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Abstract
JCV is a human polyomavirus of the Polyomaviridae family, which also includes BK virus and simian
vacuolating virus 40 (SV40). JC virus (JCV) was first isolated in 1971 from the brain of a patient
with Progressive Multifocal Leukoencephalopathy (PML). Like other polyomaviruses, JCV has a
restricted host range. The virus infects the majority of the human population with seroconversion
occurring during adolescence. JCV has a limited and specific tissue tropism infecting the kidney and
oligodendrocytes and astrocytes in the central nervous system (CNS). Initial JCV infection is
generally asymptomatic in immunocompetent hosts, and it establishes a persistent infection in the
kidney and possibly bone marrow. In immunocompromised individuals JCV can cause a lytic
infection in the CNS and lead to development of the fatal, demyelinating disease PML. The name
polyoma is derived from the Greek terms: poly, meaning many, and oma, meaning tumors, owing to
the capacity of this group of viruses to cause tumors. JCV inoculation of small animal models and
non-human primates, which are not permissive to a productive JCV infection, leads to tumor
formation. Given the ubiquitous nature of the virus and its strong association with cancer in animal
models, it is hypothesized that JCV plays a role in human cancers. However, the role for JCV in
human cancers and tumor formation is not clear. Some researchers have reported an association of
JCV with human cancers including brain tumors, colorectal cancers, and cancers of the
gastrointestinal tract, while other groups report no correlation. Here, we review the role of JCV in
cancers in animal models and present the findings on JCV in human cancers.
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1. Introduction
JC virus (JCV) is a human polyomavirus of the Polyomaviridae family and is the causative
agent of Progressive Multifocal Leukoencephalopathy (PML). The name polyoma is derived
from the Greek terms: poly, meaning many, and oma, meaning tumors, and refers to the capacity
of these viruses to cause tumors. The relationship between Polyomaviruses and cancer is a
topic that has intrigued researchers in the field for the past 50 years. The debate about
polyomaviruses in human cancer arose from the findings that polyomaviruses can transform
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cells and are oncogenic in non-permissive hosts. Furthermore, attempts to develop a model
system to study PML led to the observation that JCV is oncogenic in experimental animal
models. Given the oncogenic potential of JCV and that the majority of the human population
is seropositive for JCV, the role of polyomaviruses in human cancer development is an obvious
question. Many elegant studies have been performed to investigate the association of JCV and
human cancers yet a causative role for JCV in cancer has not been established. In this review
we examine the evidence of JCV in cancer in both animals and humans and try to demystify
the ongoing debate.

2. JC Virus
2.1. JCV History and Disease

JCV is a human polyomavirus of the Polyomaviridae family, which also includes BK virus
and simian vacuolating virus 40 (SV40). JC virus (JCV) was first isolated in 1971 from the
brain of a patient with Progressive Multifocal Leukoencephalopathy (PML) [1]. This virus,
termed Mad-1, is the JCV prototype strain and has been used in most in vitro and in vivo studies
of JCV. Most individuals become infected with JC virus during childhood or adolescence, and
by adulthood approximately 50–80% of individuals are seropositive [2,3]. Although the exact
mechanism of JCV transmission is unknown, it is thought to be spread via a fecal-oral route
as JCV can be detected in untreated urban sewage [4,5]. Initial JCV infection is thought to
occur in the tonsils [6,7,8], after which the virus spreads to infect the epithelium of the kidney,
[9,10] where it establishes a life-long, persistent infection [11]. JCV infection in
immunocompetent hosts is usually subclinical and localized in the kidney. It is not clear
whether JCV reactivation causes viral spread to the CNS or if a latent infection in the CNS
becomes locally reactivated. However, JCV is permissive in B-lymphocytes of the bone
marrow and peripheral blood [12,13,14,15,16,17], suggesting that viral spread after primary
replication may occur via a hematogenous route. In the CNS, JCV infects glial cells including
astrocytes and myelin-producing cells, known as oligodendrocytes [18,19]. In cases of
immunosuppression, JCV can become reactivated leading to enhanced viral replication and a
lytic infection of the CNS [20,15,14,21] causing cytolytic destruction of oligodendroglia,
resulting in the fatal disease PML [22,23]. The exact mechanism of oligodendroglia cell death
in PML is unknown (reviewed in [23]). PML is characterized by multiple foci of demyelination
of cerebral white matter. Disease diagnosis is made by identification of white matter lesions
through magnetic resolution imaging [24] and PCR analysis of cerebrospinal fluid for JCV
DNA [25]. Patients with PML develop symptoms including ataxia, hemiplegia, paralysis,
vision loss, speech impairment, and loss of cognitive function [22,26]. The prognosis for PML
is dismal as it proves fatal within 6–12 months of the onset of symptoms [27,28,29,30,31].

PML has been reported in individuals with immunosuppression as a result of human
immunodeficiency virus (HIV) infection and acquired immunodeficiency syndrome (AIDS)
[32,33], organ transplantation [34], or inherited immunodeficiencies such as severe combined
immunodeficiency (SCID) [35], hyperimmunoglobulinemia M [36], and CD40 ligand
deficiency [37]. Recently, PML has been reported in patients with Multiple Sclerosis (MS) and
Crohn’s disease that are receiving the drug, natalizumab, which blocks leukocyte transport
from the gut to the brain [27,38,39]. The most common cause of PML is associated with HIV/
AIDS [40,41]. Approximately 5–8% of HIV-infected individuals develop PML as a result of
JCV reactivation due to immunosuppression [41], and it usually results in fatality [29,30,31].
There is currently no effective treatment for PML [31].

2.2. JCV Background and Life Cycle
JCV is a small, nonenveloped virus with an icosahedral capsid containing 5- and 6-fold axes
of symmetry [42]. The viral capsid is comprised of the major capsid protein, VP1, arranged as
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72 pentamers [43] each of which interacts with the C-terminus of one of the minor capsid
proteins, VP2 or VP3 [44]. The circular, dsDNA genome is approximately 5.1 kilobase pairs
in size and is packaged with cellular histones, forming the viral minichromosome [45], which
has structural similarities to cellular host chromatin [46]. The viral genome is divided into three
main regions: the early coding region, the late coding region, and the non-coding control region
(NCCR) or regulatory region (RR) (Fig. 1). The early coding region encodes for small tumor
antigen (t Ag) and large tumor antigen (T Ag), and the late coding region encodes for the viral
capsid proteins (or V antigens): VP1, VP2, and VP3, as well as the viral nonstructural protein
agnoprotein. The NCCR separates the early and late coding regions and houses the viral
enhancers, promoters, and the origin of DNA replication [42].

The JC virus life cycle is initiated by JCV attachment to host cellular receptors, and then the
virus traffics through cellular compartments to the nucleus where viral transcription and
genome replication take place (Fig. 2). Initial studies to define a receptor for JCV suggested
that infection is mediated by an N-linked glycoprotein with α-2,3-linked sialic acid [47], while
more recent studies uncovered that JCV can use an N-linked glycoprotein with α-2,3- or α-2,6-
linked sialic acid [48]. Virus binding to sialic acid is mediated through viral protein 1 (VP1),
the pentameric protein of the viral outer capsid [49]. Recent studies to identify a proteinaceous
receptor for JCV revealed that serotonin receptor 5-hydroxytryptophan (5-HT)2A facilitates
JCV entry into host cells [50]. The serotonin receptor 5-HT2AR is a seven transmembrane-
spanning G-protein-coupled receptor (GPCR) that belongs to the family of 5-HT serotonin
receptors. 5-HT2AR is abundantly expressed on cells in the brain [[51] including neurons and
glial cells [52] and in the kidney [51]. Since the receptor expression is consistent with JCV
tropism, it is possible that 5-HT2AR expression is a key host-cell determinant.

Following engagement of receptors on the cell surface, JCV enters cells by clathrin-dependent
endocytosis [53] through an Eps-15-dependent mechanism [54]. JCV cell entry also requires
tyrosine kinase activity and leads to the activation of mitogen activated protein kinases
(MAPK) ERK1 and ERK2 [54]. After the virus enters into clathrin-coated pits, it is delivered
to early endosomes and caveosomes [55]. JCV entry and infection are dependent on acidic
endosomal pH [56] yet a specific role for a pH-dependent step in the JCV life cycle remains
unclear. The virus traffics through the cell via the cellular cytoskeleton components:
intermediate filaments and microtubules, to the nucleus where the rest of the virus life cycle
takes place [56]. JCV VP1 contains a weak nuclear localization signal (NLS) [57] and virus
nuclear localization is most efficient in the presence of minor capsid protein VP2 or VP3, both
of which also contain a NLS [58,59]. Viral uncoating is thought to begin in the endoplasmic
reticulum followed by translocation to the cytosol and eventual transport of the genome to the
nucleus.

Once in the nucleus, transcription of the viral genome occurs in a temporally regulated fashion
to transcribe the early and late genes. The promoter of the Mad-1 strain contains two
characteristic 98-base pair repeats, which function in a bidirectional manner to regulate the
expression of early and late genes. First, the viral promoter drives transcription of the early
genes. Cellular transcription factors, including AP1, NF-1, NF-kB, NFAT, and YB-1 have
been identified to bind to the JCV enhancer/promoter region and play a role in regulating JCV
expression through activation or silencing [60,61,62,63,64,65,66,67]. The JCV early mRNA
is alternatively spliced into 5 transcripts: large T Ag, small t Ag, T′ (135), T′ (136), and T′
(165) [68]. T Ag is a regulatory protein that directs transcription and viral DNA replication.
When T Ag is expressed in abundance it can bind to the origin of DNA replication, unwind
the viral DNA through its helicase activity, and recruit the host-cell DNA polymerase to drive
replication [69]. The T′ proteins also function to enhance T Ag-driven DNA replication [70].
Furthermore, T Ag suppresses early gene transcription and initiates transcription of the late
viral genes VP1, VP2, and VP3, and Agno. The viral capsid proteins VP1, VP2, and VP3 are
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assembled into viral capsids in the nucleus [57]. Agnoprotein is produced in JCV-infected cells
and regulates viral transcription and replication by directly interacting with T Ag [71], yet it
is not packaged into new virions [72]. JCV localizes to discrete nuclear regions, ND10 domains,
where it is thought that viral assembly takes place [73] prior to release of progeny virions.

2.3. JCV Oncogenic Features
Like other DNA viruses, JCV usurps the host-cell DNA replication machinery in order to drive
viral replication. The interplay of viral- and host-cell-factors is necessary for a productive viral
replication cycle, but this also presents interesting consequences for the cells. First, in order
for the virus to replicate, it must drive the cell cycle from G1 into S phase. The virus achieves
this by binding to and inactivating cellular proteins that prevent transition into S phase. The
viral T Ag protein binds to and sequesters the retinoblastoma family tumor suppressors Rb
[74], p130 [75], p107 [76], and tumor suppressor p53 [77] (Fig. 1), which normally function
to regulate the cell cycle. The N-terminal domain of T Ag is required for cellular transformation
and contains the sequence LXCXE, the binding domain for Rb family members, and the J
domain [78]. T antigen binding to Rb disrupts its ability to regulate cyclin-cyclin dependent
kinase (cdk) activity, thereby preventing the cells from exiting the cell cycle [79]. Normally,
Rb family members sequester the E2F transcription factors, which are necessary for cell cycle
progression. However, when T Ag is bound to Rb, this interaction is prevented, releasing E2F
and forcing the cell to enter S phase. The C-terminal region of T Ag contains the p53-binding
domain [80]. p53 is a tumor suppressor that can initiate cell cycle arrest, induce DNA repair,
and drive apoptosis or cellular senescence. Thus, sequestration of p53 by T Ag promotes cell
cycle progression in the presence of DNA damage and inhibits the function of p53 to induce
apoptosis, causing uncontrolled cell growth. T Ag has also been shown to interact with insulin
receptor substrate-1 (IRS-1) [81] and β-catenin [82]. In JCV T Ag-positive cells, β-catenin
expression was increased and localized to the nucleus where it is thought to enhance the
expression of c-myc, another regulator of the cell cycle [83]. JCV T Ag can transform cells in
culture including rat fibroblasts and baby hamster kidney cells, albeit inefficiently. T Ag-
transformed cells exhibit multinucleation, increased doubling time, growth in anchorage
dependent-conditions, and subcutaneous growth in nude mice [84,77]. Further, JCV T Ag has
been associated with altered chromosomal stability and anueploidy in B lymphocytes and
tumors [85,86,87,88]. In addition to T Ag, other viral proteins have been suggested to play a
role in cellular transformation. Agnoprotein has been demonstrated to bind to p53 and disrupt
the cell cycle by causing cells to arrest at the G2/M phase [89]. In addition, a recent study
suggests that JCV small t Ag interacts with protein phosphatase 2A (PP2A), a serine/threonine-
specific protein phosphatase that plays a key regulatory role in the mitogen-activated protein
kinase (MAPK) signaling pathway [90]. SV40 small t Ag interacts with PP2A, disrupting its
ability to inactivate MAPK signaling, leading to uncontrolled cell growth [91]. The oncogenic
potential of JCV proteins and their complex interactions with cellular proteins are reviewed in
greater detail in this issue.

3. JCV and Tumorigenesis in Animal Models
Although JC virus is not permissive in hosts other than humans, inoculation of some
mammalian species results in tumorigenesis. JCV can induce tumor formation in small rodents
including hamsters [92–96] and rats [97], and in non-human primates including owl monkeys
and squirrel monkeys [98–105] (Table 1). The tumor type, origin, and characteristics vary
between host species and also depend on the route of inoculation and strain of virus utilized.
Although JCV does not induce tumors in normal mice, expression of the JCV early region in
transgenic mouse models causes tumorigenesis.
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3.1. Small rodent models
3.1.a. Hamsters—Newborn golden Syrian hamsters (Mesocricetus auratus) inoculated with
JCV develop tumors within 3–12 months of inoculation. JCV-induced tumors include:
medulloblastomas, a malignant brain tumor that originates in the cerebellum [92,93]; gliomas,
a brain tumor that arises from glial cells and originates in the brain [94]; neuroblastomas, a
neuroendocrine tumor that arises from the neural crest and induces tumors in nerve tissue
[95]; and, pineocytomas, which arise from the pineal gland [92]. Hamsters that develop tumors
show signs of neurological illness, which rapidly progresses and can result in death [92]. The
tumor type, origin, and characteristics are dependent on the JCV strain and route of inoculation.
Mad-1, the prototype JCV strain isolated from patients with PML, is neurooncogenic and
resultant tumors include gliomas [94] and medulloblastomas [92,93]. Newborn hamsters
inoculated intracerebrally and subcutaneously with JCV Mad-1 develop malignant gliomas
within 6 months [94] or medulloblastomas within 3–6 months [93]. While newborn hamsters
inoculated with JCV Mad-2 strain develop medulloblastomas paralleling the pathogenesis of
the Mad-1 strain, hamsters inoculated with the Mad-4 strain develop pineocytomas and
medulloblastomas [92]. Taken together, these studies highlight the JCV strain-specific
differences in tumor type and origin. Furthermore, collected tumor tissue resuspended and
inoculated subcutaneously into newborn hamsters, induced tumors within 1–2 months [94],
suggesting that JCV-induced tumors can be subcutaneously passaged in hamsters. On the other
hand, hamsters inoculated intraocularly with JCV develop neuroblastomas. These tumors
develop after a 6–11 month period of latency and primary tumors arise in the abdominal cavity,
pelvis, mediastinum, and neck region. JCV-induced neuroblastomas from intraocular
inoculation metastasize causing additional tumors in the liver, bone marrow, and lymph nodes.
Neuroblastomas can also be serially transplanted in weanling hamsters and grown in tissue
culture [95]. Collectively, newborn hamsters inoculated with JCV develop tumors at a rapid
rate, yet the tumor origin and characteristics are dependent on the strain and inoculation site.

3.1.b. Rats and Transgenic Mice—Inoculation of newborn Sprague-Dawley rats with
JCV Tokyo-1 strain results in development of neuroectodermal tumors of the cerebrum and
olfactory bulb in approximately 80% of animals. The tumors develop within 21–70 weeks post-
inoculation. The rats show signs of neurological illness beginning at 21 weeks post-inoculation
such as weakness, ataxia, and death. Also, JCV-induced tumors are oncogenic when
transplanted into new experimental rats [97]. While there is a strong correlation of JCV-induced
tumors in rats, there are few reports that have followed this study.

JCV is not oncogenic in normal mice nor does it transform mouse cells in culture. However,
transgenic mice that express the early region of the JCV genome develop tumors in a tissue-
specific fashion within 6–8 months after birth. In one study, 4 out of 5 transgenic mice
developed primary abdominal tumors, adrenal neuroblastomas, which mestastisized to other
tissues including the intestine, stomach, liver, spleen, and brain [106]. Studies to understand
how oncogenesis is regulated in JCV-transgenic mice suggest that JCV-induced oncogenesis
in mice is controlled not only by T Ag but also the viral regulatory region containing the
enhancer and promoter [107]. Transgenic mice expressing the early region of the archetype
strain JCV (CY) develop primitive neuroectodermal tumors (PNETs) in the hindbrains, which
resemble human medulloblastomas. Biochemical and immunohistochemical analysis of the
PNETs revealed that severely ill mice had higher levels of expression of T Ag RNA and protein
and that T Ag was expressed in the nuclei of all the tumor tissue analyzed at a rate of 25–75%
of cells per sample. These studies suggest that JCV (CY) early region-transgenic mice develop
brain tumors and that the JCV promoter region plays a key regulatory role in T Ag expression
in the CNS [108]. Moreover, transgenic mice that express the JCV Mad-4 strain T Ag and
promoter region develop large tumors in the base of the skull within 1 year in 50% of animals.
Through histological and immunohistochemical analysis the tumors were determined to have
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arisen from the pituitary gland. Furthermore, the authors show that tissues isolated from these
tumors express increased levels of p53, which is in complex with viral T Ag [109]. Transgenic
mice expressing the JCV early region develop tumors within 1 year of birth. Similar to JCV-
induced oncogenesis in hamsters, the type and characteristics of the tumors that develop in
transgenic mice are dependent on the strain of JCV utilized and the region of the genome
expressed in the mice.

3.2. Non-human Primates
Squirrel monkeys (Saimiri sciureus) and owl monkeys (Aotus trivirgatus), which are both non-
permissive to viral infection by JCV, develop fatal brain tumors 14–36 months after being
inoculated with JCV [98,104,99,103]. While there is a long period of latency between
inoculation time and symptom onset, the tumors progress rapidly causing neurologic
impairment, coma, and death [102]. Owl monkeys develop astrocytomas resembling GBM or
tumors of glial and neural origin [98,101], while squirrel monkeys develop astrocytomas [99,
103]. Tissues isolated from JCV-induced tumors of owl monkeys have been shown to express
T Ag [98,100] and contain viral genome integrated into host cells [104,105] but do not produce
V antigens [98]. Interestingly, a suspension of tumor tissue isolated from an owl monkey with
a JCV-induced astrocytoma [98] and inoculated into a recipient juvenile owl monkey resulted
in the development of a glioblastoma [100] (Fig. 3). Further, explanted tumor tissue from the
recipient owl monkey grown in culture expressed T Ag in the nucleus and produced infectious
JCV. Viral T Ag isolated from the explanted tumor cultures formed a complex with tumor
suppressor p53 unlike T Ag isolated from other owl monkey glioblastomas of the Mad-1 and
Mad-4 strains suggesting that Mad-1 T Ag complexes with p53 to induce tumorigenesis
[100].

4. JCV and Associated Human Cancers
The association of JCV with human cancers is controversial. The majority of the human
population is seropositive for JC virus with seroconversion occurring during adolescence.
Therefore, while JCV DNA can be extracted from human tumor tissue, it is challenging to
determine causality due to the ubiquitous nature of the virus. JCV is a tumor-causing virus in
species that do not serve as the natural host for the virus such as small rodents and non-human
primates (Section 3). Therefore, it is reasonable to hypothesize that JCV infection and T Ag
expression in humans could cause aberrant cell growth and tumor formation. Several reports
have postulated that JCV infection is associated with various types of human cancers including
gastrointestinal cancers: colorectal [110,111], gastric [112,113], and esophageal [114]; brain
cancers: glioblastomas [115,116,117,118], oligoastrocytomas [119], oligodendrogliomas
[120], and medullablastomas [121,122,123]; and lung cancer [124]. Groups have also reported
that there is no association or involvement of JCV in these particular cancers [125,126,127].
Most of the studies designed to test whether JCV is associated with human cancers have utilized
PCR to detect viral DNA from tumor tissue and immunohistochemistry to detect viral T Ag
protein in tissue samples. Some of the available data are discussed below.

4.1. Cancers of the CNS
Given that JC virus has a restricted tissue tropism for glial cells and astrocytes in the CNS, and
that it causes brain tumors in small rodent models and non-human primates, many groups have
investigated the role of JCV in human brain tumors. While the role of JCV in brain tumors is
still hotly debated, JCV has been reported to have an association with gliomas or glial-derived
tumors [128]: oligoastrocytomas [119], glioblastomas [115,118,117,116], oligodendrogliomas
[120], as well as medulloblastomas [121,122,123], while other groups report a lack of
association between JCV and brain tumors [129,130,131,132,126]. Since there are conflicting
views on the association of JCV with human brain tumors, several representative studies are
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discussed in more detail below. Medulloblastomas, malignant tumors that arise from the
cerebellum, are one of the most common types of brain tumors in children [133]. Furthermore,
JCV-induced tumors in small animal models resemble medulloblastomas [92,93]. In a study
to determine the role of JCV in human medulloblastomas, Krynska et al. reported that DNA
from 11 out of 23 medulloblastoma tissues were positive for JCV DNA. PCR analysis revealed
that 87% of samples were positive for the N-terminal region of T Ag, 56% were positive for
the C-terminal region, and 87% were positive for the VP1 region. Additionally, T Ag was
expressed in the nuclei of 4 out of 16 samples as determined by IHC. The authors raise the idea
that the majority of samples were positive for PCR corresponding to the N-terminal region of
T Ag, which is known to associate with p53, mutation of which has been demonstrated to play
a role in 5–10% of medulloblastomas [122]. In another study to assess the role of JCV in
medulloblastomas, 20 paraffin-embedded tissue samples were analyzed for the presence of
JCV DNA and viral proteins. JCV Agno gene was detected by PCR analysis (69%) and
agnoprotein was expressed in the cytoplasm of neoplastic cells in 55% of samples as assessed
by IHC. Furthermore, nuclear T Ag was only expressed in some neoplastic cells, while
agnoprotein was expressed in the absence of T Ag in some neoplastic cells [134]. The
expression of agnoprotein in medulloblastoma samples in the absence of T Ag is interesting
and suggests that T Ag expression may not be the only marker of JCV in tumor tissues,
especially since agnoprotein has been reported to have oncogenic properties similar to T Ag
[89]. This study demonstrates that it is worth analyzing the expression of other JCV proteins
in addition to T Ag in IHC analysis of tumor tissues.

Since JCV inoculation of animal models results in a variety of brain tumors, researchers have
also examined the role of JCV in other cancers including glioblastoma multiforme (GBM).
Pina-Oveido and colleagues present a convincing case for JCV in GBM in a 54-year old
immunocompetent individual. Tumor tissue was analyzed for JCV proteins by IHC and
revealed T-Ag positive nuclei and expression of agnoprotein in the cytoplasm. T Ag-positive
cells were isolated by laser capture microdissection, DNA was isolated, and PCR analysis was
performed. JCV DNA was amplified using PCR primers specific to the early, late, and control
regions, which was confirmed by Southern blot analysis. Sequence analysis of the JCV coding
region revealed that the virus isolated from the tissue was the Mad-1 strain with point mutations
in the control region [118]. In another case study, JCV DNA and protein were detected in a
GBM from an immunocompromised individual with MS. GBM tumor tissue was positive for
nuclear T Ag by IHC, and JCV DNA was amplified by PCR using primers specific to the early
and late regions. The JCV DNA was determined to be Mad-1 strain by sequence analysis
[135]. These independent case studies indicate an association of JCV in GBM tumor tissues,
yet represent a small sample number. Contrary to these findings, a previous report in which 80
tissue samples from patients with GBM were analyzed, JCV DNA was not detected by PCR
analysis using primers for either the early or control region [129]. Therefore, while the role of
JCV in GBM in the presented case studies suggests a correlation, there is a lack of consistency
in studies with larger cohorts. It is also possible that differences in the laboratory techniques
utilized can explain the discrepancies. In an interesting study performed by Rollison and Del
Valle and colleagues, they sought to determine whether the controversy of JCV and cancer
association could be explained by the discrepancies in techniques, experimenters and/or
laboratory locations. To address this concern, they performed a study to analyze brain tumors
for the presence of JCV DNA using PCR performed in two independent laboratories. The study
included tissue from 225 pediatric and adult brain tumors including astrocytomas, gliomas,
oligodendrogliomas, and medulloblastomas. Results from the study demonstrate that JCV
DNA was rarely detected in the brain tumor tissue and no tumor tissue tested positive in both
laboratories [132].
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4.2. Colorectal Cancer
JCV spread is thought to occur by fecal-oral transmission, suggesting that JCV contacts
intestinal cells in human hosts. Given the ubiquitous nature of JCV and the high frequency of
colon cancer, researchers have sought to determine a correlation. Some studies to assess the
role of JCV in human colon cancer, have found that JCV T Ag DNA sequences are expressed
in neoplastic tissues of the colonic mucosa but sequences were excluded from adjacent non-
neoplastic colonic epithelial tissues [111,110]. For instance, in a study by Enam et al.,
researchers found that of 22 samples from colonic neoplastic tissue 81.5% were positive for
the early region of the JCV genome by PCR analysis and 62.9% were positive by
immunohistochemistry [83]. However, there are a number of reports demonstrating that JCV
DNA can be isolated from adjacent non-neoplastic colon tissue [136], enteric glial cells of the
myentric plexus of patients with chronic idiopathic pseudo-obstruction (CIIP) [137], healthy
tissue in the GI tract [138,136], and in premalignant lesions of the colon [139,136]. On the
other hand, Laghi et al. report that JCV T Ag sequences are found in both normal human colon
mucosa and colorectal cancers but that there is an increased number of copies of JCV T Ag in
cancer cells versus non-neoplastic colon cells [111]. According to a study by Riccardello et
al., JCV Mad-1 strains isolated from colon cancer tissue contained multiple mutations with the
most common exhibiting only one 98bp repeat in the control region, rather than the two 98bp
repeats normally expressed in the Mad-1 prototype strain. The pmlΔ98 mutant strain exhibited
decreased replication rates in PHFG cells but increased transformation in Rat2 fibroblasts in
comparison to Mad-1 [140]. Taken together, these reports suggest the presence of JCV genomic
DNA and T Ag protein expression in colorectal cancer tissue, yet viral DNA and protein are
not excluded from surrounding healthy tissues.

4.3. Other Cancers
The role of JCV in other types of gastrointestinal cancers and lung cancer has been investigated.
In a recent study, JCV DNA was isolated from normal and abnormal esophageal tissues. While
tissue from healthy patients and patients with esophageal disorders were both positive for JCV
DNA, only carcinoma tissue was positive for JCV proteins by immunohistochemistry. Laser
capture microdissection was used to isolate cells that were positive by immunohistochemistry
and individual cells were further analyzed for JCV DNA using PCR and Southern blot analysis
[114]. Additionally, JCV T Ag sequences have been amplified from both normal gastric
mucosa and gastric cancer tissue. In one study, DNA sequences specific to T Ag, VP1, and the
regulatory region were found in both normal and cancer tissue. However, T Ag protein was
only expressed in cancer tissue (39%) and not in non-neoplastic tissue (0%) [113]. However,
another study on JCV in gastric cancer reports that JCV T Ag sequence is amplified from 100%
of normal mucosa and 86% from gastric cancer tissues. The authors report that there is a higher
JCV viral load in cancer tissue compared to normal tissue [112]. Moreover, some researchers
have reported that JCV T Ag sequence has been amplified from lung carcinomas at a higher
rate than normal lung tissues [124] yet other groups report no such correlation between JCV
and lung carcinogenesis [141,142]. It should be noted that in the study by Zheng and colleagues
there was 103 lung carcinoma samples and 18 normal samples. The low number of normal
tissue samples may have influenced the results. This is common for a number of studies, as
normal tissue may not be as easily obtained.

5. Discussion
JCV is a significant human pathogen with a profound biology. However, a causative role for
JCV in human cancers has not been established. What criteria are necessary to establish
causality or an association of JCV with human cancers? What criteria have been established
for other DNA viruses that are thought to induce cancer? Human papillomavirus (HPV) has
clearly been shown to be the major causative agent in cervical cancer. Viral genes E6 and E7
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are consistently detected in cervical cancer tissue and can transform cells in culture. Further,
viral oncogenes E6 and E7 bind to tumor suppressor p53, providing a molecular basis of cellular
transformation and oncogenesis. One of the strongest pieces of evidence that links HPV to
cervical cancer is that only certain viral genotypes, considered “high-risk” subtypes, contribute
to cervical cancer, while other low-risk subtypes that are widespread do not cause cancer. The
finding that only certain HPV genotypes contribute to cervical cancer was important, as this
allowed researchers to not be distracted by the other HPV genotypes expressed in cervical
tissue that are not oncogenic [143]. Thus, the role of HPV in cervical cancer is clear based on
epidemiologic evidence, the consistent presence of viral genes in cancer tissues, a link to
specific viral genotypes, and a molecular basis for viral oncogenesis and cellular
transformation. The necessary criteria to establish a causal relationship between a virus and
cancer include: detection of viral genome or gene products in cancer tissue, a molecular basis
for virus-induced oncogenicity, and consistency of the association [144].

Does JCV fit these criteria? Genomic DNA and expression of viral proteins has been
demonstrated in a number of tumor tissues. It is evident that JCV can cause tumors in
experimental animals and transform cells in culture. Furthermore, JCV has several oncogenic
features including T Ag, which directly interacts with tumor suppressors and cell-cycle
regulators to disrupt the cell cycle and prevent apoptosis. T Ag is also considered oncogenic
based on the fact that expression of the viral T Ag in transgenic mice results in the development
of tissue-specific tumors. While these findings are compelling, a consistent association of JCV
with a particular type of tumor or human cancer has not been established. Thus far, there is a
lack of epidemiological studies that link JCV to human cancers. JCV has been reported to
contribute to a wide variety of tumors indicating that there is not a clear correlation of JCV
with a particular type of cancer. Moreover, there are relatively few reports that implicate JCV
in human cancers, and there are a comparable number of studies that refute these findings.
Taken together, a causative role of JCV in human cancers is still unclear. However, since JCV
genomic DNA and oncogenic viral proteins have been detected in multiple tumor tissues, it is
reasonable to hypothesize that JCV serves as a co-factor in tumorigenesis. For instance, it is
possible that JCV initially infects rapidly dividing tumor cells and expression of viral early
genes then contributes to oncogenesis. If this type of JCV infection occurs in a cell that is
already undergoing aberrant cell growth due to misregulation of the cell cycle or other genetic
or environmental components, JCV may provide the “2nd hit” according to Knudson’s two-hit
hypothesis of cancer development [145]. Therefore, it is worthwhile to continue to explore the
role of JCV in human cancers as a co-factor in oncogenesis especially since ever-changing
environmental and social factors play such an important role in disease pathogenesis and
cancer.

It should be noted that many human tumor samples used in studies to determine whether JCV
plays a role in human cancers have been obtained from HIV-positive individuals and children.
This brings to light the question of immunocompetency in the individuals from which samples
are obtained and the use of appropriate controls. For example, in one study, 20 samples of
medulloblastomas were obtained from HIV-positive individuals including some pediatric
patients [134]. Since HIV presents a state of immunosuppression and JCV reactivation in the
CNS, a careful examination of the case histories of the patients should be noted. For instance,
this particular study may have been strengthened by the addition of control group of 20
individuals with medulloblastomas that were immunocompetent or HIV-negative. Similarly,
most of the brain tumors that have been associated with JCV are found in children who do not
have completely mature immune systems. This presents an interesting question regarding
immune status and JCV pathogenesis. Does immune status determine whether JCV will cause
a productive infection, reside latently in tissues such as the brain, or contribute to
tumorigenesis? Studies analyzing the association of JCV with human brain tumors in various
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states of immunocompetency would be worthwhile and may reveal interesting new insights
into the role of JCV and human cancers.
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Fig. 1.
Molecular map of the JCV genome. The JCV genome is a circular, dsDNA genome,
approximately 5.1 kb in size. The viral genome is divided into the early coding region and the
late coding region, which are separated by the non-coding control region or regulatory region
(RR). Transcription of viral genes is temporally regulated and occurs in a bidirectional manner
as depicted by the black arrows. Early genes include small t antigen, large T antigen, T′(135),
T′ (136), and T′ (165). Late genes include LP1, VP1, VP2, and VP3. The JCV t- and T- antigen
and T′ proteins and host-cellular protein interaction domains are shown on the right.
Specifically, heat-shock 70 (Hsc70), retinoblastoma (Rb), p53, and PP2A are indicated due to
their role in cellular transformation.
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Fig. 2.
The JCV life cycle. JCV infection of host cells is initiated by attachment to cellular receptors,
α-2,3- or α-2,6-linked sialic acid and serotonin receptor 5-HT2AR. The virus is internalized
into cells by clathrin-dependent endocytosis. JCV then traffics through early endosomes and
caveosomes to the nucleus. In the nucleus viral early gene transcription occurs, followed by
viral DNA replication and late gene transcription. After production of the viral structural
proteins VP1, VP2, and VP3, progeny virions are assembled in the nucleus and released.

Maginnis and Atwood Page 18

Semin Cancer Biol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Glioblastoma in an owl monkey brain. Shown is a representative image of a glioblastoma
induced in the right cerebral hemisphere (bottom panel) in the brain of an owl monkey after
inoculation with tumor suspensions from an explanted JCV-induced owl monkey astrocytoma.
The top panel shows the left cerebral hemisphere free of tumors. The juvenile owl monkey was
inoculated intracerebrally with suspensions of JCV-infected primary human fetal glial cells
and developed a glioblastoma 28 months later. JCV DNA was recovered from tumor cells and
demonstrated homology to JCV Mad-1 yet had a 19-base pair deletion in one of the 98-base
pair repeats of the regulatory region. The viral sequence showed similarity to the JCV
neurooncogenic strain, Mad-4. This new virus was named JCV-586. Image was kindly
provided by Eugene Major.
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Table 1
Tumorigenesis of JCV in animal models.

Animal Tumor Type Reference

Hamster

Medulloblastoma Padgett et al. 1977 and Zu Rhein et al. 1979

Glioma Walker et al. 1973

Neuroblastoma Varakis et al. 1978

Pineocytoma Padgett et al. 1977

Rat Neuroectodermal Ohsumi et al. 1986

Owl Monkey

Astrocytoma London et al. 1978

Glial/Neural Origin

Glioblastoma Major et al. 1987

Squirrel Monkey Astrocytoma Houff et al. 1983 and London et al. 1983
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Table 2
Reported associations of JCV and human cancers.

Tumor Type/Cancer References

Glioblastomas Del Valle et al. 2000, Del Valle et al. 2001, Boldorini et al. 2003, and Pina-Oviedo et al. 2006

Medulloblastoma Krynska et al. 1999, Del Valle et al. 2000, Delbue et al. 2005, and Shiramizu et al. 2007

Astrocytoma Del Valle et al. 2001 and Boldorini et al. 2003

Oligoastrocytoma Rencic et al. 1996, Caldarelli-Stephano et al. 2000, and Del Valle et al. 2001

Oligodendroglioma Caldarelli-Stephano et al. 2000, Del Valle et al. 2001, Del Valle et al. 2002, and Boldorini et al. 2003

Ependymoma Caldarelli-Stephano et al. 2000 and Del Valle et al. 2001

Colorectal cancer Laghi et al. 1999, Ricciardiello et al. 2001, Enam et al. 2002, Lin et al. 2008, and Jung et al. 2008

Esophageal cancer Del Valle et al. 2005

Gastric cancer Shin et al. 2006 and Murai et al. 2007

Lung cancer Zheng et al. 2007
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