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RACHELL NOV AK 

The Role of Rybp in the Regulation of Ap9ptosis 

The tumor suppressor Tp53 is the most frequently mutated gene in human cancer. Tp53 

encodes a sequence specific transcription factor termed p53 that activates a number of 

biological programs contributing to tumor suppression, most notably, the pro~qtion of 

cell cycle arrest and apoptosis. ·To identify new regulators of p5 3 's transcriptional 

activity, we performed a yeast 2-hyrbid screen and have identified Ring 1 YYl Binding 

Protein (Rybp) as a novel p53-interacting partner. Consistent with· its role as a 

transcriptional repressor, we have demonstrated that Rybp inhibits p53-mediated 

transcription. In addition, Rybp forms a trimeric complex with the critical negative 

regulator of p53, Mdm2. Mdm2 is an E3 ligase that ubiquitinates p53, targeting it for 

degradation, and expression of Rybp enhances the Mdm2-mediated ubiquitination. To 

further investigate the role of Rybp in the regulation of endogenous p53 stability we 

constructed a recombinant adenovirus expressing Rybp (Ad-Rybp ). Ad-Rybp infection 

inhibited the accumulation of p53 and the induction of p53 target genes in response to 

genotoxic stress. However, interpretation of the results was confounded by Ad-Rybp 

infection reducing global mRNA levels. Despite inhibition of p53; Ad-Rybp was a 

powerful inducer of apoptosis, and we investigated this in more detail. Analysis of a 

panel of tumor cell and untransformed cell types revealed that Ad-Rybp infection 

specifically induces apoptosis in tumor cells but not in normal diploid cells. Furthermore, 

at a low multiplicity of infection, Ad-Rybp sensitizes tumor cells to apoptosis in the 

presence of the death receptor ligands, Tumor Necrosis Factor alpha (TNFa) and TNF 



related apoptosis inducing ligand (TRAIL). These results suggest that the tumor-specific 

killing properties of Rybp may be exploited for therapeutic advantage. 
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Chapter I. Introduction 

I.A Cancer and p53 

LA.I Molecular basis of cancer 

At the cellular level, cancer is a disruption of normal tissue homeostasis, characterized by 

aberrant proliferation of normally quiescent c'ells. In some cases cancer progresses from a 

benign encapsulated growth to a life-threatening malignant tumor, capable of invading 

surrounding tissue and/or forming distant metastasies. Based on current rates of cancer 

incidence, it is estimated that one in three 'people within· industrialized nations will 

develop cancer in their lifetime. The majority of these patients will eventually succumb to 

the disease, with approximately 1.2 million deaths annually in the United States alone1
• 

Despite intensive research, the rates of cancer deaths have not been significantly .reduced 

in the last 20 years. These _grim figures underline the need to develop p.ew therapeutic 

approaches based on a better understanding of the molecular basis of this disease. 

The underlying cause of cancer is the accumulation of series of mutations that drive the 

initiation and progression of the tumor. These mutations are classified into (1) gain-of

function mutations in genes termed oncogenes and (2) loss of function mutations in genes 

termed tumor suppressors. An activating mutation within a cellular gene (proto- · 

oncogene) such that it promotes tumor formation is termed an oncogene2
• Conversely, 

mutational inactivation of cellular genes termed tumor suppressors promotes tumor 

formation. Several tumor-promoting mutations are required for the development of fully 

1 
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malignant disease, explaining in part why cancer is rare at a cellular level, with tumors 

typically having a clonal origin, and incidence increases with age2
• 

The need for multiple key mutations is the result of the variety of features necessary for a 

cell to acquire to become fully malignant cells. These include the ability to: proliferate in 

the absence of normal growth signaling, bypass growth inhibitory signals, replicate 

indefinitely, promote angiogenesis, invade/metastasize, and evade programmed'cell death 

( apoptosis )2. That a tumor cell proliferates regardless of external signaling is intuitive, 

and the importance of this feature of cancer is reflected in the !iigh incidence of mutations 

in genes directly regulating the cell cycle in human cancer2
• The need to acquire 

mutations that stimulate angiogenesis reflects the need for a tumor to· have an adequate 

supply of oxygen, growth factors and nutrients. In the absence of angiogenesis, tumors 

are constrained to a couple of millimeters (mm3)3. Similarly, metastasis imposes a series 

of challenges on a tumor cell, distinct from those involved in driving unrestrained cell 

growth2
• The importance of escape from apoptosis in tumor development was first 

suggested by the characterization of breakpoint regions in translocations in follicular 

lymphoma4
• These studies identified a common translocation that brought the Bcl-2 gene 

under the control of the B-cell specific lg locus, resulting in high levels of expression of 

Bcl-24
• _Bcl-2 expression had no effect on B-cell proliferation, rather it increased their 

survival. Transgenic mouse studies targeting Bcl-2 expression to B-cells recapitulated the 

pathology of this disease, and when combined with proliferative oncogenes such as c

myc onset of lymphoma was dramatically accelerated5
. Multiple studies since have 
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confirmed the importance of escape from apoptosis in tumor development, and mutations 

abrogating apoptosis probably occur in most, if not all tumors2
• 

I.A.2 Tp53 is a tumor suppressor -_ 

Mutation of the Tp53 is the most common genetic lesion in human cancer, with direct 

mutation of Tp5 3 occurring in approximately fifty percent of all tumors6
• In common 

with most tumor suppressors, loss of function of both alleles is necessary for tumor _ 

development. Commonly, point mutations in Tp53 are found in one allele, and the second 

allele commonly lost by deletion. Germ-line mutations of Tp53 play a causal role in the 

cancer susceptibility syndrome Li-Fraumeni syndrome (LFS)7
'
8

• Patients with LFS are 

predisposed to the development of a variety of cancers including breast carcinomas, 

sarcomas, lymphomas, and brain tumors at particularly early ages7
' 

9
•
14

. LFS patients are 

born with one mutated TP53 allele. In the tumors that develop in these patients, loss of 

the additional TP53 allele typically occurs. Further evidence indicating the importance of 

retaining wild-type Tp53 in preventing tumor formation is provided by analysis of mouse 

models. Knockout mouse studies revealed that although p53 deficient mice are viable and 

fertile, 100% of the offspring develop tumors by six months of age15
-
17

• Furthermore, 

mice heterozygous for p53 expression also develop tumors with a longer latency 

reflecting the need for loss of the remaining allele15
-
17

• 

I.A.3 Tp53 encodes a transcription factor 

Tp53 encodes a sequence specific transcription factor termed p53. Cancer-associated 

mutations of Tp53 inhibit the ability of p53 to bind DNA and efficiently activate 
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transcription, providing clear evidence that p53 's tumor suppressive properties are 

dependent on ·its ability to activate transcription6
. A variety ~f stresses associated with the 

initiation or progression of cancer trigger activation of p53 18
'
19

• These include: ionizing 

radiation, UV irradiation, excessive mitotic signals, telomere erosion, and hypoxia 1.8,
19

. 

Once activated, p53 · drives transcription of genes activating a number of biological" 

programs that contribute to p53-mediated tumor suppression. These include genes 

promoting cell cycle arrest, apoptosis, senescence, differentiation, DNA repair and 

inhibition of angiogenesis18
,
19

. 

In contrast to the many target genes directly activated· by p53, the number of genes 

directly repressed by p53 is more limited. Nevertheless, p53-mediated gene repression is 

important for tumor suppression20
. Genes repressed by p53 include those promoting 

proliferation such as cyclin B 1 and cyclin A, and anti-apoptotic genes including Bcl-2 

d 
, , 21-23 

an surv1v1n . 

LA.3a p53 target genes promote cell cycle arrest 

Critical control of the cell cycle is mediated by kinases whose activity is controlled by 

interaction with the regulatory cyclins. These cyclin-depeilderit kinase (CDK) complexes 

phosphorylate key substrates to control _progression through the cell cycle24
• Entry into S

phase is a critical point of no-return, and as such is a key regulatory point of the cell 

cycle. Control of this transition is regulated by members of the retinoblastoma (Rb) 

family. In the absence of growth factors, Rb is hypophosphorlyated and actively represses 

members of the E2F family of tr,anscription factors, preventing entry into S-phase24
• In 
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response to growth-promoting stimuli, G 1 cyclin-CDK complexes phosphorylate pRb, 

relieving repression of the E2F transcription factors- and allowing progression of the cell 

cycle24
. 

The p53 target gene CDKNJA encodes a cyclin-dependent kinase inhibitor (CDKI) 

termed p21 25
• This CDKI inhibits the activity of G 1 cyclins as well as other cyclins, thus 

preventing cell cycle progression24
. Loss of p21 in mice significantly impairs p53-

mediated cell cycle arrest, demonstrating the importance of this gene as a mediator of this 

function of p5326
• In adpition, other target g~nes contribute to p53-mediated inhibition of 

proliferation. These include Gadd45 and 14-3-3-a; encoding proteins that inhibit the cell 

cycle in the 02 phase27
' 

28
. 

LA.3b p53 target genes activate the intrinsic pathway of apoptosis 

A number of genes that directly promote apoptosis are p53 target genes. Simplistically, 

apoptosis can be categorized into t\1/0 pathways termed the intrinsic (mitochondrial) and 

extrinsic (death receptor pathways). Both pathways are characterized by activation of 

proteolytic caspases that are both regulators and effectors of the process. Activation of 
• I 

the apical initiator caspase in turn activates other caspases. This can lead to a hierarchy of 

caspase activation, resulting in the orderly dismantling of the cell29 (Figure 1 ). Activation 

of the mitochondrial pathway results in a loss of mitochondrial membrane potential 

(MMP)29
, allowing the release of mitochondrial-sequestered pro-apoptotic molecules, 

including· cytochrome c, into the cytoplasm. The release of cytochrome c promotes the 

formation of the apoptosome, a complex between Apafl and pro-caspase 9, activating the 
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apical caspase 929
. Caspase 9, in turn, activates downstream caspases, resulting in ·the 

demise of the cell (Figure lB). As such, loss of MMP is a critical control point in the 

induction of this apoptotic pathway and is regulated by the pro-apoptotic (Bax, Bid, Bad, 

Bim, Noxa, Puma) and anti-apoptotic members (Bcl-2, BclxL, BclW) of the Bcl-2 family 

of apoptotic regulators29
. 

Members of the Bcl-2 family of proteins share one to four common domains referred to 

as Bcl-2 homology domains (BHl, BH2, BH3 and BH4)29
• 

30
• Puma and Noxa belong to a 

subset of Bcl-2 family proteins called BH3-only proteins because they share only the 

BH3 domain in common with their family members30
• BH3-only proteins antagonize 

. anti-apoptotic members, promoting the release of cytochrome c and activating the 

intrinsic pathway of apoptosis30
. One ~uch BH3-only protein Puma is encoded by a p53 

target· gene, Puma31 
• . Puma is a potent inducer of apoptosis, and evidence from animal 

models has shown that it is required for p53-dependent apoptosis iri vivo in a broad range 

of cell types32
. For example, while gamma-irradiation promotes p53-dependent apoptosis 

of normal thymocytes, Puma-deficient thymocytes are resistant to this treatment, despite 

the stabilization of p53 in these cells32
• Similarly, oncogene-expressing Puma-deficient 

mouse embryo fibroblasts (MEFs) are also resistant to p53-dependent apoptosis32
• That 

loss of Puma is sufficient to abrogate p53-induced apoptosis indicates its obligatory role 

in this process, at least in these cell types. An additional BH3-only protein, Noxa, is also 



A Extrinsjc Pathway 

Fas, TNFa, 
Apo2l1TRAIL 
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DNA damage 
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Active caspase 3/7 

t 
Figure 1 The extrinsic and intrinsic pathways of apoptosis. (A) To activate the 
extrinsic (death receptor) pathway, death receptor ligands (e.g. TNFa, TRAIL, 
Fas/CD95) bind to their respective death receptor (DR) (TNFRI, KILLER/DR5, 
CD95) which results in trimerization and a conformation change in the receptor. 
This conformational change promotes the binding of adaptor molecules (F ADD or 
TRADD) to the cytoplasmic portion of the receptor. Adaptor molecules then 
recruit pro-caspase 8 and pro-caspase 10 to form the Death Inducing Signaling 
Complex (DISC). Formation of the DISC promotes proteolytic cleavage and 
activation of pro-caspase 8. Activated caspase 8 in turn activates downstream 
caspases (such as 3 and 7) to propagate the apoptotic signal. (BJ Activation of the 
intrinsic (mitochondrial) pathway results in the binding of BH3 only proteins (e.g. 
Noxa or Puma) to the anti-apoptotic members of the Bcl-2 protein family (e.g. Bcl-
2, BclxL). Binding of Bcl-2 or Bclxl to a BH3 only protein inhibits their 
interaction with the pro-apoptotic members of the Bcl-2 family (e.g. Bax, Bak, 
Bad). Once free, these pro-apoptotic proteins promote the loss of mitochondrial 
membrane potential and release of cytochrome c. Cytochrome c promotes the 
formation of the apoptosome, which includes caspase 9 and Apa/I. Formation of 
the apoptosome activates caspase 9, which then activates downstream caspases (3 
and 7), propagating the apoptotic signal. 

7 
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encoded by a pS3-responsive gene33
. Experiments with Noxa-deficient mice have 

indicated that this gene contributes to pS3-induced apoptosis, although its importance is 

cell-type specific34
. 

LA.3c p53 target genes activate the extrinsic pathway of apoptosis 

In addition to the activation of target genes promoting the intrinsic pathway of apoptosis, 

pS3 activates several genes promoting the extrinsic or death receptor pathway. The death 

receptor pathway is activated in response to ligands binding their appropriate death 

receptor (DR) at the cell membrane35
• Death receptors are members -of the tumor necrosis 

factor (TNF) receptor gene superfamily and include the receptors CD9S (AP0-1/Fas), 

TNF Receptor 1 (TNFRl), and TNF-related apoptosis inducing ligand-receptor 1 

(TRAIL-RI) and KILLER/DRS35
. Once DRs are engaged by their ligands, they undergo 

conformational changes, followed- by recruitment of adaptor molecules, such as F ADD 

and T~DD 35
• These adaptor molecules then recruit pro-caspase 8 and pro-caspase 10 to 

form the Death Inducing Signaling Complex (DISC)35
• Recruitment of pro-caspases 8 

and 10 to the DISC promotes proteolytic cleavage and activation of these caspases, 

propagating the apoptotic signal (Figure 1A)35
. 

The death receptors CD9S/FAS and DRS/KILLER, are ·direct pS3 target genes36
-
38

• 

Whole body irradiation of wild-type or pS3-null mice revealed that induction of 

CD9S/FAS and DRS/KILLER by pS3 is tissue-specific39
. Analysis of tissues lacking 

CD9S/F AS or DRS/KILLER following whole body· irradiation illustrated that loss of 
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either gene does not compromise p53-dependent apoptosis in many tissues, however, it is 

impaired in spleen, thymus and brain40
• 

41
• This suggests the relative importance of p53-

target genes in mediating apoptosis is tissue-specific. 

LA.4 Relative importance ofp53-mediated phenotypes to tumor suppression 

It is possible to envision tumor suppression by p53 being a consequence of the ability to 

induce either growth-- arrest, or apoptosis. In addition, other p53-mediated phenotypes 

could also contribute to tumor -suppression, including the promotion of senescence or 

DNA repair. Parsing out the relative contributions of each program ( and the contribution 

of each gene involved in each program) is difficult. Evidence that apoptosis is essential 

for p53-mediated tumor suppression includes the isolation of tumor-derived p53 mutants 

that lack the ability to induce apoptosis, but retain the ability to induce growth arrest42
• In 

contrast, mutants that induce cell cycle arrest but not apoptosis have not been found20
• 

43
• 

However, experiments using animal models suggest that p5 3 target ~enes can combine to 

promote efficient tumor suppression. For example, although Puma-null and Puma/Noxa 

double-null animals are resistant to p53-induced apoptosis they are not cancer prone32
• 

34
. 

Similarly, loss of p21 in mice significantly impairs p53-mediated cell cycle arrest, in the 

absence of other engineered mutations it does not in~rease cancer incidence26
• 

LA. 5 Transcription-independent properties of p53 

Multiple reports have documented that p53 mutants lacking transcriptional activity retain -

some ability to induce apoptosis, and it has beeri recently shown how p53 can promote 

apoptosis independently of the ability to induce transcription. Typically, at any one time 
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the majority of p53 is nuclear; however, a small fraction of p53 can be found in the 

mitochoridria44
• 

45
• ·This mitochondrial p53 promotes apoptosis by directly binding the 

pro-apoptotic proteins, Bax and Bid, and the anti-apoptotic proteins, Bcl-2 and BclxL, to 

promote the loss of MMP and release of cytochrome c 44
. Puma has been identified as the . 

link orchestrating communication between nuclear p53 and mitochondrial p53 for the 

promotion of apoptosis46
• A model has been suggested where in response to stress, 

nuclear p53 promotes accumulation of Puma, which translocates to the mitochondria, and 

disrupts the interaction between p53/BclxL 46
• p53 is then free to bind Bax which 

facilitates loss of MMP and cytochrome c release46
• Tumor-derived tran.scriptionally 

inactive mutants of p53 lose their ability to bind BclxL, which suggests that the pro

apoptotic cytoplasmic functions of p53 may contribute to its tumor suppressive 

properties 44 
.. 

LA. 6 The Regulation of p53 transcription 

LA. 6a Regulation of p53 transcriptional activity 

Multiple mechanisms control p53 transcriptional activity, including post-translational 

modifications such as phosphorylation and acetylation. The particular covalent 

modification of p5 3 depends on the type or stress encountered, which in turn can 

modulate the choice of a p53 response. In the case of phosphorylation, acquisition of 

double stranded DNA breaks results in activation of p53 by phosphorylation at serine 20 

but in response to ultraviolet (UV) radiation or hypoxic conditions, p53 is activated by 

phosphorylation at Thr81 by the appropriate kinase 47
. Phosphorylation of p53 at serine 46 

selectively activates the expression of pro-apoptotic target genes but not cell cycle arrest 
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genes in response to UV treatment48
' 

49
. Additionally, p53 transcriptional activity is 

activated by acteyltransferases, enzymes that direct the conjugation of an acetyl group 

directly to C-terminal lysine residues of p53 or to histone proteins that surround the p53-

binding sites with the promoters of p53 target genes50
-
52

. P300/CBP is an 

acetyltransferase that interacts with and acetylates p53 in response to a variety of cell 

stresses53
. Interaction with p300 contributes to p53-promoter specificity by cooperation 

with the co-factor JMY54
. Interaction between JMY and p300 allows for selective p53-

activation of the pro-apoptotic gene Bax in response to treatment with the genotoxic 

agent Actinomycin D54
. As illustrated by the above selected examples, the activation of 

p53-dependent transcription is a complex process, involving several layers of regulation 

that allow fine-tuning of the response depending on the conditions encountered. 

LA.6b Transcriptional repression by Mdm2 

Due it its potent anti-proliferative properties p53 activity must be tightly controlled. One 

of the most important negative regulators of p53 is the mouse double minute 2 (Mdm2, 

Hdm2 in humans). · Mdm2 negatively r.egulates p53, in part,. by inhibiting p53 

transcriptional activity55
• This is achieved by the binding. of Mdm2 to the N-terminal 

· ·transactivation domain of p53, which inhibits the interaction between p53 and the basal 

transcriptional machinery55
• Mdm2 w~s discovered as a gene amplified on extra 

chromosomal bodies called double minutes in the sp·ontaneously transformed BALB/c 

mouse cell line 3T3-DM56
. Mdm2 is an oncogene, and the.transforming properties of 

Mdm2 were attributed to its ability to bind p53 · and inhibit p53-mediated transcription57
. 

The importance of Mdm2 to inhibit p53 function is illustrated by genetic analysis. in 
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I 
mice. Mdm2-1

- embryos die early after /implantation due to extensive p53-dependent 

apoptosis and the lethality can be rescued when the mice are crossed onto a p53-deficient 

background, providing clear evidence that Mdm2 is essential to regulate p53 in vivo58
• 

1.A. 7 The regulation of p53 protein stability 

LA. 7a Mdm2 regulates p53 stability 

In normal cells in the absence of stress, p53 protein levels are low, as a consequence of 

ubiquitin-mediated proteolytic degradation. Ubiquitin is a 76-residue polypeptide that, 

when covalently attached to other proteins, marks them for degradation. Attachment 

requires three enzymes: ubiquitin-activating enzyme (E 1 ), an ubiquitin carrier protein 

(E2), and an ubiquitin-protein ligase (E3). The E3 component has a key role in selecting 

the protein to be modified59 
.... 

Mdm2 is an E3 ligase, promoting the ubiquitination of p53, thus targeting it for 

degradation by the proteosome60
• Interestingly Mdm2 ,is a direct p53 target gene61

; This 

results in a negative feed-back loop: activation of p53 induces e,xpres~ion of Mdm2, 

which in turn binds to and promotes the degradation of p53. In respons_e to stresses that 

activate p53, this feedback loop is interrupted, resulting in a rapid increase in p53 

stability55 (Figure 2). 

Although Mdm2 is essential to maintain normal p53 levels and thus cell viability, other 

proteins also contribute to the regulation of p53 stability. One such regulator is MdmX 
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Figure 2 The p53/Mdm2 negative feedback loop. In unstressed cells, the p53 
protein is kept at low levels by the £3 ubiquitin ligase, Mdm2. Mdm2 binds and 
ubiquitinates p53, targeting it for degradation by the 26S proteosome. In response 
to stress, the interaction between p53 and Mdm2 is disrupted, resulting in a rapid 
increase in p53 protein levels. Stabilization of p53 results in the transcriptional 
activation of target genes that induce biological programs to suppress tumor 
formation. The mdm2 gene is a direct target of p53 transactivation and an 
increase in p53 protein levels results in expression of Mdm2, Mdm2 then binds 
and degrades p53, thus forming a negative feedback loop. 
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(Mdm4), a sibling of Mdm2. A role for MdmX in the regulation of p53 in vivo was 

established by MdmX null mice. As with Mdm2, MdmX deficiency causes early 

embryonic lethality, which can be rescued by crossing mice onto a p53-deficient 

background62
• In contrast to Mdm2, MdmX does not have E3 ligase activity and thus 

inhibits p53 transcriptional activity by binding the N-terminal transactivation domain 

(TAD) of p53 to repress transcription 63
• 

Additional E3 ligases target p53 for degradation, including Cop 1 and Pirh264
• 

65
• In 

certain cell types, inhibition of endogenous Cop 1 or Pirh2 results in stabilization of p53, 

which is independent of Mdm264
• 

65
• Knockout mouse models of Cop 1 and Pirh2 are 

needed to help uncover their physiological contribution to the regulation of p53 stability 

in vivo. 

LA. 7b YYJ regulates p53 stability 

Mono-ubiquitination of proteins can serve as a post-translational modification that alters 

protein function59
• Indeed, mono-ubiquitination of p53 · represses its transcriptional 

activity by promoting the export of p53 from the nucleus66
• Poly-ubiquitination targets 

proteins for degradation and as such, proteins promoting poly-ubiq_uitination also play 

important roles in _the regulation of p53 p~otein stability. These proteins are the E4 

ubiquitin ligases~ Several proteins have been ·identified as E4 lig.ases that cooperate with 

Mdm2 to pcily-ubiquitinate p53, including the polycomb protein YinYang 1 (YY1)67
•

68
• 
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Persuasive evidence that YYI is an important regulator of p53 is the fact that when YYI 

is deleted by homologous recombination in chicken B-lymphoma cells, p53 protein levels 

rapidly accumulate, triggering apoptosis67
. This indicates that at least in certain cell types, 

YYI is an important negative regulator of p53. Furthermore, in addition to serving as an 

E4, YYI enhances complex formation between Mdm2 and p53 indirectly enhancing 

Mdm2-mediated ubiquitination of p53 67
• 

68
• In addition, YYI prevents p300-dependent 

acetylation of p53 further facilitating ubiquitination by Mdm268
• Additional complexity 

in the regulation of p53 is indicated by the existence of de-ubiquitinating enzymes, such 

as HAUSP that de-ubiquitinate p53 in response to stress to increase stability and promote 

p53 activity69
• 

LA.8 Mutation of the p53 pathway 

Around 50% of tumors sustain loss of function mutations in Tp53. Despite the remaining 

50% of tumors retaining wild-type p53, it has been suggested that over-coming p53-

mediated tumor suppression is necessary for the development of cancer. As such, tumors 

retaining wild-type p53 are postulated to have other mutations that abrogate the p53 

pathway70
• 

71
. For example, in contrast to other tumor types, mutation of p53 is rare in 

cervical cancer72
• However, human papillomavirus (HPV) plays a causal role in the 

majority of these cancers and encodes an oncogene termed E6 that binds to and promotes 

the degradation of p53. As such, although these tumors retain the wild-type p53 gene, 

they lack functional p;otein 72
. Interestingly, an analysis of the small percentage of HPV 

negative cervical cancer revealed high incidence of p53 mutation 72. Additional mutations 

that can abrogate p53 function include Mdm2 amplification or deletion of INK4A-Arf 70
• 
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71
• Arf is elevated by oncogenic signaling and triggers a p53 response by inactivating 

Mdm2 (Figure 3) 70
' 

71
• 

LA. 9 Therapeutic strategies to reactivate p53 in tumors 

Therapeutic strategies seeking to exploit the·p53 pathway as an approach to treat cancer 

can be broadly split into two categories: (1) gene therapy approaches to reintroduce p53 

into p53-deficient tumors, and (2) approaches to reactivate p53 in tumors retaining wild

type p53. 

LA. 9a Gene therapy 

A characteristic of tumor suppressor genes is that when reintroduced into tumor cells they 

can reverse transformation. A wealth of evidence exists that p53 reintroduced into tumor 

cells activates powerful tumor suppressive properties. This, and the frequent loss of p53 

in human cancer, has stimulated gene therapy approaches seeking to reintroduce p53 into 

tumor cells. Adenoviral vectors have been extensively utilized in gene therapy 

approaches and offer a number of advantages including: the ability to infect a large array 

of human tissue (both dividing and non-dividing cells); the ease of production of high 

titer replication-deficient virus; and epichromosomal expression of transgenes 73
• Re

introduction of p53 into tumors using a gene therapy approach has been undertaken using 

an adenovirus vector (Ad-p53). Ad-p53 reduced tumor burden in patients with head and 

neck and lung cancers in phase I clinical trials 74
' 

75
. In combination with 

chemotherapeutic agents, Ad-p53 increases the efficacy of these agents76
' 
77

• 
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LA. 9b Approaches to reactivate p53 in tumors retaining wild-type p53 

In principle, in tumors retaining wild-type p53, reactivation of p53 is a possible 

therapeutic approach78
. Mouse models have provided proof-of-concept experiments 

indicating that even transient reactivation of wild-type p53 could have therapeutic 

benefit. Using an inducible short hairp_in (sh) RNA to silence wild-type p53 in vivo, Xue 

et al showed that inhibition of p53 cooperated with Ras in driving hepatic .. carcinomas, 

and these tumors completely regressed .. when p53 expression was restored79
• In an 

additional mouse tumor model, Ventura et al, inactivated endogenous p53 by inserting a 

stop codon. -flanked with LoxP sites into the endogenous Tp53 locus (LoxP~p53). 

Irradiation of these mice at early ages results in accelerated onset of lymphomas and 

sarcomas, identical to the phenotype of p53 knockout mice80
• The LoxP-p53 null mice 

were then crossed with mice expressing a tamoxifen inducible Cre-recombinase gene 

(Cre-LoxP-p53 mice). In the presence of tamoxifen in Cre-LoxP-p53 mice, the stop 

codon is removed from the Tp53 locus via activation of Cre-recombinase and endogenous 

p53 expression is restored80
. Cre-loxP-p53 mice were irradiated and following the onset 

of tumor formation, were treated with tamoxifen. Reactivation of· endogenous p53 in 

these mice resulted in apoptosis in lymphomas and cell cycle arrest, with features of 

senescence in sarcomas from these mice80
• These results provide convincing evidence 

that reactivation of p53 in tumors is a valid therapeutic strategy, and approaches to 

reactivate p53, notably by inhibition of Mdm2, are in development. 
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LA.9c Inhibiting Mdm2 

Mdm2 plays a critical role by promoting the degradation of p53, and Mdm2 over_ 

expression in ~umms. strongly c~rrelates with retention of wild-type p53 expression81
• 

Thus, inhibiting the interaction between Mdm2 in the~e tumors should result in 

stabilization of p53 followed ~y the induction of p53-dependent apopfosis. A number of 

approaches to achieve such a goal have been employed, including antisense, peptide and 

small molecule inhibitors82
. · Small molecule inhibitors that stabiHze p53 are the agents 

most likely to reach the clinic in the near term. Screening of chemical libraries identified 

a class of small imidazoline compounds called nutlins, which bind Mdm2 with high 

selectivity83
• Binding of nutlins to the N-terminal p53 binding pocket of Mdm2 inhibits 

its interaction with p53, resulting in stabilization of p5383
. In a xenograft model, exposure 

to nutlins decreases tumor burden with minimum toxicity to normal tissue, suggesting 

that nutlins may have clinical applicability in the treatment of tumors that retain wild

type p5384
. Additionally, compounds such as HLI98, have been identified that 

specifically inhibit the E3 ligase activity of Mdm2, abrogating its ability to promote 

ubiquitin-dependent degradation of p5385
• 

I.B Polycomb proteins and Rybp 

LB.1 The Polycomh family of transcriptional repressors 

Polycomb (PcG) proteins comprise large multi-protein complexes that promote heritable 

gene silencing by modifying chromatin 86
. PcG proteins were first identified in 

Drosophila as repressors of homoeotic genes, a family of transcription factors that 

regulate embryonic patterning during development87
-
90

• ,Mutation of PcG proteins in 



20 

Drosophila results in characteristic anterior-posterior changes in body segmentation 

patterns due to the derepression of homoeotic genes87
-
90

• In common with their role in 

Drosophila, mammalian PcG proteins also play essential roles in development, at least in 

part by the repression of homeotic (Hox) genes. This is evidenced by knockout mouse 

studies where PcG mutation results in axial skeletal malformations91
-
94

• However, the role 

of mammalian PcGs is not restricted to the regulation of embryonic axial formation, as 

this family plays an essential role in the regulation of proliferation and stem cell 

maintenance86
• 

Biochemically, PcG proteins are divided into two distinct complexes termed the 

Polycomb Repressive Complex 1 and 2 (PRCl and PRC2)86
' 

95
, 

96
• (See Table I for a list 

of the Drosophila PRC's components and their mammalian homologues). The core 

components of the PRC2 are evolutionarily conserved in all multi-cellular organisms86
' 

95
, 

96
• In Drosophila, the PRC2 comprises the core components Esc, Ez, and Suz12. The 

human homologs of the PRC2 are Eed, Ezhl/2, and Suzl2, respectively. There is 

additional complexity in the mammalian PRC 1, as each core component has multiple 

homologs86
' 

95
, 

96
• The Drosophila PRCl includes Pc, Ph, Sce/dRing, Psc corresponding 

to mammalian Hpc, Hph, Ring 1 a/Ring 1 b, and Bmi 1/Mel-1886
, 

95
, 
96

• 

LB.2 Recruitment of Polycomb complexes to target genes 

Most Drosophila PcG target genes contain regulatory elements termed Polycomb 

Repressive Elements (PRE) made up of several conserved short motif s96
• These motifs 
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Table I. Protein Components of the Polycomb Repressive Complexes 

Drosophila Human Mouse 
Protein Protein Protein 

PRC2 Extra Sex Combs Eed Eed 
complex (Esc) 

Enhancer of Zeste Ezhl Ezhl/Enx2 
(Ez) Ezh2 Ezh2/Enx2 

Suppressor of Suz12 Suz12 
Zeste Suz12 

PRCl Polycomb (Pc) Cbx2/Hpcl Cbx2/M33 
complex Cbx4/Hpc2 Cbx4/Hpc2 

Cbx8/Hpc3 Cbx8/Pc3 
Polyhomeotic Edrl/Hphl Edrl/Mphl/Rae28 

(Ph) Edr2/Hph2 Edr2/Mph2 
Edr3/Hph3 Edr3 

Sex Combs Extra Ring 1 a/Rnfl Ring 1 /Ring 1 a 
(See/Ring) Ring 1 b/Rnf2 Ring 1 b/Rnf2 

Posterior Sex Bmil Bmil 
Combs (Psc) · Rnfl 10/Pcgf2 Mel-18 

dRybp Rybp Rybp 
PRCl and Pleiohomeotic YYl YYl 

PRC2 (Pho)· 
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are recognized by either Pleiohomeotic (Pho), the only PcG protein with sequence

specific DNA binding activity, or other non-PcG sequence-specific DNA binding 

factors97
'
98

-
100

• Pho or sequence-specific transcription factors recruit the PRC2 complex to 

PREs. Once recruited, the_· PRC2 complex initiates repression by trimethylating the 

amino-terminal tail of histone.H3 at lysine 27 (H3K27) 101
' 

102
. The Ez component within 

-the PRC2 complex contains a SET domain responsible for the histone methyltransferase 

activity101
' 

102
. As with Drosophila, the mammalian PRC2 promotes H3K27 

trimethylation; however, how it is targeted to DNA is unclear given that no mammalian 

PREs have been found~ 

The resulting trimethylated H3K27 is recognized and bound by the chromodomain of the 

PRCl component, Pc, which then recruits the PRCl co~plex101
•
103

_ Recruitment of the 

PRC 1 establishes gene repression that is maintained throughout successive cell divisions 

(Figure 4). As with Drosophila, the mammalian PRC 1 complex is recruited to target 

genes at least in part by H3K27 trimethylation102
. 

LB.3 Heritable gene repression by Polycomb Repressive Complexes 

There is strong evidence that the maintenance of PcG-dependent repression is mediated 

by the covalent modification of histones. In both mammalian and insect cells, 

maintenance of Polycomb-dependent repression is achieved in part by the mono

ubiquitination of histone H2A 104
. Mono-ubiquitination of histone H2A is an epigenetic 

mark of silenced gene expression and is associated with the repression of mammalian 
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Figure 4 The recruitment of Polycomb Repressive Complexes. In Drosophila, 
generation and maintenance of heritable gene repression is mediated in part by 
the Polycomb Group (PcG) family of proteins. PcG proteins are divided into two 
biochemically distinct complexes, the Polycomb Repressive Complex 1 (PRC]) 
and the PRC2. The Drosophila PRC/ complex is composed of the core 
components Pc, Psc, SceldRing, and Ph. The Drosophila PRC2 is comprised of the 
core components Ez, Esc, and Suzi 2. The PRC2 complex is recruited to short 
conserved motifs in the promoter region of PcG target genes, called Polycomb 
Response Elements (PREs). Once recruited to the PRE, the PRC2 promotes 
trimethylation of histone HJ at lysine 27 (H3K27) via the SET domain of the core 
component, Ez. Trimethylated H3K2 7 is recognized and bound by the 
chromodomain of Pc, a component of the PRCJ complex. Pc recruits the rest of 
the PRCJ to promote stable gene silencing by promoting additional epigenetic 
modifications. 
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Hox genes as well as the inactivated X chromosome104
-
106

• The catalytic core component 

of the PRCl complex, Ringl b, possesses E3-ligase activity and is important for the 

mono-ubiquitination of histone H2A in vivo104
• 

105
• Bmil and Ring la also contain RING 

domains and are essential for Ring 1 b-dependent ubiquitination of histone H2A 104
• 

105
• 

Knockdown of Ring 1 b, and to a lesser extent Ring 1 a and Bmi 1, results in a reduction of 

total ubiquitinated H2A and subsequent upregulation of PcG target gene expression 

104,105 

Furthermore, methylation of both histones and DNA has been shown to contribute to the 

maintenance of PcG repression. In addition to methylation of H3K27, in vitro studies 

have shown that the PRC2 component, Ezh2, can methylate histone Hl at lysine 26107
• 

Methy lation of hi stone H 1 K26 recruits the heterochromatin protein (HP 1) and promotes a 

higher order chromatin. structure to silence genes108
• In addition to its histone 

methyltransferase activity, Ezh2 can also promote the methylation of DNA by recruiting 

DNA methyltransferases to the promoters ·of target genes 1°
9

. DNA methylation is an 

epigenetic mark associated ·· with · transcriptionally inactive genes. Transcriptional 

repression by hypermethy lation is a common mechanism silencing the expression of 

tumor suppressor genes in cancer110
• 

LB.4 PRC2 components and cancer · 

LB.4a Evidence for PRC2 role in tumorigenesis 

Overexpression of the catalytic component of the PRC2 component, Ezh2, is associated 

with many human malignancies. These include carcinomas of the bladder, breast, colon, 
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and skin, as well as lymphomas (non-Hodgkin's, Hodgkin's, and mantle cell)111111
-
117

. 

Furthermore, high Ezh2 expression is a marker of poor prognosis for breast and prostate 

cancer, suggesting a causal role in these malignancies116
'
115

' 
118

• Additional evidence that 

Ezh2 promotes tumorigenesis includes: (1) Ezh2 functions as an oncogene in in vitro 

transforming assays; (2) inhibition of Ezh2 with siRNA inhibits the proliferation of tumor 

cells and (3) amplification of the· Ezh2. locus is found in a variety of primary human 

tumors119
' 

120 Other ·core components of the PRC2 ·complex are also elevated in cancer. 

Fo~ example, SUZ12 is highly ·e~pressed in breast, colon and liver carcinomas121
• 

LB.4b Mechanism of PRC2-mediated oncogenesis 

There are several plausible mechanisms of how elevated· expression of PRC2 components 

in general, and Ezh2 in particular, could promote cancer. First, Ezh2 is activated 

downstream of the E2F transcription factors, and is essential for proliferation in many 
. ' 

cell types120
• In addition, introduction of Ezh2 into cells promotes DNA synthesis and 

functions ·as an oncogene in transformation assays, which suggests that such a mechanism 

may contribute to the tumorigenic properties of Ezh2120
,
122

-
125

• 

Despite this attractive model, other potential mechanisms of PRC2 in oncogenesis have 

been suggested, due to evidence linking the PRC2 to maintaining stem cell pools. The 

ability to self-renew and give rise to multiple cell lineages (pluripotency) are the defining 

characteristics of stem cells86
• The PcG proteins have been shown to maintain stem cell 

populations by the repression of genes that promote differentiation126
' 

127
. Ezh2 is 

required for the maintenance of embryonic stem cell populations as deletion of Ezh2 in 
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mice does not allow for the establishment of embryonic stem cell lines122
• Evidence links 

other PRC2 components to stem cell maintenance; for example, in the absence of Eed, 

embryonic stem cells undergo a higher frequency of spontaneous differentiation127
• In 

human embryonic stem cells, Suz12 represses approximately two hundred 

developmentally regulated genes. During differentiation of human ES cells, Suz12 

associated genes are preferentially activated, suggesting that Suz12, and the PRC2, are 

required to maintain stem cell populations126
• In the development of cancer, the transition 

of cells to a less differentiated state ( or even stem cell-like state) is a characteristic of 

many cancers86
• Clearly promotion of a stem cell-like phenotype by the overexpression of 

the PRC2 could promote tumor development. 

LB.5 PRC] components and cancer 

LB.Sa Evidence linking PRCJ components to tumorigenesis 

Extensive evidence links components of the PRC 1 complex to cancer. Of the polycomb 

family of proteins, Bmi 1 was the first associated with malignant transformation. Infection 

of mice with Moloney murine leukemia virus (Mo-ML V) results in random provirus 

insertion into the genome of lymphoid cells, and has been utilized as an in vivo assay to 

identify oncogenes involved in leukemia 128
• Neonatal infection of mice expressing c-myc 

in B-cells (E mu-myc) with Mo-MLV accelerates the development of B-cell lymphoma 

by activating genes that can cooperate with c-myc in transformation 129
• Isolation of the 

tagged genes revealed that Bmil was one such oncogene that cooperates with c-Myc in 

the development of B a.11d T-cell lymphomas130
• 

131
• Further characterization revealed that 

Bmil expression extends the lifespan of a variety of primary cell types in vitro 132
• 

133
• 
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Consistent with this, evidence from animal models and in vitro assays suggesting a role 

for Bmi 1 in human cancer, elevated expression of this gene in found in a number of 

cancers including mantle cell and Hodgkin lymphomas, breast, non-small cell lung, 

nasopharyngeal, and. colorectal carcinomas133
•
139

• Furthermore, high Bmil levels in 

h 1 d b . d' f . 133 135 0 h nasop aryngea an reast cancers are an m 1cator o poor prognosis ' . t er 

Polycomb proteins that form components of PRC 1 complexes have also been implicated 

in human cancer, including Ring 1 b whose expression is upregulated in gastrointestinal 

tumor, and pituitary adenomas138
. 

I.B.5b Mechanism of PR Cl-mediated oncogenesis: Repression of the Cdkn2a locus 

Primary cell cultures have a limited replicative lifespan in vitro, before undergoing 

senescence, a permanent exit from the cell cycle140
• This restriction of lifespan is 

controlled in part by two tumor suppressors encoded by the Cdkn2a locus, p 16ink4a 

(Ink4a) and p14ARF (Ad)140
• Both Ink4a and Arf are potent inhibitors of cell 

proliferation. p 16 is a cyclin dependent kinase (CDK)-inhibitor that inhibits the D-type 

cyclins, and Arf binds Mdm2 to trigger a p53 response140
• Expression of the Cdkn2a 

locus increases with cell passage, and deletion of this locus inunortalizes certain primary 

cells141
• Expression of Bmi-1 extends primary cell lifespan in vitro-by repressing this 

locus, providing an explanation for its oncogenic properties142
' 

143 The relevance of Bmil

mediated repression of this locus in oncogenesis can be shown in vivo using E mu-myc 

transgenic mice. Expression of c-Myc in this _. model results in the induction of Arf, 

triggering p53-dependent apoptosis144
• Abrogation of this pathway by deletion of p53 or 

Arf results in rapid development of lymphoma 144
' 

145
• ExpressioJ:J. of Bmi 1 in B-cells 

inhibits the induction of Arf, and thus p53-mediated apoptosis142
' 

143
• Similar to Bmil, 
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PcG proteins CBX7, RinglB, and Mel-18 also target the Cdkn2a locus, suggesting a 

• , 142 146 147 common oncogemc mechamsm for these PRC 1 components ' ' . 

LB.Sc Mechanism of PRCJ-mediated oncogenesis: Stem cell maintenance 

Similar to certain PRC2 components, proteins that are part of the PRC 1 complex have . 

been linked to stem cell maintenance/self renewal. As such, this may play an important 

role in the oncogenic activity of certain PRCl proteins. For example Bmil-deficient mice 

display severe hematopoietic and neurological abnormalities94
• This phenotype is a result 

of the failure to maintain the neural and hematopoietic stem cell pools148
-
151

• Furthermore, 

in contrast to the transplantability of leukemic tumors from wild-type mice, leukemic 

cells derived from Bmi 1-null mice ate unable to reconstitute leukemia in recipient 

mice152
. Other PRCl components have also been implicated in stem cell function, notably 

Rae28/Mphl, with Rae28/Mphl-null mice displaying hematopoietic abnormalities due to 

reduction in the hematopoietic stem cell populations153
• 

How PRC 1 components promote stem cell maintenance/renewal is not fully understood. 

However, repression of the Cdkn2a locus likely plays an important role, as deletion of the 

Cdkn2a locus partially rescues the stem celi defects of Bmil-null mice143
• That the rescue 

is only partial suggests that Bmil is involved in the repression of other genes necessary 

for maintaining a stem-like state. While it is unclear which key genes Bmil or other 

PRCl proteins repress transcription to promote a stem cell-like state, analysis of gene 

expression profiles during differentiation of embryonic stem cells has revealed a role for · 

both PRCl and PRC2 components in the maintenance of stem cell pluripotency126
• 

127
. As 
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such, both PRCl and PRC2 complexes may drive tumorigenesis in part by promoting the 

acquisition or maintenance of a less diff ~ren~iated cell phenotype. 

LB. 6 YYJ and cancer 

Certain poly comb group proteins do not neatly fit into either the PRC 1 or PRC2 category. 

One such protein is the Ying Yang 1 protein (YYl). The name is derived from its ability 

to function as both a repressor and activator of transcription, dependent on the context 154
. 

The ability to activate transcription questions its role as a polycomb repressor, but 

persuasive evidence indicates that YYl is a PcG protein. 

YYl is homologous to the Drosophila Pho protein99
• Similar to Drosophila Pho, YYl is 

the only mammalian polycomb protein with sequence-specific DNA binding activity, 

although whether YYl is involved in targeting mammalian complexes to DNA is unclear. 

YYl directly interacts with components of both the PRCl and PRC2 complexes100
, 

155
• In 

Drosophila, YYl expression results in transcriptional repression at PcG-responsive 

promoters156
• Furthermore, YYl expression partially rescues the Pho mutant phenotype 

_in Drosophila156
• Lastly, YYl deficient mice die during implantation157

• This early 

embryonic lethality is reminiscent of the phenotype of the key PRC2 components Ezh2, 

Eed, Suz12 and the PRCl component Ringl b122
• 

146
• 

158
• 

159
• Mice that are heterozygous 

for YYl expression have axial skeletal malformations, another common phenotype 

among other knockouts of the PcG family 155
• 
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YYl is upregulated in some tumor types, although the significance of this elevation is 

unclear160. Despite this, it is possible to envision YYl contributing to tumorigenesis by a 

variety of mechanisms, including promoting p53 degradatiori67' 68. 

LB. 7 Rybp is a component of the PR Cl complex 

An interesting but less-well understood member of the PcG family is Rybp. Rybp binds 

to several components of the PRC 1 complex; the E3 ligases Ring 1 a, Ring 1 b, and both 

M33 and YYl, implying it plays a role as ~ polycomb repressor161 . Supporting this 

proposition is evidence from in situ hybridization analysis of mouse embryos revealing 

that Rybp and Ring la have overlapping expression in mouse brain, suggesting that these 

two proteins may function in a polycomb complex together in the developing CNS 161 . 

Evidence of a polycomb phenotype in Rybp-deficient mice, characterized by axial 

skeletal defects, is precluded by early embryonic lethality in Rybp null mice162. However, 

this early lethality is consistent with a shared role with other PcG genes that are also 

essential for early development 122, 146, 158, 159, 162. 

Compelling evidence that Rybp is a polycomb protein is provided by studies with the 

Drosophila ortholog of Rybp, dRybp. These studies established that dRybp inhibits 

expression of Drosophila homoeotic genes in vivo 163. This dRybp-mediated repression is 

dependent on expr~ssion of PRC 1 members Pc, See, and Pho ( corresponding to 

mammalian homologues Hpc, RinglB, and YYl, respectively), providing unequivocal 

evidence that at least in Drosophila, Rybp-mediated repression in vivo is Polycomb

dependent163. 
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LB. 8 Targets of Ry hp-mediated repression 

Like other PRCl members, Rybp interacts with several sequence-specific transcription 

factors to regulate their transcriptional activity164
-
166

• For example, Sawa et al. 

demonstrated that Rybp interacts with the transcription factor E4TF1/hGABP, in a 

trimeric complex with YYl, inhibiting the pRb promoter. In another example, Rybp 

binds to members of the E2F family of transcription factors, E2F2 or E2F3, to mediate 

specificity at the Cdc6 promoter165
. The Cdc6 promoter contains E2F and YYl binding 

sites and interaction between E2F2 or E2F3 and YYl is, mediated through Rybp165
• 

Interestingly, formation of a trimeric complex between Rybp, YYl and E2F2 or E2F3 

results in transcriptional activation, not repression of the promoter165
• 

In the examples above, it "is unclear if Rybp 'is recruiting a polycomb repressive complex 

to the promoter. However, evidence that Rybp functions a~ a bridging molecule to recruit 

a PRC 1 complex to a promoter to repress transcription is provided by investigations with 

the E2F6 and Bcl6 transcription factors 166
' 

167
• Unlike other members of the E2F family, 

E2F6 is a transcriptional repressor and can function as a dominant negative inhibitor of 

its siblings168
' 

169
. E2F6 interacts with ·the PRCl members, Bmil, Mel-18, Ringla, and 

Mphl via direct binding to Rybp166
. Rybp also functions in a complex with the PRCl to 

promote repression mediated by the Bcl6 transcriptional170
• In this case this repression 

requires PRCl recruitment, including Rybp, and results in mono-ubiquitination ofhistone 

H2A at the promoters of Bcl6 target genes167
. This modification is consistent with the 

enzymatic activity of the PRCl complex, with histone H2A a substrate of Ringl b104
' 

105
• 
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Interestingly, Rybp binds free ubiquitin and ubiquitinated proteins; however, the 

relevance of this to Rybp-mediated gene repression is unknown 170
• 

LB. 9 Rybp promotes apoptosis 

Rybp is frequently elevated in Hodgkin and T-cell lymphomas, oligodendrogliomas and 

pituitary adenocarcinomas. In Hodgkin's lymphoma, elevated expression is an indicator 

of poor prognosis137
' 

138
. Despite this correlation with cancer~ no direct evidence of Rybp 

functioning as an oncogene has been published. Furthermore, ~vidence suggests that 

Rybp promotes apoptosis, a property. associated with the inhibition, rather than the 

promotion, of cancer. A role for Rybp in the promotion of apoptosis is suggested by close 

analysis of Rybp-deficient embryos·. Embryonic lethality of Rybp_,_ embryos is a 

consequence of the inefficient induction of apoptosis post-implantation 162
• 

More direct evidence indicating that Rybp-promotes apoptosis independently of 

transcriptional regulation includes data showing that Rybp regulates Hippi171
• Hippi 

promotes apoptosis in developing neurons, and contributes to the death of striatal neurons 
_,.· 

in patients with Huntington's Disease171
• Rybp and Hippi have overlapping expression 

patterns in the newborn mouse brain and immunoprecipitation studies establish that Rybp 

and Hippi form a complex171
• Furthermore, Rybp promotes Hippi-mediated apoptosis by 

enhancing the interaction between Hippi and caspase 8171
. Inhibition of endogenous Rybp 

abolishes the interaction between Hippi and caspase 8, inhibiting Hippi-induced 

apoptosis 171
. 



33 

Rybp also associates with other mediators of apoptosis to induce death. Rybp interacts 

with F ADD and caspases 8 and 10, enhancing the formation of DISC and promoting Fas

mediated apoptosis172
• Rybp interacts with FADD, caspase 8 and 10 through their Death 

Effector Domains (DED), which are domains .C0111!Il0n to a subset of moiecules that are 

involved in death receptor signaling172
' 

173
• Additionally, Rybp can also interact with the 

OED-containing DNA-binding protein (DEDD) in the nucleus172
• In response to 

apoptotic signals, DEDD is translocated from the cytoplasm to the nucleus where it 

promotes apoptosis174
• Rybp expression promotes the relocalization of DEDD within the 

nucleus, suggesting that Rybp regulates DED containing proteins in both the nucleus and 

the cytoplasm 172
. 

LB.10 Rybp as a potential cancer gene therapeutic 

An interesting Rybp-interacting protein is the chicken anemia virus protein Apoptin175
• 

Apoptin is one of a limited number of proteins cytotoxic to tumor cells, but not normal 

cells. Nuclear localization of Apoptin is essential for its cytotoxic activity. In tumor cells, 

Apoptin is expressed exclusively in the nucleus, and in normal cells it is expressed in the 

cytoplasm 176
• In an attempt to understand the mechanism of Apoptin tumor-specific 

killing, cellular proteins that interact with Apoptin have been isolated. One such protein 

is Rybp and it co-localizes with Apoptin in the nucleus of transformed cells but not 

normal cells175
• Evidence that Rybp may play a role in Apoptin-mediated apoptosis is 

suggested by functional analysis of an Apoptin mutant with impaired ability to bind 

Rybp. This mutation delays the onset of Apoptin-induced cell death, suggesting that 

Rybp is a contributing factor in Apoptin's pro-apoptotic activities175
• Furthermore, Rybp 
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expression alone selectively promotes apoptosis in tumor cells but not normal cells, 

indicating that Rybp itself displays tumor-preferential killing abilities172
' 

175
. 

The potential of Rybp-mediated tumor cell-specific killing in gene therapy or other 

approaches to the treatment of cancer is unclear. However, the first steps to address this 

question would include: (1) determining ifRybp has broad tumor-killing properties, or if 

this activity is limited to a small subset of cell lines, and (2) determine if Rybp tumor cell 

specific killing properties are retained when expressed from a vector suitable for gene 

therapy of cancer. 



Chapter II. Materials and Methods 

II.A Plasmids, antibodies and reagents 

The pcDNA3-Myc-tagged Rybp plasmid165
, the HA-ubiquitin plasmid177

, the luciferase 

reporter constructs containing Mdm2 and Bax and the p53 mutants (Al, All, MIi, MV, AI

U, A28-41, A41-49, ANco, A290, A22/23 and 273H, all expressed from the pcB6 

vector)178
-
180

, pShuttle and pAdEasy-1 181 have been previously described. The pSos and 

pMyr-human lung cDNA libraries are commercially available from Stratagene (provided 

by Dr. Dimi Moskophidis). Th_e monoclonal antibodies against p53 (DO-1), Mdm2 

(SMP14), YYl (H-10), Myc (9E10), hemagglutinin (HA; F-7) and the polyclonal 

antibodies against Mdm2 (N-20) and YYl (H-414) were obtained from Santa Cruz. The 

polyclonal anti-Rybp was obtained from Axxora. The monoclonal anti-GFP, p53 (Ab-

421), and p21/Wafl antibodies were obtained from BD Biosciences. The monoclonal 

anti-actin antibody, RNase A, 4',6-diamidino-2-phenylindole (DAPI), and Etoposide 

were obtained from Sigma. Adriamycin, propidium iodide and Actinomycin D were 

obtained from Fisher Scientific. Tumor necrosis factor alpha was obtained from Endogen. 

The broad _caspase inhibitor Z-Val-Ala-Asp(OMe)-CH2F (Z-VAD) was purchased from 

Calbiochem. Recombinant human TRAIL was purchased from Cell Sciences. 

11.B Cell culture 

U2OS, Saos-2, A549, H1299, MRC5, IMR90 (ATCC) and 293A (provided by Dr. Nahid 

Mivechi) cell lines were maintained m Dulbecco's modified Eagle's medium 

35 
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supplemented with 10% fetal bovine serum (Hyclone ), 2mM L-glutamine (Cellgro ), 

lO0µg/ml penicillin and streptomycin lO°Oµg/ml (Cellgro). TOV112 and TOV21 cell 

lines (ATCC) were maintained in a 50:50 mixture of MCBD _(Sigma) and MI99 (Cellgro) 

media supplemented with 15% fetal bovine serum. RPE and RPE-ElA cell lines were 

maintained in Dulbecco's modified F12 medium supplemented with 10% fetal bovine 

serum, 2mM L-glutamine (Cellgro ), 1 00U/ml penicillin and 1 00µg/ml streptomycin 

(Cellgro). 

11.C Yeast 2-hybrid screen 

The CytoTrap yeast 2-hybrid screen was carried out using the manufacturer's protocol 

(Stratagene) with slight variations. Full-length p53 was cloned into the multiple cloning 

site of the pSos expression plasmid in frame with the human Sos. A human lung cDNA 

library cloned downstream of a myristylation sequence in the pMyr expression plasmid 

was purchased from Stratagene. pSos-p53 and pMyr-cDNA library constructs were co

transformed into cdc25H mutant yeast according to the manufacturer's protocol 

(Stratagene ). Colonies were grown in the presence of glucose at 25 °C; colonies were then 

isolated and replated in the presence of glucose at 25°C and 3 7°C and galactose at 3 7°C. 

Colonies that were positive for growth on glucose plates at 25°C and galactose plates at 

37°C, but negative for growth on glucose plates at 37°C were selected to undergo gal

repression, in which colonies from galactose plates were replated to grow in the presence 

of glucose at 25°C to switch off expression of the pMyr fusion proteins. The potential 

positive colonies were then replated on glucose and galactose plates and colonies that 

were positive on glucose at 25°C and galactose at 3 7°C, but negative on glucose at 3 7°C, 
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as before, were picked and the DNA was· isolated according to the manufacturer's 

protocol (Stratagene ). Isolated pMyr-cDNA library plasmids were retransformed with 

pSos-p53 into new cdc25H mutant yeast and plated as above. DNA from colonies that 

were positive ( as above) were sequenced by the MCG Sequencing Core Facility and the 

I 

sequenced genes were identified by a BLAST search. 

11.D Transfections 

Transfections were performed usmg the calcium phosphate method as previously 

described in182
• Cells were plated at a density of 5x105 in a 100mm dish. Cells were 

transfected with expression plasmids or empty vector as indicated in the figures. For all 

transfections, the amount of DNA per sample was kept constant. Plasmids were incubated 

with HEPES-Buffered saline, 2mM calcium chloride for 30 minutes at 37°C. The 

precipitate was added to cells and incubated overnight. The media containing the 

precipitate was changed and the cells were left for an additional 24 hours and harvested. 

11.E Lucif erase assays 

48 hours post-transfection, the cells were harvested and assayed for luciferase activity 

according to the m~nufacturer' s protocol (Promega). The ~-galactosidase expression 

construct was co-transfected in all samples as an internal control for differences in 

transfection efficiency. ~-galactosidase activity was measured by treating cell lysates 

with CRPG at .room temperature for 1 hour (Roche) and measuring absorbance at 495nm 

on a spectrometer. Luciferase activity was normalized to ~-galacto_sidase act_ivity. The 

results are the average of at least three separate experiments. 
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11.F Immunoprecipitations and western blotting 

Cells were harvested in a cell lysis buffer CLB; [20mM Tris pH 7.4, 250mM NaCl, lmM 

EOTA, lmM EGTA, 1 % Triton XlOO and complete protease inhibitor cocktail (Sigma)] 

and incubated on ice for 30 minutes, and cellular debris was removed by centrifugation at 

13000g at 4°C for 10 minutes. For immunoprecipitations, cell lysates were pre-cleared 

with 20µ1 of protein A-sepharose beads in CLB (Pierce) and incubated with appropriate 

antibodies at 4°C for 2-18 hours, followed by addition of 20µ1 protein A-Sepharose beads 

and incubation with rotation at 4°C for 1 hour. Immunoprecipitates were washed 4 times 

with CLB and once with PBS. Bound proteins were eluted and resolved by SOS-PAGE, 

and transferred to PVOF membranes (Hybond-P, Amersham). Membranes were blocked 

with Tris-buffered saline Tween-20 (TBST) containing 5% skimmed milk, and incubated 

for 2 hours with specific antibodies. The membranes were then washed, and incubated for 

1 hour with horseradish peroxidase (HRP)-conjµgated . anti-mouse or anti-rabbit 

antibodies (Amersham Biosciences). Visualization of protein bands was accomplished 

using enhanced chemiluminescence (Amersham Biosciences) according to the 

manufacturer's instructions. For adenovirus-inf~cted cultures, cell lysates were collected 

in 2x sample buffer at 2xl03 cells/ml and 30µ1 of lysate 'was resolved on a 10% SOS

PAGE gel. 

11.G Construction, generation, and purification of Ad-Rybp and Ad-GFP 

Adenoviral vectors were generated using the protocol described by He et a/181 with minor 

modifications. Briefly, the human full-length coding sequence of Rybp gene containing 
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an N-terminal Myc-tag was cut from the pcDNA3-Myc Rybp with 
1

BamHI/EcoRJ and 

sub-cloned into the pAdTrack-CMV-GFP vector to generate pAdTrack-Myc-Rybp. 

pAdTrack-Myc-Rybp and pAdTrack-GFP clones _were linearized with EcoRI and used to 

transform the BJ5183 electrocompetent bacteria containing the Ad-Easy Adenoviral 

vector (Stratgene ). Colonies containing recombination products from AdEasy and 

AdTrack vectors were picked and analyzed by Pacl digestion to identify correct 

recombination clones. Selected clones were linearized with Pacl and transfected into the 

HEK 293A cell line (Clontech) to produce recombinant adenovirus containing either GFP 

(Ad-GFP) or Rybp (Ad-Rybp). Virus was amplified and purified using the Adeno-X 

Virus purification kit according to the manufacturer's protocol (Clontech). 

11.H Determination of viral titers 

To calculate viral titers, 3xl 04 U2OS cells were incubated with a series of dilutions of 

Ad-GFP or Ad-Rybp for 24 hours. Cells were trypsinized, fixed with 4% 

paraformaldehyde for 15 minutes at room temperature, and permeablized in methanol 

overnight at 4 °C. Cells were then blocked in a 3%BSA/PBS solution for 30 minutes, 

incubated with anti-GFP antibody (Becton Dickinson Biosciences, 8362) (1 :200 in 

blocking solution) for 2 hours on ice, followed by incubation on ice for one hour with the 

anti-mouse FITC conjugated antibody (1:10 in PBS, DAKO, F0479). Samples were then 

incubated in a PBS solution containing propidium iodide (Fisher, 50µg/ml) and RNAse A 

(Sigma, 50µg/ml) for 30 minutes and analyzed for DNA content and GFP florescence by 

flow cytometry using a F ACSCalibur (BD Bioscience) and analyzed using Cell Quest 

(BD Bioscience). Viral titers were calculated by using dilutions of virus that gave 
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approximately 10% GFP positive cells. The calculation of infectious particles assumes 

infection with a single virus is sufficient to express GFP to a level detectable by flow 

cytometry. 

II.I Induction of endogenous p53 after Adenoviral infection 

U2OS cells were plated at a density of 3x104 in 24-well plates and infected with 15 

infectious particles per cell (IP/C) Ad-Rybp or Ad-GFP for 24 hours. Endogenous p53 

was induced by treating cells with 5nM Actinomycin D for 4, 8, and 18 hours. Cells were 

harvested in CLB at indicated time points and analyzed by western blot for p53, 

p21/Wafl, Myc-Rybp and actin expression. 

11.J Immunofluorescence 

Cells were grown on glass coverslips and fixed with 4% paraformaldehyde at room 

temperature for 10 minutes. Coverslips were washed three times with PBS, permeabilized 

with 0.2% TritonX-100/PBS for 5 minutes, and then blocked for 30 minutes (2% Goat 

serum in PBS) at room temperature. Cells were then incubated with anti-p53 (DO-1) or 

anti-Myc antibody (1 :200 in 2% goat serum/PBS) overnight at 4 °C followed by 

incubation with anti-mouse or anti-rabbit Alexa 594 or Alexa 488 (Molecular Probes) for 

1 hour at room temperature. Cells were then washed and stained with 30µM 4',6-

diamidino-2-phenylindole (DAPI, Sigma) for 20 minutes at room temperature and 

mounted on glass slides using Anti-Fade kit (Molecular Probes, S7461). For induction of 

endogenous p53, cells were treated 0.5µg/ml Adriamycin for 24 hours before fixation. 
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For adenovirally infected cultures, cells were infected with 2IP/C of Ad-GFP or Ad-Rybp 

for 24 hours prior to fixation. 

11.K Proliferation assays and crystal violet staining 

Cells were plated at 3x103 or 5x103 in 96-well plates and infected with 2, 8 or 15 IP/C of 

either Ad-GFP or Ad-Rybp. The cells were harvested at 24, 48, and 72 post-infection and 

stained with crystal violet. For crystal violet staining, cells were washed twice in PBS and 

fixed with methanol for 30 minutes at room temperature. Cells were stained with crystal 

violet (0.1 % crystal violet (w/v) in PBS and 25% methanol) for 1 hour at room 

temperature, washed twice with water, and allowed to air dry for 1 hour. Crystal violet 

was eluted from cells by adding 10% acetic acid for 2 minutes and elutants were read on 

a microplate reader at 595nm. For each experiment and cell type, defined numbers of 

cells were plated 2 hours prior to harvest and were used to generate a standard curve of 

O.D. O.D. values at 595nm for experimental samples were converted to cell number 

using the standard curve. The results are the average of three independent experiments. 

11.L DNA staining and flow cytometry 

U2OS and A549 cells were plated at 3xl 04 cells/well of a 24-well plate and infected with 

15 IP/C of Ad-GFP or Ad-Rybp for up to 48 hours. The caspase inhibitor Z-V AD (50µM, 

Calbiochem) was included where indicated. Floating and attached cells were harvested at 

indicated time points post-infection and fixed in methanol at 4°C for 2 hours. Cells were 

then washed with PBS and resuspended in PBS containing propidium iodide (50µg/ml, 
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Fisher).and RNase A (50µg/ml, Sigma). DNA content was analyzed by flow cytometry as 

previously described and c~lls with less than 2N DNA were scored as apoptotic. 

11.M Caspase 3/7 activity assay 

Cells were plated at 5x103 in 96-well plates and infected with 15 IP/C of adenovirus for 

48 hours. Cell numbers were determined and cells were lysed and analyzed for caspase 

3/7 activity using the Caspase-Glo 3/7 assay kit according to the manufacturer's 

instructions (Promega). Caspase 3/7 activity was normalized for cell number, and was 

plotted as the average fold-increase over uninfected cells. The results presented are the 

average and standard deviation from three .independent experiments. 

11.N Death receptor ligand and chemotherapeutic treatments 

U2OS and A549 cells were plated at 5x103 in 96-well plates and infected with Ad-GFP 

or Ad-Rybp as indicated. 24 hours post-infection, cells were treated with TNFa 

(Endogen), TRAIL (Cell Sciences), cisplatiil (Bedford Laboratories), or Etoposide (MP 

Biomedicals) at the indicated concentrations for an additional 24 (U~OS) or 48 hours 

(A549). Cells numbers were calculated. following crystal violet staining as described 

above. Results presented are the average and standard deviation from three independent 

experiments. 

11.0 RNA isolation and cDNA synthesis 

2.5x105 cells were plated in a 60mm dish and treated as indicated in figures. To isolate 

RNA, cells were washed twice with cold PBS and incubated with 0.5ml of Trizol reagent 
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(Invitrogen) for 5 minutes at room temperature. For phase separation, 100µ1 of 

chloroform was added and the samples were vortexed for 15 seconds. Following a 3-

minute incubation at room·temperature, the samples were centrifuged at 12,000g for 15 

minutes at 4°C .. The aqueous phase was removed and incubated with isopropyl alcohol 

for 10 minutes at room temperature. The samples were then centrifuged at 12, 000g for 10 

minutes at 4°C and the resulting RNA pellet was washed once in 75% Ethanol (diluted in 

diethylpyrocarbonate (DEPC)~treated water). The washed ~A pellets were centrifuged 

at 12,000g for 5 minutes and allowed to air dry. The pellets were then resuspended in 

20µ1 of DEPC-treated water and analyzed for spectrophotometry to obtain RNA 

concentrations. 1 µg of RNA was used to make complimentary DNA ( cDNA) usiQ.g the 

Superscript III first strand synthesis system (Invitrogen) according to the manufacturer's 

protocol (Invitrogen). 

11.P Polymerase chain reaction (PCR) 

To amplify genes of interest, reaction mixtures containing 2µ1 of cDNA (see RNA 

isolation), 1 0nmol oligonucleotide primers (forward and reverse), 200µM dATP, 200µM 

dGTP, 200µM dCTP, 200µM dTTP, l.5mM MgCh, PCR buffer, and Taq DNA 

polymerase (2 units per reaction) (Takara), brought up to a 25µ1 volume in sterile water. 

Amplifications were performed on a Mastercycler (Eppendorf) under the following 

conditions: (i) 94°C for 5 minutes to denature the DNA, (ii) 94 °C for 1 minute, (iii) 59-

620C (depending on primer) for 30 seconds for primer annealing, (iv) 72°C for 1 minute 

for elongation. Steps ii-iv were repeated for 29 cycles, followed by a final incubation at 
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72°C for 10 minutes. 15µ1 of the reaction mixture containing the PRC products was 

separated by gel electrophoresis on a 0.8% agarose gel. 



Chapter III. Characterization of the p53-binding protein Rybp 

III.A Use of the Cytotrap yeast 2-hybrid system to identify p53-interacting proteins 

The importance of p53 as a tumor suppressor has resulted in intensive research into many 

aspects of p53 function and regulation. As such we sought to use a novel approach to 

attempt to identify previously unknown p53-interacting proteins. The approach we chose 

to utilize was a yeast 2-hybrid screening system. 

IILA.1 Rationale/or the use of the Cytotrap system 

A number of yeast 2-hybrid systems have been developed to identify protein-protein 

interactions and any could have been selected for the screen. One system, the Gal-4 yeast 

2-hybrid system, has been successfully utilized to identify p53BP1 as a p53-interacting 

protein 183
• However, since the GAL4 system relies on the reconstitution of transcriptional 

activity, the TAD of p5 3 was deleted to avoid the detection of false positives 183
• Clearly, 

this is a disadvantage as the TAD of p53 is necessary for normal regulation of 

transcription and stability, and to mediate tumor suppression184
• Additionally, since the 

Gal-4 system uses transcriptional activation to identify positive interactions, it biases 

screens against the identification of proteins that repress transcription. In contrast, the 

Cytotrap system is cytoplasmic, and has been successfully employed to identify 

interactions between proteins that normally function in the nucleus, including 

transcriptional activators and repressors185
. As such, the rationale for the choice of the 

system was threefold. (1) The system allowed inclusion of the p53 transactivation domain 
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as part of the bait, (2) the system is capable of identifying transcriptional repressors and 

(3) this system had not been previously used to identify p53-binding proteins. In 

principle, the Cytotrap 2-hybrid screen would be able to detect proteins that conventional 

yeast 2-hybrid technologies would not. 

IILA.2 Principle of the Cytotrap yeast 2-hybrid system 

The Cytotrap syste~ rel_ies · on the reconstitution of Ras signaling in the cytoplasm of 

yeast for the identification of protein'.'"protein interactions. This system utilizes a 

temperature-sensitive mutation in. the yeast cdc25 gene, a homolog of the Sevenless 

(hSos) gene. The protein hSos functions as a guanine nucleotide exchange factor 

displacing GDP bound to Ras to allow replacement with GTP186
• Since Ras signaling is 

necessary for yeast survival, functional ySos encoded by cdc25. is necessary for 

growth 187
• The mutation of cdc25 renders yeast unable to grow at 37°C, but allows them 

to grow at their permissive temperature of 25°C. To screen for interacting proteins, the 

'bait' is generated as a fusion with hSos, and 'target' proteins are tagged with a 

myristylation sequence that directs them to the membrane (Figure SA). Since the Myr

target is located at the membrane, a successful interaction relocalizes the hSos-bait 

protein to the membrane. This membrane localization of hSos triggers activation of Ras 

signaling and growth of yeast colonies at the non-permissive temperature of 3 7°C 

(Figure SA). 
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IILA.3 Isolation of clones encoding p53-binding proteins from a human lung cDNA 

library 

48 

We sought to make use of this novel system in an attempt to discover proteins involved in 

the transcriptional repression of p53. To generate the 'bait' for the screen, full-length p53 

was sub-cloned into the Ncol and· Sall restriction sites of the pSos vector in frame with 

hSos to generat~ pSos-p53. Sequencing of the pSos-p53 expression construct verified that 

p53 was cloned in the, correct orientation and.in frame with hSos (data not shown). 

To screen for p53-interacting proteins, the pSOS-p53 expression plasmid and pMyr

myristylation tagged human lung cDNA -library were co-transformed into the yeast strain 

mutant for cdc25,Jf-(for. schematic of screening method see Figure 5B and 5C), These 

transformed yeast cells were plated on glucose-containing plates deficient in uracil and 

leucine to ensure selection of yeast co-transformed with both pSos and pMyr plasmids. 

The pSos construct contains LEU2 gene and pMyr contains the URA3 gene allowing 

growth in the absence of leucine and uracil, respectively. These plates were incubated at 

25°C to allow expansion of co-transformed clones. The colonies were then replicated to 

new plates containing glucose and incubated at 25°C and 37°C and to plates containing 

galactose at incubated at 37°C. 

Growth of yeast colonies at 3 7°C is dependent on successful interaction between pSos

p53 and a clone from the pMyr-cDNA library. pSos-p53, which is constitutively 

expressed, is recruited to the cell membrane via interaction with a pMyr-clone, promoting 

growth on plates at 37°C. Since the pMyr-cDNA library is under the control of the 
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galactose inducible Gal-1 promoter, an interacting clone should grow on galactose at 

37°C but not glucose plates at 37°C (Figure SA). 

Colonies that met the above criteria were picked and re-plated onto glucose plates 

incubated at 25°C to induce repression of the Gal-1 promoter. The clones were then 

replica-plated onto galactose plates and incubated at either 25°C or 37°C to confirm 

growth at 3 7°C was dependent on expression of the pMyr clone. pMyr DNA from these 

colonies was isolated and amplified in E.coli to obtain sufficient quantities for use in 

confirmatory s~udies. 

Putative positives were subjected to an additional level of screening to verify that growth 

of cdc25H mutant yeast at 37°C is dependent on the pMyr cDNA clone, and not an 

additional mutation in the yeast. Furthermore, since the screen utilizes a chimeric hSOS

p53 protein, pMyr fusion constructs could encode proteins that interact with hSos rather 

than p53. To eliminate these potential false positives from the screen, pMyr DNA 

isolated from these colonies was re-transformed in combination with pSos-p53 or pSos 

into cdc25H yeast. Transformants able to grow on galactose plates at 25C but not 37°C, 

only when co-transformed with pSos-p53, had their DNA isolated and sequenced. The 

encoded genes were identified by a BLAST database search and the results are displayed 

in Table II. 

The results from a representative plate at the final round of verification are shown in 

Figure 6. The top row represents colonies from co-transformation of cdc25H yeast with 
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Table II. Genes Recovered from Cytotrap Yeast 2-Hybrid Screen 

Identified Gene Function 

Myosin Light Chain Kinase, • Phosphory lates the myosin light chain 
variant 5 polypeptide during muscle contraction 

MLLT3/AF9 • Fusion partner to MLL protein in acute 
myeloid leukemia. 

• KO mouse studies show involvement in 
controlling embryonic patterning 

*Grp 78/BiP • ER chaperone protein 
• Induced by the unfolded protein response 

Human DNA sequence (ring • Unknown function 
finger protein) 

Vestibule-1 Protein • Unknown Function 
• Found highly expressed in the brairi 

*a importin 4 • Nuclear import protein 
• Known p53-interacting protein 

FUS/TLS • Fusion partner to CHOP in liposaarcomas 
• Contains RNA Recognition Motif and is 

involved in RNA splicing 
• KO studies show involvement in maintaining 

genomic stability and a possible role in DNA 
damage repair 

Erythrocyte membrane • Part of erythrocyte cytoskeleton 
protein band 4.1 

Ring 1 YYl binding protein • Associated with the Polycomb Repressive 
(Rybp) Complex 1 (PRC 1) 

• Ubiquitously ·expressed 
• Associated with YYl, a negative regulator of 

p53 

* Indicates genes that were recovered multiple times during screen. 
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Figure 6 Identification of novel p53-interacting proteins using the Cytotrap yeast 
2-Hybrid system. The above figure is a representative plate from our yeast 2-
hybrid screen at the final round of verification (see Figure 4b). Temperature 
sensitive cdc25H mutant yeast were co-transformed with the plasmid combinations 
indicated in the figure. Transformants were grown on glucose plates incubated at 
25 °C and 3 7 °Candon galactose plates incubated at 3 7 °C. Growth in the presence 
of glucose at 25 °C and galactose at 37°C but not on glucose plates at 37°C is 
indicative of colonies containing interacting proteins. Transformation of cdc25H 
mutant yeast with pSos-MAFB andpMyr-MAFB (top panel) was used as a positive 
control and pSos-MAFB and pMyr-LaminC (second panel) was used as a negative 
control for the screen. The third panel contains colonies transformed with pSos
p53 and a pMyr-clone, pMyr-Rybp, which was identified to be a p53-interacting 
protein. The bottom panel contains colonies transformed with the pSos vector 
alone which, when grown with the pMyr-Rybp clone, acts as an additiqnal control 
to ensure that the protein encoded by pMyr-Rybp does not interact with the Sos 
protein. 
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pMyr-MAFB and pSos-MAFB. MAFB dimerizes in vivo and represents a positive 

control for the screen (Figure 6). pMyr-MAFB and pSos-MAFB transformed cells will 

grow on gluco·se at_ 25°C, but not on gluc?se at ·37°C (Figure 6). Because of the 

interaction between MAFB and MAFB, cdc25H yeast transformed with these plasmids 

will grow at 37°C in the presence of galactose (Figure 6). The second row shows 

representative colonies from the negative control pMyr-MAFB and pSos-Lamin C. 

pMyr-MAFB and pSos-Lamin C-transformed ·cells can grow at their permissive 

temperature but not on glucose at 37°C or on galactose at 37°C. 

The third row in Figure 6 is representative of yeast containing a putative positive p53-

interacting protein. Like pMyr-MAFB and pSos-MAFB, yeast cells transformed with 

pSos-p53 and pMyr clone 6A, which was later confirmed to be Rybp, were positive for 

growth on glucose at 25°C but not glucose at 37°C (Figure 6). Growth on galactose at 

37°C is indicative of interaction with p53. To ensure that the growth of pMyr-Rybp and 

pSos-p53 was dependent on interaction with p53 and not hSos, pMyr-Rybp was 

transformed with the pSos plasmid alone. pMyr-Rybp and pSos transformed cells do not 

grow in the presence of galactose at 37°C, confirming that the interaction is taking place 

between Rybp and p53 (Figure 6). 

The screen identified several clones that interacted with p53 in yeast, including importin

alpha 4, a known p53-binding protein. This demonstrates that this system has the 

potential to identify physiologically relevant p53-interacting proteins. Additionally the 

screen identified several genes that haye not been previously described as interacting with 
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p53 (Table II). Of particular interest, three of the identified genes have been reported in 

the literature as being involved in transcriptional regulation: AF9, TLS and Rybp. 

Although we were able to confirm that AF9 interacts with p53 in mammalian cells 
\ 

(Appendix Figure I) and represses p53-mediated transcriptional activity in luciferase 

assays (Appendix Figure I), we focused our experiments on characterizing the role of 

Rybp in the regulation of p53 transcriptional activity and stability. 

111.B Rybp binds p53 in mammalian cells 

The secondary genetic screens confirmed that Myr-Rybp can interact with p53 in yeast. 

As a first step to determine if Ry~p plays a physiological role in the regulation of p53, we 

assessed if these proteins interact in mammalian cells. 

IILB.1 Exogenously expressed p_53 and Rybp interact in mammalian cell lines. 

To determine if full-length Rybp and p53 are capable of interaction in mammalian cells, 

Saos-2 cells were transfected with Myc-tagged Rybp (Myc-Rybp) and Flag-tagged p53 

(Flag-p53) expression constructs. 48 hours post transfection, cell lysates were collected 

and an anti-p53 antibody was used to immunoprecipitate p53 and p53-associated 

proteins. Immunoprecipitated proteins vvere resolved on an SDS gel and the western blot 

analysis performed using an anti-Myc antibody. This antibody detected a 32kD protein, 

corresponding to the transfected Rybp, only when both p53 and Myc-Rybp were 

transfected together (Figure 7 A). Whole cell lysates confirmed that both p53 and Rybp 
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Figure 7 Co-localization and association of Rybp and p53 in vivo. (A) U20S cells 
were transfected with Myc-Rybp and p53 expression constructs as indicated in the 
figure (+ denotes transfection of either p53 or Rybp). Lysates from these cells 
were immunoprecipitated with anti-p53 antibody (D0-1). Levels of 
immunoprecipitated Rybp were assessed by immunoblot analysis using an anti
myc antibody (top panel). 10% of the whole cell lysates were subject to 
immunoblot analysis to determine the levels of transfected p53 (middle panel) and 
Rybp (bottom panel) (B). U20S cells were transfected with Myc-Rybp and p53 
expression construct as indicated in the figure. Lysates from these cells were 
immunoprecipitated with anti-Myc antibody and levels of immunoprecipitated 
Rybp were assessed by immunoblot analysis using anti-myc antibody (top panel.) 
10% of the whole ce/1 lysates were subject to immunoblot analysis to determine the 
levels of transfected p53 (middle panel) and Rybp (bottom panel) (C) U20S cells 
were transfected with Myc-Rybp and treated with Adriamycin to stabilize 
endogenous p53. lmmunofluorescent microscopy was employed to determine the 
subcellular localization of Myc-Rybp and p53. Top panel, fluorescent staining of 
Myc-tagged Rybp (green). Middle panel, fluorescent staining of p53 (red). Bottom 
panel, DAPI staining of the nucleus (blue). 
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were efficiently expressed, indicating that the immunoprecipitatiol). of Rybp was 

dependent on the presence of transfected p53 (Figure 7 A). 

Reciprocal experiments were performed to determine if p53 could be co

immunoprecipitated with Myc:-Rybp. In this case, all experimental conditions were as 

above, with the exception that the cell lysates were subjected to immunoprecipitation 

with the anti-Myc antibody. Western blotting analysis of the immunoprecipitated proteins 

revealed efficient co-immunoprecipitation of Rybp and p53 (Figure 7B). Western 

blotting of whole cell lysate confirmed that both p53 and Rybp were expressed at 

comparable levels where transfected and thus p5 3 was only immunoprecipitated when 

Rybp was co-transfected (Figure 7B). These results demonstrate that exogenously 

expressed Rybp and p53 are capable of interaction in mammalian celJs. 

IILB.2 Exogenously expressed Ryhp colocalizes with endogenous p53 in U20S cells. 

We performed a similar · experiment to address if there was co localization between 

exogenous Rybp and endogenous p53. For this experiment we utilized the p53-positive 

U2OS cell line, allowing stabilization of endogenous p53 by treatment with the 

chemotherapeutic drug Adriamycin. U2OS cells were transfected with Myc-Rybp or 

empty control vector, and treated with 0.5µg/mL Adriamycin 24 hours post transfection. 

The subcellular localization of Rybp and endogenous p53 was assessed by incubating 

cells with anti-Myc and anti-p53 antibodies followed by incubation, with secondary 

antibodies conjugated to fluorescent molecules (Figure 7C). Fluorescence was observed 
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by microscopy. Rybp (green) and p53 (red) have a similar staining pattern, distributed 

throughout the nucleoplasm, with exclusion from spots that have the appearance of 

nucleoli (Figure 7C). 

111.C Mapping the domains necessary for the association of p53 and Rybp 

We sought to determine the regions of both p_53 and Rybp necessary for interaction in 

mammalian cells. Structure-function analysis has been performed previously for both p53 

and Rybp161
,
164

,
166

,
180

• As such, determination of the regions necessary for the interactions 

may suggest potential consequences of the interaction. Additionally, this may allow the 

identification of mutants unable to interact, _allowing correlation of the interaction with 

other properties of these proteins. 

IILC.1 Mapping regions in p53 necessary/or association with Rybp 

As a tool to determine the region(s) of Rybp necessary for interaction with p53 we 

constructed a panel of deletion mutants tagged with the Myc-epitope172
• U20S cells were 

co-transfected with Flag-p53 and wild-type Myc-Rybp or Myc-Rybp deletion mutants 

(Figure 8A). Whole cell lysates from these cells were immunoprecipitated with the anti

p53 antibody (D0-1). Coimmunoprecipitated Rybp mutants were detected by 

immunoblotting with an anti-Myc antibody (Figure 8B). This analysis revealed wild-type 

Rybp, the N-terminal deletion mutants A22, A44, Al 12N and the C-terminal deletion 

mutant A 181 co-immunoprecipitate with the p53 (Figure 8A). The lower levels of A44 

immunoprecipitated presumably reflect a reduced expression level rather than a reduced 

affinity for p53 (Figure 8A). The C-terminal deletion mutant 
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Figure 8 Deletion of the C-terminus of Rybp abolishes interaction with p53. (A) 
Schematic of the Myc-Rybp deletion mutants. (BJ A series of Myc-Rybp deletion 
constructs were co-transfected with p53 expression vector as indicated in the 
figure. Lysates from these cells were immunoprecipitated with anti-p53 antibody 
(DO-I), and levels of immunoprecipitated Rybp were assessed by immunoblot 
analysis using anti-myc antibody (top panel). 10% of the whole cell lysates were 
subject to immunoblot analysis to determine the levels of transfected p53 (middle 
panel) and Rybp (bottom panel). 
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Al 12C does not co-immunoprecipitate with p53 and the A141 binds p53 with weak 

affinity when compared to wild-type (Figure 8A). These data suggest that p53 binds 

Rybp between amino acids 112-141, or this mutation disrupts· the structure of ·Rybp to 

prevent binding (Figure 8A). This immunoprecipitation data is consistent with the 

results from tµe yeast 2-hybrid screen, where the clone recovered· from the screen, 

encoded amino acids 118-290 of Rybp, indicating a domain capable of p53-interaction 

resides within this sequence (Figure 6). 

Ill C.2 Mapping the Rybp binding domain of p53 using tumor-derived mutants and 

mutants lacking conserved domains 

P53 contains five evolutionarily conserved domains, and mutation of any of these five 

domains alters p53 's ability to activate transcription180
• As such, we utilized a panel of 

p53 constructs with deletion of one or more of these conserved domains (AI, All, Alli, 

AIV, AI-All) to determine if any of these regions are required for Rybp binding180
• 

Furthermore, we also tested the tumor-derived mutant, 273H and mutant 22/23 harboring 

point inactivating point mutations in the DBD and the TAD, respectively, for their ability 

to interact with Rybp180
'
188 (Figure 9A). U2OS cells were co-transfected with expression 

constructs containing Myc-Rybp and either wild-type p53, or p53 mutants. At 48 hours 

post-transfection, cell lysates were harvested and Myc-Rybp immunoprecipitated. Levels 

of p53 coimmunoprecipitating with Myc-Rybp were determined by immunoblotting 

using a polyclonal rabbit antibody against p53 (Figure 9B). As expected, wild-type p53 

coimmunoprecipitated with Myc-Rybp (Figure 9B). In addition, all of the p53 mutants 
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Figure 9 Mutation of p53 's conserved domains does not abolish the interaction 
with Rybp. (A) Schematic of p5 3 mutants. The N-terminal transactivation domain 
(TAD), central DNA binding domain (DBD) and C-terminal oligomerization 
domain(OD) of p53 are indicated in the figure. Mutants 111, Ml, 11III, Mv, and M
M! are missing the indicated conserved domain of p53. Mutant 1122/23 contains 
two point mutations in the TAD ofp53. Mutant 273H is a tumor-derived mutant of 
p53 containing a point mutation in the DNA binding domain. The 11290 mutant 
contains a large deletion in the C-terminus of p53. (B) U2OS cells were 
transfected with a panel of p53 mutants and Myc-Rybp. Lysates were 
immunoprecipitated with the anti-Myc antibody and analyzed by western blot for 
levels ofp53 mutants using a combination ofanti-p53 antibodies (Ab-421 and DO
I) (top panel). 10% of whole cell lysates were _CI;nalyzed by western blot for levels 
of transfected p53 mutants (middle panel) and Myc-Rybp expression (bottom 
panel). 
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were immunoprecipitated with Myc-Rybp with the exception of mutant 273H (Figure 

9B). Analysis of whole cell lysates revealed that p53 mutant 273H was poorly expressed; 

thus, no conclusions can be made as to whether this mutant can interact with Myc-Rybp. 

(Figure 9B). 

IILC3 Mapping the Rybp binding domain ofp53 using large deletion mutants ofp53 

These results indicate that none of the conserved regions of p53 are necessary for 

interaction with Rybp. With the exception of the C-terminal A290 mutant, the other 

deletions are small, and we decided to employ larger deletion mutants of p53 

encompassing the TAD, ANcoI, A28-40, and A41-49 (Figure lOA). We focused on the 

TAD as this domain is an important site for regulation of p53 transcriptional activity and 

protein stability. 

U2OS cells were transfected with Myc-Rybp and wild~type p53 or the ANco, A28-40, 

and A41-49 mutants. Cell lysates were harvest 48 hours post-transfection and subjected to 

immunoprecipitation using the anti-Myc antibody. Lysates were then run on a denaturing 

gel and immunoblotted with an anti-p53 antibody that recognizes the C-terminus of p53 

. ' . -

(Ab-421). Both the wild-type_ p53 and the p531?:1utants co..;immunoprecipitated with Myc-

Rybp although the ANco mutant seemed to bind Myc-Rybp with a higher affinity 

although this is probably due to experimental variability as we were unable.to repeat this 

(Figure lOB and lOC). Reduced co-immunoprecipitation of mutant A41-49 with Myc

Rybp is presumably the consequence of reduced levels of transfected Myc-Rybp in this 

sample (Figure lOB). Analysis of wild-type and mutant p53 expression revealed efficient 
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expression of these proteins (Figure lOB). From these results, we conclude that the TAD 

of p53 is not required for interaction with Rybp. 

Based on the data from the A290 mutant in Figure 9 and the ANcol mutant in Figure 

lOB, we hypothesized that Rybp may bind p53 within the DBD domain. We constructed 

a mutant of p53 harboring only the first 113 amino acids, which .deletes the entire DBD 

· (Figure toAr U2OS cells were then co-transfected with vectors expressing Myc-Rybp 

and wild-type p5~ or p53. deletion mutants (A290, Al 13, and ANcol) (Figure lOC). 

Whole cell lysates were immunoprecipitated with the anti-Myc antibody and 

immunoblots were probed with antibodies against p53 (monoclonal DO-1 that recognizes 

the N-terminus and the monoclonal Ab-421 which recognizes the C-terminus) (Figure 

lOC). Since the anti-Myc antibody was a mouse monoclonal, immunoblotting of 

precipitants with a mouse monoclonal p53 antibody results in the detection of the 

immunoglobulin heavy (50 kD) and light chain (25kD) (Figure lOC). Due to the small 

size of the Al 13 mutant (~20kD), lysates from immunoprecipitates were run on a 15% 

acrylamide gel (normally, lysates are run on a 10% acrylamide gel to see p53) to allow 

adequate separation of smaller proteins. Unfortunately, this results in overlap of wild

type p53 and the heavy chain. Due to the intensity of the heavy chain band, the gel was 

cropped very close to the wild-type p53 band (Figure lOC). Wild-type p53 

immunoprecipitates with Myc-Rybp as did deletion mutants A290 and ANcol (Figure 

lOC). In contrast, the p53 mutant Al13 did not interact with Myc-Rybp (Figure lOC). 

Data from these mapping experiments support the hypothesis that the, amino acids 113-
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290 within the DNA binding domain are important in mediating the interaction between 

Rybp and p53 (Figure lOC). 

111.D Rybp represses p53-mediated transcription 

Since Rybp functions in a transcriptional repression complex and can repress the activity 

of interacting transcription factors in reporter assays161
'
163

'
164

'
166

, we sought to determine 

if Rybp negatively tegulates p53 trans.activation. 

IILD.1 Rybp represses p53-mediated transactivation of the Mdm2 promoter 

In order to assay the effect of Rybp expression on p53 transcriptional activity, we 

employed co-transfection experiments using the p53-responsive Mdm2-luciferase 

reporter construct. Transfection of Saos-2 cells with increasing amounts of p53 

expression constructs resulted in a dose-dependent increase in luciferase activity (Figure 

llA). Co-transfection with a Myc-Rybp expression construct antagonized p53-dependent 

activation of the Mdm2 luciferase promoter (Figure llA). 

IILD.2 Rybp repres$es p53-mediated· transactivation of the Bax promoter 

To compare the efficiency of Rybp-mediated repression with the known inhibitors of p53 

transcriptional activity, Mdm2 and YYl, we performed similar co-transfection 

experiments as above using the p53-responsive Bax luciferas~ construct. Activation of 

Bax-reporter gene· activity could be efficiently antagonized by co-expression of Mdm2 

(Figure llB). YYl also inhibited Bax-luciferase reporter gene activity, although less 
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Figure 11 Rybp inhibits p53 transcriptional activity (A) U20S cells were co
transfected with the p53-responsive Mdm2-luciferase reporter and increasing 
amounts of p53 in the absence or presence of transfected Myc-Rybp (+ indicates 
presence of transfected gene). (B) U20S cells were co-transfected with the p53-
responsive Bax-luciferase reporter. and p53, Myc-Rybp, Mdm2 and YYJ as 
indicated in- the figure. For- both A and B, luciferase activity was measured 24 
hours after transfection. The data are plotted as mean (n=3) fold increase in 
luciferase activity compared to the activity of cells transfected with the reporter 
gene alone. 
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efficiently than Mdm2 (Figure llB). Expression of Rybp antagonized p53 activation 

approximately 50%; however, in combination with YYl expression, Rybp reduced 

luciferase activity to basal levels (Figure llB). It js_ interesting to note that YYl and 

Rybp are interacting proteins; however, whether they function in a complex to regulate 

p53 is unknown (Figure llA and llB). --

IILD.3 The Rybp-related protein, Yaf2, interacts with p53 

The transcriptional co-activator, Yaf2, is structurally similar to Rybp, sharing 

approximately 70% amino acid homology164
• To determine if full-length Yaf2 could also 

interact with p53, U2OS cells were transfected with p53 and Myc-tagged Yaf2 (Myc

y af2) or Myc-Rybp expression constructs. 48 hours post-transfection, cell lysates were 

collected and immunoprecipitated with an anti-p53 antibody. Precipitated proteins were 

resolved on an SDS gel and western blot analysis performed using an anti-Myc antibody. 

As expected, Rybp co-immunoprecipitated with p53 (Figure 12A). Additionally, Yaf2 · 

co-immunoprecipitated with p53 with similar efficiency to Rybp (Figure 12A). Whole 

cell lysates confirmed that Y af2 and Rybp were efficiently expressed at comparable 

levels, suggesting that p53 binds both Rybp and Yaf2 in mammalian cells (Figure 12A). 

Although structurally similar, Yaf2 and Rybp have been shown to have opposing effects 

on transcription, such that Rybp represses transcription and Yaf2 promotes transcriptional 

activation 164
. To determine if Yaf2 and Rybp have opposite effects on 
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Figure 12 Yaj2 interacts with p53 (A) U2OS cells were transfected with constructs 
expressing p53, Myc-Rybp, or Myc-Yaj2 as indicated by + in the figure. Cell 
lysates were immunoprecipitated with the anti-p53 antibody (DO-I) and levels of 
Yaj2 and Rybp were analyzed by western blot (top panel). 10% of whole cell 
lysates were subject to immunoblot analysis for expression of Myc-Yaj2 and Myc
Rybp (middle panel) and p53 (bottom panel). (B) U2OS cells were co-transfected 
with a Bax-luciferase construct, p53 and increasing amounts of Myc-Rybp or Myc
Yaj2. Luciferase activity was measured 24 hours after transfection. The data are 
plotted as the mean (n=3) fold increase in luciferase activity compared to the 
activity of cells transfected with the reporter gene alone. 
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p53-mediated transcription, U2OS cells were transfected with the p53-repsonsive Bax

luciferase construct and p53 and increasing amounts of Myc-Yaf2 or Myc-Rybp 

expression constructs. P53 expression enhanced luciferase activity approximately 14-

fold, and this was repressed by Rybp in a dose-dependent manner (Figure 12B). In 

contrast, p53 transactivation of the Bax-promoter was not affected as the amount of Yaf2 

was increased (Figure 12B). These results further confirm those found in the literature 

revealing distinct effects of Rybp and Yaf2 on transcriptional activation 164
• 

IILD.4 Ryhp represses p53-mediated transactivation without promoting the 

degradation of p53. 

Rybp-mediated inhibition of p53 activity in reporter gene assays could reflect a direct 

effect on transcriptional activity. An alternative, although not necessarily mutually 

exclusive hypothesis, is that Rybp promotes p53 degradation, thus indirectly reducing 

transcriptional activity. To distinguish between these possibilities, co-transfection 

experiments were performed to determine if Rybp repression of p53 transcriptional 

activity was associated with reduced levels of p5 3 proteins. To achieve this, U20S cells 

were co-transfected with p53, Rybp, expression constructs and the p53-responsive Bax

luciferase reporter. Luciferase activity was measured, and the same cell lysates were 

analyzed by western blotting to d~termine p53 expression levels (Figure 13B). The 

results indicate that both Mdm2 and Rybp can repress p53-reporter gene activity; 

however, only Mdm2 reduces p53 protein levels (Figure 13A and B). As a control, GFP 

was co-transfected and western blot analysis reveals similar expression levels, indicating 
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Figure 13 Rybp represses p53 transactivation wi(hout inhibiting p53 protein 
stability. Saos cells were co-transfected with a Bcix-luciferase reporter construct, 
and combinations of Flag-p53 (100 and 500 ng), Myc-Rybp (500ng) and pcDNA3-
Mdm2 (500ng) expression constructs as indicated in the figure by +. (A) 
Luciferase activity was measured 24 hours after transfection. The data are plotted 
as fold increase in luciferase activity compared to the activity of cells transfected 
with the reporter gene alone. (B) Levels of p53 (top panel) and GFP (bottom 
panel) were assessed in whole cell extracts by western blot. 
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that the differe1:1ces in p53 levels are not attributable to differences in the transfection 

efficiency between the samples (Figure 13B). While not eliminating a role for Rybp in 

the regulation of p53 stability under certain conditions, these results indicate that Rybp 

can inhibit p53 transcriptional activity directly without· promoting p53 degradation. 

However, when Mdm2 and Rybp are· co-expressed, there is a subtle reduction of p53 

levels below those seen with Mdm2 alone, although the significance of this is unknown 

(Figure 13B). 

111.E Rybp forms a complex with p53 and Mdm2 

A number of other proteins involved in repression of p53 activity do so in a complex with 

Mdm2. This includes the polycomb protein YYI, which interestingly, is capable of 

interaction with Rybp161
• As such, we wanted to determine if Rybp is in a complex with 

both p53 and Mdm2. To address this question, U20S cells were co-transfected with 

expression constructs containing Mdm2, Flag-p53 and Myc-Rybp as indicated in the 

figure. Cell lysates derived from these cells were immunoprecipitated with the anti-Myc 

antibody, and immunoblotted to determine if p53 or Mdm2 could co-immunoprecipitate 

with Myc-Rybp. 

Mdm2 was efficiently co-immunoprecipitated with Myc-Rybp only from cells 

cotransfected with p53 expression constructs (Figure 14). In the absence of transfected 

p53, only a very small fraction of Mdm2 was precipitated by the anti-myc antibody 

(Figure 14). The most likely explanation for this result is that Rybp does not bind Mdm2 
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Figure 14 Rybp forms a trimeric complex with p 53 and Mdm2. U20S cells were 
transfected with combinations of Flag-p53, Mdm2, and Myc-Rybp as indicated by 
+ in the figure. Whole cell lysates from these cells were immunoprecipitated with 
anti-Myc antibody followed by western blot analysis to assess the levels of p53 and 
Mdm2 (top two panels). 10% of whole cell lysates were subject to immunoblot to 
determine the levels of Mdm2, p53 and Myc-Rybp in the transfected cells, prior to 
immunoprecipitation (bottom three panels). 
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directly, but forms a trimeric complex in vivo consisting of Rybp, p53 and Mdm2. As 

such, the small fraction of Mdm2 coimmunoprecipitating with Rybp in the absence of 

exogenous p53 may be a result of endogenous p53 binding to Mdm2 (Figure 14). 

111.F Rybp enhances ubiquitination of p53 by Mdm2 

The results from Figure 11 suggest that Rybp represses p53 transcriptional activity; 

however, they do not eliminate a role for this protein in the regulation of p53 stability. A 

potential role in promoting degradation of p53 is supported by our data indicating Rybp, , 

Mdm2 and p53 form a trimeric complex (Figure 14). A more sensitive assay than 

assessing protein level.s is to measure ubiquitination. Furtherin,ore, ubiquitination does not 

automatically lead to degradation, but can alter protei_n function in numerous ways, much 

like other post-translational modifications59
• As such, we wanted to determine if Rybp 

could enhance the ubiquitination of p53. 

Standard western blotting of transfected cells ·can be utilized to detect ubiquitinated p53, 

as this modification results in a characteristic ladder of mono- and poly-ubiquitinated 

forms. Transfection of Mdm2 reduces the level of p53 (Figure 15A). In contrast, longer 

exposure of the gel reveals the presence of the ladder, detected by the p53 antibody, 

presumably reflecting ubiquitination. U20S cells co-transfected with p53 and Mdm2 to 

promote ubiquitination resulted in decreased p53 protein levels (Figure 15A). As a 

positive control for the inhibition of Mdm2 activity, Mdm2, cells were co-transfected 

with p14/19ARF, resulting in an increase in p53 levels and reduced ubiquitination 

(Figure 15A). Co-expression of Myc-Rybp with p53, as shown in 
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Figure 15 Rybp enhances Mdm2-mediated ubiquitination of p53. A) U20S cells 
were transfected with Flag-tagged p53, Mdm2, and increasing amounts of Myc
tagged Rybp constructs, as indicated in the figure. Western blot of whole cell 
lysates taken from these samples were probed with Mdm2 (top panel), p53 (second 
and third panels), Myc (fourth panel) and GFP (bottom panel). The third panel 
shows a shorter, less exposed gel, allowing comparison of the levels of unmodified 
p53. (BJ U20S cells were transfected with Flag-p53, Mdm2, Myc-Rybp and HA 
tagged ubiquitin constructs as indicated in the figure by +. Lysates from these 
cells were immunoprecipitated with an anti-p53 antibody and immunoblotted with 
an anti-HA antibody (ubiquitin) (left panel) or an anti-p53 antibody (right panel). 
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Figure 15, does not reduce p53 protein levels, nor promote ubiquitination. However, 

when co-transfected with Mdm2, Rybp enhances Mdm2-mediated ubiquitination of p53, 

without reducing p53 levels (Figure 15A). 

In order to determine if the modification of p53 in Figure 15A is in fact ubiquitination, 

we performed experiments employing an HA-tagged ubiquitin expression construct. 

U20S cells were transfected with Flag-p53, Mdm2, Myc-Rybp and HA-tagged ubiquitin 

(HA-Ub) constructs, as indicated in Figure 15B. Cell lysates were immunoprecipitated 

with the anti-p53 (D0-1) antibody and the precipitated complexes were resolved on a 

denaturing gel, and blotted with an anti-HA antibody (Figure 15B). A protein smear 

recognized by the anti-HA antibody is detectable in the sample transfected with Flag-p53, 

Mdm2, and HA-Ub (Figure 15B). This smear is presumably a consequence of Mdm2~ 

dependent ubiquitination of p53, and other ubiquitinated proteins complexed with p53. 

Co-transfection of Myc-Rybp greatly increases the intensity of the protein smear (Figure 

15B). The same immunoblot was re-probed with an anti-p53 antibody, and indicated that 

a significant part of the smear was modified p53 (Figure 15B). These data Figure 15A 

and 15B are consistent with the hypothesis that Rybp enhances Mdm2-mediated 

ubiquitination of p53. 

111.G Adenovirus vectors as a tool to determine the effect of Rybp expression on 

endogenou_s p53 activity and stability. 
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Although expression of Rybp inhibited p53 transactivation in ,a reporter gene assay 

without promoting the degradation of p53, it is possible that under different conditions, 

Rybp would promote p53 degradation. Rybp's enhancement of p53 ubiquitination in our 

studies strongly supports this possibility. Why ubiquitination of p53 was not 

accompanied by degradation is not clear. However, Mdm2-dependent degradation of p53 

in transient assays is very dependent on the ratios of plasmids transfected. Either too little 

or too much Mdm2 can prevent degradation of p53. This suggests that the correct 

stoichiometry of the components is important for the reaction, and this may be difficult to 

achieve in transient ~ransfection assays. As such, we sought to employ a method of gene 

delivery that wguld allow us to more reproducibly adjust the amount of Rybp in the cell. 

We choose to use adenoviral vectors for gene delivery due to their ability to infect all 

cells in the culture ( either non-dividing or dividing), to express high levels of the protein 

of interest, and, by titrating viral loads, to control expression levels of Rybp. We 

hypothesized that low levels of Rybp would repress p53 transactivation, but at higher 

levels Rybp would promote p53 protein degradation. 

IIL G.1 Generation of !f.ecombinant adenovirus Expressing Rybp 

To generate adenovirus expressing a gene of interest, in our case Rybp, genes must be 

inserted efficiently into th~ adenoviral genome. Due to the considerable size of the 

adenoviral genome (36kb), it is difficult to insert genes by conventional doning methods. 

Thus, DNA is incorporated into the Adenoviral genome by homologous recombination 

using bacteria 181
• BJ 5183 · bacteria undergo a · high frequency of homologous 

recombination and were used in the generation of our adenovirus expressing Rybp. We 
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utilized a strain of BJ5183 harboring the Ad-Easy vector, which contains a large portion 

of the adenoviral genome. Introduction of shuttle vectors containing the gene of interest 

into this strain of E.coli results in homologous recombination and generation of Ad

recombinant clones (Figure 16). 

To generate adenovirus expressing both GFP and Myc-Rybp, the human Rybp coding 

sequence containing an N-terminal Myc-epitope · tag was amplified by PCR from the 

pcDNA3-Myc-Rybp vector. Myc-Rybp was then sub-cloned into the Sall site of the 

shuttle vector Ad-Track-CMV-GFP generating Ad-Track-CMV-Rybp. To generate a 

control virus expressing only GFP, the shuttle vector Ad-Track-CMV-GFP was used. 

These constructs were linearized with EcoRI and transformed into BJ5183 bacteria 

containing Ad-Easy (Figure 16). Recombinati~n between Ad-Track-CMV-GFP-Rybp or 

Ad-Track-CMV-GFP and Ad-Easy occurs through ligation of matching viral sequences 

present in both vectors (Figure 16). Recombinant clones are then selected based on 

antibiotic resistance followed by Pacl restriction digest to confirm the presence of the 

Ad-Track insert (data not shown). Once the Ad-Track-C_MV-Rybp insert was confirmed, 

recombinant plasmids were linearized with Pacl and transfected into the adenovirally 

transformed human embryonic kidney cell line 293A. 293A cells contain sheared DNA 

fragments from the adenoviral genome and can compensate for the lack of adenoviral 

genes missing from the Ad-Easy construct. Successful production of recombinant 

adenovirus is detectable in 293A cells by the display of a cytopathic effect (CPE) due to 

the lytic nature of adenoviral infection. Adenovirus expressing GFP and Rybp (Ad-
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Figure 16 An overview of the generation of recombinant adenovirus expressing 
Myc-Rybp. To generate an adenovirus expressing Rybp, the human Rybp coding 
sequence containing an N-terminal !vfyc-epitope tag was subcloned into the Ad
. Track-CMV-GFP construct. Ad-Track-CMV-GFP-Rybp was then transformed into 
BJ5 l 83 bacteria to undergo homologous recombination with the Ad-Easy 
construct containing a majority of the adenoviral genome (Ad5 DNA). 
Recombination clones were analyzed by restriction digest. Once positive · 
recombinants were confirmed, they were linearized with P acl to expose the left 
and right inverted terminal repeats (LITR and RITR). The linearized plasmid was 
transfected into the adenoviral packaging cell line 293A for viral production. The 
virus was then amplified to obtain high viral concentrations, purified, and viral 
titers determined. As a control, adenovirus expressing only GFP was generated. 
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Rybp) and adenovirus expressing only GFP (Ad-GFP) were amplified and purified and 

viral titers were determined by flow cytometry. 

To confirm that adenoviral infection resulted in expression of Rybp and/or GFP, U20S 

cells were infected and analyzed by fluorescence microscopy 24 hours post-infection 

(Figure 17 A). As expected, over 80% of cells in cultures exposed to 2 IP/C of either Ad

GFP or Ad-Rybp were positive for GFP expression (Figure 17 A). Ad-GFP infected cells 

were slightly more fluorescent than Ad-Rybp infected cells, although a similar percentage 

of cells expressed GFP (Figure 17 A). Only the Ad-Rybp infected cells stained positive 

for Myc-Rybp (Figure 17 A). This staining is exclusively nuclear and has a punctate 

pattern (Figure 17 A), which has been reported by other investigators and presumably 

reflects the presence of Rybp in Polycomb bodies161
• 

Western blot analysis of lysates from infected cultures was used to confirm the efficient 

expression of GFP and Myc-Rybp. Ad-GFP infected cells have higher GFP levels than 

those infected with Ad-Rybp (Figure 17B). This result is consistent with both the flow 

cytometry and immunofluoresence experiments indicating that Ad-Rybp expresses GFP 

at a lower level than the Ad-GFP (data not shown and Figure 17B). The anti-Myc 

antibody recognized a band of the predicted molecular weight only in the Ad-Rybp 

infected cells, demonstrating that the virus efficiently drives expression of Myc-Rybp 

(Figure 17B). These blots were re-probed with the anti-actin antibody and similar levels 

of actin were observed in an lanes, confirming equal loading of the cell lysates (Figure 

17B). 
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Figure 1 7 Infection of U2OS cells with recombinant Adenovirus expressing Rybp. 
(A) Uninfected (top panel), Ad-GFP (middle panel) and Ad-Rybp (bottom panel) 
were infected at 2 IPIC. U20S cultures were analyzed for GFP (green) and Myc
Rybp (Red) expression by fluorescence microscopy. Nuclei were counter-stained 
with DAPI (blue). (B) U2OS cells were uninfected or infected with increasing 
concentrations of Ad-GFP or Ad-Rybp (2, 8, and 15 IPIC). Infected U2OS cell 
lysates were analyzed by western blot for expression of Myc-Rybp (top panel), 
GFP (middle panel) and Actin (bottom panel). 
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IIL G.2 Ad-Ry hp blocks p53 and p21 accumulation in response to Actinomycin D 

To determine if expression of Rybp can inhibit the stabilization of p53 and/or the 

activation of p53 target genes in response to genotoxic stress, the effect of Ad-Rybp 

infection on the ki~etics of the p53-- response was assessed i~ U20S cells. U2OS cells 

were infected with Ad-Rybp or Ad-GFP at 15IP/C and 24 hours post-infection, infected 

cells we~e treated with 5nM of the chemotherapeutic agent Actinomycin D to stabilize 

p53. Western blot analysis of cell lysates collected during a time course was performed to 

determine if Rybp expression impaired the accumulation of protein levels of the p53 

target p21. Immunoblotting revealed the acc_umulation of p53 beginning at 4 hours post

Actinomycin D treatment in the control Ad-GFP infected cells (Figure 18). Additionally, 

protein levels of p21 also increased beginning at 8 hours post-Actinomycin D treatment 

in the Ad-GFP infected cultures (Figure 18). In contrast, in Ad-Rybp infected cultures, 

neither p53 nor p21 protein levels increase during the time course following Actinomycin 

D treatment (Figure 18). Immunoblots were reprobed with an anti-actin antibody.· 

revealing equal loading of protein in the samples, indicating that the differences in p53 

and p21 levels were not a simply a consequence of differences in amount of ce_ll lysate 

loaded (Figure 18). 

IIL G.3 Ad-Rybp reduces mRNA levels in U20S cells 

The above result clearly demonstrates that Ad-Rybp prevents accumulation of p53 and 

p21 protein levels following treatment with Actinomycin D. This suggests that Ad-Rybp 

is preventing the stabilization of p53, thus preventing p53 activating its target gene p21. 

As such we sought to determine if Ad-Rybp prevented the induction of p21 mRNA levels 
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Figure 18 Ad-Rybp infection inhibits accumulation of p53 in response to 
genotoxic stress. U20S cells were infected with Ad-GFP or Ad-Rybp at 15 IPIC as 
indicated by + in the figure. 24 hours post-infection, cells were treated with 5nM 
actinomycin D to stabilize p53. Cell lysates were harvested at 0, 4, 8, and 18 hours 
after treatment with actinomycin D. The lysates were analyzed by western blot for 
expression levels of p53 (top panel), p21 (second from top panel), Myc (Rybp, 
second from bottom panel) and actin (bottom panel). Actin was used as a control 
to ensure equal loading of proteins. 
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in response to Actinomycin D. U20S cells were infected with Ad-Rybp or Ad-GFP at 

15IP/C. 24 hours post-infection, infected cultures were treated with 5nM Actinomycin D 

to stabilize p53. RNA was harvested at 8 hours post-treatment, cDNA produced, and the 

expression levels of p21 and GAPDH were assessed by semi-quantitative PCR (Figure 

19A). This analysis revealed that Ad-Rybp infection prevented the induction of p21 

mRNA (as compared to the control infected Ad-GFP cultures) (Figure 19A). However, 

GAPDH levels were also significantly reduced in the Ad-Rybp samples when compared 

to Ad-GFP infected control cells (Figure 19A). Quantification of total RNA by 

spectrophotometry was employed to achieve equal amounts of RNA in each sample 

before cDNA synthesis. However, due to the significant differences in the levels of the 

GAPDH mRNA between Ad-Rybp and Ad-GFP infected samples, we confirmed there 

was not an error in the quantification by running samples of total RNA on a denaturing 

agarose gel, and visualizing samples by ethidium bromide staining (Figure 19A). This 

analysis confirmed that there was no significant difference in the amount of total RNA 

utilized in the cDNA reaction for each sample (Figure 19A). 

A possible explanation of these results is that GAPDH is a specific target for Ad-Rybp 

repression. To address this possibility, we ·also compared the levels of (3-actin from Ad

Rybp and Ad-GFP samples taken above (Figure 19A). This revealed that levels of (3-

actin mRNA were also reduced in Ad-Rybp, but not Ad-GFP infected cells (Figure 

19A). Since Ad-Rybp infection reduces the level of two housekeeping genes commonly 

utilized for their consistency of expression, it suggests that Ad-Rybp is modulating 

mRNA on a global level. 
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Figure 19 Ad-Rybp reduces mRNA levels in U20S cells. U20S cells were infected 
with Ad-GFP and Ad-Rybp at 15 IPIC. 24 hours post-infection, cells were treated 
with 5nM actinomycin D for 8 hours as indicated by + in figure. RNA was 
harvested and expression levels of {3-actin (second from top panel), GAP DH (third 
from top panel), and p21 (bottom panel) were determined by semi-quantitative 
PCR. Total RNA levels were determined by running samples on a denaturing 
agarose gel followed by staining with ethidium bromide (top panel). 
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We noted during the course of these experiments that approximately 24 hours post

infection with Ad-Rybp at 15 IP/C, but not Ad-GFP, U20S cells began to round up and 

float off of the plate, suggesting that they may be undergoing apoptosis. This is the 

opposite effect of what we would predict for the inhibition of p53 activity; however, it is 

consistent with literature implicating a role for Rybp in the regulation of apoptosis162
' 

171
' 

172
• 

175
• We have investigated this property of Rybp further in the following section. To 

avoid confusion,· it should be noted that this apoptosis is not a p53-dependent apoptosis, 

and we have no evidence of a role for Rybp as a mediator of p53-induced apoptosis. 



Chapter IV. Ad-Rybp as a potential cancer therapeutic 

IV.A Ad-Rybp infection inhibits proliferation of tumor cell lines 

The majority of studies on Rybp investigate its role in the regulation of transcriptional 

repression, and compelling evidence supports the proposition that Rybp is a polycomb 

protein161
'
163

-
166

. However, other studies have implicated Rybp as a mediator of 

apoptosis162
,
171

,
172

,
175

_ Interestingly, one study revealed that Rybp overexpression could 

specifically kill tumor cells while leaving normal cells unharmed 175
• If this was a general 

phenomena that could be extended to multiple tumor lines, without toxicity to normal 

tissue, our Ad-Rybp could have potential as a therapeutic to treat cancer. As a first step to 

investigate the therapeutic potential of Ad-Rybp, we assessed the impact of Ad-Rybp 

infection on the proliferation of the tumor cell lines U20S and A549. 

IV.A.I Ad-Rybp infection inhibits proliferation of U20S 

To determine if Ad-Rybp infection inhibited the proliferation of U20S cells, we 

compared the growth of tumor cells after infection with Ad-GFP or Ad-Rybp. U2OS cells 

were infected at 2, 8, 15 IP/C, and cell numbers were determined at 24, 48, and 72 hours 

post-infection (Figure 20A). Cells infected with Ad-GFP at 2, 8, and 15 IP/C continue to 

proliferate up to 72 .hours at a .simil~ rate to uninfected ce_lls (Figure 20A and data not 

shown). This indicates that infection with Ad-GFP up to 15 IP/C does not inhibit cell 

growth. U2OS cells exposed to 2 IP/C of Ad-Rybp proliferated at a similar rate to the 
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Figure 20 Ad-Rybp inhibits proliferation of U20S and A549 cell lines. U20S (A) 
and A549 (B) cells were infected with increasing concentrations (2, 8, and 15 
IPIC) of Ad-GFP (black lines) or Ad-Rybp (grey lines). At 24, 48, and 72 hours 
post-infection, the cells were stained with crystal violet and cell number was 
calculated. Data are presented as the mean of three independent experiments with 
standard deviations. 
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Ad-GFP infected cells over the time course (Figure 20A). At the higher titers of Ad

Rybp (8 and 15 IP/C), cell numbers decrease by 48 hours with the majority of cells 

eliminated by 72 hours (Figure 20A). This cytotoxic effect suggests that Ad-Rybp 

promotes cell death, consistent with previous studies in the literature. 

IV.A.2 · Ad-Rybp infection inhibits proliferation of A549 

Similar cell proliferation experiments were performed using the non-small cell lung 

carcinoma cell line A549 (Figure 20B). Treatment of A549 cell cultures with Ad-GFP at 

2, 8, or 15 IP/C does not prevent proliferation over the 72-hour time course (Figure 20B). · 

Similarly, Ad-Rybp cultures infected at 2 IP/C proliferate at a rate comparable to control 

cultures (Figure 20B). At the higher viral loads of Ad-Rybp (8 and 15 IP/C), growth 

inhibition was detected at 48 hours post-infection (Figure 20B). By 72 hours of infection 

with Ad-Rybp (15 IP/C) cells number decreased by 70% (Figure 20B). 

IV.A.3 Ad-Rybp infection inhibits proliferation of Saos2, TOV112 and TOV21 

We decided to screen additional tumor cell lines for sensitivity to Ad-Rybp-mediated 

inhibition of proliferation. Since Ad-Rybp inhibited A549 and U2OS cell proliferation at 

48 hours post-infection at a viral concentration of 8 IP/C (Figure.20A and 20B), we 

chose those conditions to test the effect of Ad-Rybp infection on these other tumor cell 

lines. We infected the osteosarcoma cell line (Saos2), the non-small cell lung carcinoma 

cell line (Hl299), and two ovarian cancer cell lines (TOV1_12 and _TOV21) with Ad-GFP 

or Ad-Rybp as above (Figure 21A). Cultures of all tumor cell lines, with the exception of 
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Figure 21 Ad-Rybp infection inhibits the proliferation of tumor but not non
transformed cell lines. Cell cultures were infected with Ad-GFP or Ad-Rybp at 8 
IPIC. 48 hours post-infection, cell number was determined by crystal violet 
staining. (A) Cell number 48 hours post infection for. a panel of human tumor cell 
lines (U2OS, Saos, A549, HJ 299, TOVJ 12, TOV21) and (B) a panel of non
transformed cell types (MRC5, IMR90 and RPE and RPE Ela). For statistical 
analysis, n=3 for all cell lines except Saos and TOV21 where n=6. Western blot. 
analysis of whole cell lysates of tumor cell lines (C) and non-transformed cells (D) 
for Myc-Rybp (top panel), GFP (middle panel) and actin (bottom panel) protein 
expression. 



88 

H1299, displayed a reduction in cell number when infected with Ad-Rybp compared to 

Ad-GFP infected controls as assayed by crystal violet staining (Figure 21A). 

To determine if differences in the sensitivity of cell cultures to Ad-Rybp infection were a 

consequence of differential infectivity/expression, expression levels of Myc-Rybp and 

GFP were compared 24 hours post-infection (Figure 21C). U2OS, Saos2, TOVI 12, 

TOV21 and H1299 all expressed similar amounts of Myc-Rybp and GFP (Figure 21C). 

In contrast, A549 cells expressed the least amount of Myc-Rybp and GFP (Figure 21C), 

although these cells are sensitive to the cytotoxic effects of Ad-Rybp infection. These 

results indicate that sensitivity to Ad-Rybp-mediated inhibition of proliferation is not due 

to differences in the expression levels of Rybp. 

IV.B Ad-Rybp infection does not inhibit proliferation of non-transformed cells 

Previous reports demonstrate that normal cells, including human foreskin fibroblasts and 

mesenchymal stem cells, are resistant to Rybp-mediated death175
• To test if adenoviral 

delivery of Rybp similarly failed to inhibit the proliferation of non-transformed cells, we 

compared the cell number of non-transformed cells infected with Ad-GFP and Ad-Rybp 

48 hours post-infection at 8IP/C. In contrast to the tumor cell lines, telomerase 

immortalized retinal pigmented epithelial cells (RPE) and normal diploid human 

fibroblast lines MRC5 and IMR90 were resistant to Ad-Rybp-mediated growth inhibition 

(Figure 21B). These results demonstrate that Ad-Rybp retains the tumor-specific killing 

activity reported in the literature175
. 
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Previous reports demonstrated that transformation of normal diploid fibroblasts with 

SV40 was- able to convert these cells to a Rybp-sensitive phenotype175
• To investigate if 

introduction of an oncogene into non-transformed cells rendered them sensitive to Ad

Rybp, we compared the ability of Ad-Rybp to inhibi( the growth of the isogenic lines 

RPE and RPE cells expressing the oncogene Ela (RPE-Ela). Ad-Rybp infected RPE 

cells display no reduction in cell number when compared to Ad-GFP infected control 

cultures (Figure 21B). In contrast, infection with Ad-Rybp results in a 70% reduction of 

RPE-ElA cells compared to Ad-GFP infected control cells (Figure 21B). These results 

suggest that the disruption of normal growth regulation pathways by oncogenes is 

sufficient to render cells sensitive to Rybp-induced apoptosis. Analysis of Myc-Rybp and 

GFP expression following infection demonstrated that the differences in sensitivity to 

Ad-Rybp were not a result of differences in expression (Figure 21D). 

IV.C Ad-Rybp induces apoptosis 

Infection of either U2OS or A549 cells with Ad-Rybp resulted in almost the complete 

elimination of the cell cultures by 72 hours at a viral concentration of 15 IP IC (Figure 

20). These results suggest that Rybp inhibits cell proliferation, at least in part, by 

. promoting cell death. We sought to determine if Ad-Rybp infection was capable of 

inducing apoptosis in these cells. 

IV.C.1 Ad-Ryhp does not induce cell cycle arrest, but induces DNA/ragmentation 

To determine if Ad-Rybp inhibits proliferation by inducing apoptosis or by a combination 

of apoptosis and cell cycle arrest, the DNA content of Ad-Rybp and Ad-GFP infected 
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cells was measured by propidium iodide staining and flow cytometry (Figure 22A). This 

assay allows the determination of the proportion of cells irt each phase of the cell cycle. 

In addition, since DNA fragmentation is a characteristic of cells undergoing apoptosis, 

we can also use this as an assay of apoptosis, with cells with less than a 2N DNA content 

scored as apoptotic. 

We detect no significant changes in cell cycle distribution of Ad-Rybp infected U2OS 

cells compared to uninfected controls up to 48 hours post-infection (Figure 22A). 

However, apoptotic cells are detected 36 hours post Ad-Rybp-infection, and the fraction 

of apoptotic cells increased to 30% by 48 hours (Figure 22A). The lack of any apoptosis 

at the 24 hour time point is consistent with the results from the growth curves showing no 

difference in cell numbers between Ad-Rybp and Ad-GFP infected cultures at 24 hours 

(Figure 22A). Ad-GFP infected cultures displayed a similar.level of apoptosis compared 

to the uninfected control up to 48 hours post-infection, indicating that the apoptosis is 

dependent on expression of Rybp (Figure 2_2A). Similar experiments were performed in 

A549 cells (Figure 22B). At 48 hours post-infe_ction with Ad-Rybp, the number of A549 

cells undergoing apoptosis increased to 24% (Figure 22B). 

IV.C2 Ad-Ryhp-induced DNAfragnientation is caspase-dependent 

Caspases are proteases that function as regulators and effectors of the apoptotic process, 

and elevated activity is a characteristic of a cell undergoing apoptosis. As an additional 

measure of apoptosis, cells infected with 15 IP/C of Ad-GFP or Ad-Rybp were assayed 

for caspase 3/7 activity at 48 hours post-infection. Ad-Rybp infected cultures had a 12.4-
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fold increase in caspase 3/7 activity compared to uninfected and Ad-GFP infected cells at 

48 hours post-infection (Figure 22C). This increase in caspase activity is consistent with 

an apoptotic mechanism of cell death. 

To determine if caspase activity was necessary for Ad-Rybp-mediated ·death, the ability 

of Ad-Rybp to induce apoptosis was compared with and without treatment with the broad 

specificity caspase inhibitor Z-VAD (Figure 22D). U20S cells were infected with Ad

Rybp (with and without Z-V AD) or Ad-GFP and analyzed for DNA content. At 48 hours 

post-infection, Ad-Rybp cultures contained an average of 36% apoptotic cells (Figure 

22D). In the presence of 50µM Z-VAD, Ad-Rybp-induced apoptosis was reduced to 

almost background level (Figure 22D). Taken together, these· data demonstrate that Ad

Rybp infection inhibits proliferation of tumor cells by promoting apoptosis (Figure 22D). 

IV.D Ad-Rybp modestly cooperates with chemotherapeutic agents to inhibit tumor 

cell proliferation 

Since gene therapy is most likely to be successful when combined with other therapeutic 

approaches such as chemotherapy, we sought to determine if Ad-Rybp infection 

sensitizes cells to the cytotoxic effects of chemotherapeutic agents. For the treatment of 

osteosarcoma and non-small cell lung cancer, platinum based-therapies, such as cisplatin, 

are often used as a first-line treatment189
•
190

. Platinum compounds are either used alone or 

in combination with other non-platinum agents, including Etoposide189
•
190

. As such, we 

tested if Ad-Rybp would sensitize U20S or A549 cells to the cytotoxic effects of cisplatin 

or Etoposide treatment. 
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Figure 23 Ad-Rybp infection sensitizes U20S cells to etoposide. (A) Ad-GFP or 
Ad-Rybp (21P/C) infected U2OS cultures were treated with etoposide (0, 0.5µM, 
1 µM, 2µM, and 5µM) at 24 hours post infection. 24 hours after etoposide 
treatment, cell number was determined by crystal violet staining. (B) Ad-GFP or 
Ad-Rybp (21P/C) infected U2OS ~ultures were treated with cisplatin (0, J0µM, 
15µM, 25µM, and 50µM) at 24 hours post infection and cell number was 
determined after an additional 24 hours of culture. (C and D) Identical 
experiments were performed using higher concentrations of Ad-GFP and Ad-Rybp 
to infect A549 cells (41P/C). The data are presented as the mean of three 
independent experiments with standard deviations. 
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Proliferation of U2OS cells was measured by crystal violet staining in cells infected with 

sub-lethal viral concentrations of Ad-Rybp (2 IP/C) followed by Etoposide or cisplatin 

treatment for 24 hours. Etoposide inhibited the growth of Ad-GFP infected cells with an 

IC50 value >5µM (Figure 23A). Ad-Rybp infection cooperated with Etoposide treatment, 

reducing the IC50 value to lµM (Figure 23A). Both Ad-Rybp and Ad-GFP infected 

cultures showed a similar sensitivity to cisplatin treatment, with total elimination of cells 

at 25µM, although Ad-Rybp infected cells were slightly more sensitive (Figure 23B). 

The cooperation between Ad-Rybp infection and Etoposide and cisplatin treatment was 

also assessed in A549 cells. Since A549 cells are more resistant to Ad-Rybp infection 

(Figure 20A and 20B), they were infected with 4 IP/C of either Ad-GFP or Ad-Rybp and 

treated with either cisplatin or Etoposide for 24 hours. In contrast to the results in U20S 

cells, Ad-Rybp only marginally increased the cytotoxicity of either Etoposide or cisplatin 

in A549 cells (Figure 23C and 23D). 

IV.E Ad-Rybp dramatically cooperates with the death receptor ligand TNFa to 

inhibit tumor cell proliferation 

Since Rybp has been reported to enhance Fas-mediated death in tumor cell lines172
, we 

tested if Ad-Rybp sensitizes cells to an additional death receptor ligand, TNF~. U2OS 

cells were infected with Ad-GFP or Ad-Rybp (2 IP/C) for 24 hours followed by treatment 

with TNFa for 24 hours. Ad-GFP infected cultures were completely resistant to the 

cytotoxic effects qf TNFa (Figure 24A.). In contrast, Ad-Rybp infected cells were 
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extremely sensitive to TNFa-induced cytotoxicity such that treatment with 2ng/ml TNFa 

was sufficient to eliminate all of the cells in the culture (Fig~re 24A). 

Since TNFa induces death receptor-mediated apoptosis, we would expect that the 

changes in cell number in Figure 24A are due to apoptosis. To confirm this, Ad-Rybp 

and Ad-GFP (2 IP/C) infected cultures of U2OS cells were treated with TNFa (2ng/ml) 

for 24 hours and apoptosis was measured by flow cytometry (Figure .24B and 24C). 

TNFa treatment of Ad-GFP cultures modestly increased the proportion of apoptotic cells. 

from 6% to 13% (Figure 24B and 24C). In contrast, TNFa treatment dramatically 

cooperated with Ad-Rybp in the induction of apoptosis, increasing the proportion of 

apoptotic_cells from 13% to 48% (Figure 24B and 24C). 

Similar experiments were performed to determine if Ad-Rybp sensitizes A549 cells to 

TNFa-induced apoptosis. A549 cells were infected with Ad-GFP or Ad-Rybp (4 IP/C) 

followed by incubation with TNfa, and cell numbers were determined at 24 and 48 hours 

post TNFa treatment. Ad-Rybp infection did not increase sensitivity to TNFa at 24 hours 

(data not shown). However, at 48 hours of TNFa (l0ng/ml) treatment, there was an 80% 

reduction in the cell number in Ad-Rybp infected cultures (Figure 24D). In contrast, Ad

GFP infected cultures were resistant to TNFa-induced cytotoxicity at both 24 and 48 

hours (data not shown and Figure 24D). 

To determine if the reduction in cell number of Ad-Rybp and TNFa treated cultures is a 

result of increased apoptosis, A549 cultures were infected with Ad-GFP or Ad-Rybp 
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( 4ng/ml), treated with TNFa for 48 hours, and DNA content was measured by flow 

cytometry (Figure 24E and 24F). Treatment of Ad-GFP infected cultures with TNFa did 

not alter the cell cycle distribution or rate of apoptosis (Figure 24E and 24F). In 

contrast, TNFa treatment of Ad-Rybp infected cultures resulted in a significant increase 

in the percentage of apoptotic cells when compared to Ad-Rybp infection alone (Figure 

24E and 24F), with the percentage increasing from 16% to 40%. 

IV.F Ad-Rybp dramati~ally cooperates with the death receptor l_igand 

Apo2L/TRAIL to inhibit tumor cell proliferation 

In order to assess if Ad-Rybp cooperated with other death receptor ligands,· u2Os cells 

were infected with Ad-Rybp or Ad-GFP at 2 IP/C for 24 hours. Cells were then treated 

with increasing concentrations of TRAIL (1, 5, 10, 50, 100, and 200 ng/ml) for an 

additional 24 hours, and cell numbers were determined. U20S cells infected with Ad-GFP 

are relatively resistant to Apo2L/TRAIL (Figure 25). In contrast, Ad-Rybp dramatically 

sensitize U20S cells to Apo2L/TRAIL treatment, reducing the IC50 from >200ng/ml in 

Ad-GFP infected cultures to approximately 1 Ong/ml in Ad-Rybp infected cultures 

.(Figure 25). 

IV.G Ad-Rybp infection reduces global mRNA levels 

Ad-Rybp infection resulted in the reduction in global mRNA levels (Figure 19). It is 

possible this effect is either a contributing factor or simply a consequence of Rybp-:

mediated apoptosis. To determine if the reduction in mRNA levels proceeds or follows 

apoptosis, the kinetics of reduction in of GAPDH and anti-actin mRNA levels 
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following Ad-Rybp infection was assessed. U2OS cells were infected with Ad-GFP and 

Ad-Rybp at 15 IP/C, RNA was isolated from cells at 6, 18, 24, 32, and 48 hours post

infection and cDNA was produced. Samples were analyzed by semi-qua.ntitative PCR for 

expression levels of GAPDH and ~-actin (Figure 26A). This analysis revealed that the 

levels of GAPDH and ~-actin did not change for up to 48 hours in Ad-GFP infected cells 

(Figure 26A). Conversely, Ad-Rybp infected cells showed a decrease in both GAPDH 

and ~-actin mRNA levels starting at 18 hours post-infection, followed by a complete 

elimination of transcripts at 48 hours post-infection (Figure 26A). 

IV.H Inhibition of Ad-Rybp-induced apoptosis does not inhibit the decrease in 

RNA 

The reduction in mRNA levels begins prior to significant induction of apoptosis by Ad

Rybp, suggesting that the reduction in mRNA levels is not a consequence of apoptosis. 

To further address this question, we sought to determine if the inhibition of Ad-mediated 

apoptosis by treatment with Z-V AD would block the reduction in mRNA levels. DNA 

fragmentation, a characteristic of cells undergoing apoptosis, induced by Ad-Rybp 

infection is inhibited by treating infected cells with the broad-specificity caspase inhibitor 

Z-VAD (Figure 22D). If the decrease in mRNA levels is downstream from the activation 

of caspases, Z-VAD should inhibit the decrease in mRNA levels elicited by Ad-Rybp 

infection. To test this hypothesis, U2OS cells were infected with 15 IP/C of either Ad

GFP or Ad-Rybp in the absence or presence of 50mM of Z-VAD. After 24 hours, RNA 

was isolated from the cells, cDNA generated, and mRNA ·expression levels of GAPDH 

and ~-actin were assessed by PCR (Figure 26B). Infection with Ad-Rybp resulted in a 



100 

decrease in mRNA levels for both GAPDH and· (3-actin when compared to Ad-GFP 

infected cells (Figure 26B). Treatment of cells with Z-V AD does not inhibit the effect of 

Ad-Rybp on mRNA levels (Figure 26)3). These results suggest that the reduction in 

mRNA is not dependent on the activation of caspases and that perhaps~ transcriptional 

repression mediated py Rybp is a contributing fac,tor in the induction of Rybp-mediated 

apoptosis. 
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Figure 26 The kinetics of Ad-Rybp -mRNA degradation. (A) U20S cells were 
infected with Ad-GFP and Ad-Rybp at 15 IP/C and RNA harvested post-infection 
at the.time points indicated in the figure. The levels of GAP DH (top panel) and {3-
actin (bottom panel) were analyzed by semi-quantitative PCR. (B) U20S cells 
were infected with Ad-GFP and Ad-Rybp (15 IPIC) in the absence or presence of 
the broad-specificity caspase inhibitor Z-VAD (50µM) (as indicated by + in the 
figure). RNA was isolated from the cells 24 hours post infection and the levels of 
GAPDH (top panel) and {3-actin (bottom panel) were analyzed by semi
quantitative PCR. 



Chapter V. Discussion 

V.A Identification of p53-interacting proteins 

V.A.1 Overview of candidate proteins identified by the Cytotrap yeast 2-hybrid screen 

In this study we employed the Cytotrap yeast 2-hybrid system to screen a human lung 

pMyr-cDNA library and identified 9 distinct clones encoding p53-interacting proteins. 

One of these clones encoded importin-alpha 4, a known p53-interacting protein. This 

protein promotes the nuclear localization of p53 191
• Truncated mutant forms of importin

alpha 4 are found in breast cancer, resulting in accumulation of cytoplasmic p53, thus 

inhibiting its transcriptional activity 192
• The identification of this protein indicates that the 

Cytotrap system can identify physiologically relevant p53-binding proteins. 

Several proteins not previously reported in the literature to bind p53 were recovered from 
. . 

the screen (Table II). The most frequently recovered clone was a gene encoding protein 

Grp78/Bip, an endoplasmic reticulum (ER) resident chaperone protein. Grp78/Bip is 

induced in response to ER stress and -is essential in mediating the unfolded protein 

response193
• As part of this response, Grp78/Bip binds to unfolded proteins in the ER to 

promote proper folding oi~ failing this, targets them for degradation by the proteosome193
. 

This interaction could reflect either a role for Grp78/Bip as a p53 chaperone, or that the 

expression of human p53 in yeast results in some protein misfolding promoting the 

interaction between p53 and Grp78/Bip. In addition, the heat shock protein Hsp 105/110 

was also isolated and may similarly bind p53 as a result of protein misfolding. 
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Other clones encoded proteins for which· it was difficult to envision a role in p53 

regulation or function. These were: myosin light chain kinase, whose role in the 

phosphorylation·of myosin light chain to promote muscle contraction is· well documented, 

and erythrocyte membrane protein band 4.1, a component of the erythrocyte 

cytoskeleton. Clones were also isolated encoding proteins with no known functions. 

These were vestibule- I and a hypothetical Ring finger protein. 

V.A.2 Transcriptional co-activator TLS/FUS is a p53-interacting protein in yeast 

One interesting clone encoded the protein TLS/FUS. TLS (translocated in liposarcoma) is 

mainly known for its role as an oncogenic fusion protein with the transcription factor 

CHOP in myxoid liposarcomas194
• Fusion of the N-terminal transactivation domain of 

TLS to the DNA binding domain of CHOP creates an aberrant transcriptional activator 

that is responsible for the development of myxoid liposarcomas194
• Wild-type TLS is a 

transcriptional activator and binds to several sequence-specific transcription factors (Spi

t and NFkB), components of the basal transcriptional machinery (RNA polymerase II 

and TFIID), and RNA splicing and shuttling factors, revealing multiple roles in the 

regulation of transcription 194
• This evidence makes it easy to envision a role for TLS in 

the regulation of p53, via regulating p53-mediated transcription. Furthermore, cells taken 

from TLs-1
- mice_ are aneuploid and possess severe chromosomal abnormalities, 

suggesting that TLS helps to maintain genomic stability in vivo 195
• p53 is essential for 

maintaining genomic stability by promoting apoptosis upon telomere dysfunction, 

inadequate DNA repair, or loss of cell cycle checkpoints196
• Perhaps, TLS is a co-
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activator for p53-mediated transcription in response to DNA damage and therefore helps' 

p53 to maintain genomic stability in vivo. 

V.A.3 Transcriptional repressor AF9 is a p53-interacting protein in yeast 

A goal of the screen was to identify negative regulators of p53. · These would be of 

particular interest because negative regulator.s of p53 could potentially be oncogenes and 

thus could be novel molecular targets for anti-cancer treatments. In our screen, we 

recovered a. clone encoding AF9/MLL T3 (from here on referred to as AF9), a protein 

involved in transcriptional repression. AF9. interact_s with a polycomb complex to repress 

transcription197
• Consistent with an important role as a transcriptional repressor, AF9-null 

mouse embryos have gross malformations of the axial skeleton as a result of a failure to 

repress Hox gene expression198
• AF9 is one of several proteins that form an oncogenic 

fusion with the transcription factor, mixed-lineage leukemia (MLL), and is involved in 

the pathogenesis of acute myeloid leukemia. The MLL-AF9 fusion inhibits p53-mediated 

transcription and this is thought to contribute to its transforming activity 199
• Although 

there are no reports that wild-type AF9 binds p53, in the context of the MLL-AF9 fusion 

protein, the AF9 portion binds p53, thus inhibiting transcriptional activity199
• We 

performed only preliminary experiments with AF9 and these demonstrated that 

overexpressed AF9 binds and inhibits p53 transcriptional activity (Appendix Figure 1). 

Whether there is a role for AF9 in the regulation of p53 under physiological conditions 

remains to be determined, buUhis question merits further study. 



105 

V.B Characterization of Rybp and p53 interactions 

V.B.1 Interaction between Rybp and p53 results in transcriptional repression 

One clone identified in our yeast-2 hybrid screen encoded the C-terminus of Rybp, and 

we chose to concentrate on this protein based on the clear evidence that it was a 

transcriptional repressor, and that it bound YYl, a protein already reported to bind and 

inhibit p5367
'
68

. The first step toward determining if an interaction is likely to have a role 

under physiological conditions is to confirm that the interaction can occur in mammalian 

cells. We have demonstrated that p53 and Rybp can interact in mammalian cells and that 

overexpression of Rybp by transient transfection can inhibit p53 transactivation of the 

p53-responsive Mdm2 and Bax luciferase promoters (Figure 7A-B and llA-B). These 

results are consistent with_ a role for Rybp as a ·transcriptional repressor161
,
163

•
164

•
166

•
167

• 

Furthermore, our analysis using deletion constructs reveals that loss of the C-terminus of 

Rybp prevented interaction with p53 (Figure 8). Mapping the C-terminus of Rybp as the 

site of p53 interaction is consistent with the published literature that indicates that this 

domain of Rybp makes contact with the other sequence specific transcription factors, 

E2F6 and hGABP164
•
166

• 

Although we have established that p53 and Rybp interact when overexpressed in 

mammalian cells (Figure 7A-B), we :have been unable to establish if there is an 

interaction between endogenous p53 and Rybp. This failure to detect an interaction may 

be the result of technical difficulties, such as unsuitable conditions or reagents of 

insufficient quality. Although the quality of p53 antibodies is not questioned, only a 

single antibody recognizing endogenous Rybp is available, and this recognizes Rybp only 

under denaturing conditions. As such, it could only be used to probe complexes 
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immunoprecipitated with p53 antibodies, and not to precipitate Rybp. An additional 

consideration is the question: what proportion of Rybp might we expect to be complexed 

with p53? While this question is difficult to answer, an indication is provided by analysis 

of the p53-YY1 interaction. YYl, like Rybp, is a polycomb protein that binds and 

inhibits p53 in a complex with Mdm267
'
68

. In this case, only a small fraction of total 

endogenous YYl and p53 can be co-im~unoprecipitated (2-5%)67
• This may suggest that 

the interaction is not important for the global regulation of p53, with the interaction 

perhaps occurring only at specific p53 promoters. Arguing against this is the finding that 

when YYl is knocked out by homologous recombination, the cells undergo apoptosis as 

a consequence of the stabilization and activation of p5367
• If a similarly small fraction of 

Rybp was bound to p53, detection with current reagents would be difficult. Furthermore, 

it is possible that the interaction only occurs in specific cell types, and/or on specific 

promoters, and/or only in response to specific stress condition. As such, choosing the 

correct cell type and conditions to attempt to coimmunoprecipitate the endogenous 

proteins is difficult without additional information. 

V.B.2 Rybp promotes Mdm2-mediated ubiquitination of p53 

We have demonstrated that Rybp forms a complex containing p53 and Mdm2, suggesting 

that Rybp may mediate Mdm2-dependent regulation of p53 (Figure 14). Supporting this 

model is the data demonstrating that Rybp promotes Mdm2 ubiquitination of p53 (Figure 

15A-B). Mdm? can inhibit p53 transcriptional activity or promote p53 degradation, and 

both of these processes are mediated at least in part by ubiquitination55
. 



107 

Ubiquitination of p53 does not always result in degradation. Mono-ubiquitination of p53 

promotes translocation from the nucleus to the cytoplasm, inhibiting p53 transcriptional 

activity200
• At high levels of Mdm2, p53 is poly-ubiquitinated and targeted for 

degradation but at low levels, p53 js mono-ubiquitinated and transported out of the 

nucleus200
• As such, Rybp promotion of p53. ubiquitination could lead to either 

degradation or export to the cytoplasm, either of which indirectly inhibits p53 

transcriptional activity. 

Another potential mechanism of Rybp-mediated repression, is the promotion of mono

ubiquitination of histone H2A. In addition to the Mdm2/p53 E3 ligase complex, Rybp 

interacts with the other E3 ligase complexes, PRC 1 and BCOR, to promote gene 

repression167
. Both the PRCl and BCOR complexes promote repression by mono

ubiquitinating histone H2A 104
,
105

,
167

• Interestingly, Mdm2 promotes mono-ubiquitination 

of histone H2A and H2B in vitro and histone H2B in vivo to meditate gene repression201
• 

It is possible that the function of Rybp in vivo is to bind E3 ligase complexes such as 

PRCl, BCOR and Mdm2/p53 to facil~tate transcriptional repression by mono

ubiquitination of histones H2A or H2B. 

V.B.3 Is the Rybp-mediated ubiquitination ofp53 a mechanism of repression? 

In transient assays we see no evidence of Rybp-mediated degradation of p53, despite the 

enhanced rate of ubiquitination (Figure 15A-B). The ability of Rybp to promote the 

ubiquitination of p53 suggests that under certain circumstances, Rybp would promote p53 

degradation. We hypothesized that low levels of Rybp inhibit p53 transcriptional activity, 
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and high levels would promote degradation. This model would be consistent with 

evidence indicating a dual function for both YYl and Mdm2 in the regulation of p53, 

dependent on the level of protein. In the case of YYl, two laboratories generated 

adenoviral constructs, and the ability to express high levels of this protein produced clear 

data67
' 

68
• As, such, we generated and utilized Ad-Rybp to determine if high levels ofRybp 

expression could prevent p53 stabilization in response to genotoxic stress (Figure 18). 

While this analysis clearly demonstrated that Rybp blocked accumulation of p53 and p21 

protein levels, subsequent analysis revealed that Ad-Rybp had global effects on the levels 

of mRNA (Figure 19A). This result makes _any interpretation ·of the results regarding the 

stabilization of p53 difficult. Furthermore, it brings into question the interpretation of 

Rybp-mediated repression observed in the reporter gene assays. Specifically, is the Rybp

mediated inhibition dependent on p53 interaction,_ ~r a result_ of a more global effect on 

mRNA levels? 

We would argue that the results in the transient reporter assays are the result of a spe~ific 

effect on p53 activity for the following reasons; (1) Rybp did not inhibit the level of any 

protein transfected (2) Rybp did not inhibit beta galactosidase reporter gene activity and 

(3) Rybp did not inhibit basal promoter activity of the Mdm2 or Bax promoter in the 

absence of p53. Thus, the differential effects seen with Ad-Rybp could be most easily 

explained by a higher expression level. Clearly, experiments to assess the kinetics of p53 

target gene activation following inhibition of the endogenous Rybp are essential to 

resolve these inconsistencies. 
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-
V.B.4 Rybp as a mediator of p53-dependent repression 

Although Rybp inhibits p53 transactivation in our reporter gene assays, it is possible that 

this result is a consequence of overexpression, and that endogenous Rybp is a mediator of 

p53-dependent repression in vivo. Transcriptional repression of anti-apoptotic genes by 

p53 is important for induction of p53-dependent cell cycle arrest and apoptosis18
' 

202
,

203
. 

For example, p53-dependent repression of the c-myc promoter is required for induction of 

p53-dependent cell cycle arrest202
• To mediate this repression, p53 recruits the 

transcriptional co-repressor mSin3a to the c-myc promoter, thus repressing gene 

expression204
• This repression is mediated in part by the deacety lation of histones via 

recruitment of HDACs202
. These data indicate that p53 is capable of recruiting 

transcriptional repressive complexes to silence gene expression. Therefore, it is plausible 

that Rybp functions as a co-repressor to inhibit expression of pro-proliferative or anti

apoptotic p53 target genes during a p53-mediated response. This repression could be 

accomplished by Rybp's recruitment of the PRCl complex to covalently modify histones. 

V.B. 5 Physiological relevance of Rybp in the regulation of p53 

Although more experiments are essential, the data suggest a role for Rybp in the 

regulation of p53 activity. If Rybp plays an essential role in the regulation of p53 stability 

in many cell types, perturbation of the endogenous gene with siRNA should increase p53 

stability. While Rybp is a ubiquitous protein, significantly higher levels are expressed in 

certain cell types, suggesting a greater dependence on Rybp function in these cells164
• As 

such, it is possible that Rybp/p53 interaction is important for the regulation of p53 only in 

certain cell types or under certain physiological conditions. For example, Rybp is 
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expressed highly in. the developing nervous system, and a subset of Rybp heterozygous 

embryos have defects in neural tube closure16
.
2

• Although the p53 null mice do not have 

an overt developmental phenotype, a small subs.et of female p53 knockout embryos die 

·due to similar defects, suggesting that p53 is important for the proper development of the 

mouse nervous system205
• As such, a role for the Rybp-p53 interaction may be found in 

this tissue. 

It is possible to envision a role for Rybp in inhibiting p53 in stem cells, where p53 and 

Polycomb repression pathways are antagonistic. Components of the PRC 1 complex are· 

necessary to repress Cdkn2a (encoding p14Art), indirectly preventing activation of p53. 

Direct repression of p53 by Rybp (and perhaps YYl) may serve as an additional 

mechanism to prevent activation of this powerful inhibitor of cell proliferation in these 

cells. Furthermore, analysis using embryonic stem cells (ESC) revealed that p53 and 

Polycomb protein have opposing functions. Expression of p53 in ESCs promotes 

differentiation, while PcG proteins function to maintain stem cell pluripotency ·and self

renewal 86·206. p53-dependent differentiation of ESCs is achieved by suppressing the 

expression of Nanog, an essential regulator of ESC self-renewal2°7
• It is possible that 

Rybp negatively regulates p53 in ESCs, preventing p53 transcriptional repression of 

N anog to maintain ESC pluripotency. 

V.C Mechanisms of Rybp-induced apoptosis 

Adenoviral transduction of Rybp into cells resulted in the induction of apoptosis in a p53-

independent manner. These results are consistent with studies implicating Rybp in the 
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promotion of apoptosis171
'
172

'
175

• In principle, Rybp could promote apoptosis by 

repressing transcription of key survival genes. We have shown that infection of cells with 

Ad-Rybp results in gene repression, including housekeeping genes GAPDH and ~-actin 

(Figure 19 and 26). While we have no direct evidence that Ad-Rybp induces apoptosis 

by inhibiting transcription-specific anti-apoptotic genes, the significant delay prior to the 

induction of apoptosis after infection with Ad-Rybp suggests an indirect mechanism, 

perhaps dependent on the modulation of transcription (Figure-22 and 26). Furthermore, 

treatment of Ad-infected cells with a broad specificity caspase inhibitor, Z-V AD, inhibits 

DNA fragmentation but not the transcriptional repression of GAPDH (Figure 26B). 

These results suggest that transcriptional repression may be a causative ev:ent in the 

induction of Ad-Rybp ... mediated apoptosis, although further. experiments are needed to 

confirm this. It is important to note that degradation of mRN~ is not a hallmark of 

apoptosis, although some evidence does exist that the degradation of mRNA occurs 

upstream of the activation of caspases in the execution of apoptosis208
• 

The general reduction in mRNA is presumably a consequence of high levels of Rybp 

expression generated during Ad-Rybp infection. Under more physiological conditions, 

Rybp probably represses a small fraction of genes. Inhibition of the transcription of genes 

involved in the suppression of apoptosis is an attractive hypothesis to account for Rybp's 

potent apoptotic activity, although further experiments are needed to demonstrate this. 

Our adenovirus expressing Rybp will be an excellent tool to identify Rybp-regulated 

genes, and investigate the mechanism of Ad-Rybp-induced apoptosis. 
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However, evidence that Rybp directly interacts with proteins involved in mediating 

apoptosis has been documented171
'
172

'
175

. Rybp interacts with the death effector domain 

proteins FADD, caspase 8 and 10172
• This interaction promotes DISC formation and 

enhances Fas-induced death through the extrinsic pathway of apoptosis172
• Rybp ~lso 

interacts with a nuclear death effector domain containing protein DEDD172
• Translocation 

of DEDD within the nucleus is toxic to cells and Rybp expression can promote the 

redistribution of DEDD within the nucleus172 
•. The role of Rybp in promoting DISC 

formation and caspase 8-mediated cell death would suggest that Rybp could similarly 

enhance apoptosis induced by other death receptor ligands, including TNFa and TRAIL. 

Our results support this hypothesis, revealing a dramatic cooperation between Ad-Rybp 

and the DR ligands, TNFa and TRAIL, but not the chemotherapeutic drugs, cisplatin and 
. . ' 

Etoposide, in the induction of apoptosis (Figure 23 and. 24).' Cisplatin and Etoposide 

promote cell death mainly by inducing tlie intrinsic pathways of apoptosis209
, 
210

• 

Additional evidence of a role for Rybp in the regulation of apoptosis is provided by its 

interaction with Hippi, a potent pro-apoptotic ~olecu~e in the nervous system171
• Rybp 

enhances formation of a death.;initiating complex including Hippi and caspase 8 to 

promote apoptosis171
. Moreover, inhibition with a caspase-8 specific inhibitor, but not a 

caspase 9-specific inhibitor, abolished Hippi/Rybp-mediated apoptosis171
• 

These studies employ overexpression of exogenous Rybp in cell lines; however, the 

phenotype of the knockout mouse suggests a physiological role for Rybp in the 

promotion of apoptosis162
• Rybp .deficiency in mice is embryonically lethal, due to 
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insufficient apoptosis during the implantation process 162
• Furthermore, knockdown of the 

Rybp-related Y af2 in zebrafish results in widespread caspase 8-dependent apoptosis, 

suggesting a role for the Yaf2 in the repression of apoptosis211
• This is an intriguing 

hypothesis, as evidence from mammalian cells suggests that Yaf2 and Rybp are mutually 

antagonistic, with Yaf2 promoting a~tivation of Rybp-repressed genes164
. 

V.D Rybp as molecular target for cancer therapy 

V.D.1 Ad-Rybp has tumor-specific killi~g abilities 

Interestingly, Oorschot et al115 found that Rybp expression induced by transfection 

promoted apoptosis specifically in tumor cells, but not normal cells in a limited number 

of cell lines. The specific cytotoxicity of Rybp in tumors makes Rybp a potential 

candidate. for a cancer gene therapeutic. Since we generated an adenovirus expressing 

Rybp (Ad-Rybp), and adenoviral vectors are used as vectors for gene therapy, we wanted 

to determine if Ad-Rybp demonstrated tumor preferential killing abilities. 

To determine if adenoviral-mediated Rybp expression had tumor-specific killing ability, 

we tested a panel of tumor ce_ll lines for their sensitivity to Ad-Rybp infection. Our results 

confirm tumor-preferential killing, with Ad-Rybp inhibiting proliferation of 5 of the 6 

tumor cell lines tested in this study (Figure 21A). In addition, we demonstrate that 

normal diploid fibroblast cell lines (IMR90 and MRCS) and telomerase-immortalized 

RPE are unaffected_ by_ Ad-Rybp infection (Figure 21B); However, introduction of an 

oncogene into the RPE cells was sufficient to render these cells sensitive to Ad-Rybp

mediated growth inhibition (Figure 21B). These results are consistent with other studies 
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showing that Rybp induces apoptosis of tumor ·cell lines including .Jurkat, H9, SW480, 

and Saos2, and even in SV40-transformed human fibroblasts but not a range of normal 

cells including chemosensitive mesenchymal stem cells172
'
175

• Our results demonstrate 

that Rybp retains its tumor-specific killing activity when introduced into cells by 

Adenoviral transducti9n, suggesting that Adenoviral vectors expressing Rybp may have 

clinical applicability. 

Ad-Rybp infection inhibited the proliferation of all transformed cell lines tested with the 

exception of the Non-small cell lung carcinoma (NSCLC) line H1299 (Figure 21C). The 

mechanism of H1299 cell resistance to Rybp expression remains unclear. However, a 

trivial explanation of differential infectivity or expression levels was excluded as an 

additional NSCLC, A549, was sensitive despite showing lower levels of expression of 

Myc-Rybp (Figure 21C). 

V.D.2 Mechanism of Ad-Ryhp tumor-specific killing 

The mechanism of Ad-Rybp tumor preferential killing may be a consequence of 

transcriptional repression, particularly of anti-apoptotic genes or pro-survival genes. 

Despite abundant genetic mutations acquired during tumorigenesis, tumor cell 

proliferation and survival can depend on the activity of a single oncogene or signaling 

pathway 212
-
214

• This phenomenon is referred to as oncogene addiction. Numerous 

examples exist, in vitro and in vivo, which demonstrate that inactivation of a single 

oncogene results in a rapid and efficient inhibition of tumor cell proliferation or death212
. 

For example, transgenic mice expressing a doxycycline-inducible oncogenic H-Rasv120 
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transgene with expression targeted to melanocytes develop melanoma upon treatment 

with doxycycline215
. Upon doxycycline withdrawal, H-Ras expression is inhibited, 

resulting in compI°ete regression of the tumors due to the induction of apoptosis215
• This 

evidence clearly shows that Ras expression is essential for tumor maintenance in vivo. As 

such, Ad-Rybp infection of tumor cells could result in the repression of key anti

apoptotic or pro-survival genes required for tumor maintenance, pushing the tumor cell 

across their apoptotic threshold. Inhibition of these genes in normal cells would not result 

in apoptosis since normal cells are not normally reliant on a single pathway for survival. 

Additionally, Rybp could directly inhibit the expression of anti-apoptotic genes, making 

the tumor cell vulnerable to. the induction of death. Analysis of the transcriptome in 

tumor cells post-Ad-Rybp infection could reveal tumor-specific target genes that are 

required for tumor maintenance and thus could potentially be novel therapeutic targets. 

V.D.3 Prospects o_f utilizing Ad-Rybp as a cancer therapeutic 

The work here indicates that adenoviral-mediated expression of Rybp can selectively 

induce apoptosis in human tumor cells (Figure 21). As such it may have clinical 

applicability, either alone or in combination with other agents that activate apoptosis. The 

dramatic cooperation between TNFa and Ad-Rybp and TRAIL and Ad-Rybp suggests 

that activation of death receptor signaling may be the most effective combination (Figure 

24 and 25). Despite anti-tumor activity, TNFa is not utilized as therapeutic due to its high 

systemic toxicity216
• Although a variety of mechanisms are currently under investigation 

to restrict delivery to tumors, including gene therapy approaches, these are all at the 

preclinical stage. In contrast, although not yet clinically approved, the related 
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Apo2L/TRAIL is currently in clinical trials217
• Furthermore, agonistic TRAIL receptor 

antibodies are· also showing promise in clinical trials217
• As such, additional studies 

combining Rybp and TRAIL in additional cell types and animal models are merited. 

Apoptin, like Rybp, has tumor-specific killing properties and has shown promising 

results in preclinical studies using gene therapy approaches. Intratumoral injection into 

xenografted human hepatomas with an adenovirus expressing Apoptin (Ad-Apoptin) 

resulted in tumor regression in the majority of infected mice and complete elimination of 

tumor burden in 30% of Ad-Apoptin-infected mice218
'
219

• Systemic administration ·of 

Apoptin fused to an asialoglycoprotein, a ligand of the hepatocyte-specific 

asialoglycoprotein receptor, into mice harboring in situ hepatocarcinomas, enhances cell 

death of tumor cells but not normal cells220
• In another in vivo tumor model, mice 

harboring lung carcinomas were treated with the anti-tumor immunotherapeutic, IL-18, in 

combination with a plasmid expressing Apoptin (pApoptin)221
• pApoptin cooperates with 

the anti-tumor immune response elicited by IL-18 to decre~se tumor burden221
. Taken 

together, these results demonstrate that Apoptin's tumor-specificity can be exploited to 

efficiently target and eliminate tumor cells in vivo. Similar studies, including xenografts 

of human tumors and mouse tumor models,· are critical next steps needed to determine 

whether Rybp's preference for killing tumor cells can be translated into in vivo 

applications. Regardless of whether Rybp can be· utilized in cl: ge-ne therapy approach, 

identification of the mechanism of Rybp-tumor-specific killing may lead to the identification 

of critical molecules, necessary for tumor cell, but not normal cell survival, potentially 

serving as novel pharmacologically tractable targets for the treatment of cancer. 



Chapter VI.. Summary 

The tumor suppressor protein p53 prevents tumor formation by activating target genes 

that promote cell cycle arrest or apoptosis, senescence, differentiation, DNA repair and 

inhibition of angiogenesis. The ability of p53 to function as a tumor suppressor is 

dependent on its ability to function as a transcription factor. In this study, we utilized the 

Cytotrap yeast 2-hybrid system to identify previously unknown regulators of p53. Several 

clones were isolated that encoded proteins that may be important for the regulation of p53 

activity in vivo, and detailed analysis was focused on one of these clones which encoded 

Rybp. We demonstrated that Rybp binds p53 and represses p53 transcriptional activity in 

luciferase reporter assays. In addition, Rybp forms a trimeric complex with the critical 

negative regulator of p53, Mdm2. Mdm2 is an E3 ligase that ubiquitinates p53, targeting 

it for degradation, and expression of Rybp enhances Mdm2-mediated ubiquitination. 

Despite the promotion of ubiquitination, we see no evidence that Rybp reduces p53 levels 

in these assays. To further investigate the role or' Rybp in the regulation of endogenous 

p53 stability, we constructed a recombinant adenovirus expressing Rybp (Ad-Rybp). Ad

Rybp infection inhibited the accumulation of p53 and the induction of p53 target genes in 

response to genotoxic stress. However, interpretation of the results was confounded by 

the fact that Ad-Rybp infection reduces global mRNA levels. These results suggest that 

the inhibition of p53 stabilization and transcriptional activity may be an indirect effect of 

the inhibition of mRNA synthesis. What role Rybp has in the regulation of p53 stability is 

117 
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unclear, and experiments to assess the impact of inhibition of endogenous Rybp on the 

p53 response are necessary. 

Despite its inhibition of p53, Ad-Rybp was. a powerful inducer of apoptosis, and we 

investigated this in more detail. Analysis of a panel of tumor and untransformed cell lines 

revealed that Ad-Rybp infection induces apoptosis in tumor cells but not normal diploid 

cells. These results are consistent with a report in the literature, that demonstrates. that 

Rybp has tumor preferential killing abilities. Furthermore, at · low multiplicity of 

infection, Ad-Rybp sensitizes tumor cells to apoptosis in the presence of the death 

receptor ligands, TNF a and TRAIL.· These tumor-specific killing properties suggest that 

Ad-Rybp ~ould have clinical applicability and that further experiments are warranted. 

The mechanism of Ad-Rybp tumor-specific killing is unclear, but we hypothesize that 

gene repression, particularly of key pro-survival or anti-apoptotic factors, is a 

contributing factor. Further experiments are required to determine the identity of these 

genes, as in principle these could encode proteins necessary for tumor, but not normal 

cell survival. As such, identification of th~se genes may provide new therapeutic targets 

and our Ad-Rybp will be a valuable tool for these studies. 
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Appendix Figure 1 AF9 binds p53 and inhibits p53-mediated transcription. (A) 
Saos 2 cells were transfected with expression plasmids containing HA-AF9, p53, 
Mdm2, or HA-Heyl as indicated in the figure. Whole cell lysates were subjected to 
immunoprecipitation with an anti-HA antibody and immunoblotted for the 
presence of p53. Whole cell lysated were also probed with GFP to ensure equal 
expression of transfected proteins. HA-Heyl and Mdm2 were used as positive 
controls for their _interaction with p53. (B) Saos 2 cells were transfected with an 
Mdm2 luciferase reporter plasmid in the presence of p53 (50ng, lanes 1-4 and 
200ng, lanes 4-8) and increasing amounts HA-AF9 (2µg and J0µg as indicated in 
the figure). Luciferase activity was measured 24 hours after transfection. The data 
is plotted as mean (n=3) fold increase in luciferase activity compared to the 
activitv of cells transfected with the revorter eene alone. 
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Appendix Figure 2 TLS enhances p53 dependent transcription. Saos 2 cells were 
transfected with the Mdm2 or Bax p53-responsive luciferase constructs as 
indicat(!d in the figure. Cells were also transfected with expression plasmids 
containing p5 3 ( as indicated by +) and increasing amounts of TLS. Luciferase 
activity was measured 24 hours after transfection. The data is plotted as mean 
(n=3) fold increase in luciferase activity compared to the activity of cells 
transfected with the reporter gene alone. 
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