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The human polyomavirus JC virus (JCV) infects 70% of the population worldwide. In immunosuppressed
patients, JCV infection can lead to progressive multifocal leukoencephalopathy (PML), a fatal demyelinating
disease of the central nervous system (CNS). The majority of PML cases occur in the setting of human
immunodeficiency virus (HIV) infection, and it has been suggested that the link between HIV and the
development of PML is in part related to the production of numerous cytokines in the CNS during HIV
infection. To examine the link between the expression of inflammatory cytokines and JCV infection, we tested
an anti-inflammatory compound, cyclosporine A (CsA), for its ability to block JCV infection of glial cells. We
found that CsA inhibited JCV infection by preventing the activation of the transcription factor nuclear factor
of activated T cells 4 (NFAT4). Luciferase reporter assays and chromatin immunoprecipitation assays revealed
that NFAT4 directly bound the JCV promoter during infection and was important for the activation of both
early and late transcription. In addition, the expression of the JCV early viral gene products increased NFAT
activity to further aid viral transcription. The necessity of NFAT for JCV infection suggests that calcium

signaling and the activation of NFAT in glial cells are required for JCV infection of the CNS.

The human polyomavirus JC virus (JCV) is the causative
agent of a fatal central nervous system (CNS)-demyelinating
disease known as progressive multifocal leukoencephalopathy
(PML) (28). JCV is a common virus, with 70% of the adult
population testing serologically positive for JCV antibodies
(16, 27). Initial infection is not related to clinical disease but is
followed by the establishment of a lifelong, persistent infec-
tion. PML occurs predominately in immunosuppressed pa-
tients, with the majority of cases occurring in the setting of
human immunodeficiency virus (HIV) infection. Recently,
PML has been reported in patients being treated with natali-
zumab, a drug designed to inhibit trafficking of leukocytes into
inflamed tissue (15, 18, 37). PML is thought to develop follow-
ing reactivation of the virus and dissemination from peripheral
sites to the CNS, where the primary targets are astrocytes and
oligodendrocytes. The mechanism by which JCV becomes re-
activated and traffics to the CNS is unclear. The relationship
between HIV infection and the development of PML is an
obscure one, but the higher incidence of PML in HIV patients
indicates a scenario that occurs specifically in HIV patients and
is more conducive to JCV infection of the CNS. One possible
explanation for this is the increase in the levels of inflammatory
cytokines in the CNS during HIV infection.

Cyclosporine A (CsA) is an anti-inflammatory compound
that is typically used as an immunosuppressant. CsA is an
inhibitor of the Ca®"-calmodulin-dependent serine phos-
phatase calcineurin, a crucial component of the calcium-sig-
naling pathway that can stimulate the production of inflamma-
tory cytokines in response to extracellular stimuli (9). To test
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whether the activation of inflammatory cytokines triggered by
calcium signaling was required for JCV infection, we treated
glial cells with increasing amounts of CsA and then infected
the cells with JCV. Treatment of glial cells with CsA inhibited
JCV infection. The primary target of calcineurin is the tran-
scription factor family nuclear factor of activated T cells
(NFAT) (10). Treatment of glial cells with an inhibitor of the
NFAT family also inhibited JCV infection, implicating NFAT
involvement in the life cycle of JCV. Reporter assays and
chromatin immunoprecipitation (ChIP) assays show that
NFAT4 (NFATc3, NFATX) directly binds to a site in the JCV
promoter region, activates both early and late viral transcrip-
tion, and is essential for productive infection of glial cells by
JCV. Finally, the expression of early viral gene products helps
to activate NFAT, aiding viral transcription.

MATERIALS AND METHODS

Cells and virus. SVG-A and U-87MG cells were cultured in media supple-
mented with 10% fetal calf serum (Mediatech, Inc.) and maintained in a humid-
ified 37°C CO, incubator. The Mad-4 strain of JCV was used in these experi-
ments, and its production has been previously described (20).

Cell proliferation. SVG-A cells were plated in a 96-well dish with 1,000 cells
per well. They were treated with the appropriate concentration of CsA and
maintained in a humidified 37°C CO, incubator for 48 h. Cell proliferation was
then assayed using Promega’s CellTiter 96 nonradioactive cell proliferation assay
{MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]} according to
the manufacturer’s protocol. Absorbance was measured using a SpectraMax Plus
plate reader (Molecular Probes).

Infection and indirect immunofluorescence. Cells were grown to ~70% con-
fluence in a six-well dish and infected for 1 h with 512 hemagglutinating units of
JCV in the presence of Eagle’s minimal essential medium (EMEM) plus 2%
serum in a total volume of 250 pl. At 3 days postinfection (p.i.), cells were fixed
in ice-cold acetone for 10 min. Infected cells were detected using a monoclonal
antibody (PAB597) against the major capsid protein VP1. PAB597 targets the
simian virus 40 (SV40) major capsid protein VP1 and has been previously shown
to cross-react with JCV VP1 (4). JCV T antigen (T-Ag) was detected by the
monoclonal antibody PAB962, which is specific for JCV T-Ag and does not
cross-react with SV40 T-Ag (34). Primary antibody was detected with an Alexa-
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Fluor 488-labeled goat anti-mouse secondary antibody (Molecular Probes). Cells
were counterstained with 0.02% Evans blue. Positive cells were visualized on a
Nikon epifluorescence microscope (Eclipse E800; Nikon Inc.).

Western blots. SVG-A and U-87MG lysates were prepared in radioimmuno-
precipitation assay buffer (Santa Cruz Biotech Inc.). Ramos cell lysates were
purchased from Santa Cruz Biotech Inc. Whole-cell extracts were separated on
Tris-HCl-ready gels (Bio-Rad). Proteins were transferred to nitrocellulose mem-
branes and blocked with 1X casein-blocking buffer. Blots were probed with the
respective antibodies, all diluted in 1X blocking buffer, and then incubated with
goat anti-mouse Alexa-Fluor 680 antibodies (Molecular Probes) diluted 1:1,000
in blocking buffer. Blots were viewed using an infrared scanner from LICOR and
analyzed using Odyssey software.

Constructs and mutagenesis. pJCV-Madg and | -luc are promoter reporter
constructs which express the firefly luciferase gene under the control of the JCV
promoter in either the early or the late orientation (26). The pGFP-VIVIT
construct expresses the NFAT peptide inhibitor fused with green fluorescent
protein (GFP) under the control of the cytomegalovirus (CMV) promoter (3).
pSGS5-T expresses the SV40 T-Ag protein from the respiratory syncytial virus
promoter (21). pCMV-JCVy expresses the JCV early region under the control of
the CMV promoter (35). pRL-TK, which expresses Renilla luciferase from the
thymidine kinase promoter of herpes simplex virus, and phMGFP, which
expresses only GFP from the CMV promoter, were both purchased from
Promega. The pNFAT-luc reporter plasmid, which expresses firefly luciferase
under the control of a promoter that contains four repeats of the interleukin-2
(IL-2) NFAT binding site, and pTA-luc, which is the pNFAT-luc construct minus
any NFAT sites, were purchased from Panomics. The pJCV-Madg and | -luc
reporter constructs were mutated using a Stratagene QuikChange mutagenesis
kit according to the manufacturer’s instructions, with the primers 5'-GGGAAA
AACAAAAGAATTTCCCTGGCCTCC-3' and 5'-GGAGGCCAGGGAAATT
CTTTTGTTTTTCCC-3' (the mutated residues are underlined).

Transfection and luciferase assays. Transient transfections were carried out
using Fugene (Roche) as described by the manufacturer’s protocol. Vectors were
cotransfected with the Renilla luciferase control vector (pRL-TK) (Promega).
Renilla and firefly luciferase activity were measured 48 h posttransfection using
the Promega dual luciferase reporter assay system. Relative luciferase units were
measured using a Berthoid Lumat LB9501 luminometer. Firefly luciferase mea-
surements for each experiment were normalized using the Renilla luciferase
measurements. The results for each experiment were confirmed by three inde-
pendent transfections.

Chromatin immunoprecipitation assays. SVG-A cells at ~70% confluence in
a 75-cm? flask were infected with JCV (512 hemagglutinating units/10° cells) in
the presence of EMEM plus 2% serum in a total volume of 1 ml for 1 h. The cells
were then maintained in EMEM plus 10% serum for 9 days. The ChIP assay was
performed according to a protocol obtained from Santa Cruz Biotechnology.
Briefly, cells were harvested by scraping and washed twice in 1X phosphate-
buffered saline. Cells were then treated for 8 min with 1% formaldehyde. Cells
were washed three times in ChIP lysis buffer (Santa Cruz Biotech Inc.) and
resuspended in 1.0 ml of ChIP lysis buffer with high salt (Santa Cruz Biotech
Inc.). Samples were sonicated using a Branson Sonifier 150 at power setting 2 six
times for 1 min. Chromatin was precleared with protein A/G PLUS-agarose
(Santa Cruz Biotech Inc.) at 4°C for 30 min. Primary antibody was incubated with
chromatin overnight at 4°C. Immune complexes were harvested by protein A/G
PLUS-agarose for 2 h at 4°C. Beads washed twice with lysis buffer and four times
with wash buffer (Santa Cruz Biotech Inc.). Samples were resuspended in elution
buffer (Santa Cruz Biotech Inc.) and incubated at 67°C overnight. DNA samples
were extracted using a QTAGEN PCR purification kit according to the manu-
facturer’s protocol. SYBR green quantitative PCR (Applied Biosystems) was
performed using 3 pl of the immunoprecipitated DNA. The primers used to
detect the JC promoter region were 5'-TCCCTATTCAGCACTTTGTCCA-3’
(Mad-1 nucleotides 4991 to 5012) and 5'-TGGAGGCTTTTTAGGAGGCC-3’
(Mad-1 nucleotides 5091 to 5072).

RESULTS

NFAT activity is required for JCV infection of glial cells. To
investigate the relationship between inflammatory cytokine ex-
pression and JCV infection of a glial cell line, SVG-A cells
were treated with an inhibitor of cytokine gene expression,
CsA. Cells were pretreated for 6 h in various concentrations of
CsA and then infected with Mad-4, a wild-type strain of JCV.
Following infection, the cells were maintained in the appropri-
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ate concentration of CsA. After 72 h, the cells were fixed and
stained for the late viral protein VP1. Treatment of SVG-A
cells with increasing concentrations of CsA during infection
with JCV resulted in a dose-dependent decrease in infection as
the concentration of CsA increased (Fig. 1a). This result was
not due to drug toxicity, as these same concentrations of CsA
did not inhibit cell proliferation, as measured by an MTT assay
(Fig. 1b). As SVG-A cells are from an SV40 T-antigen trans-
formed cell line, we also controlled for the possibility that CsA
may be exerting its inhibitory effect by reducing SV40 T-anti-
gen expression. CsA treatment did not result in a significant
reduction of SV40 T-Ag expression, as determined by a West-
ern blot assay (Fig. 1c).

The main target of CsA is calcineurin. The primary target of
calcineurin is the NFAT transcription factor family. Conse-
quently, CsA treatment results in an inhibition of NFAT ac-
tivity. As CsA has multiple effects on the cell, in addition to the
inhibition of NFAT activity, SVG-A cells were treated with a
highly specific peptide inhibitor of NFAT activation to deter-
mine whether NFAT is specifically required for JCV infection.
The peptide mimics the calcineurin binding site of NFAT and
can interfere with the activation of NFAT by competing for
calcineurin binding (3). Cells were pretreated with peptide for
6 h and then maintained in media containing the peptide
during and after infection. When SVG-A cells were treated
with the NFAT inhibitor, there was a dose-dependent decrease
in the number of cells infected with JCV, as detected by VP1
expression (Fig. 1d). This suggests that the effect of CsA on
JCV infection is at least in part through its inhibition of NFAT
activation. In addition to a reduction in VP1 staining, JCV
infected cells were stained for the early viral protein T-Ag by
using a JCV specific antibody (PAB962). The effect of CsA on
the number of cells expressing T-Ag mirrored the results for
VP1 (Fig. le), indicating a role for NFAT either at the stage of
early transcription or during events prior to early transcription.

NFAT4 is functionally active in glial cells. The NFAT family
encompasses five proteins evolutionarily related to the Rel/
NFkB family (6, 7). NFATs 1 to 4 are all regulated in response
to Ca®" and the Ca®*-calmodulin-dependent serine phos-
phatase calcineurin. NFAT4 has previously been demonstrated
to be expressed in primary astrocytes and glioma cell lines (12).
We probed for the presence of NFATs 1 to 4 in whole-cell
lysates from SVG-A and U-87MG glioma cells (Fig. 2a).
NFAT4 was detected in both cell lines. NFATs 1 to 3 were
undetectable in SVG-A and U-87MG cells by Western blot
analysis (Fig. 2a). Each antibody was capable of recognizing
NFATSs 1 to 4 isolated from the Burkitt’s lymphoma cell line
RAMOS (Fig. 2a).

To establish whether NFAT-mediated transcription was
functional in SVG-A and U-87MG cells, both cell types were
transfected with a luciferase reporter construct (pNFAT-luc)
that contains an NFAT-responsive element obtained from the
IL-2 promoter, and luciferase activity was measured in the
presence or absence of glutamate, a compound that activates
NFAT in glial cells (12). Comparison of the NFAT reporter
with a control promoter (pTA-luc) that does not contain an
NFAT-responsive element indicated that there is a basal
level of NFAT activity in SVG-A cells even in the absence of
glutamate stimulation (Fig. 2b). In contrast, the U-87MG
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FIG. 1. NFAT activity is required for JCV infection. (a) SVG-A cells were treated with various concentrations of CsA (Sigma) 6 h prior to
infection. The cells were infected with JCV for 1 h in the presence of CsA. Following infection, the cells were maintained in CsA for 72 h before
fixing and staining them for VP1. The numbers of infected cells were counted, and the percentages of cells infected compared to those for untreated
infected cells were calculated. Each experiment was repeated three times. (b) Cell proliferation assays (Promega) were carried out on SVG-A cells
treated for 2 days in various concentrations of CsA. Each concentration was tested three times. (c) SVG-A cells were treated for 2 days in various
concentrations of CsA. The expression of SV40 large T-Ag was then examined by Western blot analysis using either anti-SV40 T-Ag antibodies
(Ab2; Oncogene) or an anti-tubulin (a-Tubulin) antibody (Santa Cruz Biotech Inc.). (d and e) Cells were treated with a cell-permeable NFAT
inhibitor peptide (Calbiochem) 6 h prior to infection with JCV. Cells were infected for 1 h in the presence of the inhibitor. Following infection,
the cells were maintained in the inhibitor. Due to the half-life of the peptide, at 24 h and 48 h p.i., cells were treated with fresh peptide. At 72 h
p.i., cells were fixed and stained for either V-Ag (d) or T-Ag (e). The numbers of infected cells per slide in a minimum of 10 fields were counted
per slide, and the percentages of cells infected were compared to those for the untreated control. The average number of cells infected in the

untreated control was ~60 cells per field at a magnification of X200.

cells show only NFAT activity in the presence of glutamate
(Fig. 2b).

NFAT activity in the SVG-A cells indicates an inherent
activation of calcium signaling. SVG-A cells express SV40
large T-Ag. To investigate the possibility that SV40 large T-Ag
is capable of activating NFAT in glial cells, we cotransfected a
construct expressing SV40 large T-Ag with the NFAT reporter
construct into U-87MG cells, which lack SV40 large T-Ag.
There was a twofold increase in the activity of NFAT in the
presence of SV40 large T-Ag expression, suggesting that the
presence of SV40 large T-Ag has resulted in NFAT activity in
SVG-A cells (Fig. 2c).

NFAT4 binds directly to the JCV promoter and activates
both early and late transcription. To determine whether
NFAT4 acts on viral transcription, a plasmid expressing the
NFAT peptide inhibitor (pGFP-VIVIT) was cotransfected
with a reporter construct containing the viral promoter region
in either the early or the late orientation. Inhibition of NFAT4
in SVG-A cells led to a significant reduction of both the early-
and the late-promoter activities (Fig. 3a). The effect on the late
promoter was less than that on the early promoter. SVG cells
express SV40 T-Ag, and as T-Ag is a potent activator of the

late promoter (19), this could explain the reduced effect of
NFAT inhibition on the late promoter. U-87MG cells are from
a glioblastoma cell line that does not express the SV40 T-Ag.
Inhibition of NFATH4 significantly reduced both early- and late-
viral-promoter activity in U-87MG cells (Fig. 3a), confirming
that NFAT4 is important for both early and late JCV tran-
scription in glial cells.

Analysis of the JCV untranslated region reveals the pres-
ence of a potential NFAT binding site (Fig. 3b). This particular
site binds a related set of transcription factors, the NF«B
family (29), and is responsive to tumor necrosis factor alpha
(TNF-o) and IL-2 (24), both of which are strong activators
of NFAT. In the case of the IL-8 promoter, NFAT1 binds to
a site that also binds NFkB (10). Alignment of the NFAT/
NFkB site in the IL-8 promoter with the site in JCV shows
that the two sites are homologous (Fig. 3b). This site also
shares sequence homology with another NFAT/NFkB site
located within the HIV long terminal repeat (LTR) region.
In this case, both transcription factors are capable of bind-
ing to the site and activating transcription depending on the
cellular context. Mutation of this site in either pMad-1gluc
or pMad-1, luc resulted in a significant loss of promoter
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FIG. 2. NFAT4 is functionally active in glial cells. (a) NFAT expression in SVG-A and U-87MG whole-cell lysates. NFATSs 1 to 4 were detected
using antibodies (NFATc1 7A6, NFATc2 4G6-GS5, NFATc3 F-1, and NFATc4 H-74; Santa Cruz Biotech Inc.) diluted 1:200. Ramos cell lysates
were used as a positive control. (b) Luciferase reporter gene assays using an NFAT-responsive reporter construct were used to compare NFAT
activity in SVG-A cells and U-87MG cells in the presence or absence of 292 mg/liter glutamate. A control construct that lacked the NFAT binding
site was used to measure basal transcriptional activity. (c) The NFAT reporter construct was cotransfected with either a control construct (— SV40

T-Ag) or a construct expressing the SV40 large T-Ag (+ SV40 T-Ag).

activity (Fig. 3c), confirming results from previous studies
that show this site to be important for both early and late
transcription (29).

ChIP assays using an anti-NFAT4 antibody on SVG-A cells
infected with JCV demonstrated a fivefold enrichment for JCV
promoter DNA over DNA immunoprecipitated with a nonspe-
cific immunoglobulin G (IgG) control antibody (Fig. 3d). This
indicates that during JCV infection of glial cells, NFAT4 does
bind directly to the JCV untranslated region.

Expression of JCV early products results in NFAT activity.
As SV40 is a related polyomavirus and expression of SV40
large T-Ag activates NFAT in glial cells (Fig. 2c), we also
tested the JCV early transcription products for the ability to
activate NFAT. The NFAT reporter construct (pNFAT-luc)
was cotransfected with a construct expressing the JCV early
region under a constitutive promoter (pCMV-JCVy), and lu-
ciferase activity was measured 48 h following transfection. The
expression of the entire JCV early region was also capable of
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FIG. 3. NFAT4 binds directly to the JCV promoter and activates both early and late viral transcription. (a) Luciferase reporter assays were used
to monitor the effect of expressing the NFAT inhibitor on both the late and the early Mad-1 promoters in SVG-A and U-87MG glioblastoma cells.
All experiments were conducted in the presence of 292 mg/liter glutamate. (b) Schematic of the JCV promoter region indicating the position of
the NFkB/NFAT binding site. Highlighted is the binding site sequence aligned with similar sites within the HIV LTR and the IL-8 promoter. The
yellow box indicates the site, and the nucleotides in red are conserved between all three sites. (c) The NFAT/NF«kB sites in the early and late Mad-1
promoter reporter constructs were mutated from GGGAATTTCC to AAGAATTTCC and transfected into U-87MG cells. (d) ChIP was carried
out on cells infected with JCV. Chromatin was immunoprecipitated using either a polyclonal anti-NFAT4 antibody (a-NFAT4; Santa Cruz Biotech
Inc.) or a mouse IgG antibody (a-IgG; Santa Cruz Biotech Inc.). Quantitative PCR was used to analyze the subsequent DNA samples. WT, wild
type.

activating NFAT-mediated transcription in U-87MG cells (Fig. DISCUSSION
4). Both mouse polyomavirus and hamster polyomavirus have )
previously been shown to activate NFAT through the action of Our data show that NFAT4 directly upregulates both early

early gene products (5, 13). The use of such a mechanism by and late transcription in glial cells, and the loss of NFAT
JCV and SV40 suggests that the activation of NFAT by early activity results in the inhibition of viral infection. In addition to
gene products and its use for viral transcription may be com- this, early viral gene products activate NFAT, suggesting a
mon features in the polyomavirus family designed to optimize positive feedback loop involving the activation of calcium sig-
transcription. naling.
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FIG. 4. JCV early proteins activate NFAT. The NFAT reporter
construct was cotransfected into U-87MG cells with either a control
construct (— JCV early proteins) or a construct expressing the JCV
early region (+ JCV early proteins) under the control of the CMV
promoter. Cells were grown in the absence of glutamate, and the
experiment was carried out in triplicate.

The involvement of NFAT4 in JCV infection raises a num-
ber of questions regarding the activation of NFAT in glial cells
as well as the relationship between the immune system and the
development of PML in HIV-infected patients. As the activa-
tion of NFAT is important for the productive infection of glial
cells, scenarios in which NFAT becomes activated may have a
significant bearing on viral production in the CNS. HIV itself
utilizes NFAT for its own gene expression (31) and is capable
of activating NFAT by a number of mechanisms. One mecha-
nism is the direct interaction between the calcium-signaling
pathway and HIV accessory proteins, such as tat, nef, and vpr,
which have all been demonstrated to upregulate NFAT activity
(17, 22, 36). Another mechanism of HIV-induced NFAT ac-
tivity is the indirect activation of calcium signaling via an in-
crease in the levels of certain extracellular stimuli. Many HIV
patients exhibit high levels of cytokine expression in the CNS
(32). These include strong activators of calcium signaling, such
as TNF-a and IL-2, both of which bind and activate immuno-
receptors. Activation of NFAT4 in HIV-infected patients due
to increasing levels of TNF-a and IL-2 may be conducive for
JCV infection of the CNS. The correlation between increases
in TNF-a expression and the occurrence of PML in HIV-
infected patients supports this idea (25). The possible activa-
tion of NFAT by HIV may offer a mechanism for explaining
the increased incidence of JCV-induced PML in HIV-infected
patients.

JCV has a restricted tropism and infects only glial cells and,
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to a limited extent, B cells. The JCV promoter has been im-
plicated as playing an important part in the neurotropism of
JCV, and numerous transcription factors have been identified
as contributing factors (1, 2, 8, 14, 30, 33). A role for NFAT4
in JCV tropism is possible, as this transcription factor is spe-
cifically found in a number of cell types implicated in produc-
tive viral infection and latency, including glial cells and bone
marrow cells (11). Our data argue that NFAT4 is sufficient to
drive JCV gene expression in glial cells, as these cells do not
express NFATs 1 to 3. Our data do not rule out the possibility
that NFATSs 1 to 3 can functionally substitute for NFAT4 in
driving JCV gene expression, so a specific role for NFAT4 is
glial cell tropism is not proven here. A related question is how
NFkB activation influences JCV transcription. The ChIP data
presented here and previous gel shift analysis (29) indicate that
the kB element in the JCV promoter can bind both NFAT and
NFkB. The IL-8 promoter and the HIV LTR can also bind
both NFAT and NF«B at the same site, but which one binds
depends on the cell type and signaling context. Whether this is
the case with JCV and what effect this has on JCV transcrip-
tion and tropism remain to be seen.

Treatment of PML patients by targeting NFAT4 is unlikely
due to the crucial involvement of NFAT in activating T-cell
proliferation, but monitoring the activity of NFAT in HIV
patients may be a useful indicator of an increased risk for
developing PML. Gene expression profiling and cytokine array
data indicate a correlation between the expression of a certain
set of gene transcripts and JCV infection (our unpublished
observations). Cytokine-profiling data on HIV patients show
higher levels of cytokines such as MCP-1 and IL-6 in PML
patients than in PML-negative HIV patients (23, 25). These
data, when combined, may be useful in identifying a profile of
genes expressed in response to NFAT4 activity in glial cells.
These genes can be used as biomarkers for determining
increased susceptibility to JCV-induced PML, allowing for
prophylactic treatment, such as the use of serotonin recep-
tor inhibitors.
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