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ABSTRACT Medulloblastoma represents greater than 25%
of childhood intracranial neoplasms and is considered a highly
malignant tumor. This tumor, which arises predominantly in the
cerebellar vermis, preferentially affects children between the
ages of 5 and 15. Although the etiology of medulloblastomas in
humans remains unknown, results from several experiments
have indicated that the human neurotropic JC virus (JCV) is
able to induce cerebellar neoplasms in rodents that exhibit a
phenotype similar to that of human medulloblastomas. JCV is a
polyomavirus that is widespread in the human population, with
infection occurring most frequently in early childhood. In this
study, we have examined the possible association of JCV with
human medulloblastomas. By using PCR techniques we demon-
strate that 11 of 23 samples of tumor tissue contain DNA
sequences corresponding to three different regions of the JCV
genome. More importantly, we demonstrate the presence of DNA
sequences encoding the N- and C-terminal regions of the JCV
oncogenic protein, T antigen, in 11 of 23 samples and the
production of T antigen in the nuclei of 4 samples of tumor tissue.
These observations provide evidence for a possible association of
JCV with human medulloblastomas.

Medulloblastoma, a malignant invasive tumor of the cerebellum,
represents one of the most common neoplasms of the nervous
system in children with an annual incidence of approximately 1
per 200,000 (1). Nearly 70% of medulloblastomas occur in
children under 16 years of age (2) and are rarely seen in patients
older than 50 years of age. Although both sexes are affected, there
is a slight predominance of male patients (65% male). Histolog-
ically, medulloblastomas are composed of densely cellular tumors
with frequent apoptotic cells and mitotic figures. Infrequently,
vascular proliferation and hemorrhage are observed. Although a
small percentage of these embryonal neuroblastic tumors are
related to genetically defined heritable syndromes associated with
a predisposition toward tumorigenesis, the majority of medullo-
blastomas are sporadic and their etiology remains unknown.
Previous results from molecular and cytogenetic studies have
pointed to the possible involvement of chromosomes 1, 17, and,
to a lesser degree, 6, 9, 10, 11, and 16 in the development of
medulloblastoma (3, 4). Loss of heterozygosity in portions of
chromosome 17 (17p) has been reported in 30-45% of medul-
loblastoma (5). The presence of the gene responsible for the
production of the tumor suppressor protein, p53, on chromosome
17 led to the early speculation that this protein may play a key role
in the development of medulloblastoma. However, more recent
studies have shown that only a small percentage of these tumors
(between 5 and 10%) contain mutations in the p53 gene (6, 7) and
that in the majority of medulloblastoma, the p53 genome remains
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intact after the observed chromosome 17 deletion. Other studies
have revealed elevated expression of the paired box (PAX) gene
family of transcription factors in medulloblastoma (8). The im-
portance of these observations in the development of medullo-
blastomas remains elusive.

JC virus (JCV) is a human neurotropic polyomavirus in-
fecting more than 80% of the human population early in life
(9). The virus originally was isolated from the brain of a patient
with the central nervous system (CNS) demyelinating disease,
progressive multifocal leukoencephalopathy (PML) (10). This
fatal CNS disease usually is associated with lymphoprolifera-
tive disorders, immunosuppressive conditions, and, recently,
AIDS (11). It is believed that the demyelination observed in
PML is caused by the cytolytic destruction of oligodendro-
cytes, the myelin-producing cells of the CNS. Similar to other
polyomaviruses, production of the viral early protein, T anti-
gen, is essential for the subsequent events of the virus lytic
cycle, which include viral DNA replication and viral late gene
transcription (12). The T antigen of JCV exhibits greater than
70% homology with the related, well characterized protein
from the primate polyomavirus, SV40. Similar to SV40 T
antigen, the JCV early protein can form complexes with
several cellular regulatory proteins such as p53 and pRb, two
growth regulators that play an important role in tumorigenesis
(13-16). Studies from our laboratory have shown the associ-
ation of JCV T antigen with p53 and pRb in tumors of CNS
origin that developed in transgenic animals as well as dereg-
ulation of their target proteins, which are involved in the
control of cell growth and differentiation (17).

Recently, we have described the development of a transgenic
animal model by using the early region of the genome of the
human ubiquitous JCV, which contains the viral early pro-
moter expressing the early gene encoding the oncogenic
protein, JCV T antigen (18). Histological examination of the
CNS revealed no features of hypomyelination, an established
pathology that is seen upon expression of JCV T antigen in
brain (19). Unexpectedly, cerebellar tumors that closely par-
allel human medulloblastomas in location, histological appear-
ance, and expression of differentiation markers were found in
the affected animals. Although the oncogenic potential of JCV
has been demonstrated previously in several experimental
animals (20, 21), the transgenic animal points to the possible
direct involvement of the JCV early protein in the develop-
ment of cerebellar medulloblastomas. In this study we have
used PCR techniques and have provided evidence for the
presence of the JCV genome sequence in large numbers of
human medulloblastomas. Immunohistochemical evaluation
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of these tumor samples revealed expression of the viral onco-
genic protein, T antigen, in tumor cells.

MATERIALS AND METHODS

Clinical Samples. A total of 23 human medulloblastoma
samples were obtained from the archives of the following
institutions: Rhode Island Hospital, Providence, RI (7 sam-
ples); University of Virginia Hospitals, Charlottesville, VA (6
samples); St. Christopher’s Hospital for Children, Philadel-
phia, PA (9 samples); and Hahnemann University Hospital,
Philadelphia, PA (1 sample). Formalin-fixed, paraffin-
embedded surgical resections were histologically graded ac-
cording to the World Health Organization classification.

Histological and Immunohistochemical Analysis. Paraffin-
embedded samples were sectioned at 4-um thickness and
stained with hematoxylin and eosin for routine histological
analysis. Immunohistochemistry was performed by using the
avidin-biotin-peroxidase complex system according to the
manufacturer’s instructions (Vectastain Elite ABC Peroxidase
Kit; Vector Laboratories). Briefly, sections were deparaf-
finized in xylene and rehydrated and then heated in 0.01 M
sodium citrate buffer (pH 6.0) to 95°C under vacuum for 40
min and allowed to cool for 20 min at room temperature for
nonenzymatic antigen retrieval. The slides then were rinsed
and incubated in MeOH/3% H,0, for 20 min to quench
endogenous peroxidase. Sections then were washed in PBS and
blocked in PBS/0.1% BSA containing 5% normal horse serum
for 2 h at room temperature. Slides then were incubated
overnight at room temperature with antibodies specific for
viral proteins or cellular markers. Antibodies utilized to detect
viral proteins included a mAb specific for SV40 T antigen,
which cross-reacts with JCV T antigen (1:100 dilution, pAb416;
Oncogene Science), and rabbit antisera raised against the JCV
capsid protein, VP1 (1:1,000 dilution, a kind gift of Eugene
Major, National Institute of Neurological Disorders and
Stroke, National Institutes of Health). Paraffin-embedded
tumor tissue from Syrian hamsters intracerebrally inoculated
with JC virus and brain tissue from patients with PML were
used as positive controls for detection of T antigen and capsid
VP-1, respectively. Cellular markers were detected with mAbs
specific for glial fibrillary acidic protein (1:100 dilution, clone
6F2; Dako); synaptophysin (1:500 dilution, clone SY38; Boehr-
inger Mannheim), and class III B-tubulin (1:500 dilution, clone
TUJ1, a kind gift of Anthony Frankfurter, Department of
Biology, University of Virginia). Next, biotinylated horse
anti-mouse or anti-rabbit IgG and avidin-biotin peroxidase
complex steps were performed according to the manufactur-
er’s instructions (Vector Laboratories). Finally, the sections
were developed with diaminobenzidine substrate, lightly coun-
terstained with hematoxylin, and coverslipped with Permount.

DNA Extraction from Paraffin Sections. DNA was prepared
from 100 wm of paraffin-embedded tissue by using the QIAamp
Tissue Kit (Qiagen) according to the manufacturer’s instructions.
Several precautions were taken to avoid cross-contamination of
the samples including use of a microtome dedicated for human
PCR sample analysis housed in a location separate from the main
laboratory. The microtome and surrounding benchtop were
sterilized, and block and knife holders were washed and auto-
claved immediately before use. A fresh, disposable blade was used
for each specimen, sections were handled with single-use items
such as cotton-tipped applicators, and the microtome was cleaned
with xylene and ethanol between samples. In addition, sections of
negative control tissue were cut on the microtome between each
specimen. Extractions were performed in a clean, dust-free area
with sterile and disposable materials.

PCR Amplification. PCR amplification was performed on
extracted DNA by using three individual sets of primers: PEP1
and PEP2 (nucleotides 4255-4274 and 4408-4427, respectively),
which amplify sequences in the N-terminal region encoding the
Rb pocket-binding domain of JCV T antigen, TC1 and TC2
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(nucleotides 2578-2600 and 2776-2797, respectively), which am-
plify a region within the C-terminal coding region of JCV T
antigen, and VP2 and VP3 (nucleotides 1828-1848 and 2019-
2039, respectively), which amplify a portion of the VP1 capsid
gene sequence. The nucleotide sequences of the primers and
amplified fragments are shown in Fig. 3. Amplification was
carried out on 500 ng of template DNA with AmpliTaq DNA
Polymerase (Perkin—Elmer) in a total volume of 50 ul. Hot-start
PCR using AmpliWax PCR Gem 100 (Perkin—-Elmer) according
to the manufacturer’s instructions was performed in the presence
of 2.5 mM MgCl, and 0.5 uM of each primer (Oligos, Etc.,
Guilford, CT). A Perkin-Elmer Gene Amp 9600 PCR System
was used exclusively for this study with denaturation at 95°C for
90 sec, followed by 45 cycles of denaturation at 95°C for 15 sec,
annealing for 30 sec, and extension at 72°C for 30 sec. The
annealing steps were performed at temperatures of 55°C for the
PEP primers, 52°C for the TC primers, and 54°C for the VP
primers. As a termination step, the extension time of the last cycle
was increased to 7 min. Samples amplified in the absence of
template DNA served as a negative control, whereas inclusion of
serial dilutions of the plasmid, pBJC, containing the JCV genome
as template served as a positive control for each procedure.

Southern Blot Hybridization. Southern blot analysis was per-
formed by using 15 ul of each PCR reaction separated by 2%
agarose gel electrophoresis. Gels were depurinated in 0.2 M HCI,
denatured in 1.5 M NaCl/0.5 M NaOH, and then neutralized in
1.5 M NaCl/0.5 M Tris'HCI, pH 7.4, for 15 min each. Amplified
fragments then were transferred from the gel to a nylon
membrane (Hybond-N; Amersham) in 20X SSC by using a
semidry transfer apparatus (Turboblot; Schleicher &
Schuell). The blots then were prehybridized in 0.5% SDS/10
mM EDTA/6X SSC/5X Denhardt’s solution/0.1 ug/ul
salmon sperm DNA for 4 h followed by hybridization in the
same solution containing 5 X 103 cpm/ml [y-3?P]ATP end-
labeled oligonucleotide probe overnight at 65°C. Blots were
washed twice in 2X SSC/0.1% SDS at 55°C for 5 min each
and then three to five times in 0.1X SSC/0.1% SDS at 55°C
for 3 min per wash. The membranes then were subjected to
autoradiography overnight at —70°C. Probes used for South-
ern blotting included JCV probe (nucleotides 4303-4327) to
detect fragments amplified with PEP primers, TC probe
(nucleotides 2663-2688) for sequences amplified with TC
primers, and VP probe (nucleotides 1872-1891) for those
amplified with VP primers. Nucleotide sequences of the
probes are shown in Fig. 3.

Subcloning and Sequencing of PCR-Amplified Fragments.
Amplified DNA fragments initially identified by Southern blot
hybridization were excised from preparatory agarose gels stained
with ethidium bromide, and DNA was purified by using the
QIAquick PCR Purification Kit according to the manufacturer’s
instructions (Qiagen). After extraction, the DNA was subcloned
via the pBlue T7 Perfectly Blunt Cloning Kit by using the
supplier’s protocol (Novagen), and clones were sequenced by
automated fluorescent DNA cycle sequencing using the Applied
Biosystems Prism 377 DNA Sequencer-XL.

RESULTS

Several earlier reports have described cases of patients with PML
and concomitant CNS tumors including astrocytoma, oligoden-
droglioma, and CNS lymphoma (22). As well, two cases have
described the occurrence of CNS tumors associated with JCV in
the absence of immunosuppression, including an oligoastrocy-
toma and a childhood xanthoastrocytoma (23, 24). The develop-
ment of medulloblastomas in transgenic mice harboring the JCV
genome prompted us to initiate studies on pediatric medulloblas-
tomas to evaluate the association of JCV with these tumors.
Toward this end, a collection of medulloblastomas (23
specimens) was assembled from various institutions in the
United States, and, after histological assessment, they were
examined for the presence of JCV DNA sequences by PCR and
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production of JCV early and late proteins by immunohisto-
chemistry. Medulloblastoma samples were histologically clas-
sified according to the criteria of the World Health Organi-
zation, examples of which are shown in Fig. 1. Nine specimens
exhibited the classic pattern with dense cellularity (Fig. 1.4),
four samples represented those with neuroblastic differentia-
tion featuring rosettes and indian filing (Fig. 1B), and 10 cases
featured the desmoplastic variant demonstrating a nodular
pattern with mantles of poorly differentiated cells surrounding
islands of neoplastic neuritogenesis (pale islands) (Fig. 1C). All
three variants demonstrated a high nuclear-to-cytoplasmic
ratio, frequent mitotic figures, and apoptotic bodies.

For detection of JCV gene sequences in the tumor samples,
total DNA was extracted from paraffin-embedded tissues and
evaluated by the PCR technique. Three pairs of primers were
used in this study to amplify the N- and C-terminal regions of JCV
T antigen between nucleotides 4255-4427 and 2578-2797, re-

Fi6. 1. Histological classification of medulloblastoma samples.
Tumor specimens were classified as classic with a high degree of
cellularity but no secondary architectural features (4), neuroblastic
indicated by the presence of indian filing (see arrows in B) and rosettes
(B Inset), or desmoplastic exhibiting pale islands (C). (C) Arrow and
arrowhead indicate dark, poorly differentiated cells in the mantle zone
surrounding a pale island and the pale island itself, respectively. (A4
Inset) The presence of apoptotic bodies. (C Inset) The reticulin
impregnation characteristic of the compact, mantle-like zone of des-
moplastic medulloblastoma. In all variants, a high nuclear-to-
cytoplasmic ratio was observed [hematoxylin and eosin, original
magnification, X200; X100 (C and C Inset); X1,000 (all other Insets)].
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spectively, and the region corresponding to the viral capsid
protein, VP1, between nucleotides 1828 and 2039. Fig. 2 sche-
matizes the JCV genomic structure, depicting the positions of the
primers, amplified sequences, and the DNA probes that were
utilized for detection of the amplified DNA by Southern blot
analysis. As a control, DNA from five samples of normal tissue
from patients ages between 1 and 10 years old (not associated
with tumor or PML) were prepared and examined for the
presence of the JCV sequences. All PCR products were resolved
by agarose gel electrophoresis and analyzed by Southern blot
hybridization by using JCV-specific probes derived from the
internal regions of the amplified fragments as specified in Fig. 2.
Sequence analysis of amplified DNA fragments from seven
samples were carried out after subcloning of the PCR products
followed by automated DNA sequencing.

Fig. 3 illustrates representative Southern blot analysis of the
PCR products from nine tumor samples and the sequence
composition of the amplified DNA. As is evident, six and eight of
nine samples shown in Fig. 3 (4 and B, respectively) contain DNA
fragments corresponding to the N- and C-terminal regions of T
antigen. Further, eight of nine samples contain the DNA se-
quence corresponding to the late region of JCV (Fig. 3C). DNA
from normal tissue showed no detectable signals corresponding
to the JCV sequences (data not shown). DNA amplification and
Southern blot analysis were repeated multiple times with differ-
ent preparations of primers, probes, and DNA to verify the
reproducibility of the data. Only those samples in which PCR
amplification was repeatedly detected were considered as positive
specimens for JCV sequences. Table 1 summarizes the charac-
terization of the tumor samples based on their pathological
diagnoses, anatomical location, immunocytochemical analysis,
and the presence of JCV sequences. As shown in this table, 20
samples (87%) are positive for the N-terminal region of JCV T
antigen, 13 samples (56.5%) contain sequences corresponding to
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F1G. 2. Structural organization of the JCV genome and the position
of the oligonucleotide primers and probes used for PCR amplification and
Southern blot analysis. The numbers within the inner circle represent the
map positions, with 0.0 being the EcoRI site (25). Thick arrows depict
coding regions for the viral early protein T antigen (solid) and late
proteins (shaded). The position of the viral control region between the
initiation sites for early and late proteins is shown. The locations of the
PCR primers are shown by thin arrows outside of the circle. The sizes of
the amplified DNAs and the DNA probes used for Southern blot analysis
for the detection of PCR products are depicted.
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A. Early Region (N-terminal T-antigen)
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B. Early Region (C-terminal T-antigen)
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AACCAGCTTTACTTAACAGTTGCAGTTATTTTGGGG
GAGGGGTCTTTGGTTTTTTGAAACATTGARAGCCTT
TACAGATGTGAARAGTGCAGTTTTCCTGTGTGTCTG
CACCAGAGGCTTCTGAGACCTGGGAAAAGCATTGTG
ATTGTGATTCAGTGCTTGATCCATGTCCAGAGTCTT
CTGCTTCAGAATCTTCCTCTCTAGGAAAGTCAAGAR
TGGG

C. Late Region (capsid protein, VP1)
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TGTGCACTCTAATGGGCAAGCAACTCATGACAATGGTGC
AGGGAAGCCAGTGCAGGGCACCAGCTTTCATTTTTTTTC
TGTTGGGGGGGAGGCTTTAGAATTACAGGGGGTGCTTTT
TAATTACAGAACAAAGTACCCAGATGGARCAATTTTTCC
AARGAATGCCACAGTGCAATCTCAAGTCATGAACACAGA
GCACARGGCGTACCTAG

F1G. 3. Detection of JCV DNA sequences in human medulloblasto-
mas. DNA from nine clinical samples was analyzed for the presence of
JCV sequences by PCR using primers derived from the N terminus of T
antigen (A4), the C terminus of T antigen (B), and the late region of the
viral genome (C). PCR products were analyzed by Southern blot analysis
by using specific DNA probes as shown in Fig. 2. The nucleotide
composition of the amplified DNA for each region is illustrated. Nucle-
otides depicting the position of PCR primers are shown in bold, and
underlined nucleotides show the region detected by probes used for
Southern blotting. Lane 10 represents a negative control (4, B, and C).

the JCV T antigen C-terminal region, and 20 samples (87%)
possess sequences of the VP1 region. Furthermore, these data
indicate that 11 samples (48%) of the tumor tissue contain the
DNA sequences of the JCV genome that correspond to all three
amplified regions, including the N and C termini of T antigen and
the viral capsid, VP1. The presence of SV40 DNA sequences also
was evaluated by using a set of specific primers that recognize the
C terminus of SV40 early genome as described previously (26).
The preliminary observations indicated that 5 of 23 samples
(sample numbers 2, 6, 10, 16, and 22 in Table 1) contain SV40
DNA sequences in addition to JCV. This observation is in
agreement with recent reports on the detection of SV40 se-
quences in 29% of pediatric medulloblastomas (27).
Immunohistochemistry then was performed on the samples to
confirm their histological classification and to assess the samples
for the expression of JCV T antigen. Because of the fairly
stringent parameters required to perform immunohistochemistry
for T antigen, only 16 tumors could be evaluated for production
of the viral oncoprotein in tumor tissue (Table 1, 8-23). Condi-
tions for T antigen immunostaining were optimized with sections
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of paraffin-embedded tumors derived from Syrian hamsters
inoculated intracerebrally with JC virus. T antigen-positive nuclei
were found by immunohistochemical analysis in 4 of the 16
specimens. Pathologically, this group consisted of one classical,
one neuroblastic, and two desmoplastic medulloblastomas. Fig. 4
A-C illustrates results from immunostaining of classic (Fig. 44),
neuroblastic (Fig. 4B), and desmoplastic (Fig. 4C) medulloblas-
toma with antibody to T antigen. The number of nuclei that were
immunopositive ranged from approximately 5% to 20% of the
total tumor cells per high-power (<40) microscopic field. Nota-
bly, positive nuclei showed no predilection for cells with greater
or lesser degrees of neuronal differentiation. This was demon-
strated most clearly in the desmoplastic medulloblastoma, in
which the less differentiated cells in compact, mantle-like areas
and the more differentiated neuronal cells within the pale islands
were both T antigen-positive. Synaptophysin and class III B-tu-
bulin immunoreactivities provide evidence of the neuronal origin
of these tumors (Fig. 4 D and E, respectively). Astrocytes,
identified by the presence of glial fibrillary acidic protein, were
morphologically reactive and likely not neoplastic (Fig. 4F). Of
note, immunostaining for the JCV capsid protein, VP1, was
negative in all four of these specimens. None of the control
cerebellar specimens showed positive immunostaining for either
T antigen or VP1 (data not shown).

DISCUSSION

The use of highly sensitive molecular techniques has led to the
detection of polyomavirus sequences, in particular, SV40, in a
variety of human neoplastic tissues including choroid plexus
tumors, ependymomas, medulloblastomas, osteosarcomas,
and, more recently, in mesotheliomas (28). Although the
presence of DNA sequences in tumor cells may not establish
the etiological role of SV40 in the development of tumors in
humans, results from animal studies have provided compelling
evidence supporting the ability of this virus to cause cancer
(29-31). Recently, the human polyomavirus, JCV, has re-
ceived special attention because of the high incidence of PML,
the fatal demyelinating disease induced by this virus, in AIDS
patients (11). JCV also possesses oncogenic potential in ex-
perimental animals (18, 20, 21, 32-34), and its early protein, T
antigen, has a transforming capability in cell culture (35, 36).

Because epidemiologic studies have revealed a surprisingly
high percentage of the human population infected with JCV in
early childhood, we sought to investigate the association of
JCV with human pediatric neoplasia. We focused our attention
on a malignancy of the CNS, more specifically, medulloblas-
toma, because results from earlier studies have demonstrated
that cell type-specific enhancer/promoter activity of the JCV
early gene restricts production of the viral early protein, T
antigen, to CNS cells (for review, see ref. 37) and observations
from animal studies have pointed to the ability of JCV to cause
medulloblastomas (21). Moreover, results from transgenic
animal studies further link the oncogenic potential of JCV to
its early protein (18, 32, 34).

The results presented in this study provide evidence that the
JCV genome can be detected in a significant fraction of human
medulloblastomas and demonstrate further that JCV T antigen is
produced in tumor cells. These observations raise several impor-
tant questions including: (i) whether activation of the JCV early
promoter, which results in the production of T antigen, is the first
event in the development of human medulloblastomas; (i) if so,
how does the viral early promoter, which is silent in immunocom-
petent individuals, become activated in medulloblastoma patients
who usually exhibit no sign of an impaired immune system; (jii)
does the JCV T antigen produced in human tumors, similar to
observations from tumors in experimental animals, form com-
plexes with tumor suppressors including p53 and pRb and dereg-
ulate their function (17) and/or play a role in other events such as
chromosomal damage (38) and activation of Pax (8) and, perhaps,
other host regulatory genes. Finally, one also may question
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Table 1. Clinical, immunohistochemical, and DNA analysis of human medulloblastomas

PCR amplification

Age, Immunohistochemistry T-Ag T-Ag
No.  Sex years Diagnosis Location T-Ag  Class III Syn GFAP  (N-term)  (C-term)  VP-1
1 M 5 Classic Vermis N/A + + - + - +
2 M 7 Desmoplastic ~ Right hemisphere N/A + + - + + +
3 M 6 Desmoplastic ~ Left hemisphere N/A + + - + - +
4 M 4 Classic Vermis N/A N/A N/A N/A + + +
5 M 5 Desmoplastic  Left hemisphere N/A + + - + - +
6 F 11 Classic Midline/vermis N/A + + — + - +
7 M 2 Neuroblastic Vermis N/A + + + + + +
8 M 1.5 Desmoplastic  Left hemisphere - + - - + - +
9 F 4 Desmoplastic ~ Left hemisphere - + - - + + +
10 M 15 Desmoplastic ~ Left hemisphere + + + - + - -
11 F 42 Desmoplastic ~ Midline/vermis - + - - + - -
12 M 7 Classic Midline/vermis - + + — + + +
13 F 18 Neuroblastic Midline /vermis - + - - + - +
14 F 8 Desmoplastic ~ Posterior fossa mass - + - - + - +
15 M 7 Classic Midline /vermis + + + — + + +
16 M 9 Classic Midline /vermis - + + - + + +
17 F 3 Desmoplastic ~ Midline/vermis + + + - + + +
18 F 9 Desmoplastic ~ Posterior fossa mass - + + - - + +
19 M 5 Neuroblastic Posterior fossa mass + + + - + + +
20 F 2 Classic Posterior fossa mass - + + - - + +
21 M Newborn Classic Midline/vermis - + + - + + +
22 M 12 Classic Left hemisphere - + - - - - -
23 M 5 Neuroblastic Posterior fossa mass - + + + + + +

Diagnosis of the tumors is based on the World Health Organization criteria for medulloblastomas as detailed in Materials and Methods. The
anatomical location of the tumors is shown. The age at the time of tumor resection and gender (F, female; M, male) of each patient is shown. N/A
indicates that samples were not available or were not in appropriate condition for immunohistochemical analysis. T-Ag, T antigen; Class III, class
III B-tubulin; Syn, synaptophysin; GFAP, glial fibrillary acidic protein.

whether JCV functions as a cofactor or requires cofactors in
inducing medulloblastomas.

As mentioned earlier, transcriptional activation of the JCV early
promoter is mediated through the cooperative interaction of
several ubiquitous and inducible regulatory proteins (37). Among
these proteins, NF«B, c-jun/AP-1, and NF-1 are particularly
interesting because their activity or expression is modified by the
physiological condition of the cells. Through such modifications,
the JCV early promoter can be activated and result in high levels
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of T antigen expression. In support of this notion, previous in vitro
studies have demonstrated that activation of NFkB upon treat-
ment of neural cells with PMA or cytokines causes enhancement
of the JCV early promoter in CNS cells (39, 40). Thus, one may
hypothesize that subtle and, perhaps, transient changes in the
physiological condition of individuals harboring JCV sequences
may cause alterations in the expression of cytokines and other
cellular regulators, which, in turn, may trigger expression of the
early promoter of the JCV genome in the CNS.
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F1G. 4. Immunohistological analysis of human of medulloblastomas. Immunostaining of tumor samples with anti-T antigen antibody (A4, B, and
C). Arrows indicate T antigen-positive cells. Arrowhead in 4 and A Inset show the presence of mitotic figures. Immunostaining of tumor samples
with neuronal markers including synaptophysin (D), class III B-tubulin (E), and glial fibrillary acidic protein (GFAP, F) is shown [hematoxylin
counterstain, original magnification: X400 (4, B, E, and F); X200 (C and D); X1,000 (Insets)].
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Interestingly, results from our immunohistochemical studies
have shown that not all of the tumor cells produce T antigen,
suggesting that expression of JCV T antigen may be extinguished
in some, but not all, of the tumor cells. Consistent with this
observation, our earlier studies in a transgenic animal model for
medulloblastoma induced by expression of the JCV early genome
have shown that not all tumor cells may produce T antigen (18).
Moreover, our more recent in vitro studies demonstrate that
expression of T antigen in cell lines derived from JCV-induced
medulloblastomas in transgenic animals may be extinguished
after several passages (B.K., unpublished observations). As such,
one may speculate a hit-and-run role for T antigen in the
development of medulloblastomas in which expression of T
antigen may induce a cascade of events that leads to tumor
formation. Once cells are programmed for uncontrolled prolif-
eration, production of T antigen may no longer be essential and
may be terminated. Currently, experiments are in progress to
investigate the effect of transient expression of JCV T antigen in
induction of CNS tumors in a whole animal system.

Sequencing of several clones derived from the PCR products
amplified with primers corresponding to the N terminus of JCV
T antigen revealed that five of the human medulloblastoma cases
contained, in addition to the JCV DNA, sequences corresponding
to another papovavirus, i.e., SV40. Of note, we found no DNA
sequences corresponding to BK virus in the tested specimens.
This is an interesting observation in light of seroepidemiological
studies reporting that although 65% of children between the ages
of 10 and 15 are seroprevalent to JCV, only 9% of them are
positive for SV40 (28). Of note, the presence of the SV40 genome
in human medulloblastomas has been reported previously (27, 41).

Interestingly, sequences for the N terminus of JCV T antigen
were detected in 87% of the samples in this study, whereas the
C-terminal region was detected in 56.5% of the samples. It is
important to note that sequences within the N-terminal region of
T antigen that were amplified correspond to the region of JCV T
antigen that interacts with pRb. This region of T antigen, which
is highly conserved among the primate polyomaviruses SV40,
JCV, and BKYV, has been shown to be tumorigenic in SV40 T
antigen transgenic mice (42). As such, the significance of the
detection of the N terminus of JCV T antigen in medulloblasto-
mas should be studied further. Of note, sequences of the highly
divergent C terminus of JCV were detected in fewer medullo-
blastoma samples, perhaps because of the high specificity and
stringency of the experimental protocol.

The detection of JCV sequences in human brain tumors also
renews an important question regarding the route of transmission
and the site of latency for this virus. Although current opinion
favors an upper respiratory route for JCV infection, more sen-
sitive molecular techniques should be employed to investigate
maternal and/or perinatal transmission of JCV. According to one
model, after primary infection, JCV persists in renal tissue (43,
44), where it can replicate, although poorly, to generate progeny
in urine (45). Under certain physiological conditions, the virus
can be transferred to brain, presumably via B cells (for review, see
ref. 46), and, after infection of CNS cells, actively express the viral
genome. Recently, studies have provided evidence for frequent
transmission of JCV from parent to child (47).

Thus, horizontal and perhaps vertical transmission of JCV in
humans may result in expression of the viral early protein in the
brains of children whose immune status permits transcription of
the viral early promoter. Because infection with JCV occurs
mainly in early childhood, the possibility that the detection of JCV
within human medulloblastomas results from initial exposure to
the virus also should be considered. Although the presence of
JCV sequences in medulloblastomas may not establish a cause-
and-effect relation to CNS malignancy, our observations, along
with the established neurotropic nature of JCV and in vitro and
in vivo animal studies demonstrating the transforming ability of
JCV, invite future studies to reevaluate the role of this virus in the
pathogenesis of pediatric medulloblastomas.
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