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Papillomaviruses, polyomaviruses and adenoviruses are collectively categorized as the small DNA tumour vi-
ruses. Notably, human adenoviruses were the first human viruses demonstrated to be able to cause cancer, albeit
in non-human animal models. Despite their long history, no human adenovirus is a known causative agent of
human cancers, unlike a subset of their more famous cousins, including human papillomaviruses and human
Merkel cell polyomavirus. Nevertheless, seminal research using human adenoviruses has been highly informative
in understanding the basics of cell cycle control, gene expression, apoptosis and cell differentiation. This review

highlights the contributions of human adenovirus research in advancing our knowledge of the molecular basis of

cancer.

1. Introduction

Papillomaviruses, polyomaviruses and adenoviruses are collectively
categorized as the small DNA tumour viruses based on their small
double-stranded DNA genome sizes and their ability to induce cancer in
either experimental systems or real-world contexts. While other human
tumour viruses exist, including human T-lymphotropic virus (HTLV),
Epstein-Barr virus (EBV), hepatitis B and C virus (HBV and HCV), and
Kaposi’s sarcoma-associated herpesvirus (KSHV), these are not classified
as small DNA tumour viruses. Human adenoviruses (HAdV) infect the
respiratory tract, gastrointestinal tract, and the corneal epithelium.
These prevalent human pathogens typically cause self-limiting in-
fections in immunocompetent individuals; however, they have period-
ically been associated with outbreaks causing significant illness and
mortality [1]. The first HAdV isolates were obtained in 1953 from the
tonsils and adenoids of healthy individuals and in 1954 from military
personnel with acute respiratory disease [2,3]. In 1962, HAdVs gained
the distinction of being the first human virus demonstrated to cause
cancer. These studies were originally performed in newborn hamsters,
but later duplicated in other rodent models, as well as baboons [4-6].

Despite the notoriety of being the first known human tumour virus, no
convincing relationship between HAdV infection and human cancer has
been identified. Thus, unlike their more famous cousins human papil-
lomavirus (HPV) and human polyomavirus (HPyV), HAAV is the only
small DNA tumour virus without a family member directly associated
with human oncogenesis [7,8]. Despite not actually causing human
cancer, studies of HAdVs have provided tremendous insight into mul-
tiple cancer-relevant processes and this review will highlight some of
these important advances.

1.1. HAdV-dependent oncogenesis

Early studies of HAdV-mediated tumourigenesis were based on in-
jection of virus into newborn rodents, and these identified a range of
oncogenicity between different HAdVs [9,10]. Over 80 different HAdV
types infect humans and these are grouped into 7 species labeled A-G
[11]. HAdVs from species A, notably HAdV-A12, -A18 and -A31, are
known as the highly oncogenic types. These viruses produce tumours at
high frequency within a few months at the site of injection in neonatal
rodents [9,10]. Additionally, several viruses from species D, including
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HAdV-D9 and -D10, elicit estrogen-dependent mammary tumours in
adult female rats [10]. In contrast, the vast majority of HAdVs are
non-oncogenic or poorly oncogenic when directly injected into rodents
[9,10]. Detailed investigation has suggested that the inability of most
HAdV types to induce tumours in animal models likely reflects
type-specific inabilities to evade host natural killer (NK) and T-cell based
immune responses that subsequently clear virally-transformed cells [9,
10]. As a consequence, when tested for oncogenic transformation ac-
tivity in primary rodent cell culture-based systems that lack cell-based
immunity, all tested HAdVs appear able to transform [9,10]. Addition-
ally, rodent cells transformed in vitro by non-oncogenic HAdVs can form
tumours when implanted in immunosupressed, but not syngeneic
immunocompetent animals. This further supports the concept that dif-
ferential sensitivity to immune surveillance is a major factor contrib-
uting to the tumourigenic potential of a given HAdV [10,12]. Regardless
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of their ability to induce tumours in animal models, all HAdVs are
considered tumour viruses based on their transformation activities in
cell-culture based systems.

Oncogenesis by HAdVs is not restricted to rodent systems. For
example, HAdV-A12 was shown to induce retinal tumours in a subset of
newborn baboons after intraocular injection [4]. Notably, the interior
portions of the eye are considered immune privileged, and this may play
a significant role in allowing HAdV-A12 oncogenesis in this system. Rare
examples of transformation of primary human cells with HAdV DNA in
culture exist, but an etiological role for HAdV in human oncogenesis has
never been identified [13,14].

Molecular studies have shown that the major oncogenic activities
within HAdV reside within the left end of the genome, encompassing
early region 1 (E1), which encodes the E1A and E1B oncoproteins [15].
These sequences are consistently retained and expressed in
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Fig. 1. HAdV-C5 genome organization with highlighted E1A, E1B, and E4 genes. The human adenovirus (HAdV)-C5 genome, shown in blue, is approximately 36 kb
of linear double-stranded DNA. Although Fig. 1 depicts the HAdV-C5 genome, all known HAdV genomes are similarly organized. However, some individual open
reading frames (ORFs) may be present or absent in any given HAdV species. The viral genome is flanked by inverted terminal repeats (grey) on both strands, with the
5’ end covalently bound to the viral terminal protein (TP). Early genes E1A, E1B, E2A, E2B, E3 and E4 are shown as green arrows and are expressed prior to the onset
of viral genome replication. Late genes L1-5 and p are shown as red arrows and are expressed following the onset of viral genome replication. Intermediate early
genes pIX and pVIa2, as well as the viral-associated (VA) RNAs are shown as yellow arrows. E1A, E1B and E4 genes have oncogenic properties and have been selected
for more detailed description. E1A: The E1A primary transcript contains two exons separated by an intron which is spliced out for the 13S/289R E1A isoform. Exon 1
contains a unique region that is present in the 13S/289R E1A isoform, but is spliced out in the 125/243R E1A isoform. The protein products of both major E1A
isoforms contain conserved regions (CR)1, 2 and 4, while CR3 is unique to 13S/289R. Only the E1A primary transcript and two major isoforms are shown for
simplicity. E1B: The E1B 22S transcript contains an exon, intron, and 3’ UTR. E1B 19K/176R is translated from the start of exon 1 and spliced in the middle of the
exon to the 3’ UTR. E1B 55K/496R is translated starting from an internal translation initiation site and spliced at the intron to the 3’ UTR. Only the E1B 22S transcript
and two major isoforms are shown. E4: The E4 gene and all seven major E4 protein products are shown. E4 contains multiple ORFs that encode for the following
seven proteins: E4orfl, E4orf2, E4orf3, E4orf4, E4orf3/4, E4orf6 and E4orf6/7. Created with BioRender.com. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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HAdV-transformed cells and this region is both necessary and sufficient
for oncogenic transformation by most HAdVs. Additional oncogenic
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simplified representation of the HAdV-C5 genome is depicted in Fig. 1,
which is broadly representative of all HAdV species [17].

functions are present in the right end of the HAdV genome within the E4
region, which may contribute to oncogenesis via alternative mecha-
nisms, particularly for the induction of estrogen-dependent mammary
tumours by HAAV-D9 [14,16]. For the purposes of this review, we will
focus on the E1A, E1B and E4 proteins and their contributions to un-
derstanding oncogenic processes. Importantly, it is worth mentioning
that much of the work involving these proteins has largely been done in
the context of HAdV-C5. Therefore, much of what will be covered in the
following sections will pertain to HAdV-C5, while details from other
HAdV species will be mentioned where necessary. For reference, a

1.2. HAAV and the hallmarks of cancer

The "Hallmarks of Cancer", as described by Weinberg and Hanahan,
divides the malignant phenotype into subsets of cellular capabilities
acquired during carcinogenesis [18]. The biological consequences of
oncogenic alterations lead to phenotypic characteristics commonly
associated with tumours, and these represent the individual “Hall-
marks’’ of cancer. These hallmarks are a useful framework to organize
and discern the contribution of individual HAdV genes to the oncogenic
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Fig. 2. Protein interaction map of HAdV oncoproteins E1A, E1B and E4 and their connection to the hallmarks of cancer. Based on their relevance to the hallmarks of
cancer, selected protein-protein interactions for E1A, E1B and E4 (including their isoforms) were visualized using Cytoscape [324]. Proteins shaded with light purple
indicated a cellular target is shared by more than one of the HAdV proteins described in this review. Cancer-relevant cellular targets of each viral protein were
identified from the literature and imported from the STRING database into Cytoscape. Interactions between cellular proteins were filtered to include only those with
experimental evidence and high STRING confidence scores (>0.7). Targets of each viral protein have been colour coded according to their association with each
respective hallmark of cancer. Importantly, each cellular target has a potential relevance to various hallmarks of cancer, even though their role in HAdV-mediated
transformation may be unknown. Although an integrated analysis of E1A, E1B and E4 has yet to been performed, visualizing their interactions in this way dem-
onstrates substantial overlap within the underlying interaction map. Notably, several cellular proteins, highlighted in purple, are targeted by multiple different viral
proteins, suggesting potential synergy or antagonism on their function. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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process. As previously done for the viral oncogenes of tumour viruses
actually responsible for human cancers, we have framed each of the
HAdV oncogenes in terms of their effects on the host cell or cellular
pathways that are relevant to the hallmarks of cancer (Fig. 2) [19].

2. HAJV viral oncogenes and targets

The HAdV proteins E1A, E1B and E4 have well established roles in
oncogenic processes. Interest in these regions as oncogenic entities arose
from early observations demonstrating that the left end of the genome,
encompassing the El1 region, was consistently retained in virus-
transformed cells [20]. Alternatively, E4 has been shown to enhance
transformation by conferring additional oncogenic properties, and in the
case of HAdV-D9, it was shown to be the main determinant of tumour-
igenicity in animals [21]. For these reasons, the study of HAdV-mediated
oncogenesis has been focused on the gene products of E1A, E1B and E4.
A comprehensive analysis comparing each of these viral proteins be-
tween different HAAV species has not been performed; therefore,
whether or not they modulate the same set of host factors has not been
entirely established. However, essential interactions like that between
E1A and the retinoblastoma tumour suppressor protein (pRb; see section
2.1.1 below) are assumed to be conserved based on the presence of an
LxCxE binding motif within all HAdV E1A proteins [22]. Nevertheless, it
is highly likely the E1A, E1B and E4 proteins from distinct HAdV species
target various cellular pathways in different and nuanced ways, ulti-
mately providing different means to a similar end with respect to
regulating the viral replication cycle. Overall, these proteins can
deregulate many cellular pathways, including those central to cell cycle
regulation and cell death. Unsurprisingly, many of these pathways are
also essential to carcinogenesis.

Despite there being no direct link between HAdV and human cancer,
the repertoire of virus-host interactions these proteins facilitate is highly
reminiscent to that of other well-characterized and more infamous
tumour viruses. These similarities have made the study of HAdV-
mediated transformation highly relevant to both viral and non-viral
cancers. The roles that E1A, E1B and E4 play in transformation have
mostly been studied as individual entities. However, this fails to capture
the collective relevance of these viral oncoproteins to cancer as a whole.
To illustrate this graphically, we constructed a protein interaction map
using their well-established targets using experimentally determined,
high confidence interactions. Cellular targets were colour-coded to
reflect the relationship to the hallmarks of cancer. This visualization
reveals the intricacy of this network and a complex cross-coupling of
protein-protein interactions. Furthermore, this identifies a number of
potentially shared pathways within the hallmarks of cancer framework
(Fig. 2). These observations also stress the complexity and integrated
nature of pathways involved in oncogenesis and may also highlight
additional avenues of HAdV-mediated transformation that remain to be
explored. Within this section we will discuss the contributions that E1A,
E1B and E4 have made on our understanding of the molecular mecha-
nisms underlying cancer and their connection to the hallmarks of cancer.

2.1. EIA

The E1A region of all HAdVs is the first viral gene expressed during
infection and the corresponding mRNA is alternatively spliced into its
two predominant isoforms that encode proteins of 289 and 243 amino
acids with respect to HAdAV-C5 (these proteins are also referred to as 13S
and 12S respectively, which is based on the size of the fully-spliced
mRNAs). The 13S-encoded isoform contains four conserved regions
(CR1-4) while the shorter 12S-encoded isoform is devoid of CR3 [22]
(Fig. 1). The larger E1A isoform varies in length from 249 to 289 amino
acids between HAdAV species, with species C encoding the largest iso-
forms. Despite these differences, all E1As are spliced similarly and
contain all four conserved regions. Although the E1A 12S isoform has
historically been used as the model oncoprotein, either 13S or 12S E1A
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isoforms are sufficient to immortalize primary rodent cells in culture.
Furthermore, when combined with a cooperating oncogene, such as
HAAV EI1B or activated RAS, EI1A can fully transform these cells [23].
Collectively, the multifunctional E1A proteins are largely responsible for
rewiring infected host protein interaction networks into a state
amenable for viral replication [24].

The EIA region is absolutely essential for viral replication. Viruses
lacking this region, such as dI312, are replication deficient and can only
replicate if E1A is provided in trans, such as in the case of HEK293 cells
that express E1A endogenously [25]. While both the 13S-encoded and
12S-encoded E1A isoforms contribute to HAdV replication, the 13S E1A
isoform appears to be responsible for modulating the expression of a
wider number of HAdV-encoded viral genes [26]. HAAV that expressed
only the 12S E1A isoform, but not the 13S E1A isoform, show delayed
expression of a number of viral genes, lower expression of viral struc-
tural proteins, and a lower replication rate [26].

During infection, E1A functions as a viral hub protein by binding and
altering the functions of several dozen cellular hubs within the human
proteome [27]. Through these interactions E1A can manipulate a
multitude of host processes, including transcription, epigenetic regula-
tion, subcellular localization, metabolism, cell cycle control, and
post-translational modification (PTM). In fact, many of these E1A in-
teractions include well-established oncoproteins or tumour suppressor
proteins. Given the high sequence similarity between different HAdV
E1A proteins, many of these interactions are conserved across HAdV
species [22,28]. However, not all E1A proteins from different HAdV
species share the same repertoire of binding partners. For example, CR2
from HAdV-C5, -A12, -A18 and A31 are able to interact with the tran-
scriptional corepressor BS69 via a PxLxP motif [29]. Intriguingly, for
reasons which remain unknown, both HAdV-A12 and -A18 have evolved
two BS69 binding motifs. Additionally, all but species C HAdVs possess a
linker region between CR2 and CR3. Compositional differences within
the linker between species exist, with the highly oncogenic species A
HAdVs being particularly rich in alanine residues. These examples
highlight some of the differences between E1A proteins; however,
despite these differences all HAdVs tested are able to transform cells in
culture with similar efficiencies [14]. Furthermore, additional evidence
using replication-defective HAdV-C5 vectors lacking the E1 region could
be complemented by various other HAdV species, demonstrating a high
level of functional conservation within the E1 region [30,31].

2.1.1. EI1A induces cell cycle through modulation of the retinoblastoma
protein pathway

The role E1A plays in transformation has been extensively studied
and reviewed in the past [23,32-36]. Since E1A has no direct
DNA-binding or enzymatic ability, its participation in oncogenic trans-
formation is achieved through direct protein-protein interactions as well
as secondary interactions within the network of its primary targets [24].
The region of E1A encoded by exon 1 contains both CR1 and CR2 and is
primarily responsible for transformation (Fig. 1) [33]. Interestingly,
either the extreme N-terminal region up to the end of CR1 (N-termi-
nus/CR1) or CR2 alone is sufficient to induce S phase in primary rodent
cells; however, both regions are required to carry cells into mitosis [37].
Historically, the first cellular protein identified to bind E1A directly was
pRb [38]. This interaction has historical significance; it was recognized
as the first example of a viral oncogene interacting with a cellular
tumour suppressor. While the interaction between the simian poly-
omavirus 40 (SV40) large T antigen and the p53 tumour suppressor
protein predates this observation, at the time p53 was mistakenly
characterized as an oncogene and it was not until after the E1A-pRb
interaction was identified that p53 was correctly classified as a
tumour suppressor [39-42].

Using a conserved LxCxE amino acid motif located in CR2, E1A from
all HAdVs so far tested can directly bind pRb and its family members
p107 and p130 with high affinity [43]. Once bound through CR2, a
lower affinity binding region within CR1 can displace E2F transcription
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factors from pRb [44,45]. Note that the use of two separate motifs within
E1A to bind a given target is actually quite common, as other cellular
factors including p300, TBP and PCAF are known to bind both CR1 and
CR3 [46-48]. The interaction with pRb functionally inactivates it,
freeing E2Fs of pRb and its associated repressive chromatin modifying
enzymes, resulting in derepression of cell cycle genes [49,50]. Indeed,
functional inactivation of pRb is frequently observed in cancers and is
also a target of several infamous viral oncogenes, such as HPV E7 and
HPyV large T antigen [43,51,52]. In the context of non-virally induced
cancers, the inactivation of pRb contributes to sustained proliferative
signalling as well as evasion of growth suppression [53]. The ability of
E1A and other viral oncogenes to inactivate pRb contributes to both of
these hallmarks.

2.1.2. EI1A promotes transformation and cell cycle entry through binding
chromatin modification complexes

The mechanism by which E1A induces S phase through CR2 and pRb
is relatively straight forward compared to the N-terminus/CR1 region.
This region of E1A is densely packed with protein interaction motifs,
which creates difficulty in assigning causality of E1A’s function to a
specific ElA-interacting partner [24,48]. Despite the difficulty in
unraveling specific interactions and their functions within this region, it
has been established that E1A’s N-terminus/CR1 interacts with a
plethora of chromatin modifiers, many of which have recognized roles in
oncogenesis (Fig. 2) [35].

Involvement of E1A’s N-terminus/CR1 in transformation has largely
been attributed to the interaction with p300 and its homologue CREB-
binding protein (CBP) [34]. The discovery of p300, originally named
E1A-associated 300-kDa protein, was identified through study of E1A’s
growth controlling functions [54-56]. It was later discovered that E1A
also targeted CBP, and that interactions with p300/CBP were necessary
for transformation [34,35,48,57].

Both p300 and CBP are lysine acetyltransferases that function as
transcriptional cofactors involved in chromatin modification and play
important roles in transformation [58,59]. Precisely how p300 con-
tributes to E1A-mediated transformation is not fully understood; how-
ever, several consequences of this interaction are apparent. First, early
studies of E1A and p300 demonstrated that they form a multimeric
complex with pRb, suggesting a proximal association of the three pro-
teins could be important [60]. This led to the concomitant discovery of
p300-mediated acetylation of pRb at K873/K874 during S phase and
that E1A enhances pRb acetylation through this multimeric complex
[61]. Acetylation within this region of pRb was also shown to impede
PRb phosphorylation as well as promote dissociation of E2F1 from pRb
during the DNA damage response (DDR) [61,62]. These observations are
interesting, but somewhat paradoxical for several reasons. Unlike other
E2Fs, E2F1 has a unique role in apoptosis and DNA repair, as well as an
additional pRb binding region within its C-terminal domain [63-65].
Notably, E1A-mediated transformation involves disruption of pRb-E2F
complexes; however, the pRb-E2F1 complex is resistant to
E1A-mediated disruption during HAdV infection, which was suggested
to promote cell cycle progression while avoiding apoptosis [66]. Based
on these findings, E1A appears to enhance p300-mediated pRb acety-
lation without causing E2F1 dissociation. Furthermore, E2F1 is also
known to be acetylated by p300/CBP and its associated factor PCAF
[67]. In vitro acetylation of E2F1, in the presence of pRb and p300, was
decreased in response to increasing E1A protein levels [61]. E2F1 is
acetylated in response to DNA damage; however, how E1A simulta-
neously enhances pRb and reduces E2F1 acetylation in an in vitro system
is unclear. Regardless, these observations demonstrate a complex
interplay between various cellular factors and highlight the utility of
using E1A as a molecular tool.

Analysis of host gene expression during infection demonstrated the
E1A-p300 interaction is responsible for the majority of E1A-mediated
repression of host gene expression [68]. Indeed, a number of genes
involved in chromatin condensation are regulated by the multimeric
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E1A-pRb-p300 complex. Mechanistically, it appears that E1A relocalizes
pRb to chromatin-bound p300. Here, E1A-mediated enhancement of
PRb acetylation via p300 impedes pRb phosphorylation, presumably
locking pRb in a hypophosphorylated repressive state. By hijacking
p300 and pRb along with its associated repressive chromatin modifiers,
E1A can inhibit expression of genes which would otherwise inhibit cell
cycle or promote apoptosis [50,68].

E1A has also been reported to alter global H3K18 acetylation
through its interaction with p300/CBP. These epigenetic changes affect
the promoters for thousands of genes, including those involved in the
antiviral response and cell cycle control. Importantly, point mutants of
p300/CBP that fail to induce H3K18 hypoacetylation and subsequent
antiviral gene repression, severely impact E1A’s transforming abilities,
suggesting a link between H3K18 hypoacetylation and transformation
[69]. Similarly, a global reduction in H3K18 acetylation was also
observed in cells expressing SV40 large T antigen, potentially raising the
question if this is a common strategy among DNA tumour viruses [69].
Furthermore, E1A has been shown to induce gene expression of c-Myc
through derepression of a p300-YY1-HDAC3 complex [70]. This com-
plex is involved in repressing c-Myc transcription and thereby prevent-
ing aberrant S phase entry [71]. By disrupting the p300 interaction with
YY1, E1A alleviates c-Myc repression to induce S phase [72]. Notably,
the induction of c-Myc expression by a viral oncoprotein involving p300
was first shown with E1A and subsequently demonstrated with the SV40
large T antigen soon after [73,74]. The similar function of these two
viral oncoproteins highlights the benefits of using viruses as tools to
study the molecular mechanisms behind cancer. Taken together, these
findings demonstrate that E1A is able to modulate p300/CBP-mediated
acetylation of both histone and non-histone proteins, resulting in dra-
matic changes in cell host gene expression.

In addition to p300/CBP, the E1A N-terminus, including CR1, in-
teracts with a variety of other cellular proteins involved in chromatin
modification and transcriptional regulation that are important for
transformation [48]. Although p300/CBP appears to be the major
determinant for transformation via the N-terminus, several other
cellular factors that bind within this region are also important, such as
PCAF, p400, TBP, GCN5 and TRRAP (Fig. 2) [48]. Moreover, these
proteins function together in larger multimeric complexes which E1A
can also modulate. For example, p300/CBP associates with the histone
acetyltransferase PCAF and acts as a cofactor for several transcription
factors, including p53 [75,76]. Fascinatingly, E1A has been shown to
both disrupt binding of PCAF to p300/CBP as well as bind PCAF directly
to sequester its activity [77].

The complexes E1A forms with multimeric histone acetyltransferases
that involve the TRRAP adaptor protein are particularly important in
E1A-mediated transformation [78]. One such TRRAP complex involves
c-Myc, which when depleted reduces the transforming abilities of E1A
[79]. E1A also interacts with the NuA4/TIP60 complex (containing
TRRAP, p400, DMAP1, TIP60, RUBL2 and RUVBL1) and enhances its
association with c-Myc [80]. While earlier studies demonstrated p400
was essential for E1A-mediated transformation, these studies used de-
letions of E1A (A26-35) that also prevented TRRAP binding, making it
difficult to determine which protein E1A is binding directly [80,81].
E1A also targets the TRRAP complex involving GCN5 which is associ-
ated with c-Myc directed transcriptional activation [82]. Proteomic
analysis of E1A’s N-terminus suggested a preference for binding
TRRAP-NuA4/TIP60 complexes, possibly suggesting that E1A can target
two different TRRAP complexes [80]. It remains to be determined if E1IA
differentially regulates c-Myc mediated transcription depending on
which TRRAP complex it binds, and whether this is context dependent or
a result of different E1A proteoforms. Nevertheless, E1A may be able to
modulate c-Myc-driven transcription of cellular genes essential for
transformation through these interactions [83].

Overall, it is important to consider the complexity of interactions
taking place within the N-terminus. For example, even though p300 has
intrinsic histone acetylase activity, it also behaves as a hub protein with
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an interaction network spanning hundreds of cellular proteins [84].
Therefore, through binding p300, E1A has access to an astonishing
number of p300-associated proteins. Even within the interaction map
(Fig. 2), p300 and CBP interact with nearly half of all other proteins
depicted. It is possible that on a genome-wide scale, promoter-bound
p300 is found within a variety of different complexes. Some of these
complexes are bound by E1A, which may act to either disrupt, stabilize,
or reorganized their composition. Further adding to this complexity is
that p300 and CBP are often treated interchangeably in the context of
viral and cellular protein interactions; however, this is not necessarily
true. Divergent functions between the two proteins exist, given that
neither can compensate entirely for the other [85]. Whether or not E1A
uses the overlapping functions of p300 and CBP to achieve a common
goal, or if their unique functions are differentially exploited by E1A
remains to be determined.

The role of p300/CBP as a tumour-suppressor has been previously
reviewed and is widely accepted [59,86]. Other viral oncoproteins
including SV40 large T antigen and HPV E6 and E7 are also able to bind
and modulate the activity of p300/CBP in a variety of ways [19,87-89].
The interaction between E1A and p300/CBP clearly points towards cell
cycle progression and sustained proliferation; however, when consid-
ering the diverse cellular roles p300/CBP partakes in, the
E1A-p300/CBP interaction can be categorized into several hallmarks of
cancer (some of which are discussed in the following sections).

2.1.3. EI1A promotes transformation through modulating the ubiquitin-
proteosome system

E1A’s multi-faceted approach to targeting both tumour suppressors
and oncogenes has also been observed through fine tuning PTMs
resulting in ubiquitin-mediated proteasomal degradation. One protein
complex implicated in this process is the Skp-Cullin-F-box (SCF) com-
plex. Within the SCF complex, Skpl acts as an adapter that binds a va-
riety of F-box proteins — which provide substrate specificity — and Cull
that functions as a scaffold by binding both Rbx1l and Skpl [90].
Fascinatingly, E1A has been shown to target SCF complexes containing
two different F-box proteins: Fbw7 (SCF™"7) and Fbwl/p-TrCP
(SCFP-TrCPy [91,92]. In targeting SCFFbW7, E1A was shown to directly
bind Rocl/Rbx1l and Cull, resulting in an attenuated turnover of
SCF™"7 targets including the proto-oncogenes c-Myc, ¢-Myb, c-Jun and
Cyclin E [91,93]. This pathway may be a common target among tumour
viruses, as SV40 large T antigen has also been observed to interfere with
Fbw7 [94]. Given the role of Fbw7 in regulating diverse cellular pro-
cesses, which includes regulating the activities of several
proto-oncogenes, it’s role in E1A-mediated oncogenesis is most likely an
important factor.

Molecular details regarding the ability of E1A to target SCFP ™" are
less characterized. Observations of HAdV-A12 transformed -cells
revealed that the cellular REST protein was functionally defective and
depleted within the nucleus [95]. These observations were later
extended mechanistically through experiments showing that E1A in-
duces expression of SCF*T™® which leads to ubiquitination and degra-
dation of nuclear REST [92]. REST is involved in the regulation of a wide
array of genes and has both oncogenic and tumour suppressive prop-
erties [96]. Interestingly, depending on the cell cycle phase, SCF* TP
and SCF™"7 can exert different effects of c-Myc stability [97].
B-TrCP-mediated ubiquitination was shown to antagonize
Fbw7-mediated turnover of c-Myc resulting in accelerated cell cycle
progression. Intriguingly, the relationship between E1A and
Fbw7/p-TrCP has not been explored in this context. Concomitant
El1A-mediated stabilization of c-Myc through SCF™"’ and increased
SCFPT™P expression may be another important, and yet uncharac-
terized, factor in E1A-mediated transformation.

Furthermore, SCF#T™CP targets additional E1A interactors, such as
the DYRK1A/B kinases, through the adapter protein DCAF7 [98,99].
Intriguingly, SCFPTP-mediated degradation of DYRKIA has been
shown to be essential for cell cycle progression in HEK293 cells, which
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endogenously express E1A and require it for growth [100,101]. Given
that cells expressing E1A mutants that are deficient in binding DYR-
K1A/B show increased proliferation and transformation, a link between
E1A and DYRKIA degradation by SCF*T™" in the nucleus might exist
[102]. Furthermore, the degron motif identified within the N-terminus
of DYRK1A does not appear to exist in DYRK1B, raising additional
questions as to how E1A could regulate these proteins functions in the
context of proliferation and or transformation.

Under normal cellular conditions, ubiquitin-mediated degradation of
proteins provides powerful negative-feedback mechanisms that atten-
uate proliferative signalling; however, in the context of cancer, disrup-
tion of this system is often a contributing factor to sustained
proliferation [18,103,104]. Cellular protein complexes like SCF™7 and
SCFP-TCP regulate a multitude of oncoproteins and tumour suppressors,
making them important factors involved in non-virally induced trans-
formation [93,96]. E1A-mediated disruption of these pathways likely
contributes to transformation in an analogous fashion.

2.1.4. Transformation by E1A’s C-terminus is context dependent

The C-terminal region of E1A encompassing exon 2, including CR4,
also consists of multiple overlapping protein interaction motifs like the
N-terminus/CR1. This is exemplified by binding motifs for DCAF7 and
CtBP1/2 which overlap with the bipartite nuclear localization sequence
[98,105]. Additionally, a region preceding CR4 is responsible for bind-
ing FOXK1/2 in a phosphorylation-dependent manner. Paradoxically,
the C-terminus of E1A is required for transformation in -cells
co-transformed with EIB; however, in the context of activated RAS it
functions to suppress transformation [106,107]. The molecular mecha-
nism by which E1A exploits these cellular proteins to promote trans-
formation remains unclear.

CtBP1/2 was originally identified via its role as a negative regulator
of E1A-mediated transformation [108]. CtBP1/2 functions as a tran-
scriptional corepressor by interacting with chromatin modifying com-
plexes and has well recognized roles in cancer [109,110]. Both CtBP1
and CtBP2 isoforms bind E1A through a highly conserved PxDLS amino
acid motif initially identified within E1A, and this is necessary for
transformation in cooperation with E1B [98,111]. However, whether
CtBP1/2 is necessary for transformation with activated RAS remains
obscure, as different studies have shown conflicting outcomes [98,112].

Importantly, a number of cellular proteins contain CtBP1/2 binding
motifs that may compete with E1A for binding. Specifically, E1A has
been shown to compete with the tumour suppressor CtBP interacting
protein (CtIP) for binding to CtBP1/2 [111]. Characterization of CtIP has
revealed a primary role in DNA repair and genome stability through
interacting with Nbsl within the Mrell-Rad50-Nbsl (MRN) DNA
damage sensor protein complex [113,114]. Additionally, CtIP has also
been shown to regulate cell cycle progression by binding pRb and
regulating E2F target genes [115]. CtIP binds pRb and CtBP through an
LxCxE and PxDLS motif, respectively, suggesting E1A can compete with
CtIP for binding to both targets using it’s own highly similar motifs
[116]. Intriguingly, even though E1A can outcompete CtIP binding to
CtBP, E1A has also been shown to bind CtIP directly via the N-terminus
[117]. The functional consequence of this interaction with E1A is un-
known. Additionally, an interesting observation may be drawn between
E1A and the MRN complex: CtIP and TRRAP both bind the E1A N-ter-
minus and are associated with the MRN complex [114,118]. Further-
more, both HAdV E4 and E1B proteins have been shown to interact with
the MRN complex (Fig. 2) resulting in its degradation (discussed in
sections 2.2.2 and 2.3.5); however, a direct link with E1A has not been
established [119].

Preceding E1A’s CtBP1/2 binding motif is a region responsible for
binding DCAF7, which acts as an adapter for binding DYRK1A/B and
HIPK2, as well as the FOXK1/2 binding region [98,99]. Point mutants
within E1A that disrupt the interaction with DYRK1A/B and HIPK2,
likely through inhibiting the association with DCAF7, demonstrated that
both of these interactions are important for transformation with E1B.
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However, in the context of activated RAS, only certain DYRK1A/B and
HIPK2 binding mutants exhibit suppressed transformation, suggesting
the involvement of additional factors or that some of these interactions
are qualitatively different than others [98,112,120].

Transformation with E1B using E1A mutants unable to bind FOXK1/
2 has not been tested; however, when tested with activated RAS it ap-
pears this interaction is responsible for repressing transformation [102].
FOXK1/2 was also shown to bind the cutaneous low-risk HPV14 and
HPV21 E6 proteins and this was similarly associated with suppressed
transformation [102]. Collectively, these data show that the C-terminus
of E1A influences transformation in a context-dependent fashion. In
cooperation with EIB, the C-terminus complements the N-terminal
oncogenic functions; however, with RAS, the C-terminus elicits tumour
suppressive properties. Nevertheless, it seems that the C-terminus has
clear functions involved in suppressing proliferation in the context of
activated RAS [102]. In this context, these observations make the
C-terminus an “anti” hallmark of cancer with respect to sustained
proliferation.

Overall, the implications for each of these interactions, alone or in
combination with one another, with respect to transformation require
further investigation and may provide additional insight into the
mechanisms of their anti-proliferative functions. Several consequences
of the CtBP1/2 interaction have been established and will be addressed
in the following section. Although speculative, potential consequences
of binding DYRK1A/B, FOXK1/2 and HIPK2 will also be addressed in
additional sections. Nevertheless, the consequences of E1A interacting
with each of these targets likely results in either re-tasking their func-
tions or in sequestering them to prevent their activity.

2.1.5. EIA influences tumour cell invasion and metastasis (anoikis/
epithelialization)

The process of invasion and metastasis refers to tumour cell
detachment, migration and secondary colonization [121]. From a mo-
lecular point of view, this process must be preceded by cellular changes
that permit cancer cell detachment and survival. Since carcinomas are
epithelial in nature, these cells have a physical barrier to surpass in order
to migrate to distal sites: epithelial cells are anchored in place by cell-cell
adhesion and contact with the extracellular matrix (ECM) [122]. To
surpass this barrier, carcinoma cells must undergo an
epithelial-mesenchymal transition (EMT) to become migratory, avoid
death, and invade distal tissues. Through the study of HAdV-C5 E1A, we
have learned many lessons on the EMT process. While EIA was origi-
nally described as an oncogene for its ability to induce cell cycle pro-
gression and cell growth, it has also been defined as a tumour suppressor
gene based on its ability to trigger mesenchymal-epithelial transition
(MET), the reverse of EMT. The earliest studies on this topic showed that
E1A expression in cancer cells from different origins would cause their
conversion to an epithelial phenotype. Specifically, E1A induces
expression of cell-cell adhesion and junction molecules, cell polariza-
tion, repression of other cell type-specific programing, anchorage de-
pendency and anoikis sensitivity [123]. Anoikis is a type of apoptosis
that occurs when epithelial cells lose contact with neighbouring cells
and the ECM, which serves to prevent aberrant epithelial cell detach-
ment and dissemination [124]. Anoikis-resistance is an important
characteristic of carcinomas that allows them to survive detachment
from the ECM [18]. Indeed, seminal studies of E1A done by Frisch and
Francis in 1994 led to the identification and naming of this specialized
death program [124].

The epithelial cell program can be considered to be the default cell
type because the transcription factors responsible for epithelial pro-
gramming are ubiquitous and must be repressed by other cell type-
specific factors to induce differentiation [125]. In order to convert
cells to the epithelial default programming, E1A uses two strategies:
relieve the repression of epithelial factors and remove the activation of
other cell type-specific factors. As mentioned previously (section 2.1.4),
E1A interacts with CtBP1/2, which is a key antagonist of the epithelial
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phenotype [126]. CtBP interacts with other repressive factors like
S8EF1/ZEB1 to repress E-cadherin expression, which is considered a
primary suppressor of motility and is responsible for the majority of
epithelial cell connections [122,124,127]. E1A sequesters CtBP1/2,
preventing its antagonism of E-cadherin and the epithelial program. This
interaction with CtBP1/2 is also linked to E1A’s ability to sensitize cells
to anoikis [23]. E1A binds to a set of nuclear acetylases, namely p300,
CBP, and PCAF, to prevent these proteins from activating cell
type-specific programs [126]. E1A has taught us much about MET,
which could be taken as an anti-hallmark role, but the true biological
picture is more complex. Both EMT and MET are important components
in the invasion and metastasis hallmark. While tumour cells must
initially undergo EMT to disseminate from their primary tumour loca-
tion, they must subsequently use MET to seed and colonize distal sites
[18]. The lessons E1A has taught us about engaging cells to undergo
MET or epithelialization illustrate its usefulness in studying pathways
related to the hallmarks and anti-hallmarks of cancer.

2.1.6. EIA affects angiogenesis

Tumour cells frequently exist in a state of hypoxia. Hypoxic condi-
tions lead to stabilization of the transcription factor HIF1la, which can
then activate transcription of genes involved in the hypoxia stress
response. Hypoxia induces genes that promote the development and
branching of new vasculature in the tumour microenvironment, a pro-
cess termed angiogenesis, which is another hallmark of cancer. The
primary mediator of angiogenesis is vascular endothelial growth factor
(VEGF), which acts on vascular epithelial cells by binding VEGF re-
ceptors on their cell surface [128]. While the benefits of disrupting
angiogenic signalling for HAAV replication remain unclear, E1A’s reach
does extend to this process. Some evidence suggests that E1A may be
able to indirectly provide anti-angiogenic signals to neighbouring cells
through a bystander effect [129]. Aside from this interesting possibility,
E1A specifically disrupts expression of VEGF and factor VIII, an impor-
tant angiogenic marker [130,131]. Through its interaction with
p300/CBP, E1A mediates the repression of VEGF expression [132].
These experiments with E1A and p300/CBP were among the earliest to
show these coactivator proteins interact with HIF1a to promote angio-
genesis, contributing to our knowledge of the induction of angiogenesis
as a hallmark of cancer [133]. Indeed, the HIF1a-p300/CBP interaction
is now considered an important aspect of angiogenic signalling during
hypoxia-related stress [134]. These findings implicate p300/CBP in yet
another hallmark of cancer, further highlighting E1A as a powerful tool
for studying cellular pathways, even in those seemingly unrelated to the
HAAQV replicative cycle.

2.1.7. EIA influences p53 signalling

Many of the functions carried out by E1A, such as aberrantly forcing
cells to enter the cell cycle, can be viewed as an apoptosis-inducing
stress. As a result of deregulating cellular proteins like pRb and p300,
apoptosis is an impending certainty for the cell [35]. Indeed, E1A
expression has been associated with the induction of p53-dependent
apoptosis, but this is largely mitigated by the HAdV E1B proteins dur-
ing infection [35]. Originally, p53-dependent apoptosis was thought to
primarily occur via the DDR pathway [135]. HAdVs, along with many
other viruses, provoke the DDR pathway in a variety of ways that pre-
dominately lead to apoptotic signalling through p53 [136]. Alterna-
tively, p53-dependent apoptosis can be induced through oncogenic
signalling by a separate pathway involving mouse tumour suppressor
p19ARF (or p14ARF in humans). In fact, some of the earlier work on
p19**F.induced stability of p53 was facilitated through studying E1A
[135]. Specifically, E1A-mediated inactivation of pRb and release of
E2Fs induces gene expression of p19*fF which prevents MDM2 from
targeting p53 for ubiquitin-mediated destruction [35,135]. Interest-
ingly, p19°F can disrupt the YY1-MDM2 complex that is important for
ubiquitinating p53 for proteasomal degradation [137]. As mentioned
previously, E1A disrupts the interaction between p300 and YY1 (section
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2.1.2); however, it is unknown if this has any effect on p53-mediated
apoptosis. Additionally, E1A may also promote apoptosis through the
p19”RF.p53 pathway by binding pRb and a p400-containing TRRAP
complex [138]. While the molecular mechanisms behind E1A’s inter-
action with p53 have not been fully elucidated, it is clear E1A is heavily
involved in the anti-hallmark process of promoting cell death.

Additionally, the interaction between E1A and p300/CBP may also
connect to p53 signalling. E1A binding to p300/CBP induces acetylation
of pRb, which promotes its interaction with MDM2 [61,139]. While the
direct consequences of this interaction remain unclear, it is possible that
E1A is modifying p53-dependent transactivation, while leaving
apoptotic signalling unabated [35]. This possibility raises the question
of whether the functions of p53 can be attenuated during oncogenesis
without full loss of function. While cases have been reported of p53
attenuation through disruption of MDM2, MDM4, and p19”FF, this is an
area for future research that could benefit from HAdV E1A as a molec-
ular tool [140].

In addition, both DYRK1A and HIPK2, kinases targeted by E1A’s C-
terminus, have established roles in regulating p53 function through
PTMs [141]. Depending on the severity of DNA damage, p53 can direct
responses towards cell cycle arrest or apoptosis, which is generally re-
flected in the phosphorylation status of p53 [141]. Specifically, phos-
phorylation of p53 at S15 and S20 are observed under mild genotoxic
stress and favour cell cycle arrest. Conversely, under severe genotoxic
stress, phosphorylation of S46 can be observed and is an important
marker for apoptosis. Intriguingly, S15 and S46 are targets of DYRK1A
and HIPK2, respectively [142,143]. These observations may suggest that
E1A, which binds these targets indirectly via DCAF?7, is also modulating
P53 activity and its associated hallmarks of cancer with regards to cell
cycle arrest and apoptosis [99].

2.1.8. EIA influences autophagy

E1A has evidently contributed to our understanding of the underly-
ing processes of apoptotic cell death (section 2.1.7). Beyond apoptosis,
other forms of cell death and decomposition are becoming increasingly
relevant in the field of cancer research [18]. Over the past decade there
has been a growing body of evidence that implicates autophagy in the
development of cancer [144,145]. Interestingly, this complex process
involves both tumour suppressive and tumour promoting aspects. Dur-
ing infection, some viruses make use of autophagy to fuel their own
replicative cycles through virally-induced autophagy. Since HAdVs
infect lung epithelial cells, which are under constant hyperoxia that
induces adaptive autophagy, it is unsurprising that HAdVs have evolved
to make use of this scenario [146,147]. Adaptive autophagy leads to
increased E1A expression and viral replication of HAdV-C2 [147]. While
the mechanistic details surrounding the involvement of autophagy in the
HAQV replicative cycle are not fully understood, it is hypothesized to be
beneficial for escape of viral particles from early endosomes. Autopha-
gosomal fusion with early endosomes creates amphisomes that appear to
be beneficial to viral particle release [147]. One possible connection
could be the interaction between E1A and the FOXK1/2 proteins, which
have been implicated as regulators of autophagy [148]. Conversely,
autophagy might be more harmful than helpful for HAdV replication, as
it could be used by the host as a form of nutritional immunity [149].
Regardless of whether the virus benefits from these pathways or not,
there is an apparent relationship that could be exploited to further study
autophagy and how it relates to cancer.

2.1.9. EIA helps avoid immune detection and destruction

Like all viral infections, HAdVs are subject to detection by cellular
immune surveillance mechanisms. Thus, HAdV must be equipped with
tools to either avoid immune detection or to disrupt immune system-
mediated destruction. Likewise, the immune system imposes compara-
ble constraints on cancer cells, making the process of avoiding immune-
mediated destruction an important hallmark of cancer [18]. Unsur-
prisingly, viral and cancer immune evasion strategies have much in
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common [150].

Specifically, HAdV infections trigger innate immune responses like
interferon (IFN) and other pro-inflammatory cytokines [146]. Toll-like
receptors (TLR) represent the conventional immune sensory molecule
for detecting HAdV infections, with TLR4 and TLR9 being of particular
importance. TLR4 binds to complement-bound HAdV particles and ini-
tiates an IL1p response. Intracellularly, TLR9 senses the HAdV genome
and activates factors like MyD88, NFkB, MAPKs, and IRFs to mediate the
anti-HAdV response. HAdV induces the ¢cGAS/STING pathway during
infection, which activates TBK1 and IRF3 to ultimately mount an IFNf
response [151]. Since the HAdAV genome is an open-ended, linear,
double-stranded DNA molecule, DDR sensors are activated during
infection. These sensors identify the genome as a double-stranded DNA
break and aim to repair it through non-homologous end joining (NHEJ).
Similarly, with the TP protein primer bound to the 5’ ends of the HAdV
genome, the cell is triggered to repair an inappropriate DNA-protein
hybrid [151]. Fascinatingly, an additional mechanism used to sup-
press the host inflammatory response during viral infection involves the
HAdV protein VII, which associates with cellular chromatin by acting as
a viral histone. This results in the retention of HMGB1 on cellular
chromatin, thereby preventing proinflammatory HMGB1-related danger
signals [152,153].

Many HAAV proteins have some form of antiviral function to aid in
avoiding immune recognition and killing, but E1A specifically works
through transcriptional regulation of immune surveillance molecules
and IFN effectors. E1A’s approach to blocking the type I IFN response is
multi-faceted. First, by interacting with and sequestering a number of
histone acetyltransferases which are capable of modifying the cellular
chromatin program, E1A can efficiently suppress the expression of IFN-
stimulated genes (ISGs) [151]. As mentioned previously (section 2.1.2),
through p300/CBP, E1A reduces H3K18 acetylation, which subse-
quently impairs ISG expression [69]. E1A also interacts with
hBrel/RNF20 to block mono-ubiquitination of H2BK120, again causing
areduction in ISG production [154]. E1A makes use of this interaction to
promote viral gene expression by repurposing hBrel to act as a scaffold
for hPafl recruitment [155]. It is interesting that HAdV E1A interacts
with hBrel to mediate suppression of ISG expression, since hBrel has
been reported to have tumour suppressive functions, such as upregu-
lating p53 and downregulating oncogenes such as c-Myc and c-Fos
[156].

While the N-terminus of E1A interacts with a number of histone
acetyltransferases to mediate immune suppression, the C-terminal CR4
region has a different role in preventing immune-mediated destruction.
Here, E1A interacts with RuvBL1 to prevent it from activating ISG
promoters [157]. E1A’s C-terminus also creates an important complex
between FOXK1/2, DCAF7 and CtBP1/2. This complex allows E1A to
downregulate a unique set of ISGs that are induced later during infection
than a typical TLR-mediated IFN response [158]. Interestingly, it ap-
pears that the portion of E1A’s C-terminus which engages in this com-
plex is also involved in suppressing the Ras signalling pathway [158].
Overall, E1A seems to be suppressing the IFN response at the tran-
scriptional level to weaken pathogen detection and antiviral response.
IFN suppression is also an essential aspect of oncogenesis, as IFN path-
ways are capable of suppressing tumour growth and development [159].
Furthermore, many of the viruses that are truly oncogenic in humans
rely on strong immune evasion strategies to avoid detection and
destruction, ultimately contributing to their oncogenic potential [19].

Important lessons on how HAdV avoids immune detection can be
taken from the highly oncogenic HAdV-A12. While the majority of
HAQV species are inefficient at oncogenic transformation and incapable
of producing tumours in immunocompetent rodents, HAdV-A12 is the
exception. Using a chimeric E1A from HAdV-C5 and -Al12, the alanine
rich linker region located between CR2 and CR3 was suggested to be one
of the determinants for HAdV-A12 oncogenicity. The underlying reason
for this association is not fully understood; however, given this region’s
low sequence complexity and the failure to identify any protein targets
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of this region, it may simply function as a spacer between CR2 and CR3.
This could subsequently influence steric effects involving interactions
within these two adjacent regions, ultimately enhancing their unique
functions [160].

Essential to its high oncogenic potential, HAdV-A12 E1A is able to
repress the expression of genes involved in MHC class I antigen pro-
cessing and presentation, allowing the virus to evade T-cell and NK-
mediated killing. Investigating the differences between the highly
oncogenic HAdV-A12 and its non-oncogenic counterparts has taught us
about molecular mechanisms contributing to tumour evasion of the
immune system. Similarly, HPVs can be classified as oncogenic or non-
oncogenic, and their effects on the immune system may contribute to
differences in their oncogenic potential [161].

HAdV-A12 infected cells have been shown to express lower levels of
cell surface MHC-I. Specifically, HAdV-A12 disrupts MHC-I presentation
by repressing expression of MHC as well as antigen processing genes.
This can be attributed to E1A disrupting MHC transcriptional regulation
via multiple distinct regulatory sites. Importantly, these sites belong to
class I regulatory elements (CRE), which is a key point of control for
MHC-I expression that also has implications in cancer [162]. HAdV-A12
E1A disrupts NFkB binding to CRE by disrupting the NFxB cyto-
plasmic/nuclear equilibrium such that NF«B is relocalized to the cyto-
plasm. HAdV-A12 E1A also promotes binding of nuclear factors like
COUP-TF and N-CoR to the second region of the CRE, which is associ-
ated with repression of MHC transcription. Besides MHC itself,
HAdV-A12 also represses expression of genes involved in processing and
presenting antigens like TAP1, TAP2, LMP2, and LMP7. Notably, TAP1
and LMP2 share a bidirectional promoter that is normally regulated by
NFxB. Thus, the impact of E1A on subcellular localization of NFxB, a
transcription factor that promotes expression of proinflammatory
pathways, has multiple transcriptional effects that promote immune
evasion. Finally, foreign antigenic peptides present in the E1A C-ter-
minus are much less abundant on MHC-I molecules in HAdV-A12
infected cells, possibly due to its inefficient processing. This could
partially explain why this species is more likely to be oncogenic, as it has
a reduced capacity to be detected by immune surveillance.

2.1.10. E1A impacts cell metabolism

Deregulating cellular energetics is another hallmark of cancer that
can be induced by HAAV [18]. In particular, HAdV induces a metabolic
phenotype reminiscent of the Warburg effect, otherwise known as aer-
obic glycolysis [163,164]. The Warburg effect involves an upregulation
of glycolysis with a concurrent downregulation of cellular respiration
despite ample oxygen that would otherwise favour cellular respiration
[165]. In addition, it is becoming increasingly appreciated that cancers
still perform a degree of metabolic activity related to cellular respira-
tion, including the tricarboxylic acid cycle and oxidative phosphoryla-
tion [166]. HAdV-infected cells have a similar phenotype in this respect,
which further emphasizes the utility of studying HAdV-mediated
transformation [167].

E1A is a strong candidate for mediating metabolic reprogramming
during HAAV infection as it is capable of interacting with a wide number
of host-cell regulatory proteins, many of which can influence meta-
bolism [24]. Some of the host-cell regulatory proteins that can interact
with both E1A and regulate metabolic gene expression include c-Myc,
p53 and pRb/E2F [168]. It is possible that interactions between E1A and
c-Myc, mediated through E1A-TRRAP-c-Myc, E1A-p300-TRRAP-c-Myc,
or E1A-p400-c-Myc complexes, are responsible for some of the meta-
bolic changes observed during HAdV infection, although a direct
interaction between E1A and c-Myc is also possible [169-171]. Like-
wise, a variety of interactions between E1A and pRb could also modulate
metabolism [24,68,164,172,173]. The ability of E1A to activate p53
activity and the implications this may have on metabolic regulation,
such as a theoretical increase in cellular respiration and decrease in
glycolysis due to p53 induction of SCO2 and TIGAR, which serves to
promote cellular respiration and inhibit glycolysis, respectively, remains
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to be fully understood [174-176]. However, little research has been
done exploring how the interactions between these proteins and E1A can
directly influence metabolism.

Recently, the E1A 13S-encoded isoform of HAdV-C5 was shown to be
capable of regulating the expression of transcripts involved in a variety
of metabolic pathways to a greater extent than the 12S isoform of E1A
during infection [177]. These include an upregulation of genes involved
in glycolysis and the tricarboxylic acid cycle along with a down-
regulation of genes involved in cellular respiration. Additionally, A549
cells that constitutively express 13S E1A have a drastically increased
functional rate of glycolysis, which is not mirrored in A549 cells with
constitutive expression of 12S E1A. It is possible that upregulation of
SLC2A3, which encodes the GLUT3 transporter, is responsible for the
increased utilization of glucose that occurs in 13S E1A expressing A549
cells. In addition, cells expressing the 13S E1A isoform, but not the 12S
E1A isoform also have decreased functional rates of cellular respiration.
No other study has yet shown a similar effect of E1A from other HAdV
species on metabolism, but this does not rule out the possibility that
other HAdVs may also regulate metabolism through E1A.

Furthermore, E1A plays a major role in regulating the expression of
other HAAV proteins, such as E4orfl (discussed in section 2.3.2), which
has been implicated in HAdV metabolic regulation [24,178]. This
pathway may be another way in which E1A can modulate host-cell
metabolism during infection. The ability of E4orfl to modulate meta-
bolism during HAAV infection will be discussed below.

2.2. EIB

Adjacent to EIA in early region 1 is EI1B, which encodes two major
protein products, E1B-19K and E1B-55K (Fig. 1). Like E1A, much of our
knowledge regarding E1B has been derived from studies using HAdV-C5
and -C2. However, as mentioned previously, viruses lacking the E1 re-
gion can be complemented by other HAdVs, indicating a level of func-
tional conservation across different HAAV species [31]. During
ElA-mediated transformation, cells will eventually enter a
pro-apoptotic state that requires suppression of apoptosis and evasion of
growth suppressors for efficient transformation [33,179]. This is
perhaps best exemplified by the observation that E1A can fully trans-
form primary fibroblasts from p53-deficient mice [180]. Both E1B-55K
and E1B-19K demonstrate the ability to antagonize growth arrest and
apoptosis, albeit with different molecular mechanisms and through
different targets [181]. Interestingly, both E1B-55K and —19K can
independently induce transformation with E1A [181].

Similar to viruses lacking E1A, E1B-deficient viruses also display
severely crippled growth [25]. Infection of HeLa or KB cells with
loss-of-function E1B-19K mutant viruses produces extremely large pla-
ques, a result of increased apoptosis/enhanced cytopathic effects and
degradation of both host cell and viral DNA, known as the cyt and deg
phenotypes, respectively [182,183]. Much of what we know regarding
E1B-19K has come from studies involving species C HAdVs; however,
based on experiments using HAdV-A12, E1B-19K mutants similarly
display large plaques as well as the cyt and deg phenotype [184].
Furthermore, HAdV-C2 E1B-19K is able to complement the cyt and deg
phenotype of HAdV-A12, further suggesting functional similarity be-
tween E1B-19K from different HAAV species tested [185]. Infecting
HeLa or KB cells with an E1B-55K mutant virus displays a prominent
phenotype of late structural gene expression inhibition [186]. Addi-
tionally, E1B-55K mutants that could not bind p53 were unable to
transform baby rat kidney (BRK) cells in conjunction with E1A [187].
E1B-55K mutant viruses have been investigated as anti-tumour agents
based off of the relationship between E1B-55K and p53, though these
studies were heavily critiqued and had varying degrees of success [188,
189].

These seminal observations helped to lay the framework for what
would be a detailed molecular understanding of E1B and its functions
over the past decades. Regardless, investigation of the effect of E1B on
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apoptosis, cell cycle regulation, degradation of host proteins, and
repression of gene transcription in the context of HAdV infection has
generated important insights into how these processes impact trans-
formation and tumourigenesis. Similar to E1A, the oncogenic activities
of E1B contribute to a number of the hallmarks of cancer (Fig. 2).

2.2.1. E1B-55K targets p53 to inhibit apoptosis and cell cycle arrest

In order to complete transformation in concert with E1A, E1B must
counteract E1A-induced growth arrest and pro-apoptotic signalling
[190-192]. This is mainly achieved though counteracting the activities
of p53 [191]. In particular, the role of E1B-55K-mediated inhibition of
p53 has been discussed in other excellent reviews that supplement this
one [14,193].

The p53 protein was first discovered through its association with
E1B-55K and SV40 T antigen [39,194]. Under normal conditions p53
regulates various cellular activities, including cell cycle check points in
response to DNA damage; thus, p53 inhibition by E1B is important for
transformation and oncogenesis [179,195]. Mechanistically, E1B-55K
has evolved a variety of strategies to inhibit or repress p53 function.
These include localizing to p53-responsive promoters to make direct
interactions with the N-terminus of p53, thereby repressing its trans-
activation; relocalization of p53 to perinuclear bodies to inhibit its
transcriptional activity; forming an E3 ubiquitin-ligase complex with
E4orf6 to polyubiquitinate p53, leading to subsequent proteasomal
degradation; and lastly, regulation of p53 PTMs to modulate p53 activity
[196-201].

E1B-55K from various HAdV species, with the exception of HAdV-
E4, are able to repress the transactivation activity of p53 [187,202].
HAdV E1B-55K proteins also differed in their ability to relocalize p53,
with HAdV-C5 and HAdV-B16 E1B-55K relocalizing p53 to juxtanuclear
aggresomes and HAdV-B34 and HAdV-F40 relocalizing p53 to distinct
nuclear dots [202]. HAdV-A12 E1B-55K displayed some to no ability to
relocalize p53 to aggresome-like structures; however, p53 relocalization
to the cytoplasm has been observed [202]. Further investigation into
HAdV-E4 E1B-55K also demonstrated its inability to transform BRK
cells in conjunction with E1A [202]. Given that HAdV-E4 E1B-55K
cannot repress p53 transactivation these findings highlight the impor-
tance of this interaction in the transformation process.

With respect to PTMs, E1B-55K influences both the acetylation and
SUMOylation of p53. Acetylation of p53 by cellular factors, including
PCAF and p300/CBP, is known to enhance p53 sequence-specific DNA
binding [203]. Through simultaneously binding PCAF and p53,
E1B-55K inhibits p53 acetylation by PCAF resulting in reduced DNA
binding [203]. E1B-55K can also act as an E3 SUMO1-p53 ligase to
SUMOylate p53 resulting in its relocalization to promyelocytic leukemia
(PML) nuclear bodies (PML-NB) and subsequent nuclear export [201].
Intriguingly, HIPK2 (discussed in 2.1.7 as a target of E1A) is also known
to localize to PML-NBs and form a complex with p53 that is important
for HIPK2-mediate phosphorylation of S46 [204]. However, whether
E1A and E1B are playing a concerted role in regulating p53 activity via
HIPK2/p53 near or within PML-NBs is unknown.

Targeting p53 is an ideal strategy for E1B and this is made evident by
the involvement of p53 in multiple hallmarks of cancer, including
evading growth suppressors, resisting cell death, and genome instability
and mutation [18]. By subverting p53, the primary functions of E1B
result in evasion of growth suppression and prevention of cell death [18,
179,195]. E1B’s strategy to inhibit the tumour suppressive functions of
p53 mirrors what is observed in cancer cells to evade or limit apoptosis
[18]. Furthermore, even though a direct link between E1B and genome
instability has not been observed, viruses frequently co-opt the DDR
pathway [136]. Given these similarities, it’s likely E1B utilizes p53s role
in the DDR pathway in a parallel manner to what is observed in cancer.
Importantly, the p53 pathway is targeted by a wide variety of viral
oncoproteins, including HPV E6, HBV Hbx, HTLV Tax, KSHV LANA and
SV40 large T antigen [19].
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2.2.2. EI1B 55K and the E1B-E4orf6 E3 ubiquitin-ligase complex target a
variety of cellular proteins to promote transformation

Many of E1B-55K and E1B-E4orf6’s shared targets, some of which
are also shared with E1A (Fig. 2), that are important for viral replication
can be found at PML-NBs. These factors include concentrated amounts of
the tumour suppressor protein PML, as well as other regulatory proteins
such as Sp100A, CBP, pRb, RAD51, Mrell, Daxx and p53 [205,206].
Several targets of this complex also include components of DDR path-
ways that are commonly activated upon viral infection [207].

The E1B-E4orf6 E3 ubiquitin-ligase complex, which includes Cul5,
Elongins B/C and Rbxl1, is able to target a set of cellular proteins,
including p53, for polyubiquitination and subsequent proteasomal
degradation [198,208]. In addition to p53, this complex targets the DNA
damage sensor MRN complex (Mrell, Rad50, Nbsl), DNA damage ef-
fectors DNA ligase I, SPOC1, and Tip60, as well as DNA damage repair
protein SMARCAL1 [209-213]. Depending on the HAdV species, the
E1B-E4orf6 E3 ubiquitin-ligase complex may incorporate either Cul2 or
Cul5, or both in the case of HAdV-A12, allowing them to differentially
target cellular proteins for degradation [214,215]. For example, all
HAAQV species appear to degrade DNA ligase IV, whereas others prefer-
entially degrade p53 and/or Mrell, among others [215]. Furthermore,
there are examples of substrates that efficiently bind to E1B-55K and are
not degraded, suggesting additional factors, like substrate orientation
within the complex, may be critical [202]. Regardless of these differ-
ences, E1B-55K was shown to be the major substrate recognition
component of the E4orf6/E1B55K E3 ubiquitin ligase across the
different HAAV species [202].

Defects within these pathways have been noted to contribute to the
hallmark of genome instability. Notably, Tip60 has also been shown to
be targeted for degradation by low- and high-risk HPV E6 proteins
[216]. Mrell has been shown to suppress EIA/E1B-mediated trans-
formation in BRK cells, demonstrating it is an important target that in-
hibits cell transformation [217]. Additionally, PML itself has also been
shown to suppress transformation of BRK cells [218]. E1B-55K can
interact with two PML isoforms, PML-IV and PML-V, the latter of which
is able to recruit and modulate p53 and possibly contribute to trans-
formation [219]. Furthermore, this strategy may be common among
tumour viruses considering that PML is also targeted for degradation by
HPV18 E6 and virtually every other DNA virus perturbs PML bodies in
some way or another [220,221].

E1B-55K also targets the tumour suppressor Sp100A, which can
activate p53-depedent transcription and reduce E1A/E1B-55K-medi-
ated transformation [222]. E1B-55K recruits and binds both Sp100A
and p53, thereby preventing Sp100A’s activation of p53 [222]. Addi-
tionally, E1B-55K can induce the SUMOylation of Sp100A, relocalizing
it to the nuclear matrix and cytoplasmic inclusion bodies where it cannot
carry out its suppressive effects [222].

Death-associated protein Daxx plays a role in transcriptional regu-
lation, intrinsic antiviral response, chromatin remolding, and apoptosis
[223]. E1B in conjunction with cellular SUMO-targeted ubiquitin ligase
RNF4 polyubiquinates Daxx, targeting it for proteasomal degradation
[223]. Degradation of Daxx is required for efficient transformation of
primary rodent cells via an unknown mechanism that appears to be
p53-independent [206]. More recently, HPV16 E6 was shown to target
Daxx to deregulate its activity in order to inhibit apoptosis [224]. Daxx
is also known to act as a histone H3.3 chaperone when complexed with
ATRX, which is also targeted by E1B-E4orf6 for degradation [225,226].
Cellular Daxx/ATRX has been suggested to be an important factor for
HAdV gene expression by counteracting chromatin remodeling com-
plexes [226]. Intriguingly, inactivating mutations in ATRX or Daxx are
observed in a variety of cancers which exhibit an increased DNA damage
response and other hallmarks of cancer including alternative length-
ening of telomeres and genomic instability [227,228]. However,
whether or not these changes are observed as a result of Daxx/ATRX
degradation via by E1B-E4orf6 is unknown.
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2.2.3. E1B-19K suppression of apoptosis

E1B-19K can suppress E1A-induced apoptosis by p53-dependent and
-independent pathways [229]. In response to apoptotic stress during
HAAQV infection, small amounts of p53 are targeted to the mitochondria
to promote apoptosis by causing mitochondrial dysfunction [230].
E1B-19K is also targeted to the mitochondria, where it enacts most of its
anti-apoptotic function [230]. E1B-19K was shown to interact with p53
to rescue BRK cells from p53-induced apoptosis [230]. E1B-19K regu-
lates p53’s function by alleviating p53-mediated transcriptional
repression, rather than blocking p53-mediated transactivation [231].

Investigation into E1B-19K’s ability to block E1A-induced apoptosis
led to its identification as a Bcl-2 homologue [179]. This discovery was
significant as it represented one of the first identified viral Bcl-2 ho-
mologues [232-234]. Bcl-2 is an anti-apoptotic oncoprotein that was
identified in human B-cell follicular lymphoma [235]. Despite a low
level of sequence homology between Bcl-2 and E1B-19K, mutational
analyses revealed conserved residues essential for E1B-19K function
[229]. Bcl-2 can functionally substitute E1B-19K, as Bcl-2 comparably
rescued infected cells from E1A-induced apoptosis and cooperated with
E1A to induce transformation [232,236,237]. These findings were sig-
nificant, as they cemented the role of both cellular and viral Bel-2 family
members in apoptosis and epithelial transformation [238]. Based on
these properties of E1B-19K, a novel protein, Bcl-2/Adenovirus E1B 19
KDa Protein-Interacting Protein 2 (BNIP-2), was discovered through a
yeast-two hybrid screen with E1B-19K and is currently of interest for its
role in breast cancer evasion and metastasis [236,239,240].

E1B-19K likely inhibits apoptosis during transformation through the
TNFa and Fas ligand cell death pathways via its interaction with pro-
apoptotic proteins BAX and BAK [229,241-243]. Other viral onco-
genes, such as HPV E6 have also been shown to target BAX, leading to its
degradation thereby preventing its pro-apoptotic effects [244]. Like
Bcl-2, E1B-19K can also act as a BH3 receptor [242]. BAX and BAK are
activated by caspase-8-cleaved BID, triggering a conformational change
leading to exposure of their BH3 domain [245,246]. E1B-19K can then
bind to the BH3 domain, blocking BAK and BAX oligomerization, sub-
sequent caspase-9 activation, the release of pro-apoptotic mitochondrial
proteins, and ultimately, apoptosis [179,246,247]. However, there are
conflicting results regarding the necessity of E1B-19K for efficient
transformation, as HAdV-A12 and HAdV-C5 E1B-19K was not required
for efficient oncogenic transformation in both primary BRK and baby
mouse kidney cells [184,248,249].

Overall, E1B-19K can inhibit apoptosis by p53-dependent and -in-
dependent pathways and promote the growth of epithelial carcinomas.
Studies of viral oncogenes such as E1B-19K have implicated BAX/BAK,
as well as p53, as critical targets involved in apoptosis and epithelial
tumourigenesis, thus contributing to our knowledge of cellular strate-
gies involved in the resisting cell death hallmark of cancer [179].

2.3. E4

The HAdV E4 gene, located at the right end of the genome, is
involved in lytic infection and oncogenesis [21]. The E4 region encodes
for one precursor RNA that is alternatively spliced to generate multiple
polypeptides with a variety of functions that aid in viral replication
[250]. With the exception of species F HAdVs, the E4 region encodes for
up to 7 polypeptides which are named E4orf1 through E4orf6/7 (Fig. 1).
Similar to EIA and EIB, our understanding of the E4 region has pre-
dominately been from studies involving HAdV-C5 and -C2. Furthermore,
this region is homologous among different HAdV species and shows a
similar sequence organization [250]. Studies, predominately using
HAdV-C5, have demonstrated the entire E4 region is indispensable for
viral replication. However, the expression of only one or a few of the E4
proteins can compensate for the absence of the others; for example,
E4orf6 was capable of compensating for the absence of all other E4
proteins to promote successful viral replication [251]. Four gene prod-
ucts of the E4 region, namely E4orfl, E4orf3, E4orf4 and E4orf6, have
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been implicated in oncogenic pathways that are relevant to several
hallmarks of cancer (collectively summarized as E4 in Fig. 2) [14,208].
These E4 proteins operate by interacting with key viral and cellular
regulatory components involved in cell cycle control, transcription,
apoptosis and DNA repair.

2.3.1. E4orfl sustains proliferative signalling

HAdV-D9 E4orfl can promote proliferative signalling and survival
by selectively activating phosphatidylinositol 3-kinase (PI3K) [252].
The C-terminus of E4orfl contains a functional PDZ domain-binding
motif that can interact with several PDZ domain-containing proteins
involved in signal transduction [252]. These proteins include the
multi-PDZ protein (MUPP1) and three membrane-associated guanylate
kinase family proteins: DLG1, MAGI-1 and ZO-2 [253-256]. HAdV-D9
E4orfl was among the first viral oncoproteins identified to have a PDZ
domain-binding motif, alongside other viral oncoproteins including
HTLV-1 Tax and high-risk HPV E6 [254,257,258]. The interaction of
E4orfl with these PDZ proteins causes the localization of signalling
complexes, including assembled receptors and cytosolic factors, to the
plasma membrane for the selective activation of PI3K [252]. The PI3K
family of enzymes are involved in cellular functions such as cell growth,
proliferation, differentiation and survival; therefore, the activation of
PI3K is crucial for the oncogenic potential of HAdV-D9 E4orfl to pro-
mote proliferative signalling and survival [259].

Although E4orfl proteins from HAdV species A, B and C stimulate
PI3K, they have limited transforming potential compared to species D
[259,260]. The unique oncogenic activity of HAdV-D9 E4orfl is in its
ability to selectively interact with the tumour suppressor protein ZO-2,
causing its sequestration within the cytoplasm [256]. Furthermore,
HAdV-D9 E4orfl has been shown to directly bind the p85 regulatory and
p110 catalytic PI3K subunits to form a cytoplasmic heterocomplex. This
complex is recruited to the plasma membrane in a DLG1-dependent
fashion to stimulate PI3K catalytic activity and promote oncogenic
cellular transformation [261]. Thus, the serotype-specific oncogenic
activity of E4orfl may be a result of the DLG1-dependent stimulation of
PI3K catalytic activity that leads to sustained proliferative signalling.

Interestingly, the observation that E4orfl activates PI3K in a DLG1-
dependent manner has provided valuable insight into viral carcino-
genesis. A study conducted on the activation of the PI3K pathway by
E4orfl identified that the increase in PI3K activity was not a result of
DLG1 inactivation, as previously thought, but that E4orfl promotes
DLG1 activity to direct PI3K activation [262]. This observation not only
elucidated a mechanism to promote proliferative signalling by E4orfl
but revealed a previously unrecognized DLG1 oncogenic function. This
oncogenic function of DLG1 may be important given that high-risk HPV
E6 proteins require DLG1 to promote invasive properties in cervical
carcinoma cells [263,264].

2.3.2. Metabolic changes associated with E4orf1

The first HAdV protein identified to directly influence host-cell
metabolism and induce a cancer-like metabolic phenotype was E4orfl
[265,266]. In two separate studies, HAdV-C5 E4orfl was responsible for
mediating increases in both glycolysis and glutaminolysis [265,266].
This upregulation occurs through an interaction between E4orfl and
c-Myc, which leads to the transcription of genes related to both meta-
bolic pathways. E4orfl was found to be sufficient on its own to induce
these metabolic changes without the presence of any other HAdV pro-
teins. In addition to glycolysis, genes involved in nucleotide metabolism,
especially the pentose phosphate pathway are also upregulated due to
E4orfl [266]. Interestingly, this metabolic phenotype bears a striking
resemblance to the metabolic reprogramming that occurs in cancer,
namely an upregulation of glycolysis and glutaminolysis with a con-
current decrease in cellular respiration [163]. E4orfl is not solely
responsible for the full extent of metabolic changes that occur during
HAQV infection, since it does not appear to cause decreased cellular
respiration [266]. However, other HAdV proteins, such as E1A, are
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possible candidates that may contribute to the full extent of metabolic
reprogramming during HAdV infection in conjunction with E4orfl
(discussed in 2.1.10) [177]. As for other HAdV species, HAdV-D36
E4orfl has been implicated in modulating a wide array of metabolic
pathways in infected animal models, some of which are linked to obesity
[267]. Considering the link between cancer and obesity, it is interesting
to consider parallels between all three disease states [268]. The role of
E4orfl in metabolic regulation of other HAdV species besides C and D
have not yet been characterized. However, HAdV-F types do not contain
E4orfl, which could point to a larger role for E1A or another HAdV-F
viral protein in regulating metabolism during infection [269]. Like
E1A, E4orfl could contribute to the cancer-like metabolic reprogram-
ming of infected host-cell metabolism which phenotypically resembles
the metabolic changes that lead to aerobic glycolysis, which is also
considered to be a hallmark of cancer [18,163].

2.3.3. E4orf3 and E4orf6 redundantly target p53 tumour suppressor
activity

Upon activation, p53 functions as a transcription factor, regulating
the expression of numerous genes to mediate its anticancer and antiviral
activities [270,271]. As p53 activation plays an important role in
genome stability and regulating cell death, inhibition of p53 activity can
promote oncogenesis.

E4orf3 and E4orf6 proteins redundantly target p53 through different
mechanisms to prevent pro-apoptotic pathways. E4orf6 works alongside
E1B-55K, forming an E3 ubiquitin ligase complex to degrade p53 and
inhibit its transcriptional activity [198,209,272,273]. In this E3 ligase
complex, E1B-55K provides the substrate recognition function, while
E4orf6 assembles the specific cellular components needed for protea-
somal degradation of p53 [198]. In comparison, E4orf3 inactivates p53
independently of E1B-55K by forming a scaffold within the nucleus that
directs H3K9 methylation at p53 target promoters. This H3K9 methyl-
ation causes heterochromatin assembly to prevent p53 binding and
activation [274,275]. As p53 is a critical tumour suppressor, inhibition
of its transcriptional activity by either E4orf6/E1B-55K or E4orf3 may
inhibit pro-apoptotic pathways and contribute to the resistance of the
cell death hallmark of cancer. This activity would support the trans-
forming functions of these viral proteins, as observed with HAdV-C5
E4orf6/E1B-55K [276].

2.3.4. E4orf3 targets PML-NBs

The E4orf3 protein may promote proliferative signalling by targeting
PML-NBs. PML-NBs are nuclear structures within the host cell that are
targeted by DNA viruses in the early stages of an infection due to their
role in viral detection and subsequent cellular response [277,278].
E4orf3 of HAdV-C5 and -C2 can disrupt the cellular regulatory functions
of PML-NBs by specifically targeting the PML-II isoform to form elon-
gated track-like structures distributed throughout the nucleus [279,
280]. This ability of E4orf3 to inhibit PML-NBs through the formation of
unusual track-like nuclear structures is conserved among a variety of
HAdVs [281]. As PML-NBs have several cellular regulatory functions,
including induction of apoptosis, maintenance of genome stability,
senescence and the interferon response, abrogation of PML activities
have been implicated in a variety of cancers to sustain proliferative
signalling [277]. As a result, inhibition of PML-NBs by the E4orf3 HAdV
protein is likely to promote proliferative signalling, contributing to its
transforming properties [218]. The diverse functions of PML-NBs are
likely a consequence of a variety of protein populations known to
associate with PML-NBs, including the MRN DNA repair complex, which
are also inhibited by the activity of E4 gene products [119].

2.3.5. E4orf3, E4orf4 and E4orf6 redundantly target DNA damage repair
pathways

The E4orf3, E4orf4 and E4orf6 proteins redundantly target cellular
pathways involved in the DDR pathway, including the MRN complex,
which is also targeted by E1B and potentially E1A (Fig. 2) [119]. The
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MRN complex can detect double-stranded breaks (DSB) and signal
through ATM kinase to phosphorylate several downstream proteins
involved in cell cycle control and DDR [282-284]. Compared to
wild-type, mutant HAdV infections containing deletions in their E4 re-
gion demonstrated intense activation of cellular ATM/ATR-mediated
DDR pathways [119,285]. Additionally, deletions of the E4 region
result in viral genomes forming concatemers due to the inability to
inactivate the MRN complex involved in the DDR pathway [119,286].
Consequently, viral genomes are too large to be packaged and this re-
sults in abortive infection. As the MRN complex is involved in activation
of ATM signalling, these data indicate that E4 early proteins are crucial
for suppression of host DDR through inhibition of the MRN complex
which also prevents concatemerized viral genomes. Interestingly, sig-
nalling through ATM in response to genotoxic stress ultimately leads to
p53-mediated apoptosis via HIPK2 phosphorylation of S46 [141]. How
E1A, E1B and E4 may converge on p53 signalling (Fig. 2) and if this
involves HIPK2 is not fully understood and warrants further
investigation.

Although E4orf6 and E4orf3 both target the MRN complex in addi-
tion to E1B, the mechanism by which they inhibit this DDR pathway
differs. E4orf3 inhibits the activation of the MRN complex by relocal-
izing it to PML tracks and excluding it from sites of viral replication
[119]. By sequestering the MRN complex away from viral genomes, this
prevents activation of the DDR pathway [119]. Alternatively, degrada-
tion of the MRN complex by E4orf6 is dependent on its interaction with
E1B-55K and formation of the E3 ubiquitin ligase complex to target
these proteins for proteolytic degradation [287]. Interestingly, the
ability of E4orf3 to relocalize the MRN complex is specifically a feature
of HAdV-C5, meaning DSB repair (DSBR) is redundantly inhibited by
E4orf3 and E4orf6 in a species-specific manner [288,289]. Relocaliza-
tion or degradation of the MRN complex to promote efficient viral
replication, inhibits its DSBR activity and as a result, may contribute to
genomic instability and mutation that could contribute to the so called
‘hit-and-run’ transformation [119].

E4orf3 and E4orf6 also inhibit the cellular DDR pathway through
DNA-dependent protein kinase (DNA PK) [290]. DNA PK is a member of
the PI3K-related kinase family and is best known for its involvement in
DSBR through NHEJ [291]. DNA PK is also involved in the immune
system V(D)J recombination, as well as cell cycle progression and
telomere maintenance [292-294]. E4orf3 and E4orf6 have been shown
to bind DNA PK, preventing DNA PK-dependent DSBR [295]. The
redundant inhibition of DNA PK by E4orf3 and E4orf6 may also
contribute to genome instability and mutation through prevention of
DSBR.

E4orf4, together with protein phosphatase 2A (PP2A), has recently
been shown to reduce phosphorylation of ATM and ATR substrates,
inhibiting the DDR pathway [296]. Reduction of ATM and ATR signal-
ling by E4orf4 is also dependent on its biphasic functional interaction
with DNA PK [297]. The interaction between E4orf4 and DNA PK is
required for reduction of ATM and ATR signalling during early HAdV
infection; however, during the later stages of infection DNA PK activity
is inhibited by E4orf4 to promote viral replication [297]. Although de-
ficiencies in DDR pathways have been shown to contribute to tumour
development [298,299], manipulation of the remaining DDR pathways
by E4orf4 in malignant cells with existing mutations in DDR genes may
promote cell death [297].

Another aspect of HAdV-A12’s unique oncogenicity (discussed in
2.1.9) is the ability of E4orf6 to inhibit topoisomerase IIf-binding pro-
tein 1 (TopBP1) to further suppress the DDR pathway, independent of
E1B-55K. TopBP1 is involved in numerous cell processes, including DDR
and cell cycle checkpoint control [300-304]. This involvement is
through activation of the ATR/Chkl signalling pathway [305].
HAdV-A12 E4orf6 degrades TopBP1, thereby challenging ATR signal-
ling and inhibiting DDR [306]. Interestingly, HAdV-C5 has demon-
strated no measurable effect on TopBP1, further indicating that different
HAdVs may target the DDR in host cells through different mechanisms
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[306]. As TopBP1 is involved in both DDR and cell cycle checkpoint
control, its inhibition by HAdV-A12 E4orf6 likely promotes genome
instability and mutation, and possibly proliferative signalling.

The E4 region and its potentially oncogenic gene products E4orfl,
E4orf3 and E4orf6, target specific cellular proteins and pathways to
promote HAdV replication that may also contribute to the hallmarks of
cancer. Studying the mechanisms by which E4 regulates cell cycle
control, DDR, and apoptosis has revealed novel oncogenic functions of
cellular proteins as well as mechanisms by which oncogenic viruses may
induce transformation. Therefore, the study of the E4 has provided
valuable insight in understanding the molecular basis of cancer.

3. Why doesn’t HAdV cause human cancer?

Given the large body of evidence discussed above, which clearly links
many different HAdV functions to cancer-relevant pathways, why
doesn’t HAAV cause actual human malignancies? Unlike a subset of
HPVs and HPyVs, which do cause human cancers, HAdVs only cause
tumours in heterologous animal models. The mechanisms behind the
inability of HAdVs to cause human cancer is not entirely understood.
Simplistically, tumourigenesis post-infection with HAdV is only
observed in animal hosts that the virus is either unable to replicate in, or
replicates poorly in [307]. The inability to complete a lytic infection
ending in the death of the host cell may provide the time and pressure
necessary to allow viral genome integration and acquire the additional
mutations to develop a tumour. Although likely a contributing factor,
HAAQV infections in humans can be persistent, suggesting that the time
interval between infection and cell death is not solely responsible for the
lack of HAdV-mediated tumourigenesis in humans [308]. Furthermore,
studies of HAdV transformation using viral DNA or vectors expressing
HAdV oncogenes generally suggest that oncogenic transformation of
primary human kidney cells is fundamentally less efficient than parallel
experiments using primary rodent kidney cells [309,310]. These results
suggest that there may be inherent molecular mechanisms in human
cells that limit the ability of HAdV to mediate full-blown oncogenic
transformation.

In addition, HAdV-induced tumourigenesis is generally restricted to
neonatal animals with underdeveloped immune systems or at immune
privileged sites [4,12,20]. This suggests that HAdV-transformed cells are
quite susceptible to immune clearance. Given that animals with short
gestation periods (i.e. mice, rats and hamsters) have relatively immature
immune systems at birth compared to humans, it could be argued that
humans are simply never in an immunological state susceptible to
HAdV-mediated transformation [311]. Again, although likely a
contributing factor to the inability of HAdV to induce human tumours,
no evidence has been discovered to support a role for HAAV in
tumourigenesis in immunocompromised humans.

Finally, it is important to understand that no virus, at least to our
knowledge, has evolved to specifically cause cancer. With that in mind,
it stands to reason that there are far more similarities between HAdV and
other more famous tumour viruses, many of which we have outlined
throughout this review. These differences in oncogenicity suggest that
even though HAdVs possess the repertoire of tools to promote carcino-
genesis (Fig. 2), it’s true oncogenic potential is likely overshadowed by
additional factors within the replicative cycle. Given the molecular
similarities between HAdV and other tumour viruses, studying HAdV-
mediated transformation has significantly contributed to our knowl-
edge of carcinogenesis.

3.1. What about zoonotic adenovirus infections and human cancer?

In his 2008 Nobel lecture, Professor Harold zur Hausen pointed out
the possibility that animal polyomaviruses and papillomaviruses are
sufficiently thermostable such that they can survive heating in meat
prepared medium or rare without significant loss of infectivity [312].
Like HAdV, these viruses are typically non-oncogenic in their natural
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animal hosts, but can exhibit carcinogenicity in heterologous species,
raising the possibility that their ingestion could play an as yet unde-
scribed role in the increased human colorectal, lung and breast carci-
nogenesis associated with red meat consumption [312]. Like the more
famous members of the small DNA tumour viruses, adenoviruses are
similarly resistant to inactivation by heating and multiple members have
been identified in cattle and other domestic or wild meat animals, at
least some of which are oncogenic in newborn hamsters [313-315].
Thus, any of the small DNA tumour viruses could represent viral agents
contributing to human cancers associated with red meat consumption.
Despite this possibility, comprehensive investigations of transcriptomic
and genomic datasets from thousands of human cancers from dozens of
cancer types did not identify sequences from adenoviruses from any
species [316,317].

4. Conclusions

At this point, it seems unlikely that HAdV has a causal role in any
appreciable subset of human cancers. However, studies of HAdV have a
long history of teaching us about cellular biology and cancer. As ex-
amples, splicing was originally described by Nobel Prize winner Dr.
Phillip Sharp based on his work with HAdV, and HAdV was the first
human virus shown to be oncogenic [318,319]. As illustrated by specific
examples in this review, studies of HAdV have provided a wealth of
knowledge relevant to understanding oncogenesis, including the regu-
lation of cell cycle control, DNA replication, DNA damage response,
transcription, mRNA processing, metabolism, immunological responses
and apoptosis, many of which are central to the hallmarks of cancer.
Studies of HAdV oncoproteins like E1A, E1B and E4 have identified
interactions with cellular regulators and identified protein interaction
motifs that could have useful applications in protein engineering, pro-
tein network manipulation, metabolic reprogramming and synthetic
biology [24,27,320,321]. In addition, the well-studied and readily
manipulated HAdV genome is the foundation for vectors for gene ther-
apy, oncolytic viruses and current vaccines [322,323].
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