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Abstract

The E1A gene of species C human adenovirus is an intensely investigated model viral oncogene
that immortalizes primary cells and mediates oncogenic cell transformation in cooperation with
other viral or cellular oncogenes. Investigations using E1A proteins have illuminated important
paradigms in cell proliferation and the functions of cellular proteins such as the retinoblastoma
protein. Studies with E1A have led to the surprising discovery that E1A also suppresses cell
transformation and oncogenesis. Here, | review our current understanding of the transforming and
tumor suppressive functions of E1A, and how E1A studies led to the discovery of a related tumor
suppressive function in benign human papillomaviruses. The potential role of these opposing
functions in viral replication in epithelial cells is also discussed.

Transforming proteins of DNA tumor viruses

During the past three decades, research with the transforming proteins of small DNA tumor
viruses such as human adenoviruses (HAdvs), SV40 and human papillomaviruses (HPVs)
has illuminated critical cellular pathways that control proliferation and oncogenic
transformation of mammalian cells. Due to their small genome size, these viruses are
heavily dependent on the host cell machineries to express their genes and replicate their
DNA. Since these viruses generally replicate in terminally differentiated quiescent target
cells, the viral genes expressed during the early phase of their life cycle subvert the cell
cycle to induce transient proliferation of the infected cells to generate a permissive S-phase
state to facilitate viral replication. In non-permissive cells, these viruses express only their
early genes that induce cell proliferation resulting in abortive infection. A fraction of the
infected cells recover and assume oncogenic properties as a result of continued expression of
a subset of viral early genes referred to as transforming genes. Transduction of subgenomic
DNA fragments containing the transforming genes also achieves transformation of the target
cells in significant numbers. The use of defined viral mutants and transduction of isolated
genes have been widely used for molecular genetic analysis of viral transforming genes.

Researchers have used biochemical approaches to identify cellular proteins associated with
viral proteins in order to elucidate the mechanisms through which the transforming proteins
of small DNA tumor viruses subvert the cell cycle and elicit oncogenic cell transformation.
This approach revealed the interaction of viral transforming proteins with the tumor
suppressor proteins such as p53 and the retinoblastoma (pRb) protein (reviewed in [1]). The
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transforming proteins of HAdvs, SV40 and HPVs share common mechanisms of cell
transformation as they target the same cell cycle regulatory proteins such as p53 and the pRb
family proteins. The genomes of HAdvs contain three oncogene-coding regions, E1A, E1B
and E4 (Figure 1). The E1A gene has been intensely studied as a model dominant oncogene
and has been instrumental in unraveling the functions of pRb and elucidating the E2F
pathway of cell proliferation (reviewed in [2]). In this article, I review our current
understanding of the transforming activity of HAdv E1A and how studies on E1A led to the
identification of an unexpected tumor suppressive activity of E1A and the E6 protein of
benign HPVs.

Transforming activity of E1A

The E1A region codes for two major protein isoforms that are expressed from two
differentially spliced messenger RNAs (MRNAs, 13S and 12S) (Figure 2). The 13S mRNA
encodes an E1A protein of 289 amino acids (289R, I-E1A) while the 12S mRNA encodes a
smaller E1A protein of 243 amino acids (243R, s-E1A). These proteins differ by the
inclusion of a unique 46 amino acid region in the larger E1A that plays an essential role in
viral replication through transcriptional activation of other essential viral early genes.
Additionally, both E1A proteins can also deregulate the cell cycle by transcriptional
reprogramming of the cell to generate a cellular S-phase environment conducive for viral
replication. The smaller ELA protein (243R) is sufficient to induce a transient proliferative
state of the host cell and induce oncogenic cell transformation. Thus, the 243R E1A protein
(hereafter referred to as E1A) of species C HAdv (types 2 and 5) has been extensively
investigated as a model oncoprotein. Although several earlier studies employed rodent
embryonic fibroblasts to study the transforming activities of HAdv genes, most of our
current knowledge on cell transformation by E1A is based on results obtained with primary
neonatal rat kidney (BRK) cells (see Glossary) [3]. Investigators preferred the BRK cell
model since the results could be extrapolated to human epithelial cancers and the assays
using these cells result in high frequency transformation by the transforming genes with only
very low levels of background transformation. In BRK cells, expression of E1A induces
efficient (transient) cell proliferation and low frequency immortalization. Transduction of a
second oncogene, such as the activated Ras oncogene [4] or E1B [3], leads to high
frequency transformation resulting in cells that are capable of forming tumors in
immunodeficient mice. The ELA-Ras cooperative transformation assay was used by various
investigators to map the functional domains of E1A required to elicit transformation and to
elucidate the mechanisms of cell transformation. Detailed mutagenesis studies by several
groups localized the transforming activity of E1A within the N-terminal half (coded by exon
1 of 12S mRNA, Figure 1). Specifically, these studies identified two regions, the N-terminal
80 amino acid region that encompasses a conserved domain designated as conserved region
1(CR1) and the amino acid region between 120 to 140 that contains CR2 (reviewed in [5]).

Interaction of cellular proteins and transformation

To determine the mechanism by which E1A mediates cell transformation, investigators
analyzed cellular protein complexes associated with ELA domains required to mediate E1A-
Ras cooperative transformation. These studies revealed that E1A is a mosaic of several
protein interaction sequence motifs located within four conserved regions (reviewed in [5]).
Although the N-terminal 80 amino acid region has been reported to interact with a large
number of cellular proteins [6], mutational analyses have linked E1A-Ras cooperative
transformation with the interaction of ELA with two major cellular protein complexes. These
protein complexes are the histone acetyltransferases, p300/CBP [7-9], and the TRRAP/p400
multi-protein chromatin remodeling complex [10-11]. In addition, the TRRAP-interacting
module of E1A has also been reported to form a complex with an acetyltransferase GCN5 in
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mammalian cells [12] or the GCN5-containing protein complex known as the SAGA
complex in yeast [13]. The CR2 region is indispensable for the transforming activity of E1A
and interacts with pRb and pRb family members p107 and p130 (reviewed in [2]). The
cellular protein complexes targeted by E1A to facilitate Ras transformation of primary
mammalian cells are remarkably similar to those protein complexes that regulate Ras
signaling in Caenorhabditis elegans. The vulval development pathway in C. elegans is
modulated by Ras and perturbation of the pathway results in a multivulval phenotype called
synMuv. Genetic studies have identified three classes of synMuv genes (A, B and C)[14].
The group B genes encode proteins that are homologs of the mammalian pRb transcriptional
repression pathway [15]. The class C genes include homologs of the constituents present in
the mammalian TRRAP/p400 complex [16]. Thus, E1A appears to subvert certain conserved
cellular signaling pathways to mediate oncogenic transformation.

Subversion of p300/CBP functions

p300/CBP are considered to be global transcriptional activators [17]. However, they have
also been implicated in context-dependent transcriptional repression. Although it is
generally believed that interaction of p300 and CBP by E1A contributes to cell proliferation
and the oncogenic activity of E1A, the precise mechanisms have come into focus only
recently. Berk and colleagues showed that the interaction of ELA with p300/CBP was
quantitative and resulted in global reduction of p300/CBP-mediated acetylation of histone
H3 lysine 18 (H3K18Ac) [18]. ELA mutants that were defective in transformation and in
interaction with p300/CBP did not cause global H3K18 deacetylation, suggesting that
H3K18 deacetylation is linked to the transforming activity of ELA. A genome wide ChlIP-
chip analysis has also revealed that p300/CBP are retargeted to promoters of various cellular
genes that drive cell proliferation by E1A to activate transcription (H3K8 hyperacetylation)
[19]. Thimmapaya and colleagues have shown that p300 represses the transcription of the c-
Myc oncogene in association with the repressor YY1 and histone deacetylase (HDAC) 3
[20]. Expression of E1A relieved c-Myc repression through interaction with p300, resulting
in cell proliferation [21]. SV40 T antigen (T Ag) also activated c-Myc expression through
interaction with p300 [22], suggesting that this may be one of the general mechanisms (i.e.
activation of c-Myc transcription) by which DNA tumor viruses might induce cell
proliferation.

In addition to subversion of the transcriptional activities of p300/CBP, it appears that E1A
interaction with p300/CBP might promote cell cycle progression via a non-transcriptional
mechanism [23]. Turnell and coinvestigators discovered that two constituents (APC 5 and
APCY7) of the anaphase-promoting complex/cyclosome (APC/C) E3 ubiquitin ligase interact
with CBP through a sequence motif similar to the ELA motif (FXD/EXXXL). E1A was
shown to target a complex between CBP and APC/C resulting in the activation of APC/C E3
ligase activity. As the APC/C activity is involved in maintaining the fidelity of sister-
chromatid separation during mitosis, the sequestration of p300/CBP might liberate APC/C to
promote aberrant mitotic exit. The deregulated E3 ligase activity of APC/C might then
promote selective ubiquitination of cell cycle regulatory molecules such as cyclin B1 that
function in G2 and the inhibitor of sister chromatid separation (Securin) leading to genome
instability and aneuploidy.

Subversion of TRRAP and p400 complexes

The E1A N-terminal region spanning residues 26 to 35 interacts with the scaffolding protein
TRRAP [11,24] as well as the chromatin remodeling ATPase p400 [10]. Both TRRAP and
p400 are constituents of the Tip60 acetyltransferase complex [25]. TRRAP is also a
constituent of a second acetyltransferase complex known as the SAGA complex that
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contains the acetyltransferase GCN5 (reviewed in [26]). The ELA mutant (A26-35)
defective in interaction with p400 is also defective in interaction with GCN5 in mammalian
cells [12]. E1A also interacts with the SAGA complex in yeast [13]. The presence of Tip60
with E1A-associated TRRAP/p400 complex has not been detected thus far. Both TRRAP/
GCN5 [27-28] and TRRAP/Tip60 [29-30] complexes also interact with c-Myc to activate
Myc-target genes. The interaction of c-Myc with the acetyltransferases GCN5 and Tip60
was reported to result in substantial increase in the stability of c-Myc [31].

During HAdV5 infection, E1A has also been shown to stabilize c-Myc [32]. Specifically, it
appears that E1A interaction with p400 is required for the stabilization of c-Myc as the ELA
mutant A26-35 was defective in this activity [33]. Expression of E1A enhanced stable
association of p400 with c-Myc resulting in the attenuation of Myc ubiquitination. The
expression of E1A also enhanced the transcriptional activity of c-Myc. Although the
molecular basis of ELA-mediated enhancement of p400 interaction with c-Myc is unknown,
c-Myc appears to be a downstream target for ELA. This was also substantiated by the
demonstration of transformation of rodent fibroblasts by E1LA-Myc chimeric gene constructs
in which the E1A region that interacts with TRRAP/p400/GCN5 was fused to the DNA-
binding domain of c-Myc [11,24]. Thus, the N-terminal 80 amino acid region of E1A could
mediate cell proliferation and transformation activities through transcriptional activation (via
E1A-mediated relief of repression by p300/CBP) and protein stabilization (via interaction of
E1A with p400) of c-Myc resulting in increased transcriptional activity of c-Myc.

Subversion of pRb family proteins

The CR2 region is indispensable for the transforming activity of ELA. One of the most
important discoveries in tumor virology is that the transforming proteins of small DNA
tumor virus proteins such as SV40 T Ag, the E7 proteins of high-risk HPVs such as HPV16
and 18 and HAdv E1A interact with pRb family members (pRb, p107 and p130) through a
conserved sequence motif Leu-X-Cys-X-Glu (LXCXE) to deregulate the cell cycle
(reviewed in [2,34]). While E1A and T Ag form stable complexes with pRb family
members, the E7 proteins target pRb family proteins for proteolysis. Although E1A interacts
with all three pRb family proteins through the high affinity motif LXCXE, it interacts with
pRb through a second low affinity motif in the CR1 region [35-36]. One of the well
established consequences of E1A interaction with pRb family proteins is relief of pRb-
mediated transcriptional repression and the activation of the E2F pathway to activate S-
phase genes. E1A interaction with pRb family members strips them from E2F family
transcriptional activators to stimulate transcription of S phase genes [37]. Since E1A is
unable to strip pRb from E2F1 [38-39], it appears that E1A activates other trans-activating
members of the E2F family (such as E2F2-4). Genome wide ChIP-chip analysis [19]
revealed that the E1A-p300/CBP complex transiently binds to the promoters of different
growth and cell cycle genes that are repressed by pRb family proteins to activate gene
expression by removing the Rb family members from the target promoters.

In addition to the activation of cell proliferation genes, a major effect of the ELA N-terminal
region is suppression of cell differentiation. E1A is a potent suppressor of myoblast
differentiation [40] and this activity was mapped to the N-terminal region of E1A [41].
ChIP-chip analysis also revealed that ELA and the Rb family member p107 were found at
the repressed promoters for various differentiation and development genes [19]. Thus, the
N-terminal half of ELA mediates oncogenic transformation by activating the transcriptional
pathways mediated by c-Myc and Rb-E2F to activate cell proliferation and by suppressing
genes that mediate cell differentiation.
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Tumor suppression by E1A C-terminal region

In contrast to the intense interest that ELA N-terminal region (exon 1) has received, the
functions of E1A C-terminal region (exon 2) was obscure until two large deletion mutants of
E1A were used to broadly probe the functions of the C-terminal region in E1A-Ras
cooperative transformation [42]. These studies revealed a surprising hyper-transforming
phenotype associated with these mutants. The E1A C-terminal mutants cooperated with Ras
to transform cells at enhanced frequencies compared with wild-type E1A. The transformed
cells exhibited aggressive growth properties and induced relatively large tumors in
immunodeficient mice. The tumors induced by the transformed cells expressing mutant E1A
were highly metastatic while transformed cells expressing wild-type E1A formed smaller
non-metastatic tumors. In immune-competent rats, the mutant-transformed cells readily
formed tumors leading to the demise of animals within one to two weeks while the wild-
type-transformed cells were non-tumorigenic. From these experiments, it was concluded that
E1A possesses a tumor suppressive activity in addition to the tumor promoting activity [43].
Subsequently, Margaret Quinlan and colleagues described amino acid substitution mutants
within the E1A C-terminal region that also exhibited a hyper-transforming phenotype in
Ras-cooperative transformation assays [44-45]. In independent studies, Steve Frisch and
colleagues showed that transduction of E1A into several human cancer cell lines reversed
their oncogenic properties [46-47]. These experiments by three different groups have
expanded the function of E1A to include a tumor suppressive activity, in addition to its
widely known dominant oncogenic function.

Regulation of epithelial to mesenchymal transition by E1A

Rodent kidney cells transformed with wild-type E1A and Ras are highly adherent and retain
predominantly an epithelial phenotype while cells transformed with E1A C-terminal mutants
and Ras are less adherent and exhibit a fibroblast-like (mesenchymal) phenotype [42,48].
These observations suggested that the ELA C-terminal region might exert its inhibitory
effect on cell transformation by promoting cell differentiation. Frisch and colleagues
reported that ELA was able to suppress the tumorigenic activity of human cancer cell lines
by activating several epithelial genes [46]. They demonstrated that expression of E1A in
human cancer cells converted them into epithelial-like cells. Fischer and Quinlan reported
that rodent epithelial (BRK) cells immortalized with wild-type E1A retained the morphology
and growth characteristics of epithelial cells while cells expressing C-terminal mutants were
less epithelial and were defective in tight and adheren junction complexes and expressed
stress fibers and filopodia similar to fibroblasts [48]. Thus, the ELA N-terminus appears to
promote oncogenesis through epithelial to mesenchymal transitions while the E1A C-
terminus appears to restrain oncogenesis by inducing mesenchymal to epithelial transitions.
In transformed cells that express the entire E1A, there could be a balance between these two
activities resulting in moderation of the extent of transformation.

Interaction of cellular proteins with E1A C-terminus

In order to elucidate the mechanisms by which the ELA C-terminus negatively modulates
oncogenic transformation, cellular proteins that interact with E1A C-terminal region were
searched for. One search identified and cloned the C-terminal binding protein (CtBP) that
interacts with a conserved sequence motif PLDLS within ELA CR4 [49-50]. A more recent
proteomics approach identified the interaction of two other protein complexes - the forkhead
family transcription factors, FOXK1 and FOXKZ2, and the dual-specificity Ser/Thr kinases
DYRK1A/1B and their substrate HAN11 [51]. The E1A C-terminal region was also reported
to interact with the yeast homolog of DYRK1A/1B, Yaklp [52]. It appears that a defect in
interaction with all three cellular protein complexes might additively contribute to the strong
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hyper-transformation and tumorigenic phenotypes observed in E1LA-Ras cooperative
transformation assays that employed deletion mutants encompassing these protein binding
regions [42].

Subversion of CtBP

Among the interactions of cellular proteins with the ELA C-terminal region, the functional
consequence of interaction of ELA with CtBP is the best understood. There are two major
members of the CtBP family, CtBP1 and CtBP2 (collectively referred here as CtBP) [53].
Both proteins function predominantly as transcriptional corepressors [54] and E1A interacts
with both CtBP1 and CtBP2 in HAdv5-infected cells [51]. Grooteclaes and Frisch reported
that wild-type E1A activated the expression of epithelial cell adhesion molecules such as E-
cadherin, desmoglein-2 and plakoglobin while an E1A mutant defective in interaction with
CtBP did not when transduced into a human melanoma cell line, implicating CtBP in the
repression of the epithelial genes [55]. This study further identified the CtBP-interacting E-
box repressor Zeb-1 as the negative regulator of E-cadherin, suggesting that ELA might
activate E-cadherin expression by relieving transcriptional repression by disrupting CtBP
interaction with Zeb-1 [55]. CtBP1 has also been identified as a specific inhibitor of
differentiation of colon epithelium in the zebrafish model and in humans [56].

The interaction of E1A with CtBP was also implicated in conferring anoikis sensitivity [55].
Consistent with these results, a gene expression profiling study using fibroblasts derived
from CtBP knockout mouse embryo fibroblasts (lacking both CtBP1 and CtBP2) and RNA
interference (RNAi)-mediated depletion of CtBP2 in tumor cells identified activation of
several pro-apoptotic genes such as Bax, Noxa, Perp and p21 [57] and Bik [58].
Additionally, CtBP was also identified as a negative regulator of the tumor suppressor
PTEN, which plays important roles in limiting cell proliferation and promoting apoptosis by
inhibiting the activation of the cell survival promoting protein kinase Akt [57]. CtBP might
contribute to suppression of apoptosis by preventing phosphorylation of pro-apoptotic Akt
targets, such as BAD and caspase-9 [59]. Thus, CtBP functions as a specific antagonist of
epithelial phenotypes and anoikis and E1A could interact with CtBP to confer epithelial
characteristics to mesenchymal cells and enhance sensitivity to anoikis.

Subversion of FOXK1/K2

Recent proteomic analysis of E1A-associated cellular proteins identified the interaction of
two forkhead family transcription factors, FOXK1 and FOXK2 with E1A [51]. FOXK1/K2
(referred here as FOXK) are unique among the forkhead family transcription factors as they
contain the forkhead-associated (FHA) domain (reviewed in [60]). FHA domains are protein
interaction modules that recognize phosphorylated residues of different target proteins
(reviewed in [61]). E1A interacts with FOXKZ1 through a Ser/Thr containing sequence motif
conserved in species C (non-oncogenic) HAdvs. An E1A mutant deficient in interaction
with FOXK induced increased proliferation of quiescent epithelial (BRK) cells and
enhanced frequency of Ras-cooperative transformation. The tumorigenic activity (in
immune deficient mice) of the transformed cells expressing the mutant E1A and Ras was
also enhanced, suggesting that the E1A domain involved in interaction with FOXK
contributes to suppression of cell proliferation and oncogenic transformation [51].

As with CtBP, the FOXK proteins might also regulate cell proliferation, differentiation and
apoptosis pathways. In mammalian cells, FOXK1 has been reported to function as a stem
cell proliferation and maintenance factor (reviewed in [62]). In Foxk1 knockout mice,
proliferation of myogenic progenitor cells were severely impaired resulting in a defect in
skeletal muscle regeneration [63] which was rescued by the combined deficiency of both
Foxk1 and p21(CIP) loci. In a muscle stem cell population derived from Foxk1 null mice,
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differentiation related genes were also upregulated [64]. FOXK2 is believed to be
functionally similar to FOXK1 and has been implicated in the regulation of p21 expression
during the cell cycle [65]. However, yeast proteins Fkhl and Fkh2 appear to be homologs of
the mammalian FOXK proteins since they also possess the FHA domain. The yeast Fkh1/2
factors have been implicated in the transcriptional regulation of genes involved in G2/M
transition and yeast Fkh1/2 mutants display aberrant mitotic exit and constitutive
pseudohyphal growth [66]. Although transcriptional repression and activation functions of
mammalian FOXK1/K2 are possible, only the transcriptional repression activity of FOXK1
has been studied in some detail [67-68]. Thus, the interaction of E1A with FOXK factors
could deregulate their transcriptional activities causing cell cycle withdrawal and cell
differentiation contributing to suppression of oncogenic transformation.

Subversion of DYRK1A/1B/HAN11 complex

Proteomics analysis also identified the interaction of the dual specificity kinases DYRK1A
and DYRK1B and their target molecule HAN11 with the CR4 region of E1A C-terminus
[51]. Unlike the interaction of CtBP and FOXK proteins, the interaction of DYRK1A/1B
appears to depend on more extended sequences within the CR4 region [51-52]. Like the
CtBP-binding sequence, the CR4 region involved in interaction with DYRK1A/1B is also
highly conserved among the E1A proteins of primate adenoviruses. ELA mutants deficient
in interaction with these proteins also induced enhanced cell proliferation and caused hyper-
transformation [51]. The transformed cells were more tumorigenic than transformed cells
expressing wild-type E1A. In general, these mutants exhibited more potent hyper-
transforming and tumorigenic activities than the ELA mutant defective in interaction with
FOXK proteins. The possibility that the hyper-transforming ELA mutants previously
identified by the Quinlan laboratory [44-45] could map within the CR4 region broadly
involved in DYRK(1A/1B)/HANL11 interaction remains to be investigated.

Similar to the other two protein complexes that interact with the E1A C-terminal region, the
DYRK(1A/1B)/HAN11 complex might also regulate cell proliferation and differentiation. In
mammalian cells, DYRKZ1A has been implicated in the activation of transcription factors
such as NFAT, Gli and FoxO1 and the Notch signaling pathway that are associated with cell
fate and differentiation [69-72]. DYRK1B has been shown to regulate differentiation and
apoptosis (reviewed in [73]). As pointed out above, Yak1p is linked to pseudohyphal growth
in yeast [52]. In zebrafish, the DYRKZ1A cofactor HAN11 is linked to the endothelin-1
signaling pathway that controls the craniofacial developmental program [74]. Therefore, the
E1A C-terminal region could exert its tumor restraining activity by disrupting the normal
differentiation activities of the DYRK1A/1B/HAN11 complex. Genetic studies in yeast also
suggest there is significant crosstalk between the Yak1p and Fkh1/2 pathways [75].
Therefore, there might be crosstalk among all three pathways deregulated by the E1A C-
terminal region to exert a coordinated effect on cell cycle exit and promotion of epithelial
differentiation to inhibit cell transformation and oncogenesis.

Functional similarity between E1A and the E6 proteins of beta-HPVs

As small DNA tumor viruses promote cell proliferation and oncogenic transformation via
common pathways, it was investigated whether proteins of other epithelial tropic viruses
could also inhibit oncogenic transformation similar to ELA. A search for protein-interaction
sequence motifs similar to those present in the ELA C-terminal region revealed the presence
of a Ser/Thr-rich motif (required for the interaction of FOXK1/K2) in the N-terminus of the
E6 proteins of two benign cutaneous beta-HPVs, HPV14 and HPV21 [51] (Figure 3) (see
Box 1 for HPV classification and biology). The E6 protein of another beta-HPV, HPV20,
which is found in some skin cancers (along with HPV5 and HPV8) contains the unique N-

Trends Microbiol. Author manuscript; available in PMC 2012 April 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Chinnadurai

Page 8

terminal domain similar to the E6 protein of HPVV14 and HPV21; but the N-terminal domain
of HPV20 EG6 contains a single amino acid mutation in a conserved Thr residue (Thr—Glu)
(Figure 3). In coimmunoprecipitation studies, the E6 proteins of HPV14and HPV21
interacted efficiently with FOXK1/K2 while the Thr—Glu mutation (present in HPV20 EG6)
prevented such interaction [51]. Thus, the E6 proteins of more benign beta-HPVs interact
with of FOXK1/K2 while the E6 proteins of other beta-HPVs such as HPV5 and HPV8
associated with skin cancer do not contain the unique N-terminal domain present in HPV14/
and HPV21. In the E1A-Ras cooperative transformation assay, the E6 protein of HPV21
reduced the transforming activity of an E1A hyper-transforming mutant that is defective in
interaction FOXK1/K2 while a mutant E6 defective in interaction with FOXK1/K2 did not
inhibit ELA-Ras transformation [51]. The E6 domain also efficiently substituted for the
corresponding domain in E1A in interaction with FOXK and in inhibition of transformation.
These results suggest that HPV14 and HPV21 EG6 proteins could possess a transformation
suppression function by virtue of sequestering FOXK1/K2 transcription factors. The
potential effect of E6 interaction with FOXK1/K2 transcription factors on epithelial
differentiation during virus replication remains to be determined. Such studies with beta-
HPVs could now be a reality as efficient in vitro raft tissue culture systems that faithfully
replicate HPV genomes in primary keratinocytes have been developed.

Box 1
Benign HPVs: natural-born tumor suppressive agents?

Papillomaviruses are small DNA viruses that exhibit stringent epithelial tropism. There
are over 200 HPVs and a vast majority of HPVs are ubiquitous pathogens that mostly
cause benign skin lesions such as warts. A subset of them, alpha-HPVs, are designated as
high-risk and infect the anogential tract and head and neck mucosa where they contribute
to benign warts and low-grade epithelial lesions that can progress into high-grade
carcinomas (reviewed in [82]). Beta-HPVs are associated with prevalent skin infections
that are generally asymptomatic in the general population. Immunosuppressed patients
and those suffering from an inherited disorder known as epidermodyplasia verruciformis
(EV) are prone to infection by beta-HPVs. In EV patents, a subspecies of related beta-
HPVs such as HPV5, HPV8, HPV20 and HPV47 are generally more prevalent and are
linked to the development of premalignant skin lesions that progress to squamous cell
carcinomas in sun-exposed areas [83]. The EV-associated beta-HPVs have been divided
into two clusters — those that are more frequently associated with squamous cell
carcinomas (e.g. HPV5, HPV8, HPV20 and HPV47) and those less frequently associated
with such neoplasm (e.g. HPV14 and HPV21). While the E6 proteins of beta-HPVs share
significant amino acid homology, the E6 proteins of HPVV14 and HPV21 contain an
additional N-terminal domain that mediates interaction with FOXK proteins [51].

HPVs infect the basal layer of the epithelium through surface wounds. The viral DNA
replication is initiated in virus-harboring basal cells and the viral genome is amplified
only in post-mitotic replicating and differentiating squamous epithelial cells. The E7 gene
of high-risk HPVs (which is generally considered as a functional equivalent of E1A)
promotes S phase entry of keratinocytes by targeting pRb and pRb family members p107
and p130 for degradation to deregulate the E2F transcriptional pathway that activates the
expression of S phase genes (reviewed in [34]). The E6 protein of high-risk HPVs targets
the tumor suppressor p53 for degradation to facilitate cell cycle entry (reviewed in [84]).
The E7 and EG6 proteins of high-risk HPVs contribute to the oncogenic activity of these
viruses. Although the E7 gene of high-risk HPV has been linked to epithelial to
mesenchymal transition [85], there is no significant information linking any of the viral
genes to the promotion of epithelial differentiation.
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In contrast to extensive studies on the E7 and E6 proteins of high-risk HPVs, the E7 and
E6 proteins of beta-HPVs have not been intensely investigated. However, it appears that
the E7 proteins of beta-HPVs could facilitate S phase entry of differentiated keratinocytes
as effectively as the E7 proteins of alpha-HPVs. Several beta-HPV E7 proteins have been
reported to bind pRb and also target pRb for degradation. The E6 genes of beta-HPVs
that are associated with the development of skin cancer (HPV5, HPV8 and HPV47) have
been shown to possess a more potent in vitro transforming activity in an established
rodent fibroblast cell line than the more benign HPVs such as HPV14, HPV21 and
HPV25 [86]. Transgenic mice expressing the E6 protein of HPV8 have also been shown
to develop spontaneous skin cancer [87]. Although the E6 proteins of beta-HPVs do not
affect p53 protein levels, it appears that at least some of the oncogenic activities the E6
proteins of beta-HPVs might be linked to their ability to protect human keratinocytes
against UV-induced apoptosis by targeting the pro-apoptotic molecule BAK for
degradation [88]. As HPV replication is stringently dependent on epithelial
differentiation and is restricted in squamous cell carcinomas [82], the natural history of
HPVs suggests that they might be ‘natural-born’ tumor (epithelial) suppressive agents
driving epithelial cells to terminal differentiation. The oncogenic events induced by these
viruses might be rare consequences of viral infection that is also influenced by stochastic
environmental and behavioral conditions.

Concluding remarks and perspectives

Adenovirus E1A oncoprotein continues to serve as a cornucopia of paradigms on cell
proliferation and oncogenesis. Now E1A is on the cusp of illuminating novel pathways of
restraining oncogenesis that could be exploited to restrict and reverse epithelial cancers.
Recent studies have revealed that the “‘oncoproteins’ of certain benign HPVs are also
endowed with such a tumor suppressive function. Considering that the vast majority of
papillomaviruses are benign and replicate in differentiating epithelial cells (Box 1), it is
possible that some of the proteins encoded by these viruses could possess novel tumor
suppressive functions by promoting epithelial differentiation. Several new polyomaviruses
such as Merkel cell polyomavirus (MCV)[76], WU polyomavirus [77] and KI polyomavirus
[78] and human polyomaviruses 6-7 [79] have been isolated from epithelial tissues. Among
them, MCV has been associated with the epithelial cancer Merkel cell carcinoma (MCC)
[76] which contains clonally integrated MCV sequences that only encode the N-terminal
region of the T Ag [80]. It would be interesting to determine whether the transforming
proteins of these epithelial tropic viruses encode any tumor suppressive and cell
differentiation functions. The possibility that viruses which replicate in other differentiated
tissues might also possess the capacity to suppress or reverse oncogenesis remains to be
explored (Box 2). Why have viral proteins evolved this function? As discussed earlier, the
epithelial tropic viruses such as HAdv and HPVs induce transient cell proliferation to
facilitate their DNA replication (Figure 4). The early viral proteins such as ELA (N-terminal
region) and E7 that promote cell proliferation also inhibit differentiation. The tumor
suppressive activity of the viral transforming proteins might have evolved to counteract the
differentiation inhibitory activity to enhance viral multiplication resulting in a homeostasis
between two opposing activities.

Box 2
Outstanding questions

e Does interaction of the EIA C-terminal region with CtBP, FOXK1/K2 and
DYRK1A/1B/HAN11 sequester these factors and/or retarget them to new target
sites on the cell genome?
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e Do other viral genes target CtBP and DYRK1A/1B/HAN11 complexes to
suppress oncogenesis?

e Are there cellular targets other than CtBP, FOXK1/K2 and DYRK1A/1B/
HAN11 for epithelial tropic viral genes to suppress oncogenesis?

Studies on E1A have revealed that subverting the pathways controlled by three different
cellular protein complexes - CtBP, DYRK1A/1B/HAN11 and FOXK1/K2 - leads to tumor
suppression. Detailed investigations of these pathways could reveal crucial regulatory check
points to inhibit cancer. Recently, a proof-of-principle report has shown that inhibition of the
activities of CtBP with a small molecule leads to suppression of tumorigenesis by human
colon cancer cells [81]. These results suggest that CtBP could be a potential anti-cancer drug
target. Similarly, the possibility of inhibiting human epithelial cancers by targeting FOXK1/
K2 transcription factors and DYRK1A/1B kinases remain attractive goals. It is hoped that
investigations with other viral transforming genes could identify other potential targets by
which they promote epithelial differentiation and suppress oncogenesis.
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Glossary

Anoikis a form of apoptosis induced by detachment of adherent
mammalian cells

Baby rat kidney are prepared from 2—4 day-old neonatal rats. These are used as

(BRK) cells model epithelial cells for in vitro transformation by viral
oncogenes

ChlIP-chip an experimental approach used to identify the DNA binding sites
for transcription factors on a genome-wide basis. It involves
chromatin immunoprecipitation (ChlP) and microarray (chip)
analysis

CR1-4 conserved region 1-4, the domains conserved among the E1A
proteins of all primate adenoviruses

Transcription/ a scaffolding protein that is part of two different histone acetyl

transformation transferase (HAT) protein complexes — Tip (Tat-interactive

domain-associated protein) 60 complex and SAGA (Spt-Ada-Gcn5) complex

protein (TRRAP)
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Figure 1.

Schematic illustration of HAdv5 genome. The HAdv5 genome consists of a 35 kb linear
double stranded DNA that is covalently linked to viral terminal proteins (TP) at the 3’ ends.
The viral genome contains five early transcription units (E1A, E1B, E3, E4 and E2) and one
major late transcription unit. The major late transcript is differentially processed into five
groups of late mMRNASs (L1-L5) to which three leader sequences are attached by RNA
splicing. The late mMRNAs code for various viral structural proteins. The left most 14% of
the genome contains the E1A and E1B genes that constitute the transforming genes. I-E1A
indicates the large E1A protein and s-E1A indicates the small E1A protein. The early region
E4 of different HAdv species encodes multiple proteins and at least three of them, Orf 1, Orf
3 and Orf 6 (indicated by 1, 3 and 6) exhibit transforming activities.
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Figure 2. Schematic illustration of interaction of cellular proteins with HAdv5 E1A proteins
The functional consequences of such protein interactions are also indicated. The N-terminal
region of E1A exhibits a dominant oncogenic activity while the C-terminal region
contributes suppression of oncogenesis. The green upward arrows indicate activation of
various cellular processes and the red downward arrows indicate suppression of such
processes.
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Figure 3.

Genome and proteins of HPV21. g1 (a) Schematic illustration of HPV21 genome. The
genome structures of beta-HPV's conform to the overall genome structures of alpha-HPVs
except that beta-HPVs do not encode an early protein, E5. The genome of HPV21 consists
of 7.9 kb circular double stranded DNA. The viral genome encode five early proteins
(designated as E1, E2, E4, E6 and E7) and two late proteins (designated as L1 and L2) that
are viral capsid proteins. The viral genome contains a non-coding region (NCR) that
contains the major promoter for the transcription of early genes. The early genes E6 and E7
constitute the transforming genes. (b) Schematic illustration of the E6 proteins of EV-
associated beta-HPVs. The unique N-terminal domains of the E6 proteins of HPV14,
HPV21 and HPV20 are compared with the FOXK1/K2-interacting motif of HAdv5 E1A in
the boxed area.[gT2)
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Figure 4.

Potential consequences of epithelial differentiation on virus multiplication. The activities of
the ELA N-terminal region are depicted promoting cell proliferation, viral DNA replication
and possibly [g13) epithelial to mesenchymal cell transformation. The activities of the E1A
C-terminal region are depicted as possibly [gT4) promoting mesenchymal to epithelial
transformation thereby providing a cellular environment that facilitates further steps in virus

multiplication.
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