress E2F transactivation 

pl O7 and p 130, members of the pocket protein families named according to their 

apparent molecular weights in polyacrylamide gels interact with E la (Harlow et al., 1986; 

Whyte et al., 1988). p 107 and p 130 are more alike at 50% similarity, as compared to pRb 

that has a similarity of 30% with pl07 and p 130 (Ewen et al., 199 1 ; Hannon et al., 1993; 

Li et al., 1993; May01 et al., 1993). The Rb family shares extensive homology primaril y at 

the two disparate A and B domains which comprise the p k e t  dornain. The pocket dornain 

is necessary to bhd the oncogenes of DNA tumour vinws containhg the Leu-x-Cys-x- 

Glu (LxCxE) motif (Fig. 1.3)(Hu et al., 1990; Huang et al., 1990; W i n  et al., 1990). 

The A and B domains are separated by a s d l  region known as the spacer element. The 

spacer region on pRb is s d l  as compered to the spacer regions in p 130 and p 107. The 

spacer element is signifiant for it relates a fbnctional diffaaice between pRb and both 

pl07 and p 130 that is described below. 

p 1 O7 and p 130 interact with E2F4 and E2F5. p 107, like pRb, requires the A and B 

domains of the pocket region for binding EZF. The bioding domain is made up of 

overlapping amiw acids that are quired to bind DNA himour virus oncoproteins (Hieben 

et al., 1992; Qian et al., 1992; Smith and Nevins, 1995; Zhu et al., 1995). It is 

hypothesiwd that the A and B domains provide a fllnctional interfiice by which E2F can 

bind (Lee et al., 1998). An E2F binding domain on pl30 has not been deduced. In 

addition, a potentiai D p l  interaction with pocket proteins is described by eariy in vibo 

experiments for Dp- l and pRb, but not for p 107 and p 130 (Bandara et al., 1994). 

The pocket proteins pl07 and pl 30 are able to inhibit the ceil cycle in G1 as 

determined by flow cytometry analysis of transfected celi lines (Vairo et al., 1995; Zhu et 

al., 1995; Zhu et al., 1993). Furthemore, mutagenesis of pl07 reveds that a region 





Figure 1.3 The pocket protein or Rb family. The pocket proteins are shown 

schematically with numbers above each protein representing amino acids. A and B denote 

the NB pocket domain and SP the spacer elernent. The binding domains for various 

proteins are outlined and described in the text. 



mapping to the E2F binding domain can cause growth suppression (Zhu et al., 1 995). The 

growth suppression by pl07 cornlates to the ability to repress E2F-mediated 

transactivation (Beijersbergen et al., 1994; Ginsberg et al., 1994; Schwarz et al., 1993; 

Smith and Nevins, 1995; Zamanian and La Thangue, 1993; Zhu et al., 1993). 

The evidence ihat pl 07 and p 130 are true tumour suppressers is not as stmng as for 

pRb. Mutations in pnrnary cancer cells for pl 30 and p 107 have not yet been discovered. 

To date, a srnall cell lung carcinoma ceIl line harbouring a p 1 30 mutation npresents the 

ody mutation for pl30 that has kai reportai in cancer ce11 lines (Helin et al., 1997). 

Gene targeting expehents reveal conûadictory findings resulting h m  the genetic 

background of the mice. Initial experiments for targeted p 1 O7 or p 1 30 disniption revealed 

no phenotypic abnorrnaiities in mice with the genetic background 129/Sv:C57BU6J 

(Cobnnik a al., 1996; Lee et al., 1996). However, when both genes were targeted 

simultaneously mice had defects in chonhyte development suggesting that pl07 and 

pl30 are fiurctionally redundant These results contrast with ment reports for the 

knockout experiments perfonned in a BALBlcj genetic background that suggest a 

suppressive cellular prolifemtive role for p 1 07 (Lecouter et al., 1 998). p 1 07-/- anin~als 

exhibit myeloid hyperplasia in the spleen and liver. In addition, chimeric rnice generated 

with Rb4/p l 0T4 embryonic stem cells develop retinoblastoma, if the loss of both pRb and 

p 107 occurs in the retina (Robanus-Maanhg et al., 1998). 

1.12 Mechanism of Poeket Protein repression 

The mechanism of repression by pocket proteins is not completely undentood. The 

shplest explmation is that the pocket proteins bind to a region in the E2F transactivation 

domain blocking its ability to interact with the basal transcriptional apparatus (Hagemeier et 

al., 1993; Shao et al., 1997; Siegert and Robbins, 1999; Weintraub et al., 1992). Another 

hypothesis suggests that the pocket proteins actively repress transcription in a repressor 



complex with E2F. In this regard, E2F is not involved in tramactivation but is requireâ to 

bind DNA to tether the pocket proteins to the promoter region whereupon active 

transcriptional repression of adjacent enhancer sites is made possible. The GAL4 DNA 

binding domain hised to pRB or pl07 can repress transcriptional activity of a GAL4 

reporter consmict (l3rern.net et ai., 1995; Chow and Dean, 1996; Sellers et al., 1995; 

Starostik et al., 1996; Weintraub et al., 1995). Thus, pRb or pl07 brought to a promoter 

site in an E2F independent fashon retains the ability to repress transactivation. In support 

of this view are two lines of evidence. In experiments to identiQ pRb DNA targets, despite 

the potential of pRb to kteract with many different transcription factors, only E2F 

consensus sites were identifred (Chittenden et al., 199 1). This suggests pRb interacts with 

other transcription factors and inhibits their ttansactivation potential in context with its 

potential to interact with EZF. Also, rnany diffaent mhancer sites, with the ability to 

induce transcription, are in proximity to E2F binding sites (Karlseder et al., 1996; Lin et 

al., 1996; Loeken et al., 1986; Watanabe et al., 1998). 

The Rb family might be actively repressing by influencing histone deacetylation by 

binding to histone deacetylasa (HDACl) (Brehrn et al., 1998; Luo et al., 1998; Magrmghi- 

Jaulin et al., 1998). Histone deacetylases pmmote the fomtion of nucleosomes diat are 

thought to impede the positive regdatory action of transcription factors with the basal 

transcriptional machinery (Grunstein, 1997). HDACl was demonstrated to repress E2F 

mediated tramactivation in a synergistic manner with pRB. In this manner, pRb is thought 

to alter chromatin structure resulting in inhibition of transcription. The recruitment of 

inhibitory factors might be d e r  potential repressor mechanism, for exarnple the binding 

of HBP 1 to p 130 and pRb (Tevosian et al., 1 997). HBP 1, a member of the high mobility 

group (HMG) class of transcription factors, is hypothesized to repress transcription of 

genes with promoters containhg E2F binding sites. 



There are additional regulatory functions on E2F ascribed to the pocket proteins 

other than suppression of gene expression. ûne function is the enhancement of E2F 

stability against the ubiquitin-proteasorne pathway (Hateboer a al., 1996; Hohann a al., 

1996). This is accomplished by direct binding of pRb to E2Fl and pl07 and pl30 to 

E2F4. Another level of conml implicates the Rb family in influencing the subcellular 

localization of E2F4 and E2F5. E2F4 and E2F5 are normally cytosolic and lack a nuclear 

localization signal but upon cwxpression of p 1 07 or p 130 becorne overwhelmingly 

compartmentalized in the nucleus (de la Luna et al., 1996; Magae et ai., 1996). 

1.13 Regulation of pocket proteins by phosphorylation 

The pocket proteins are phosphorylated in a ce11 cycle dependent marner. pRb is in 

a minimally phosphorylated (underphosphorylaiod) state in G1. It continually becornes 

phosphorylated as cells pass h m  Gl to S phase and at the end of rnitosis it retums to an 

underphosphorylated state (Buchkovich et al., 1989; Chai et al., 1989; DeCaprio et al., 

1989; Mihara et al., 1989). pl O7 and pl 30 arc also phosphorylated in a ce11 cycle specific 

manner in studies employing quiescent moue fibroblasts or a glioblastoma cell üne 

induced to proliferate hm quKscence (Beijersbergen et al., 1995; May01 et al., 1995; Xiao 

et al., 1996). Limited data is available on the dephosphoqdation of pocket proteins. pRb 

has been shown to bind directly to the protein phosphatase 1 (PPI) catalytic subunit during 

mitosis @urfee et al., 1993). The electroporation of active PP I into G 1 cells prevented S- 

phase entry and pRb phosphorylation (Bemdt et al., 1997). Recently, a regulatory 

subunit, PR59, for protein phosphatase 2A (PP2A) bas been shown to interact directly 

with pl07 resulting in its dephosphorylation by recruiting the catalytic subunit of PPZA 

(Voorhoeve et al., 1999). 



1.14 Cyciias target pocket proteins for phosphorylation by cdks 

The pRb family is phosphorylated at the amino acids that fall within the consensus 

target sites for cdks (Lees et al., 199 1 ; Lin et al., 1 99 1). The cyclical activity of cdks is 

necessary for cellular division to o m i r  in a tirnely and ordered manner (Shen, 1996). 

Cdks phosphorylate the substrates needed for ceIl cycle progression including the pocket 

proteins and E2Fs. Cdks are activated by the interaction of a family of related proteins 

known as cyclins. Cyclins are expressed in a penodic fashion at certain points during the 

ce11 cycle. The expression pattern for each of the cyclins varies suggesting their 

involvement at distinct steps in the ceIl cycle. Thus, the activities of the catalytic subunits 

are controlled in a ce11 cycle dependent manner. 

To &te, at Ieast 16 cyclins and 8 cdks have been cloned resulting in a complex 

m y  of regulatory phosphorylation. Cyclin interaction with c a s  is mediateci by a 

consefved 100-150 amino acid domain known as the cyclin box. Cyclins also contain a 

region of homology known as the desmiction box or a PEST sequence that allows the 

protein levels to be tumed o v a  in a ce11 cycle specific manner (Glotzer et al., 199 1 ; Rogers 

et al., 1986). The cyclins operate for the most part during specific phases of the ce11 cycle 

and are loosely divided into two subgroups, the G 1 and G2 cyclins. The cyclins A, E, and 

the D M y  including D 1, D2, and D3 represent the important cyclins involved in the 

direct control of the pocket protein and E2F families. 

1.14.1 The D cyclin family promotes Cl ce11 cycle progression 

D-type cyclin appeanuice is growth factor dependent. They are the first of the G 1 

cyclins to be expressed. The kinetics of expression for cyclin Dl and D2 begin in early G 1 

and become maximal at the GUS transition (Won et al., 1992.). The kinetics for cyclin D3 

is slightly diffaait with synthesis beginnllig at the Gl/S border and peaking at S-phase 

( M o t o h  et al., 1992). The D-type cyclins preferentially activate cdkrl and cdk6 with the 



cyclin D 1 /cdk4 activity becorning maximal in early G 1 to the mid G t phase. (Bates et al., 

1994; Matsushime et al., 1992; Matsushime a al., 1994; Meyerson and Harlow, 1994; 

Tsai et al., 199 1 ; Xiong et al., 1992). 

The individual expression pattem for the D-cyclins is tissue specific and ceil Iine 

specific but in a p d y  overlapping maMer as more than one family member can be 

expressed in the same tissue and ce11 line (Bartkova et al., 1998; Lukas et al., 1995; Lukas 

et al., 1994). The tissue restricted expression pattem is apparent in gene targeting 

experiments. Cyclin DI targeted disruption in mice results in aberrant development of the 

retina and rnammary epithelium (Fantl et al., 1995; Sicinski a al., 1995). This contrasts 

with cyclin D2 disruption that results in mice defective in the growth of ovarian granulosa 

cells and the testes (Sicinski et al., 1996). 

The cyclin D family is required for Gl progression. Disruptions of the Dtype 

cyclins with micminjection of sequestenng antibodies into diffamt ce11 lines block the cell 

cycle in G 1 (Baidin et al., 1993; Bartkova et al., 1998; Lukas et al., 1995; Lukas et al., 

1994; Quelle et al., 1993). The importance to the control of early Gl events is evident 

h m  microinjection experiments. Tbere is no block to the ce11 cycle if cyclin Dl antibodies 

are injected at a point late in G 1 (Quelle et al., 1 993). On the other hand, expaiments that 

overexpress D-type cyclins can shorten the G 1 intetval and produce cells that are smaller 

than their normal counterparis (Ando et al., 1993; Herzinger and Reed, 1998; Quelle et al., 

1993; Resnitzky et al., 1994). 

The inappropriate expression of cyclin D 1 leads to a loss of growth contml. This is 

exemplified by the overexpression of cyclin Dl and D2 in several types of human tumows 

(Hunter and Pines, 1994; Motokura and Arnold, 1993). Cyclin D1 was onginally 

identified as the PRADl gene (Motokura, 199 1). PRAD 1 overexpression is suspected as 

the cause of some parathymid adenornas by rearraagement to the promoter site of the 

parathymid hormone gene. In addition, cyclin Dl is a strong candidate for amplification 



leading to various leukanias by translocation to the immunoglobulin heavy chain gene 

locus (Motokura and M d ,  1993). Cyclin D2 is the vin4 gene which is the site of 

insertional mutagenesis of murine leukemia virus induced T ~ e l i  leukemia ( H a ~ a  et al., 

1993). Furthemore, cyclin Dl trimgenic mice impede lymphocyte maturation and 

Iymphogenesis is induced in collaboration with a Myc transgene (Bodmg et al., 1994; 

Lova et al., 1994). Mice expressing the cyclin Dl transgene under the control of the 

mouse mammay nimour virus long temllnal repeat induce rnamrnary gland hyperplasia and 

carcinomas (Wang et al., 1994). In tissue culture cells cyclin Dl and D2 can coopemte 

with activated Ha-Ras to baasforrn prirnary fibrobidst cells (Hinds a al., 1994; Kerkhoff 

and Ziff, 1995; Lova: et al., 1994). 

1.14.ii Cyclin E ean promote entry into S-phase 

Cyclin E is also essential to the ceU cycle progression in Gl. Cyclin E is 

synthesized at a tirne afier D-type cyclh expression at about mid G1 and peaks later in the 

Gl IS phase (Dulic et al., 1992; Koff et al., 199 1 ; Koff et al., 1992). Cyclin E can interact 

with cdW , but its predorninant in vivo activity is associateci with cdk2 at GllS @ulic a 

al., 1 992; Koff et al., 1 99 1 ; Koff et al., 1992). As with cyclin D, cellular microinjection of 

anti-cyclin E amibodies is able to block cells in G1 (Ohtsubo a al., 1995). If cells are 

microinjected at a point a h  the GllS transition they are no longer blocked in p i i f d o n  

suggesting cyclin E activity is not requind a k r  this point for cell cycle progression. The 

cyclin E control of the GllS transition is dependent on its catalytic partner cdk2. This is 

apparent h m  the use of a dominant negative CM, that does not harbour kinase activity 

but can still bind to cyclin E. Dominant negative cdk2 is sufficient to block the ceIl cycle in 

G1 as well (van den Heuval and Harlow, 1993). ûther experiments suggesting that cyclin 

E is essential in controllhg GI progression are h m  studies in which cyclin E is 

ovempressed by the use of an iaducible promoter in maMnaliaD fibroblastic cells. 



Overexpression of cyclin E ciiminishes the requirement for serum, accelerates the G 1 phase 

of the ce11 cycle and decreases ceIl size (Ohtsubo and Roberts, 1993; Ohtsubo et al., 1995; 

Resnitzky et al., 1994; Wimrnel et al., 1994). If cyclin DI and cyclin E are over expresseci 

by inducible promoten in the same cells the eff- of shoctening the ceIl cycle progression 

in G 1 is enhanceci (Resnitzky and Reed, 1995). 

There are examples of altaations of cyclin E expression with tumour formation. 

C yclin E amplifications have been documentai in rnany tumour types but are most wmmon 

in breast carcinomas (Keyomarsi et al., 1995; Keyomarsi et al., 1994). Transgenic mouse 

experiments also maintain the potential for cyclin E to be oncogenic. A cyclh E transgene 

under the control of a fblactoglobulin promoter, which directs transgene expression to the 

mammary gland duting pregnancy and lactation, exhibits the induction of msmmaiy gland 

hypcrplasia and carcinomas in affccted animals (Bortner and Rosenberg, 1997). 

1.14.iii Cyclin A is required for Sphase and the GZ/M transition 

Human cyclin A was isolateci as an Ela associatecl protein and found to be the target 

of integration of the hepatitis B gemme in hepatocellular carcinomas suggesting a possible 

target to allow for v d  replication and p w t h  (Giordano et al., 1989; Wang a al., 1990). 

Cyclin A synthesis incruises at a point aAer cyclin E at about the onset of S-phase (Girard 

et al., 199 1 ; Pines and Hunter, 199 1; Pines and Hunter, 1990). Cyclin A interacts in vivo 

with eithei cdkl or cdk.2 (Elldge and Spottswood, 199 1 ; Pines and Hunter, 1990; Tsai et 

al., 1991). Cyclin A is active at S-phase and the G2/M transition. As with the Dtype 

cyclins and cyclin E, the microinjection of cyclin A antibodies in G 1 induces a block to ce1 

proliferation (Girard et al., 199 1). However, the microinjection of anti-cyclin A antibodies 

in G2 translates into the inhibition of mitosis (Pagano et al., 1992). This is expected h m  

the interaction of cdkl that is known to be active at later stages of the ce11 cycle. Cyclin A 



bas been hplicateâ as a target of adhaion-dependent signals that control cell pmliferation. 

Anchorage-independent cell proli feration is a hallmark of oncogenic transformation. The 

ectopic expression of cyclh A induces anchorage independent growth (Guadagno et al., 

1993). As will be noted later, cyclin A activity can also regulate E2F 1 DNA binding 

potential. 

1.14.i~ Inhibitors of cdks 

An additional level of complexity is the inhibition of cyclidcdk activity by two 

classes of inhibitor molecules known as cyclin dependait kinase inhibitors (cki's). Cki's 

are divided into two groups ôased on sequence homology and their targets for knhibition. 

One class of inhibitors are the universal inhibitors that can target cyclin AkcikZ, cyclin 

E/cW and cyclin D/cdk4 for inhibition. These include the proteins p2 1 (Cip 1, Wafl, 

Sdi 1, Cap20) (El-Dei et al., 1993; Gu a al., 1993; Harper et al., 1993; Noda et al., 

1994; Xiong et al., 1993), p27 (Kipl ) (Polyak et al., 1994; Toyoshima and Hunter, 1994) 

and p57 (Kip2) (Lee a al., 1995; Matnoka et al., 1995). The CIP/KIP fjimily contain 

separate cyclin and cdk binding motifs that are highly conserved at theu N-teminus. They 

intenrt with bah the cyclin and cdk moleeules to inhibit activity (Chen et al., 1995; 

Goubin and Ducommun, 1995; Lin et al., 1996; Luo et al., 1995; Russo et al., 1996). 

The second class of inhibitors are a highly homologous family of proteins that 

contain at least three ankynn repeats and are known as the INK4 f h l y  (Shen and 

Roberts, 1 995). The MK4 proteins speci fically target D-type cyclin~cdk4 and cdko ac tivity 

by binding to the kinase thereby competing away the cyclin interaction. This class of 

molecules includes pl6 (lNK4a, MTSl, CDKN2, CDK4I) (Semuio et al., 1993), pl5 

(INK4b) (Hannon and Beach, 1994), p 18 (NK4c) (Guan et al., 1994; Hirai et al., 1995) 

and p 19 (l'NK4d) (Hirai et al., 1995). 

Most cellular anti-prolifetldtive signals lead to the induction of cki's. For example 

the rcplidve senescence of human fibroblasts involves tbe induction of pl6 and p21 



(Alcorta et al., 1996; Brown et al., 1997; Noda et al., 1994). Quiescence due to contact 

inhibition entails an increase in expression of p27 (Polyak et al., 1994). Anti-mitogenic 

substances that block the ce11 cycle such as TGF-fl prompt the expression of p 15 (Hannon 

and Beach, 1994). CeIl cycle checkpoints such as DNA damage induce the production of 

p21 by a p53 dependent mechanism (El-Deiry et al., 1993). p57 gene tatgeting 

experiments describe mice that bave cornplex tissue overgrowth and pre-disposition to 

cancer consistent with a role in the Beckwith-Wiedemann syndrome (BWS) (Zhang et al., 

1997). The chromosorna1 region involved in the formation of BWS maps within 80 

kilobases of the p57 gene locus anCi some patients have been show to be heterozygous for 

mutations in the p57 gene (Hatada et al., 1996; Hoovers et al., 1995). Finally pl6 

mutations are found in as many as one third of al1 human cancers thus exemplifjmg its d e  

as a major hunour suppressa (Kamb et al., 1994; Norbon et al., 1994). 

1.15 Cyelinfcdk targeting of pRb affects regulatory eontrol of EZF 

Details on the phosphorylation of pRb by the cdks and cyclins is obscurecl by the 

large n u m k  of cyclk and cdks and the number of sites that cm be phosphorylated on 

pRB. There are 16 Ser/Thr-Pro motifs which are potential cdk phosphorylation sites with 

at least 11 of these shown to be phosphorylated in vivo (Lees et al., 1991; Lin et al., 

199 1). Added to this conundrum is the poteutid of various cyclin cdk combinations to 

phosphorylate pRB in vivo and in vitro. 

Ectopic expression of cyclin A and cyclin E aui enhance the phosphorylation of 

pRb. nie kinase activity relates to the ability of these cyclins to overcome a pRB induced 

block of the cell cycle suggesting the rescue of E2F repression (Hinds et al., 1992; Horion 

et al., 1995). The overexpression of D-type cyclins can also mult in the phosphorylation 

of pRb that cornlates with E2F loss and c d  cycle progression (Horton a al., 1995). 



Unlike cyclins A and E, the Dtype cyclins can fom stable complexes with pRb (Dowdy et 

al., 1993; Ewen et al., 1993). One study suggested that cyclin Dl intetacts with pRB 

through its amino acid motif L-xC-x-E that is used by the DNA nimour virus oncoproteins 

to bind pRb (Dowdy et al., 1993). The stable binding to pRb suggests that cyclin D/cdk4 

activity directed against pRb-E2F rnay dissociate the complex (Kato et al., 1993). The 

timing of pRb phosphorylation by D-type cyciins with theu kinase partners cdk4 and cdk6 

in mid to late GI correlates with this finding (Ewen et al., 1993; Matsushime et al., 1992; 

Meyerson and Harlow, 1994). 

There is strong evidence for the phosphorylation of pRb as the only in vivo 

outcome of targeted cyclin D kinase activity. A ce11 cycle block in Gl frmn the ectopic 

addition of the specific cdk4lcdk6 inhibitor pl6 (Guan et al., 1994; Hirai et al., 1995; 

Lukas et al., 1995; Medema et al., 1995) or the targeted dismption of the cyclin D protein 

family (Baidin et al., 1993; Baitkova a al., 1998; Lukas a al., 1995; Lukas et al., 1995; 

Lukas et al., 1995; Quelle et al., 1993) requins a functional pRb protein. 

It is not known whether cyclin D/&4 or cdk6 activity is sufficient to cause the 

dismption of the pRb-E2F complex on its own. The potential for pRb to be 

phosphorylated in v ï ~ o  at cdk2 and c&4 distinctive sites reveals possible mechanistic 

models for how pRb might be wntrolled by phosphate addition (Adams et al., 1999; 

Connell-Crowley et al., 1997; Kitagawa a al., 1996; Zarkowska and Mittnacht, 1997). 

One interpretation is that cyclin/cdk complexes may be able to exert distinct effects on pRb 

finction other than the regdation of E2F. Phosphorylation of specific sites rnay rernove 

the ability of the DNA tumour Wuses to bind, but not E2F and vice versa [(Knudsen and 

Wang, 1996; Knudsen and Wang, 1 997). In addition, different cyclinlcdk combinations 

might be able to phosphoryiate pRB with the sarne outcome. For example, cyclin E or D 

activity on their o m  is sufficient to release bound E2F (Ewen et al., 1993; Hinds a al., 

1992; Horton a al., 1995). Another hypothesis bas cyclitrs cooperating to bring about the 



same outcome. Recent reports demonstrate that pRb must be phosphorylated by cyclin IY 

cdk4 followed by cyclin E/cdk2 to cause the dismption of complex formation with E2F and 

that no one cdk binding site regulates the interaction (Brown et al., 1999; Lundberg and 

Weinberg, 1998). 

1.lS.i Cyclin/cdk targeting of pl07 and pl30 affect the control of complex 

fotmation with E2F 

The role of phosphorylation by the c d k  is less defined for p 1 O7 and p 1 30 as 

comparecl to pRb. pl07 and pl30 have been show to bind cyclins A, E and the D 

family in vivo and in vitro (Ewen et al., 1992; Faha et al., 1992; Hannon et al., 1993; Li et 

al., 1993). Initial reports demonstrated tint p 130 and p 107 c m  be phosphocylated in vitro 

by cyclin A, cyclin E and cyclin Dl. As with pRb, conflicting &ta exist as to the exact 

cyclin kinase activity ihat contruls the ability to interact with EZF. The effm of 

phosphorylation by cyclin Dl and D2 on pl07 has been show to disrupt its ptential 

binding to E2F4 (Beijersbergen et al., 1995; Xiao a al., 1996). However, other reports 

studying the effects of phosphorylation on the interaction of pl07 with E2F4 in 

electmphoretic mobility shift assays describe the potential of recombinant cyclin A/cdk2 to 

disrupt the complex interaction with E2F4 on DNA (Sd-Takabashi et al., 1995; Zhu et 

al., 1995). For pl 30, in viîro experiments with purifid recombinant pl30 with cyclin A, 

cdW and E2F4 results in the release of pl30 h m  the DNA binding complex (May01 et al., 

1996). However, cyclin D3/cdk4 activity has been comlated with the timing of p 130 

phosphorylation and release of E2F4 binding in murine fibroblasts (Dong et al., 1998). 

1.16 The temporal binding of E2F-pocket protein complexes 

The pocket proteins show different temporal and structural pattems of associations 

with E2Fs during the ceIl cycle. pl30 has been shown to be the major E2F binding partner 



present in the GO/Gl phase of the cell cycle, but can also occur throughout the cell cycle 

(Cobrinik et al., 1993; Hauser et al., 1997; Ikeda et al., 1996; Moberg et al., 1996; Prall et 

al., 1998; Shiyanov et al., 1996; Smith et al., 1996; Vairo et al., 1995). Complexes 

between different E2Fs and pRb are mostly found in the G 1 to G 1 IS boundary of the ceIl 

cycle (Chittenden et al., 1993; Cobrinik et al., 1993; Schwarz et al., 1993). The interaction 

timing of E2F with p 1 O7 is somewhat dinerent. pl07E2F complexes are predomuiantly 

associated with cyclin WcdkZ during G1 and cyclin A/cW during S phase of the ce11 cycle 

(Lees et al., 1992; Mu- et al., 199 1 ; Shirodkar et al., 1992). Analogous with p 107, 

pl30 alro hkdr t î  tirse cyclins in cornplex with E L  on DNA (Cobrinik et al., !993; 

Shiyanov et al., 1996). The significance of these different E2F interactions is not fully 

unders tood. 

1.17 E2F4 and pl30 are GO transcriptional repressors 

As noted previously, E2F4 can act as an activator of transcription and induce 

transformation of cells, but ment data suggests that a more widespread function Mght k 

to act with pl30 to fom a suppresser complex during GO and eariy stages during the ceU 

cycle. E2F4 is the predominant E2F d u ~ g  the quiescent state of the ce11 cycle a tirne when 

the genes necessary for the cell to cycle are silent (Leone et al., 1998; Lindeman et al., 

1997; Moberg et al., 1996; Smith et al., 1996; Vairo et al., 1995; Verona et al., 1997). 

Also, in GO the predominant pocket pmtein that interacts with E2F is pl 30 (Cobrinik et al., 

1993; Ikeda et al., 1996: Leone et al., 1998; Moberg et al., 1996; Smith et al., 1996; Vairo 

a al., 1995). The induction of gene expression corresponds to a tirne when E2F4 no 

longer binds to its promoter site during G1 progression as revealed by in vivo fmtprinbng 

experiments on the cdkl and b-Myb enhancer sites (Tommasi and Pfeifer, 1995; Zwicker et 

al., 1996). This finding is supported by studies on other E2F binding pnmioter sites that 

reveal the loss of EZF4 binding at promoter sites duriag progression of the cell cycle in G 1 



when gene expression h m  these sites norrnally takes place (Johnson, 1995; Johnson a 

al., 1994; Ohtani et al., 1996; Ohtani a al., 1995; Sears et al., 1997). The disruption of 

E2F4 binding to DNA andior the omet of gme expression also equates with the loss of its 

potential to interact with pl30 in a DNA complex (Ikeda et al., 1996; Johnson, 1995; 

Leone et al., 1998). Furthemore, the availability of both proteins to suppress promoter 

sites is curtailed dramatically in mid G 1 as the protein levels of p 130 are reduced and E2F4 

is redistributed to the cytoplasmic cornpartment (Leone et al., 1998; Muller et al., 1997; 

Verona et al., 1997)- 

1.18 Cyclin A and E interaction with pl07 and pl30 can suppress cdk2 

activity 

The cyclinhcdk2 complex formation with pl07 or pl30 is fàcilitated by the spacer 

region and by an N-terminai motif which is known to bind cyclin A and cyclin E (Adams et 

al., 1996; Lacy and Whyte, 1997; Smith and Nevins, 1995; Zhu et al., 1995). pRb does 

not bind stably to cyclin A or E as it lacks a large spacer region. Sites for cyclin A or E 

interaction with pRb have recently been deduced at a C-texminal region (Adams a al., 

1999). As mentioned earlier the act of binding might rrsult in the phosphorylation of the 

pocket protein resulting in the release of E2F that retains its DNA binding potential (May01 

et al., 1996; Zhu et al., 1995). Another possible outcome of binding is the suppression of 

cdW activity by the pocket protein (Castano et al., 1998; Coats et al., 1999; Woo et al., 

1997; Zhu et al., 1995). In vivo pl30 complex formation with cyclin E/cdkZ dunng 

mitogen stawation in p27-/- m u ~ e  embryonic fibroblasts, is a function normally devoted 

to p27 (Coats et al., 1999). For pl07 and p 130, the ability to suppress cdW can be 

mediated by an N-tenninal motif that binds to c y c h  A and E. (Castano et al., 1998; Woo 

et al., 1997). The inhibition of kinase activity is a tissue specific and cell cycle dependent 

phenornemm p 130 and p 107 have bcen shown to direct cdk2 phosphorylation of diRerent 



substrates (Hauser et al., 1997). In addition, cyclin Vcdkî can be found in activated fonns 

with both pl07 and pl30 during diffaent phases of the celi cyck (Li et al., 1993). For 

example, a cyclin E/cdk2 activated kinase with p 107 and E2F induces transcription h m  an 

E2F binding site in the cyclin A gene pmmoter (Zerfass-Thome et al., 1 997). p 1 30 has 

been shown to be in a complex with E2F and activated cyclin E and cdk2 following cyclin 

D I or c-Myc ectopic over expression (Prall et al., 1998). Furthemore, the suppression of 

CM activity in p274 mice occun only in fibmblastic cells that are in GO not in 

bernatopoietic cells where cdk2 activity is not blockd in quiesceme (Coats et al., 1999). 

1.19 Cyclin AlcdkZ regulates the activity of E2F by direct binding 

E2F1 and most likely E2F2 and E2F3 are down regulated in a pocket protein 

independent manner via direct binding to cyclin A. EZFl contains a cyclin A N-temiùial 

binding motif that is also present on E2F2 and E2F3 (Krek et al., 1994; Xu et al., 1 994). 

When cyclin A binds to E2F 1 it recniits its kinase partnet cdk. to target E2F 1 andor its 

heterodimeric m e r  Dp-1 for phosphorylation (Kitaga- et al., 1995; Krek et al., 1994; 

Xu a al., 1994). The act of phosphorylation elhinates the heterodimeric DNA binding 

activity (Dynlacht et al., 1994; K.rek et al., 1994; Xu a al., 1994). This effect occurs 

during S-phase and is required for cellular division to occur in a comxt and timely manner 

(Krck et al., 1995). This level of E2F regdation is specific to cyclin A targetkg of E2F 1 as 

cyclin D or E has no effect (Dyniacht et al., 1994). 

To date, a pocket protein independent kinase control of E2F4 has not been 

published. Lacking the cyclin A binding motif, E2F4 and E2FS are unaffected by a direct 

cyclin A/cW kinase activity. E2F4 becomes responsive only when the cyclh A binding 

domain is transferred to it (Dynlacht et al., 1997). Yet E2F4 can be differentially 

phosphorylated in a celi cycle dependent mariner suggesting phosphorylation by cdks 

(Vairo et al., 1995). Phosphorylation of E2F4 by cdk2 might be facilitated by pl07 and 



pl30 as kinases associated with these molecules can phosphorylate E2F4 in vitro 

(Ginsberg et al., 1994; Vairo et al., 1995). 

1.20 E2Fl car induce apoptosis 

Eariy reports demonstrated that overexpression of E2Fl induces apoptosis in 

fibroblasts despite its oncogenic properties and its ability to drive cells fmm quiescence into 

S-phase (Qin et al., 1994; Shan and Lee, 1994; Wu and Levine, 1994). E2F l is the only 

family member dius fu that has been shown to induce apoptosis (DeGregori a al., 1 997). 

Other studies where E2F 1 is dysregulated confinn its potential to cause apoptosis. For 

example, the ioss of pRb in mice models ultimately impinges on the control of E2FI 

leading to dysregulated growth and apoptosis in different ceil types and tissues (Almasan et 

al., 1995; Macleod et al., 1996; Morgenbesser et al., 1994). This rnay explain why p53 is 

also mutated in many pRB mutated hunours. 

Gene knockout experiments for E2Fl illustrate that it is an important contributor in 

potentiating apoptosis and p h d e  a hypothesis for why it occurs (Field et al., 1996; 

Yamasaki et al., 1996). The thymus of E2F 1 knockout mice contains an excas of mature 

T-cells suggesting a reduced ability of the thyrnocytes to undergo programmed ceIl death 

(Field et al., 1996). Knockout rnke are also predisposed to a wide range of tumow 

formation suggesting an E2F1 d e  as a tumour suppressor (Yamasaki et al., 1996). This 

result taken together with the above findings provides a model for E2Fl in the surveillance 

of proper cellular division as a means to eliminate cells that have lost the ability to cycle 

nonnally. Another model to explain the paradox of E2Fl's role as a tumour suppressor 

and oncogene aises fiom ment experiments with mice generated h m  crosses between 

RW+ and E2F 14- backgrounds. The loss of E2F 1 reduces the fresuency of pituitary and 

thyroid tumours that usually occur in Rb-/+ mice; a result that is opposite to what is 

expected if the previous model is correct (Yamasaki et al., 1998). The simplest 



interpretation for these results is a mode1 for E2F1 acting in a tissue specific manner 

dependent on the amount of pRb that is present in the ce11 at any given moment. 

E2F1 can induce apoptosis in both p53 dependent and independent fashions. The 

p53 dependent mechanism involves the transactivation potential of E2F 1. In this case, it 

has been ascertained that E2F I overexpression promotes the synthesis of p 14"" (p 19"" in 

mice) which is the alternative reading h e  gene that is expresseci h m  the p 1 6mK4 gene 

locus (Bates et al., 1998; Palmen, et al., 1998). ~ 1 4 ~ ~ ~  stabilizes the p53 protein by 

complex formation with Mdrn2 and p53 (Pomeratz et al., 1998; Zhang et al., 1998). 

Mdm2 normally acts in prompting the degradation of p53 (Haupt et al., 1997; Kubbutat et 

al., 1997). Also, E2F l may affect the stability of p53 by binding directly to Mdm2 (Manin 

et al.. 1995). E2F 1 can induce apoptosis in a p53 independent manner. In this case, E2F 1 

DNA binding ability, but not its transactivation potential is necessary to promote apoptosis 

in cells lacking p53 (Hsieh et al., 1997; Phillips et al., 1997). 

1.21 The role for E2F in differentiation 

Differentiation is a process that d o m  replates the proliferative ability of cells 

leading to growth arrest and the expression of genes necessary to alter ce11 morphology and 

maintain cells in a state of quiescence. A hint that E2F is involved in differentiation cornes 

from the need to shut off the genes requued for ce11 cycle progression, the potential of E2F 

to fonn repressor complexes with pocket proteins at their binding sites and the 

developmental abnormalities in pocket protein and E2F gene targeting experiments. At GO, 

E2F4-pl30 represents the predominant E2F complex binding to DNA at a tirne when the 

bound promoters are twned off (Leone et al., 1998; Lindeman et al., 1997; Moberg et al., 

1996; Muller et al., 1997; Smith et al., 1996; Vairo et al., 1995; Verona et al., 1997). 

Thus, it is expected that the bulk of E2F binding sites would contain these molecules at 

least during the process of differentiation. This is the case as cells differentiate, E2F 



complexes not associateci with pocket proteins are lost and complexes containing E2F4 

bound to pl30 and pRb increase. This transformation has beni demonstrateci in muscle 

cd1 differentiation when rat L, myoblasts and mouse C2Cl2 cells were induced to 

differentiate (Corbeil et al., 1995; Kiess a al., 1995; Shin et al., 1995). pl 30-E2F4 

cornplex binding to DNA also increases dunng neuronal differentiation of the embryonal 

carcinoma cell line P 19 (Corbeil et al., 1995). Melanoma and hernatopoietic ceIl lines 

obliged to differentiate also exhibit high levels of p 130 in cornplex formation with E2F4 

(Ikeda et al., 1996; Jiang et al., 1995; Smith a al., 1996). 

Gene iargeting experirnents for the pocket proteins reveal a preponderance of 

developmental abnormaiities suggesting involvement of the E2F farnily. in pRb gene 

knockouts, mice were defective in nervous system and liver hematopoietic cells, 

erythropoiesis and skeletal muscle development (Clarke et al., 1992; Jacks et al., 1992; Lee 

et al., 1992; Zacksenhaus a al., 1996). pl07 or p 130 targeted mice have no overt 

phenotypic defects in a 129/Sv:C57BU6J genetic background, but mice defdve  in both 

genes in this background exhibited defmtive chondrocyte growth and defective bone 

development (Cobrinik et al., 1 996; Lee et al., 1 996). In a BALB/cj genetic background 

p 107 -/- mice displayed myeloproliferative disorders and p 1 No/- animals die in utem with 

p r  spinal cord and dorsal root ganglia deveiopment (LeCouter et al., 1998; LeCouter et 

al., 1998). 

E2F5 represaits another E2F fmily member implicated in differentiation. E2FS is 

localized in terminally di f fdat ing  or differentiated cells during murine embryonic 

development (Dafino et al., 1997). in addition, E2F5 is unable to by-pass a pl6 block in 

G 1 and inducc S-phase in quiescent cells (DeGregori et al., 1997; Lukas et al., 19%; Mann 

and Jones, 1 996). E2F5 targeted gene disniption leads to developmental anomalies. E2FS 

nul1 mice exhibit defects in chomid plexus fùnction as evidenced by the excessive 



cerebrospinai fluid production suggesting a developmental abnonnality in organ physiology 

control function (Lindeman et al., 1 998). 

1.22 E2F Promoter binding sites are not equal 

Recent &ta support the hypothesis that E2F function is not redundant despite the 

ability of the E2F family members to interact with the same binding sites and activate 

transcription from the same promoters cloned into plasmids. For example, the functional 

outcome of promoter binding by members of the E2F f3imily rnay not be identical. As 

already mentioned E2F4 is the major E2F mernber present at GO (Cobrinik et al., 1993; 

Lindeman et al., 1997; Muller et al., 1997; Smith et al., 1996; Vairo et al., 1995; Verona et 

al., 1997). At subsequent periods in the ce11 cycle E2F4 no longer binds to the promoter as 

evidenced by in vivo fwtprinting experiments on the b-myb and cdc2 promoters (Tomasi 

and Pfeifer, 1995; Zwicker et al., 1996). On other pmmoter sites, E2F4 is lost, to be 

replaceci by other E2F family members (Hiyama et al., 1998; Karlseder et al., 1996; Ohtani 

et al., 1996; Ohtani et al., 1995; Sears et al., 1997; Watanabe et al., 1998). Corroborating 

this function is the cytoplasmic localbation of E2F4 afier mid G1 of the ce11 cycle 

suggesting that it is no longer active (Lindeman et al., 1997; Muller et al., 1997; Verona a 

al., 1997). In addition E2F4.s role in quiescence is evident as it is the primary E2F that is 

upregulated and bound to pl 30 andhr pRb during the induced differentiation of many cell 

types (Corbeil et al., 1995; Ikeda et al., 1996; Jiang et al., 1995; Kiess et al., 1995; Smith 

et al., 1996). 

There are also differences in the ability of the E2Fs to tramactivate genes that are 

necessary for cell cycle progression. E2Fs are not equal in the potential to induce cellular 

proliferation. The use of adenovhses expressing recombinant E2F 1 through to E2F5 

dernonstrateci that E2F1, E2F2 and E2F3 share the capacity to induce S-phase in serum 

starved fibroblasts in contnist to weak induction by E2F4 and E2FS (Miegori et al., 



1997). In addition, E2F4 and E2FS are unable to by pass a p 16 block at G I as opposed ta 

E2F1, E2F2 and E2F3 (Lukas et ai., 1996; Mann and Jones, 1996). For E2F5 this 

fûnction is apparent h m  results exhibiting the accumulation of E2FS in differeniiating and 

terminally differentiated tissues in the developing murine embryo (Dagnino a al., 1997). 

E2F3 has recmtly been show to function differently than E2Fl and E2F2 (Leone et al., 

1998). In rat fibroblastic cells that cycle h m  GO E2F1, E2F2 and E2F3 are expressed and 

interact with its DNA consensus binding site. However, only E2F3 DNA binding is 

manifest for cells that continue cycling without re-entering a GO phase. 

Interacting proteins also affect the huictional outcome of E2F binding at promoter 

sites. E2F1, E2F2 and E2F3 interact prirnarily with pRb and not with pl07 or p130, 

whereas E2F4 and E2FS interact with al1 the pocket proteins. This points to difierences in 

ternis of interaction with specific E2F sites and the basal transcriptional machinery. Reports 

indicate that different E2F binding sites on promoters are p 107 and pl30 specific versus 

pRb specific. This was reveaIed h m  two different experirnental approaches. A repetitive 

immunoprecipitation-PCR procedure (CASTing) to obtain consensus DNA buiding sites 

for different E2F combinations demonstrated that E2F. Dp and pRb proteins influence the 

selection of E2F binding sites (Tao et al., 1997). In other experirnents, primary cells that 

lack pRb or both p 107 and p 130, in a 129/Sv:CS7BL/6J genetic background, describe the 

dysregulated gene expression of completely diffaent E2F targets (Hurford et al., 1997). 

Also, the propensity of dinerent transcription factor binding sites in the vicinity of the E2F 

sites on different promoters impari a d e  for c~haasactivation or repression. Sp-l has 

been described to fiuiction in synergy with E2F1, at the thymidine kinase promoter for 

gene expression to occur whereas E2F4 elicits the opposite effect (Karlseder et al., 1996). 



1.23 Statemeat of purpose 

E2F4 is an important E2F f h l y  mernber by v h e  of its abundance at any point 

during the ce11 cycle and its presence on promoter sites during quiescence. As noted in the 

introduction, E2F4 is regulated by its interaction with the pocket proteins, pRb. pl07 and 

p130. The p130-E2F4 interaction might have a role in the switch from GO to G1. The 

mechanism of regulation is poorly understood. Notably, the contribution of cyclin/cdks to 

E2F4 regulation in a pl30 dependent and independent rnanner has not been well 

characterized. The objective of this work is to detexmine the effect of cdk2 and cdk4 

activity on uncomplexed E2F4 or when in complex with pl 30. 



Chapter 2. General Methods 

2.1 Cell Culture 

2.l.i Ce11 Culture and Ce11 Cycle Syncbronization 

Hurnan cell Iines C33A (cenical carcinoma) and ChaGO K1 (bronchogenic 

carcinoma) were obtained fiom the American Type Culture Collection (ATTC). Human 

ceIl line U7 is a stably transfected ce11 line overexpressing pl30 denved fiom UZOS 

(osteosarcoma) (Dr. Susan Lacy). BALB/c-3T3 are murine immortal fibroblast cells 

(ATTC). SF9 cells are insect cells derived h m  Spodoptera fiagiperda. Mamrnalian cells 

were grown in Dulbecco's Eagle media (DMEM) supplemented with 10% fetal bovine 

s e m  (Sigma, Gibco), 250U/ml penicilli.n/streptomycin (Gibco) and 5ug/ml fungizone 

(Gibco) at 37°C. with 5% CO, in a humidifiecl incubator. Adherent cells were detached 

h m  dishes by addition of 0.05% ûypsin/EDTA (Gibco). 

For cell cycle synchronization, BALB/c cells were s e m  starved in DMEM, with 

25OU/ml peniciliinlstrq>tomycin (Gibco) and 5ugh.l îùngizone (Gibco) at 37OC, 5% CO2 

in a hurnidified incubator. Twenty four hours p s t  starvation the cells were re-stimulated 

by the addition of 10% fetal bovine serum. 

SF9 cells were cultured in Grace's insect ce1 media (Gibco) supplemented with 

1 0% fetal bovine serum (Sigma, Gibco), 250U/ml penicillin~streptomycin (Gibco), Suglml 

h g i m n e  (Gibco), 0.07@ yeastolate and 0.07 gR. lactalbumin at 27OC in an incubator. 



2 . M  Growth of Baculovirus and infection of SF9 cells 

Freshly passaged SF9 cells were infected at a multiplicity of infection (M.O.I.) of 

approximately five to 15 plaque foming units (p.f.u.)/cell for 24 or 48 hours. Virusa 

were p w n  in 15 cm dishes by infection of cells for at least 6 days, supernatants 

containing virus were removed h m  plates and centrifbged at 2,000 x g in a Sorval table 

top centrifuge for 10 minutes. Precleared supernatant containing virus was stored at 20°C. 

2.l.iii Metabolic labeling 

For metabolic labeling of SF9 cells, 3 ml of Grace's methionine minus media and 

I 1 pCi JsS-methionine/cysteine (Dupont) was added to 6 cm petri dishes of adherent cells. 

Cells were allowed to incubate at 27OC for 2 hours. The media was removed and the cells 

lysed on the dish with 1 ml E la buffer (50mM Hepes, pH 7.0, 250mM NaCl, 0.1 % 

NP40) (Whyte et al., 1988) for 10 minutes at 4OC. Lysates were cl& by cenûifiigation 

in an Eppendorf centrifuge for ten minutes at maximum RPM (12,000 x g). For 

rnammalian cells, 5 ml of methionine/cysteine minus media and 25pCi of "S- 

methionine/cysteine (Dupont) was added to 10 cm dishes of adherent cells. Cells were 

allowed to incubate at 37OC 5% C0,in a humidified incubator for 3 hours. The media was 

removed and the cells lysed on the dish with 1 ml Ela buffer for 10 minutes a .  4°C. 

Lysates were cleared by centrihgation in an Eppendorf centrifuge for ten minutes at 

maximum RPM. 



2.2 Immunoprecipitations and phosphatase treataent 

The protein concentrations of clarified radioactive or non-radioactive supernatanis 

of lysed cells were detennined by the Bio-Rad protein assay ragent. The supematants 

were nomuilized for pmtein concentration and irnmunoprecipitated by additior! of the 

appropriate antibody and pmtein A Sepharose (Sigma). Rabbit anti-mouse antibody (Rarn) 

was also added when the antibodies for cyclin A (C MO), cyclin E (168) and E2F5 (MH-5) 

were used. Reaction volumes wnc made up to 1 ml with Ela buffer and incubated with 

rocking at 4OC for at least 1 hour. Immune complexes collected on protein A Sepharose 

were washed at least 5 times in Ela buffer. 

For phosphatase treatmenl 1,200 U of Lambda Protein Phosphatase (New England 

Biolabs) was added after washing immune complexes, according to the manufacturer's 

guidelines. The treated immune complexes were incubateù ai 30°C for 30 minutes and 

resolved as for untreated complexes. 

To resolve immune complexes, protein A Sepharose was resuspended in 60pl of 

2X Laernmli sample buffer (0.0625 M Tris-HCL pH 6.8, 2% SDS, 10% glycerol, 5% p- 

mercaptoethanol, l mm01 DIT, 0.000 l % bromophenol blue) (Laemrnli, 1970) and 

denatureù by heating at lûû°C for 3 minutes. The dnianued protein samples were loaded 

on SDS-polyacrylarnide gels and separated by electrophonsis. 

The pl 30 antibodies c thp  130 are rabbit polyclonals denved h m  epitopes at the C- 

terminal and N-terminal regions of pl30 (lacy and Whyte, 1997). 283 is a monoclonal 

p 130 antibody (Li et al., 1993). 168 and Cl60 are cyclin E and cyclin A monoclonals 

(Giordano et al., 1989; Lacy and Whyte, 1 997). The polyc1onals Dp 1 (K20), cyclin D3 

(C-16), E2F4 (C20), pl30 (C20) and monoclonal E2FS (MH-5) are h m  Santa Cruz 

Biotechnology. The cyclin DI monoclonal DCS-G was a kind gift h m  Dr. J i n  Bartek 

(Copenhagen, Denmark) and the cyclin Dl polyclonal employed for Westem blots was 



h m  Upstate Biotechnology. The anti-Ha momclonal antibody, 1 îCAS was generously 

provided by Dr. John Hassel1 (McMaster University). 

2.3 In virro kinase assays 

AAer the f m l  wash with Ela buffer. the protein A Sepharose was resuspended in 

5 0 ~ 1  of kinase buffer (50mM Tris pH 7.4, 1ûmM MgCl, 5m.M MnC12) with 5 pCi y3 2 P- 

ATP and incubated at m m  temperature for at least IS minutes. The reaction was stopped 

with the addition of 2X Laemrnli sample buffer. For re-immunopcipitation assays of "P 

labeled proteins 100~1 of SDS release buffer (5ûmM Hepes pH 7.0, 250 mM NaCl. 1 % 

SDS, 0.5mM DIT) was added at the end of the kinase incubation and the mixture was 

heated at 1 00°C for 1 0 minutes. The samples were then c l d  by centrifugation for ten 

minutes in an Eppendorf centrifuge. The supematants, consisting of the proteins h m  the 

denanire- immune complex, were diluteâ in a final volume of 1.4 ml with Ela buffer and 

employed in another round of immunoprecipitation, ovemight. 

2.4 Fluorography and autoradiography 

To process SDS-polyacrylamide gels for fluorography, gels were sequentially 

imrnersed in destain (7% acetic acid, 15% methanol) for 1 hour, followed by 15 minutes in 

DMSO and 45 minutes in PPO (2,5diphenyloxazole)/DMSO (10% PPO wlv). This 

process was followed by a 30 minute rime in water. Gels were placed on Whatman papa 

and dried prior to exposure to film. For autoradiography of gels containing 32P, gels were 

immersed in water for ten minutes, placed on Whatman papa and dried. In both cases, the 

gels were exposed at -80°C to Kodak X-omat film. 



2.5 Western blot Analysis 

Following the sepration of proteins by gel electrophoresis, gels were wet-blotted 

to nitrocellulose (Amaham) in transfer buffer (380 mM glycine, 50 mM Tris. 10% 

methanol) at 20 volts ovemight or 36 volts for at least 3 houn. Blots were blocked by 

incubating in w/v nonfat powdered milk in Tris Buffered SalineTriton (TBST) (136 

m M  NaCl, 20 mM Tris pH 7.4, O. 15% Triton X-100) and 0.02% sodium aide for at lest 

4 hours. Post blocking, primary antibody was added to the blocking mixture and incubated 

ovemight. Blots were washed t h e  times in TBST by rocking for tm minutes. After 

washing, the blots were incubated with horseradish peroxidaseconjugated secondary 

antibody diluted 115000 (Signal Transduction) for 1 hour in 10% wlv nonfat milk in TBST. 

Blots were washed three times as above and hivice for ten minutes each time in PBS. At the 

end of the wash cycle, afier excess liquid was removed the blots were developed by 

addition of ECL substrate (Arnetsham) and exposed to film. 

2.6 Purification of plasmid DNA 

2.6.i Smail scale 

An isolated bacterial colony containing the plasmid DNA of interest was used to 

inoculate 3.0 ml of Luria-Bertani medium (LB) (1 .O% wlv bacto-tryptone, 0.5% w/v yeast 

extract, 1 .O% wlv NaCl) containing O.lmg/ml ampicillin. Cells were grown ovemight. 

The DNA was isolated according to the Bimboim and Doly method with minor 

modifications (Bimboim and Doly, 1979). 1.5 ml of ovemight culture was added to a 

microcentrifuge tube, pelletai and resuspended repeated in 100 pl of Solution 1 (50 rnM 

glucose, 10 mM EDTA, 25 rnM Tris pH 8.0). 200 pl of Solution II was added to the 

suspension (0.2 M NaOH, 1% SDS) and the mixture was incubated on ice for 5 minutes. 

150 pl of Solution III ( 3.0 M potassium acetate pH 4.8) was added and the mixtwe was 



incuôated for a M e r  five minutes. The resulting precipitate was pelleted by 

centrifugation for five minutes and the supematant decanted to a fresh micro centrifuge tube 

and extracteci with an equal volume of equilibrated phenol. The aqueous phase was 

transfened to a fiesh microcentrifuge tube and nucleic acids were precipitated by adding 1 

ml of 95% ethanol. After standing for 5 minutes, the tube was centrifuged for 10 minutes 

to pellet the precipitated DNA. The ethanol was decanteâ, the tube inverted for proper 

drying and the contents resuspended in 40 pl of water. 

2.6.ii Large scnle 

Plasmids were propagated in DHSa (E. Coli strain) in 500 ml 2.5X LB with 

O. lmg/ml ampicillin overnight. The culhues were centrifuged at 7000 RPM in a Beckman 

J2-2 1 centrifuge for 10 minutes at 4°C and the ce11 pellet lysed by the method of Bimboim 

and Doly using the small scale purification procedure with modifications. ïhe  cell pellet 

was resuspended in 12 ml of Solution 1, 24 ml of Solution II and 15 ml of Solution III. 

After incubation with Solution III the suspension was centrifugeci at 7000 RPM for ten 

minutes. The supematant was decanted and precipitated with 0.6 volume of isopropanol for 

5 minutes and centrifuged at 7000 RPM for 15 minutes. Pellets were resuspended in water 

with CsCl addeci to a final concentration of lmg/ml and 400 pl of 25mglml of ethidium 

bromide. The suspension was centrifuged for 3 minutes at 2,000 g in a Sorval table top 

centrifuge and the supematant loaded into Beckman ultracentrifuge tubes. The tubes were 

centrifuged for 1 7 houn in a Beckman ultracentrifuge at 5 5,000 RPM in a Vti65.l rotor. 

Afkr centrifugation, the plasmid DNA band was removed by syringe and needle 

and the ethidium bromide was removed from the DNA by butanol extraction. The DNA 

was precipitated by addition of 1/10 volume of 3M sodium acetate and 5 volumes of 95% 

cold ethan01. DNA was coiiected by centrifugation at 2,000 g for 20 minutes and 



resuspended in 70% cdd ethanol. The DNA was collected once more by centrifugation for 

10 minutes and resuspended in 500 pl of water. DNA was quantitated by a 

spectmphotometer reading to give O.D. 260. 

2.7 Transient traasfections 

Transient transfections of mammalian cells employai the calcium phosphate 

precipitation technique with certain modifications (Graham and Van Der Eb, 1973). 10 pg 

of plasmid DNA (unless stated othenvise) was mixed with 100 pl of 2.5 M CaCl, and 

added to 900 pl of water dropwise. This mixture was slowly bubbled into lm1 of HEBS 

(42 mM Hepes pH 7.15, 273 rnM NaCl, 0.28 rnM Na,HPO,, 10 mM KCI, 10 mM 

Dextrose). Precipitates were allowed to sit for 38 minutes before the addition of 1 ml to 

one 10 cm plate of mammalian cells. The cells used for transfections were passageci the day 

before and had the media replaced at lest 1 hour before the DNA-calcium phosphate 

precipitates were added. Fifieen hours post transfdon, the cells were rinsed twice with 

PBS and incubated with fresh medium for at least 24 to 30 hours before harvesting. 

2.8 Polymerase chah reaction (PCR) 

Oligonucleotide primers were synthesized and punfied by the Central Facility of the 

Instihite for Molecular Biology and Biotechnology, McMaster University (MOBW. The 

PCR conditions typically used a 2 minute denaturation step at 94OC, a 1 minute annealing 

step at 50°C and an extension step at 72OC for 3 minutes repeated for 30 cycles. The PCR 

products were analyzed on agarose gels stained with ethidium bromide and illurninated 

under ultraviolet light 



2.9 Plssmids 

The plasmids pBSK DP- 1, pCMVHADP- 1, pCMVHAE2F- 1, pCMVHAE2F-2, 

pCMVHAE2F-3, pCMVHAE2F-4, pCMVHAE2F-5 and pBSKHAE2F-4 were pmvided 

by Dr. Knstian Heiin (Milan, Italy). The E2F reporta plasrnid E2F,Cat was pmvided by 

Dr. Ali Fattaey (ONYX). The cyclin expression consmicts RclcycA, RclcycE, RdcycD 

and RckycD3 were pmvided by Dr. Robert Weinberg (Whitehead hstitute) and pcmvCycE 

was provided by Dr. James Roberts (Seattie, Washington). The cdk plasrnid constmcts 

pCMVcdk2wt, pCMVcdkZdn, pCMVcdk4wt and pCMVcdk4dn were provided by Dr. Ed 

Harlow (Massachusetts General Hospital). The p 1 30 expression constmcts CMVp 1 30, 

372C, 542C, 602C, 820C and 372C-BN were created by Greg Culp. pl30 (A620-697), 

designateci as (-sp)p 130, was made by Dr. Susan Lacy. The cloning expression vector 

pcDNA.3 was h m  Invitmgen and the luciferase contml vector pGL3 Control was from 

Promep. The baculovinis transfer vector pVL1393 and pVL1392 and linearized 

baculoviw DNA (BaculoGold) were fiom Phanningen. 

2.10 DNA restriction and modifying enzymes 

Resîriction endonucleases, T4 DNA ligase and E. Coli Klenow fiagrnent w m  

purchased fiom Pharmacia, New England Biolabs or Boehringer Mannheim and used 

according to the rnanufacturers guidelines. 



2.1 1 Construction of recombinant plasmids 

2.11.i Construction of E2F4 Ha-tagged expression vectors 

The E2F Ha-tagged expression plasmids were produced h m  pBSK HaE2F-4 by 

PCR amplification. cDNAs encoding C-terminal truncated proteins made use of a common 

5' primer: T7 5'-TAATACGACTCACTATAGG-3' and different 3' primers m h  

containing a stop codon and Xba 1 restriction endonuclease site: 

mutant 382CT: 5 '-GCTCTAGACTMCGAAGC AGAGGGGC A-3 ' 

mutant 305CT: 5'-GCTCTAGACTACAGCAGGGCAGAAGAC-3' 

mutant 202CT: 5'-GCTCTAGACTATGAGCTCCATGCCTCCTT-3' 

mutant 1 76CT: 5 '-GCTCTAGACTACTGCCCA'ITGAGACCCTC-3' 

The amplified PCR products were digested by HindIII and Xbai and ligated into the 

HindIIYXbaI digested pcDNA3 expression vector. The HindlIl digest retaim the N- 

terminal Ha epitope and the E2F4 arnino acid sequences in a correct reading frame. 

nie cDNAs encoding N-terminal truncated proteins made use of a comrnon 3' 

primer: T3 5'-ATAACCCTCACTAAAG-3' and different 5' primers each containing a 

BamHI restriction endonuclease site: 

mutant 44NT: 5'-CGCGGATCCCTGGCAGCTGACACCCTAGCT-3' 

mutant 84NT: 5'-CGCGGATCCGGGCCTGGCTGCAATACCCGG-3' 

mutant 128NT: 5'-CGCGGATCCACAGAGGACGTGCAGAACAGC-3' 

mutant 1 79NT: 5'-CGCGGATCCCAGATTCACCTGAAGAGT-3' 

The amplified PCR products were digested by BarnHI and Xba I and ligated into the 

BamHYXbaI digested pCMVHAE2F-4 vector. The BamHI digest of the vector retains 

sequences encoding N-terminal Ha epitope in fhne with the newly added PCR product. 

E2F4 plasmid constnicts with both C and N-terminal deletions made use of a 

cornmon 3 ' primer: S-GCTCTAGACTAACGAAGCAGAGGGGCA-3 ' and different 5' 

primers: 



mutant 1 28WN82CT: 5'-CGCGGATCCACAGAGGACGTGCAGAACAGC-3 ' 

mutant 1 79N'IU82CT: S'CGCGGATCCCAGATTCACCTGAAGAGT-3' 

The PCR products were digested with BamHI and XbaI and ligated into the BarnHVXbaI 

digested pCMVHAE2F-4 vector. 

2.1 1.6 pl30 C-terminal mutants 

The cDNAs encoding C-taminal pl30 truncated proteins were produced by PCR 

amplification of CMVpl30 making use of a cornmon 5' primer containing a BamHI site 

5 'CGGGGTACCGGATCCGCTATGGCGTCGGGAGGTGAC-3 ' and different 3 ' 

primen containing a stop codon and Not 1 restriction endonuclease site: 

mutant 932N: 5'-GCTCTAGACTATATCAAAACACTTCTATA-3' 

mutant 835N: 5'-GCTCTAGACTACCTCAATTCATCTGAA-3 ' 

The resulting PCR products were digested by BamHI and NotI and ligated into pcDNA3 

that had been digested by BamHVNot 1 .  

2.ll.iii Dp-1 expression vector 

The pcrnv-1 plasmid was produced by digesting pBSKDP-I by EcoRI and 

ligating into the EcoRI digested p c D U  vector. 

2 . l l . i ~  Cloning of recombinant baculovirus transfer vectors 

pVLE2F5 was cloned by digestion of pCMVHAE2F- 5 with BamHI and ligation 

into BamHI digested pVL 1393. pVLDpl was cloned by digestion of pBSKDP-1 with 

EcoRi and ligation into pVL1393. pVLE2F4Ha was cloned by digestion of 

pBSKHAE2F-4 with EcoRI and ligation into EcoRI digested pVL 1392. 



2.12 Generation of  recombinant baculoviruses 

Recombinant baculoviruses for E2F4-Ha, Dp-1 and E2F5 were generated by the 

CO-transfection method. 0.5pg of lin& baculovirus DNA (Baculdjold, Phamiingen) 

containhg a lethal deletion and unable to code for viable virus was mixed with 5pg cf 

recombinant baculovirus tram fer vector (pVLEZF5, pVLDp- 1 or pVLEZF4Ha). The 

mixture was allowed to stand for 5 minutes before the addition of 1 ml of ûansfection 

buffer ( 25 mM Hepes pH 7.1, 125 mM CaCl, 140 rnM NaCl). The media h m  a 6 an 

dish of 80% confluent SF9 cells was replaced with 1 ml of Grace's supplemented media. 

The DNAIbuffer mixture was added to the dish dropwise with swiding and incubated at 

27OC for four hours. Co-transfection with the mmplernenting plasmid, the tramfer vector 

plasrnid, rescued the lethal deletion of the Wal DNA (BaculoGold, Pharmingen) resulting 

in the production of viable virus particles expressing the gene of interest in the transfated 

SF9 cells. After incubation with the transfection solution the media was removed, the cells 

rinsed and 3 ml of Grace's supplemented media was added. Afkr 5 days the virus 

containing media was fiarvested by peileting dead cells by centrifugation. 

2.13 Recombinant baculoviruses 

Cyclin Dl, D2 and D3 encoding viruses were provided by Dr. Charles Sherr (Memphis, 

Tennessee). Cyclin A and cyclin E and cdk2 were provided by Dr. David Morgan (San 

Francisco, California). The baculovirus encoding p 1 30 and 372C (containing p 1 30 amino 

acids 372 to 1 139) were coastructed by Dr.Yun Li. 



2.14 Electrophoretic Mobility Shift Assays (EMSA) 

2.14.i Anaealing of complementary oligonudeotides 

To obtain double stranded wildtype or mutant E2F oligonucleotides 1.75 pg of 

each single stranded complementary oligonucleotide was added to annealing buffer (400 

mM Tris pH 8.0 and 100 mM MgCl, ) to a final concentration of 5 pl and the mixture 

heated to lûû°C for five minutes. The annealhg reaction mix was cooled gradually 

overnight to m m  temperature. The double stranded wildtype E2F oligonucleotide was 

made h m  the complementary base sequences 5'-ATI'TMGTTTCGCGCCCTTTCCAA- 

3' and 

5'-TTGGAAAGGGCGCGAAACTTAAAT-3'. The mutant double stranded ESF 

oligonucleotide was made fiom the complementary base sequences 5'- 

ATTAAGTITCGmCCmCTCAA-3' and 5'-TT%AGAAAGGGmGAAACTTAAT- 

3'. 

2.14.ii "P-labeling of double stranded oligonucleotides 

To 1 00 ng of double stranded oligonucleotide 1 0X T4 polynucleotide kinase buffer 

(NEB), 100 pCi of Y2p-~Tp and 20 units of T4 polynucleotide kinase (NEB) was added 

to a final reaction volume of 20 pl. The labeling reaction was incubated at 40 minutes at 

V0C. After incubation tracking dye (0.25% Bromophenol Blue, 0.25% Xylene Cyanol, 

1% Ficoll 400, 10 mM EDTA pH 8.0) was added and the labeled oligonucleotide was 

electmphoresed on a 8% polyacrylamide gel buffered with 0.5 TBE at 180 volts for 2 

hours. At the end of the run the predominantly labeled oligonucleotide band was cut from 

the gel, minced, resuspended in 0.5 M ammonium acetate and rocked ovemight at room 

temperature. The labeled double stranded oligonucleotide was extracteci with 



phenoVchloroform extracted, precipitated with ethanol and the pellet resuspended in 40pl 

of H,O. 

2.14.1ii Isolation of nuclear and cytoplasmic Fractions 

Subcellular hctionation of cells was perfomed using hypotonic lysis (Verona et 

al., 1997). Cells in 10 cm dishes were washed once with PBS. Afkr washing, 1 ml of 

PBS was added and the cells scraped with a mbber policeman and pelleted at 1000 RPM 

for ten minutes in a Sorval table top centrifuge. The pellet was resuspendeâ in two packed 

ceIl volumes of hypotonic bu* (10 mM Hepes pH7.5, 10 mM KCI, 3mM MgCl,, 1mM 

EDTA pH 8.0, 10 mM NaF, O. lmM NaJO, 1 m M  phenylmethylsulfonyl fluonde 

(PMSF), 1 mM dithiothreitol (Dm )) and incubated on ice for five minutes. The nuclei 

were pelleted fiom the suspension by centrifugation at 1000 RPM. The supernatant 

containing the cytoplasmic fraction was decanted into a f k h  tube. The nuclei were 

washed twice in hypotonic buffer containing 0.05% Nonidet P-40 (BDH). After washing, 

the nuclei were lysed in three packed ceil volumes of lysis buffer (0.5 M KCI, 35% 

glycerol, 1 O0 mM Hepes pH 7.4, 5 mM MgCl,, 0.5 mM EDTA pH 8.0, 5 mM NaF, 1 

mM PMSF, 1 mM DTÇ) for ten minutes on ice. The nuclei were clarified by centrifiigation 

in a Beckman ultracentrifuge at 25,000 RPM in a SWTi55 B e c h  rotor for twenty 

minutes. The cytoplasmic fiaction was supplemented with glyceml to 35%, rocked gently 

for ten minutes to ensure proper rnixing and clarified by spinning in an Eppendorf 

centrifuge at top speed for 30 minutes at 4OC. Tbe protein concentrations were detennined 

by the Bio-Rad protein assay ragent. 



2.14.i~ Binding reactioa and electrophoresis 

To a total volume of 19 pl, in an Eppendorf tube the following were added: 2 to 

l0pg of nuclear or cytopiasmic extracl 2pg of poly (dI-dC) at 1 pgpl  (Boeringher 

Mannheim), 4 ml of 5X binding buffer (250 mM KCI, 100 mM Hepes pH 7.4, 5 mM 

MgCl, 5 mM EDTA pH 8.0, 42.5% glyceml) and 1p1 of mutant unlabeled double 

stranded E2F oiigonucleotide at 75 nglpl. To test for the presence of specific proteins 1 pl 

of appropriate antibody was added. To test for specificity of binding 1 pl of unlabeled 

wildtype double stranded E2F oligonucleotide at 75 ng/pl was added. The binding reaction 

mixture was incubated at 4OC for ten minutes. A M  incubation 1 pi of j2P-end labeied 

double stranded wildtype E2F oligonuclcotide was added (representing an activity of at 

least 10,000 cpm) and incubated for a M e r  10 minutes. The samples were then 

electrophoresed at 180 V in 5% polyacrylarnide gels b u f f d  with 0.25 X TBE (22 rnM 

Tris, 22 mM borate, 0.5 rnM EDTA). The gel was washed for ten minutes in water, 

blotted on Whatman paper, dried and exposed to film. 

2.15 C hloram p henical acetyltransferase (C AT) assays 

C33A cells grown in 10 cm dishes were transfected as described above for 

transactivation assays. Cells were transfected with 5pg of reporter plasmid EZF,Cat 

containhg four tandem E2F-binding sites h m  the E2A pnnnoter (-71 to -54) (Loeken and 

Brady, 1989) to maisure the E2F4 dependent tramactivation. 2 pg of a lucifenise 

expression plasmid pGL3-Conirol was traasfated as an intemal contrd to normalize for 

transfection efficiency. pcDNA3 or pCMV was added to adjust for total amount of 

traasf~ted plasmid and 5 to 10 pg of the expression plasmids under study were added in 

any one expriment. 



The transfected c d s  were washeâ twice with PBS and lysed with 100 pl of 

lucifenise extraction buffer (100 mM potassium phosphate pH 7.8, ImM D m  with three 

cycles of fkeze-thawing in liquid nitrogen and 37OC water bath. The cellular debris was 

pelleted and the supernatant assayed for CAT (chlorarnphenical acety1ttansferase) and 

luciferase activities. 

The CAT reaction was performed in a total volume of 180 pl with 70 pl of sample, 

10 pl of 10 rnM Acetyl CoA (Phamiacia), 4 pl of dichloroacetyl-1 ,2I4C-chiorarnphenicol 

(New England Nuclear) and 96 pl of 250 rnM Tris pH 7.5 at 37OC for 90 minutes. The 

reaction was stopped by adding 1 ml of ethyl acetate. After stopping the reaction, the tube 

was centrifugeci for 5 minutes and 900 pl of the upper layer containing the acetylated 

chloramphenicol was added to a fksh tube. The sample was allowed to evaporate and the 

residue resuspended in 20 p1 of ethyl acetate and sponed on Whatman TLC plates in 5p1 

aliquots. The plate was developed in a 19: 1 chloroform:methanol chamber with a total 

volume of 200 ml. The plates were exposed to a phosphoimager screen and the relative 

intensities noted. 

For transfiction efficiency the lucifnase activity was determined empioying 20 pl 

of sample in 360 pl of Assay Buffer containing 0.5 m .  ATP (Phannacia), 0.25 mM 

Coaiyme A (Sigma), 33 mM DTT and 1 times 2.5X Assay buffer ( 50 mM Tricine, 

2.675 rnM glycylglycine, 6.675 mM MgSO,, 0.25 mM EDTA). 100 pl of 62.5 pM 

lucifkn (Sigma) in 2.5X assay buffér was injected into the sample in Assay Buffer and the 

activity was measured by a Beahold luminometer. A f k  normalization of the CAT values 

the results for at lest  three different experiments were averaged and presented as a relative 

activity. The relative activity is expressed with standard error of the mean using the 

formula [nxx '-(Ex 2)ln2]'n, where n is the number of different expiments and x is the 

value for the relative activity. 



2.16 Pbosphopeptide Mapping 

Phosphopeptide mapping was performed by Dr. Peter F.M. Whyte (Lacy and 

Whyte, 1997). 



Chapter 3. Cyclin DIcdk4 regulation o f  E2F4 DNA binding potential 

3.1 Introduction 

The serendipitous finding that cyclin D 1 interacts dùectly with E2F4 initiated this 

study. The intention was to test the hypothesis that members of the cyclin D fmily of 

proteins might control the activity of the E2F Eunily of transcription facton by direct 

binding. In particular the regulation of E2F4 fiuiction by cyclin Dl targeted 

phosphorylation was examineci. Cyclin A is known to regulate E2F1 and possibly E2F2 

and E2F3 in a cdk2 dependent manner (Krek et al., 1994; Krek et al., 1995; Xu et al., 

1994). However, cyclin A and cyclin E do not interact directly with E2F4. For the D-type 

cyclins, reports indicate they can modulate the activity of E2Fs indirectly by binding to and 

targeting pocket proteins for phosphorylation with their kinase partnet (Beijersbergen et al., 

1995; Dowdy et al., 1993; Kato et al., 1993; Matsushime et al., 1992; Xiao et al., 1996). 

Cyclh D 1 can also reguiate the activity of other transcription factors in a cdk independent 

manner (Ganter et al., 1998; houe and Sherr, 1998; Neurnan et al., 1997; Zwijsen et al., 

1998; Zwijsen et al., 1997). 

The E2F4 region that interacts with cyclin D3 also was mapped. Cyclin D3 is 

highly homologous to the other D-type cyclins sharing an average of 57% identity with the 

entire coding region and 78% within the cyclin box domain (Xiong et al., 1992). Cyclin 

D3 also exhibits a certain arnount of functional redundancy. Like cyclin Dl and D2, cyclin 

D3 can accekrate the progression tbmugh G1 h m  quiescence or in actively proliferating 

fibroblast cells (Ando et al., 1993; Herzinger and Reed, 1998; Resnitzky et al., 1994) and 

is essential for cell cycle progression as the microinjection of neuealiPng cyclin D3 

antibodies results in the inhibition of the G 1 R transition in prirnary ce11 lines (Baldin et al., 

1993; Bartkova et al., 1998; Lukas et al., 1995; Lukas et al., 1994; Quelle et al., 1993). 



On the other hand cyclin D3 may have different properties tiom cyclin Di. Cyclin D3 

expression, unlike cyclin D2 and D 1, is elevated in many quiescent differentiated cell types, 

in several tissues and in ceil lines induced to diffefentiate (Bartkova et al., 1998; Kiess a 

al., 1995; Rao and Kohtz, 1995). Mqping the cyclin Dl and D3 binding sites on E2F4 

Mght lead to insights on their differential properties. 

3.2 Results 

3.2.i The cyclin D family iateracts in vitro with the E2F family of 

transcription factors 

The potential of cyclin Dl and cyclin D3 to bind directiy to the E2F proteins, 

without bridging molecules, was testecl by relying on a system employing baculovirus 

expressing recombinant proteins. For this purpose, recombinant baculovirus expressing 

the E2F4-Ha, E2F5 and Dpl proteins were made. nie expressed recombinant proteins 

were observed in the infected l p t e  when immunoprecipitated by an appropriate antibody 

(Fig. 3.1 A, lanes 1,2,4,6). The E2F4 expressed protein contains an Ha (hemagglutinin) 

epitope facilitating its immunoprecipitation by the Ha monoclonal antibody 1 2CA5 (Fi g . 
3. IA, lane 1). No proteim were imunoprecipitated h m  the uninfected lysates 

suggesting the antibodies do not cross react with endogenous SF9 proteins (Fig. 3.1A 

lanes 8,9,10,11,12). The recombinant vimses in Figure! 3.1 were utilized in CO-infections 

with baculovirus expressing cyclin Dl in binding studies. The binding studies made use 

of SF9 cells infected with EZFeHa, E2F5 or Dpl in the presence or absence of cyclin DI 

expressing virus. Proteins h m  these lysates were immunoprecipitated with the indicated 

antibodies and probed with a polyclonal cyclin Dl antibody (Fig. 3.1 B). Cyclin Dl 

interacte. with only coinfected E2F4-Ha, E2F5 and Dpl proteins (Fig. 3. lB, lanes 

6,9,12 compareci with lanes lg$l,23). 











Figure 3.1 Cyclin Dl, DZ and D3 associate in vitro with E2F4. (A) In vitro 

protein expression of EZF4-Ha, E2FS and ûp-1. "S medcys- labeled SF9 ce11 lysates 

uninfected (lanes 8- 12) or infected with baculovinis expressing E2F4-Ha (lanes 1 -3), E2F5 

(lanes 4 and 5) and D p l  (lanes 6 and 7) were immunoprecipitated with the indicated 

antibodies, separated by electrophoresis on an SDS- 10% polyacrylamide gel and visualized 

by fluorography. (B) In vitro association of cyclin Dl with EZF4-Ha, E2F5 and Dp- 1 . 

SF9 cells were uninfected (la= 24-27) or infected with baculovims expressing cyclin Dl 

(lanes 1-4 and 14- 17), EZF4-Ha (lanes 18 and 19), E2F5 (lanes 20 and 2 1) and ûp-1 

(lanes 22 and 23) or cyclin Dl with E2F4-Ha (lanes 5-7), E2F5 (lanes 8-10) and Dp-1 

(lanes 1 1 - 13). Irnmunoprecipitated as indicated, separated by electrophoresis on SDS- 10% 

polyacrylamide gels, blond and probeci for cyclin Dl (Upstate Biotechnology). (C) 

Cyclin D2 and D3 associate in v i m  with E2F4-Ha. SF9 cells were uninfected (lanes 10- 

1 2): or infected by baculovinis expressing cyclin D2 and cyclin D3 (lanes 1 -3), and E2F4- 

Ha (lanes 4-6) or by cyclin D2 and cyclin D3 with E2F4-Ha (lanes 7-9) 

immunoprecipitated as indicated, separateci by electrophoresis on SDS- 10% polyacrylamide 

gels, blotted and probed for cyclin D2 and cyclin D3 respectively (DSC-5 and DSC-22). 

@) E2F4 associates in vitro with cyclin D 1, D2 and D3. SF9 cells were uninfectai (lanes 

17-20); or infected by baculoWus expressing cyclin Dl (lanes 1 and 2), cyclin D2 (5 and 

6), cyclin D3 (lanes 9 and 10) and E2F4-Ha (lanes 13- 16); or by E2F4-Ha with cyclin Dl 

(lanes 3 and 4), cyclin D2 (lanes 7 and 8) and cyclin D3 (lanes 1 I and 12) 

immunoprecipitated by the indicated antibodies, separated by electrophoresis on SDS-7.5 % 

polyacrylamide gels, blotted and probed for E2F4 (Santa Cm). 



The feasibility of cyclin D2 and D3 interacting with E2F4 was also assessed. S F9 

cells were i n f d  with recombinant virus expressing cyclin D2 or D3 in the presence or 

absence of E2F4Ha expressing virus. Proteins from infected lysates were 

huwprecipitated in paralle1 for cyclin D2, cyclin D3 and E2F4. The 

immunoprecipitations were Western blotted for cyclin D2 and D3. Cyclin D2 and D3 are 

shown to interact with E2F4 (Fig . 3.1 C, lanes 7-9 versus lanes 46). The reciprocal 

experiments for the interaction of Dtype cyclins with E2F4 were perfomed to confm the 

previous results. SF9 cells were infecteci with bacdovirus expressing cyclins Dl,  D2 or 

D3 in the presence or absence of baculovirus expressing E2F4. Proteins fiom infected 

lysates were immunoprecipitated for E2F4 with anti-Ha, cyclin D 1, D2 and D3 in parallel. 

The ability of E2F4 to bind the cyclin D family was tested by probing a Western blot for 

E2F4 (Fig. 3. ID). As kfore E2F4, c<~immunoprecipitated with the Dtype cyclins only 

when the proteks wexe co-expresseci (Fig. 3.1 D, lanes 3,4,7,8,ll, 12). These results 

suggest that the Dtype cyclins can interact with E2F4 and that cyclin Dl can Uiteract with 

E2F5 and Dp-1. 

The potential of cyclin D3 to bind to E2F5 and Dpl  was tested, as was done for 

cyclin Dl, using baculovirus expressing recombinant protein. SF9 cells were infected with 

baculovirus expressing recombinant cyclin D3, Dp-1 or E2F5, or cyclin D3 together with 

Dp- 1 or E2F5. Cellular lysates of infected cells were immunoprecipitated for cyclin D3 and 

E2F5 or Dp- 1 and Westem blotted for cyclin D3 (Fig. 3.2A,B). Cyclin D3 interacted with 

E2F5 or Dp-1 when they were CO-infected (Fig. 3.2A,B compare lane 5 with lane 8). 

3.2.ii Cyclin D l  interacts in vivo with the E2F fnmily of transcription 

factors 

The in vivo potential of cyclin D 1 to interact with the E2F transcription fâmily was 

next tested. Cyclin Dl is expressed early in G1 shortly after mitogen stimulation. It is a 





Figure 3.2 Cyclin D3 associates in vitro with EZFS and Dp-1. (A) and (B) 

SF9 cells were uninfected (lane 10,11,12) or infecteci with baculovim expressing cyclin 

D3 (lane 12,3) and E2FS or Dp-l (lane 4,5,6) and cyclin D3 CO-infect4 with EZFS or Dp- 

1 (lane 7,8,9). Cellular lysate was imrnunoprecipitated, for the indicated proteins, by 

rabbit anti-mouse (Ram), anti-EZFS (MH-S), anti-Dp1 (K20) and anti-cyciin D3 (C- 16). 

hunoprecipitates were separateci by electmphoresis on a 10% polyacxylamide gel, 

blotted and probed for cyclin D3 (C- 16). 



regulatory subunit for cdk4 and cdko and is thought to target pRb for phosphorylation and 

inactivation (Sherr, 1996). The in vivo system made use of CMV promoter based plasmids 

expressing cyclin Dl and Ha epitope tagged E2F family members. To test the in vivo 

potential of cyclin Dl to iateract with E2Fl through to E2F4, C33A cells were ttansiently 

aansfected with plasmids expressing E2F I -Ha, E2F2-Ha, E2F3-Ha and EZF4-Ha with 

and without cyclin D 1. The immunoprecipitations were prokd for cyclin Dl (DSC-6). 

Cyclin DI co-immmprecipitated the E2Fs Unmunopmipitated by L2CA5 anti-Ha in co- 

expressing cet1 lysates (Fig. 3.3A lanes 4,6,8,10). The endogenous cyclh Dl in C33A 

cells was not visible and did not contribute to binding with the exogenous E2Fs (Fig. 

3.3A, lane 19). The interaction of cyclin Dl with E2F 1, E2F2, and E2F3 was not as 

efficient as with E2F4 (Fig. 3.3A, lanes 4,6,8 compared with lane 10). In each 

immunoprecipitation, the ce11 lysate was normalized for protein content and the expression 

of E2F1, E2F2 and E2F3 was comparable to the E2F4 level in the lysate (data not shown). 

The potential of cyclh Dl to bind Dpl  and E2FS was also assessed ernploying transient 

transfmions as describeci above (Fig. 3.3B). As with the previous results, E2F5 and Dp-1 

also bind to cyclin Dl (Fig. 3.3B, lanes 8,lO). In addition, the results also indicate that 

E2FS and Dp- 1 are more eficient in binding to cyclin Dl than E2F 1, E2F2 and E2F3 and 

as efficient as E2F4 (Fig. 3.3A, lanes 4,6,8 compared with Fig. 3.3B, lanes 8,lO). Taken 

together these nsults suggest that E2F1, E2F2 and E2F3 may interact indirectly with cyclin 

D 1 as compared to E2F4, E2FS and Dp- 1. 

3.2.iii Cyclin D3 interacts in vivo with the E2F family of transcription 

factors 

The in vivo potential of cyclin D3 to interact with the E2F protein famiy was 

assessed by ernploying CMV based plasmids expressing E2F 1 through to E2F5 and Dp-1 . 
C33A cells were üansiently tramfected by plasmids expressing E2F 1 -Ha, E2F2-Ha, and 







Figure 3.3 Cyclin Dl associates witb the E2F family of transcription 

factors in vivo. (A) Cyclin DI associates in vivo with E2F1, E2F2, E2F3 and E2F4. 

C33A cells were untransfected (lanes 19 and 20) or transfected with 5ug each of RdcycD 

(lanes 1,2,11 and 1 2), pCMVHAE2F- 1 (lanes 1 7 and 1 8), pCMVHAE2F-2 ( lanes 1 5 

andl6). pCMVHAE2F-3 (lanes 13 and 14) or by RdcycD CO-tmnsfected with 

pCMVHAE2F-I (lanes 3 and 4), pCMVHAE2F-2 (lanes 5 and 6), pCMVE2F-3 (lanes 7 

and 8) or pCMVHAE2F-4 (lanes 9 and 10). Proteins h m  ce11 lysates were 

immunoprecipitatexi as indicated, separateci by elecûaphoresis on an SDS-10% 

polyacrylamide gel, blotted and probed for cyclin Dl (DSC-6). (B) Cyclin D 1 associates in 

vivo with E2F5 and Dp- 1. C33A cells were ûansimtly tramfected by RdcycD (lanes 1 

and 2), pCMVHAE2F-5 (lana 3 and 4) and pCMM1ADpl (lanes 5 and 6) or RdcycD 

together with pCMVHAE2F-5 (lanes 7 and 8) and pCMWADp-1 (lanes 9 and 10). 

Proteins fiom cell lysates were immunoprecipitated as indicated, separateci by 

electraphoresis on an SDS-10% polyaaylamide gel, blotted and probed for cyclin Dl 

(Upstate Biotechwlogy). IgH and IgL denotes nonspecific immunoglobulin heavy and 

light chah binding. 





Figure 3.4 Cyclin D3 intetacts with E2F4, EIFS and D p l  in vivo (A) 

C33A cells were transientiy tmmfected with plasmids expressing cyclin D3 (lanes 1 and 2), 

E2F 1 -Ha (lanes 3 and 4), E2F2-Ha (lanes 5 and 6) and E2F3-Ha (lanes 7 and 8) a d  cyclin 

D3 together with E2F 1 -Ha (lanes 9 and 10). E2F2-Ha (lanes 1 1 and 12) or E2F3-Ha [lanes 

13 and 14). Proteins from transfected lysate were immunoprecipitated in paralle1 for cyclin 

D3 (C-16) and Ha-tagged E2Fs (1 ZCAS), separated by electmphoresis on a 10% 

polyacrylarnide gel, blotteû and probed for cyclin D3 (C-16). (B) C33A cells were 

transientiy transfected with E2F4-Ha (Ianes 1 and 2), E2F5-Ha (lanes 3 and 4), and Dp 1 - 
Ha (lanes 5 and 6). and cyclh D3 together with E2F4Ha (lanes 7 and 8), E2FS-Ha (ianes 

9 and 1 O), or Dp- 1 -Ha (lanes 1 1 and 12). Proteins h m  transfected lysate w a r  

irnrnunoprecipitated for Ha-tagged proteins (12CA5) and cyclin D3 (C-16), separateci by 

electrophoresis on a 10.h polyacrylamide gel, blotted and probed for cyclin D3 (C-16). 



E2F3-Ha with and without cyciin D3. Cyclin D3 and E2F were itnmunoprecipitated h m  

vansfaed cellular lysates. The immünoprecipitations were analyzed for the presence of 

cyclin D3 by Western blotting. In contrast to cyclin Dl (Fig. 3.3A), cyclin D3 did not 

interact with E2F 1,Z and 3 (Fig. 3.4A lanes 10,12,14). The sarne method was ernployed 

to illustrate the cyclin D3 interaction with Dp- 1, E2F4 and E2F5 in vivo (Fig 3.48 lanes 

10,12,14). The association of cyclh D3 with E2F4 and Dp-1 did not appear to be as 

efficient as with E2F5 (Fig. 3.4A, lanes 8 and 12 compared with lanel0). The weak 

binding with DI>-1 suggests an indirect interaction, perhaps fàcilitated by E2F4 or E2F5. 

Thus, a possible explanation for E2F1, E2F2 aad E2F3 negative interactions with cyclin 

D3 is the requirement for a direct Dpl  interaction. 

3.2. i~ Cyclin DlIcdk4 activity lowers E2M mediated tranuetivation 

potential 

The cyclin Dl potential rcgulation of E2F4 was snidied next. As a fvst step to 

hding a fiinctional outcome for the interaction, the E2F4 mediatexi transactivation was 

analyzed after transient transfation of cyclin D 1 and câk4. It is knom that cyclh D l/&4 

activiîy m u e s  pl07 and pl30 suppression of E2F4 mediated transactivation 

(Beijersbergen et al., 1995; Johnson, 1995; Xiao et al., 1996). D-type cyclin/cdk4 activity 

can also induce gene expression h m  the E2F 1 pmmoter by derepression (Johnson, 1995; 

Johnson et al., 1994). 

A reporter plasmid possessing four tandem E2F binding sites h m  the E2A 

promoter of adenovirus fùsed to the chloramphenicol acetyl transfeme (CAT) gene was 

used in an attempt to fmd the effect of cyclin Dllcdk4 activity directly on E2F4. The 

transfection efficiency was monitored by a CO-transfected luciferase reporter plasmid pGL3- 

Control (Promega). When cyclin Dl and cdk4 wen coexpressed with E2F4 in C33A 





Figure 3.5 Cyclin DlIcdk4 represses E2F4 mediated transactivation. (A) 

C33A cells were CO-transfected with 2ug of E2F,-CAT reporter plasmid. 2ug of pGL3- 

Control as an internai control on their own or with 2ug of pCMVHAE2F-4 and Sug of 

expression vectors canying the pmteins for cdk4wt, cyclin Di, cdk4dn, cyclin E and 

cdk2wt as indicated. Each transfection may also contain pcDNA3 to make up to a total of 

16ug of transfected DNA. CAT activities were determined for the various transfections and 

the values were nocmalized for the coimponding luciferase activities. The results are 

shown as a percentage of activity h m  the E2F4 individual transfection. The results are 

averages of at least three experiments with e m  bars representing standard emr  of the 

mean. (B) T i h g  cdk4 represses E2F4/Dp l mediated transactivation. C33A cells were 

co-transfmted as indicated with 2ug of E2F,-CAT reporter plasmid, 2ug of pGL3Control 

as an intemal control, 2ug of pCiWHM2F4,2ug of pcmvDp-1 and 5ug of RÎ/cycD on 

their own or with 2, 6 and 8ug of pCMVcdk4wt. Each transfection may also contain 

pcDNA3 to make up to a total of 21ug of transfecteâ DNA. CAT activities were 

detetmhed for the various transfections and the values were nomalized for the 

corresponding luciferase activities. The results are show as a percentage of activity in the 

absence of cdk4. The results are averages of at least three experiments with error bars 

representing standard error of the mean. 



cells, an inhibitory eff- on E2F4 transactivation fiom the E2F promoter was observed 

(Fig. 3.5A). With the CO-expression of cyclin D 1 and cdk4, the relative E2F4 mediated 

activity was reduced as much as 75%. 'The suppression was dependent on active kinase 

since the expression of a kinase inactive dominant negaiive cdk4, cdk4dn, had a negligible 

eflect. Furthemore, the results indicated a specific kinase requirement. CdW and cyclin E 

cwxpression did not have a signifiant effect on the tramactivation potential. The effect of 

cdk4 activity on E2F4 tramactivation was also studied in association with its dirnerization 

partner ûp-1 (Fig. 3-58). This was accomplished by CO-expressing E2F4, Dp-1 and 

cyclin D 1 with increasing amounts of cdk4. With increasing cdk4 expression a downward 

trend was noted in the transactivation potentiai for E2F4-1. This confinned the 

previous experiments that an active cdk4 demaseci the ability of E2F4 to tmsactivate 

transcription h m  the promoter in a pocket protein independent manner. 

3.2.v Cyelin Dllcdk4 disrupts the E2F4 DNA binding activity 

Electrophoretic Mobility Shifi Assay (EMSA) was used to determine whether 

E2F4/Dp 1 retained its DNA binding activity when cocxpressed with cyclin Dl and cdk4. 

The decreass in transactivatiûii potential observed h m  the previous experiments might be 

explained if the DNA binding ability of E2F4 is compromised in these assays. These 

s u e s  employed E2F4-Ha and Dp-1 CO-transfeaed C33A cellular extracts. Exogenous 

E2F4-HaDp-1 complex formation with a '2P oligonucleotide end labeled probe containhg 

the consensus E2F binding motif was first assessed in nuclear extracts (Fig. 3.6). A 

banding pattern consistent with exogenous E2F4-HalDp-I complex forniaton with DNA is 

apparent (Fig. 3.6 lane 1 compared with lane 7). The specificity of complex formation was 

determineci by the addition of uniabeled specific probe venus mutant unlabeled probe. 

With the addition of specific uniabeled probe the DNA binding complex was disnipted as 

compand to when the mutant probe was added (Fig. 3.6 lane 2 compared with lane 3). The 





Figure 3.6 Nuelear extnch of exogenously erpressed E2F4 and Dp-1 

form a compler with DNA. DNA binding activity fiom nuclear extracts of C33A cells 

untransfecteâ (lanes7,8,9,10,11,12) or transiently transfsted with 5ug each of 

pCMVHAE2F-4 and pcmvDp l ( lanes 1 ,2,3,4,S ,6) were tested in electmphoretic mobility 

shift assays (EMSA). lu1 of  E2F4 (Santa Cruz) OC Ram antibody andlor 75ng of mutant 

(mt. comp.) and specific cornpetitor (sp. comp.) were employed. 







Figure 3.7 The effect of CO-expressing cyclin Dllcdk4 to the EfF4IDP-1 

DNA binding ac tivi t y. (A) Nuclear extracts CO-expressing cyclin D 1 lcdkrl [ose 

E2F4/Dp-l DNA binding activity. C33A ceils were transiently transfected with Sug each 

of pcmvDpl and pCMVHAE2F-4 alone (lanes 1-3) or together with lOug of 

pCMVcdk4wt and 5ug of RcIcycD (lanes M ) , l  Oug of pCMVcdk4dn (lanes 7-9) and Sug 

pcmvCycE and l h g  of pCMVcdkîwt (lanes 10-12). The E2F4 DNA binding activity was 

assayed by EMSA employing lu1 of E2F4 (Santa C m )  and Ram antibodies. (B) 

Cytoplasmic extracts co-expressing cyclin D llcdk4 retah E2F4IDp- 1 DNA binding 

activity. The cytoplasmic extracts of the ûansfdons in (A) were compared to the nuclear 

extracts for the E2F4 DNA binding activity assayed by EMSA. C-denotes cytoplasmic 

extract and N-denotes nuclear extract. (C) E2F4 and Dpl are expressed in the nuclear and 

cytoplasmic fractions. The cytoplasmic and nuclear extracts h m  (A) and (B) were 

separated by electmphoresis on SDS-7.5% poiyacrylamide gels, blond and probed for 

E2F4 or Dg 1 (Santa Cruz). 



DNA binding complex was also assessed in tenns of the cornponents present by the use of 

speci fic and non-speci fic antibodies. With the addition of an anti-E2 F4 antibody the 

protein-DNA complex was blocked h m  forming (Fig. 3.6 lane 4). This contmted with 

the addition of non-specific Ram antibody (Fig. 3.6 lane 6). These results indicate that the 

endogenous E2F4 and Dp- 1 proteins do not fom discernible DNA-protein complexes nor 

did the transfection of either protein on its own in these cells (data not show). In addition, 

no higher order DNA binding complexes containing E2F4-Ha and Dp- 1 were visible. 

E2F4 is present in both nuclear and cytoplasmic fractions, but cyclin Dl activateci 

cdk4 is present in the nucleus (Diehl and Sherr, 1997; Liademan et al., 1997; Muller et al., 

1997; Verona et al., 1997). Thus, the ability of EZF4-Ha/Dp- 1 to bind DNA was assessed 

in the presence of cyclin Dl/cdk4 using nuclear and cytopIasmic extracts h m  d s  

transfected by these cornponents. E2F4-HalDpl complex intetaction with DNA was 

undetectable in nuclear extracts with co-expression of the kinase and its cyclin partner (Fig. 

3.7A, lanes 1-3 compared with lanes 4-6). This was specific for a cdk4 kinase activity as 

cych  Ucdic2 or câk4dn when co-expressed were unable to inhibit DNA complex 

fornation (Fig. 3.7A, Ianes 7-12). The cdk4 inactive cytoplasmic fractions retained theu 

DNA binding ability (Fig. 3.7B, lanes 5,6 compared with lanes 7,8). E2F4 and D p l  are 

readily detected in nuclear and cytoplasmic fractions as disclosed by Western blotting (Fig. 

3.7C). The lack of DNA binding activity did not correspond to a decrease in the stability of 

the E2F and Dpl proteins or changes in their subcellular localization. These results 

suggest ihat the EZF-4/Dp 1 heterodimer no longer binds DNA in the presence of cyclin Dl 

and cdk4. 

3.2.vi Cyclin Dl and cdk4 activity results in E2F4 hyperpbosphorylation 

The potential of E2F4 to be phosphorylated by cdL4 directly was tested. Presentiy, 

the only bonci jide targets for cdk4 phosphory1ation are the pocket proteins 





Figure 3.8 Cdk4 phosphorylates E2F4 in vivo.  (A) C33A cells were 

untransfected (lanel) and transiently transfected by pCMVHaE2F-4 on its own (lane2) or 

together with pCMVcdk4 (lane3). Protein fiom the ceil lysates were immunoprecipitated 

for Ha (1 2CA5), separated by electmphoresis on an SDS-7.5% polyacrylamide gel, bloned 

and pmbed for E2F4 (Santa Cruz). * denotes increased concentration of slowest migrating 

fonn. (B) BaculoWus expressed E2F4 is phosphorylated Ni vitro by cyclin Dl/cdk4 

activity. SF9 ceus were infècted by the indicated baculovim expressing proteins. Cells 

were irnmunoprecipitated by a poiyclonai cyclh Dl antibody and subjected to an in viîro 

kinase d o n  with "P-ATP. SDS nlease buffer was added to the cyclin Dl associated 

proteins. The associated proteins were re-immunoprecipitated by the Ha antibody l2CA5. 

(C) Overexpressed E2F4 is phosphorylated in vitro by a cyclh Dl endogenous catalytic 

subunit C33A cells were transfated by the cmv vectors containing the indicated proteins. 

Equal concentrations of the transfected lysates were subjected to the same treatment as in 

Figure 3.8B above. 



(Beijersbergen et al., 1995; Dowdy et al., 1993; Ewen et al., 1993; Hatakeyama et al., 

1994; Hinds et al., 1992; Li et al., 1993; Lundberg and Weinberg, 1998; Matsushime et 

al., 1 99 2; Suniki-Takahashi et al., 1 995). In these experiments, co-expressed E2F4 with 

cdk4 resuited in an inccease in concentration of the slowest migrating form detected by 

Western blotting of immunoprecipitated EtF4Ha (Fig. 3.8A). This band represents the 

most actively phosphorylated fom of E2F4 as deduced from experiments employing 

lambda phosphatase treatment of tmmfe*ed lysates (Fig . 3.1 OB). The co-expression of 

cyclin Dl with cdk4 was less efficient in caphiring the uppertnost fom in Western blots. 

The in vitro potential of cyclin Dl/cdk4 to phosphorylate E2F4 in SF9 viral protein 

expressing cellular lysates was also tested. Cells w m  infeted with virus expressing 

E2F4Ha in the presence or absence of virus expressing cyclin Di and cdk4 (Fig. 3.8B). 

Lysates of the infectcd cells were immuaoprecipitated for cyclin Dl (DSC-6) and subjected 

to an zh vitro kinase assay with '2P-~TP.  The pnsaice of a potentially phosphorylated 

E2F4 in a cyclin Dl immune complex was assessed by a re-immunoprecipitatioo assay. 

This was perfomed to minimize the pesence of phosphorylated background proteins. 

SDS release buffer was added to the kinase reaction to dismpt protein-pmtein interactions 

and the contents were re-immuwprecipitated with the Ha nntibody. In the presence of 

cyclin Dl and cdk4, E2F4-Ha was phosphorylated and thus represented a mernber of the 

cyclin D 1 immune complex (Fig. 3.88). 

The ability of cyclin Dl to phosphoiylate E2F4 in ûansfected C33A cells via an 

endogenous catalpc partner also was assessed. In these experiments, cyclin Dl and E2F4 

were transfected on their own or together. As with the baculovinis infections above, the 

transfected ce1 lysate was immunoprecipitated with cyclin D 1, an in vitro kinase reaction 

was p e r f o d  and the contents of the immune complex re-immuwprecipitated with the 

anti-Ha antibody 12CAS (Fig. 3.8C). This experiment revealed that an endogenous 

catalytic partna of cyclin Dl was able to phosphorylate E2F4Ha in vitro and combrated 





Figure 3.9 Dp-l preferably interacts with certain pbospboryiated forms O f 

E2F4. (A) C33A cells were CO-transfected with cmv based plasmids expressing the 

proteins E2F4-Ha and Dp-1. Transfected cells were radiolabeled with "P ortho- 

phosphate. 4hr. p s t  labehg, transfcacd cells were lysed and proteins fmm cellular 

lysates imrnwloprecipitated by anti-Ha 12CA5 or Dp- 1. The immunoprecipitations were 

loaded on a 7.5% polyaaylamide gel, electmphoresed and viewed by autoradiography. 

(B) The proteins corresponding to E2F4 h m  the gel in (A) were excised, doubly digested 

with ttypsin and V8 pmtease and subjected to phosphopeptide analysis. Separation in the 

f i t  dimension by thin layer electmphoresis in 1.9 pH buffet and in the second by 

ascending chromatography using iso-butyric acid (Lacy and Whyte, 1997). 

Phosphopeptide maps of the Ha immunoprecipitated E2F4 and the D p l  

immwrecipitated E2F4, following electmphoresis and chromatography, are shown. A 

and B denote two phospho-peptide foms of EZF4. F.P. denotes fiee phosphates. 







Figure 3.10 The Ha-tagged E2F4 deletioa mutants. (A) The schematic 

representation of full length and mutant E2F4 proteins employed to deduce the cyclin Dl 

binding region. Important features and fbnctiorial domains with their relative amino acid 

positions are denoted beginning with the first methionine in E2F4. (B) The in vivo 

expression pattern of tbe E2F4 mutants. The expression vectors for the E2F4 Ha-uigged 

mutants represented in (A) were tmsiently tmsfected into C33A cells, "S metkys- 

labeled lysates were imm~11oprecipitated by 12CA5 (Ha monoclonal antibody) with and 

without alkaiine phosphatase treatment, separateci by ekctmphoresis on SDS- 10% 

polyacrylamide gels and visualized by fluomgraphy. 



the results obtahed using the baculovims system. nie imnsfection of cdk4 was not 

necessary in this assay because in vitro phosphorylation results in readily detectable 

protein. 

3.2.vii Phosphorylation of E2F4 regulates its interaction with Dp-1 

The effect of E2F4 phosphorylation on the Dp- l/E2F4 complex was determined by 

phosphopeptide mapping. C33A cells were ûansfected with E2F4 and Dp-1. The 

transfected cells w m  labeled witb "P ortho-phosphate and proteins h m  cellular lysates 

were imrnmoprecipitated for E2F4 with anti-Ha or for Dp-1 (Fig. 3.9A). Unlike E2F4, 

D p l  did not appear to be phosphorylated. The E2F4 k t i o n  tbat CO-immunoprecipitated 

with Dg1 and the total E2F4 pool immunoprecipitated with Ha were pmtease digested and 

separateci by two dimensional chromatography (Fig. 3 9 8 ) .  The results showed the Dp- 1 

potentiai to interact with only a subset of the E2F4 phosphopeptides (Fig. 3.9 spot A 

comparai to spot B). The two spots to the lefi of A in the Dpl  hmnoptecipitated fotm 

probably are not h m  E2F4, as they are not present in the Ha immuwprecipitated fiaction. 

These results suggested that certain phosphoryiated forms of E2F4 cannot interact with 

Dpl. 

3.2.viii Cyclin Dl  contains two binding sites on E2F4 located at the Dp-l 

Dimerization and Pocket Protein Binding domains 

Deletion mutants for E2F4 were employed as a means to localize the cyclin Dl 

binding domain (Fig. 3.10A). These mutants contained an N-terminal Ha epitope and were 

expressed using CMV based vectors. The expression pattern for the deletion mutants in 

Figure 3.10A is visualized in Figure 3.10B. Lambda phosphatase was employed to 

detemine whether the multiple bands observed were due to phosphorylation. The 

phosphatase treated mutants collapsed into one predominant fastest migrating band 



suggesting that the banding pattern was no< due to breakdown products or truncated pmtein 

expression (Fig. 3. I OB). 

The vectors for the N-tenninal deletions were transiently transfected, with and 

without the cyclin Dl expression vector RdcycD, into C33A cells (Fig. 3.1 1 A). The 

expressed proteins were tested for cyclin D t binding by irnrnunoprecipitation and Western 

blotting. An anti-Ha iimmuwprecipitation was positive for cyclin Dl only in CO-expressed 

lysates suggesting that these N-terminal mutants interactecl with cyclin D 1 in vivo (Fig. 

3.1 1 A, fanes 6,820,2224)- The C-terminal deletion mutants were also shown to bind to 

c yclin D 1 by employing the same strategy as above (Fig . 3.1 1 B, lanes 1 2,14,16,18). The 

cyclin Dl interaction with the shortest N-terminal and the C-terminal mutant, 179NT and 

176CT respectively, implied that there are two différent binding sites for cyclin Dl on 

E2F4 (Fig. 3.1 1 A, lane 22 and Fig. 3.1 1 B, lane 18). Thus, the strategy employed to find 

both binding sites made use of mutants with both ends of the molecule deleted. In this 

manner the mutant 128NTl382CT was shown to bind to cyclin DI whereas 179NT1382CT 

did not (Fig. 3.1 1 C, lane 1 2 compared witb lane 1 4). These results suggested that an N- 

terminal region represented by the Dp-1 dimerization domain and the C-terminal domah on 

E2F4 which intetacts with pocket proteins are the cyclin Dl binding sites. Experiments 

with 3% met/cys labeled lysates, h m  transfections as performed in Fig. 3.1 1C, 

supportai the previous findings (Fig. 3.1 1 D). in these experiments, the mutant 

l79/382CT was confhed not to co-irnmunoprecipitate with cyclin Dl, as compared to the 

mutant 1281382CT (Fig. 3.1 1 D, ianes 6,10 compared to lanes 1 2,14). The interaction of 

cyclin Dl at the Dp-1 dimerhtion domain suggests that cyclin Dl might be interacting with 

bound Dp-1 at this site. This is consistent with the idea that Dp-1 might be bridging the 

interaction with E2F 1, E2F2 and E2F3. 









Figure 3.11 E2F4 has two cyclin DI binding domains. (A) Cyclin DI binds in 

vivo to the Ktenninal E2F4 deletion mutants. 5ug of the expression vectors for the N- 

temunal E2F4 Ha- tagged deletion mutants were transiently tmsfefted on their own or 

with 5ug of RcfcycD into C33A cells. Proteins from the cell lysates were 

immunopmipitateci as indicated, separated by electrophoresis on SDS-10% polyacrylamide 

gels, blotted and probed for cyclin DI (Upstate Biotechnology). (B) Cyclin Dl binds in 

vivo to the C-teminai E2F4 deletion mutants. 5ug of the expression vectors for the C- 

terxninal E2F4 Ha-tagged deletion mutants were odnsiently transfected on their own or with 

5ug of RdcycD into C33A cells. Proteins h m  the ce11 lysates were irnmunoprecipitated as 

indicateà, separated by electrophoresis on SDS-10% polyacrylamide gels, blotted and 

pmbed for cyclin D 1 (Upstate Biotechnology). (C) Cyclin D 1 does not bind an E2F4 Ha- 

tagged deletion mutant l 79N1U82CT minus the Dp-l Dimerization and the Pocket Protein 

Binding domains. C33A cells were transiently transfeeted with 5ug of the Ha-tagged 

expression vectors for the indicated E2F4 deletion mutants on tbeu own or with 5ug of 

RckycD. Proteins h m  the ceIl lysates for each tnuisfcaion were irnmunoprecipitated as 

indicated, sepaxated by electrophoresis on SDS- 10% polyacrylarnide gels, blotteâ and 

probed for cyclin Dl(Upstate Biotechnology). (D) The ednsfcctions and 

immunopncipitations in (C) were repeated but ernp10yhg "S mer/cys labeled lysates and 

visualized by fluorography. 



3.2.i~ Cyclin Dl and D3 interacting domains on E2F4 are difterent 

The cyclïn D3 binding dornain was mapped on E2F4. This was accomplished by 

employing the cmv based Ha-tagged E2F4 deletion mutants in binding studies with CO- 

expressed cyclin D3. The same technique was applied for mapping the cyclin D I binding 

domain except anti-cyclin D3 was utilized in Western blotting. Western blotting for cyclin 

D3 revealed that al1 the N-ternùaal E2F4 deletions intaacted with cyclin D3 (Fig. 3.12A 

10,12,18,20). However, the C-temiinai deletion 305CT bound to cyclin D3 whereas 

202CT failed to interact (Fig. 3.12B lane 12 compareci with lane 16). The nsults 

demonstrate that the binding domain for cyclin D3 is diffcrent than for cyclin D 1. The area 

of EZF4 required to bind cyclin D3 is localized between amino acid residues 305 and 179. 

This region denotes a unique domain of E2F4 tbat is not present in the other E2F fâmïly 

mernbers. 

3.2.. The DNA binding activity of 382CT is unaffected by CO-expression 

of Cyclin D l  and cdk4 

To determine whether the cyclin Dl site contributes to the loss in DNA binding 

potential the C-taniiial382CT mutant was tested in EMSA. The 382CT mutant when CO- 

expressed with Dp- 1 was capable of binding to the '$ endlabeled oligonucleotide probe in 

nuclear extracts of transf~ed cells (Fig. 3.13A). An anti-E2F4 antibody (c-20 Santa 

Cruz) had no effect in disrupting the complex because its epitope on E2F4 is deleted. 

Specific binding was confhmed by the anti-Ha antibody which disrupted the complex. 

Nuclear extracts of cells transfected with cyclin DI and cdk4 CO-expressed with 382CT and 

D p l  revealed that DNA complex formation was unaffected. This result conhasted with 

Our previous results with Ml length E2F4. (Fig. 3.13A compared to Fig. 3.7A). Active 

cdk4 is presumed h m  Western blots that depict the presence of cyclin Dl and cdk4 in 



nuclear extracts (Fig. 3.13B). These results imply that the cyclin D1 C-temiinal site is 

necessary for the ngulation of E2F4 DNA binding activity by cyclin Dl targeted cdk4 

phosphorylation. E2F4 with deletion of the N-terminal cyclin Dl binding domain was not 

used in these studies because this componded to the Dp-l dimerization domain. Dp-1 is a 

necessary component for E2F4 to bind DNA in the EMSA method employed in these 

experiments. 





Figure 3.12 The in vivo cyclin D3 interaction maps to a region between 

nmino acid 179 and 305 of E2F4. (A) Cyclin D3 in vivo potential interactions with 

the N-terminal E2F4 deletion mutants. C33A cells were untransfected (lane 7,8) or 

transiently transfected by plasmids expressing cyclin D3 (lane 1,2), 44NT (lane 3.4). 

84NT (lane 5,6), 128NT (lane 13,14) and 1 79NT (lane 15,16) and cyclin D3 together with 

44NT (lane 9,l O), 84NT (lane 1 1,12), l28NT (lane 1 7.1 8), 179NT (lane 1 9,20) or E2F4- 

Ha (2 1,22). Proteins h m  cellular lysates were immunoprecipitated for cyclin D3 (C- 16) 

and Ha-tagged proteins (12CA5), separateâ by electmphoresis on a 1W polyacrylamide 

gel, blotted and probed for cyclin D3 (C- 1 6). (B) Cyclin D3 in vivo potential interactions 

with the C-temunal E2F4 deletion mutants. C33A cells were transiently transfected by 

plasmids expressing cyclin D3 (iiuiz l,2), 305C'ï (lane 3,4), 382CT (lane 5,6), 202CT 

(lane 7,8) and 176CT (lane 9,lO) and cyclin D3 together with 30SCT (lane 11,12), 382CT 

(lane 1 3,14), 202CT (lane 15,16) and 176CT (lane 1 7,18). Proteins fiom cellular lysates 

were immunoprecipitated for cyclin D3 (C- 16) and Ha-tagged proteins (1 2C AS), separated 

by electrophoresis on a 100h polyacrylamide gel, blotted and pmbed for cyclin D3 (C-16). 







Figure 3.13 The DNA binding activity of 382CTIDp-1 is mot affected by 

cyclin Dllcdk4. (A) DNA binding activity fiom nuclear extracts of C33A cells 

transient1 y tram fected with 5ug each of pcmv382CT and pcmvDp- 1 alone (lanes 1 -5) or 

together with 1 Oug of RckycD and 5ug pCMVcdk4wt (lanes 6-1 0) were tested for 382CT 

DNA binding activity employing EMSA with 1 ul of  the indicated antibodies. (B) Cyclin 

Dl and cdk4 are CO-expressed with 382CTQ-1. The nuclear and cytoplasmic fractions 

fiom (A) were separateci on SDS-10% polyacrylarnide gels, bloned and probed for cyclin 

D 1 and cdk4. N denotes nuclear fraction and C denotes cytoplasmic fractions. 



3.3 Conclusion 

The experiments in this chapter describe a nwel regulation of E2F activity based on 

the direct interaction of E2F4 with cyclin Dl. Evidence provided indicates that E2F4 can 

bind d k d y  cyclin D f h l y  memka in vitro and in vivo. Furthemore, the effect of 

binding correlates to targeted phosphorylation by activated cdk4 in vivo. The kinase 

activity on E2F4 results in the disniption of its DNA binding potential by eliminating the 

ability to bind to its heterodimerization partner Dp-1. 

Results relying on infected insect ce1 lysate suggest tbat E2F4, E2FS and Dp-l 

binding to D-type cyclins is direct despite the potentid availability of host ce11 cycle proteins 

to bridge the interaction. The contributions of host ce11 pmteins are not evident in Western 

blots for cyclin Dl and cyclin D3 of singly infectexi control lysates. The in vivo binding 

data dernonstrates haî E2F1, E2F2, and E2F3 are less efficient in binding thm E2F4, 

E2F5 and Dpl to cyclin Dl. On the other hand, cyclin D3 does not interact in vivo with 

E2F1, E2F2 and E2F3, but can bind with E2F4, E2FS and poorly with Dpl. These 

results m consistent with Dp 1 facilitating the interaction of cyclin D 1 with E2F 1, E2F2 or 

E2F3. This is cornborateci by the binding region on E2F4 for cyclin Dl rnapping to the 

Dp-1 dimerization domain. For cyclin D3, D p l  poorly interacts suggesting that its 

interaction rnight be failitated by E2F4 or E2F5. This is codïmed by the cyclin D3 

binding region on E2F4 that maps only to the C-teminus. Thus, D p l  is not available to 

bridge a potential interaction of cyclin D3 with E2F1, E2F2 or E2F3. 

The effect of cyclin D 1 interaction is to lower the transactivation potential of E2F4 

through the kinase activity of the catalytic partner. This result is comborated by three 

different fuidings pnsented. 1) The ability of E2F4 to be phosphorylated by the action of 

the interacting cyclin D 1 and cdk4 kinase in baculo lysates expressing recombinant proteins 

or transfected cellular lysates. 2) A phosphorylated fom of E2F4 that does not interact 



with Dpl. 3) In EMSA E2F4-1 DNA binding activity was nullified in n u c h  extracts 

where cdk4 is active as opposed to the cytoplasmic extracts. 



Chapter 4. Mapping of the pl30 regions required to interact with E2F4, 

E2FS and Dp-1 

4.1 Introduction 

A functional characteristic of the pocket proteins is their inhibitory role in the ce11 

cycle which is thought to occur, at least partly, through their interaction with the E2F 

family of transcription factors. However, the mechanism of E2F control is not completeiy 

undentood. For example, it is not known how the pocket proteins act in regulating E2F 

fwction. The elucidation of the E2F interacting domains on the pocket proteins provides a 

starting point to analyze how control is facilitated. nie E2F intmction domains on pl07 

and pRb are similar. pRb and pl07 require the A and B domains of the pocket region for 

binding to E2F (Hiebert et al., 1992; Qian et al., 1992; Smith and Nevins, 1995; Zhu et al., 

1995). It is hypothesized that the A and B domains provide a functional interîace by which 

E2F can bind (Lee a al., 1998). The A/B pocket is also required to interact with the 

oncogenes of DNA tumour viruses containhg the LxCxE motif (Hu et al., 1990; Huang et 

al., 1990; Kaelin et al., 1990). The E2F binding domain on pRb and pl 07 has not been 

deduced for any specific E2F family member. In addition, a Dp-1 potential interaction bas 

not ken  ascertained for p 107 and p 130. As a means to begin developing a hypothesis for 

how p 130 regulates UF, an investigation of the regions of p 1 30 necessary to interact with 

E2F4, E2F5 and Dp-1 was initiated. In addition, the potential of Dpl to complex directly 

with p 130 was also studied. 





Figure 4.1 Expression pattern of pl30 deletion mutants. (A) Schematic 

representation of full length and mutant p 130 proteins. The A, B and Spacer domains with 

their amino acid positions are denoted. (B) C33A cells were untransfected or tmsiently 

transfected by the indicated N-terminal p 130 deleted mutants. Proteins fiom the transfected 

cellular 1 ysate were imrnunoprecipitated for p 1 30 (ctp 130). separated by electrophoresis on 

a 10% poiyacry1arnide gel, blotted and probed for p 1 30 (ctp 130). (C) C33A cells were 

untramfected or transiently transfected by the indicated C-temiinal pl 30 deleted mutants. 

Cells were metabolical1 y iabeled with "S-methionuielcy steine, immunoprecipitated for 

p 130 (ctp 1 3O), separatecl by electmphoresis on a 7.5% polyacrylamide gel and visualized 

by fluomgraphy. MW denotes die size of molecular weight markers. 



4.2 Results 

4.2.i Endogenous E2F4 interacts with overexpressed N-terminal p 130 

deletions 

Mapping of the binding site for E2F4, E2F5 and Dp- I on p 1 30 relied on an in vivo 

overe!xpression system of CMV based plasmids expressing p 130 proteins with arnino acid 

deletions. To detemine whether the A or B domains of p 130 were necessary CO bind E2F. 

a series of progressive N-tennuial deletions spanning the A and spacer domains and a 

second series of C-temiinal deletions encompassing the B dornain were generated (Fig. 

4.1). The expression pattern of the N-terminal and C-terminal deletion mutants were 

examined in Figure 4.18 and C. The N-temiinal plasmids expressing pl30 deletion 

mutants were transientfy transfated into C33A cells immunoprecipitated and Western 

blotted for p 130 (Fig.4.l B). The C-tetmioal mutants 932N and 835N, dong with 372C- 

BN were also tnuisiently transfected into C33A cells. These were visuafized by metabolic 

labeling with "S-methionine/cysteine of transfected cells immunoprecipitated for p 1 30 

(Fig. 4.1C). 932N and 835N did not express to the same efficiency as the other pl30 

mutants. The reason for this is not known but it might reflect a loss of structural stability. 

The potential of the N-tennllial mutants to bind endogenous E2F4 fiom C33A cells 

was testeci by Western blotting techniques. C33A cells contain detectable levels of E2F4. 

In these experiments C33A cells were transiently transfected with the N-terminal cieletion 

mutants 372C, 542C and 602C. Proteins h m  cellular lysates were immunoprecipitated 

for pl30 and E2F4 in @el and assayed for binding by probing the Western blot for 

pl30 (Fig. 4.2). Ail the mutants employed interacted with E2F4 (Fig. 4.2 lanes 6,8,10). 

In addition, the ability of endogenous E2F4 and p 1 30 to bind was also apparent (Fig. 4.2 

lane land2). The results also indicated that underphosphorylated forms of pi30 mutants 

preferentially interacted with E2F4 (Fig. 4.2 lanes 6,8,10 compared with 5,7,9). 





Figure 4.2 pl30 N-terminal mutants interact with eidogenous E2F4. C33A 

cells were untransfected (Control) or ûansiently transfected by the indicated N-terminal 

pl30 deleted mutants. Proteins h m  the transfected and untransfbcted cellular lysate were 

irnrnunoprecipitated for p 130 (ctpl3O) and E2F4 (C20) in parallel. Immunoprecipitaiions 

were separated by electmphoresis on a 7.5% polyacrylamide gel, blond and probed for 

pl30 (CZO). 



4.2.11 E2F5 iateracts with pl30 mutants 820C and (-sp)pt30 

The concentration of cellular lysate employed in the previous experiment caused a 

high background. Furthemore, E2F5 levels are not detected in C33A cells. Therefore. in 

an attempt to obtain a shaiper image and minimize the contribution of endogenous proteins, 

Ha-tagged versions of Dp-1, E2F4 and E2FS were used in subsequent studies. The E2F5 

binding potential with various N-texminal and spacer mutants of pl30 was evaluated next. 

This was accomplished in C33A cells transiently transfected by E2FS-Ha or E2F5-Ha CO- 

expressed with p130, 372C, 820C and (-sp)pl30. Transfected cells were 

immuwprecipitated for Ha-iagged E2F5 and for p 1 30, and the imrnunoprecipitations were 

analyzed for the presmce of pl30 by Western blotting. Overexpressed E2F5 interacted 

with a h  of the pl30 N-terminal mutants (Fig. 4.3A,B lane 4). ln addition, as with E2F4, 

the binding of E2FS to pl30 was wt dependent on the presence of an intact spacer domain 

(Fig. 4.3B lane 6). The interaction with endogenous pl30 is not apparent in these studies 

as less lysate was employed. 

4.2.iii Dp-1 interacts in vivo with N-terminal pl30 mutation 820C 

Dpl is highly homologous to the E2F family at the heterodherization domain and 

contains an acid rich C-terminus that might facilitate binding with pocket proteiw (Bandara 

et al., 1993; Shan et al., 1996). Dpl was unable to complex with 372C and pl 30 

employing the bacuio virus system (results not shown). However, in vivo the potential of 

Dpl to bind to pl30 and p 130 mutants provided the opposite result. This was 

accomplished by transient tramfections of C33A cells expmsing p 130, 372C and 820C 

CO-expressed with Ha-tagged Dp-1. pl30 was observed to bind to Dp-1, the N-termina1 

mutants 372C and 820C also interacted (Fig. 4.4 lane 2,4,6). However, the inability of the 

interaction to take place in the bacdovirus system raises the possibility that the interaction 

with pl 30 might be bndged by endogenous E2F-like pmteins. 





Figure 4.3 pl30 missing N-terminal sequences up to amino acid 820, and 

(-sp)pl30 can complex with E2F5. (A) C33A cells were untransfected or transiently 

transfected by plasmids expressing E2FS-Ha or E2FS-Ha together with pl30 or 820C. 

Proteins fiom cellular lysates were immunoprecipitated for p 1 30 (ctp 130) and Ha-tagged 

E2F5 (IZCAS), separatecl by electrophoresis on a 100/o polyacrylamide gel, blotted and 

probed for pl 30 (C20). (B) C33A cells were transfected by plasmids expressing E2F5-Ha 

together with p130, 372C or (-sp)pl30. Proteins fiom cellular lysate were 

immuwprecipitated for pl30 (ctp130) and Ha-tagged E2FS (1 2CA5), separated by 

electrophoresis on a 7.5% polyacrylamide gel, blotted and probed for p 1 30 (C20). 





Figure 4.4 pl30 missing N -terminal sequences up to amino acid 820 can 
complex with Dp-1. C33A cells were untransfected or transiently transfited by 
plasmids expressing Dp-1-Ha or Dp- 1-Ha together with p 130, 372C or 820C. Proteins 
f b n  cellular lysata were Unmunopiecipitateci for pl30 (ctp130) and Ha-tagged Dp-l 
(12CA5), separated by eiectrophoresis on a 10% polyacrylarnide gel, blotted and probed 
for p 130 (C2O). 



4.2.iv E2F5 and Dp-1 intenct with a cyclin A- and E-binding defective 

mutant of p130, 372C-BN 

A pl30 mutant ihat is unable to bind to cyclins A and E alço was evaluated for 

binding to E2F5 and Dp-l . 372C-BN lacks the cyclin binding domains at the spacer and 

N-terminal regions (Castano et al., 1998; Lacy and Whyte, 1997; W w  et al., 1997). 

C33A cells, transiently transfected with 372C-BN or 372C-BN together with E2F5 or Dp- 

1, were metabolically labeled with "s-methionindcysteine. A Western blot for 372C-BN 

was not feasible as its apparent molecular weight of 66kd, falls within the heavy chab 

immunoglobulin signal (Fig. 4.1C). Labeled lysate was immunoprecipitated in parallel for 

p 130 and Ha-tagged E2FS or Dp- 1. E2F5 and Dpl fomed a complex with 372C-BN as 

indicated by CO-immuwprecipitation of both cosxpressed proteins (Fig. 4.5 lane 

3,4,5,6). E2F4 was not tested for binding to 372C-BN, as both proteins migrate ai 

approximately the same location in polyacrylamide gels and cannot be disthguished in co- 

immunoprecipitation experiments. 

4.2.v E2F4, EZFS and Dp-1 interact with the pl30 N-terminal mutant 820C 

The 820C mutant lacks domain A and the spacer region and represents the extent of 

the N-texminal deletions that were constnicted. The ability of this protein to interact with 

E2F4, E2F5 and Dpl was compared. This was performed by transfecting C33A ceUs 

with 820C or 820C in combination with E2F4, EZFS and Dp-1. Proteins h m  transfected 

lysates were immunoprecipitated for pl30 and Ha-tagged E2F4, E2F5 and Dp-1 and 

probed for pl30 in a Western blot (Fig. 4.6). 820C interacted with each of the 

transcription factors, but the interaction with E2F4 was siguificantly diminished as 

compared to E2F5 and Dp- 1 (Fig. 4.6 lane 6 compared to lanes 8 and 10). These results 





Figure 4.5 Dp-1 and E2FS can interact with 372C-BN. C33A cells were 

unhansfecteâ or transiently transfected by plasmids expressing 372C-BN and 372C-BN 

together with Dp- 1 -Ha or E2F5-Ha. Cells were metabolicall y labeled with "S - 
methionindcysteine, imrnunoprecipitated for p 130 (ctp 1 30) and Ha-tagged Dp 1 and E2F5, 

separated by electrophoresis on a 7.5% polyacrylarnide gel and visualized by fluorography. 





Figure 4.6 Cornparison of the E2F4, E2F5 and Dp-1 interaction with 

820C. C33A cells were untransfected or traasiently transfected by plasmids expressing 

820C and 820C co-expressed with E2F4-Ha, E2F5-Ha or Dp-1 -Ha. Proteins h m  cellular 

lysates were immunoprecipitated for pl30 (ctpl30) and Ha-tagged proteins, separated by 

electrophoresis on a 1 W ?  polyacrylamiûe gel, blotted and pmbed for p 130 (CZO). 



together with the results derived with (-sp)pl30 suggest that E2F4, E2F5 and peibaps Dp- 

1 interact at the same domain on p 1 30. In the case of E2F4, arnino acids between 697 and 

820 in the spacer of p 130 might confer a more stable interaction. 

4.2.vi. E2F4, E2F5 and Dp-1 interact with the pl30 mutant 932N, but not 

with 835N 

To complete the rnapping studies, the extent of C-tenninal sequences required for 

binding was examined by enlisting the 835N and 932N proteins (Fig. 4.7A,B,C). 83SN 

contains dornain A and the spacer element and part of domain B whereas 932N contains an 

intact AB pocket and spacer element. Traosient transfections of C33A cells with plasmids 

expressing these proteins on their own or with E2F4, E2FS and Dp-1 were initiated. 

Lysates fiom the transfections were immut~oprecipitated in pimilel for Ha or pl30 and 

probed for p 130 in Western blots. The nsults indicated that the 932N constmct was 

capable of interacting with E2F4, E2F5 and D p l  (Fig. 4.7A,B,C lane 1 1). However, 

835N did not interact with these transcription factors (Fig. 4.7A,B lane 13 and Fig. 4.7C 

lane 14). 





Figure 4.7 pl30 missing C-terminal sequences up to amino acid 932, but 

not 835, can complex with E2F4, E2FS and Dp-1. (A) C33A cells were 

transfected by plasmids expressing E2F4-Ha, p130, 932N and 835N and E2F4Ha CO- 

expressad with p130, 932N or 835N. Proteins h m  cellular lysates were 

imrnuwprecipitated for p 1 30 (ntp 130) and Ha-tagged E2F4 (1 ZCAS), separated by 

electrophoresis on a 7.5% polyacrylamide gel, blotted and probed for p 1 30 (283). (B) and 

(C) The same îmsfectio~~~ and manipulations as in (A) but E2F4-Ha was substitutcd by 

E2F5-Ha in (B) and DP-1-Ha in (C). 



4.3 Conclusion 

The in vivo rnapping studies, employing N-terminal and C-teminal deletion 

mutants, describe a region between 835 and 932 amiro acid residues on pl30 for E2F4, 

E2FS and perhaps Dp-1 binding. The region denotes a portion of the B domain that is 

necessary for the interaction. This hding reveals that the pocket proteins do not interact 

with sirnilar regions, pRb and pl07 require an intact A and B domain (Hiebert et al., 1992; 

Qian et al., 1992; Smith and Nevins, 1995; Wiu et al., 1995). This might be a refiection of 

p 130 protein stability due to its p a t e r  size as compared to p 107 and pRb. In addition, the 

cdW phosphorylation of p 130 is not a pre-requisite for binding as p 130 mutants that lack 

the ability to interact with cyclins can continue to bind to E2F4, E2F5 and Dp-1. This is 

emphasized by the E2F4 p r e f d a i  interaction with the under phosphorylated pl30 

mutants. 

D p l  was found to intemct in vitro with pRb but, nonetheless does not interact in 

the baculoWus system with p130. The ciifferences might be due to the different in vitro 

systems employed by Bandara et al, a GST-pRB fusion protein interacting with an in vitro 

translateci Dpl protein (Bandara et al., 1993). However, Dpl is capable of interacting 

with pl30 in vivo at the same sites as E2F4 and E2F5. The interaction might be due to 

endogenous proteins bridging the interaction. If the binding is direct then one possibility is 

that the acidic C-terminal portion of Dpl rnight have structural sirnilarity with the E2F 

family of proteins in their acidic rich pocket protein binding domains (Shan et al., 1996). 



Chapter 5. Cyeün Dlcdk4 activity abrogates the pl3O-E2F4 interaction 

5.1 Introduction 

Funher studies were initiateci to investigate the mechanism of E2F4 control by p 1 3 0 

and D-type cyclid cdk4 activity. The direct interaction with Dtype cyclin cdk4 activity on 

E2F4 causes a reduction in the E2F4 transcriptional activity (Chapter 3). D-type cyclin 

cdkr) activity has been implicated in the rescue of pl07 mediated suppression of E2F4 

tramactivation in transient transfection assays (Beijersbergen et al., 1995). The rnanner by 

which this is accomplished is the disruption of the p1071E2F4 complex. For p 13% cyclin 

D3Icdk4 activity has been comlated to the breakup of a cornplex containhg E2F4 in 

BALB/c 3T3 fibroblasts (Dong et al., 1998). In addition Dtype cyclin activity can mcue 

pl30 suppression of E2F mediated activation in transient transfection assays (Johnson, 

1995). Therefore, the ability of direct cdk activity to affect the p130-E2F complex was 

investigated. 

5.2 Results 

S.2.i pl30 is phospborylated in a ce11 cycle dependent mnnner 

An indication that pi30 might be controlled by cdk activity is the cell cycle 

dependent phosphorylation of p 130 (Mayol et al., 1995; Mayol et al., 1996). The cell 

cycle dependent phosphorylation of pl30 was repeated in a thne course analysis of pl30 

phosphorylation status in BALWc cells (Fig. 5.1). In uiis experiment, BALBk cells were 

senun staxved for 36 hours and allowed to re-enter the ce1 cycle upon addition of 10% 

FBS. At differwt tirne intervals after re-stimulation (not representative of a full cell cycle) 

an equal concentration of cellular lysate was immunoptecipitated and subsequently probed 





Figure 5.1 Cell cycle regulated phosphorylation o f  p13O. BALBk cells were 

saum starvd for 36 hr. and re-stimulated to enter the ceU cycle by 1O?h FBS. At the 

Udicated times after addition of serum quai concentrations of cellular lysate were 

immunoprecipitated for p 130 (ctp 130). The immunoprecipitati011~ were loaded on to a 

7.5% polyacrylamide gel, electrophoresed, blotted and probed for pl30 (283). 





Figure 5.2 Cyclidcdk activity promotes the p hospborylation of p 130. (A) 

C33A cells were traasiently transfected with plasmids expressing pl 30 (lane 1.2) or p 130 

cocxpressed with cyclin Dl/cdk4 (lane 3.4). cyclin A/cdk2 (lane 5,6) or cyclin E/cdk2 

(lane 7.8). Cellular lysate h m  each transfection was halved and immunoprecipitated in 

duplicate for pl 30 (ctp 130). One of the immunoprecipitations of each set was subjected to 

lambda phosphatase treatment (lane 2,4.6,8). The treated and untreated 

immunoprecipitations were loaded on to a 7.5% poiyacrylarnide gel, electrophoresed, 

blotted and probed for p 1 30 (C20). 



for p130. The results implied that there are severai foms of pl 30 due to differential 

phosphorylation in a ceIl cycle dependent mauner and, in accord with published reports, the 

level of p 130 expression is duced  at 9hr., appmxirnating the timing of mid-G 1 (Mulier et 

al., 1997). 

Cdks fkquently are involved in ce11 cycle dependent phosphorylation events. 

Experiments were performed to determine whether cdks were involved in the 

phosphorylation of p 130. C33A cells were tninsiently transfected with plasmids expressing 

pl30 or pl30 co-expcessed with cyclin AIcdk2, cyclin EIcdk2 or cyclin Dllcdk4 (Fig. 

5.2A). Immunoprecipitated pl30 fmn transfected lysate revealed that a mobility shiA to a 

slower migrating form o c c d  in the pnseace of ail three cyclinfcdk combinations (Fig. 

5.2 lane 1 compared ad lane 3,5,7). Furthemore, the shift to a slower migrahg form was 

due to phosphorylation. Phosphatase m e n t  resulted in a faster gel migrating fonn, 

identical to the outcome without co-exp~e~sioa of the cyclin/câks (Fig. 5.2A lane 2 

compared with lane 4,6,8). 

5.2.ii Cyclin DlIcdk4 activity is  sufflcieit to abrogaie the E2F4 or E2FS 

interaction with pl30 

The effect of cyclinkdk activity on the pl30 E2F4 interaction was analyad. As 

above, the cyclia/cdk combinations were transfected into C33A cells with pl30 and E2F4 

or E2FS. The interaction of pl 30 and the E2Fs were monitored by immunoprecipitating 

for Ha-tagged E2F4 or E2F5 and probing the immuno blots for p 130 (Fig. 5.3A,B). The 

association of EX4 and E2F5 with pl30 was disnipted when cdk4 and cyclin Dl were co- 

expressed (Fig. 5.3A,B lane 4). The co-expression of cyclin A or E and cdkZ had no 

effect on E2F-pl30 cornplex formation. (Fig. 5.3A,B lanes 6,8). Furthemiore, the 





Figure 5.3 Active cyclin Dllcdk4 disrupts the pl30 interaction with E2F4 

and E2F5. (A) C33A cells were untransfected (lane l3,M) or transiently transfected with 

plasmids expressing pl30 and E2F4-Ha (lanel.2) or pl30 and E2F4-Ha together with 

cyclinû 1 and Cdk4 (lane 3.4). cyclin A (lane 9,l O), cyclin A and cdk2 (lane 5,6), cyclin E 

(lanel l,12) or cyclin E and cdk. (lane 7,8). Proteins h m  the cellular lysate was 

irnrnunoprecipitated in parauel for pl30 (ctpl30) and Ha-tagged E2F4. The 

imrnunopncipitations were e lec t rophod on a 7.5% polyacrylamide gel, blotted and 

probed for pl30 (C20). (B) The same transfections and expaimental methods as in (A) 

were p d o m e d  except E2F4-Ha was replaced by E2F5-Ha and imrnunoprecipitations with 

Ha were for E2F5. 





Figure 5.4 Cyclin Dl and D3 activated kinase disrupts the untransfected 

E2F4 complex with p130. (A) C33A cells were mient ly  transfected with plasmids 

expressing p 1 30 (lane 1,Z) and p 1 30 together with cyclin A and cdk2 (lane 3,4), cyclin E 

and cdk2 (lane5,6), cyclin D3 and cdk4 (lane 7.8) or cyclin Dl and cdk4 (lane 9,lO). 

Proteins h m  transfected cellular lysates were immunoprecipitated in paralle1 for pl30 

(ctpl30) and E2F4 (C20). The immunoprecipitations were loaded ont0 a 7.5% 

polyacrylamide gel, electmphoresed, blotted and probed for p 130 (C20). 



mobility of pl 30 in the presence of cyclin Dl/cdk4 appeared to be slower han that for 

cyclin A or E with cdW (Fig. 5.3A.B lane 3 compared to lanes 5.7). These results 

suggested that phosphorylation of pl30 by cdk4 activity, and not cdk2. contributed to 

break up the bound complexes. 

The effect of various cyclidcdk combinations on complex formation between 

endogenous E2F4 and overexpressed pl30 also was assessed. C33A cells were 

transfected with pl30 in the presence or absence of cyclin A or E and cdk2 and cyclin Dl 

or D3 and cdk4. A Western blot probed for pl30 was performed on the 

immunoprecipitations for E2F4 and p130. As with overexpressed Ha-tagged E2F4 and 

E2F5, the endogenous E2F4 did not interact with pl30 in the presence of CO-expressed 

cyclin D 1 or cyclin D3 with cdk4 (Fig. 5.4 lane 8,lO). Cyclin A/cdic2 and cyclin E/cdk2 

had no apparent effect on the interaction (Fig. 5.4 lane 4,6). Taken together with the 

previous results this experiment proposes that D-type cyclin phosphorylation of pl30 

causes a disnipuon in the interaction with E2Fs. 

The next experiment was conducteci to exclude the possibility that a direct cyclin Dl 

interaction with pl30 or E2F4 prevented complex formation. For this purpose, transient 

transfections with p 130 and E2F4 CO-expressed with cyclin Dl in the presence or absence 

of cdk4 were perfonned. Th tramfations were imrnunopncipitated for Ha-tagged E2F4 

and pi30 in parallel and Western blotted for pl 30. As before the abrogation of binding 

occurreâ only when the cyclh Dl catalytic partner was CO-expressed (Fig. 5.5 compare 

lane 7 with lane 5). 

The ability to affect the p130E2F4 interaction in vivo was M e r  assessed in U7 

cells, a stable U20S ce11 line derivative overexpressing p130. Overexpressed pl30 in U7 

celis is in a hyperphosphorylated state due to the enbanced activity of D-type cyclins and 





Figure 5.5 Cyciin Dl  does not compete with E2F4 for pl3O. (A) C33A cells 

were untmnsfected (lane 1,2) or transiently transfected with plasmids expressing p 1 30 and 

E2F4-Ha (lane 3 4  or pl 30 and E2F4 together with cyclin DI (iane5,6) or cyclin Dl and 

cdk4 (lane 7,8). Proteins h m  transfected lysates were imrnwoprecipitated in parallei for 

p 130 (ctp 130) and Ha-tagged E2F4. The irnmunoprecipitations were loaded ont0 a 7.5% 

polyacrylarnide gel, electmphoresed, blotted and probed for pl 30 (CZO). 



cdk4 caused by the mutation of pl6 in the parental ce11 line. E2F4 interacts poorly with 

pl30 in these ce1 lines. The potential hcrease in the p l3O/UF4 complex formation was 

investigated by adding back p 16 and cdk4dn. In this experiment U7 cells were transiently 

uansfected with cdk4dn or increasing increments of p16. Ce11 lysate of transfected cells 

were nonnaiized for protein content and immunoprecipitated in paralle1 for endogenous 

pl30 and E2F4 and probed for pl 30 (Fig. 5.6). With the addition of cdk4dn there was an 

increase in the amount of E2F4 that interacted with p 130 (Fig. 5.6 iane 2 compared with 

lane 4). Secondly, with increasing concentrations of p 16 there was a pcoportional increase 

in the amount of pl 30 bound to E2F4 (Fig. 5.6 lane 6.8 compared to lane2). These results 

suggest that pl6 and cdk4dn were able to dampen the Dtype cyclin/&4 activity on pl30 

nsulting in the kcrease of bound complexa. 

5.2.iii The pl30 interaction domain with cyclin D l  does not overlap with 

the E2F binding domain 

As a h t  step to identiw how D-type cych cûk4 activity disrupts the E2F 

interaction, the pl30 binding domain for cyclin Dl was delineated. This was accomplished 

by employing the pl30 CMV based deletion mutants 820C and the N-terminal mutants 

83SN and 932N (Fig. 4.1) in transient transfections of C33A cells with coexpressed 

cyclin Dl. Pmteins h m  the ednsfected cellular lysates were immunoprecipitated for cyclin 

Dl and pl30 in -el and probed for cyclin Dl (Fig. 5.7A,B). The 820C polypeptide 

interacted with cyclin D 1, suggesting that N-termina1 sequences on p 1 30 up to amino acid 

820 were not necesmy for interaction with cyclin D 1 (Fig. 5.7A lane 1 0). The C-temiural 

deleted mutants were unable to interact with cyclin Dl (Fig. 5.7B lane 8,lO). Together 

these results indiate that the A domain and the spacer 





Figure 5.6 cdk4dn and pl6 promote the interaction of pl30 with E2F4 in 

U7 cells. (A) U7 cells were unûansfected (lane 1.2) or transiently transfected with 

plasmids expressing cdk4dn (lane 3.4) or increasing incrernents of p 16, 10 ug (lane5.6) 

and 20ug (lane7.8) respectively. Proteins h m  cellular lysates were immunoprecipitated in 

parailel for p 130 (ctp 130) and E2F4 (C20). The immunoprecipitations were loaded onto a 

7.5% polyacrylarnide gel, electrophoresed, blotted and probed for p 130 (C20). 



region of the pocket are not necasary for cyclin Dl binding. The seqwnces in the C- 

temiinus that might include the B domain f o d  the cyclin Dl binding site. Thus, cyclin 

Dl and E2F4 interact with pl30 at different sites with cyclin Dl requiring sequences 

downstream of amho acid 932 whereas E2F4 requires only sequences between 835 and 

932 for binding (Chapter 4.2). 

S .2 . i~  Cyclin Dl  does not requin the LxCxE motif to interact with the 

pocket proteins 

Cyclin Dl is thought to interact with the Rb proteins via its LxCxE amino acid motif 

(Dowdy et al.. 1993). This is analogous to the rnanner by which the DNA tumour virus 

tmsforming proteins, E 1 a ,Large T and E7, interact with p 107 and pRb (DeCaprio et al., 

1989; Jelsma et al., 1989; Jones et al., 1990; Kaelin et al., 199 1; Whyte et al., 1989). 

For binding to proteins with the LxCxE motif, crystdlographic studies on pRb 

suggest that the A dornain is necessary to stabilize the B domain where the actual interaction 

takes place (Lee et al., 1998). These results have been extended to the family members 

pl07 and p 130. The in vivo binding studies for cyclin Dl described in Figure 5.7A,B 

indicated that the p 130 A domain was not necessary for binding. If this result is correct, it 

suggests that the LxCxE motif rnight not be required for cych  Dl to complex with p 130. 

This hypothesis was tested by in vivo studies employing a mutant of cyclin Dl at the 

LxCxE motif that replaces the amho acids LLCCE with LLGHE, designated as cyclin D1- 

GH (Dowdy et al., 1993). C33A cells were transiently transfected by cyclin Dl -GH, pRb, 

p 1 O7 and p 130 or cyclin D 1 -GH CO-expressed with pRb, p 1 O7 or p 130. Proteins fiom the 

transfected cellular lysates were immunoprecipitated in parallel for cyclin Dl and the 

transfected pocket pmtein and analyzed by Western blot for cyclin Dl. The results 

demonstrated that pl30 and the other pRb famiy mernbers could intenict with cyclin Dl- 

GH in vivo (Fig. 5.8A lane 10,12,14). That pRb can interact with c y c h  Dl-GH is 



inconsistent with published &ta (Dowdy et al., 1993). These investigaton used 

fluorography to visualize intenictiom of CO-immunoprecipitations of "S-methionine 

metabolically labeled transimtly transfected COS1 cells. The same technique was repeated 

in C33A cells and it also demonstratecl that the LxCxE motif is not essential for complex 

formation beiween cyclin DI and the pocket pmteins (Fig. 5.88). 





Figure 5.7 In vivo mappiag of  the pl30 region required to interact with 

cyclin D 1. (A) C33A cells were untransfected (lane 1 1,12) or transiently transfected with 

plasmids expressing cyclin D 1 (lane 1 J), p 130 (lane 3.4) and 820C (lane 5,6) or cyclin Dl 

co-expressed with p 1 30 (lane7,8) or 820C (lane 9,lO). Proteins h m  transfected cellular 

lysates were immunoprecipitated in parallel for cyclin Dl (Upstate) and pl 30 (ctpl30). 

The irnmunoprecipitations were loaded ont0 a 10% polyacrylamide gel, electrophoresed, 

blotied and pmbed for cyclin Dl (Upstate). (B) C33A cells were untransfected (lane 

I 1,12) or transiently transfected with plasmids expressing cyclin Dl (lane l,2), 932N (lane 

3,4) and 835N (lane 5,6) or cyclin Dl together with 932N (lane7,8) or 835N (lane 9,10). 

Proteins h m  cellular lysates were irnrnu~~oprecipitated in patallel for cyclin Dl (Upstate) 

and pl30 (ntpl30). The immmprecipitations were manipulateci as in (A). 





Figure 5.8 A cyclia Dl mutation in the LxCxE motif interacts with the 

poc ket pro teins. (A) C33A cells were transiently transfected with plasmids expressing 

cyclin D 1-GH (lane l,2), pRb (lane 3,4), p 1 O7 (lane 5,6) and p 130 (lane 7.8) or cyclin Dl- 

GH together with pRb (lane 9,l O), p 1 O7 (lane 1 1,12) or p 130 (lane 13,14). Proteins h m  

transfected cellular lysates were immunoprecipitated in parallel for cyclin Dl (DCS-G) or 

antibodies for the indicated pocket proteins. The immunoprecipitations were loaded ont0 a 

1 û% polyacrylamide gel, electrophoresed, blotted and probed for cyclin D 1 (DCS-G). (B) 

The same transfections as in (A) were p«formed but cells were metabolically labeled with 

'3-methionine/cysteine. immunoprecipitations were carried out as in (A) and visualized 

by fluorography. 



5.3 Conclusioa 

The resuits in this chapter describe the potential of p 130 to be phosphorylated in a 

ce11 cycle dependent manner by the action of cyclin dependent kinases. The cyclin DIcdk4 

activity on p 130 resulted in the disruption of the p130-E2F4 interaction. The cyclins 

without their catalytic partners also were unable to break up the interaction. The potential 

of activated cdkr) to promote the disruption of p130-E2F4 complex is strengthened by the 

ability of cdk4dn and pl 6 to enhance the opposite effect in U7 cells. In this stable ce11 line 

p 1 6 mutation leads to hyperphosphory lated p 1 30 that interacts poorly with E2F4. 

However, when cdk4 aaivity was reduced by the addition of cdk4dn or pl6  more E2F4 

bound to pl 30. The implication of the cyciin Dl/cdk4 activity on pl 30-E2F4 bction is 

the derepression of E2F4 mediateci transactivation. This is exhibited for p 1 O7-E2F4 that is 

comlated to the disruption of th& complex formation with activated cyclin D/cdk4 

(Beijerskgen et al., 1995; Xiao et al., 1996). 

Cyclin Dl did not bind to pl30 at the samc site quired to interact with E2F. The 

C-terminal domain of p 1 30 afier amino acid 932 is required to interact with cyclin D 1 . in 

addition, the interaction did not require the LxCxE motif that is required by the DNA 

tumour virus oncoproteins for efficient interaction. As this motif requires both the A and B 

domains for efficient binding it c o n h s  the cyclin Dl interaction region is outside the A 

domain, requiring B domain amino acid sequences only. 



Chapter 6. pl30 mediates the cdk2 phosphorylation of E2F4 

6.1 Introduction 

E2F4 is differentially phosphorylated in a cell cycle dependent marner (Vairo et al., 

1995). Some of the phosphorylation might be due to cdk2, as E2F4 can be in-vitro 

phosphorylated by kinases associated with p 130 and p 1 O7 (Ginsberg et al., 1994; Vairo et 

ai., 1995). The known associated kinases with pl30 are cdk2 via the association of cyclin 

A and E, and cdk416 through the Dtype cyclin f b l y  (Cobrinik et al., 1993; Hannon et 

al., 1993; Lacy and Whyte, 1997; Li et al., 1993). In Chapter 3 it was reporteci that E2F4 

could be phosphorylated by activateci cyclin Dl/cdk4 directly. Cyclin A does not directly 

interact with E2F4, but cyclins A and E with their caiaîytic partner, cdk2, are known to 

bind pl30 and pl07 through the spacer portion of the A/B pocket domain and an N- 

taMnal homologous ngion (Castano a al., 1998; Dynlacht et al., 1997; Ewen et al., 

1992; Faha et al., 1992; Lacy and Whyte, 1997; Woo et al., 1997). The goal of the 

experUnents presented in this chapter is to find whether cycWcûk2 combinations are 

involved in the phosphorylation of EZF4. 

6.2 Results 

6.2.1 In  vivo cdk2 phosphorylation of E2F4 does i o t  involve direct cyclin 

A or E bbding 

As a means for detennining the in vivo potentid of cdk2 to phosphorylate E2F4, 

plasmids expressing Ha-tagged E2F4 solely or together with cdk2 were transiently 

transfected into C33A cells. Transfected and untransfected cells were metabolically labeled 

with 35~-methionine/cysteine. Transfected E2F4 was immunoprecipitated h m  ceU lysates 

by anti-Ha antiboây 12CA5. In the pnsence of cdk2, a slower migrating 





Figure 6.1 E2F4 phosphorylatioa can be generated by cdk2. C33A cells 

were untransfected (lane 3) or transfected with plasrnids expressing E2F4-Ha solely (lane 

1) or cwxpressed with cdk2 (lane 2). The cells were labeled with 35S-meihionine/cysteine 

40 hr. after transfcctions and cellular lysates, normalized for their protein content, were 

imrnunopiecipitated with 12CA5 directeci agakt Ha-tagged E2F4. h u n e  complexes 

were run on a 7.5% polyacrylamide gel and visualized by fluoropphy. (B) and (C) SF9 

cells were infected by the indicated vinises (top of figures) and me~bolically labeled with 

35S-methi~ninel~ysteine 40 hr. after infection. Ceiiuiar lysates were irnmmprecipitated 

for cyclin A (C 160) or cyclin E (168) (lanes 1,4,7,1 O), E2F4-Ha (1 2CAS) (lanes 2,5.8,11) 

or by a rabbit anti-mouse antibody (RAM) (lanes 3,6,9,12). The immune complexes were 

run on a 7.5% polyacrylamide gels and subjected to fluorography. 



form of E2F4 was observed (Fig. 6.1A). These observations suggested that a shifi to a 

slower migrating fom was due to additional phosphorylation caused by the activity of 

transfected cdk2. 

There are two settings by which the exogenous addition of cdk2 can alter the 

phosphorylation of E2F4. One method is tbat cyclin E or cyclin A, by directly binding to 

E2F4, targeted the phosphorylation by cdk2. The cyclin A and E targeting of substrates 

such as the pocket proteins is well documented. The other method is indirect requiring an 

adaptor molecule. In this framework, the adaptor can act as a bridge by binding the cyclins 

andlor cdk2 and E2F4 leading to the phosphorylation. 

The direct binding by cyclin A or E was tested to differentiate the mechanism of 

phosphorylation, by employing an in vitro baculovirus system expressing recombinant 

proteins. Previous reports for E2F1 describe direct binding of cyclin A with its catalytic 

partner cdk2 (Krek et al., 1994; Krek et al., 1995; Xu et al., 1994). However, there is 

evidence that E2F4 cannot bind to cyclin A directly (Dydacht et al., 1997). In this case 

purified recombinant GST EîF4 and GST cyclin A do not interact. Direct binding occurs 

when the cyclin A binding motif is transferred to E2F4. The f&bility of E2F4 to bind 

cyclins A and E was tested by CO-immunoprecipitation. SF9 cells were Ulfected with 

baculovirus expressing c y c h  E, cyclin A and E2F4-Ha on their own or the cyclins 

together with E2FCHa. The cells were metabo lically labeled by "s-methionine/cysteine 

and imrnunoprecipitated in paralle1 by cyclin A, cyclin E or Ha-tagged E2F4. If cyclin A or 

E interacted with E2F4 directly, the Ha antibody would be able to CO-immunoprecipitate 

these cyclins with E2F4 and similady E2F4 would CO-irnrnunoprecipitate with cyclin E and 

A antibodies. In baculovirus infecteci cells, several forms of E2F4 were observed due to 





Figure 6.2 pl30 enhances the phosphorylatiom of E2F4. (A) C33A cells w m  

untmnsfected (lane 1) or tmnsfected with plasmids expressing E2F4-Ha (lane 3) or E2F4 

Ha in combination with cdk2dn (lane 2) or p 130 (lane 4). Cellular lysates, norrnalized for 

their protein content, were iImu1~0pre~ipitated for Ha-tagged E2F4 by 12CA5 40 hr a h  

tram fection. h u n e  complexes were loaded onto a 7.5% polyacry lamide gel, separated 

by electrophoresis, blotted and probed for E2F4 (C-20). (B) C33A cells were 

utransfeaod or transfected by plasmids expressing the indicated proteins (above figure). 

40 hr. later the cellular lysate for each transfection was separated into two parts 

npresenting 20% and 80% of the total lysate. The lysates were normalized for protein 

content, immunoprecipitated for cdk2 and subjected to an in vitro kinase assay with "P- 

ATP. To the portion with 20% sarnple buffer was added to stop the reaction. SDS release 

buffer was added to the 8û% reaction. The resulting soluble fractions within the SDS 

buffer were re-immunoprecipitated for Ha-tagged E2F4 '4th 12CA5. The samples were 

separated on a 7.5% polyacrylamide gel by electmphoresis and visualized by 

autoradiography. (C) C33A cells were untransfected (lane 6) or transfected with plasrnids 

expressing câk2 (cdk2wt) (lane 2) or E2F4-Ha (lane 1) or E2F4-Ha in combination with 

cdk2wt (lane 3), pl30 (lane 4) and dominant negative cdk2 (cdk2dn) (lane 5). Cellular 

lysates, normalized for their protein content, were immunoprecipitated for Ha-tagged E2F4 

with 12CA5, subjected to an in vitro kinase assay with "P-ATP and loaded ont0 7.5% 

polyacrylamide gels and separated by electrophoresis. 



phosphorylation, but the co-Unmunoprecipitation with the cyclins was not observed in 

these experiments (Fig. 6.18 and 1 C, lanes 7,8,9). 

6.2.ii pl30 con facilitate the phosphorylation of E2F4 

From the previous results, the E2F4 phosphorylation by cdkî is possible, but direct 

buidhg does not appear to occur. Therefore, a facilitator molecule Mght be bridging the 

cyclin and kinase to E2F4. The obvious choices for this d e  are p 1 O7 and p 130 which are 

known to bind cyclin A and E with cdk2 and E2F4 . p 107 and p 130 can a h  harbour active 

cdk2 kinase activity and are phosphorylated in a ce1 cycle dependent manner by the action 

of cdks (Hauser et al., 1997; Mayol et al., 1995; Prall et al., 1998; Xiao et al., 1996; 

Zerfass-Thome et al., 1 997). 

The possibility that p 130 can act to bridge the phosphoxylation of E2F4 by cdk2 in 

vivo was assessed by ernploying over expressed proteins. The phosphorylation of E2F4 

was mouitored by transient transfections of C33A cells with plasmid vectors expmsing 

E2F4-Ha on its own or cwxpressed with câk2dn or p130. Cdk2dn is the kinase inactive 

version of cdk2wt that cannot tramfer phosphate groups to its substrate (van den Heuval 

and Harlow, 1993). Proteins h m  cellular lysates were immunoprecipitated with anti-Ha 

and Western probed for E2F4, in this way only transfected E2F4 was considered (Fig. 

6.2A). In the presence of cdk2dn the upper, slowest migrating fonn that is indicative of an 

E2F4 phosphorylation event is absent (Fig. 61A, lane2). A slower migrating form diat is 

found with cdktwt (Fig. 6.1A lane 2), is apparent in the presence of pl30 and to a lesser 

extent when E2F4 is expressed on its own (Fig. 6.2A, lane 3,4). These results suggest 

that cdk2 activity c m  phosphorylate E2F4 and, in the presence of p130, E2F4 

phosphorylation is enhanced. 

The potmtial of pl30 to alter the cdkZ phosphorylation of E2F4 was tested next. 

Previous reports anploying recombinant purifiad GST fusion protek or baculovinis 



infected lysates show an inhibition of kinase activity (Castano et al., 1998; Coats et al., 

1999; Woo et al., 1997). However, others find that a pl 30 associated kinase can 

phosphorylate E2F4 (Vah et al., 1995). This potential was verified by experiments that 

relied on endogenous cdk2 in C33A cells that were transfecied with plasmids expressing 

E2F4-Ha and p 130 ( Fig. 6.28). The cellular lysates nomlized for protein content were 

divided into two parts. Each part was Unmunoprecipitated by a polyclonal cdW antibody 

and subjected to an in vitro kinase assay with "P-ATP (materials and methods). Any 

protein in the immune cornplex with cdW potentially could be phosphorylated. To 

detmine whether Ha-tagged E2F4 was one of the phosphorylated proteins, the contents 

of the kinase assay, fiom one of the two parts, were re-immunoprecipitated by anti-Ha. 

The results revealed that E2F4-Ha was part of the immune complex with cdkî as it was re- 

immunoprecipitated (Fig. 6.2B, lane3). In addition, more E2F4Ha was phosphory lated 

in the presence of p130, as the arnount of E2F4-Ha that was re-immunoprecipitated was 

increased (Fig. 6.2B compare lanes 3 and 5). These experiments implied that E2F4 is in a 

complex with cdk2 and that cdk2 is a pl30 associated kinase that transfers phosphate to 

E2F4 in vitro. 

The potential of pl  30 to alter the cdkî phosphorylation of E2F4 by limiting the 

scope of the in vitro kinase reaction to an E2F4 specific immune complex was also 

assayed. In this approach, E2F4 and cdk2wt on theu own and E2F4 together with 

cdk2wt, cdkîdn, or p130, were over expressed in C33A cells. Lysates of the transfeaed 

cells were imrnunoprecipitated for E2F4 via the Ha epitope and subjected to an in vitro 

kinase assay with "P-ATP (Fig. 6.2C). No phosphorylation of E2F4 is present with CO- 

expression of cdk2dn and only slight phosphorylation when E2F4 is solely expressed (Fig. 

6.2C lanes 1,5). However, the level of E2F4 phosphorylation is increased by CO- 

expression with cdk2wt and M e r  augmented by p 130 (Fig. 6.2C, lanes 3.4). These 

results thus comborate the previous findings suggesting that a cdk2 activity is involved in 



the phosphoiylation of E2F4. In addition, the in vivo and in vitro data indicate that E2F4 

which cannot bind to cyclin A and cyclin E directly can nonetheless be phosphorylated by 

cdk2 with the aid of p 130. 

6.2.iii An E2F4 mutant deficieat in pocket protein binding cannot be 

phosphorylated by cdk2 

Fmm these experiments, it is surmised that m E2F4 mutant that is unable to bind 

pocket proteins should not be phosphorylated by CM. This assumption was tested using 

a mutani of E2F4, designateci 382CT (Fig. 3.10A and 6.3A). The Ha-tagged 382CT 

deletion mutant was tested for binding to pl30 by Western blotting techniques. In this 

experiment, 382CT was transfected, solely or in combination with p130, into C33A cells 

(Fig. 6.3B). The transfected lysate was immunoprecipitated in parallel by anti-pl30 and 

anti-Ha antibodies and probed by a polyclonal pl30 antibody. Only the full length E2F4- 

Ha bound to pl 30 (Fig. 6.38 compare lanes 4 and 6). 

n ie  potentid of 382CT to h o m e  differentially phosphoryiated as judged by the 

full lengih was characterized next. This was accomplished by over expressing 382CT or 

E2F4-Ha as a positive control in C33A cells. The rran~fected cells were metabolically 

labeled by "S- methionindcysteine and immunoprecipitated in duplicate by anti-Ha To 

one of the immunoprecipitations of each group was added lambda phosphatase that is 

known to catalyze the rnwval of phosphate groups h m  threunines and serines. The 

result was the conversion of the slowest migrating foms of 382CT to a faster migrahg 

one implying that phosphates were removed as was the case for wildtype E2F4 (Fig. 6.3C, 

lanes 3,4 and 1,2). The phosphorylation of 382CT was not as extensive as with the 

wildtype (Fig. 6.3C, compare lanes 2 and 4). This suggests the potential of 382CT to 

becorne phosphoryIated in the absence of pocket protein binding, but not to the extent of 

the full length protein. 





Figure 6.3 E2F4 deficient in pocket protein binding is not phosphorylated 

by cdk2 (A) Schematic representation of E2F4 in cornparison with 382CT. Functionaî 

and structural regions are noted. (B) C33A cells were tnuisfected with plasmids expressing 

382CT (lane 12) or p 130 in combination with E2F4-Ha (lane 3,4) and 382CT (lane 5,6). 

Cellular lysates, mdized for theu protein content, were immunoprecipitated for p 1 30 

(ctp 130) (lane 1,3,5) and Ha-tagged 382CT and E2F4 with 12CA5 (lane 2,4,6) 40 0. afier 

transfections. The immune complexes were electrophoresed on a 7.5% polyacrylamide 

gel, bloned and probed for pl 30 (C-20). (C) C33A cells were untransfected or ûansfected 

with plasmids expressing E2F4Ha or 382CT. 40 hr. after transfection cells were 

metabolidly labeled with "S-methionine/cysteine. Cellular lysates, normalized for their 

protein content, were divided into two and immuwprecipitated for Ha-tagged proteins with 

12CA5. One of the immunoprecipitatiom of each transfected set was treated with lambda 

phosphatase. Treated and untreated immune complexes were electrophoresed on a 7.5% 

polyacrylarnide gei and subjected to fluorography. (D) C33A cells were untransfected or 

traosfeçted with plasmids expressing 382CT or 382CT together with cdk2wt. The ceils 

were metabolically labeled with "S-methionine/cysteine 40 tu. afier transfection. Cellular 

lysates, n o d i z e d  for their protein content, were imrnunoprezipitated for Ha-tagged 

382CT by l2CAS. Immune complexes were loaded ont0 a 7.5% polyacrylarnide gel, 

electrophoresed and subjected to fluorography. (E) C33A cells were untransfected or 

transfected by plasmids expressing E2F4Ha or 382CT. Cellular lysates, nonnalized for 

their protein content, were immunoprecipitated for cdk2 and subjected to an in vitro kinase 

assay with "P-ATP. SDS release buffer was added to the kinase complexes and the 

resulting soluble fractions re-immunoprecipitated for Ha-tagged proteins with 1 ZCAS. Re- 

immunoprecipitated proteins were electrophoresed on a 7.5% pl yacry lamide gel. 



The potential ability of cdk2 to catalyze the observed phosphorylation of 382CT 

was assessed in vivo using transient transfections of C33A cells with 382CT in the 

presence or absence of cm. If cdk2 phosphorylates the 382CT mutant then a shift to a 

slower gel rnigrating form of 382CT as was discemible for E2F4 in Figure 6.1 A would be 

expected. No shifi of 382CT in the presence of cdW was apparent when metabdically 

radiolabeled transfected ceils were immunoprecipitated by anti-Ha (Fig. 6.3D). This result 

suggested that the pocket binding region of E2F4 is necessary for phosphorylation by 

cdk2. 

nie ability of endogenous cdkt to phosphorylate 382CT using an in vitro kinase 

reaction was assessed as in Figure 62B. T r a n s f d  cell lysate containing overexpressed 

382CT was immunoprecipitated for cdk2 and subjected to an in vitro kinase reaction. The 

phosphorylated components of the kinase ceaction were made avaiiable for re- 

imrnunoprecipitation by anti-Ha. If 382CT was phosphorylated by cdk2 then it would be 

re-imrnunoprecipitatd In this experiment, only the full length E2F4-Ha was re- 

irnmuwprecipitated despite the potential of 382CT to becorne phosphorylated (Fig. 6.3 E 

compared to 6.3C). Thenfore, taken together with the previous resutts, a mutant of E2F4 

that does not bind to pocket proteins cannot be phosphorylated in vivo and in vino by 

cdk2. 

6.2.iv A pl30 mutant that does not bind cyclin A and cyclin E cannot 

facilitate the E2F4 phosphorylation by cdk2 

E2F4 was assessed to detemine whether it m l d  be phosphorylated in the presence 

of a pl30 mutant that cannot bind to cyclins E and A. The pl30 mutant A620-697 

designated as (-sp)p 130 has a deletion of amino acids 620-697 in the spacer domain (Lacy 

and Whyte, 1997) (Fig. 6.4A). The deletion removes the Arg-Arg-Leu (RRL) binding 



motif present in the spacer region that is required for binding to cyclins A and E. A 

homologous sequence motif is presmt on p 107 and otha ce11 cycle regdators (Adams et 

al., 1996). This mutant was first tested for its potential to interact with E2F4 by 

overexpmsing its CMV vector into ChaGO cells with E2F4-Ha and Western blotting for 

pl 30. The Western blot revealed the ability of (-sp)p 130 to interact with E2F4 despite the 

loss of cyclin E and A binding (Fig. 6.4B). 

(-sp)pl30 was arialyzed to determine whether it was phosphorylated in vitro by 

endogenous cdk2 by re-immmprecipitating for p 130. This was examine. by 

overexpressing (-sp)p 130, and full length p 130 as a positive control, in C33A cells. Ceil 

lysates were irnrnunoprecipitated for cdkî and subjected to an in vitro kinase assay with 

'*FATP. SDS release buffer was added to the kinase canplex and pl30 was re- 

irnrnunoprecipitated. Only endogenous pl30 and the exogenous wildtype pl30 were 

phosphorylated and thus re-irnmunoprecipitated (Fig. 6.C). The mutant p 130 protein was 

not phosphorylated as it was not re-immunoprecipitated in this experiment. Therefore, this 

mutant of p 130 that does not bind to cyclin E or A does not harbour cdk2 kinase activity. 

(-sp)p 130 was investigated whether it could affect phosphorylation of E2F4 in vivo. If 

p 1 30 is involved in E2F4 phosphorylation by cdk2 then (-sp)pl30 would not be able to 

effect an E2F4 electmpboretic shifi in mobility. This hypothesis was tested by CO- 

expressing E2F4-Ha with (-sp)pl30 or with wt pl30 as a positive control. As in Figure 

6.1A the transfected cells were radiolabeled by "~niethionine/cysteine and 

irnmumprecipitated for E2F4 by the l2CAS antibody. With cwxpression of p 1 30, the 

E2F4-Ha protein possessed a slower rnigrating band that was absent when CO-expressed 

with (-sp)p 130 (Fig. 6.4D compare lanes 2 and 3). 

The differences in mobility of the upper bands were due to differentid 

phosphory lai ion as verified by treating with lambda phosphatase. The same transfections 





Figure 6.4 A pl30 mutant that does not bind cyclin A and E is deficient in 

facilitating the cdk2 pbosp horylation of E2 F4. (A) Schematic representation of 

p 130 compared with (-sp)p 130. The A/B pocket domaiw as well as the spacer region are 

denoted. (B) ChaGO cells were untransfected (lane 5,6) or transfected with plasmids 

expressing EZF4-Ha in combination with (-sp)pl30 (lane 1 J) and pl30 (lane 3.4). 

Cellular lysates, nonnalized for their protein content, were immunoprecipitated for Ha- 

tagged EZF4 (1 XAS) and p 130 (ctp l 30) 40 t ~ .  afier tmsfection. The inunune complexes 

were l d e d  onto a 7.5% polyacrylamide gel, electrophomed, blotted and probed for p 130 

(C-20). (C) C33A cells were transfected with plasmids expressing EZF4-Ha or EZF4-Ha 

in combination widi p 130 and (-sp)p t JO. Cellular lysates, normaiized for their protein 

content, were Iped for cdk2 and subjected to an in vitro kinase assay with 3 2 ~ - ~ T P .  SDS 

release buffer mis added a the immune complexes and the nleased proteins re- 

imrnunoprecipitated for p 130 (ctp 130). The re-immunopnxipitated immune complexes 

were electrophoresed on a 7.5% polyaayIamide gel and visualized by autoradiography. 

(D) C33A cells were transfected with plasmids expresshg E2F4-Ha in combination with 

pl30 or (-sp)pl30, 40 hr. a h  transfection cells were metabolidy labeled with "S- 

methionine. Cellular lysates, normalized for theù protein content, were 

immunoprecipitated for Ha-tagged E2F4 by 12CA5 loaded ont0 a 7.5% polyacrylarnide 

gel, electrophoresed and subjected to fluorography. (E) Tûe same transfections and 

metabolic labeling as in @) were performed. Lysates h m  each transfeftion were divided 

into two and immunoprecipitated with anti-Ha One imrnunoprecipitation h m  each 

transfection was treated with lambda phosphatase. (F) C33A cells were transfected with 

plasmids expressing the indicated proteins. 40 hr. p s t  transfection, cellular lysates were 

immunoprecipitated for Ha-tagged E2F4 by l2CM and subjected to an in viro kinase 

assay with 3 2 ~ - ~ ~ ~ .  Loaded on to a 7.5% polyacryiamide gel, electrophoresed and 

visualized by autoradiography. 



as in Figure 6.4D were employed and transfeaed radiolabeled ceIl lysates were 

immunoprecipitated in duplicate for Ha-tagged E2F4 by the 1 2CA5 antibody. To one of 

the immunoprecipitations fiom each set, lambda phosphatase was added. Al1 the E2F4 

foms present with p 1 30 and (-sp)p 130 represented di fferential phosphory lation as they 

collapse to one predominant band with the addition of phosphatase (Fig. 6.4E). 

The in vitro potential of E2F4 to become phosphorylated in the presence of (- 

sp)p 130 was also examinai. If pl 30 facilitates phosphorylation then in the presence of a 

cyclin-bindingdefective mutant EZF4 should not be phosphorylated by cdk2. This was 

investigated by transientiy transfecting C33A cells with E2F4-Ha or E2F4-Ha in 

combination with p 130, (-sp)pl30 and cdk2. Cellular lysates were irnrnunoprecipitated for 

Ha-tagged E2F4 and immune complexes subjected to an in vitro kinase assay with "P- 

ATP. (-sp)p 130 co-expressed with E2F4-Ha resulted in an almost complete abolition of 

E2F4 phosphorylation as cornparrd to when E2FCHa is expressed on its own (Fig. 6.4F 

compare lanes 2 and 5). As before, the addition of p 1 30 increased the phosphorylation of 

E2F4 (Fig. 6.4F, compare lanes 2 and 6). 

6.2.v Ela impedes the ability of pl30 to facilitate the phosphorylation of  

E2F4 by cdU 

Another way to detennine if the E2F4 interaction with pl 30 was necessary for cdW 

targeted phosphorylation made use of E la. E la binding to pRb dismpts its interaction with 

E2F (Bagchi et al., 1991; Bandara and La Thangue, 1991; Chellappan et al., 1991; 

Chittenden et al., 199 1; Zamanian and La Thangue, 1992). Thus, it is surmised that p 130 

would be sequestered by Ela thereby eliminating its interaction with E2F4. The end result 

would be an inefficient cdkZ phosphorylation of EîF4. The potential for Ela to disrupt the 

pl 30 interaction w i L  E2F4 was first appraised. This was accomplished by overexpressing 





Figure 6.5 Ela impedes the pl30 facilitated phosphorytation of  E2F4. (A) 

C33A cells were untransfected (lane 1,2) or transfected with plasmids expressing E2F4-Ha 

with p 130 (lane 3.4) or (-sp)p 130 (lane 5.6) or E2F4-Ha and E la together with p 130 (lane 

7,8) or (-sp)p 130 (lane 9.10). 40 hr. post t ransf~ion cellular lysates. nomialized for their 

protein content, were irnmwrecipitated for Ha-tagged E2F4 with l2CA5 or pl30 

(ctpl30) as indicated. Immune complexes were loaded ont0 a 7.5% polyacrylamide gel, 

electrophoresed and blotted. The blot was probed for pl30 (C-20). (B) C33A cells wete 

untransfected or transfected with plasmids expressing the indicated proteins (above figure). 

Cellular lysates, nonnalized for theù protein content, were irnrnunoprecipitated for cdk2 

and subjected to an in vitro kinase assay and re-imrnunoprecipitated for Ha-tagged E2F4 as 

in Figure 6.3E. 



these proteins in ChaGO cells. Cellular lysates were immunoprecipitated in parallel for Ha- 

tagged E2F4 and p 130. The ùnmunoprecipitations were examined for the presence of 

p 1 30 by the Western blotting technique. The results of this experiment revealed that p 1 30 

no longer interacted with E2F4 in the presence of Ela (Fig. 6SA, compare lanes 3 and 7). 

Next the potential for E2F4 to becorne phosphorylated in the presence of Ela was tested. In 

this case Cham cells were transfected by pl30 and E2F4-Ha in the presence of Ela. 

Cellular lysates were irnrnunoprecipitated for endogenous CM, subjected to an in vitro 

kinase assay with "P-ATP and re-immunoprecipitated for Ha-tagged E2F4. With the CO- 

expression of Ela no re-immunoprecipitatim of E2F4 was obtained (Fig. 6.5B). 

Therefore, Ela depletes the ptential for E2F4 to becorne phosphorylated by cdk2 as it 

sequesters the bridging molecule p 130. 

6.2.vi cdk2 is not sufficient ta abrogate the pl30 suppression of E2F4 

mediated transactivation 

pl07 and pi30 can suppress E2F4 mediated transactivation (Beijersbergen et al., 

1994; Ginsberg et al., 1994; Johnson, 1995; Vairo et al., 1995). Cdk4 activity can rescue 

p 107 suppression of E2F4 mediated transactivation, but cdk2 cannot (Beijersbergen et al., 

1995). To date, the cdk effect on the pl30 suppression of E2F4 tramactivation potential 

bas not been reported. In this regard, the fiinctional consequence of cdk activity on the 

p130-E2F cornplex was assessed with transient transfection assays using an E2F-CAT 

reporter. In these experiments, C33A cells were transfected with the EZF-CAT reporter, 

E2F4 and Dp- i on their own or CO-expressed with p 130 (Fig. 6.6). The potentid effect of 

the cdks was detemiined by CO-expressing pl30 with cyclin Dl and cdk4 or cyclin E and 



cdk.2. In the presence of p 130 the CAT activity is reduced to about 25%. As with p 107, 

the CO-expression of cyclin Dllcdk4 with pl 30 rescued the suppression of CAT activity. 

The result was not to completely restore the activity levels. This is not possible because 

E2F4 is also regulated by cdk4 and the end result of this regulation is a reduction of E2F4 

binding potential (Chapter 3). Cyclin Ekdk2 had no effcct on the p 130 regulated CAT 

activity. These results imply that cdk2 and cdk4 activities on the pl30 control of E2F4 

mediated tramactivation is the sarne as for p107. The d e  of pl30 Fdcilitated 

phosphorylation of E2F4 by cdk2 is not apparent, but it may play some other role such as 

influencing higher order complexes. 





Figure 6.6 Cdk2 activity is not sufficient to disrupt the pl30 suppression 

of E2F4 mediated transactivation. C33A cells were co-transfected with 2ug of 

EZF,-CAT reporter plasmid, 2ug of pGL3-Conml as an intemal contml with and without 

2ug of pCMVHAE2F-4 and 2ug of pcmvDpl and 5ug of expression vectors carrying the 

proteins for cdk4wt, cyclin D 1, cyclin E, p 130 and cdkîwt as indicated. Each transfection 

may also contain pcDNA3 to make up to a total of 23 ug of transfected DNA. CAT 

activities were detennined for the various transfections and the values were normalized for 

the comsponding luciferase activities. The cesults are calculated relative to the EZF4/Dp 1 

activity which is set at 100. The results are repte~entative of at least three different 

experirnents with error bars representing standard e m  of the mean. 



6.3 Conchsion 

The results presented ver@ that the phosphorylation of EZF4 by cdk2 is possible in 

vitro and in vivo. Furthemore, the findings indicate that pl 30 can function as a facilitator 

to the E2F4 phosphorylation by cdk2. The binding studies presented describe the inability 

of cyclin A to interact with E2F4 as well as cyclin E. As E2F4 can be phosphorylated by 

the kinases associated with p 107 and p 130 and cdk2 in vitro and in vivo, it suggests chat a 

component should be able to bind to cyclins A and E a d o r  cdkî in complex with E2F4. 

Candidates for this are p 1 O7 and p 130 that can fom stable complexes with E2F4, cyclin A 

or E and cdk2 (Cobrinik a al., 1993; Lees et al., 1992; Mu- a al., 1991; Shiyanov et 

al., 1996). 

Data for p 1 O7 with reconstituted recombinant proteins suggest that it might also be 

involved in bridging the kinase activity to E2F4. Purifiecl E2F4 serves as a substrate for 

both cyclin A and Efcdk2 catalytic activity only in the presence of an N-terminal truncated 

mutant of p 1 O7 that lacks the cdU inhibition motif (Woo et al., 1 997). The ability of p 130 

to facilitate the phosphorylation of EZF4 is supporteci by three different approaches. The in 

vivo over expression studies demonstrate the incrpase in phosphorylation for E2F4, by 

mobility shi ft, with p 1 30 CO-expression. The in vitro kinase assay s for immune complexes 

containhg transfected E2F4 revealed that the CO-expression of pl30 potentiated the 

phosphorylation of E2F4. In addition, a mutation of p 130 that does not bind cyclin A or E 

is unable to phosphorylate E2F4. In a second approach the question of facilitateci câk2 

phosphorylation is assessed by employing a mutant of E2F4 that is incapable of binding 

pocket proteins. Although this mutant is differentially phosphorylated it nonetheless lacks 

the potential to be a substrate for cdk2 in the in vitro kinase assays. A third approach 

makes use of Ela proteins that bind to pl07 and p 130 nullifymg their E2F4 binding 

potential. in this context Ela is able to reduce the efficiency of câk2 mediatecl E2F4 

phosphorylation as well. niese results hint at a functional basis for the E 1 a elimination of 



the E2F4 interaction with p130; that is, the abrogation of  the pl30 kinase bridging 

function. A role for pl 30 facilitateci phosphorylation of E2F4 by cdk2 is not apparent h m  

transient transfection assays. This suggests that phosphorylation of  E2F4 in complex with 

p 130 might influence higher ordered structures. 



Chapter 7. Conclusion and Discussion 

7.1 Cyciin DlIcdk4 directly regulates E2F4 

Previous reports suggest that the sole functional outcome of cyclin D kinase is the 

phosphorylation of the Rb family. D-type cyclins with their kinase partners cdk4 or cdk6 

phosphorylate pub in the mid to late Gl phase of the ce11 cycle promoting the release of 

E2F. The Rb-kee E2F is able to activate the genes required for S-phase progression 

(Ewen et al., 1 993; Horton et al., 1 995; Matsushime et ai., 1 992). There is ample evidence 

that this is an obligatory pathway. Expiments dernomhate that a ce11 cycle block in G1 

h m  the ectopic addition of the specific cdk4lçdk6 inhibitor p 1 6 (Guan et al., 1 994; Hirai 

et al., 1995; Lukas et al., 1995; Mcdaiia et ai., 1995) or the targeted dismption of the 

cyclin Dl protein (Balciin et al., 1993; Lukas et al., 1995; Quelle et al., 1993) requires a 

fiinctional pRb protein. Recently, pl30 and pl07 have also been implicated as targets of 

Dtype cyclin activity and their phosphorylation by cdk4 leads to a loss of E2F binding, 

culminating in the derepnssion of gene expression (Beijersbergen et al., 1995; Dong et al., 

1998; Johnson, 1995; Xiao et al., 1996). The fhctional outcorne of kinase modification 

for other potential targets of cyclin D/&4 are inconclusive (Hirai and Shen, 1996; houe 

and Shen, 1998). 

Experimental resuits presented in ihis thesis, support the view that cyclin Dl/cdk4 

directly regulates E2F4 by the dismption of E2F4 DNA binding potential. T'lis is 

analogous to the cyclin Akdlcî activity wbich is necessary for the attenuation of E2F 1 that 

occurs at S-phase (Krek et al., 1994; Krek et al., 1995; Xu et al., 1994). Cyclin A conaml 

of E2Fl requires that it bind directly to E2F1 at a region that is also present in E2F2 and 

E2F3, but is not present in E2F4 and E2F5. The reauitment of cdk2 by cyclin A causes 

the phosphorylation of E2F-1 a d o r  DP-I interfering with their ability to bind to DNA. 



The in vivo binding &ta in Chapter 3 demonstrate E2F4, E2F5 and Dpl bind 

efficiently to cyclin D 1. E2F 1, E2F2, and E2F3 are less efficient in binding to cyclin D 1. 

Diminished binding for E2F1, E2F2 and E2F3 is not related to a duced expression as all 

the E2Fs and Dp-1 are expressed to comparable concentnitiom. Reduced binding might be 

a reflection of the limited availability of endogenous interacting proteins or an indirect 

interaction. One possibility is that the cyclin Dl interaction with E2F 1, E2F2 and E2F3 is 

bndgbd by Dpl .  It is notable that cyclin Dl interacts strongly with E2F4, E2F5 and Dp-1 

representing the compomnts involved in the E2F binding activity at quiescence 

(Beijersbergen et al., 1994; Ginsberg et al., 1994; Ikeda a al., 1996; Lindeman et al., 

1997; Moberg et al., 1996; Muller et al., 1997; Smith et al., 1996; Vawa et al., 1997). 

Cyclin D 1 û the first G 1 cyclin to be expressed h m  quiesceme representing the regdatory 

subunit for eady activated cdk in mid G 1 suggesting a fiinctional role for cyclin D 1 in the 

regulation of E2F4 (Matsusbe et al., 1992; ResnitlJry and Reed, 1995). This correlates 

to a time when certain promoter sites axe no longer bound by E2F4. 

Results using diffaait experimental approacha dernonstrate that cyclin Dllcdk4 

activity is sufficient to disrupt the E2F4 DNA binding poteritid. Co-expression of D-type 

cyclins and cdk4 decreases E2F4 mediateci ûansactivation of an E2F promoter driven gaie 

in a pocket protein independent manner. EMSA provided insight into the nuclear and 

cytoplasmic EZF4/Dp-1 DNA binding potentiat with ceexpression of cyclin Dlfcdk4 in a 

pocket protein independent manner. E2F4 and Dpl were present in nuclear as well as 

cytoplasmic fractions despite the addition of cdk4 and cyclin Dl. Others have found that 

E2F4 is influenceci by factors that affect its stability and cellular cornpartmentalkation 

(Hateboer et al., 1996; Lindeman et al., 1997; Muller et al., 1997; Verona et al., 1 997). 

However, the loss of DNA binding in the presence of active cdk4 is not due to changes in 

E2F4 protein stability or to redistribution of E2F4 or D p l  fiorn the nuclear to the 

cytoplasmic cornpartment. 



The loss of DNA binding might correlate to the disruption of an E2F4 interaction with Dp 

1. Evidence that activated cdk4 has disnipted the interaction are fiom in vivo 

phosphopeptide mapping experiments. Phosphopeptide maps reveaied chat some 

phosphorylated forms of E2F4 cannot bind to Dp-1. The possibility for D p l  

phosphorylation contributing to the efiect cannot be mled out. The phosphorylated foms 

of E2F4 appear identical in both cyclin Dl/cdk4 positive and negative nuclear extracts 

suggesting that the E2F4-1 interaction is unchangeci. This raises the possibility chat 

some E2F phosphorylated forms are unable to bhd DNA yet continue to bind Dpl.  

Alternative explmations are the presence of an imperceptible phosphorylation event on 

E2F4 or a Dpl  modification. The latter explanation has some validity as cyclin Dl binds 

directly to Dpl  and rnight target it for phosphorylation by cdk4 leadllig to the intemiption 

of binding with its dirnerization partner. This bas bem demonstrateci for the EZFIDp-1 

DNA inteaction in the presence of cyclin A/cdk2 (Xu et al., 1994). 

The domain mapping shidies show two sites on E2F4 that aui bind to cyclin Dl. 

These are located near the C-tenninal pocket protein binding region and the N-terminal Dp 

1 dirnerization domain. The removal of the C-terminal binding site is sufficient to displace 

the ability of cyclin Dl activated kinase to regdate E2F4/Dp-1 DNA binding potential. 

AAer many attempts, the E2F4 interaction for pocket proteins or Dp-1 has not been 

competed for by c yclin D 1 . A possibility that this might occur is provided by the fmdings 

of the cyclin Dl effect on the V-myb and the myb like DMP 1 transcription factors (Ganter 

et al., 1998; Inoue and Sherr, 1998). D-type cyclhs specifically repress transcriptional 

activity for these molecules by direct interaction with theu DNA bhdhg domains in a cdk4 

independent manner. 



7.2 A potential early G1 timing for the cyclin Dlkdk4 regulation of  E2F4 

The cdk4 activity d k t e d  toward E2F4 occurs presumably during early events of 

the ce11 cycle and may be required to derepress or activate genes h m  promotm that are 

bound by E2F4 at GO. The expression pattern for E2F4, unlike E2F1, E2F2, and E2F3, is 

not regulated in a ceIl cycle dependent marner (Hsiao et al., 1994; Johnson et al., 1994; 

Leone et ai., 1998; Moberg et al., 1996; Sears et al., 1997; Vairo et al., 1995). E2F4 is the 

predominant E2F fjunily member in GO and, with Dp, it forms a complex with p 130 

(Beijersbergen et al., 1994; Cobrinik a al., 1993; Ginsberg et ai., 1994; Lindernan a al., 

1997; Moberg et al., 1996; Muller et al., 1997; Smith et al., 1996; Verona et al., 1997). At 

this point, the E2F4 binding potential under the influence of cyclin Dl/cdk4 can invoke 

distinct outcornes that arc pmoter dependent. As stated pmiously, a large body of 

evidence indicates that E2F biading sites are not identid. They are repressed or activated 

diffenatly by differeat E2Fs influenad by dieir pockeî protein partners and other 

interacting transcription factors (DeGregori a al., 1997; Fry et al., 1997; Hurford et al ., 
1997; Lin et al., 1996; Lindernan et al., 1998; Tao et al., 1997; Tommasi and Pfeifer, 

1997; Yamasaki et al., 1996). 

Two models (that may not necessarily be mutually exclusive) are proposed to 

explain how the action of cyclin D l /cdk4 affects E2F4-p 1 30 bound promoters (Fig . 7.1 ) . 
In one scenario, pl30 Mght be phosphorylated by a kinase other than cdk4 early in G 1, 

before the induction of the D-type cyclins. The result of pl30 phosphorylation would be to 

disnipt its complex fomation with E2F4. With the dimination of pl30 binding a small 

window of gene expression potentiated by E2F4 might ensue. For example others have 

shown that E2F4 is required for the txansactivation of cyclin D 1 gene expression (Watanabe 

et al., 1998). Transient mfection assays presented in this thesis and elsewhere indicate 

th& E2F4 is able to mediate transactivation of simple E2F promoter 





Figure 7.1 Hypothesis of ceIl cycle timing for E2F4 eontrol by cyclin 

Dlcdk4. E2F4, bound to Dpl and p 130, represents the E2F activity in GO. This is a 

point in the ce11 cycle whm promoter sites that bind E2F are repressed. Early in G 1, p 130 

is removed by phosphoqlation, possibly by cyclin D/cdk<). For some promoters gene 

transcription ensues. With the rernoval of p 130, E2F4 DNA binding potential is lost early 

in G 1 by Cyclin D llcdk4 targeted phosphorylation of E2F4 and possibly Dp- 1. The result 

is that the EZF4/Dp-1 active pmmoters are silenceci and others are derepressed. At a later 

t h e  in S phase the targeting of E2F 1 and Dp 1 for phosphorylation removes the E2F 1 /DI> 1 

binding potential thereby silencing these promoters. 



constructs (Beijersbergen et al., 1994; Ginsberg a al., 1994). Later in G 1, as Dtype 

cyclins are expressed, cdk4 could act on E2F4 dismpting its DNA binding potential. This 

possibility is supported by the p 130 potential phosphorylation in a cdk independent manner 

(Mayol et al., 1996). The other scenario has pl30 and E2F4 both phospho<ylated by cdk4 

at the same time. nie result would k the breakup of ihe E2F4-pl30 complex and the 

disruption of the E2F4 DNA binding ability. In both scenarios the major E2F activity, 

E2F4, could be replaced by E2F 1, E2F2 or E2F3 in mid 0 1. The newly acquired E2F 

activity would then be silenced at S-phase by cyclin A/&. 

The loss of EîF4 DNA bindig potential by cyclin Dl/cdk4 cornlates with the loss 

of E2F4 binding in Gl, that is required for gene expression for rnany E2F elment 

containing promoters (Hiyama et al., 1998; Iavanme and Massague, 1999; Johnson, 1995; 

Johnson et al., 1994; Ohtani et al., 1996; Ohtani et al., 1995; Sears et al., 1997; Tommasi 

and Pfeifer, 1995; Watanabe et al., 1998; Zwicker et al., 1996). This corresponds to the 

boum timing for the subceliular redistribution of E2F4 to the cytoplasm that is thought to 

occur at rnid G1 and the timing of the induction of cych  Dl/cdk4 kinase activity 

(Lindeman et al., 1997; Muller et al., 1997; Verona et al., 1997). 

7.3 Consequences at E2F4 bound promoter sites by cyclinDllcdk4 activity 

As not al1 E2F4 promoter binding sites are equal, there are three possible outcomes 

resulting h m  the cyclin Dl/cdk4 direct regdation of E2F4. ûne outcome is the 

elhination of E2F4 at its promoter element without replacement by another E2F family 

member. Evidence for this scenario is h m  in vivo footprinting experiments examining the 

E2F prornoter site of the B-myb and cdc2 genes (Tommasi and Pfeifer, 1995; Zwicker et 

al., 1996). The B-myb and cdc2 promoters are occupied by E2F4 at GO and early in G1 

but remain unoccupied at later stages of the ce11 cycle allowing the genes to be transcribed. 

A srnall window of E2F4 enhanced activation mi@ eccount for the observed gene 



expression, but the neutralization of E2F4 DNA binding at these promoters in Gl is 

consistent with the timing of cyclin D l/cdk4 activity. Other evidmce is h m  studies on the 

human E2F1 promoter that show the E2F promota site is derepressed by cyclin Dl/cdk4 

activity. Deqression involves the moval of a GO E2F that binds p 130, most likely 

E2F4 (Johnson, 1995; Johnson et al., 1994; Smith a al., 1996). A mutation of the 

binding site relieves negative control of the E2F1 pmoter in early Gl and a mutant E2F 

that is incapable of fiansactivation cornpetes out the bound E2F leadhg to gene activation. 

This irnplies that derepression can oniy occur if the DNA site is no longer bound. 

A second possible outcome of aaivated cyclin Dl/cdk4 is the substitution of E2F4 

by otha E2Fs during eariy Gl. Evidence that this occurs is h m  reports that indicate a 

taapaal conûol of the same pranoter site by diffmt E2Fs (Hiyama a al., 1998; 

Karlscder et al., 1996; Ohtani et al., 1996; Ohtani et al., 1995; Sears et al., 1997; Watanabe 

et al., 1998). For example, a region of the human cyclin D 1 promoter is activated by E2F4 

eariy h 0 1  whereas the same site is requid for pression by E2F1 at a latn tirne 

(Watsnahe et al., 1998). Another example, is for an E2F binding site in the murine 

thymidine kinase promoter for which in vivo fmtprinting describes the presence of 

constitutively bond E2F activity (Kailseder et al., 1996). As the predominant mexnber at 

this stage of the cell cycle, E2F4 is bound to this promoter when gene expression is shut 

d o m  during quiescence. However, activation of Tk gene expression from this promoter 

site requires Sp 1 to act in synergy with E2F 1 not E2F4. These experiments suggest that 

E2F4 must be replaceci by E2F 1 for activation to occur. 

Finally, the DHFR promoter represents a third class ofE2F4 bound promoter sites. 

The DHFR promoter, homologous in human, mouse and hamster, has E2F4 bound to it 

throughout the ce11 cycle, despite cyclin Dl/cdk4 activity (Leone et al., 1998; Wells et al., 

1996; Wells et al., 1997). The promota site contains a dyad E2F binding site able to bind 

to two E2F molecules simultaneously. This unusual conserveci elemeut might protect E2F4 



h m  phosphorylation or i n c m  its DNA binding stability when E2Fs are doubly bound 

(Wells et al., 1996). In addition, this type of E2F4 binding site might be influenced by 

fxtors such as the promoter distance to the transcriptional start site, the presence of a 

TATA box and the influence of other transcription factors (Fry et al., 1997; Lin et al., 

1 996; Tommasi and Pfei fer, 1 997). 

7.4 Differential roles for cdk2 and cdk4 

The phospborylation of EZF4 by cdk2, mediated by p 130, provides a starhg point 

to explain the stable complex forniaton of pl30 or pl07 with cyclins A or E and câkî (Fig. 

7.2). The initial h k  between cdk2 activity and E2F4 stems h m  data reporthg the 

differentid phospho~ylation of E2F4 in a ce11 cycle dependent manner (Vairo et al., 1995). 

Furthemore, the ability of kinases associated with p 1 O7 and p 130 to phosphorylate E2F4 

in vitro suggestd that câk2 might be involved (Ginsberg et al., 1 994; Vairo et al., 1 995). 

The in vivo data, presented in the thesis, details a shifi to a slower gel migrating form of 

E2F4 when the c e k  were transiently tniasfated with cdk2, but not when CO-expnssed 

with cdk2da. These results comiate with the ability of wiidtype CM, but not cdk2dn, to 

phosphorylate E2F4 in vitro in the coexpressioa studies. 

In this thesis EMSA and CAT assays suggested that cdkî phosphorylation of E2F4 

and possibly pl 30 are not sufficient to breakup the DNA binding or pocket protein binding 

ability of E2F4. This implies that cdk2 ouiaot m u e  suppression of E2F4mediated 

repression or tramactivation, a hding that has becn noted for pl07 (Beijersbergen et al., 

1995). In contrast, the results herein demonstrate that cyclin Wcdk4 activity can rescue 

suppression by p 1 30 of E2F4 mediated activation by disrupting the p 1 30-E2F4 interaction. 

This finding, together with published data, suggest that cyclin D activated kinase has the 

potential io disrupt the p k e t  protein interaction with E2F4 (Fig. 7.2). Odiers have 

reported the cdkî potential to abrogate the interaction between E2F4 and p 107 in EMSA 





Figure 7.2 cdk4 vs cdkZ regulation of the p130-E2F4 complex. Cyclin 

DIcdk4 activity, by targeted phosphorylation of the pocket protein, causes the disruption of 

the pocket protein interaction with E2F4. Activated câkî phosphorylates E2F4 in the 

presence of p 130 ( and possibly p 107) with an unknown outcorne. 



(Zhu et al., 1995). They demonstrate the elimination of the pocket protein interaction with 

E2F4 in DNA binding studies in the presence of activated cdk2. The differences in their 

findings with the &ta presented in the thesis, rnight be due to the reliance on purifieci 

fusion proteins in their experiments or the possibility that p 107 mi@ hinction differently 

than p130. 

At first glance the results presented in Chapter 6 appear to contradict the potential of 

pl30 and pl07 to inhibit cdk2 kinase activity, thereby implying that facilitated E2F4 

phosphorylation would be impossible (Castano et al., 1998; Coats et al., 1999; Woo et al., 

1 997; Zhu et al., 1995). In p27-l- knockouts p 1 30 binds to cyclin E in rnitogen s t a n d  

embiyonic stem cells (MER) a hction n o d l y  pedonned by p27 (Coats et al., 1999). 

However, inhibition is not a universal fimction as it does not occur in p27-/- hematopoietic 

stem cells and once mitogens are added this role for pl30 is circumvented. Contml of 

cyciin El& activity by pl30 rnay k tissue spocific and celi cycle dependent. Otha 

evidence suggests diat cdk2 activity harboured by the pocket proteins is not always 

inbibiteci. Early reports show pl 30, pl07 and E2F4 are phosphorylated in a ce1 cycle 

dependent m e r  (Mayol et al., 1995; Mayol a al., 1996; Xiao et al., 1996). 

Furthemore, pl30 can be found in the presence of activated cyclin E and cyclin A (Hauser 

et al., 1997; Prall et al., 1998). 

nie hypothesis that E2F4 phosphorylation is facilitated by pl30 during the cell 

cycle is streagthened by the findings that pl30 can be found with cyclin E and CM in 

asynchronous cells and E2F4 is bound at certain promoter sites throughout the cell cycle 

(Leone et al., 1998; Shiyanov et al., 1996; Wells et al., 1996; Wells et al., 1997). This 

provides an opportunity for E2F4 to be phosphorylated by cm, mediated by pl 30, at any 

point during the cell cycle. Perhaps cdk2 activity could affect higher ordered E2F4 

stmctures on the DNA. For example, pl30 is known to complex with RBPl and E2F4 

during growth amst and differentiation (Corbeil and Branton, 1997; Lai et al., 1999). 



E2F4 dependent transcription is suppressed by RBP 1. Cdk2 phosphorylation of p 130 

andlor E2F4 rnight be necessary to disrupt their complex with RBPl and allow gene 

expression from certain promoter sites. In this way cdk2 might function to modiS, the 

pl 3O-EZF4 complex on certain promoter sites. 

7.5 The pl30 interacting domains for cyclin Dl and E2F4, E2FS and Dp-1 

The E2F binding sites for the pocket proteins are not identical. pRb and p 107 

quire  the A43 pocket for interaction whereas pl30 requires a portion of the B domain. 

For p 130 (and most likely p 107) when E2F4 is interacting, the spacer element is necessary 

to complex with cyclins A and E and cdkî pmviding a functional d e .  Cyclins A and E by 

binding to the spaca element are able to target the phosphorylation of the bound E2F4. 

pRb does not fonn a stable complex with the cyclins and might be unable to mediate this 

fiinction. Diffaatid conml of E2F4 by the pocket proteins might k important in 

unraveling the ratiode for E2F4 phosphorylation. In this way, aspects of E2F4 function 

might be manipulated with the aim of controUing cellular f'unction. 

The cyclin DI interacting domain on pi 30 locateà at the C-temiinus is dissimilar 

from the cyclin A and cyclin E interacting regions. This suggests that cyclin A and cyclin E 

target p 1 30 for phosphorylation at sites that are distinct h m  cyclin D 1 . This possibility is 

supporteci by studies showing differential site phosphorylation by cyclin targeting of pRb. 

This implies that there might be different outcomes for phosphorylation by the different 

kinase activities an idea that is strengthened by the fùnctional outcomes of cdk2 versus 

cdk4 activity presented in this thesis. 

The LxCxE domain present in the cyclin D family members previously was 

suggested to be required for complex formation with the pocket proteins (hwdy et al., 

1993). The finding that a mutant in the LxCxE motif of cyclin D 1, Leu-x-Gly-x-Glu, a n  

interact with the pocket proteins disputes ihis long held believe. The LxCxE motif is used 



by DNA tumour virus oncopmteiw to bind the pocket proteins (Hu et al., 1990; Huang a 

al., 1990; Kaelin et al., 1990). The LxCxE motif interaction with pRb has recently been 

detemiined. This was accompiished with crystallographic techniques for the 3dimensional 

structure of a peptide of the E7 protein of papallomavirus bound to the A/B domain of pRb 

missing the spacn sequences (Lee et al.. 1998). The peptide intetacts specifically within 

the B domain, but the A domain is required for the interaction to occur as a stabilizing 

influence for the B domain. A hint that this mecbanism of binding does not occur for the 

cyclin D family and comboration of our fïndings are fiom reports Ulcticating that C- 

terminal sequences of pRb a~ required for pRb to interact with cyclin D2 and D3 in vitro 

and the poor binding of the A / '  pocket with cyclin DI (Ewen et al., 1993). Other studies 

dernonstrated that LxCxE mutants of cyclin Dl retain the ability to phosphorylate pRb in 

vivo and in vin0 (Comell-Cmwley et al.. 1997; Horton et al., 1995). Altematively, D- 

type cyclins might interact with two different binding motifs one requiring the LxCxE 

region. For example, different binding sites for cyclins A or E on p 130 and p 107 have been 

nported (Lacy and Whyte, 1997; Ww et al., 1997; Zhu et al., 1995). Thus in COS 1 cells, 

cyclin Dl might only interact via LxCxE with other sites on pRb potentially modifie& 

possibly by the binding of other factors or phosphorylation. 
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