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Abstract: Various viruses have been studied and developed for oncolytic virotherapies.
In virotherapy, a relatively small amount of viruses used in an intratumoral injection preferentially
replicate in and lyse cancer cells, leading to the release of amplified viral particles that spread the
infection to the surrounding tumor cells and reduce the tumor mass. Adenoviruses (Ads) are most
commonly used for oncolytic virotherapy due to their infection efficacy, high titer production, safety,
easy genetic modification, and well-studied replication characteristics. Ads with deletion of E1b55K
preferentially replicate in and destroy cancer cells and have been used in multiple clinical trials.
H101, one of the E1b55K-deleted Ads, has been used for the treatment of late-stage cancers as the
first approved virotherapy agent. However, the mechanism of selective replication of E1b-deleted
Ads in cancer cells is still not well characterized. This review will focus on three potential molecular
mechanisms of oncolytic replication of E1b55K-deleted Ads. These mechanisms are based upon the
functions of the viral E1B55K protein that are associated with p53 inhibition, late viral mRNA export,
and cell cycle disruption.
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1. Introduction

Cancer is the most common cause of death in the world [1]. The limitations of currently available
therapies demand development of more potent cancer treatment options. Oncolytic virotherapy
represents a fast-growing therapeutic platform for cancer treatment [2,3]. The therapeutic effects
emanate from a relatively small amount of viruses that preferentially replicate in and lyse cancer cells,
followed by a localized spread of viral infection to the surrounding tumor cells, ultimately leading to
reduction of the tumor mass [4]. Current oncolytic viruses include adenovirus (Ad), herpes simplex
virus, measles virus, newcastle disease virus, reovirus, parovirus, poliovirus, seneca valley virus,
retrovirus, vaccinia, and vesicular stomatitis virus, which have been tested in numerous preclinical
or clinical settings [5]. Although many viruses have been developed, Ads are still the most commonly
used for oncolytic virotherapy due to their infection efficacy, high titer production, safety, easy genetic
modification, and well-studied replication characteristics [6]. This review will focus on molecular
mechanisms of the selective replication of E1b-deleted Ads in cancer cells.
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2. Oncolytic Adenoviruses

Human Ads, as a common cause of respiratory tract diseases, are non-enveloped DNA viruses
that can infect cells at many different cell cycle stages without integrating into host cellular
chromosomes [7]. Ad serotype 5 (group C) has been modified and widely used in oncolytic
virotherapy due to its favorable safety profile and only causing negligible flu-like symptoms, such as
fever, myalgia, asthenia, and chills [8]. The viral genome is composed of a linear, double-stranded
DNA of approximately 36 kb and can be divided into early (E) and late (L) genes [7,9]. The E1
genes, including Ela and E1b, produce critical proteins for the initiation and regulation of several
viral and cellular genes. The E2 genes encode three different proteins which function directly in
viral DNA replication. The E3 genes encode proteins that can modulate infected host immune
responses. Products of the E4 genes encode proteins of diverse functions, such as regulating viral
gene transcription, translation, mRNA nuclear export, and apoptosis pathways. The L genes of Ads
encode structural proteins for packaging the viral genome into virion particles in the final stages of
virus replication.

Ad E1b gene encodes two major polypeptides of 55,000 kDa (55K) and 19,000 kDa (19K),
both required for transformation of rodent cells by viral infection and DNA transfection [10,11].
The E1B55K protein protects the infected cells from the E1A-induced p53 effects. The E1B55K protein
also modulates transport or cytoplasmic stabilization of viral and host cell mRNA [12]. The Ad
E1B19K protein is the putative B-cell lymphoma 2 protein (Bcl-2) functional homolog and a strong
apoptotic inhibitor [13-15]. E1B19K prevents E1A-induced apoptosis by interfering with the actions
of the pro-apoptotic proteins Bak and Bax [16]. Through the action of these Elb-encoded proteins,
premature cell death is believed to be prevented and viral replication is maximized.

We made a series of deletions in the El region, ranging from partial to total deletion of the
E1 gene (Figure 1) [17]. We have showed that a virus with deletion of both E1b55K and E1b19K
induced more profound apoptosis in comparison to wild-type Ad and viruses with a mutation only in
E1b55K [17]. However, the virus deleted for both E1b55K and E1b19K still can replicate in the majority
of the infected cancer cells. Therefore, the p53 inactivation and apoptosis inhibition by E1B55K and
E1B19K are not critically necessary in virus replication, implying that the E1B proteins may have
other roles. An approach based on a large-scale gene array was applied to analyze the expression of
cellular genes affected by the E1b gene [18]. We identified a total of 345 genes with expression changes
of two-fold or greater affected by wild-type Ad compared with its E1B-deleted counterpart. Thus, the
E1B proteins affect the expression of a diverse range of genes, including CDC25A and cyclin E, which
are important in cell cycle regulation [18].

The Ad infection begins by the binding of the knob domain on the Ad fiber to a specific
coxsackievirus and Ad receptor (CAR) located on the cell surface. The fiber and penton base of Ads
have the functions of attachment and internalization, respectively, that facilitate the entry of the virus
into the host cells by endocytosis [19]. The low-pH environment of the endosome allows the viral
capsid to disassociate, resulting in the release of virions from the endosome [20—22]. By cooperating
with microtubules, virions are then transported to the nuclear pore complex where the virions
disassemble and the double-stranded viral DNA is released to directly enter the nucleus.

The replication of Ads relies on utilizing the cellular components as building blocks.
The replication cycle of Ads is divided into two phases based on the onset of viral gene expression [7].
The early phase includes the expression of a set of viral genes to promote cellular entry into an
S-like phase, block apoptosis, and prevent cellular immune responses. After the expression of viral
early genes that control critical cellular components and regulate viral and host gene expression,
Ads usurp the cellular replication machinery, viral DNA replicates. Viral gene expression then
transitions to the late phase in which the structural proteins are synthesized. Once Ads have finished
the DNA replication and synthesis of structural proteins, viral assembly takes place and produces
virions, leading to significant amplification of the Ads with up to 10,000 viral particles per cell.
Viral replication subsequently causes cell lysis and the release of progeny virions [7,23].
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Figure 1. Depiction of the human Ad5 left end with various deletions in E1 genes. All the nucleotide
coordinates refer to Ad5 (Genbank Accession No M73260). The wild-type Ad5 with the E1a and E1b
genes and their endogenous promoters is shown at the top. The left inverted terminal repeat (ITR),
packaging signal (¥), the E1a and E1b promoters (Ela-P and E1b-P), and the open reading frames are
indicated. E1B19K and E1B55K have a small overlap. The solid lines represent Ad regions in these
viruses, and the dashed lines represent the deleted regions. The restriction enzyme and the cleaving
sites used to delete the E1 region are shown. Ad d11520 carries native E1A promoter (E1A-P) to drive
E1A expression and an 827-bp deletion with a point mutation to generate a premature stop codon in
the E1B55K coding region.

The idea of treating cancers with Ads began in the 1950s [5,24]. Wild-type Ad5 was injected in
30 patients with epidermoid cervical carcinomas and 65% of the virus injections induced necrosis in
the tumors without causing severe toxicity. While producing some promising results, the long-term
safety concerns, limited final therapeutic efficacy, and tumor recurrence after the treatment prevented
further development of this approach until recently.

Ad dl11520 (ONYX-015) is a gene-attenuated oncolytic virus with an 827-bp deletion and a point
mutation in the E1b region which generates a premature stop codon to prevent the expression of
its E1B55K protein (Figure 1) [10,25,26]. dl1520 showed potent and promising oncolytic efficacy in
several preclinical studies and became the first oncolytic Ad used in clinical trials in the United States
since 1996; approximately 200-300 cancer patients were treated with various routes of administration
in more than 10 clinical trials (from phase I to II) [26,27]. However, during a phase III clinical trial in
2003, when treatment with d11520 was combined with chemotherapy in patients with head and neck
squamous cell carcinoma, the trial was suspended due to limited therapeutic potential in metastatic
cancer patients [27].

H101 (Oncorine), another Ad vector with the same deletion of the E1b55k region as dl1520,
was generated by the Chinese company Sunway Biotech [27,28]. It is believed that H101 is similar
to dl1502 and has the same oncolytic properties. The phase I clinical trial with H101 as a single
therapeutic agent began in 2000 and the phase II and III trials of H101 in combination with
chemotherapy started from 2001 to 2004 in China. Overall, the clinical tolerability and responses
of H101 treatment have been very promising [27,28]. The rights to d11520 were bought by Sunway
Biotech which has completed Phase III clinical studies with H101. More than 600 cancer patients
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have safely received the treatment with H101 in clinical trials [27,29]. The company reported a
79% positive response rate for H101 plus chemotherapy as compared to 40% for chemotherapy
alone [30]. Considering the impact of these results, the Chinese State Food and Drug Administration
approved H101 for use in combination with chemotherapy for the treatment of late-stage cancers.
Thereafter, Sunway Biotech has marketed H101 as the first approved virotherapy agent for clinical
applications [30,31]. Besides H101, this company has also developed other genetically modified
oncolytic adenoviruses, H102 and H103, for cancer treatment [32]. In H102, expression of the Ad Ela
gene is driven by the alpha-fetoprotein promoter which is highly activated in primary hepatocellular
carcinoma, but not in normal cells. Thus, H102 may selectively express the viral Ela gene in liver
cancer, leading to specifically oncolytic replication. H102 is currently in the preclinical stage of
development. H103 is an oncolytic Ad carrying a tumor antigen known as the heat shock protein (HSP)
70 gene which can stimulate an antitumor immune response while the virus selectively replicates
within tumor cells. A phase I clinical trial of intratumoral injections of H103 has been conducted
in a total of 27 patients with advanced-stage solid tumors [29]. An 11.1% objective response (cases
with complete response plus partial response) to H103-injected tumors and a 48.1% clinical benefit
rate (cases with complete response plus partial response, minor response, and maintenance of stable
disease) was reported.

3. Selective Replication of E1b55K-Deleted Ad in Cancer Cells

The antitumor efficacy of E1b55K-deleted Ad directly relies on virus-mediated tumor cell
lysis by selective viral replication [33]. During the process of virus replication, the expression of
virus proteins such as E1A [14], E3-11.6K [34], and E4ORF4 [35] can cause cytotoxicity to cells by
inducing apoptosis. Recent studies also showed that autophagy participates in the oncolytic Ad
replication and virus-induced oncolysis [36,37]. After virus infection and replication, the induction
of antitumoral immunity by recruiting natural killer cells, antibodies, or tumor-specific cytotoxic T
lymphocytes (CTLs) to virus-infected tumor cells may also enhance the antitumoral outcome [38,39].
Undoubtedly, the selective replication of oncolytic Ads is the front line of the oncolysis process. Yet,
even though E1b55K-deleted oncolytic Ads have been used in many clinical trials and are marketed
in China, the mechanism(s) enabling this selective oncolytic replication still remains controversial.
The following sections summarize three potential mechanisms proposed until now.

4. Cancer Selectivity of E1b55K-Deleted Ads Based on p53 Deficiency

The original hypothesis was that E1b55K-deleted oncolytic Ads could only replicate in
p53-deficient tumor cells, but not in normal cells with functional p53 [25,26,40]. After virus infection,
Ad E1A is expressed immediately to regulate the expression of viral genes and promote cell entry into
an S-like phase [41]. In response to Ad infection, host cells have developed a crucial strategy to block
the virus spread by activation of p53-mediated apoptosis and cell cycle arrest [7,17,42]. E1A triggers
the accumulation of the p53 protein either by activating p53 transcription [43] or stabilizing p53
via inducing the expression of p14*RF tumor suppressor (referred to as p19RF in murine cells)
which binds to MDM2 protein and subsequently blocks MDM2-induced p53 degradation and
transactivational silencing [44—46]. Consequently, high levels of p53 in infected cells lead to either
cell cycle arrest or apoptosis to block viral replication and spread. In response to this, Ad has
developed its ways to overcome p53-mediated apoptosis and cell cycle arrest. It was reported
that Ad E1B55K prevents the E1A-induced p53 effects through at least three distinct mechanisms.
First, E1B55K binds to the amino terminus of p53, and thus represses p53 transactivation [47,48];
second, E1B55K cooperates with Ad Edorf6 to proteolytically degrade p53 [49-51]; third, E1B55K
alone can function as an E3 SUMO1-p53 ligase, eventually leading to p53 polyubiquitinylation and
proteasomal degradation [52]. It was believed that E1B55K counteracts the p53-dependent apoptosis
induced by E1A and prevents premature cell death, resulting in efficient viral replication in normal
cells [47,48]. Without the E1B55K protein, Ads were presumably unable to counteract E1A-induced
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P53 accumulation and thus failed to replicate in cells with functional p53 protein. Deficiency of p53
occurs frequently in many types of human cancers due to p53 gene deletion or mutation [53,54].
It was proposed that since many cancer cells lack functional p53 protein, this E1B55K function is
not as important as it is in normal cells; thus d11520 could selectively replicate in cancer cells with
dysfunctional p53 pathways [25,26].

While some reports have supported the hypothesis that EIb55K-deleted Ads selectively kill
cancer cells with p53 deficiency, the original proposal has been challenged by several studies. Reports
have shown that E1b55K-deleted Ads are able to replicate in and kill cancer cells with wild-type p53 as
efficiently as in cancer cells with p53 deficiency [55-59]. To resolve this paradox, it was proposed that
either p53 deficiency or p14ARF deficiency might determine the cancer selectivity of E1b55K-deleted
Ads [60,61]. In cancer cells with wild-type p53, loss of the functional p14ARF would neutralize
MDM2-mediated p53 degradation and was considered to prevent p53 from its normal functions.
Thus, p142RF deficiency in cancer cells was indicated as the alternative molecular mechanism to
allow dI1520 replication in these cancer cells with wild-type p53. However, experimental data
contradicted this mechanism by showing that the replication of dl1520 is not controlled by the
p53 or p14ARF status in several cancer cell lines [62]. Also, it has been reported that, in some cell
lines, p53 can promote the viral lytic cycle and may be required for productive virus replication
and late viral gene expression by cooperating with E1A to enhance transcription at the major late
gene promoter of the viral genome [63,64]. Further studies also revealed that the accumulation of
p53 induced by E1b55K-deleted or E1b55K-mutated Ads can neither efficiently induce apoptosis nor
activate the transcription of downstream p53-responsive genes in Ad-infected primary cells [65,66].
Moreover, in cells that are infected with E1b55K-deleted Ads, E1b19K, as a homologue of BCL-2
family members, can also function as an inhibitor to E1A protein-induced apoptosis [17]. Even if
E1A-induced apoptosis occurs in cancer cells infected with Ads with deletion of the entire E1b gene,
it does not prevent the replication of the EIb-deleted oncolytic Ads in the majority of cells [17].
Thus, the p53 deficiency in cancer cells seems unlikely to be the determinant of oncolytic selectivity of
E1b55K-deleted Ads and blocking p53 activity may not be the major requirement for viral replication.
Thus far, none of the comprehensive research has been reported to provide new data to further
support the p53 hypothesis.

5. Cancer Selectivity of E1b55K-Deleted Ads Based on Late Viral mRNA Export

It was proposed that cancer cells can provide the functions of the E1B55K protein for late viral
RNA export [66]. During the virus replication process, the amounts of late viral mRNAs are raised in
the cytoplasm for translation [7]. E1B55K functions in a complex with the viral E4orf6 protein to direct
the switch from host to viral protein synthesis by promoting the preferential nuclear export of the late
viral mRNAs to the cytoplasm for viral protein synthesis [12,66-70]. Several lines of evidence support
this hypothesis. The E1B55K/E4orf6 complex is directly involved in the selective nuclear export
of late viral mRNAs through active nucleocytoplasmic shuttling via the exportin CRM1 [7,67,71]
or through its E3 ubiquitin-protein ligase activity [70,72,73]. Since E1b55K-deleted oncolytic Ads
lack E1B55K-mediated late viral mRNA export from the nucleus in primary cells, the viruses fail
to efficiently replicate in those normal cells [66]. Permissive cancer cells, however, have a propensity
to support the nuclear export of viral late mRNAs in the absence of E1B55K while normal cells do
not, allowing the oncolytic replication of E1b55K-deleted Ads. However, the molecular mechanism(s)
of either selective nucleocytoplasmic transport mediated by the E1B55K/E4orf6 complex or the
assembly and activity of the E3 ubiquitin-protein ligase associated with E1B55K/E4orf6 complex has
not been fully understood [72].

There is a report indicating that either restoring viral L4 100K protein expression or inducing heat
shock responses can partially rescue E1b55K-deleted Ad replication in refractory cancer cells [74].
In contrast to permissive cancer cell lines, refractory cancer cell lines fail to offer preferential
nuclear export and translation of viral late mRNAs including Ad L4 100K mRNA in the absence of

5771



Viruses 2015, 7, 5767-5779

E1B55K [74]. Ad L4 100K is known to be involved in host protein shutoff and promotes preferential
nuclear export and translation of viral late mRNAs [75-77]. As a consequence of the absence of
E1B55K, the lack of L4 100K expression in refractory cancer cells leads to the poor oncolytic Ad
replication; however, ectopic expression of L4 100K enhanced the expression of late viral proteins
in refractory cancer cells [74]. In the same report, the authors also suggested that heat shock proteins
(Hsp) overexpressed in various human cancers may be an important molecular mechanism to support
the differential transport of late viral mRNA export. The cellular responses to heat shock resemble
the late stages of Ad infection with the inhibited translation of cellular mRNAs and the preferential
translation of heat shock mRNAs. Also, it has been shown that the 5’UTR of mammalian Hsp70
and late Ad mRNAs share structural homology, which may contribute to both selective translation
and nuclear export through a common mechanism [78]. Thus, the induction of heat shock responses
by physical or pharmacological means could selectively rescue the export of late viral mRNAs in
refractory cancer cells, rendering them once again permissive to E1b55K-deleted Ad replication.

Although expression of L4 100K and inducing heat shock responses may participate in
determining the cancer selectivity of E1b55K-deleted Ads on late viral mRNA export, evidence has
also shown neither expressing L4 100K nor inducing heat shock responses could completely restore
E1b55K-deleted Ad replication to the level of wild-type Ad in a majority of cancer cell lines [74].

Since ectopic expression of L4 100K and inducing heat shock responses cannot recover wild-type
replication capacity in the absence of E1B55K, the importance of E1B55K for selective oncolytic
Ad replication cannot be ignored. The exact mechanics of the interaction of E1B55K, L4 100K,
and heat shock responses to regulate mammalian and late viral mRNA export which leads to
cancer selectivity of EIb55K-deleted Ads are still required for further studies. Studies conducted
by Goodrum and Ornelles (1999) have shown that the E1B55K function in late viral mRNA export is
not correlated with the restricted replication of E1b55K-deleted Ads in cells under Gy /G; phase [69].
Gonzalez et al. (2006) indicated that it appears overly simplistic to generalize that the cancer
selectivity of E1b55K-deleted Ads relies on the efficiency of viral late mRNA export [79].
E1B55K has many more functions than regulating the differential export of mRNAs that are
important for Ad replication and, therefore, the outcome of a complex interaction between E1B55K
and multiple cellular components should be considered holistically in determining the cancer
selectivity mechanism.

6. Cancer Selectivity of E1b55K-Deleted Ads Based on Cyclin E or Cell Cycle Dysregulation

The study of Goodrum and Ornelles has shown that unlike wild-type Ad, which is able to
efficiently produce viral progeny regardless of the cell cycle stages, the replication of E1b55K-deleted
Ads is restricted in HeLa cells under the Go/G; phase, but is less restricted under the S-phase [69].
However, the total amount of cytoplasmic late viral mRNA was found to be greater in cells infected
during the G; phase than that in cells infected during the S-phase with either the wild-type or
E1b55K-deleted Ads. A further study suggested that the E1B55K protein has a property to enable
the virus to overcome the growth restrictions to its replication imposed by the cell cycle stage [80].
In addition, viral EIb products affected the expression of numerous genes involved in cell cycle
regulation based on a study with large-scale gene arrays [18]. The levels of some key regulators
of cell cycle progression, including cyclin E and CDC25A, were significantly increased by E1B.
Thus, E1B55K may have a novel function in the induction of cyclin E expression and cell cycle
regulation that may be critical for virus replication.

Cyclin E is well characterized as a critical cell cycle protein to promote G;/S phase
transition [81,82] in either a cyclin-dependent kinase 2 (CDK2)-dependent [83] or CDK2-independent
manner [84,85]. The expression of cyclin E is strictly controlled in normal cells, while the
overexpression or deregulation of cyclin E is related to tumorigenesis [86-89]. Cyclin E gene
amplification [90], overexpression of cyclin E mRNA or protein levels [88,91], decrease of cyclin E
turnover [92], together with the presence of more active forms of cyclin E [93-95], have been
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reported in many types of cancers, such as breast, gastrointestinal, lung, and skin cancers.
Constitutive overexpression of cyclin E can induce chromosome instability and impair normal cell
cycle progression [96,97].

The replication of E1b55K-deleted Ads is restricted in normal cells, which may be due to the
failure of efficient induction of cyclin E expression because of the deletion. We have shown that the
induction of cyclin E is required for Ad replication and is correlated with the oncolytic selectivity
of E1B55K-deleted Ad [18,59]. We also have shown that Ad-induced cyclin E highly interacts with
CDK?2 in cancer cells, which is a critical molecular step in Ad replication. The cyclin E protein induced
by Ad infection directly interacted with CDK2 and formed the cyclin E/CDK2 complex, leading
to the specifically increased phosphorylation of CDK2 at T160 and of the retinoblastoma protein
(pRb) at S612 [98]. The inhibition of CDK2 expression with the CDK2 siRNA or the CDK2 chemical
inhibitor roscovitine repressed phosphorylation on CDK2 and pRb and decreased viral replication.
These results suggest that Ad-induced cyclin E activates CDK2 by phosphorylating at T160, which
then specifically introduces pRb phosphorylation at the S612 site. The pRb phosphorylation caused
by cyclin E/CDK2 may lead to the regulation of multiple cellular and viral genes for productive Ad
replication. Cancer cells with relaxed cyclin E regulation allow E1b55K-deleted Ads to induce cyclin
E expression in the absence of the E1B55K function, leading to preferential oncolytic replication [98].
We thus proposed that cyclin E overexpression or dysregulation in cancer cells may be a molecular
basis of the oncolytic selectivity of E1b55K-deleted Ads (Figure 2).

A
activate 1
cellular
factor
1 Transcription
Cyclin E promoter
B

E1B55K-like
cancer factors

RN

cyclin E — CDK2 —{ pRb/E2F — genes Adenovirus

replication

Figure 2. Cyclin E upregulation in cancer cells supports oncolytic replication of E1b55K-deleted
Ads. (A) In normal cells, Ad E1B55K functions to enhance cyclin E expression for virus replication.
E1B55K may target cellular factors which, in turn, activate the cyclin E promoter for induction of the
gene expression. Without E1B55K-induced cyclin E expression, replication of E1b55K-deleted Ads is
repressed in normal cells; (B) In cancer cells, the cellular factors may already be activated or there are
E1B55K-like factors to relax cyclin E regulation. Thus, E1B55K protein is not required to induce cyclin
E expression in cancer cells. Cyclin E induced by Ad infection binds to and activates CDK2, which
subsequently phosphorylates the transcriptional repressor retinoblastoma protein (pRb), leading to
regulative expression of multiple genes (including the feedback upregulation of cyclin E) to provide a
suitable cellular environment for oncolytic replication.
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7. Conclusions and Future Perspectives

Ads with the deletion of E1b55K preferentially replicate in cancer cells and have been used in
oncolytic virotherapies. However, many clinical studies have demonstrated the limited therapeutic
effects in metastatic cancer patients. By far, oncolytic Ads have only shown some therapeutic
benefits in the treatments of localized tumors. At least three mechanisms have been proposed so
far. The original hypothesis was that, since many cancer cells lack functional p53 protein or its
pathways, the E1B55K function of inhibiting p53 is not as important as it is in normal cells, and thus,
E1b55K-deleted Ads could selectively replicate in cancer cells with p53 deficiency or dysfunctional
pathways. The second mechanism is that cancer cells have a propensity to support the nuclear
export of viral late mRNAs in the absence of the E1B55K protein, and thus allow the oncolytic
replication of E1b55K-deleted Ads. The third mechanism is that cancer cells with dysregulated
cyclin E allow E1b55K-deleted Ads to induce cyclin E expression, leading to preferential oncolytic
replication. Understanding the molecular mechanisms underlining the cancer-selective replication of
E1b55K-deleted Ads will guide us to develop new oncolytic vectors and therapeutic strategies. As
the selective replication of E1b55k-deleted Ads is dependent on cyclin E dysregulation in cancer cells,
better virotherapeutic efficacy may be expected when this kind of vector is used to target aggressively
growing tumor cells with cyclin E overexpression. We have reported that the activity of cyclin E
promoter is augmented in cancer cells during Ad infection [59,99]. The unique property of the cyclin
E promoter has been applied in the construction of a new oncolytic Ad vector. The cyclin E promoter
is used to drive E1A expression in a vector which has shown selective and efficient antitumor effects
in vitro and in vivo [36,100,101]. Future vectors may combine this strategy with the other strategies,
such as genetic modification on viral fibers or arming the virus with cytokine or anticancer genes to
create the new generation of tumor-specific adenoviruses.

Ad E1B55K protein has multiple functions and interacts with various cellular components, which
are still not fully understood. The oncolytic replication of E1b55K-deleted Ads may be determined
by several factors in cancer cells; some factors may be more important than others, depending on
different types of tumors or cancer cells. To improve oncolytic Ad therapies for localized tumors, it
is important to increase virus release from the initially targeted cells and promote Ad to spread the
infection to the entire tumor mass. By further exploring the questions left in current mechanisms,
strategies can be developed to overcome the limitations and ultimately build up new, powerful
oncolytic Ads for virotherapy.

Acknowledgments: This work was supported by NIH Grant R01 CA129975 (HSZ), Kentucky Lung Cancer
Research Program GB150463 (HSZ), and funding from James Graham Brown Cancer Center and Department of
Surgery of University of Louisville Medical School.

Author Contributions: PH.C. and H.S.Z. collected the literature. PH.C. and H.S.Z. wrote the primary
manuscript. PH.C,S.L.W., KM.M and H.S.Z. edited the manuscript. PH.C, S.L.W., KM.M and H.S.Z. performed
the final editing and checked English language and grammar.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Siegel, R.; Naishadham, D.; Jemal, A. Cancer statistics, 2013. CA. Cancer J. Clin. 2013, 63, 11-30. [CrossRef]
[PubMed]

2. Kirn, D.; Martuza, R.L.; Zwiebel, J. Replication-selective virotherapy for cancer: Biological principles, risk
management and future directions. Nat. Med. 2001, 7, 781-787. [CrossRef] [PubMed]

3. Wang, Y;; Hallden, G.; Hill, R.;; Anand, A ; Liu, T.C.; Francis, ].; Brooks, G.; Lemoine, N.; Kirn, D. E3 gene
manipulations affect oncolytic adenovirus activity in immunocompetent tumor models. Nat. Biotechnol.
2003, 21, 1328-1335. [CrossRef] [PubMed]

4.  Parker, ].N.; Bauer, D.F; Cody, JJ; Markert, ]JM. Oncolytic viral therapy of malignant glioma.
Neurotherapeutics 2009, 6, 558-569. [CrossRef] [PubMed]

5774


http://dx.doi.org/10.3322/caac.21166
http://www.ncbi.nlm.nih.gov/pubmed/23335087
http://dx.doi.org/10.1038/89901
http://www.ncbi.nlm.nih.gov/pubmed/11433341
http://dx.doi.org/10.1038/nbt887
http://www.ncbi.nlm.nih.gov/pubmed/14555956
http://dx.doi.org/10.1016/j.nurt.2009.04.011
http://www.ncbi.nlm.nih.gov/pubmed/19560745

Viruses 2015, 7, 5767-5779

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Russell, S.J.; Peng, KW.; Bell, J.C. Oncolytic virotherapy. Nat. Biotechnol. 2012, 30, 658-670. [CrossRef]
[PubMed]

Nettelbeck, D.M. Cellular genetic tools to control oncolytic adenoviruses for virotherapy of cancer.
J. Mol. Med. 2008, 86, 363-377. [CrossRef] [PubMed]

Berk, A.]. Adenoviridae: The viruses and their replication. In Fields Virology, 5th ed.; Howley, DM.K.P, Ed.;
Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2006; pp. 2355-2394.

Mulvihill, S.; Warren, R.; Venook, A.; Adler, A.; Randlev, B.; Heise, C.; Kirn, D. Safety and feasibility
of injection with an E1B-55 KDa gene-deleted, replication-selective adenovirus (ONYX-015) into primary
carcinomas of the pancreas: A phase I trial. Gene Ther. 2001, 8, 308-315. [CrossRef] [PubMed]

Seth, P. Adenoviral vectors. Adv. Exp. Med. Biol. 2000, 465, 13-22. [PubMed]

Barker, D.D,; Berk, A.]. Adenovirus proteins from both E1B reading frames are required for transformation
of rodent cells by viral infection and DNA transfection. Virology 1987, 156, 107-121. [CrossRef]

Stillman, B. Functions of the adenovirus E1B tumour antigens. Cancer Surv. 1986, 5, 389-404. [PubMed]
Pilder, S.; Moore, M.; Logan, J.; Shenk, T. The adenovirus E1B-55K transforming polypeptide modulates
transport or cytoplasmic stabilization of viral and host cell mRNAs. Mol. Cell. Biol. 1986, 6, 470-476.
[CrossRef] [PubMed]

Debbas, M.; White, E. Wild-type p53 mediates apoptosis by E1A, which is inhibited by E1B. Genes Dev.
1993, 7, 546-554. [CrossRef] [PubMed]

Rao, L.; Debbas, M.; Sabbatini, P.; Hockenbery, D.; Korsmeyer, S.; White, E. The adenovirus E1A proteins
induce apoptosis, which is inhibited by the E1B 19-KDa and Bcl-2 proteins. Proc. Natl. Acad. Sci. USA 1992,
89, 7742-7746. [CrossRef] [PubMed]

White, E.; Sabbatini, P.; Debbas, M.; Wold, W.S.; Kusher, D.I.; Gooding, L.R. The 19-kilodalton adenovirus
E1B transforming protein inhibits programmed cell death and prevents cytolysis by tumor necrosis factor
alpha. Mol. Cell. Biol. 1992, 12, 2570-2580. [CrossRef] [PubMed]

Cuconati, A.; Degenhardt, K.; Sundararajan, R.; Anschel, A.; White, E. Bak and Bax function to limit
adenovirus replication through apoptosis induction. J. Virol. 2002, 76, 4547-4558. [CrossRef] [PubMed]
Rao, X.M.; Tseng, M.T.; Zheng, X.; Dong, Y.; Jamshidi-Parsian, A.; Thompson, T.C.; Brenner, M.K,;
McMasters, KM.; Zhou, H.S. E1A-induced apoptosis does not prevent replication of adenoviruses with
deletion of E1B in majority of infected cancer cells. Cancer Gene Ther. 2004, 11, 585-593. [CrossRef]
[PubMed]

Rao, X.M.; Zheng, X.; Waigel, S.; Zacharias, W.; McMasters, K.M.; Zhou, H.S. Gene expression profiles of
normal human lung cells affected by adenoviral E1B. Virology 2006, 350, 418-428. [CrossRef] [PubMed]
Wiethoff, C.M.; Nemerow, G.R. Adenovirus membrane penetration: Tickling the tail of a sleeping dragon.
Virology 2015, 479-480, 591-599. [CrossRef] [PubMed]

Greber, U.F; Willetts, M.; Webster, P.; Helenius, A. Stepwise dismantling of adenovirus 2 during entry into
cells. Cell 1993, 75, 477-486. [CrossRef]

Davidson, B.L.; Breakefield, X.O. Viral vectors for gene delivery to the nervous system. Nat. Rev. Neurosci.
2003, 4, 353-364. [CrossRef] [PubMed]

Seth, P. Mechanism of adenovirus-mediated endosome lysis: Role of the intact adenovirus capsid structure.
Biochem. Biophys. Res. Commun. 1994, 205, 1318-1324. [CrossRef] [PubMed]

Lupold, S.E.; Rodriguez, R. Adenoviral gene therapy, radiation, and prostate cancer. Rev. Urol. 2005, 7,
193-202. [PubMed]

Huebner, R.J.; Rowe, W.P,; Schatten, W.E.; Smith, R.R.; Thomas, L.B. Studies on the use of viruses in the
treatment of carcinoma of the cervix. Cancer 1956, 9, 1211-1218. [PubMed]

Bischoff, J.R.; Kirn, D.H.; Williams, A.; Heise, C; Horn, S; Muna, M., Ng, L; Nye, J.A;
Sampson-Johannes, A.; Fattaey, A.; ef al. An adenovirus mutant that replicates selectively in p53-deficient
human tumor cells. Science 1996, 274, 373-376. [CrossRef] [PubMed]

Kirn, D. Clinical research results with dl1520 (ONYX-015), a replication-selective adenovirus for the
treatment of cancer: What have we learned? Gene Ther. 2001, 8, 89-98. [CrossRef] [PubMed]

Yu, W,; Fang, H. Clinical trials with oncolytic adenovirus in China. Curr. Cancer Drug Targets 2007, 7,
141-148. [CrossRef] [PubMed]

5775


http://dx.doi.org/10.1038/nbt.2287
http://www.ncbi.nlm.nih.gov/pubmed/22781695
http://dx.doi.org/10.1007/s00109-007-0291-1
http://www.ncbi.nlm.nih.gov/pubmed/18214411
http://dx.doi.org/10.1038/sj.gt.3301398
http://www.ncbi.nlm.nih.gov/pubmed/11313805
http://www.ncbi.nlm.nih.gov/pubmed/10810611
http://dx.doi.org/10.1016/0042-6822(87)90441-7
http://www.ncbi.nlm.nih.gov/pubmed/2946407
http://dx.doi.org/10.1128/MCB.6.2.470
http://www.ncbi.nlm.nih.gov/pubmed/2946932
http://dx.doi.org/10.1101/gad.7.4.546
http://www.ncbi.nlm.nih.gov/pubmed/8384580
http://dx.doi.org/10.1073/pnas.89.16.7742
http://www.ncbi.nlm.nih.gov/pubmed/1457005
http://dx.doi.org/10.1128/MCB.12.6.2570
http://www.ncbi.nlm.nih.gov/pubmed/1317006
http://dx.doi.org/10.1128/JVI.76.9.4547-4558.2002
http://www.ncbi.nlm.nih.gov/pubmed/11932420
http://dx.doi.org/10.1038/sj.cgt.7700739
http://www.ncbi.nlm.nih.gov/pubmed/15338010
http://dx.doi.org/10.1016/j.virol.2006.02.009
http://www.ncbi.nlm.nih.gov/pubmed/16542696
http://dx.doi.org/10.1016/j.virol.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25798531
http://dx.doi.org/10.1016/0092-8674(93)90382-Z
http://dx.doi.org/10.1038/nrn1104
http://www.ncbi.nlm.nih.gov/pubmed/12728263
http://dx.doi.org/10.1006/bbrc.1994.2809
http://www.ncbi.nlm.nih.gov/pubmed/7802664
http://www.ncbi.nlm.nih.gov/pubmed/16985830
http://www.ncbi.nlm.nih.gov/pubmed/13383455
http://dx.doi.org/10.1126/science.274.5286.373
http://www.ncbi.nlm.nih.gov/pubmed/8832876
http://dx.doi.org/10.1038/sj.gt.3301377
http://www.ncbi.nlm.nih.gov/pubmed/11313778
http://dx.doi.org/10.2174/156800907780058817
http://www.ncbi.nlm.nih.gov/pubmed/17346105

Viruses 2015, 7, 5767-5779

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Lu, W,; Zheng, S.; Li, X.E; Huang, J.J.; Zheng, X,; Li, Z. Intra-tumor injection of H101, a recombinant
adenovirus, in combination with chemotherapy in patients with advanced cancers: A pilot phase II clinical
trial. World |. Gastroenterol. 2004, 10, 3634-3638. [CrossRef] [PubMed]

Li, J.L.; Liu, H.L.; Zhang, X.R.; Xu, ].P; Hu, WK,; Liang, M.; Chen, S.Y.; Hu, F; Chu, D.T. A phase I trial of
intratumoral administration of recombinant oncolytic adenovirus overexpressing HSP70 in advanced solid
tumor patients. Gene Ther. 2009, 16, 376-382. [CrossRef] [PubMed]

Garber, K. China approves world’s first oncolytic virus therapy for cancer treatment. J. Natl. Cancer Inst.
2006, 98, 298-300. [CrossRef] [PubMed]

Crompton, A.M.; Kirn, D.H. From ONYX-015 to armed vaccinia viruses: The education and evolution of
oncolytic virus development. Curr. Cancer Drug Targets 2007, 7, 133-139. [CrossRef] [PubMed]

Frew, S.E.; Sammut, S.M.; Shore, A.F.,; Ramjist, ].K.; Al-Bader, S.; Rezaie, R.; Daar, A.S.; Singer, P.A. Chinese
health biotech and the billion-patient market. Nat. Biotechnol. 2008, 26, 37-53. [CrossRef] [PubMed]
Mullen, ].T.; Tanabe, K.K. Viral oncolysis. Oncologist 2002, 7, 106-119. [CrossRef] [PubMed]

Zou, A.; Atencio, I.; Huang, W.M.; Horn, M.; Ramachandra, M. Overexpression of adenovirus E3-11.6K
protein induces cell killing by both caspase-dependent and caspase-independent mechanisms. Virology
2004, 326, 240-249. [CrossRef] [PubMed]

Kleinberger, T. Induction of apoptosis by adenovirus E4orf4 protein. Apoptosis 2000, 5, 211-215. [CrossRef]
[PubMed]

Cheng, PH,; Lian, S.; Zhao, R.; Rao, X.M.; McMasters, K.M.; Zhou, H.S. Combination of autophagy inducer
rapamycin and oncolytic adenovirus improves antitumor effect in cancer cells. Virol. ]. 2013, 10, 293.
[CrossRef] [PubMed]

Rodriguez-Rocha, H.; Gomez-Gutierrez, ].G.; Garcia-Garcia, A.; Rao, X.M.; Chen, L.; McMasters, KM,;
Zhou, H.S. Adenoviruses induce autophagy to promote virus replication and oncolysis. Virology 2011, 416,
9-15. [CrossRef] [PubMed]

Hallden, G.; Hill, R.; Wang, Y.; Anand, A.; Liu, T.C.; Lemoine, N.R; Francis, J.; Hawkins, L.; Kirn, D. Novel
immunocompetent murine tumor models for the assessment of replication-competent oncolytic adenovirus
efficacy. Mol. Ther. 2003, 8, 412-424. [CrossRef]

Ungerechts, G.; Springfeld, C.; Frenzke, M.E.; Lampe, J.; Parker, W.B.; Sorscher, E.J.; Cattaneo, R. An
immunocompetent murine model for oncolysis with an armed and targeted measles virus. Mol. Ther.
2007, 15, 1991-1997. [CrossRef] [PubMed]

Heise, C.; Sampson-Johannes, A.; Williams, A.; McCormick, E; Von Hoff, D.D.; Kirn, D.H. Onyx-015,
an elb gene-attenuated adenovirus, causes tumor-specific cytolysis and antitumoral efficacy that can be
augmented by standard chemotherapeutic agents. Nat. Med. 1997, 3, 639-645. [CrossRef] [PubMed]
Ben-Israel, H.; Kleinberger, T. Adenovirus and cell cycle control. Front. Biosci. 2002, 7, d1369-d1395.
[CrossRef] [PubMed]

Amundson, S.A.; Myers, T.G.; Fornace, A J., Jr. Roles for p53 in growth arrest and apoptosis: Putting on the
brakes after genotoxic stress. Oncogene 1998, 17, 3287-3299. [CrossRef] [PubMed]

Braithwaite, A.; Nelson, C.; Skulimowski, A.; McGovern, J.; Pigott, D.; Jenkins, J. Transactivation of the p53
oncogene by E1A gene products. Virology 1990, 177, 595-605. [CrossRef]

Lowe, S.W.; Ruley, H.E. Stabilization of the p53 tumor suppressor is induced by adenovirus 5 E1A and
accompanies apoptosis. Genes Dev. 1993, 7, 535-545. [CrossRef] [PubMed]

Nakajima, T.; Morita, K.; Tsunoda, H.; Imajoh-Ohmi, S.; Tanaka, H.; Yasuda, H.; Oda, K. Stabilization of p53
by adenovirus E1A occurs through its amino-terminal region by modification of the ubiquitin-proteasome
pathway. J. Biol. Chem. 1998, 273, 20036-20045. [CrossRef] [PubMed]

Pomerantz, J.; Schreiber-Agus, N.; Liegeois, N.J.; Silverman, A.; Alland, L.; Chin, L.; Potes, J.; Chen, K.;
Orlow, I; Lee, HW.,; et al. The Ink4a tumor suppressor gene product, p19Arf, interacts with MDM2 and
neutralizes mdm2’s inhibition of p53. Cell 1998, 92, 713-723. [CrossRef]

Kao, C.C.; Yew, PR;; Berk, A.J. Domains required for in vitro association between the cellular p53 and the
adenovirus 2 E1B 55K proteins. Virology 1990, 179, 806-814. [CrossRef]

Martin, M.E.; Berk, A.J. Adenovirus E1B 55K represses p53 activation in vitro. J. Virol. 1998, 72, 3146-3154.
[PubMed]

5776


http://dx.doi.org/10.3748/wjg.v10.i24.3634
http://www.ncbi.nlm.nih.gov/pubmed/15534920
http://dx.doi.org/10.1038/gt.2008.179
http://www.ncbi.nlm.nih.gov/pubmed/19092859
http://dx.doi.org/10.1093/jnci/djj111
http://www.ncbi.nlm.nih.gov/pubmed/16507823
http://dx.doi.org/10.2174/156800907780058862
http://www.ncbi.nlm.nih.gov/pubmed/17346104
http://dx.doi.org/10.1038/nbt0108-37
http://www.ncbi.nlm.nih.gov/pubmed/18183014
http://dx.doi.org/10.1634/theoncologist.7-2-106
http://www.ncbi.nlm.nih.gov/pubmed/11961194
http://dx.doi.org/10.1016/j.virol.2004.06.007
http://www.ncbi.nlm.nih.gov/pubmed/15302210
http://dx.doi.org/10.1023/A:1009644210581
http://www.ncbi.nlm.nih.gov/pubmed/11225841
http://dx.doi.org/10.1186/1743-422X-10-293
http://www.ncbi.nlm.nih.gov/pubmed/24059864
http://dx.doi.org/10.1016/j.virol.2011.04.017
http://www.ncbi.nlm.nih.gov/pubmed/21575980
http://dx.doi.org/10.1016/S1525-0016(03)00199-0
http://dx.doi.org/10.1038/sj.mt.6300291
http://www.ncbi.nlm.nih.gov/pubmed/17712331
http://dx.doi.org/10.1038/nm0697-639
http://www.ncbi.nlm.nih.gov/pubmed/9176490
http://dx.doi.org/10.2741/ben
http://www.ncbi.nlm.nih.gov/pubmed/11991831
http://dx.doi.org/10.1038/sj.onc.1202576
http://www.ncbi.nlm.nih.gov/pubmed/9916991
http://dx.doi.org/10.1016/0042-6822(90)90525-V
http://dx.doi.org/10.1101/gad.7.4.535
http://www.ncbi.nlm.nih.gov/pubmed/8384579
http://dx.doi.org/10.1074/jbc.273.32.20036
http://www.ncbi.nlm.nih.gov/pubmed/9685342
http://dx.doi.org/10.1016/S0092-8674(00)81400-2
http://dx.doi.org/10.1016/0042-6822(90)90148-K
http://www.ncbi.nlm.nih.gov/pubmed/9525640

Viruses 2015, 7, 5767-5779

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Nevels, M.; Rubenwolf, S.; Spruss, T.; Wolf, H.; Dobner, T. The adenovirus E4orf6 protein can promote
E1A/E1B-induced focus formation by interfering with p53 tumor suppressor function. Proc. Natl. Acad.
Sci. USA 1997, 94, 1206-1211. [CrossRef] [PubMed]

Querido, E.; Blanchette, P.; Yan, Q.; Kamura, T.; Morrison, M.; Boivin, D.; Kaelin, W.G.; Conaway, R.C.;
Conaway, J.W.; Branton, PE. Degradation of p53 by adenovirus E4orf6 and E1B55K proteins occurs via
a novel mechanism involving a cullin-containing complex. Genes Dev. 2001, 15, 3104-3117. [CrossRef]
[PubMed]

Wienzek, S.; Roth, J.; Dobbelstein, M. E1B 55-kilodalton oncoproteins of adenovirus types 5 and 12
inactivate and relocalize p53, but not p51 or p73, and cooperate with E4orf6 proteins to destabilize p53.
J. Virol. 2000, 74, 193-202. [CrossRef] [PubMed]

Pennella, M. A ; Liu, Y.; Woo, J.L.; Kim, C.A; Berk, A.]. Adenovirus E1B 55-kilodalton protein is a p53-sumol
E3 ligase that represses p53 and stimulates its nuclear export through interactions with promyelocytic
leukemia nuclear bodies. J. Virol. 2010, 84, 12210-12225. [CrossRef] [PubMed]

Hollstein, M.; Sidransky, D.; Vogelstein, B.; Harris, C.C. P53 mutations in human cancers. Science 1991, 253,
49-53. [CrossRef] [PubMed]

Pellegata, N.S.; Ranzani, G.N. The significance of p53 mutations in human cancers. Eur. |. Histochem. 1996,
40, 273-282. [PubMed]

Dix, B.R.; Edwards, S.J.; Braithwaite, A.W. Does the antitumor adenovirus ONYX-015/d11520 selectively
target cells defective in the p53 pathway? J. Virol. 2001, 75, 5443-5447. [CrossRef] [PubMed]

Goodrum, ED.; Ornelles, D.A. P53 status does not determine outcome of E1B 55-kilodalton mutant
adenovirus lytic infection. J. Virol. 1998, 72, 9479-9490. [PubMed]

Geoerger, B.; Grill, J.; Opolon, P; Morizet, ].; Aubert, G.; Terrier-Lacombe, M.].; Bressac De-Paillerets, B.;
Barrois, M.; Feunteun, J.; Kirn, D.H.; et al. Oncolytic activity of the E1B-55 KDa-deleted adenovirus
ONYX-015 is independent of cellular p53 status in human malignant glioma xenografts. Cancer Res. 2002,
62,764-772. [PubMed]

Rothmann, T.; Hengstermann, A.; Whitaker, N.J.; Scheffner, M.; Zur Hausen, H. Replication of ONYX-015,
a potential anticancer adenovirus, is independent of p53 status in tumor cells. . Virol. 1998, 72, 9470-9478.
[PubMed]

Zheng, X.; Rao, X.M.; Gomez-Gutierrez, ].G.; Hao, H.; McMasters, KM.; Zhou, H.S. Adenovirus E1B55K
region is required to enhance cyclin E expression for efficient viral DNA replication. ]. Virol. 2008, 82,
3415-3427. [CrossRef] [PubMed]

Ries, S.J.; Brandts, C.H.; Chung, A.S.; Biederer, C.H.; Hann, B.C.; Lipner, EIM.; McCormick, F.; Korn, WM.
Loss of p14Arf in tumor cells facilitates replication of the adenovirus mutant d11520 (ONYX-015). Nat. Med.
2000, 6, 1128-1133. [PubMed]

McCormick, FE. ONYX-015 selectivity and the p14Arf pathway. Oncogene 2000, 19, 6670-6672. [CrossRef]
[PubMed]

Edwards, S.J.; Dix, B.R.; Myers, C.J.; Dobson-Le, D.; Huschtscha, L.; Hibma, M.; Royds, ].; Braithwaite, A.W.
Evidence that replication of the antitumor adenovirus ONYX-015 is not controlled by the p53 and p14(Arf)
tumor suppressor genes. J. Virol. 2002, 76, 12483-12490. [CrossRef] [PubMed]

Dix, B.R.; O’Carroll, S.J.; Myers, C.J.; Edwards, S.J.; Braithwaite, A.W. Efficient induction of cell death by
adenoviruses requires binding of E1B55K and p53. Cancer Res. 2000, 60, 2666-2672. [PubMed]

Royds, J.A.; Hibma, M.; Dix, B.R.; Hananeia, L; Russell, I.A,; Wiles, A.,; Wynford-Thomas, D,
Braithwaite, A.W. P53 promotes adenoviral replication and increases late viral gene expression. Oncogene
2006, 25, 1509-1520. [CrossRef] [PubMed]

Hobom, U.; Dobbelstein, M. E1B-55-kilodalton protein is not required to block p53-induced transcription
during adenovirus infection. J. Virol. 2004, 78, 7685-7697. [CrossRef] [PubMed]

O’Shea, C.C.; Johnson, L.; Bagus, B.; Choi, S.; Nicholas, C.; Shen, A.; Boyle, L.; Pandey, K.; Soria, C.;
Kunich, J.; et al. Late viral RNA export, rather than p53 inactivation, determines onyx-015 tumor selectivity.
Cancer Cell 2004, 6, 611-623. [CrossRef] [PubMed]

Flint, S.J.; Gonzalez, R.A. Regulation of mRNA production by the adenoviral E1B 55-KDa and E4 orf6
proteins. Curr. Top. Microbiol. Immunol. 2003, 272, 287-330. [PubMed]

Leppard, K.N.; Shenk, T. The adenovirus E1B 55 Kd protein influences mRNA transport via an intranuclear
effect on RNA metabolism. EMBO J. 1989, 8, 2329-2336. [PubMed]

5777


http://dx.doi.org/10.1073/pnas.94.4.1206
http://www.ncbi.nlm.nih.gov/pubmed/9037031
http://dx.doi.org/10.1101/gad.926401
http://www.ncbi.nlm.nih.gov/pubmed/11731475
http://dx.doi.org/10.1128/JVI.74.1.193-202.2000
http://www.ncbi.nlm.nih.gov/pubmed/10590106
http://dx.doi.org/10.1128/JVI.01442-10
http://www.ncbi.nlm.nih.gov/pubmed/20861261
http://dx.doi.org/10.1126/science.1905840
http://www.ncbi.nlm.nih.gov/pubmed/1905840
http://www.ncbi.nlm.nih.gov/pubmed/9116334
http://dx.doi.org/10.1128/JVI.75.12.5443-5447.2001
http://www.ncbi.nlm.nih.gov/pubmed/11356950
http://www.ncbi.nlm.nih.gov/pubmed/9811681
http://www.ncbi.nlm.nih.gov/pubmed/11830531
http://www.ncbi.nlm.nih.gov/pubmed/9811680
http://dx.doi.org/10.1128/JVI.01708-07
http://www.ncbi.nlm.nih.gov/pubmed/18234796
http://www.ncbi.nlm.nih.gov/pubmed/11017144
http://dx.doi.org/10.1038/sj.onc.1204096
http://www.ncbi.nlm.nih.gov/pubmed/11426653
http://dx.doi.org/10.1128/JVI.76.24.12483-12490.2002
http://www.ncbi.nlm.nih.gov/pubmed/12438574
http://www.ncbi.nlm.nih.gov/pubmed/10825139
http://dx.doi.org/10.1038/sj.onc.1209185
http://www.ncbi.nlm.nih.gov/pubmed/16247442
http://dx.doi.org/10.1128/JVI.78.14.7685-7697.2004
http://www.ncbi.nlm.nih.gov/pubmed/15220443
http://dx.doi.org/10.1016/j.ccr.2004.11.012
http://www.ncbi.nlm.nih.gov/pubmed/15607965
http://www.ncbi.nlm.nih.gov/pubmed/12747554
http://www.ncbi.nlm.nih.gov/pubmed/2529118

Viruses 2015, 7, 5767-5779

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

Goodrum, ED.; Ornelles, D.A. Roles for the E4 orf6, orf3, and E1B 55-kilodalton proteins in cell
cycle-independent adenovirus replication. . Virol. 1999, 73, 7474-7488. [PubMed]

Woo, ].L.; Berk, A.J. Adenovirus ubiquitin-protein ligase stimulates viral late mRNA nuclear export. J. Virol.
2007, 81, 575-587. [CrossRef] [PubMed]

Kindsmuller, K.; Groitl, P; Hartl, B.; Blanchette, P.; Hauber, J.; Dobner, T. Intranuclear targeting and nuclear
export of the adenovirus E1B-55K protein are regulated by sumol conjugation. Proc. Natl. Acad. Sci. USA
2007, 104, 6684-6689. [CrossRef] [PubMed]

Schmid, M.; Kindsmuller, K.; Wimmer, P.; Groitl, P; Gonzalez, R.A.; Dobner, T. The E3 ubiquitin ligase
activity associated with the adenoviral E1B-55K-E4orf6 complex does not require CRM1-dependent export.
J. Virol. 2011, 85, 7081-7094. [CrossRef]

Blanchette, P.; Kindsmuller, K.; Groitl, P,; Dallaire, F; Speiseder, T.; Branton, P.E.; Dobner, T. Control of
mRNA export by adenovirus E4orf6 and E1B55K proteins during productive infection requires E4orf6
ubiquitin ligase activity. J. Virol. 2008, 82, 2642-2651. [CrossRef] [PubMed]

O’Shea, C.C.; Soria, C.; Bagus, B.; McCormick, F. Heat shock phenocopies E1B-55K late functions and
selectively sensitizes refractory tumor cells to ONYX-015 oncolytic viral therapy. Cancer Cell 2005, 8, 61-74.
[CrossRef] [PubMed]

Cuesta, R.; Xi, Q.; Schneider, R.J. Adenovirus-specific translation by displacement of kinase Mnk1 from
cap-initiation complex elF4F. EMBO ]. 2000, 19, 3465-3474. [CrossRef] [PubMed]

Cuesta, R.; Xi, Q.; Schneider, R.J. Structural basis for competitive inhibition of EIF4g-Mnk1 interaction by
the adenovirus 100-kilodalton protein. J. Virol. 2004, 78, 7707-7716. [CrossRef] [PubMed]

Hayes, B.W.,; Telling, G.C.; Myat, M.M.; Williams, J.F,; Flint, S.J. The adenovirus L4 100-kilodalton protein
is necessary for efficient translation of viral late mRNA species. J. Virol. 1990, 64, 2732-2742. [PubMed]
Yueh, A.; Schneider, R.J. Translation by ribosome shunting on adenovirus and hsp70 mRNAs facilitated by
complementarity to 185 rRNA. Genes Dev. 2000, 14, 414-421. [PubMed]

Gonzalez, R.; Huang, W.; Finnen, R; Bragg, C.; Flint, S.J. Adenovirus E1B 55-kilodalton protein is required
for both regulation of mRNA export and efficient entry into the late phase of infection in normal human
fibroblasts. J. Virol. 2006, 80, 964-974. [CrossRef] [PubMed]

Goodrum, ED.; Ornelles, D.A. The early region 1B 55-kilodalton oncoprotein of adenovirus relieves growth
restrictions imposed on viral replication by the cell cycle. J. Virol. 1997, 71, 548-561. [PubMed]

Ohtsubo, M.; Theodoras, A.M.; Schumacher, J.; Roberts, ]. M.; Pagano, M. Human cyclin E, a nuclear protein
essential for the G1-to-S phase transition. Mol. Cell. Biol. 1995, 15, 2612-2624. [CrossRef] [PubMed]

Le Cam, L.; Polanowska, J.; Fabbrizio, E.; Olivier, M.; Philips, A.; Ng Eaton, E.; Classon, M.; Geng, Y.;
Sardet, C. Timing of cyclin E gene expression depends on the regulated association of a bipartite repressor
element with a novel E2F complex. EMBO ]. 1999, 18, 1878-1890. [CrossRef] [PubMed]

Moroy, T.; Geisen, C. Cyclin E. Int. ]. Biochem. Cell Biol. 2004, 36, 1424-1439. [CrossRef] [PubMed]

Geng, Y.; Lee, YM.; Welcker, M.; Swanger, J.; Zagozdzon, A.; Winer, ].D.; Roberts, ].M.; Kaldis, P.;
Clurman, B.E,; Sicinski, P. Kinase-independent function of cyclin e. Mol. Cell 2007, 25, 127-139. [CrossRef]
[PubMed]

Geisen, C.; Moroy, T. The oncogenic activity of cyclin E is not confined to Cdk2 activation alone but relies on
several other, distinct functions of the protein. J. Biol. Chem. 2002, 277, 39909-39918. [CrossRef] [PubMed]
Hwang, H.C.; Clurman, B.E. Cyclin E in normal and neoplastic cell cycles. Oncogene 2005, 24, 2776-2786.
[CrossRef] [PubMed]

Loeb, K.R.; Kostner, H.; Firpo, E.; Norwood, T.; Tsuchiya, K.D.; Clurman, B.E.; Roberts, ] M. A mouse
model for cyclin E-dependent genetic instability and tumorigenesis. Cancer Cell 2005, 8, 35-47. [CrossRef]
[PubMed]

Donnellan, R.; Chetty, R. Cyclin E in human cancers. FASEB J. 1999, 13, 773-780. [PubMed]

Ma, Y.; Fiering, S.; Black, C.; Liu, X.; Yuan, Z.; Memoli, V.A.; Robbins, D.]J.; Bentley, H.A.; Tsongalis, G.J.;
Demidenko, E.; et al. Transgenic cyclin E triggers dysplasia and multiple pulmonary adenocarcinomas.
Proc. Natl. Acad. Sci. USA 2007, 104, 4089-4094. [CrossRef] [PubMed]

Marone, M.; Scambia, G.; Giannitelli, C.; Ferrandina, G.; Masciullo, V.; Bellacosa, A.; Benedetti-Panici, P;
Mancuso, S. Analysis of cyclin E and CDK2 in ovarian cancer: Gene amplification and RNA overexpression.
Int. ]. Cancer 1998, 75, 34-39. [CrossRef]

5778


http://www.ncbi.nlm.nih.gov/pubmed/10438837
http://dx.doi.org/10.1128/JVI.01725-06
http://www.ncbi.nlm.nih.gov/pubmed/17079297
http://dx.doi.org/10.1073/pnas.0702158104
http://www.ncbi.nlm.nih.gov/pubmed/17428914
http://dx.doi.org/10.1128/JVI.02368-10
http://dx.doi.org/10.1128/JVI.02309-07
http://www.ncbi.nlm.nih.gov/pubmed/18184699
http://dx.doi.org/10.1016/j.ccr.2005.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16023599
http://dx.doi.org/10.1093/emboj/19.13.3465
http://www.ncbi.nlm.nih.gov/pubmed/10880459
http://dx.doi.org/10.1128/JVI.78.14.7707-7716.2004
http://www.ncbi.nlm.nih.gov/pubmed/15220445
http://www.ncbi.nlm.nih.gov/pubmed/2335816
http://www.ncbi.nlm.nih.gov/pubmed/10691734
http://dx.doi.org/10.1128/JVI.80.2.964-974.2006
http://www.ncbi.nlm.nih.gov/pubmed/16378998
http://www.ncbi.nlm.nih.gov/pubmed/8985383
http://dx.doi.org/10.1128/MCB.15.5.2612
http://www.ncbi.nlm.nih.gov/pubmed/7739542
http://dx.doi.org/10.1093/emboj/18.7.1878
http://www.ncbi.nlm.nih.gov/pubmed/10202151
http://dx.doi.org/10.1016/j.biocel.2003.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15147722
http://dx.doi.org/10.1016/j.molcel.2006.11.029
http://www.ncbi.nlm.nih.gov/pubmed/17218276
http://dx.doi.org/10.1074/jbc.M205919200
http://www.ncbi.nlm.nih.gov/pubmed/12149264
http://dx.doi.org/10.1038/sj.onc.1208613
http://www.ncbi.nlm.nih.gov/pubmed/15838514
http://dx.doi.org/10.1016/j.ccr.2005.06.010
http://www.ncbi.nlm.nih.gov/pubmed/16023597
http://www.ncbi.nlm.nih.gov/pubmed/10224221
http://dx.doi.org/10.1073/pnas.0606537104
http://www.ncbi.nlm.nih.gov/pubmed/17360482
http://dx.doi.org/10.1002/(SICI)1097-0215(19980105)75:1&lt;34::AID-IJC6&gt;3.0.CO;2-2

Viruses 2015, 7, 5767-5779

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Sawasaki, T.; Shigemasa, K.; Shiroyama, Y.; Kusuda, T.; Fujii, T.; Parmley, TH.; O’Brien, T.J.; Ohama, K.
Cyclin E mRNA overexpression in epithelial ovarian cancers: Inverse correlation with p53 protein
accumulation. J. Soc. Gynecol. Investig. 2001, 8, 179-185. [CrossRef]

Strohmaier, H.; Spruck, C.H.; Kaiser, P; Won, K.A.; Sangfelt, O.; Reed, S.I. Human F-box protein hCdc4
targets cyclin E for proteolysis and is mutated in a breast cancer cell line. Nature 2001, 413, 316-322.
[CrossRef] [PubMed]

AKli, S.; Zheng, PJ.; Multani, A.S.; Wingate, H.F; Pathak, S.; Zhang, N.; Tucker, SL.; Chang, S.;
Keyomarsi, K. Tumor-specific low molecular weight forms of cyclin E induce genomic instability and
resistance to p21, p27, and antiestrogens in breast cancer. Cancer Res. 2004, 64, 3198-3208. [CrossRef]
[PubMed]

Keyomarsi, K.; Tucker, S.L.; Buchholz, TA,; Callister, M.; Ding, Y.; Hortobagyi, G.N.; Bedrosian, I;
Knickerbocker, C.; Toyofuku, W.; Lowe, M.; et al. Cyclin E and survival in patients with breast cancer.
N. Engl. ]. Med. 2002, 347, 1566-1575. [CrossRef] [PubMed]

Wingate, H.; Puskas, A.; Duong, M.; Bui, T.; Richardson, D.; Liu, Y.; Tucker, S.L.; van Pelt, C.; Meijer, L.;
Hunt, K.; et al. Low molecular weight cyclin E is specific in breast cancer and is associated with mechanisms
of tumor progression. Cell Cycle 2009, 8, 1062-1068. [CrossRef] [PubMed]

Spruck, C.H.; Won, K.A; Reed, S.I. Deregulated cyclin E induces chromosome instability. Nature 1999, 401,
297-300. [PubMed]

Minella, A.C.; Swanger, J.; Bryant, E.; Welcker, M.; Hwang, H.; Clurman, B.E. P53 and p21 form an inducible
barrier that protects cells against cyclin E-cdk2 deregulation. Curr. Biol. 2002, 12, 1817-1827. [CrossRef]
Cheng, P.H.; Rao, X.M.; McMasters, K.M.; Zhou, H.S. Molecular basis for viral selective replication in cancer
cells: Activation of CDK2 by adenovirus-induced cyclin E. PLoS ONE 2013, 8, 57340. [CrossRef] [PubMed]
Gomez-Gutierrez, ].G.; Rao, X.M.; Zhou, H.S.; McMasters, K.M. Enhanced cancer cell killing by truncated
E2F-1 used in combination with oncolytic adenovirus. Virology 2012, 433, 538-547. [CrossRef] [PubMed]
Cheng, PH.; Rao, X.M,; Duan, X,; Li, X.F,; Egger, M.E.; McMasters, KM.; Zhou, H.S. Virotherapy targeting
cyclin E overexpression in tumors with adenovirus-enhanced cancer-selective promoter. J. Mol. Med. 2015,
93, 211-223. [CrossRef] [PubMed]

Cheng, PH.; Rao, XM.; Wechman, S.L.; Li, X.F; McMasters, KM.; Zhou, H.S. Oncolytic adenovirus
targeting cyclin E overexpression repressed tumor growth in syngeneic immunocompetent mice.
BMC Cancer 2015, 15, 716. [CrossRef] [PubMed]

® © 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open
@ access article distributed under the terms and conditions of the Creative Commons by

Attribution (CC-BY) license (http://creativecommons.org/licenses /by /4.0/).

5779


http://dx.doi.org/10.1016/S1071-5576(01)00102-2
http://dx.doi.org/10.1038/35095076
http://www.ncbi.nlm.nih.gov/pubmed/11565034
http://dx.doi.org/10.1158/0008-5472.CAN-03-3672
http://www.ncbi.nlm.nih.gov/pubmed/15126360
http://dx.doi.org/10.1056/NEJMoa021153
http://www.ncbi.nlm.nih.gov/pubmed/12432043
http://dx.doi.org/10.4161/cc.8.7.8119
http://www.ncbi.nlm.nih.gov/pubmed/19305161
http://www.ncbi.nlm.nih.gov/pubmed/10499591
http://dx.doi.org/10.1016/S0960-9822(02)01225-3
http://dx.doi.org/10.1371/journal.pone.0057340
http://www.ncbi.nlm.nih.gov/pubmed/23437375
http://dx.doi.org/10.1016/j.virol.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/23021422
http://dx.doi.org/10.1007/s00109-014-1214-6
http://www.ncbi.nlm.nih.gov/pubmed/25376708
http://dx.doi.org/10.1186/s12885-015-1731-x
http://www.ncbi.nlm.nih.gov/pubmed/26475304

	Introduction 
	Oncolytic Adenoviruses 
	Selective Replication of E1b55K-Deleted Ad in Cancer Cells 
	Cancer Selectivity of E1b55K-Deleted Ads Based on p53 Deficiency 
	Cancer Selectivity of E1b55K-Deleted Ads Based on Late Viral mRNA Export 
	Cancer Selectivity of E1b55K-Deleted Ads Based on Cyclin E or Cell Cycle Dysregulation 
	Conclusions and Future Perspectives 

