PREFACE

The war against cancer has seen enormous successes, but also painful frustra-
tion. While major conceptual breakthroughs have been made in our understanding
of how cell proliferation is regulated, the translation of this information into
effective treatment discoveries has lagged terribly behind. Modern molecular
oncology has begun to inch closer to treatment-related questions because the
pathways under study are now known to regulate events such as cell death, the
precise goal of cancer treatment. Because tumor suppressor biology has not yet
translated into a therapy-oriented discipline, the purpose of Tumor Suppressor
Genes in Human Cancer is to present a view of the current field which simulta-
neously highlights the clinically relevant directions which have already emerged
while stimulating the discovery of new ones.

Through the detailed presentation of tumor suppressor genes with a molecular
biological and genetic perspective, two paradigms emerge: 1) a finite number of
discrete pathways exist into which tumor suppressors and dominant oncogenes
reside and 2) cancer biology rests heavily on both regulators of cell proliferation
and cell death. In the current climate of informatics, genomics, and molecularly
driven drug discovery, cancer research holds greater promise than ever. Tumor
Suppressor Genes in Human Cancer first sets the stage by presenting the back-
ground of systems for the study of tumor suppressor genes as well as the fields of
apoptotic cell death and cancer drug discovery. The second section of Tumor
Suppressor Genes in Human Cancer proceeds to present detailed analyses of
major tumor suppressors and, most important, the pathways into which they fit.
The intended audience is the student of cancer biology, from those engaged in
graduate or medical education to clinicians or drug development professionals
seeking to understand the context of cancer cell biology and its promise for thera-
peutic gains in the coming years.

The concept that individual genes underlie the biology of malignant transfor-
mation hearkens back to the early 1900s with the discovery by Peyton Rous of
avian sarcomas that were caused by infectious viruses. Many decades later, the
identification of the Src oncogene placed into focus the notion of the dominant
oncogene, a factor whose inappropriate activation confers cellular changes asso-
ciated with malignant transformation. Alfred Knudsen predicted the existence of
asecond class of oncogenes whose contribution to cancer isrecessively inherited.
His hypothesis was based upon clinical observations of cancer risk in familial
cancer inheritance patterns and the notion that disease predisposition may repre-
sent a multi-hit phenomenon with loss-of-function mutations contributing to the
malignant phenotype. Thus the concept of tumor suppressor gene was born and
has been abundantly validated by observations that span bench to bedside.

The most striking validation of the tumor suppressor concept comes from the
discovery of inactivating mutations or deletions of candidate genes in cancer
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prone families. Originally discovered for retinoblastoma, the list has been dra-
matically extended to include p53, pl6/Ink4a/ARF, the NF family, DNA mis-
match repair genes, Wilms, von Hippel Lindau, Fanconi Anemia, and other genes.
In these cases heterozygous germline disruption of a single allele is associated
with cancer predisposition in affected family members. Loss of heterozygosity is
frequently observed at the genetic locus within tumors that develop in affected
individuals. Mechanisms for tumor suppressor inactivation are diverse and are
still being discovered today. For example, in addition to traditional loss of func-
tion mutations or deletions, the more recently appreciated inactivating mecha-
nisms include transcriptional silencing (e.g., pl6/Ink4a), targeted protein
degradation (e.g., p53), and functional disruption of tumor suppressing gene activi-
ties (e.g., bcl-2 or Mdm?2). These diverse mechanisms of tumor suppressor inac-
tivation highlight one of the most striking breakthroughs in cancer biology, the
discovery of discrete pathways in which dominantly acting and tumor suppress-
ing genes converge.

The functional convergence of dominant oncogenes and tumor suppressor genes
in cellular growth or survival pathways represents such a powerful clue in the
puzzle of carcinogenesis that the ability to fit into a known growth regulatory
pathway has become a virtual requirement fora gene’s acceptance as a true cancer
modifier. Moreover much of the data defining these interactions stemmed from
the convergence of clinically derived questions with more basic laboratory sci-
ence. For example, the retinoblastoma tumor suppressor was found to be targeted
by multiple dominant oncogenes discovered through the analysis of animal DNA
tumor viruses. The existence of additional interactions between tumor suppres-
sors and dominant oncogenes has cemented the notion that key cellular pathways
produce the phenotypes associated with cancer, and the homeostatic regulators of
these pathways are potent and common targets of carcinogenic disruption.

The pathways that tumor suppressor genes modulate in cancer have been found
to cluster around regulation of the cell cycle, cell death, growth factor signaling,
DNA damage responses, and other stress responses. Nearly all tumor suppressors
are thought to act through modulation of one (or several) of these pathways. Cell
cycle regulation has been the traditional pathway thought to be targeted in the
etiology of cancer. More recent observations have added a dramatic new dimen-
sion to this view in suggesting that cell survival pathways exist as distinct, geneti-
cally selected entities and may profoundly influence behaviors we associate with
malignancy. Either dysregulated growth or inefficient death (or both) are strongly
associated with tumorigenesis. The current revolution in molecular oncology
has been fueled largely by the ability to place individual cancer genes within such
functional pathways of known importance. Perhaps more important, these func-
tional classifications have in some cases led to investigations that relate more than
ever before to cancer treatment.

The study of cancer cell death carries with it the hope of intervening in the very
same process for therapeutic benefit. Rarely has a field of fundamental basic
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science become so mainstream in biologic inquiry while simultaneously focusing
on questions of direct therapeutic importance. The interface between research on
cell death and clinical ramifications of that work is well illustrated by the actions
of tumor suppressor genes, many of which are now recognized to regulate cell
survival.

Tumor Suppressor Genes in Human Cancer is not an attempt to fully synthe-
size cancer biology and treatment, since the field has not arrived at a stage where
such a synthesis is yet possible. However the convergence of new technologies
suggests that the coming years will begin to see treatment discoveries more directly
interface with basic research. Genomics and systematic gene expression tech-
nologies will provide thorough catalogs of information whose discovery cur-
rently occupies substantial research effort. Linkage of these catalogs to clinical
data including treatment responses (pharmacogenomics) promises to dramati-
cally alter drug discovery and treatment design. The pillar of this revolution is the
basic biology of disease, and tumor suppressor genes lie at the core of that pillar.

David E. Fisher
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1. INTRODUCTION

Transformation by small DNA tumor viruses requires multiple events that induce
normally quiescent cells into a state of proliferation (7). This is necessary because the
genomes of such viruses do not carry the machinery required for the replication of its
own genome nor the components necessary for the transcription of its genes (2).
Hence, the common strategy utilized by this group of viruses is to make use of the tran-
scription and replication machinery used by the host cells for their own purposes. The
small DNA tumor viruses such as adenovirus (Ad), simian virus 40 (SV40), and human
papillomavirus (HPV), are all capable of inducing a proliferative state in quiescent host
cells, by the judicious use of their transforming oncoproteins (2-5).

Apparently, the viral genome is designed so that the products of their early genes are
capable of inactivating the major negative regulators of mammalian cell proliferation,
namely, Rb and its family members and the p53 tumor suppressor protein (3). Each of
the three small DNA tumor viruses have proteins that can interact with these growth-
suppressive proteins, and in every situation this interaction results in an inactivation of
the tumor suppressor proteins (6—9). The specific interaction between such viral onco-
proteins (V-ONC) and the cellular tumor suppressor proteins have been studied in great
detail, and this has led to a greater understanding of the biochemical processes involved
in oncogenic transformation (/0). An important fallout of these detailed studies is that
now it is possible to utilize these interactions for diagnostic purposes, because the V-
ONC act as specific probes for the functional integrity of tumor suppressor protein.

From: Tumor Suppressor Genes in Human Cancer
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Though the small DNA tumor viruses are not closely related evolutionarily, they all
share the ability to inactivate the Rb family proteins, as well as p53 (2,117). In the case
of Ad, the E/A gene product can physically interact with the functional form of Rb and
its family members (/2); at the same time, products of the E/B gene can bind to and
inactivate the p53 protein (/3—15). Similarly, in the case of HPVs, the E7 protein inter-
acts with the Rb family proteins (/6), and a separate protein, the product of the E6
gene, binds to and inactivates p53 (5). The situation is slightly different in the case of
SV40: Here, the large T-antigen (T-Ag) is capable of interacting with both Rb family
members and the p53 protein (4,14). But, in all cases, the viruses carry genes that can
neutralize the Rb- and p53-mediated suppression of cell proliferation.

This review is organized so that first the V-ONCs that interact with the Rb family of
tumor suppressors are discussed, followed by those that bind to p53. In the last sub-
heading, the potential use of these interactions in assessing the presence and functional
status of the cellular antioncogenes is discussed.

2. V-ONCS INTERACTING WITH RB AND RB FAMILY PROTEINS

2.1. Adenovirus EIA
2.1.1. HISTORICAL PERSPECTIVE

A considerable amount of work was done in the early 1980s to understand the mech-
anism of oncogenic transformation by the early gene products of DNA tumor viruses,
especially the E/A gene of Ad. Two major lines of investigation were undertaken by
different groups: mutational analysis of the different regions of the E/A gene required
for transformation, and analysis of different cellular proteins associating with Ad E1A
proteins. Results of these studies converged on the potential mechanisms involved in
the E1A-mediated cellular transformation, and laid a solid foundation for what is
known about viral oncogenesis today.

Ad E1A is a phosphoprotein expressed at the early stage of infection, and the phos-
phorylation of E1A has been shown to affect its function. Differential splicing gives
rise predominantly to two different polypeptides of different sizes, one 243 residues
long (12S E1A) and the other 289 residues long (13S E1A) (/7). There are additional
smaller forms of E1A proteins also generated by differential splicing, but the complete
transformation capacity of E1A requires the regions present in the 12S E1A protein.
Analysis of the E1A structure revealed three regions highly conserved among different
serotypes of Ads. These conserved regions (CR) have been named CR1, CR2, and CR3
(Fig. 1). Of these, CR1 and CR?2 are present on both the 12S and 13S E1A, but CR3 is
present only on the 13S E1A. As can be seen from the figure, the CR3 region almost
perfectly overlaps the domain spliced out in the 12S ETA.

The CR1 and CR2 regions are derived from the exon 1 of the E/A gene, and the CR3
region is at the junction of exon 1 and exon 2. exon 2 of the E/A gene constitutes the
multifunctional carboxy-terminal region, and is present in both the 12S and 13S forms
of the protein (/8). This C-terminal region is involved in effecting functions like tran-
scriptional repression, suppression of cellular transformation, and mediated suscepti-
bility to the host cytotoxic T-lymphocyte response (/7).

It was discovered early that the Ad E/A gene could modulate the gene expression of
both viral and cellular genes (2). This was based on studies using mutant viruses,
which had inactive forms of the E/A gene. Further studies revealed that E1A regulates
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Fig. 1. Schematic of the Ad 5 E1A protein. Note that the CR3 domain present in the 13S protein is
absent in the shorter 12S E1A. The conserved regions involved in binding to cellular proteins are also
indicated.

gene expression, mostly at the level of transcription, and this is achieved through the
mediation of many cellular transcription factors (TFs). EIA can induce, as well as
repress, transcription from many cellular promoters, and these functions reside on dif-
ferent regions of the E1A protein. E1A does not bind to DNA directly, and all its cellu-
lar effects are mediated through targeting the cellular proteins of the host.

2.1.2. IMMORTALIZATION AND TRANSFORMATION BY E1A

It is well established that E/A is an oncogene, and is capable of immortalizing pri-
mary rodent cells on its own, and can effectively transform cells in cooperation with a
second oncogene, such as ras (1,2). The transformation function of E/A has been stud-
ied in detail, especially the requirements of different regions necessary for functionally
cooperating with other oncogenes. Such studies have revealed that sequences contained
in the exon 1 of E1A are capable of cooperating with oncogenic ras to transform pri-
mary cells (/7). But additional regions are necessary for transformation in collabora-
tion with EIB gene or polyoma middle-T-Ag. For example, residues 140-193,
overlapping with the CR3 region of the E1A protein, are required for cooperation with
polyoma middle-T-Ag, and residues 266—276 in the C-terminal domain are required for
cooperating with E1B in transformation.

Such detailed analysis of the regions of the E1A required for transformation helped
identify three distinct domains within exon 1 sequences to be essential for transforma-
tion function. The CR1 region, as well as the CR2 regions, were absolutely necessary
for transformation function, but were not sufficient by themselves. It soon became clear
that the amino (N)-terminal residues, 2-25, which fell outside the span of CRI1
sequences, were indispensable for transformation. Mutations within CR1 and CR2 sig-
nificantly reduced the capacity of E1A to transform cells. Although the 12S E1A can
bring about complete transformation in most primary cell lines, the CR3 region is
essential for transformation of certain specific cell lines (17).

In addition to transforming cells, E1A was found to have certain growth-suppressive
properties also (17,19,20). The first indication of this was obtained when it was found that
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transformation of baby rat kidney cells by the 12S E1A was 100x more efficient than by
the 13S E1A molecule. This raised the possibility that the CR3 domain, or other regions
encoded by the exon 2, can function to suppress transformation. Further studies (2/-23)
showed that the repressive function resided within residues 237 and 283, especially in the
region spanning 256—283. The molecular mechanisms by which this region mediates such
suppressive properties are not yet clear, even though certain cellular proteins, such as
CtBP, have been found to bind to this region. Repression of transformation by E1A exon 2
region may involve more indirect mechanisms also. For example, it is clear that E1A pro-
tein can induce the accumulation of the p53 protein, which has strong tumor-suppressive
properties. E1A is thought to enhance p53 levels both by increasing the transcription of its
genes, as well as by increasing the stability of the protein (24,25). The detailed molecular
mechanisms involved in these processes are emerging now.

2.1.3. E1A BINDING PROTEINS

The identification of different regions of E1A involved in cellular transformation
facilitated detailed studies on the underlying molecular mechanisms. As mentioned
earlier, one fruitful strategy was to identify cellular proteins that interact with E1A, and
assess the potential effects of the interaction (/).

Early studies (26) identified a set of six cellular proteins that co-immunoprecipitated
with Ad E1A from cellular extracts. They ranged in size from 300 to 33 kDa. The first
protein to be positively identified as an E1A-binding protein was the Rb protein, the
product of the retinoblastoma tumor suppressor gene. This finding was a milestone in
the study of oncogenic mechanisms, because it provided an example of a V-ONC bind-
ing to and conceivably neutralizing a cellular tumor-suppressor protein. It further
became evident (/2) that both of the remaining Rb family members, p107 and p130
proteins, also bound to E1A equally well (27). E1A was found to bind to these proteins
through the peptide sequence, LXCXE, which is present in the CR2 region. It was fur-
ther found to be present in HPV E7 protein, as well as SV40 large T-Ag (18,28). As
described in subheading 2.1.4., these oncoproteins, although derived from unrelated
viruses, all appear to bind to the members of the Rb family. In the case of E1A, there
appeared to be two distinct regions that made contacts with the Rb protein: the LXCXE
motif in the CR2 region, and residues 30—60 of the CR1 region.

The 300 kDa protein that was found to associate with E1A has now been identified
to be the transcriptional co-activator, p300/CBP (29). Many members of this co-activa-
tor family have been found to bind to E1A, and E1A can effectively block their tran-
scriptional activity. It has also been reported that E1A can prevent the cyclin
cyclin-dependent kinase (CDK)-mediated phosphorylation of p300. The p300/CBP
family of transcriptional co-activators has indigenous histone acetylene transferase
(HAT) activity, and they are associated with other HAT proteins, such as PCAF-1, in
vivo. E1A is believed to affect these interactions, thus modulating the transcriptional
activity of p300. Mutational studies of E1A protein had made it clear that the extreme
N-terminal residues spanning 1-25 are essential for the transformation function of E1A
(30). 1t is apparent that this region of E1A is involved in binding to p300, and that the
subsequent inactivation is indispensable for E1A to transform cells.

The two proteins of 60 and 33 kDa have been identified to be cyclin A and CDK2.
The CR2 region is chiefly involved in the binding to these proteins, and the CR1 region
plays a secondary role in the interaction. Although it is established that E1A binds to
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Table 1

Cellular Proteins Binding to E1A
Protein Region of EI1A required for binding
p400 1-48
p300 1-25, 30-76
Rb 121-127, 30-60
pl07 124-127, 30-60
p130 124-139, 30-60
Cyclin A, p60 124-127, 30-60
P33CDK2 124-127, 30-60
BS69 140-185, 76-120
CtBP 271-284

cyclin A directly, it is not yet clear whether the interaction with CDK2 is direct or
through cyclin A. Nevertheless, the pattern that is emerging suggests that E1A can bind
to and affect the function of critical cellular proteins involved in cell cycle regulation.
A list of the proteins known to bind directly to E1A, and the regions involved in the
binding, is shown in Table 1.

2.1.4. INACTIVATION OF RB FUNCTION BY E1A

Studies on the mechanisms involved in E1A-mediated transformation have high-
lighted the inactivation of Rb and its family proteins as an essential step in this process
(12). Because Rb is a well-characterized tumor suppressor protein, the interaction
between Rb and E1A has garnered maximum attention.

Rb is a nuclear phosphoprotein that plays a critical role in the progression of the
mammalian cell cycle (37). Inactivation of Rb by phosphorylation is a necessary step
for the transition of proliferating cells from G1 to S phase. It is well-established that it
is the hypophosphorylated form of Rb that is functional in arresting cell proliferation,
and inactivation of Rb in the mid-to-late G1 phase, by cyclins D and E and their associ-
ated kinases, facilitates the G1-to-S transition (3/-33). E1A, as well as other V-ONCs,
such as HPV E7 and SV40 large T-Ag, all preferentially binds to the functional
hypophosphorylated form of Rb (/3). It has now been shown that interaction with E1A,
E7, or SV40 large T-Ag all bring about an inactivation of Rb that is equivalent to its
phosphorylation by CDKs.

All three Rb family members have a central conserved domain, named “pocket
domain” (34). The pocket domain imparts the growth-regulatory functions of the Rb
protein (35), and almost all point mutations or deletions of the Rb gene found in human
cancers map to this region (36-38). E1A binds to the functional pocket domain of the
RbD protein. Studies in the past few years have established that interaction of E1A with
Rb, or the phosphorylation of Rb, leads to its inactivation, which is equivalent to a
deletion or mutation of the pocket domain of the gene.

As shown in Fig. 2, the pocket domain comprises two subdomains, named the A and
B pockets. In the case of p107 and p130, these subdomains are separated by a spacer
region (39). p107 and p130 are known to bind to cyclins A and E through the spacer
region, through a sequence that is similar to the cyclin-A-binding domain of the
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Fig. 2. Structure of the Rb family proteins. The conserved pocket domain is shown by the filled box;
the H1 and H2 domains also share significant homology. The region 768-869 of Rb is involved in
binding to c-Abl protein, and is referred to as the C box. The spacer region between A and B boxes
are considerably larger and functionally distinct in p107 and p130, compared to Rb.

Wafl/cipl/p21 CDK-inhibitory protein (40). The spacer region is almost absent in Rb
protein, although Rb can bind to the cyclin D proteins (4/). E1A and other V-ONCs
associate with Rb and Rb family members through the mediation of the A and B pock-
ets.

The functional consequence of E1A interacting with the Rb family proteins has been
elucidated. Studies in the early 1990s showed that Rb is associated with a cellular TF,
E2F (42—44), which was originally identified as a factor necessary for the E1A-medi-
ated induction of the Ad E2 gene, and was found to bind to a sequence element,
TTTCGCGC (18). There were two such elements present in the E2 promoter, and it
was found that E1A induces cooperative binding of E2F to the sites, in association with
the Ad E4 protein. It was also found that E1A can dissociate multiprotein complexes
that contain the E2F TF (45), and it was already known that E1A bound to the Rb pro-
tein. Attempts were being made to identify the cellular proteins that bind to Rb as well,
and such combined efforts revealed that E2F is a target for the Rb protein, and that
E1A binding to Rb disrupts the interaction between Rb and E2F. The term E2F now
refers to a family of six proteins, E2Fs 1-6. Of these, E2Fs 1-5 are transcriptionally
active (46), and E2F6 is repressive in nature (47). Although the transcriptionally active
E2Fs have similar DNA-binding abilities, they show a preference in their ability to
bind to different Rb family members: E2Fs 1, 2, and 3 bind to the Rb protein (39);
E2Fs 4 and 5 preferentially interact with p107 and p130 (39,48,49).

Further analysis of the functional consequences of the interactions involving Rb,
E1A, and E2F showed that Rb binds to E2F, and represses its transcriptional activity
(50). The binding of E1A could effectively reverse this Rb-mediated repression of E2F
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to Rb (50). Cloning of the E2F family members revealed that Rb binds to the transcrip-
tional activation domain of E2F1, thus preventing its ability to function as a TF (51,52).
Recent studies have shown that Rb can block transcription from promoters containing
E2F sites, by recruiting the cellular histone deacetylase enzyme, HDACI (53-55).

In the case of E1A, it appeared that induction of E2F activity facilitated the expres-
sion of the E2 gene. As described in later subheadings, HPV E7, as well as SV40 large
T-Ag, were also capable of dissociating E2F from Rb, and thus inducing its transcrip-
tion (56). This was surprising, since none of the genes present in these viruses had E2F
sites in their promoters. This raised the possibility that activation of E2F may be con-
tributing to the expression of the E2 gene in Ad, but it plays a more important role in
the regulation of the cell cycle. It is now evident that the V-ONCs activate E2F to
achieve a proliferative state, which is conducive for their DNA replication (13,14).

It became apparent that many cellular promoters that were known to be induced by
Ad E1A had E2F sites in their promoter (57). Further, an analysis of the genes that
are regulated by E2F showed a variety of cell-cycle regulatory genes as downstream
targets of E2F. For example, genes for proteins such as DHFR, DNA polymerase o,
ribonucleotide reductase, thymidylate kinase, thymidylate synthase, and so on, which
are all necessary for DNA synthesis, are regulated by E2F. Further, many additional
cell-cycle proteins, such as cyclins A and E, p107 CDK2, and soon were found to be
regulated by E2F as well. The current model suggests that inactivation of Rb by phos-
phorylation, during the G1 phase of the cell cycle, releases free E2F activity, which
transcribes this set of genes, required for cell cycle progression. In the case of viral
infection, the products of the immediate early genes achieve the same end result, but
by inactivating Rb by a direct interaction. Similarly, it may be imagined that, when
the Rb gene is inactivated by mutation or deletion, there would be an abundance of
active free E2F, which would contribute to uncontrolled cell cycle progression, and
hence oncogenesis (57).

The regions of E1A necessary for dissociation of E2F-Rb complexes have been
worked out in detail. As discussed earlier, it is the CR2 region that chiefly mediates the
interaction of 1A with Rb, but the CR1 region, especially residues 30—60 (58), con-
tributes to the binding. Within this region, a tyrosine residue at position 47 is important
for stable binding of the human Rb protein. There is no region in E7 or SV40 large T-
Ag similar to this EIA CR1 motif. It appears that the same motifs are essential for the
disruption of E2F-containing complexes by E1A. One model that has been proposed,
based on extensive mutational analysis, as well as on competition experiments, is that
the CR2 region would tether E1A to the Rb protein (58). Once E1A is bound to Rb, the
CR1 region blocks the region of Rb involved in binding to E2F, thus preventing the for-
mation or existence of a Rb—E2F complex (59). It has been proposed that cyclin D
would be functioning in a similar fashion to disrupt Rb—E2F complex. Because cyclin
D has an LXCXE motif, it may tether to the Rb protein and bring to its proximity the
CDKA4/6 kinases, which can phosphorylate Rb and disrupt an E2F-Rb interaction.

2.1.5. INTERACTION OF E1A wiTH P107 AND P130

The interaction of E1A with Rb is the best-characterized interaction among all E1A-
binding proteins, but all members of the Rb family interact with E1A in essentially the
same fashion. It has been shown that interaction of E1A with p107, as well as with
p130, can dissociate the E2F proteins associated with them (60). The regions of E1A
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involved in binding to p130 spans a few additional residues in the CR2 region; residues
121-127 are required for binding to Rb, as well as to p107, and the residues 121-139
are necessary for binding to p130 (7).

The functional consequences of E1A binding to p107 and p130 may be the same,
but it is not yet clear whether E1A must bind to and inactivate these proteins to induce
cell proliferation. This is a question especially in the case of p107, in which it com-
plexes with E2F in the S phase of the cell cycle (67), and hence the importance of inac-
tivating a protein that functions past the G1-S transition point is questionable. The
interaction of E1A with p130 may be more important, since Ad infects mostly quies-
cent cells, and p130-E2F complexes are prevalent in resting cells (62). In a broader
view, the interaction of E1 A with either p107 or p130 appears to be less important than
its interaction with Rb, simply because the role of these proteins in normal cell cycle
regulation is not as significant as that of Rb. This is borne out by the fact that no muta-
tions of the p107 gene has been reported in human cancers, and p130 has been reported
to be mutated in a small subset of lung carcinomas. It may be assumed that, for the pur-
poses of this review, the interactions of these proteins with E1A is not relevant.

2.2. HPV E7 Protein

Papilloma viruses are small DNA tumor viruses that have been linked to cancers of
the genital tract (63). About 70 types of papilloma viruses have been isolated, and are
broadly classified into low-risk and high-risk HPVs, based on the correlation between
their presence in benign genital warts or malignant cervical carcinoma (64). HPVs are
unique in that, although they share the same pathways of transformation as Ads and
SV40, the latter two are not correlated with human cancer.

The genomes of HPV types are different, but the general organization is highly con-
served (3). There are three distinct regions within the genome: a region containing the
regulatory elements for the transcription of viral genes, a region encoding six early
genes, and one encoding two late genes. The most common HPV types found in cervi-
cal carcinoma are HPV16 and HPV18; for all practical purposes, their transforming
proteins are identical. As in the case of Ads, there are two early genes that are crucial
for transformation: the E7 gene, which is functionally equivalent to Ad E1A; and the
E6 gene, which is comparable to the E/B gene (9).

It has been found that integration of the viral genome into mammalian cells causes a
loss of many viral genes, but maintains the £7 and E6 genes. Transformation experi-
ments have suggested that E7 gene from the high-risk HPV types can transform cells
very efficiently; the E6 gene has a lesser capacity to do so (65). Studies using the soft-
agar colony formation assay have shown that E7 protein, in association with a second
oncogene, can transform a variety of primary rodent and mammalian cell lines, and the
continued presence of the E7 protein is required for maintenance of the transformed
phenotype. The E6 gene has a lower capacity to transform cells, but it can efficiently
cooperate with the E7 gene to transform primary human keratinocytes, which are the
natural hosts for HPV. Both genes, of low-risk HPV type, have weak transformation
potential, thus correlating their activity with the tumorigenicity of the HPV type.

As mentioned earlier, the E6 protein is similar to Ad E1B protein functionally, and it
can interact with the p53 tumor suppressor protein like E1A. Similarly, the E7 protein,
which is functionally analogous to the Ad E1A, can bind to the Rb family of tumor
suppressor proteins. This interaction is dealt with here first.
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Fig. 3. Schematic of the HPV16 E7 protein. The conserved CR1 and CR2 domains are at the N-ter-
minal half of the protein. The region of high-sequence homology between E7, E1A, and T-Ag is
shown below, with the LXCXE motif in bold.

2.2.1. E7 PROTEIN AND ITS INTERACTION WITH RB

The HPV E7 is a small acidic protein that localizes to the nucleus and nuclear
matrix. This 98-amino-acid (aa) protein can be divided into three domains: CR1, CR2,
and CR3, based on the structural similarity to the Ad E/A gene (66). CR1 and CR2 are
at the N-terminal region of the protein, and the CR3 at the C-terminal end (Fig. 3). CR2
is essential for the binding to the Rb protein, and both CR1 and CR3 are required for
the transformation function of E7. The CR3 region of the protein has two zinc-binding
motifs, which are involved in dimerization of E7. Mutations in the zinc-binding region
of E7 abolished its ability to transform cells, although it was able to bind to Rb protein
very efficiently. There are two potential casein kinase sites at the C-terminus of the pro-
tein, and phosphorylation on these sites is believed to be important for the full transfor-
mation function of E7 (3).

The interaction of E7 with Rb family of tumor suppressor proteins has been studied
in detail (16,67,68). In fact, the crystal structure of the CR2 region of E7, bound to the
pocket domain of Rb, has been elucidated. As in the case of E1A, E7 protein binds to
the pocket domain of Rb through a conserved LXCXE motif, and the binding to Rb is
required for E7 to transform cells (/6). The first indication of the correlation between
RbD inactivation and the transformation by HPV E7 was obtained in 1991 (69), when an
analysis of human cervical carcinoma cell lines revealed that those having an intact Rb
gene had HPV E7 incorporated in the genome. In contrast, those that had a mutant Rb
gene contained no E7. This suggested a direct correlation between the inactivation of
Rb, either by mutation, or through the binding or HPV E7 protein.

Mutations in the Rb-binding motif of E7 totally abolished the ability of E7 to pro-
mote growth of primary cells in soft agar in cooperation with oncogenic ras. As already
mentioned, low-risk HPV types have low capacity to transform cells, and, supporting
this observation, HPV6 and HPV11 E7 can bind to Rb only weakly. Although the Rb-
binding moieties of the high- and low-risk HPV types are similar, a comparison
showed that HPV 16 E7 has an aspartic acid at position 22; HPV 6 E7 had a glycine
(3,70). Substitution of the glycine with aspartic acid, in the HPV 6 E7, enhanced its
ability to bind to Rb, and increased its ability to transform cells. This correlation does
not appear universal, because certain low-risk types of HPV have an aspartic acid at
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this position, and can bind to Rb efficiently. The correlation between the ability of E7
to transform cells and to bind Rb is still not clear, especially in the case of low-risk
types. It has been proposed that, although the low-risk E7 proteins bind to Rb with
comparable affinity, the functional consequences of the interactions may be different in
the various types of HPV.

As in the case of Ad E1A, HPV E7 preferentially binds to the hypophosphorylated
form of Rb. Similarly, binding of E7 could effectively dissociate Rb—E2F complexes in
mammalian cell extracts. The crystal structure of HPV16 E7, bound to the pocket
domain of Rb, has been solved recently, and the structure supports the earlier func-
tional observations made on the interaction (77). It was found that a 9-aa E7 peptide,
carrying the LXCXE motif, binds to a highly conserved region within the B box of the
Rb pocket. Both the A and B boxes seem to have structural similarities to cyclins and
TFIIB, in that they all possess a five-helix cyclin fold. The LXCXE sequence was
found to bind to a shallow groove in the B pocket, which was formed by three cyclin
fold helices. Alternating Leu, Cys, Glu, and Leu side chains of the E7 peptide make
intermolecular contacts with the B-box groove. In addition, there is a high density of
van der Waals forces and hydrogen bond contacts distributed uniformly between the E7
peptide and the B box, contributing to the strength of the binding. The actual contact of
the E7 peptide was to the groove of the B box, but the interphase of the A—B boxes
appeared to contribute significantly to the binding. The structure also revealed a high
degree of conservation of the B-box site, which binds to LXCXE motifs. Four residues
that contact the backbone of the E7 peptide, Tyr709, Tyr756, Asn757, and Lys713 are
identical in diverse species of Rb proteins, as well as in p107 and p130. The high level
of conservation of this B-box site suggests that it plays a major role in the functioning
of the Rb family proteins (71).

It has been shown recently (72) that the half-life of the Rb protein is considerably
reduced in cells stably transformed with the E7 protein (72). An overexpression system
showed that high levels of E7 protein can lead to an increased decay of the Rb protein,
and this could be blocked by proteasome inhibitors. The degradation was limited to Rb,
since there was no change in the stability of p107 or p130 proteins in response to E7.
Further, this function appeared to be a specific feature of the HPV E7 protein, because
neither Ad E1A nor SV40 T-Ag could affect the half-life of Rb (72).

2.2.2. BINDING OF E7 TO P107 AND P130 PROTEINS

The binding of E7 to p107 and p130 has been studied in detail. Unlike in the case of
E1A, there are apparent differences in the consequences of binding to Rb vs p107 or
p130. First, it became apparent that E7 protein cannot dissociate pl107—cyclin A—E2F
complexes, unlike E1A; instead, it remains associated with the complex (73). The asso-
ciation with the pl07—cyclin A-E2F complex was also dependent on the LXCXE
motif, and E7 from HPV 6 had a reduced capacity for association. It has been sug-
gested that HPV E7 can target cellular genes like c-myb by targeting the p107—cyclin
A-E2F complex in NIH 3T3 cells. Apparently, the expression of B-myb promoter in
these cells correlates with the binding of distinct p107-E2F complexes at the E2F bind-
ing site, and Rb—E2F complexes do not appear to play a major role in this regulation
(74). It has been found that, although the inactivation of Rb family proteins and the
induction of E2F activity correlates with the transformation function of E7, this alone
is not sufficient. Despite the suggestion that E7 interacts differently with p107 and
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p130, it is not yet clear whether the interactions of E7 with these proteins are important
for its transformation function.

It may be concluded that the interaction of HPV E7 with Rb has been elucidated more
clearly at the structural level, and the conclusions drawn from this can be extended to the
other Rb-binding proteins, such as like E1A and SV40 T-Ag. Further, cellular proteins,
such as cyclin D, may be targeting Rb through similar interactions (71).

3. V-ONCS INTERACTING I'WTH pr53
3.1. HPV E6 Protein

The HPV E6 is an 18 kDa 151-aa basic protein that also localizes to the nuclear
matrix and cell membranes (/0). Its most notable structural feature is the presence of
four Cys motifs, which can form two well-defined Zn fingers. These motifs can bind Zn
in vitro, and are highly conserved between all serotypes of HPV. The E6 protein has no
homology to Ad E1B or SV40 T-Ag, but can function in a similar fashion. The major
common feature of these three proteins is their ability to bind and inactivate p53 tumor
suppressor protein. In certain high-risk HPV-infected cells, polycistronic E6 messages
have been detected, which can give raise to full-length, or to a shorter, protein, E6* (10).

E6 protein from high-risk HPV types associate with p53 with higher efficiency
than E6 from low-risk HPV types (5). The binding of E6 to p53 is enhanced by a cel-
lular protein, EGAP (E6-associated protein). It has now been established that E6 pro-
tein binding leads to the degradation of p53, thus reducing its half-life. The
proteolytic degradation of p53 through the ubiquitin—proteasome pathway has been
studied in detail. Consistent with these observations, cell lines that carry a high level
of E6 have very low amounts of p53 protein, mimicking situations in which p53 gene
is mutated. In vitro analyses have identified two domains of E6 that are involved in
the binding and degradation of p53: the C-terminal end of E6 is required for binding;
the N-terminal end is required for effecting degradation. E6 protein can inhibit the
transcriptional activity of p53, and this does not require the activation of the protea-
some pathway. In addition to p53, a variety of cellular proteins, ranging in mol wt
from 33 to 212 kDa, have been found to associate with HPV E6, but their identities
are not yet known.

3.2. Ad E1B Protein

The Ad 5 E1B gene has been studied with respect to its interaction with the p53 pro-
tein (75). Unlike the Rb-binding V-ONCs, there are no structural similarities between
the p53-binding proteins (8). Thus, although Ad, HPV, and SV40 all encode proteins
that can bind to p53, there are no conserved or shared domains between them. Further,
the functional consequence of binding of these proteins to p53 are also different: the
Ad E1B binding represses the transcriptional activity of p53; the HPV E6 protein leads
to the degradation of p53 (10).

Ad EIB gene codes for two distinct protein products, one 55 kDa and the other 19
kDa in size. Only the 55 kDa E1b protein has been found to physically interact with
p53. The p53-binding domain of E1B is not conserved, even in different serotypes of
Ad, and E1B protein from certain strains, such as Ad12, cannot bind to p53 (28).
Because p53 plays a major role in arresting cells in G1, in response to DNA damaging
agents, or induces apoptosis if the DNA damage cannot be successfully repaired, it is
believed that the V-ONCs that target pS3 lead to a suppression of the cell death pro-
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gram (16). E1B proteins are believed to suppress cell death programs initiated by DNA
damage, as well as by other viral proteins like E1A (15,77). Thus, the V-ONCs that
bind to p53 cause distinct functional effects than those binding to Rb and facilitating
GI1-S transition.

The functional characterization of p53 has shown that it is a TF, possessing distinct
DNA-binding and activation domains. Further, it is very well established that p53
induces a wide variety of cellular genes, while repressing certain other genes. Studies
on the functional consequences of E1b binding to p53 revealed that the 55 kDa protein
targets the activation domain of p53, and thus inhibits p53-mediated transcriptional
induction. This could influence the expression of vital cell cycle genes, such as the
p21Wafl/Cipl proteins and Mdm2, which is a regulator of p53 itself. Detailed mutational
analysis has shown that the ability of E1B 55 kDa protein to repress p53-mediated tran-
scriptional activation strongly correlated with its ability to transform cells. Ad12 E1B
55 kDa protein, which was unable to bind to p53, was effective in blocking p53-medi-
ated transcriptional activation. Conversely, the interaction between p53 and E1B was
necessary, but not sufficient, for transcriptional repression, as well as transformation
functions of E1B (78,79). This conclusion is based on the finding that a single aa inser-
tion at residue 443 abolishes the ability of E1B to bind p53, but it was effective in tran-
scriptional repression and transformation. The C-terminal end of EIB outside the
pS3-binding region was required for its transformation function; phosphorylation at
three sites within this region was also essential for the transformation function (78,80).

The region of E1B 55 kDa that binds to p53 also is involved in binding to the Ad E4
protein Orf6 (78). This led to the suggestion that the repressive properties of E1B are
facilitated by the presence of E4Orf6. In addition, one study has shown that E1B, in
cooperation with E4Orf6, modulates not only the transcriptional activity of p53, but
also the levels of p53 protein. Because E4Orf6 has also been shown to bind to p53, it is
thought that collective interactions among E1B55kd, E4Orf6, and p53 lead to modula-
tion of the levels, as well as the activity, of p53.

It has been reported that the E1B 19 kDa protein can also affect p53 function, but
that this does not require a direct interaction. Unlike E1B 55 kDa protein, the 19 kDa
protein was unable to block the transcriptional activity of p53; since p53 is also known
to repress the transcription of certain cellular genes, it is believed that E1B19 kDa pro-
tein affects the transcriptional repressive properties of p53.

3.3. SV40 T-Antigen

SV40 is an oncogenic DNA tumor virus that was originally discovered in rhesus
monkey kidney cells. The oncogenic property of this virus resides in two early gene
products, the large (T) and the small (t) tumor Ag (4). The large T-Ag can transform
cells on its own, but the small t-Ag cannot; the latter can enhance the transformation
potential for the large T-Ag. The transformation function of the T-Ag was found to
require its interaction with the Rb family tumor suppressor proteins, as well as the
inactivation of p53. SV40 thus differs from Ad and HPV in having one protein that can
inactivate Rb, as well as p53 pathways; these functions reside in separate proteins in
the latter two. Further, SV40 T-Ag is also capable of binding to DNA, unlike E1A or
E7 proteins (81).

The SV40 T-Ag is a polypeptide of 708 aa, and is considerably larger than the other
oncoproteins discussed thus far (Fig. 4). There are several distinct functional domains
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Fig. 4. Structure of the SV40 large T-Ag. The various functional and protein-binding domains are
indicated.

that have been extensively characterized. A schematic of the T-Ag domain structure is
shown in Fig. 4; as can be seen, the N-terminal end (1-82) and an internal domain is
involved in binding to DNA polymerase o-primase. The Rb-binding domain carrying
the LXCXE motif spans residues 102-115. Other well-defined domains include, pro-
gressively toward the C-terminal end, a NLS (126-132); a DNA-binding domain
(131-259); a finger motif (302-320); a second DNA polymerase o-primase-binding
domain (259-517), which partly overlaps with the p53-binding domain (275-517); and
an adenosine triphosphatase (ATPase)/ATP-binding domain (418-627). A helicase
domain extends from residue 131 to 627. There is a cluster of phosphorylation sites on
the C-terminal region, which has been reported to be critical for T-Ag function. A small
domain that defines the host range of (55)SV40 resides at the extreme C-terminal end,
spanning residues 682—-708. The ability of T-Ag to perform such a diverse array of
functions enables it to facilitate all stages of viral replication and propagation (4).

3.3.1. INTERACTION WITH RB FAMILY MEMBERS

The interaction of SV40 large T-Ag with Rb protein has been well-characterized,
and the inactivation of Rb is essential for T-Ag to transform cells (§2). As mentioned
earlier, the Rb-binding domain of large T-Ag has the conserved canonical LXCXE
motif. The integrity of this motif is essential, but not sufficient, for the oncogenic activ-
ity of T-Ag. It is clear that interaction of T-Ag with Rb leads to an inactivation of Rb
function, as in the case of E1A or HPV E7, leading to a dissociation and activation of
E2F TF. Such studies have established that these three DNA tumor viruses all utilize
common mechanisms for inducing the cells to enter S phase, creating an environment
conducive to the replication of viral DNA. One difference in the case of T-Ag, however,
is that it can perform considerably more functions than E1A alone, or even E1A and
E1B combined (7,83).

Consistent with the finding that T-Ag can efficiently dissociate Rb—E2F complexes,
it was found that a human cell line, WI38-VA13, which stably expresses T-Ag, had no
Rb-E2F complexes at all (84). There was a reduced level of the cyclin A-E2F com-
plex, and the loss of these complexes corresponded to an increase in the levels of free,
transcriptionally active E2F. Like E1A and HPV E7, T-Ag also targets the pocket
domain of hypophosphorylated Rb. Hence, biochemically, as well as functionally, the
interaction of T-Ag with Rb is similar to that of E1A or E7.

It has been shown recently (85) that a region of T-Ag N-terminal to the conserved
Rb-binding region is required for the functional inactivation of the Rb protein. This
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region has been named the J-domain, because it has sequence homology to the J-
domain of the DnalJ family of molecular chaperons of Escherichia coli. The J-domains
are characterized by conserved histidine—proline—aspartate (HPD) residues, and this
tripeptide is present at the N-terminus of the SV40 large T-Ag. Further, the J-domain of
SV40 T-Ag, as well as certain other polyomaviruses, can functionally substitute for the
J-domain of E. coli Dnal chaperon.

Studies on the J-domain of T-Ag showed that it is required to overcome the G1-S
arrest induced by all Rb-family members (85,86). In addition, it was required to reverse
the repression of E2F activity brought about by Rb, as well as p130. From these exper-
iments, it appears that, in the case of T-Ag also, the LXCXE motif tethers the protein to
Rb, while a N-terminal region functionally inactivates it (86). This general pattern is
similar to the one seen in the E1A-mediated inactivation of Rb (58,59).

It has also been reported that the J-domain of T-Ag can affect the phosphorylation
status of p107 and p130 proteins. In cells stably expressing T-Ag, there is a reduced
amount of phosphorylated forms of p107 and p130. There was also a faster turnover
of p130 protein, which could be a result of its aberrant phosphorylation status. These
effects of T-Ag appear to be J-domain-dependent, because point mutations in the
HPD motif abolished these changes. Further, replacement of the N-terminal J-domain
of T-Ag with J-domain motifs from cellular proteins restored this ability. Similarly,
the transformation function of T-Ag also appeared to require a functional J-domain.
The biochemical basis for the functioning of the J-domain is not yet clear, but it
appears to be as important as the LXCXE motif in the Rb-binding domain for full T-
Ag function.

3.3.2. INTERACTION OF T-AG WITH P53

As in the case of other p53 binding vONCs, the region of T-Ag that is involved in
binding to p53 is large and not conserved. The biochemical effect of the binding of T-
Ag to p53 is also different from the binding of E6 or E1B. One interesting facet of this
interaction is that phosphorylation of both T-Ag and p53 appear to be necessary for
binding in murine cells. In addition, the p53-binding region of T-Ag overlaps with the
binding sites for DNA polymerase oo and ATP, raising the possibility that T-Ag—p53
complexes may affect the viral functions regulated by T-Ag (4). This notion is sup-
ported by the finding that a single point mutation (Pro to Leu), at position 584 of T-Ag,
resulted in a loss of p53 binding, along with changes in the ATPase activity of T-Ag, as
well as its ability to oligomerize. This mutation also resulted in reduced stability of T-
Ag, and resulted in defective replication and reduced transformation functions.

It has been found that wild-type murine p53 can block the binding of T-Ag to DNA
polymerase o; in addition, wild-type p53 could effectively reduce the replication of
viral origins, but mutant p5S3 molecules were unable to do this (6). This could possibly
result from p53 competing for the binding to T-Ag to DNA polymerase o or another
cellular protein involved in replication. One other interesting aspect of the interaction
between T-Ag and p53 is that the phosphorylation, as well as the stability, of the latter
increase, upon T-Ag-mediated cellular transformation. The relative importance of p53
binding in T-Ag-mediated transformation of primary murine cells was highlighted in
one study, in which it was found that the N-terminal region of T-Ag, up to residue 250,
was not necessary for this function. This ruled out a role for Rb-binding, nuclear
translocation, and DNA binding abilities of T-Ag. In that study, residues 251-626 were
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found to be vital for immortalization, suggesting that p53 binding and inactivation is
indispensable for the transformation function of T-Ag (87).

The modulation of p53 by T-Ag extends beyond enhancing the stability of the for-
mer. It has been shown that T-Ag can block the DNA-binding activity of p53, which
correlated with T-Ag inhibiting the transcriptional activation functions of p53. One
recent study showed that the N-terminal domain of T-Ag, which is not involved in
DNA binding nor binding to p53, could effectively repress p53-mediated transcription.
This suggests that the N-terminal region of T-Ag may be affecting p5S3-mediated tran-
scription indirectly, through other cellular factors involved (6).

Overall, it may be summarized that, although the interaction of V-ONCs with Rb
family members has been characterized in great detail, ambiguity still exists as to the
nature of their interactions with p53, and its functional consequences, partly because
the p53-binding domains of the V-ONCs are large and not very well defined, and they
do not share extensive homology. Despite these drawbacks, it appears to be a fruitful
endeavor to study the interactions of these proteins with p53 in greater detail.

4. V-ONCS AS PROBES FOR RB FUNCTION

The observations described above make it clear that V-ONCs interact with Rb family
members specifically and with high affinity. The most notable aspect of the interaction
is that the V-ONCs specifically target the active form of Rb and Rb family members,
which leads to an alteration of their normal function. These features make the V-ONCs
efficient probes for assessing the functional status of the Rb protein in a given cell.

The functional effects of V-ONCs on Rb have been studied more extensively in Ad
E1A, but the recent structural studies on HPV E7 peptide would make it a more adapt-
able probe for Rb function. The 9-aa peptide derived from E7 appears to bind to Rb
efficiently, and may provide a good model for designing custom probes for Rb function
(88,89). Since V-ONCs bind specifically to the functional, wild-type, hypophosphory-
lated form of Rb, the binding itself may be considered as a measure of the functional
status of Rb. In addition, because the binding of such V-ONCs leads to a perturbation
of Rb activity, methods could be designed to evaluate such changes in Rb function.
Many novel methods have been developed recently to measure protein—protein interac-
tions in vivo in living cells (90), mostly using fluorescent probes (91,92). Such meth-
ods generally measure changes in the fluorescence properties of the tagged protein or
peptide when it interacts with another component. It may be imagined that a tagged E7
peptide, or one derived from Ad E1A, would be able to detect the functional status of
the Rb protein, using such methods.

The tagged V-ONCs may be used to detect functional Rb proteins in biopsy samples
of human tumors, or to evaluate whether the Rb protein is expressed in its functional
form after being introduced into cells for gene therapy purposes (93). Although consti-
tutively active, phosphorylation site mutants of Rb are expected to be used for this pur-
pose, the assay using V-ONCs would be of immense help in assessing the amounts, as
well as the functional status, of the protein. The advantage of such an assay system is
that it would be able to detect functional Rb protein, even in single cells, and the assay
may be modified easily to an in vitro diagnostic system very efficiently.

The V-ONCs would be especially useful for detecting functional Rb protein,
because, unlike the p53 protein, there are no good antibodies that can distinguish



44 Part I / Analysis and Clinical Implications of Tumor Suppressor Genes

between a functional form of the Rb protein and a mutated protein. Further, because
even small peptides derived from the oncoproteins can specifically interact with func-
tional Rb makes this approach feasible and attractive. It may be imagined that such
specific biological probes would be of value in assessing the functional status of the
vital growth regulatory proteins.

5. V-ONCS AS PROBES FOR P53 FUNCTION

The use of V-ONC:s to assess the levels or the functional status of pS3 tumor suppressor
protein is not as attractive or feasible as in the case of the Rb family proteins. The chief
reasons for this are that the regions of V-ONCs interacting with p53 are large, and they do
not specifically interact with the functional form of p53 alone. In contrast, there are excel-
lent immunological reagents available that can distinguish between the functional and
inactive forms of p53. But it still remains an option, which could be utilized in circum-
stances in which antibodies may not be effective or accessible. Again, one of the many
recent techniques for detecting protein—protein interactions in vivo and in vitro may be
modified for this purpose. It would appear that polypeptides derived from the Ad E1B 55
kDa protein or the HPV E6 protein would be more suitable for this purpose.

It appears an exciting possibility that the oncoproteins of DNA tumor viruses may
be harnessed to detect and quantitate cellular proteins that can prevent cell proliferation
and oncogenesis. This would be a valuable addition to the repertoire of modern tech-
niques to combat cancer.

ACKNOWLEDGMENT

The research in the author’s laboratory is supported by the grants CA63136 and
CA77301 from the National Cancer Institute.

REFERENCES

. Nevins JR. Adenovirus E1A: transcription regulation and alteration of cell growth control. 1995.
. Shenk T, Flint SJ. Transcriptional and transforming activities of the adenovirus E1A proteins. Adv
Cancer Res 1991, 57:47-85.
. Barbosa MS. Oncogenic role of human papillomavirus proteins. Crit Rev Oncog 1996; 7:1-18.
4. Fanning E. Simian virus 40 larget T antigen: the puzzle, the pieces and the emerging picture. J Virol
1992; 66:1289-1293.
5. Huibregtse JM, Beaudenon SL. Mechanism of HPV E6 proteins in cellular transformation. Semin
Cancer Biol 1996; 7:317-326.
6. Ludlow JW. Interactions between SV40 large-tumor antigen and the growth suppressor proteins pRb
and p53. FASEB J 1993; 7:866-871.
7. Ludlow JW, Skuse GR. Viral oncoprotein binding to pRB, p107, p130, and p300. Virus Res 1995;
35:113-121.
. Moran E. Interaction of adenoviral proteins with pRb and p53. FASEB J 1993; 7:880-885.
9. Vousden K. Interactions of human papillomavirus transforming proteins with the products of tumor
suppressor genes. FASEB J 1993; 7:872-879.
10. Tommasino M, Crawford L. Human papillomavirus E6 and E7: proteins which deregulate the cell
cycle. Bioessays 1995; 17:509-518.
11. White E. Regulation of p53-dependent apoptosis by E1A and E1B. Curr Top Microbiol Immunol 1995;
199:34-58.
12. Whyte P, Buchkovich KJ, Horowitz JM, Friend SH, Raybuck M, Weinberg RA, Harlow E. Association
between an oncogene and an anti-oncogene: the adenovirus E1A proteins bind to the retinoblastoma
gene product. Nature 1988; 334:124-129.

N =

(O8]

e}



Chapter 2/V-ONC Probes 45

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Nevins JR. Cell cycle targets of the DNA tumor viruses. Curr Opin Genet Dev 1994; 4:130-134.
Nevins JR. Disruption of cell-cycle control by viral oncoproteins. Biochem Soc Trans 1993;
21:935-938.

White E. Regulation of p53-dependent apoptosis by E1A and E1B. Curr Top Microbiol Immunol 1995;
199:34-58.

Whyte P, Williamson NM, HE. The human papilloma virus-16 E7 oncoprotein is able to bind to the
retinoblastoma gene product. Science 1989; 243:934-937.

Mymryk JS. Tumour suppressive properties of the adenovirus 5 E1A oncogene. Oncogene 1996;
13:1581-1589.

Chen H, Yu D, Chinnadurai G, Karunagaran D, Hung MC. Mapping of adenovirus 5 E1A domains
responsible for suppression of neu-mediated transformation via transcriptional repression of neu.
Oncogene 1997; 14:1965-1971.

Chinnadurai G. Adenovirus E1A as a tumor suppressor gene. Oncogene 1992; 7:1255-1258.

Nevins JR. Mechanisms of viral-mediated transactivation of transcription. Adv Virus Res 1989;
37:35-83.

Kuppuswamy M, Chinnadurai G. Cell type dependent transformation by adenovirus 5 Ela proteins.
Oncogene 1988; 2:567-572.

Kuppuswamy M, Subramanian T, Chinnadurai G. Separation of immortalization and T24-ras onco-
gene cooperative functions of adenovirus Ela. Oncogene 1988; 2:613-615.

Subramanian T, Kuppuswamy M, Nasr RJ, Chinnadurai G. An N-terminal region of adenovirus Ela
essential for cell transformation and induction of an epithelial cell growth factor. Oncogene 1988;
2:105-112.

Braithwaite A, Nelson C, Skulimowski A, McGovern J, Pigott D, Jenkins J. Transactivation of the p53
oncogene by Ela gene products. Virology 1990; 177:595-605.

Lowe SW, Ruley HE. Stabilization of the p53 tumor suppressor is induced by adenovirus 5 E1A and
accompanies apoptosis. Genes Dev 1993; 7:535-545.

Harlow E, Whyte P, Franza BRJ, Schley C. Association of adenovirus early-region 1A protein with
cellular polypetides. Mol Cell Biol 1986; 6:1579-1589.

Whyte P, Williamson NM, HE. Cellular targets for transformation by the adenovirus E1A proteins.
Cell 1989; 56:67-75.

Cress WD, Nevins JR. Use of the E2F transcription factor by DNA tumor virus regulatory proteins.
Curr Top Microbiol Immunol 1996; 208:63-78.

Yang XJ, Ogryzko VV, Nishikawa J, Howard BH, Nakatani Y. A p300/CBP-associated factor that com-
petes with the adenoviral oncoprotein E1A. Nature 1996; 382:319-324.

Barbeau D, Marcellus RC, Bacchetti S, Bayley ST, Branton PE. Quantitative analysis of regions of
adenovirus E1A products involved ininteractions with cellular proteins. Biochem Cell Biol 1992;
70:1123-1134.

Weinberg RA. The retinoblastoma protein and cell cycle control. Cell 1995; 81:323-330.

Kamb A. Cell cycle regulators and cancer. Trends Genet 1995; 11:136-140.

Sherr CJ. The ins and outs of RB: coupling gene expression to the cell cycle clock. Trends Cell Biol
1994; 4:15-18.

Hollingsworth RJ, Hensey CE, Lee WH. Retinoblastoma protein and the cell cycle. Curr Opin Genet
Dev 1993; 3:55-62.

Hu Q, Dyson N, Harlow E. The regions of the retinoblastoma protein needed for binding to adenovirus
E1A or or SV40 larget T-antigen are common sites for mutations. EMBO J 1990; 9:1147-1155.
Horowitz JM, Yandell DW, Park SH, Canning S, Whyte P, Buchkovich K, HE, WRA, Dryja TP. Point
mutational inactivation of the retinoblastoma antioncogene. Science 1989; 243:937-940.

Huang S, Wang NP, Tseng BY, Lee WH, Lee EH. Two distinct and frequently mutated regions of the
retinoblastoma protein are required for binding to SV40 T antigen. EMBO J 1990; 9:1815-1822.
Kaelin WG, Ewen ME, Livingston DM. Definition of the minimal simian virus 40 larget T-antigen and
adenovirus E1A-binding domain in the retinoblastoma gene product. Mol Cell Biol 1990;
10:3761-3769.

Beijersbergen RL, Bernards R. Cell cycle regulation by the retinoblastoma family of growth inhibitory
proteins. Biochim Biophys Acta 1996; 1287:103-120.

Adams PD, Sellers WR, Sharma SK, Wu AD, Nalin CM, Kaelin WG, Jr. Identification of a cyclin-cdk2
recognition motif present in substrates and p21-like cyclin-dependent kinase inhibitors. Mol Cell Biol
1996; 16:6623-6633.



46

Part I / Analysis and Clinical Implications of Tumor Suppressor Genes

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Kato J, Matsushime H, Hiebert SW, Ewen ME, Sherr CJ. Direct binding of cyclin D to the retinoblas-
toma gene product (pRb) and pRb phosphorylation by the cyclin D-dependent kinase CDK4. Genes
Dev 1993; 7:331-342.

Bagchi S, Weinmann R, Raychaudhuri P. The retinoblastoma protein copurifies with E2F-1, an E1A-
regulated inhibitor of the transcription factor E2F. Cell 1991; 65:1073-1082.

Chellappan SP, Hiebert S, Mudryj M, Horowitz JM, Nevins JR. The E2F transcription factor is a cellu-
lar target for the RB protein. Cell 1991; 65:1053-1061.

Chittenden T, LDM, Jr KWG. RB associates with an E2F-like, sequence-specific DNA-binding pro-
tein. Cold Spring Harbor Symp Quant Biol 1991; 56:187-195.

Bagchi S, Raychaudhuri P, Nevins JR. Adenovirus E1A proteins can dissociate heteromeric complexes
involving the E2F transcription factor: a novel mechanism for E1A trans-activation. Cell 1990;
62:659-669.

Slansky JE, Farnham PJ. Introduction to the E2F family: protein structure and gene regulation. Curr
Top Microbiol Immunol 1996; 208:1-30.

Trimarchi JM, Fairchild B, Verona R, Moberg K, Andon N, Lees JA. E2F-6, a member of the E2F fam-
ily that can behave as a transcriptional repressor. Proc Natl Acad Sci USA 1998; 95:2850-2855.
Cobrinik D. Regulatory interactions among E2Fs and cell cycle control proteins. Curr Top Microbiol
Immunol 1996; 208:32—63.

Dyson N. 1998. The regulation of E2F by pRB-family proteins. Genes Dev 12:2245-2262.

Hiebert SW, Chellappan SP, Horowitz JM, Nevins JR. The interaction of RB with E2F coincides with
an inhibition of the transcriptional activity of E2F. Genes Dev 1992; 6:177-185.

Helin K, Lees JA, Vidal M, Dyson N, HE, FA. A ¢cDNA encoding a pRB-binding protein with proper-
ties of the transcription factor E2F. Cell 1992; 70:337-350.

Kaelin WG, Krek W, Sellers WR, DeCaprio JA, Ajchenbaum F, Fuchs CS, et al. Expression cloning
of a cDNA encoding a retinoblastoma-binding protein with E2F-like properties. Cell 1992;
70:351-364.

Brehm A, Miska EA, McCance DJ, Reid JL, Bannister AJ, Kouzarides T. Retinoblastoma protein
recruits histone deacetylase to repress transcription. Nature 1998; 391:597-601.

Luo RX, Postigo AA, Dean DC. Rb interacts with histone deacetylase to repress transcription. Cell
1998; 92:463-473.

Magnaghi-Jaulin L, Groisman R, Naguibneva I, Robin P, Lorain S, Le Villain JP, et al. Retinoblastoma
protein represses transcription by recruiting a histone deacetylase. Nature 1998; 391:601-605.

Dyson N. pRB, p107 and the regulation of the E2F transcription factor. J Cell Sci Suppl 1994; 18:81-7.
Nevins JR. E2F: a link between the Rb tumor suppressor protein and viral oncoproteins. Science 1992;
258:424-429.

Fattaey AR, Harlow E, Helin K. Independent regions of adenovirus E1A are required for binding to
and dissociation of E2F-protein complexes. Mol Cell Biol 1993; 13:7267-7277.

Ikeda MA, Nevins JR. Identification of distinct roles for separate E1A domains in disruption of E2F
complexes. Mol Cell Biol 1993; 13:7029-7035.

Chellappan S, Kraus VB, Kroger B, Munger K, Howley PM, Phelps WC, Nevins JR. Adenovirus E1A,
simian virus 40 tumor antigen, and human papillomavirus E7 protein share the capacity to disrupt the
interaction between transcription factor E2F and the retinoblastoma. Proc Natl Acad Sci USA 1992;
89:4549-4553.

Devoto SH, Mudryj M, Pines J, Hunter T, Nevins JR. A cyclin A-protein kinase complex possesses
sequence-specific DNA binding activity: p33cdk?2 is a component of the E2F-cyclin A complex. Cell
1992; 68:167-176.

Chellappan SP. The E2F transcription factor: role in cell cycle regulation and differentiation. Mol Cell
Differ 1994; 2:201-220.

Park TW, Fujiwara H, Wright TC. Molecular biology of cervical cancer and its precursors. Cancer
1995; 76:1902-1913.

Galloway DA, McDougall JK. The disruption of cell cycle checkpoints by papillomavirus oncopro-
teins contributes to anogenital neoplasia. Semin Cancer Biol 1996; 7:309-315.

Munger K, Phelps WC, Bubb V, Howley PM, Schlegel R. The E6 and E7 genes of the human papillo-
mavirus type 16 together are necessary and sufficient for transformation of primary human ker-
atinocytes. J Virol 1989; 63:4417-4421.

Phelps WC, Yee CL, Munger K, Howley PM. Functional and sequence similarities between HPV16 E7
and adenovirus E1A. Curr Top Microbiol Immunol 1989; 144:153-166.



Chapter 2/V-ONC Probes 47

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Dyson N, Howley PM, Munger K, Harlow E. The human papilloma virus-16 E7 oncoprotein is able to
bind to the retinoblastoma gene product. Science 1989; 243:934-937.

Jones DL, Munger K. Interactions of the human papillomavirus E7 protein with cell cycle regulators.
Semin Cancer Biol 1996; 7:327-337.

Scheffner M, Munger K, Byrne JC, Howley PM. State of the p53 and retinoblastoma genes in human
cervical carcinoma cell lines. Proc Natl Acad Sci USA 1991; 88:5523-5527.

Howley PM, Scheffner M, Huibregtse J, Munger K. Oncoproteins encoded by the cancer-associated
human papillomaviruses target the products of the retinoblastoma and p53 tumor suppressor genes.
Cold Spring Harbor Symp Quant Biol 1991; 56:149-155.

Lee J-O, Russo A, Pavletich NP. Structure of the retinoblastoma tumor-suppressor pocket domain
bound to a peptide from HPV E7. Nature 1998; 391:859-865.

Berezutskaya E, Yu B, Morozov A, Raychaudhuri P, Bagchi S. Differential regulation of the pocket
domains of the retinoblastoma family proteins by the HPV16 E7 oncoprotein. Cell Growth Differ
1997; 8:1277-1286.

Arroyo M, Bagchi S, Raychaudhuri P. Association of the human papillomavirus type 16 E7 protein
with the S-phase-specific E2F-cyclin A complex. Mol Cell Biol 1993; 13:6537-6546.

Lam EW, Morris JD, Davies R, Crook T, Watson RJ, Vousden KH. HPV16 E7 oncoprotein deregu-
lates B-myb expression: correlation with targeting of pl07/E2F complexes. EMBO J 1994;
13:871-878.

Boyd JM, Malstrom S, Subramanian T, Venkatesh LK, Schaeper U, Elangovan B, D’Sa-Eipper C,
Chinnadurai G. Adenovirus E1B 19 kDa and Bcl-2 proteins interact with a common set of cellular pro-
teins [see comments] [published erratum appears in Cell 1994; 16:79:following 1120]. Cell 1994;
79:341-351.

Martin ME, Berk AJ. Adenovirus E1B 55K represses pS53 activation in vitro. J Virol 1998;
72:3146-3154.

Sabbatini P, Chiou SK, Rao L, White E. Modulation of p53-mediated transcriptional repression and
apoptosis by the adenovirus E1B 19K protein. Mol Cell Biol 1995; 15:1060-1070.

Querido E, Marcellus RC, Lai A, Charbonneau R, Teodoro JG, Ketner G, Branton PE. Regulation of
pS3 levels by the E1B 55-kilodalton protein and E4orf6 in adenovirus-infected cells. J Virol 1997;
71:3788-3798.

Querido E, Teodoro JG, Branton PE. Accumulation of p53 induced by the adenovirus E1A protein
requires regions involved in the stimulation of DNA synthesis. J Virol 1997; 71:3526-3533.

Teodoro JG, Branton PE. Regulation of p53-dependent apoptosis, transcriptional repression, and cell
transformation by phosphorylation of the 55-kilodalton E1B protein of human adenovirus type 5. J
Virol 1997; 71:3620-3627.

Flint SJ, Shenk T. Viral transactivating proteins. Ann Rev Genet 1997; 31:177-212.

DeCaprio J, Ludlow JW, Figge J, Shew JY, Huang CM, Lee WH, et al. SV40 large tumor antigen forms a
specific complex with the product of the retinoblastoma susceptibility gene. Cell 1988; 54:275-283.
Ludlow JW. Use of sequential immunoprecipitation to reveal discrete, separable populations of SV40
T-antigen binding to host cellular proteins. J Virol Methods 1996; 59:105-112.

Chellappan S, Kraus VB, Kroger B, Munger K, Howley PM, Phelps WC, Nevins JR. Adenovirus E1A,
simian virus 40 tumor antigen, and human papillomavirus E7 protein share the capacity to disrupt the
interaction between transcription factor E2F and the retinoblastoma gene product. Proc Natl Acad Sci
USA 1992; 89:4549-4553.

Sheng Q, Denis D, Ratnofsky M, Roberts TM, DeCaprio JA, Schaffhausen B. The DnaJ domain of
polyomavirus large T antigen is required to regulate Rb family tumor suppressor function. J Virol
1997; 71:9410-9416.

Zalvide J, Stubdal H, DeCaprio JA. The J domain of simian virus 40 large T antigen is required to
functionally inactivate RB family proteins. Mol Cell Biol 1998; 18:1408-1415.

Zerrahn J, Tiemann F, Deppert W. Simian virus 40 small t antigen activates the carboxyl-terminal
transforming p53-binding domain of large T antigen. J Virol 1996; 70:6781-6789.

Jones RE, Wegrzyn RJ, Patrick DR, Balishin NL, Vuocolo GA, Riemen MW, et al. Identification of
HPV-16 E7 peptides that are potent antagonists of E7 binding to the retinoblastoma suppressor protein.
J Biol Chem 1990; 265:12,782-12,785.

Munger K, Werness BA, Dyson N, Phelps WC, Harlow E, Howley PM. Complex formation of human
papillomavirus E7 proteins with the retinoblastoma tumor suppressor gene product. EMBO J 1989;
8:4099-105.



48

Part I / Analysis and Clinical Implications of Tumor Suppressor Genes

90.

91.

92.

93.

Karlsson R, Falt A. Experimental design for kinetic analysis of protein-protein interactions with sur-
face plasmon resonance biosensors. J Immunol Methods 1997; 200:121-133.

Garamszegi N, Garamszegi ZP, Rogers MS, DeMarco SJ, Strehler EE. Application of a chimeric green
fluorescent protein to study protein—protein interactions. Biotechniques 1997; 23:864—-6, 868-870,
872.

Nishimune A, Nash SR, Nakanishi S, Henley JM. Detection of protein-protein interactions in the ner-
vous system using the two-hybrid system. Trends Neurosci 1996; 19:261-266.

Riley DJ, Nikitin AY, Lee WH. Adenovirus-mediated retinoblastoma gene therapy suppresses sponta-
neous pituitary melanotroph tumors in Rb+/— mice. Nat Med 1996; 2:1316-1321.



