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the disease caused by the cognate
human tumour virus. For instance,
woodchuck hepatitis virus induces
hepatocellular carcinoma (HCC)
that is histopathologically very similar to that caused by hepatitis B virus (HBV) in humans, but it does so
through a different mechanism.
Transgenic mouse models provide a powerful tool in mechanistic
studies on the role of individual viral
genes in cancer. Indeed, for several of the human tumour viruses described in Volume 100B of the IARC
Monographs, transgenic mouse
studies provide important mechanistic evidence. However, such transgenic models are inadequate for
understanding the cancer etiology in
the context of natural viral infection.
For several of the human tumour viruses classified by IARC in
Group 1 (carcinogenic to humans),
a number of studies with surrogate
hosts, with cognate animal viruses,
and with transgenic mouse models
are reviewed below.

Epstein–Barr virus (EBV)
Human peripheral blood leukocytes
injected into SCID mice increase
in number and survive for at least
6 months. These mice secrete human immunoglobulin and show a
specific human antibody response
after immunization. The major cell
populations present in peripheral
blood leukocytes are found in the
lymphoid tissue and blood of the
SCID mice recipients, although relative proportions may differ. Mice
injected with peripheral blood leukocytes from EBV-seropositive donors
often develop EBV-positive B-cell
lymphomas (Mosier et al., 1988).
In a later study, a highly immunodeficient mouse strain (NOG) was
injected with haematopoietic stem
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cells from human cord blood. These
mice are able to reconstitute most
major components of the human
haematolymphoid system including
T cells, B cells, natural killer cells,
macrophages, and dendritic cells,
and this humanized mouse model
can simulate key aspects of EBV infection. Inoculation with a high dose
of EBV caused a B-cell lymphoproliferative disorder in these mice,
with histopathological findings and
latent EBV gene expression similar
to those in immunocompromised patients. Inoculation with a low dose of
EBV resulted in apparently asymptomatic persistent infection. The
number of activated CD8-positive T
cells increased considerably in the
peripheral blood of the infected mice,
and various assays demonstrated an
EBV-specific T-cell response. In addition, immunoglobulin M (IgM) antibodies specific to the EBV-encoded
protein BFRF3 were detected in serum from infected animals (Yajima
et al., 2008).
Inoculation of cotton-top tamarins – a type of New World monkey
– with EBV induced multiple EBV
genome-positive malignant largecell lymphomas that closely resembled the EBV genome-positive B-cell
lymphomas observed in human allograft recipients (Young et al., 1989a).
The tumours in tamarins expressed
EBV nuclear antigen 1 (EBNA1) and
EBNA2, EBNA leader protein, and
the latent membrane protein (LMP).
The expression of EBNA2 and
LMP in these lymphomas in tamarins strengthens their resemblance
to lymphomas observed in human
transplant
recipients,
because
these tumours in humans are also
EBNA2-positive and LMP-positive
(Young et al., 1989b). Both proteins
are important effector molecules of
EBV-induced B-cell transformation

in vitro, and their expression in these
lymphomas in monkeys and humans
provides strong support for a direct
oncogenic role of EBV in vivo.
LMP1 of EBV can transform rodent fibroblasts and is expressed
in most of the human cancers associated with EBV infection. Three
strains of LMP1 transgenic mice
were established that express LMP1
under the control of the immunoglobulin heavy chain promoter/enhancer.
Mice of all three strains developed
lymphoma, the incidence of which
increased considerably with age: after 18 months, 42% of the transgenic mice had developed lymphoma.
LMP1 was strongly expressed in the
lymphoma tissues but was hardly
expressed in normal lymphoid tissues. These results show that LMP1,
without the expression of other EBV
genes, is oncogenic in vivo, and indicate that the LMP1 protein is a major
contributing factor to the development of EBV-associated lymphomas
(Kulwichit et al., 1998).
The role of LMP1 was also studied in the epidermis of LMP1 transgenic mice. Epidermal cells that
carried the transgene showed a
2–3-fold increase in the mitotic index and an increased expression
of proliferative cytokeratin markers.
This is direct evidence that LMP1
induces proliferation in otherwise
normal epithelial cells in vivo. When
treated topically with 7,12-dimethyl
benz[a]anthracene, LMP1 transgenic mice developed small papillomas
more rapidly and in larger numbers
than did non-transgenic controls.
Furthermore, LMP1 could replace
12-O-tetradecanoylphorbol-13-ace
tate in promoting tumour formation,
but it inhibited expansion and did not
stimulate progression of the papillomas to carcinomas, or to more
malignant spindle cell carcinomas.

MYC, LMP2A accelerates the development of B-cell lymphomas in
a transgenic mouse model (Bieging
et al., 2009; Bultema et al., 2009). A
more recent study has also shown
that LMP1 and LMP2 can cooperate
in the induction of epithelial squamous cell carcinomas (SCCs) when
co-expressed under the control of a
keratin 14 (K14) promoter in transgenic mouse models (Shair et al.,
2012).
Establishment of long-term latent
infections with EBV was possible in
a humanized mouse model that was
challenged either with wild-type EBV
or with a replication-defective virus.
B-cell lymphomas developed in both
cases, but at a higher frequency after
infection with the wild-type virus, indicating a potential role for lytic virus
infection in the development of malignancy (Ma et al., 2011).
For EBV, the overall concordance
between the animal models and humans with respect to the types of tumour and the identity and function of
the major oncogenes and oncogene
products is high.

Hepatitis B virus (HBV)
Interactive viral–chemical hepatocarcinogenesis was studied in woodchucks (Marmota monax) inoculated
as newborns with woodchuck hepatitis virus, which is closely related
to the human HBV. Starting at age
12 months, the woodchucks were
fed a diet containing aflatoxin B1
(AFB1) (at a high dose for 4 months
and then at a lower dose for lifetime).
Carriers of woodchuck hepatitis virus with or without treatment with the
carcinogen AFB1 developed a high
incidence of pre-neoplastic hepatic
foci, hepatocellular adenomas, and
HCCs, but AFB1 treatment resulted in
a much earlier appearance of hepat-

ic neoplasms and a higher incidence
of HCCs. No hepatocellular adenomas or HCCs were seen in non-infected woodchucks that received
AFB1 (but pre-neoplastic hepatic foci
were seen), and no pre-neoplastic or
neoplastic lesions were found in untreated controls. These results provide strong evidence of a synergistic
hepatocarcinogenic effect of viral
infection and dietary AFB1 intake
(Bannasch et al., 1995).
Transgenic mice that contain the
BglIIA fragment of HBV under the
transcriptional control of the mouse
albumin promoter overexpress the
HBV large envelope polypeptide
and accumulate toxic quantities of
hepatitis B surface antigen (HBsAg)
in their hepatocytes. As a result,
the mice develop severe, prolonged
hepatocellular injury associated with
an inflammatory response, followed
by chronic hepatocellular regeneration, transcriptional deregulation,
dysplasia, aneuploidy, hepatocellular
adenoma, and eventually HCC. The
incidence of HCC depends on the
frequency, severity, and age of onset
of the liver cell injury, which itself depends on the intrahepatic concentration of HBsAg and is influenced by
genetic background and sex. Thus,
the excessive expression of a single structural viral gene is sufficient
to cause malignant transformation
in this model. Similar events may
be responsible for the development
of HCC in humans after HBV infection, irrespective of the mechanism
or mechanisms involved in the initial
induction of liver cell injury (Chisari
et al., 1989).
Transgenic mice overexpressing
the HBV large envelope polypeptide
suffer from hepatic injury as a result of accumulation of HBsAg (see
the previous study). When treated
with the hepatocarcinogens AFB1
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These data show that early in the
carcinogenic process, LMP1 acts as
a tumour promoter after chemical initiation, but it may also block expansion or progression of benign lesions
(Curran et al., 2001).
A further study on LMP1 transgenic mice showed that they have
a higher incidence of lymphoma
and that the progression to lymphoma correlates with higher expression levels of LMP1, compared with
non-transgenic controls. Although
LMP1 is expressed in all B lymphocytes of the transgenic mice, lymphoma develops in a specific subset, the B-1a lymphocytes, which is
a population predisposed to clonal
expansion with age. The malignant
lymphocytes show constitutively
active Stat3 signalling, have decreased levels of p27, and display
activated Akt and nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) pathways, properties
that are associated with promoting
growth and survival of B lymphocytes. The transgenic lymphomas
mirror multiple aspects of EBVinduced tumours; this suggests that
these properties of LMP1 are major
factors in cancer development (Shair
et al., 2007).
Transcripts of LMP2A can be expressed in resting virus-carrying B
lymphocytes in healthy individuals
– the reservoir of persistently latent
EBV. In LMP2A transgenic mice,
a block in surface immunoglobulin
rearrangement results in the generation of B-cell receptor-negative
cells, which normally would undergo apoptosis. LMP2A transgenic B
cells develop and survive without a
B-cell receptor. These data indicate
that LMP2A imparts developmental
and survival signals to B cells in vivo
(Merchant et al., 2000). Furthermore,
when co-expressed with human

or diethylnitrosamine, these mice
showed more rapid and more extensive formation of nodules, proliferation of oval cells, and development of
adenomas and primary HCCs than
did non-exposed transgenic mice.
This suggests that the chronic liver
damage and repair caused by overexpression of the HBV large envelope polypeptide act synergistically
with chemical hepatocarcinogens to
produce liver neoplasia (Sell et al.,
1991).
To explain the synergistic hepatocarcinogenic effect of viral infection
and dietary AFB1 intake, it was suggested that infection with HBV and
associated liver injury might alter the
expression of carcinogen-metabolizing enzymes. This hypothesis was
tested in the HBV transgenic mouse
model described in the previous
study. In these mice, the expression levels of the cytochrome P450
isozymes Cyp2a5 and Cyp3a – both
involved in AFB1 metabolism – were
examined. Increases in the expression of and alterations in the distribution of Cyp2a5 were age-dependent
in these mice and were associated
with the extent of liver injury. Cyp3a
expression was also increased, but
this was less clearly related to age.
These data show that expression of
specific cytochrome P450 isozymes
is altered in association with overexpression of the HBV large envelope polypeptide and the ensuing
liver injury in this mouse model. This
may have general relevance to human HCC, the etiology of which is
associated with a diverse range of
liver-damaging agents (Kirby et al.,
1994).
The HBV X protein (HBx) is highly
multifunctional. In transgenic mouse
models, the expression of HBx promotes HCC (Yu et al., 1999). More
recent studies have also shown
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cooperation between HBx and K-ras
mutation in the development of HCC
in transgenic mice (e.g. Ye et al.,
2014). A truncated form of HBx that
is commonly found in human HCCs
also exhibits tumour-forming activity in association with exposure
to diethylnitrosamine in transgenic mouse models of HCC (Quetier
et al., 2015).
For HBV, the overall concordance
between the animal models and humans with respect to the types of tumour is high.

Hepatitis C virus (HCV)
Role of the HCV core protein
in HCV-induced steatosis
Several histological features in the
liver are characteristic of chronic hepatitis C: bile duct damage, lymphoid
follicles, and steatosis (fatty change).
It has been suggested that the core
protein of HCV functions as a transcriptional regulator that induces
phenotypic changes in hepatocytes.
Two independent strains of transgenic mice carrying the HCV core
gene developed progressive hepatic
steatosis, confirming that the core
protein plays a direct role in the development of steatosis, which characterizes hepatitis C. These mice
express the core protein in the liver
at concentrations similar to those in
the liver of patients with chronic hepatitis C. This transgenic mouse system may be a good animal model for
the study of pathogenesis in human
HCV infection (Moriya et al., 1997).
In a further study by the same
group, several parameters of oxidative stress and redox homeostasis
were measured in these transgenic mice. At age 3–12 months, the
mice showed similar concentrations
of phosphatidylcholine hydroperoxides and phosphatidylethanolamine

in liver tissue homogenates as the
non-transgenic controls. In contrast,
the level of phosphatidylcholine hydroperoxides was increased nearly
2-fold in transgenic mice after age
16 months. In addition, catalase
activity was increased and the concentrations of total and reduced
glutathione were decreased. These
mice show steatosis without inflammation early in life, and finally develop HCC from age 16 months. The
HCV core protein thus alters the oxidant–antioxidant status in the liver
in the absence of inflammation and
may thereby contribute to or facilitate
the development of HCC after HCV
infection (Moriya et al., 2001).

Transgenic mice carrying the
complete HCV polyprotein
In a study to determine whether
expression of HCV proteins alters
hepatic morphology or function in
the absence of inflammation, transgenic C57BL/6 mice carrying the
complete viral polyprotein (FL-N
transgene) or viral structural proteins
(S-N transgene) were compared with
non-transgenic littermates for altered liver morphology and function.
No inflammation was seen in the livers of transgenic mice, but mice expressing either transgene developed
age-related hepatic steatosis. The
numbers of apoptotic or proliferating hepatocytes were not increased
significantly. Hepatocellular adenoma or HCC developed in older male
mice expressing the FL-N or the S-N
transgene, but the incidence was
increased significantly only in FL-N
transgenic mice. Neither of these tumours was observed in age-matched
non-transgenic mice. Expression of
viral proteins gave rise to common
pathological features of hepatitis C
in the absence of a specific antiviral
immune response, which suggests a

Effect of peroxisome
proliferator-activated
receptors
Peroxisome
proliferator-activated
receptor alpha (PPARα) is a central
regulator of triglyceride homeostasis and a mediator of hepatocarcinogenesis in rodents. In a study to
determine the role of PPARα in HCV
core protein-induced disease, double transgenic mice were generated
that carried Pparα (homozygous,
heterozygous, and null) and the
HCV core protein gene (HCVcp) as
transgenes. Severe steatosis was
observed only in Pparα+/+:HCVcp
mice, as a result of higher fatty acid uptake and decreased
mitochondrial β-oxidation due to

breakdown of mitochondrial outer membranes. HCC developed in
about 35% of Pparα+/+:HCVcp mice
by age 24 months, but no tumours
were seen in the other genotypes.
These phenomena were closely
associated with sustained PPARα
activation: in Pparα+/–:HCVcp mice,
PPARα activation and the related
changes did not occur despite the
presence of a functional Pparα allele. Persistent activation of PPARα
is essential for the pathogenesis of
hepatic steatosis and HCC induced
by HCV infection (Tanaka et al.,
2008).

Conclusions
In the absence of animal models
that develop HCC in the context of
an HCV infection, various groups
have reported the use of transgenic
mouse models. Studies with mice
expressing HCV replicons, polyproteins, or single HCV proteins as
transgenes, alone or in combination,
under the control of liver-specific
promoters have been described by
several groups (Dorner et al., 2011,
2013). There is good concordance
between the outcomes observed in
these mice and those in humans with
HCV infection; however, questions
remain about to what extent the results obtained with these experimental approaches reflect the pathological consequences of human HCV
infection that contribute to HCC.
It remains a matter of considerable debate whether HCV causes
HCC through a direct mechanism in
which virally encoded genes contribute to carcinogenesis, or through an
indirect mechanism, where the injury to the liver caused by HCV infection and host immune responses to
that infection, such as inflammation,
contribute to the onset of cancer.

This issue may be resolved with the
development of more physiological
models that permit chronic and productive HCV replication. A recently
developed model holds promise in
this regard. Genetically engineered
mice expressing two host restriction
factors – human CD81 and occludin
– can be infected with HCV, and in
these mice sustained viraemia and
infectivity can be observed for more
than 12 months after infection, with
the expected fibrotic and cirrhotic
progression in the liver (Chen et al.,
2014).

Kaposi sarcoma-associated
herpesvirus (KSHV)
Species specificity of KSHV
After injection, KSHV can infect
non-human primates (Renne et al.,
2004), NOD/SCID mice (Parsons
et al., 2006), and humanized SCID
mice (Dittmer et al., 1999; Foreman
et al., 2001; Wu et al., 2006; Wang
et al., 2014). These infections do not
result in the formation of tumours,
but they confirm the viral tropism
(with KSHV targeting B cells and endothelial cells) and drug susceptibility (to ganciclovir) in vivo.
In one report of KSHV infection
in marmosets (Callithrix jacchus),
viral replication was apparent in peripheral blood mononuclear cells,
and a Kaposi sarcoma-like lesion
developed on one of the animals
(Chang et al., 2009). Viruses that
are homologous to KSHV exist in
the bank vole (Myodes glareolus),
as Murid herpesvirus 68 (MHV-68),
and in virtually all non-human primates (Fleckenstein and Ensser,
2007). The infection of macaques
(Macaca mulatta) with rhesus rhadinovirus in the context of simian immunodeficiency virus (SIV) induces
B-cell lymphoma and endothelial cell
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metabolic or genetic host susceptibility for HCV-associated HCC (Lerat
et al., 2002).
In a subsequent study by the
same group, the mechanisms underlying HCV-induced defects in
lipid metabolism were studied in
transgenic mice that expressed the
full viral protein repertoire at levels corresponding to those seen
in natural human HCV infection.
Expression of the full-length HCV
open reading frame was associated with hepatocellular steatosis,
impaired triglyceride secretion, and
nuclear translocation of sterol regulatory element-binding protein 1c
(SREBP1c), followed by increased
transcription of lipogenic enzymes.
Stress markers in the endoplasmic
reticulum were expressed at similar
levels in HCV transgenic mice and in
non-transgenic controls. Transgenic
mice expressing the full-length HCV
polyprotein have reduced plasma
triglyceride concentrations and develop hepatocellular steatosis in the
same way as do patients with HCV
infection (Lerat et al., 2009).

hyperplasia (Mansfield et al., 1999;
Wong et al., 1999). Several tumour
graft models of Kaposi sarcoma and
primary effusion lymphoma have
been established (Boshoff et al.,
1998; Staudt et al., 2004; Wu et al.,
2005; An et al., 2006; Mutlu et al.,
2007; Sin et al., 2007).
In humans, KSHV is associated
with Kaposi sarcoma and primary effusion lymphoma. The transforming
capacity of several individual KSHV
proteins with respect to these two
tumour types has been studied in
experimental systems, particularly in
transgenic mice.

which were plasmacytoma, follicular
B-cell lymphoma, small lymphocytic
lymphoma, and composite lymphoma. These results imply that LANA
can activate B cells and trigger the
first step towards lymphomagenesis
(Fakhari et al., 2006). The authors of
the study speculated that in asymptomatic human carriers, infected
B cells remain organ-resident and
sustain latent persistence of KSHV;
this would be consistent with the low
frequency of KSHV genome-positive
cells in peripheral blood lymphocytes of LANA-seropositive individuals (Whitby et al., 1995).

Studies in transgenic mice

vFLIP

Transgenic mice in which individual
KSHV proteins are expressed are often used to replicate aspects of the
pathogenesis of KSHV. However,
single transgenic models have some
limitations. Whereas lymphoproliferative lesions and lymphomas in
mice are easily classified on the
basis of histology and marker gene
expression, this is more difficult for
endothelial cell tumours, which are
often referred to as Kaposi sarcoma-like lesions but can easily be
mistaken for fibrosarcomas.

The KSHV-encoded viral Fasassociated death domain-like IL-1converting enzyme inhibitory protein
(vFLIP) is expressed in latently infected cells and plays an important
role in survival and proliferation of
primary effusion lymphoma cells.
One function ascribed to this protein
is activation of NF-κB. Transgenic
mice expressing vFLIP display constitutive activation of NF-κB pathways, show an enhanced response
to mitogenic stimuli, and have an
increased incidence of lymphoma.
These results demonstrate that the
KSHV-encoded vFLIP is an oncoprotein that could contribute to the
development of lymphoproliferative
disorders via constitutive NF-κB activation (Chugh et al., 2005).

LANA
The KSHV latency-associated nuclear antigen (LANA) is consistently
expressed in all KSHV-associated
tumour cells and was shown to bind
the tumour suppressor proteins
p53 and pRb. The contribution of
this antigen to lymphomagenesis in
vivo was investigated in transgenic
mice that expressed LANA under
the control of its own B-cell-specific
promoter. All of the mice developed
splenic follicular hyperplasia due to
an expansion of IgM-positive, IgDpositive B cells, and 11% developed
different types of lymphoma, among
76

K1 protein
The K1 protein of KSHV is a transmembrane signalling protein. In
transgenic mice that express the
KSHV K1 gene under the control of
the simian virus 40 (SV40) promoter,
tumours were observed that showed
features of spindle cell (sarcomatoid)
cancers and malignant plasmablastic lymphoma. The enhanced NF-κB

activity in non-malignant lymphocytes of K1 transgenic mice and
the persistence of this activity in the
lymphoma tumours that these mice
develop suggest that the KSHV K1
transgenic mouse may be a model of premalignancy (Prakash et al.,
2002).

K cyclin
KSHV encodes a cyclin D homologue, K cyclin, which is thought to
promote viral oncogenesis. In cultured cells, expression of K cyclin not
only triggers cell-cycle progression
but also engages the p53 tumour
suppressor pathway, which probably
restricts the oncogenic potential of K
cyclin (Verschuren et al., 2002). The
tumorigenic properties of K cyclin
were assessed in transgenic mice in
which expression of K cyclin was targeted to B and T lymphocytes via the
Eμ promoter/enhancer. About 17%
of K cyclin transgenic mice had developed lymphoma by age 9 months,
and all lymphomas had lost p53
activity. The critical role of p53 in
suppressing K cyclin-induced lymphomagenesis was confirmed by the
greatly accelerated onset of B and
T lymphomagenesis in all K cyclin/
p53 –/– mice compared with K cyclin/
p53+/– and K cyclin/p53+/+ mice, but
suppression of apoptosis does not
appear to be the underlying mechanism, given the very high numbers of
apoptotic cells observed in all Eμ-K
cyclin/p53 –/– thymic lymphomas
(Verschuren et al., 2004).

vGPCR
In transgenic mice, the expression of
viral G protein-coupled receptor (vGPCR) by cells of endothelial origin
triggers the development of an angioproliferative disease that resembles Kaposi sarcoma. It includes expression of angiogenic factors such

Human papillomaviruses
The cell-transforming capacity of human papillomavirus (HPV)-encoded
proteins has been demonstrated in

various cell lines. In particular, HPV
type 16 (HPV16) had transforming
potential in established rodent cells
(Yasumoto et al., 1986), with the principal activity residing in the E7 oncoprotein (Vousden et al., 1988). The
E5 and E6 proteins of both HPV16
and HPV18 also showed transforming potential in such assays (Pim
et al., 1992). The E6 protein can inactivate p53 (Scheffner et al., 1990),
and as a result, E6 can abrogate
cell-cycle arrest induced by a variety
of DNA-damaging agents, such as
actinomycin D. The normal response
to DNA damage, i.e. inhibition of
DNA synthesis and increase in p53
protein levels, did not occur after
treatment with actinomycin D of keratinocytes that had been immortalized with HPV16 E6/E7 (Kessis et al.,
1993).

Transgenic models for HPVassociated cancers
The first germline transgenic mouse
model for HPV-associated cervical
cancer was developed with a K14HPV16 construct that contained the
early genes of the virus under the
control of the K14 transcriptional
promoter, which directs the expression of these genes to the stratified
epithelium of the oral cavity and
the lower female reproductive tract.
These mice did not develop cervical cancers spontaneously, but
treatment with estrogen, sufficient
to induce continuous estrus, led to
a highly penetrant cervical cancer
phenotype in the context of a progressive disease much like that seen
in women, given that it was preceded
by the onset of cervical intraepithelial neoplasia (CIN) of grades 1–3. As
in women, the cancers preferentially arose in the transformation zone
(Arbeit et al., 1994, 1996). All K14-E7

transgenic mice treated with estrogen for 6 months developed highgrade dysplasia and/or cervical cancer, but K14-E6 mice only developed
cervical cancer after treatment with
estrogen for 9 months (Riley et al.,
2003; Shai et al., 2007, 2008).
An additional activity of HPV16 E7
that contributes to its oncogenicity
is the ability to inactivate p21 (Shin
et al., 2009). In transgenic mice carrying a tetracycline-regulated HPV16
E7 transgene, the continued expression of E7 was found to be critical for
the maintenance not only of cervical
cancer but also of the dysplastic neoplasia that is recognized as its precursor lesion (Jabbar et al., 2009).
This dependence on continued expression of E7 was observed even in
the context of constitutive expression
of HPV16 E6 (Jabbar et al., 2012).
Like E7, the E6 protein of HPV
appears to contribute to cervical
carcinogenesis through multiple activities. This protein is known to degrade p53 and other cellular targets
through its interaction with the ubiquitin ligase E6AP. This enzyme was
found to be critical for E6-mediated
oncogenesis in the cervix (Shai et al.,
2010). E6 is known to bind to several cellular proteins that contain PDZ
domains (common structural regions
of 80–90 amino acids in proteins
involved in signalling). Transgenic
mice expressing a mutant form of
HPV16 E6 that is unable to bind to
PDZ-domain proteins (Nguyen et al.,
2003) had a reduced susceptibility to
cervical cancer compared with mice
expressing the wild-type E6 protein
(Shai et al., 2007). It remains unclear which of the interactions with
PDZ-domain proteins contribute to
E6-mediated carcinogenesis in vivo,
and how E7 is involved in this process (Simonson et al., 2005; Shai
et al., 2007).
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as placental growth factor, plateletderived growth factor B, and inducible nitric oxide synthase by the vGPCR-expressing cells. Finally, continued vGPCR expression is essential
for progression of the Kaposi sarcoma-like phenotype, and downregulation of vGPCR expression results
in reduced expression of angiogenic
factors and regression of the lesions.
These findings implicate vGPCR as
a key element in the pathogenesis
of Kaposi sarcoma (Jensen et al.,
2005).
Further support for a role of vGPCR in tumorigenesis has come
from studies with MHV-68. In mice,
this virus can replicate transiently
before entering a latent state, but
no lymphoproliferative disorders
arise in immunocompetent animals.
However, when a recombinant MHV68 in which the vGPCR is replaced
with the KSHV-derived vGPCR was
used to infect mice, angiogenic lesions formed that had features characteristic of those seen in human
Kaposi sarcoma lesions. The difference in activity between the wildtype MHV-68 and the recombinant
MHV-68 was linked to differences in
activation: the KSHV-derived vGPCR was constitutively active, whereas the murine vGPCR in MHV-68
was not (Zhang et al., 2015). This
study provides compelling evidence
for a direct role of vGPCR in the development of Kaposi sarcoma in a
non-transgenic animal model.
For KSHV, the overall concordance between the animal models and humans with respect to the
types of tumour and the identity and
function of the major oncogenes and
oncogene products is high.

The same high-risk HPV types
associated with cervical cancer are
also linked to the development of
anal cancer. In the same K14-HPV16
transgenic mouse models, the
expression of the E6/E7 transgenes
gave rise to anal cancers in mice
treated with 7,12-dimethylbenz[a]
anthracene (Stelzer et al., 2010). As
with the cervical lesions, the E7 oncoprotein also plays a dominant role
in this case (Thomas et al., 2011).

Role of estrogen in
HPV-mediated cervical
carcinogenesis
Estrogen is an important cofactor in
the development of cervical cancers
in HPV transgenic mouse models
(Arbeit et al., 1996). Tumours arising
in HPV16 transgenic mice – carrying
E7 or E6/E7 as transgenes – treated with estrogen for 9 months were
much larger than those observed
after 6 months of treatment. When
these mice were treated with estrogen for 6 months and then kept without treatment for 3 months, they had
significantly fewer, smaller, and less
aggressive tumours at 9 months than
those seen in mice treated for the full
9 months; thus, tumour regression
was seen in the 3-month period after
treatment. Estrogen therefore plays
a critical role not only in the genesis
of cervical cancer but also in its persistence and continued development
(Brake and Lambert, 2005).
In a later study, estrogen receptor
alpha (ERα) was found to be necessary for development of cervical
carcinogenesis in K14-E7 transgenic mice: exogenous estrogen failed
to promote either dysplasia or cervical cancer in K14-E7/ERα−/− mice
(Chung et al., 2008). Interestingly,
expression of ERα in the cervical
stroma was required for cervical
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carcinogenesis in HPV transgenic
mice (Chung et al., 2013); evidence
for a role of stromal ERα has also
been obtained in the context of human cervical cancer (den Boon et al.,
2015). ERα antagonists were effective in eliminating cervical cancer
and the precancerous lesions in this
animal model (Chung and Lambert,
2009). The cervical cancers in these
mouse models are strictly associated
with atypical squamous metaplasia,
which is believed to be the precursor
of cervical cancer in women.

High-risk HPV types and
cancers of the head and neck
The same high-risk HPV types that
are etiologically associated with anogenital cancers, particularly HPV16,
are also associated with a subset of
human head and neck squamous
cell carcinomas (HNSCCs), most
notably of the oropharynx (e.g. tonsils), the base of the tongue, and
the upper oesophagus. The role of
the HPV16 proteins E6 and E7 in
HNSCC has been evaluated in HPV
transgenic mice that express the two
oncogenes E6 and E7 in the relevant
tissues. These mice do not spontaneously develop HNSCC, but when
treated with the synthetic carcinogen
4-nitroquinoline-N-oxide, they become more susceptible to head and
neck cancers (Strati et al., 2006).
The progressive disease observed
in the mice treated with 4-nitroquinoline-N-oxide was similar to that
seen in humans, and the cancers
that occurred were primarily highgrade HNSCC, as observed in HPVpositive HNSCCs in humans. As with
cervical cancer, E7 proved to be the
more potent oncogene (Jabbar et al.,
2010), and the inactivation of pRb
could not fully account for the role of
the E7 protein (Strati and Lambert,

2007), whereas inactivation of both
pRb and p107 could fully recapitulate
the oncogenicity of E7 in HNSCC
(Shin et al., 2012).

Carcinogenic potential
of epidermodysplasia
verruciformis-associated beta
HPV types in the skin
HPV types of the genus beta, specifically HPV8 and HPV38, are associated with a rare familial benign
disease termed epidermodysplasia verruciformis. Patients with this
disease are at an increased risk of
SCCs of the skin at sun-exposed
areas. K14-HPV8 transgenic mice
expressing the early genes of HPV8
in the epidermis were susceptible to
spontaneous development of both
benign and malignant skin cancers
(Schaper et al., 2005). Unlike what is
seen for the mucosal HPV types, the
viral E2 protein seems to play a major
role in these HPV8-induced cancers,
because expression of E2 alone also
results in the development of skin
cancer, a process that is accelerated
after irradiation with ultraviolet (UV)
light (Pfefferle et al., 2008).
In the case of HPV38, K10-E6/
E7 transgenic mice were highly susceptible to multistage skin carcinogenesis, specifically when treated
with UVB radiation or chemical carcinogens (Dong et al., 2005). The
synergy between cutaneous HPV
types and UV radiation in the development of SCCs of the skin has also
been studied in transgenic SKH-hr1
hairless mice expressing in their
epidermis the E6 and E7 genes of
HPV20, which is commonly associated with SCC observed in renal
transplant recipients, or of HPV27,
which is only associated with benign papillomas. Upon UV irradiation, both HPV20 E6/E7 and HPV27
E6/E7 transgenic mice were more

Human immunodeficiency
virus type 1 (HIV-1)
Infectious agents can act as indirect
carcinogens by causing immunosuppression. This has been shown for
infection with HIV-1, which strongly
increases the incidence of several
human cancers. Strikingly, the majority of cancers associated with HIV1 have another known infectious etiology, and HIV-1 infection increases
their incidence considerably. Among
these cancers, those associated
with the herpesviruses KSHV and
EBV are most strongly enhanced
by immunosuppression. The same
cancers are also enhanced by iatrogenic immunosuppression, as
shown by their increased incidence
in transplant recipients, which lends
additional support to the notion that
HIV-1 acts as a carcinogen mainly
through this indirect effect. The most
common cancers in individuals with
HIV-1 infection are Kaposi sarcoma (caused by KSHV), lymphomas
(many of which are EBV-positive),
and cervical and anogenital carcinomas associated with HPV infection.

Because HIV-1 is species-specific, like the oncogenic herpesviruses
EBV and KSHV, there are no ideal
animal models for HIV-1-associated
cancers. In contrast to what is observed with infectious agents that
are directly oncogenic, the HIV-1 genome is not present in cancer cells.
Therefore, any interaction between
virus and host is indirect. Although
none of the HIV-1-encoded proteins
has been unequivocally shown to be
directly oncogenic, some are associated with immunodeficiency, thereby
indirectly promoting cancer development. In addition, there is evidence
that some of the HIV-1-encoded proteins may promote cancer by other
indirect mechanisms that are not
dependent on immunodeficiency.
There are also reports of transgenic
mouse models containing HIV proviral transgenes. In some cases these
animals develop lymphoproliferative
disorders, including B-cell lymphomas, which show characteristics
similar to those of B-cell lymphomas
arising in patients with HIV infection
(Curreli et al., 2013). Virus-encoded
proteins including Nef, gp120, p17,
and Tat have all been implicated in
promoting B-cell hyperproliferation,
although the strongest association in
animals comes from work on the viral
Tat protein.

Tat protein
The multifunctional Tat protein is the
only HIV-1 protein for which there is
experimental evidence of a potential
role in Kaposi sarcoma. Tat is an important regulator of viral transcription;
it recruits cellular transcription factors to the HIV-1 promoter, strongly
stimulates HIV-1 DNA transcription,
and interacts with protein–kinase
complexes (Cdk9/cyclin T1, Cdk2/
cyclin E), protein phosphatases,

and multiple other cellular proteins
(Gatignol, 2007). Tat also affects the
course of HIV-1-associated disease
indirectly, because it is secreted by
infected cells and can enter non-infected cells (Gupta and Mitra, 2007).
Evidence that Tat is involved in
oncogenesis includes its ability to
induce apoptosis in neighbouring
non-infected cells when secreted
from infected cells, thereby increasing the susceptibility of bystander
CD4-positive T cells to death induced by cross-linking (Alimonti
et al., 2003). This may contribute
to the massive depletion of CD4positive T cells by apoptosis, leading to the severe immunodeficiency seen in the acquired immune
deficiency syndrome (AIDS). Tat
has also been shown to stimulate
the growth of Kaposi sarcoma cells
(Aoki and Tosato, 2007). However,
when cells are removed from Kaposi
sarcoma lesions and expanded in
vitro, they lose the KSHV genome,
and the question remains whether
the “Kaposi sarcoma” cells lacking
KSHV used in most of these studies
represent a valid model for Kaposi
sarcoma.
To investigate the role of Tat in
carcinogenesis, several studies have
been carried out in vivo, in transgenic mice. Transgenic mice carrying a recombinant DNA sequence
containing the early region of the
BK virus and the HIV-1 Tat gene
developed skin leiomyosarcomas,
squamous cell papillomas and carcinomas, adenocarcinomas of skin adnexal glands, and B-cell lymphomas.
Although the incidence of HCC was
low, most animals showed liver cell
dysplasia of variable degree. These
mice were also affected by skin lesions resembling the early stages
of Kaposi sarcoma (see also Vogel
et al., 1988). The Tat transgene was
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susceptible to tumours compared
with non-transgenic mice, and the
HPV20 E6/E7 transgenic mice had
an increased incidence of malignant
tumours. Alterations in the expression of both p53 and p63 were noted
in the transgenic mice exposed to
UV radiation (Michel et al., 2006).
For HPV, the overall concordance
between the animal models and humans with respect to the types of tumour caused by mucosal HPV types
and the identity and function of the
major oncogenes and oncogene
products is high. There are important
context-dependent differences in the
function of the E6 oncoprotein, depending on the anatomical site.

detected intact in all the organs of the
transgenic mice, and the Tat protein
was expressed in essentially all tissues and organs of these animals.
These BK virus/Tat transgenic mice
may be useful in studies of the role of
Tat in AIDS-associated malignancies
and of the pathogenesis of Kaposi
sarcoma (Corallini et al., 1993).
Because the Tat protein stimulates
cell proliferation, inhibits apoptosis,
displays angiogenic functions, and
may be involved in the pathogenesis of Kaposi sarcoma and other tumours arising in patients with AIDS,
the BK/Tat transgenic mice (see the
previous study) may be predisposed
to tumour formation. When Tat transgenic mice were treated with urethane, the incidence of lung tumours
and lymphomas was not different
between the transgenic mice and the
controls, whereas the incidence of
pre-neoplastic lesions and tumours
in the liver was significantly higher
in Tat transgenic mice than in control
mice. This remarkable effect of urethane observed in the liver may be
due to a Tat-induced predisposition,
manifested as a liver cell dysplasia,
spontaneously affecting most of the
Tat transgenic mice. Liver cell dysplasia may exert a promoting effect
by stimulating proliferation of cell
clones initiated by the mutagenic effect of urethane. In addition, liver cell
dysplasia may enhance the progression to malignancy of the pre-neoplastic lesions induced by urethane.
This study suggests a role of Tat in
the promotion and progression of
carcinogen-initiated tumours in patients with HIV-1 infection (Altavilla
et al., 2004).
For HIV-1, the overall concordance between the animal models and humans with respect to the
types of tumour is low.
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Human T-cell lymphotropic
virus type 1 (HTLV-1)
HTLV-1 naturally infects humans,
but the virus can be inoculated into
different animals, including rabbits,
rats, mice, and New World monkeys,
with various effects (Lairmore et al.,
2005). In rabbits and rats, HTLV-1 infection is persistent but does not lead
to definite diseases.
Different monkey species are
naturally infected with STLV-1, the
simian analogue of HTLV-1, and several cases of adult T-cell leukaemia/
lymphoma (ATLL) have been described in African green monkeys
(Tsujimoto et al., 1987; Akari et al.,
1998). Experimental infection with
HTLV-1 of squirrel monkeys (Saimiri
sciureus) caused a strong reduction
in the proliferation rate of the CD4positive T-cell population in those infected animals that were affected by a
pathology similar to ATLL in humans
(Debacq et al., 2005). Co-infection of
rhesus macaques (Macaca mulatta)
with HTLV-1 and SIV type 1 (SIV-1)
increased the number of multilobulated lymphocytes (“flower” cells) in
the circulation; this cell type is also
seen in patients with ATLL. SIV-1
may have the potential to upregulate
HTLV-1 and enhance expression of
disease (Traina-Dorge et al., 2007).
So far, non-human primates represent the only suitable animal model
to study human ATLL.
The pX region of HTLV-1 encodes
the regulatory genes Tax and Rex,
and several accessory genes. Tax,
a 40-kD phosphoprotein, is found
mainly in the nucleus but also in the
cytoplasm (Meertens et al., 2004).
Interaction of Tax with several host
factors results in transactivation of
some genes, transrepression of
others, modulation of the cell cycle, and dysregulation of apoptosis (Matsuoka and Jeang, 2007).

The transforming ability of Tax was
demonstrated in the Rat-1 fibroblast
cell line in vitro in a soft agar assay,
and in vivo in nude mice (Tanaka
et al., 1990). These findings clearly
show that Tax is oncogenic.
Several studies with animals
transgenic for Tax clearly demonstrated that Tax expression leads to
the induction of tumours, confirming
that Tax is oncogenic in vivo. In Tax
transgenic animals, the Tax protein
was shown to be oncogenic, with
the tumour type depending on the
promoter used in each study. Mice
that expressed Tax under the control of the granzyme B promoter
developed tumours of natural killer
cells (Grossman et al., 1995), and
mice that expressed Tax via the lck
promoter developed a disease that
resembles ATLL (Hasegawa et al.,
2006). The major difference between
most of these animal tumours and
ATLL in humans is the fact that a
subset of human ATLL cells do not
express Tax.
More recently, different models of
humanized mice have been used to
assess the effects of infection with
HTLV-1 (Villaudy et al., 2011; Tezuka
et al., 2014). In these cases, the
mice developed ATLL-like leukaemic
symptoms, including splenomegaly
and lymphoma.
Cytogenetic analysis of ATLL
cells has shown a common breakpoint cluster region in chromosome
10p11.2. Further analyses have
shown that the transcription factor 8 (TCF8) is frequently disrupted
by several mechanisms, including
epigenetic silencing. Suppressed
expression of TCF8 is associated with resistance to transforming
growth factor beta (TGF-β). Mice
carrying a mutation in TCF8 frequently developed thymic T-cell
lymphoma, indicating that TCF8 is

Tgat, was identified. Expression
of Tgat in NIH 3T3 cells resulted in
cellular transformation, indicated
by anchorage-independent growth
in semi-solid medium, and tumour
formation in nude mice (Yoshizuka
et al., 2004).
For HTLV-1, the overall concordance between the animal models

and humans with respect to the
types of tumour and the identity and
function of the major oncogenes and
oncogene products is high.

References
Akari H, Ono F, Sakakibara I, Takahashi
H, Murayama Y, Hiyaoka A, et al. (1998).
Simian T cell leukemia virus type I-induced
malignant adult T cell leukemia-like disease
in a naturally infected African green monkey:
implication of CD8+ T cell leukemia. AIDS Res
Hum Retroviruses. 14(4):367–71. http://dx.doi.
org/10.1089/aid.1998.14.367 PMID:9519898
Alimonti JB, Ball TB, Fowke KR (2003).
Mechanisms of CD4+ T lymphocyte cell death
in human immunodeficiency virus infection
and AIDS. J Gen Virol. 84(Pt 7):1649–61.
h t t p: //d x .d o i .o r g /10 .10 9 9 / v i r. 0 .19110 - 0
PMID:12810858
Altavilla G, Caputo A, Trabanelli C, Brocca
Cofano E, Sabbioni S, Menegatti MA,
et al. (2004). Prevalence of liver tumours
in HIV-1 tat-transgenic mice treated with
urethane. Eur J Cancer. 40(2):275–83.
http://dx.doi.org/10.1016/j.ejca.2003.08.025
PMID:14728943
An FQ, Folarin HM, Compitello N, Roth J,
Gerson SL, McCrae KR, et al. (2006). Longterm-infected telomerase-immortalized endothelial cells: a model for Kaposi’s sarcomaassociated herpesvirus latency in vitro and in
vivo. J Virol. 80(10):4833–46. http://dx.doi.
o r g /10.1128 /J V I. 8 0.10. 4 8 3 3 - 4 8 4 6. 2 0 0 6
PMID:16641275
Aoki Y, Tosato G (2007). Interactions
between HIV-1 Tat and KSHV. Curr Top
Microbiol Immunol. 312:309–26. http://
dx.doi.org/10.1007/978-3-540-34344-8_12
PMID:17089803

Arbeit JM, Howley PM, Hanahan D (1996).
Chronic estrogen-induced cervical and
vaginal squamous carcinogenesis in human
papillomavirus type 16 transgenic mice.
Proc Natl Acad Sci U S A. 93(7):2930–5.
http://dx.doi.org/10.1073/pnas.93.7.2930
PMID:8610145

Brake T, Lambert PF (2005). Estrogen
contributes to the onset, persistence, and
malignant progression of cervical cancer
in
a
human
papillomavirus-transgenic
mouse model. Proc Natl Acad Sci U S A.
102(7):2490–5.
http://dx.doi.org/10.1073/
pnas.0409883102 PMID:15699322

Arbeit JM, Münger K, Howley PM, Hanahan
D (1994). Progressive squamous epithelial
neoplasia in K14-human papillomavirus type
16 transgenic mice. J Virol. 68(7):4358–68.
PMID:7515971

Bultema R, Longnecker R, SwansonMungerson
M
(2009).
Epstein-Barr
virus LMP2A accelerates MYC-induced
lymphomagenesis. Oncogene. 28(11):1471–
6.
http://dx.doi.org/10.1038/onc.2008.492
PMID:19182823

Bannasch P, Khoshkhou NI, Hacker HJ,
Radaeva S, Mrozek M, Zillmann U, et al.
(1995). Synergistic hepatocarcinogenic effect
of hepadnaviral infection and dietary aflatoxin
B1 in woodchucks. Cancer Res. 55(15):3318–
30. PMID:7614467
Bieging KT, Amick AC, Longnecker R
(2009). Epstein-Barr virus LMP2A bypasses
p53 inactivation in a MYC model of
lymphomagenesis. Proc Natl Acad Sci U S A.
106(42):17945–50. http://dx.doi.org/10.1073/
pnas.0907994106 PMID:19815507
Boshoff C, Gao SJ, Healy LE, Matthews
S, Thomas AJ, Coignet L, et al. (1998).
Establishing a KSHV+ cell line (BCP-1) from
peripheral blood and characterizing its growth
in Nod/SCID mice. Blood. 91(5):1671–9.
PMID:9473233

Chang H, Wachtman LM, Pearson CB,
Lee JS, Lee HR, Lee SH, et al. (2009).
Non-human primate model of Kaposi’s
sarcoma-associated herpesvirus infection.
PLoS
Pathog.
5(10):e1000606
http://
dx.doi.org/10.1371/journal.ppat.10 0 0 60 6
PMID:19798430
Chen J, Zhao Y, Zhang C, Chen H, Feng
J, Chi X, et al. (2014). Persistent hepatitis
C virus infections and hepatopathological
manifestations in immune-competent humanized mice. Cell Res. 24(9):1050–66.
h t t p : / / d x . d o i . o r g / 1 0 .1 0 3 8 / c r. 2 0 14 .11 6
PMID:25155355
Chisari FV, Klopchin K, Moriyama T,
Pasquinelli C, Dunsford HA, Sell S,
et al. (1989). Molecular pathogenesis of
hepatocellular carcinoma in hepatitis B virus
transgenic mice. Cell. 59(6):1145–56. http://
dx.doi.org/10.1016/0092-8674(89)90770-8
PMID:2598264

Part 1 • Chapter 9. Human tumour viruses

81

PART 1
CHAPTER 9

a tumour suppressor gene (Hidaka
et al., 2008). There have been only
few reports of cellular oncogenes
in ATLL cells. When complementary DNA expression libraries derived
from leukaemic cells of patients with
ATLL were screened for the potential
to transform NIH 3T3 mouse fibroblasts, a novel transforming gene,

Chugh P, Matta H, Schamus S, Zachariah
S, Kumar A, Richardson JA, et al. (2005).
Constitutive NF-κB activation, normal Fasinduced apoptosis, and increased incidence
of lymphoma in human herpes virus 8 K13
transgenic mice. Proc Natl Acad Sci U S A.
102(36):12885–90. http://dx.doi.org/10.1073/
pnas.0408577102 PMID:16120683

Dong W, Kloz U, Accardi R, Caldeira S,
Tong WM, Wang ZQ, et al. (2005). Skin
hyperproliferation and susceptibility to
chemical carcinogenesis in transgenic mice
expressing E6 and E7 of human papillomavirus
type 38. J Virol. 79(23):14899–908. http://
d x . d o i . o r g / 1 0 .11 2 8 / J V I . 7 9 . 2 3 .1 4 8 9 9 14908.2005 PMID:16282489

Chung SH, Lambert PF (2009). Prevention
and treatment of cervical cancer in mice
using estrogen receptor antagonists. Proc
Natl Acad Sci U S A. 106(46):19467–72.
http://dx.doi.org/10.1073/pnas.0911436106
PMID:19901334

Dorner M, Horwitz JA, Donovan BM, Labitt
RN, Budell WC, Friling T, et al. (2013).
Completion of the entire hepatitis C virus life
cycle in genetically humanized mice. Nature.
501(7466):237–41. http://dx.doi.org/10.1038/
nature12427 PMID:23903655

Chung SH, Shin MK, Korach KS, Lambert
PF (2013). Requirement for stromal estrogen
receptor alpha in cervical neoplasia. Horm
Cancer. 4(1):50–9. http://dx.doi.org/10.1007/
s12672-012-0125-7 PMID:23065599

Dorner M, Horwitz JA, Robbins JB, Barry
WT, Feng Q, Mu K, et al. (2011). A genetically
humanized mouse model for hepatitis C
virus infection. Nature. 474(7350):208–11.
h t t p: / /d x . d o i . o r g /10 .10 3 8 / n a t u r e1016 8
PMID:21654804

Chung SH, Wiedmeyer K, Shai A, Korach
KS, Lambert PF (2008). Requirement for
estrogen receptor alpha in a mouse model
for human papillomavirus-associated cervical
cancer. Cancer Res. 68(23):9928–34. http://
dx.doi.org/10.1158/0008-5472.CAN-08-2051
PMID:19047174
Corallini A, Altavilla G, Pozzi L, Bignozzi F,
Negrini M, Rimessi P, et al. (1993). Systemic
expression of HIV-1 tat gene in transgenic
mice induces endothelial proliferation and
tumors of different histotypes. Cancer Res.
53(22):5569–75. PMID:8221699
Curran JA, Laverty FS, Campbell D,
Macdiarmid J, Wilson JB (2001). EpsteinBarr virus encoded latent membrane
protein-1 induces epithelial cell proliferation
and sensitizes transgenic mice to chemical
carcinogenesis. Cancer Res. 61(18):6730–8.
PMID:11559544
Curreli S, Krishnan S, Reitz M, LunardiIskandar Y, Lafferty MK, Garzino-Demo
A, et al. (2013). B cell lymphoma in HIV
transgenic mice. Retrovirology. 10(1):92–105.
http://dx.doi.org/10.1186/1742- 4690-10-92
PMID:23985023
Debacq C, Héraud JM, Asquith B, Bangham
C, Merien F, Moules V, et al. (2005). Reduced
cell turnover in lymphocytic monkeys infected
by human T-lymphotropic virus type 1.
Oncogene. 24(51):7514–23. http://dx.doi.
org/10.1038/sj.onc.1208896 PMID:16091751
den Boon JA, Pyeon D, Wang SS, Horswill
M, Schiffman M, Sherman M, et al. (2015).
Molecular transitions from papillomavirus
infection to cervical precancer and cancer:
role of stromal estrogen receptor signaling.
Proc Natl Acad Sci U S A. 112(25):E3255–64.
http://dx.doi.org/10.1073/pnas.1509322112
PMID:26056290
Dittmer D, Stoddart C, Renne R, LinquistStepps V, Moreno ME, Bare C, et al. (1999).
Experimental transmission of Kaposi’s
sarcoma-associated herpesvirus (KSHV/
HHV-8) to SCID-hu Thy/Liv mice. J Exp Med.
190(12):1857–68. http://dx.doi.org/10.1084/
jem.190.12.1857 PMID:10601360

82

Fakhari FD, Jeong JH, Kanan Y, Dittmer
DP (2006). The latency-associated nuclear
antigen of Kaposi sarcoma-associated
herpesvirus induces B cell hyperplasia and
lymphoma. J Clin Invest. 116(3):735–42. http://
dx.doi.org/10.1172/JCI26190 PMID:16498502
Fleckenstein
B,
Ensser
A
(2007).
Gammaherpesviruses
of
New
World
primates. In: Arvin A, Campadelli-Fiume G,
Mocarski E, Moore PS, Roizman B, Whitley R,
et al., editors. Human herpesviruses: biology,
therapy, and immunoprophylaxis. Cambridge,
UK: Cambridge University Press.
Foreman KE, Friborg J, Chandran B, Katano H,
Sata T, Mercader M, et al. (2001). Injection of
human herpesvirus-8 in human skin engrafted
on SCID mice induces Kaposi’s sarcoma-like
lesions. J Dermatol Sci. 26(3):182–93. http://
dx.doi.org/10.1016/S0923-1811(01)00087-1
PMID:11390203
Gatignol A (2007). Transcription of HIV:
Tat and cellular chromatin. Adv Pharmacol.
55:137–59. http://dx.doi.org/10.1016/S10543589(07)55004-0 PMID:17586314
Grossman WJ, Kimata JT, Wong FH, Zutter
M, Ley TJ, Ratner L (1995). Development of
leukemia in mice transgenic for the tax gene of
human T-cell leukemia virus type I. Proc Natl
Acad Sci U S A. 92(4):1057–61. http://dx.doi.
org/10.1073/pnas.92.4.1057 PMID:7862633
Gupta S, Mitra D (2007). Human
immunodeficiency
virus-1
Tat
protein:
immunological facets of a transcriptional
activator. Indian J Biochem Biophys.
44(5):269–75. PMID:18341200
Hasegawa H, Sawa H, Lewis MJ, Orba
Y, Sheehy N, Yamamoto Y, et al. (2006).
Thymus-derived
leukemia-lymphoma
in
mice transgenic for the Tax gene of human
T-lymphotropic virus type I. Nat Med.
12(4):466–72.
http://dx.doi.org/10.1038/
nm1389 PMID:16550188
Hidaka T, Nakahata S, Hatakeyama K,
Hamasaki M, Yamashita K, Kohno T, et al.
(2008). Down-regulation of TCF8 is involved in
the leukemogenesis of adult T-cell leukemia/
lymphoma. Blood. 112(2):383–93. http://
dx.doi.org/10.1182/blood-2008- 01-131185
PMID:18467597

IARC (2012). Biological agents. IARC Monogr
Eval Carcinog Risks Hum. 100B:1–441.
Available from: http://publications.iarc.fr/119
PMID:23189750
Jabbar S, Strati K, Shin MK, Pitot HC, Lambert
PF (2010). Human papillomavirus type 16 E6
and E7 oncoproteins act synergistically to
cause head and neck cancer in mice. Virology.
407(1):60–7.
http://dx.doi.org/10.1016/j.
virol.2010.08.003 PMID:20797753
Jabbar SF, Abrams L, Glick A, Lambert PF
(2009). Persistence of high-grade cervical
dysplasia and cervical cancer requires
the continuous expression of the human
papillomavirus type 16 E7 oncogene.
Cancer Res. 69(10):4407–14. http://dx.doi.
o r g /10 .115 8 / 0 0 0 8 - 5 47 2 .C A N - 0 9 - 0 0 2 3
PMID:19435895
Jabbar SF, Park S, Schweizer J, BerardBergery M, Pitot HC, Lee D, et al. (2012).
Cervical cancers require the continuous
expression of the human papillomavirus
type 16 E7 oncoprotein even in the
presence of the viral E6 oncoprotein.
Cancer Res. 72(16):4008–16. http://dx.doi.
o r g / 10 .115 8 / 0 0 0 8 - 5 47 2 . C A N -11 - 3 0 8 5
PMID:22700879
Jensen KK, Manfra DJ, Grisotto MG, Martin
AP, Vassileva G, Kelley K, et al. (2005). The
human herpes virus 8-encoded chemokine
receptor is required for angioproliferation in a
murine model of Kaposi’s sarcoma. J Immunol.
174(6):3686–94.
http://dx.doi.org/10.4049/
jimmunol.174.6.3686 PMID:15749907
Kessis TD, Slebos RJ, Nelson WG, Kastan
MB, Plunkett BS, Han SM, et al. (1993).
Human papillomavirus 16 E6 expression
disrupts the p53-mediated cellular response
to DNA damage. Proc Natl Acad Sci U S A.
90(9):3988–92.
http://dx.doi.org/10.1073/
pnas.90.9.3988 PMID:8387205
Kirby GM, Chemin I, Montesano R, Chisari
FV, Lang MA, Wild CP (1994). Induction
of specific cytochrome P450s involved in
aflatoxin B1 metabolism in hepatitis B virus
transgenic mice. Mol Carcinog. 11(2):74–80.
http://dx.doi.org/10.1002/mc.2940110204
PMID:7916995
Kulwichit W, Edwards RH, Davenport
EM, Baskar JF, Godfrey V, Raab-Traub N
(1998). Expression of the Epstein-Barr virus
latent membrane protein 1 induces B cell
lymphoma in transgenic mice. Proc Natl Acad
Sci U S A. 95(20):11963–8. http://dx.doi.
org/10.1073/pnas.95.20.11963 PMID:9751773
Lairmore MD, Silverman L, Ratner L (2005).
Animal models for human T-lymphotropic virus
type 1 (HTLV-1) infection and transformation.
Oncogene. 24(39):6005–15. http://dx.doi.
org/10.1038/sj.onc.1208974 PMID:16155607
Lerat H, Honda M, Beard MR, Loesch K,
Sun J, Yang Y, et al. (2002). Steatosis and
liver cancer in transgenic mice expressing
the structural and nonstructural proteins
of hepatitis C virus. Gastroenterology.
122(2):352–65.
http://dx.doi.org/10.1053/
gast.2002.31001 PMID:11832450

Ma SD, Hegde S, Young KH, Sullivan R,
Rajesh D, Zhou Y, et al. (2011). A new model
of Epstein-Barr virus infection reveals an
important role for early lytic viral protein
expression in the development of lymphomas.
J Virol. 85(1):165–77. http://dx.doi.org/10.1128/
JVI.01512-10 PMID:20980506
Mansfield KG, Westmoreland SV, DeBakker
CD, Czajak S, Lackner AA, Desrosiers RC
(1999). Experimental infection of rhesus
and pig-tailed macaques with macaque
rhadinoviruses. J Virol. 73(12):10320–8.
PMID:10559350
Matsuoka M, Jeang KT (2007). Human T-cell
leukaemia virus type 1 (HTLV-1) infectivity
and cellular transformation. Nat Rev Cancer.
7(4):270–80.
http://dx.doi.org/10.1038/
nrc2111 PMID:17384582
Meertens L, Chevalier S, Weil R, Gessain
A, Mahieux R (2004). A 10-amino acid
domain within human T-cell leukemia virus
type 1 and type 2 Tax protein sequences is
responsible for their divergent subcellular
distribution. J Biol Chem. 279(41):43307–20.
http://dx.doi.org/10.1074/jbc.M400497200
PMID:15269214
Merchant M, Caldwell RG, Longnecker R
(2000). The LMP2A ITAM is essential for
providing B cells with development and
survival signals in vivo. J Virol. 74(19):9115–
24. http://dx.doi.org/10.1128/JVI.74.19.91159124.2000 PMID:10982358
Michel A, Kopp-Schneider A, Zentgraf H,
Gruber AD, de Villiers EM (2006). E6/E7
expression of human papillomavirus type 20
(HPV-20) and HPV-27 influences proliferation
and differentiation of the skin in UVirradiated SKH-hr1 transgenic mice. J Virol.
80(22):11153–64.
http://dx.doi.org/10.1128/
JVI.00954-06 PMID:16971438
Moriya K, Nakagawa K, Santa T, Shintani Y,
Fujie H, Miyoshi H, et al. (2001). Oxidative
stress in the absence of inflammation in a
mouse model for hepatitis C virus-associated
hepatocarcinogenesis.
Cancer
Res.
61(11):4365–70. PMID:11389061
Moriya K, Yotsuyanagi H, Shintani Y, Fujie
H, Ishibashi K, Matsuura Y, et al. (1997).
Hepatitis C virus core protein induces hepatic
steatosis in transgenic mice. J Gen Virol. 78(Pt
7):1527–31. http://dx.doi.org/10.1099/00221317-78-7-1527 PMID:9225025
Mosier DE, Gulizia RJ, Baird SM, Wilson
DB (1988). Transfer of a functional human
immune system to mice with severe combined
immunodeficiency. Nature. 335(6187):256–
9.
http://dx.doi.org/10.1038/335256a0
PMID:2970594

Mutlu AD, Cavallin LE, Vincent L, Chiozzini
C, Eroles P, Duran EM, et al. (2007). In vivorestricted and reversible malignancy induced
by human herpesvirus-8 KSHV: a cell and
animal model of virally induced Kaposi’s
sarcoma.
Cancer
Cell.
11(3):245–58.
[Erratum in: Cancer Cell. 2007 May;11(5):471.]
http://dx.doi.org/10.1016/j.ccr.2007.01.015
PMID:17349582
Nguyen ML, Nguyen MM, Lee D, Griep AE,
Lambert PF (2003). The PDZ ligand domain of
the human papillomavirus type 16 E6 protein
is required for E6’s induction of epithelial
hyperplasia in vivo. J Virol. 77(12):6957–64.
http://dx.doi.org/10.1128/JVI.77.12.69576964.2003 PMID:12768014
Parsons CH, Adang LA, Overdevest J,
O’Connor CM, Taylor JR Jr, Camerini D,
et al. (2006). KSHV targets multiple leukocyte
lineages
during
long-term
productive
infection in NOD/SCID mice. J Clin Invest.
116(7):1963–73.
http://dx.doi.org/10.1172/
JCI27249 PMID:16794734
Pfefferle R, Marcuzzi GP, Akgül B, Kasper HU,
Schulze F, Haase I, et al. (2008). The human
papillomavirus type 8 E2 protein induces skin
tumors in transgenic mice. J Invest Dermatol.
128(9):2310–5.
http://dx.doi.org/10.1038/
jid.2008.73 PMID:18401427
Pim D, Collins M, Banks L (1992). Human
papillomavirus type 16 E5 gene stimulates the
transforming activity of the epidermal growth
factor receptor. Oncogene. 7(1):27–32.
PMID:1311063
Prakash O, Tang ZY, Peng X, Coleman R,
Gill J, Farr G, et al. (2002). Tumorigenesis
and aberrant signaling in transgenic mice
expressing the human herpesvirus-8 K1
gene. J Natl Cancer Inst. 94(12):926–35.
ht tp: //dx.doi.org /10.10 93 / jnc i / 9 4.12.926
PMID:12072546
Quetier I, Brezillon N, Revaud J, Ahodantin J,
DaSilva L, Soussan P, et al. (2015). C-terminaltruncated hepatitis B virus X protein enhances
the development of diethylnitrosamineinduced
hepatocellular
carcinogenesis.
J Gen Virol. 96(Pt 3):614–25. http://dx.doi.
org/10.1099/vir.0.070680-0 PMID:25519169
Renne R, Dittmer D, Kedes D, Schmidt K,
Desrosiers RC, Luciw PA, et al. (2004).
Experimental transmission of Kaposi’s
sarcoma-associated herpesvirus (KSHV/
HHV-8) to SIV-positive and SIV-negative
rhesus
macaques.
J
Med
Primatol.
33(1):1–9.
http://dx.doi.org/10.1046/j.16000684.2003.00043.x PMID:15061726
Riley RR, Duensing S, Brake T, Münger K,
Lambert PF, Arbeit JM (2003). Dissection of
human papillomavirus E6 and E7 function
in transgenic mouse models of cervical
carcinogenesis. Cancer Res. 63(16):4862–71.
PMID:12941807
Schaper ID, Marcuzzi GP, Weissenborn SJ,
Kasper HU, Dries V, Smyth N, et al. (2005).
Development of skin tumors in mice transgenic
for early genes of human papillomavirus
type 8. Cancer Res. 65(4):1394–400. http://
dx.doi.org/10.1158/0008-5472.CAN-04-3263
PMID:15735026

Scheffner M, Werness BA, Huibregtse
JM, Levine AJ, Howley PM (1990). The
E6 oncoprotein encoded by human
papillomavirus types 16 and 18 promotes the
degradation of p53. Cell. 63(6):1129–36. http://
dx.doi.org/10.1016/0092-8674(90)90409-8
PMID:2175676
Sell S, Hunt JM, Dunsford HA, Chisari FV
(1991). Synergy between hepatitis B virus
expression and chemical hepatocarcinogens
in transgenic mice. Cancer Res. 51(4):1278–
85. PMID:1847661
Shai A, Brake T, Somoza C, Lambert PF
(2007). The human papillomavirus E6
oncogene dysregulates the cell cycle and
contributes to cervical carcinogenesis
through
two
independent
activities.
Cancer Res. 67(4):1626–35. http://dx.doi.
o r g /10 .115 8 / 0 0 0 8 - 5 47 2 .C A N - 0 6 - 3 3 4 4
PMID:17308103
Shai A, Pitot HC, Lambert PF (2008). p53 Loss
synergizes with estrogen and papillomaviral
oncogenes to induce cervical and breast
cancers. Cancer Res. 68(8):2622–31. http://
dx.doi.org/10.1158/0008-5472.CAN-07-5266
PMID:18413729
Shai A, Pitot HC, Lambert PF (2010). E6associated protein is required for human
papillomavirus type 16 E6 to cause cervical
cancer in mice. Cancer Res. 70(12):5064–73.
http://dx.doi.org/10.1158/0008-5472.CAN-093307 PMID:20530688
Shair KH, Bendt KM, Edwards RH, Bedford
EC, Nielsen JN, Raab-Traub N (2007). EBV
latent membrane protein 1 activates Akt,
NFκB, and Stat3 in B cell lymphomas. PLoS
Pathog. 3(11):e166. http://dx.doi.org/10.1371/
journal.ppat.0030166 PMID:17997602
Shair KH, Bendt KM, Edwards RH, Nielsen
JN, Moore DT, Raab-Traub N (2012). EpsteinBarr virus-encoded latent membrane protein 1
(LMP1) and LMP2A function cooperatively to
promote carcinoma development in a mouse
carcinogenesis model. J Virol. 86(9):5352–
65.
http://dx.doi.org/10.1128/JVI.07035-11
PMID:22357283
Shin MK, Balsitis S, Brake T, Lambert
PF (2009). Human papillomavirus E7
oncoprotein overrides the tumor suppressor
activity of p21Cip1 in cervical carcinogenesis.
Cancer Res. 69(14):5656–63. http://dx.doi.
o r g / 10 .115 8 / 0 0 0 8 - 5 47 2 . C A N - 0 8 - 3 711
PMID:19584294
Shin MK, Pitot HC, Lambert PF (2012).
Pocket proteins suppress head and neck
cancer. Cancer Res. 72(5):1280–9. http://
dx.doi.org/10.1158/0008-5472.CAN-11-2833
PMID:22237625
Simonson SJ, Difilippantonio MJ, Lambert
PF (2005). Two distinct activities contribute
to human papillomavirus 16 E6’s oncogenic
potential. Cancer Res. 65(18):8266–73. http://
dx.doi.org/10.1158/0008-5472.CAN-05-1651
PMID:16166303

Part 1 • Chapter 9. Human tumour viruses

83

PART 1
CHAPTER 9

Lerat H, Kammoun HL, Hainault I, Mérour E,
Higgs MR, Callens C, et al. (2009). Hepatitis
C virus proteins induce lipogenesis and
defective triglyceride secretion in transgenic
mice. J Biol Chem. 284(48):33466–74.
http://dx.doi.org/10.1074/jbc.M109.019810
PMID:19808675

Sin SH, Roy D, Wang L, Staudt MR, Fakhari
FD, Patel DD, et al. (2007). Rapamycin is
efficacious against primary effusion lymphoma
(PEL) cell lines in vivo by inhibiting autocrine
signaling. Blood. 109(5):2165–73. http://
dx.doi.org/10.1182/blood-2006-06-028092
PMID:17082322

Tsujimoto H, Noda Y, Ishikawa K, Nakamura
H, Fukasawa M, Sakakibara I, et al. (1987).
Development of adult T-cell leukemia-like
disease in African green monkey associated
with clonal integration of simian T-cell
leukemia virus type I. Cancer Res. 47(1):269–
74. PMID:2878717

Staudt MR, Kanan Y, Jeong JH, Papin
JF, Hines-Boykin R, Dittmer DP (2004).
The
tumor
microenvironment
controls
primary effusion lymphoma growth in vivo.
Cancer Res. 64(14):4790–9. http://dx.doi.
o r g /10 .115 8 / 0 0 0 8 - 5 47 2 . C A N - 0 3 - 3 8 3 5
PMID:15256448

Verschuren EW, Hodgson JG, Gray JW,
Kogan S, Jones N, Evan GI (2004). The role
of p53 in suppression of KSHV cyclin-induced
lymphomagenesis. Cancer Res. 64(2):581–9.
http://dx.doi.org/10.1158/0008-5472.CAN-031863 PMID:14744772

Stelzer MK, Pitot HC, Liem A, Schweizer J,
Mahoney C, Lambert PF (2010). A mouse
model for human anal cancer. Cancer Prev
Res (Phila). 3(12):1534–41. http://dx.doi.
o r g /10.115 8 /19 4 0 - 6 2 07.C A P R -10 - 0 0 8 6
PMID:20947489
Strati K, Lambert PF (2007). Role of Rbdependent and Rb-independent functions of
papillomavirus E7 oncogene in head and neck
cancer. Cancer Res. 67(24):11585–93. http://
dx.doi.org/10.1158/0008-5472.CAN-07-3007
PMID:18089787
Strati K, Pitot HC, Lambert PF (2006).
Identification of biomarkers that distinguish
human papillomavirus (HPV)-positive versus
HPV-negative head and neck cancers in
a mouse model. Proc Natl Acad Sci U S A.
103(38):14152–7.
http://dx.doi.org/10.1073/
pnas.0606698103 PMID:16959885
Tanaka A, Takahashi C, Yamaoka S, Nosaka
T, Maki M, Hatanaka M (1990). Oncogenic
transformation by the tax gene of human
T-cell leukemia virus type I in vitro. Proc Natl
Acad Sci U S A. 87(3):1071–5. http://dx.doi.
org/10.1073/pnas.87.3.1071 PMID:2300570
Tanaka N, Moriya K, Kiyosawa K, Koike K,
Gonzalez FJ, Aoyama T (2008). PPARα
activation is essential for HCV core proteininduced hepatic steatosis and hepatocellular
carcinoma in mice. J Clin Invest. 118(2):683–
94. PMID:18188449
Tezuka K, Xun R, Tei M, Ueno T, Tanaka
M, Takenouchi N, et al. (2014). An animal
model of adult T-cell leukemia: humanized
mice with HTLV-1-specific immunity. Blood.
123(3):346–55.
http://dx.doi.org/10.1182/
blood-2013-06-508861 PMID:24196073
Thomas MK, Pitot HC, Liem A, Lambert PF
(2011). Dominant role of HPV16 E7 in anal
carcinogenesis.
Virology.
421(2):114–8.
http://dx.doi.org/10.1016/j.virol.2011.09.018
PMID:21999991
Traina-Dorge VL, Martin LN, Lorino R, Winsor
EL, Beilke MA (2007). Human T cell leukemia
virus type 1 up-regulation after simian
immunodeficiency virus-1 coinfection in the
nonhuman primate. J Infect Dis. 195(4):562–
71.
http://dx.doi.org/10.1086/510914
PMID:17230416

84

Verschuren EW, Klefstrom J, Evan GI,
Jones N (2002). The oncogenic potential of
Kaposi’s sarcoma-associated herpesvirus
cyclin is exposed by p53 loss in vitro and
in vivo. Cancer Cell. 2(3):229–41. http://
dx.doi.org/10.1016/S1535-6108(02)00123-X
PMID:12242155
Villaudy J, Wencker M, Gadot N, Gillet NA,
Scoazec JY, Gazzolo L, et al. (2011). HTLV1 propels thymic human T cell development
in “human immune system” Rag2−/− gamma
c−/− mice. PLoS Pathog. 7(9):e1002231. http://
dx.doi.org/10.1371/journal.ppat.10 02231
PMID:21909275
Vogel J, Hinrichs SH, Reynolds RK, Luciw
PA, Jay G (1988). The HIV tat gene induces
dermal lesions resembling Kaposi’s sarcoma
in transgenic mice. Nature. 335(6191):606–
11.
http://dx.doi.org/10.1038/335606a0
PMID:2845275
Vousden KH, Doniger J, DiPaolo JA, Lowy
DR (1988). The E7 open reading frame of
human papillomavirus type 16 encodes a
transforming gene. Oncogene Res. 3(2):167–
75. PMID:2852339
Wang LX, Kang G, Kumar P, Lu W, Li
Y, Zhou Y, et al. (2014). HumanizedBLT mouse model of Kaposi’s sarcomaassociated herpesvirus infection. Proc
Natl Acad Sci U S A. 111(8):3146–51.
http://dx.doi.org/10.1073/pnas.1318175111
PMID:24516154
Whitby D, Howard MR, Tenant-Flowers M,
Brink NS, Copas A, Boshoff C, et al. (1995).
Detection of Kaposi sarcoma associated
herpesvirus in peripheral blood of HIV-infected
individuals and progression to Kaposi’s
sarcoma. Lancet. 346(8978):799–802. http://
dx.doi.org/0.1016/S0140-6736(95)91619-9
PMID:7674745
Wong SW, Bergquam EP, Swanson RM,
Lee FW, Shiigi SM, Avery NA, et al. (1999).
Induction of B cell hyperplasia in simian
immunodeficiency
virus-infected
rhesus
macaques with the simian homologue of
Kaposi’s sarcoma-associated herpesvirus.
J Exp Med. 190(6):827–40. http://dx.doi.
org/10.1084/jem.190.6.827 PMID:10499921
Wu W, Rochford R, Toomey L, Harrington W
Jr, Feuer G (2005). Inhibition of HHV-8/KSHV
infected primary effusion lymphomas in NOD/
SCID mice by azidothymidine and interferonalpha. Leuk Res. 29(5):545–55. http://
dx.doi.org/10.1016/j.leukres.20 04.11.010
PMID:15755507

Wu W, Vieira J, Fiore N, Banerjee P, Sieburg
M, Rochford R, et al. (2006). KSHV/HHV-8
infection of human hematopoietic progenitor
(CD34+) cells: persistence of infection during
hematopoiesis in vitro and in vivo. Blood.
108(1):141–51.
http://dx.doi.org/10.1182/
blood-2005-04-1697 PMID:16543476
Yajima M, Imadome K, Nakagawa A,
Watanabe S, Terashima K, Nakamura H, et al.
(2008). A new humanized mouse model of
Epstein-Barr virus infection that reproduces
persistent
infection,
lymphoproliferative
disorder, and cell-mediated and humoral
immune responses. J Infect Dis. 198(5):673–
82.
http://dx.doi.org/10.1086/590502
PMID:18627269
Yasumoto S, Burkhardt AL, Doniger J, DiPaolo
JA (1986). Human papillomavirus type 16
DNA-induced malignant transformation of NIH
3T3 cells. J Virol. 57(2):572–7. PMID:3003388
Ye H, Zhang C, Wang B-J, Tan X-H, Zhang
W-P, Teng Y, et al. (2014). Synergistic function
of Kras mutation and HBx in initiation and
progression of hepatocellular carcinoma in
mice. Oncogene. 33(43):5133–8. http://dx.doi.
org/10.1038/onc.2013.468 PMID:24213574
Yoshizuka N, Moriuchi R, Mori T, Yamada
K, Hasegawa S, Maeda T, et al. (2004).
An alternative transcript derived from the
Trio locus encodes a guanosine nucleotide
exchange factor with mouse cell-transforming
potential. J Biol Chem. 279(42):43998–4004.
http://dx.doi.org/10.1074/jbc.M406082200
PMID:15308664
Young L, Alfieri C, Hennessy K, Evans
H, O’Hara C, Anderson KC, et al.
(1989b). Expression of Epstein-Barr virus
transformation-associated genes in tissues
of patients with EBV lymphoproliferative
disease. N Engl J Med. 321(16):1080–5. http://
dx.doi.org/10.1056/NEJM198910193211604
PMID:2552313
Young LS, Finerty S, Brooks L, Scullion F,
Rickinson AB, Morgan AJ (1989a). EpsteinBarr virus gene expression in malignant
lymphomas induced by experimental virus
infection of cottontop tamarins. J Virol.
63(5):1967–74. PMID:2539497
Yu DY, Moon HB, Son JK, Jeong S, Yu
SL, Yoon H, et al. (1999). Incidence of
hepatocellular carcinoma in transgenic
mice expressing the hepatitis B virus
X-protein. J Hepatol. 31(1):123–32. http://
dx.doi.org/10.1016/S0168-8278(99)80172-X
PMID:10424292
Zhang J, Zhu L, Lu X, Feldman ER, Keyes
LR, Wang Y, et al. (2015). Recombinant
murine gamma herpesvirus 68 carrying
KSHV G protein-coupled receptor induces
angiogenic lesions in mice. PLoS Pathog.
11(6):e1005001.
http://dx.doi.org/10.1371/
journal.ppat.1005001 PMID:26107716

