
JOURNAL OF VIROLOGY, Mar. 2003, p. 3394–3401 Vol. 77, No. 6
0022-538X/03/$08.00�0 DOI: 10.1128/JVI.77.6.3394–3401.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Glial Cell-Specific Regulation of the JC Virus Early Promoter by
Histone Deacetylase Inhibitors

So-Young Kim,1 Moon-Sook Woo,2 Won-Ki Kim,3 Eung-Chil Choi,1*
John W. Henson,4 and Hee-Sun Kim2*

Department of Neuroscience2 and Department of Pharmacology,3 Ewha Institute of Neuroscience, College of
Medicine, Ewha Womans University, and College of Pharmacy, Seoul National University,1 Seoul,

South Korea, and Molecular Neuro-Oncology Laboratory, Harvard Medical School,
Charlestown, Massachusetts 021294

Received 20 September 2002/Accepted 17 December 2002

The human polyomavirus JC virus is the etiologic agent of the fatal disease demyelinating progressive
multifocal leukoencephalopathy. Although multiple transcription factors have been shown to interact with the
JC virus promoter and regulate transcriptional activity, their relevance to cell specificity remains elusive. To
investigate whether chromatin structure controls glial cell-specific expression of JC virus early genes, glial and
nonglial cells were transfected with a reporter plasmid containing the JC virus early promoter and then treated
with the histone deacetylase (HDAC) inhibitors trichostatin A (TSA) and sodium butyrate. TSA and butyrate
induced 20- to 30-fold activation of the JC virus promoter in nonglial cells, whereas less than 2-fold induction
was observed in glial cells. These results indicate that the JC virus early promoter might be highly suppressed
in nonglial cells by hypoacetylated chromatin and activated by hyperacetylation. In support of this, chromatin
immunoprecipitation assays demonstrated acetylation of the JC virus promoter region in U87MG cells but no
acetylation in HeLa cells. In addition, treatment of HeLa cells with TSA induced hyperacetylation of the JC
virus promoter, whereas minimal induction was seen in U87MG cells. Deletional and site-directed mutational
analyses revealed that the enhancer region and Sp1 binding site upstream of the TATA box were important for
TSA-mediated activation. We confirmed TSA-mediated activation of the JC virus promoter in the context of
natural chromatin structure in stable cell lines. Thus, it appears that chromatin structure may control JC virus
transcription in a cell-specific manner.

Progressive multifocal leukoencephalopathy is a fatal demy-
elinating disease that results from oligodendrocyte infection by
JC virus. JC virus selectively destroys oligodendrocytes, leading
to multiple areas of demyelination and attendant loss of brain
function (3, 31). Once a rare condition, progressive multifocal
leukoencephalopathy is no longer infrequent, occurring in 5%
of individuals with AIDS (4). JC virus infection exists in a
persistent state in kidney tissue and peripheral blood lympho-
cytes throughout the life of healthy individuals. In the setting
of immunodeficiency, the virus infects and destroys oligoden-
drocytes, producing patches of myelin loss in subcortical white
matter (19). These neuropathological features suggest that re-
activated JC virus infection is specific for glial cells.

JC virus is a 5-kb circular double-stranded DNA virus clas-
sified as a human polyomavirus. The viral genome is divided
into early and late gene coding regions, between which lies a
regulatory region containing a bidirectional promoter and the
viral origin of replication. The JC virus early promoter directs
cell-specific expression of the large T antigen, which is required
for viral replication, and thus transcriptional regulation consti-
tutes a major mechanism of glial tropism of progressive mul-

tifocal leukoencephalopathy (15). Many studies have identified
transcription factors regulating JC virus early gene expression.
However, relevance to cell specificity has not been clearly
demonstrated.

Recently, the study of transcriptional regulation by chroma-
tin has come under intensive study. The molecules involved
in transcriptional regulation by chromatin include promoter
DNA, histones, and nonhistone proteins. Polyomavirus DNA
is assembled into a set of approximately 21 nucleosomes, both
in the virion and in the infected cell, and the viral chromosome
in the cell is structurally indistinguishable from host cell chro-
matin (22). Thus, we thought it possible that histone acetyla-
tion and deacetylation, which modulate chromatin structure,
may play an important role in transcriptional regulation of glial
cell-specific JC virus transcription. It has been reported that
the simian virus 40 (SV40) promoter, which has structural
similarity to that of JC virus, is controlled by chromatin struc-
ture and that the enhancer region plays an important role in
this regulation (7, 8, 21).

In this study, we investigated whether the JC virus early
promoter is regulated by chromatin structure and character-
ized regulation by histone acetylation and deacetylation. We
found that histone deacetylase (HDAC) inhibitors induced
very strong activation of the JC virus early promoter in nonglial
cells. In contrast, only a minor increase was observed in glial
cells. By using chromatin immunoprecipitation assays, we de-
tected acetylation of the JC virus promoter in U87MG glioma
cells but no acetylation in HeLa cells. In addition, trichostatin
A (TSA) treatment dramatically increased acetyl histone H3
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binding to JC virus promoter in HeLa cells, whereas only a
modest increase in binding was observed in U87MG cells. We
further analyzed important elements for TSA-induced activa-
tion by deletional and site-directed mutagenesis and found that
the enhancer region and Sp1 binding site upstream of the
TATA box are critical for TSA-mediated activation. We also
confirmed that TSA activates JC virus transcription in the
context of host chromatin structure. Our data strongly support
the hypothesis that chromatin structure surrounding the JC
virus enhancer/promoter modulates JC virus transcription in a
cell-specific manner.

MATERIALS AND METHODS

Cell culture and transient-transfection assays. U87MG and U373MG human
glioma, HeLa human cervical carcinoma, and SK-HEP1 human hepatoma cell
lines were grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (HyClone), streptomycin, and penicillin. Transfection
was performed by a standard calcium phosphate method. Cells (2 � 105 in
60-mm-diameter dishes) were transfected with 4 �g of the reporter construct,
1 �g of pRSV-�-gal, and pUC19 plasmid to a total of 10 �g of DNA. Plasmids
used for transient-transfection assays were prepared by using Qiagen (Santa
Clarita, Calif.) columns. After 48 h, cells were harvested and luciferase assays
were performed as previously described (16).

For treatments with HDAC inhibitors, cells were treated with 5 mM sodium
butyrate or 150 ng of TSA (Sigma, St. Louis, Mo.) per ml for 24 h prior to
harvesting cells for luciferase assays. To correct for differences in transfection
efficiencies among different DNA precipitates, luciferase activity was normalized
to that of �-galactosidase activity, determined by an o-nitrophenyl-�-D-galacto-
pyranoside (ONPG) assay. Within HDAC inhibitor treatment experiments, lu-
ciferase values were normalized by protein concentrations as determined by a
protein assay reagent from Bio-Rad because HDAC inhibitors regulate the
promoters commonly used for internal controls (e.g., Rous sarcoma virus pro-
moter). All transfection assays were performed at least three times in duplicate.

Plasmids. The pMH1long-luc reporter construct contains the 408-bp sequence
upstream of the JC virus large T antigen gene fused to the firefly luciferase gene
(9). Base substitutions or deletions in the promoter region of the JC virus were
generated in the context of the 408-bp upstream sequence, using a QuickChange
PCR-based site-directed mutagenesis kit (Stratagene) according to the manu-
facturer’s procedure. The oligonucleotide sequences for generating mutants of
pentanucleotide, TATA, and Sp1 sites were described previously (11, 16).

To generate the deletion mutants of the enhancer sequences, oligonucleotide
5�-GCTTTCCACTTCCCCTTGCTCCCTACCTTCCCTTT-3� was used for the
sense strand primer and oligonucleotide 5�-AAAGGGAAGGTAGGGAGCAA
GGGGAAGTGGAAAGC-3� was used for the antisense strand primer. For
site-directed mutagenesis of NF-1 or AP1 binding sites in the enhancer region,
the following oligonucleotides were used: 5�-GAGCTCATGCTCTAACTCC
AGC CATCCA-3� and 5�-CTGGATGGCTGGAGTTAGAGCATGAGCT-3�
for the NF-1 mutant, 5�-CCTAGGTATGAGCTTGTGCTTGGCTGG-3� and
5�-GCCAGCCAAGCACAAGCT CATACCTAG-3� for the AP1 mutant. The
first set of primers represent coding-strand sequences of the promoter containing
the desired mutations (italic bases), and the second set of primers represent the
corresponding noncoding-strand sequences. Constructs with desired mutations
were screened by restriction enzyme digestion and sequencing analysis.

Stable transfection. SK-HEP1 or HeLa cells were stably transfected with
pMH1long-luc by the calcium phosphate method. Since pMH1long-luc does not
carry a selectable marker in mammalian cells, pMH1long-luc was cotransfected
with pRc-CMV (Invitogen) at a molar ratio of 10:1, and stable clones were
selected in 400 �g of G418 per ml. To obtain clones derived from single cells,
stable transfectants bearing pMH1long-luc were cloned by the dilution method
(18). The luciferase activity of individual clones was measured in the absence and
presence of TSA. To confirm JC virus promoter integration, Southern blotting of
purified genomic DNA was performed with JC virus promoter DNA labeled as
a probe.

Chromatin immunoprecipitation assay. HeLa or U87MG cells were trans-
fected with pMH1long-luc by the calcium phosphate method and treated with
150 ng of TSA per ml for 24 h prior to harvesting cells. Cross-linking by addition
of formaldehyde (to 1% final concentration) was allowed to proceed at 37°C for
10 min and terminated with glycine. After brief sonication, lysates were cleared
by centrifugation and then chromatin was precleared with protein A-Sepharose
at 4°C for 2 h. Precleared chromatin was incubated with 2 �g of anti-acetyl

histone H3 antibody at 4°C overnight. Immune complexes were collected by
protein A-Sepharose beads at 4°C for 4 h. At the end of the incubation, the
precipitates were sequentially washed once with buffer A (20 mM Tris-HCl, 2
mM EDTA, 0.1% sodium dodecyl sulfate) containing 150 or 500 mM NaCl and
once with buffer A containing 0.25 M LiCl. After the final wash, pellets were
resuspended in 300 �l of Tris-EDTA (TE) and incubated at 65°C overnight.

Samples were extracted with phenol-chloroform and ethanol precipitated.
Pellets were resuspended in 10 �l of H2O and assayed by PCR. Thirty cycles of
PCR were performed in a total volume of 20 �l with 5 �l of immunoprecipitated
material, 0.4 pmol of each primer, and 1 U of Taq polymerase. The JC virus
promoter was amplified with the primer pair JC56S (5�-GGCTGCTTTCCACT
TCCCCTT-3�) and JC342A (5�-GCCTCCACGCCCTTACTACTTCTG-3�).
The resulting PCR product encompasses 277 bp of the enhancer and promoter
region. The band was visualized by ethidium bromide staining after agarose gel
electrophoresis.

RESULTS

Histone deacetylase inhibitors stimulate JC virus early pro-
moter in a cell-specific manner. To address whether the JC
virus early promoter is regulated by chromatin structure, JC
virus expression was compared after treatment with the histone
deacetylase (HDAC) inhibitors TSA and butyrate. TSA is
known to be a potent and specific inhibitor of HDAC activity
(30), whereas butyrate is a less specific inhibitor of HDAC (17,
23). Two glial and two nonglial cell lines were used for tran-
sient-transfection assays. As shown in Fig. 1, HDAC inhibitors
increased JC virus promoter activity about 20- to 30-fold in
nonglial SK-HEP1 and HeLa cells, and thus final activity be-
came comparable to that in glial cells. In contrast, a less than
twofold increase in JC virus expression was observed in glial
U87MG and U373MG cells. The inhibitors did not influence
the activity of a control backbone plasmid, pA3PLUC (data not
shown) (20). These data suggest that histone acetylation and
deacetylation may be an important regulatory factor for glial
cell-specific expression of JC virus.

To further investigate JC virus early promoter regulation by
HDAC inhibitors, reporter plasmids containing the Mad-1 JC
virus or SV40 promoter were transfected into U87MG and
SK-HEP1 cells, and HDAC inducibility was compared with the
MH1 JC virus early promoter. Both MH1 and Mad-1 JC virus
promoters showed much larger induction by HDAC inhibitors
in SK-HEP1 cells than in U87MG cells. In contrast, the SV40
promoter was induced to the same extent (about fivefold) in
both U87MG and SK-HEP1 cells by the inhibitors (Fig. 2).
These results support the hypothesis that HDAC inhibitors
and HDAC control JC virus transcription in a glial cell-specific
fashion.

Chromatin immunoprecipitation assays revealed acetyla-
tion of the JC virus promoter in U87MG cells but not in HeLa
cells and TSA-induced hyperacetylation in HeLa cells. Treat-
ment of cells with TSA blocks the activity of HDAC proteins,
resulting in hyperacetylation of histones (2, 28). In order to
determine if TSA treatment caused hyperacetylation of his-
tones bound to the JC virus promoter, chromatin immunopre-
cipitation assays were performed on untreated cells or cells
treated with TSA with an anti-acetyl histone H3 antibody. In
Fig. 3, amplification of the input DNA from the JC virus
promoter used in the chromatin immunoprecipitation assay
and the DNA after immunoprecipitation with the anti-acetyl
histone H3 antibody are shown. Acetylation of histones at-
tached to the JC virus promoter region was seen in U87MG
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cells, whereas no acetylation was observed in HeLa cells.
Treatment of cells with TSA resulted in hyperacetylation of
histones bound to the JC virus promoter region in HeLa cells.
The effect of TSA on HeLa cells was much larger than on
U87MG cells, where only a twofold increase was observed.
These results indicate that histones bound to the JC virus
promoter exist in an acetylated state in glial cells, whereas they
are deacetylated in nonglial cells. HDAC inhibitors induced
early JC virus transcription and also induced hyperacetylation
of histone H3. Thus, histone acetylation/deacetylation may be
important factors determining the cell specificity of JC virus.

Enhancer region and Sp1 binding site upstream of TATA
are important for TSA-mediated activation. To determine the
location of the transcription factor binding site(s) regulated by

HDAC inhibitors, deletional and site-directed mutagenesis
was performed, and inductions by HDAC inhibitors was com-
pared with that of the wild-type promoter in HeLa and SK-
Hep1 cells (Fig. 4). Mutation of the pentanucleotide or TATA
sequence, which are important for T antigen-mediated activa-
tion (16), did not produce significant changes in the increase by
HDAC inhibitors. Alteration of two Sp1 binding sites down-
stream of the TATA box (mSp1-2 and mSp1-3) also did not
produce a change. However, mutation of the Sp1 site upstream
of the TATA box (mSp1-1) reduced induction sixfold. These
results suggest that the proximal Sp1 binding site located up-
stream of the transcription initiation site is important for the
regulation of JC virus expression by HDAC inhibitors. Inter-
estingly, when one repeat of the enhancer was deleted, induc-

FIG. 1. Cell-specific activation of MH1 JC virus promoter by HDAC inhibitors. (A) Schematic of the reporter plasmid containing the MH-1
JC virus early promoter. The promoter is fused to the firefly luciferase gene. Open boxes indicate direct tandem repeats of the enhancer, dotted
boxes represent TATA homologies, and striped boxes represent Sp1 binding sites upstream of the TATA sequence. Binding sites for the viral
protein large T antigen (black boxes) are also indicated. (B) Two nonglial and two glial cell lines were transfected with pMH1long-luc plasmid
DNA and treated with 150 ng of TSA per ml or 5 mM butyrate for 24 h prior to harvesting cells. Luciferase assays were performed with the cell
extracts, and relative activities are shown. In nonglial cells, HDAC inhibitors caused 20- to 30-fold increases in JC virus transcription, whereas a
�2-fold increase was observed in glial U87MG and U373MG cells.

3396 KIM ET AL. J. VIROL.

 on O
ctober 23, 2016 by E

w
ha W

om
ans U

niv
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


tion was also decreased about sixfold compared to the wild
type. Moreover, deletion of both enhancer repeats completely
abolished TSA-mediated activation, indicating that the en-
hancer region and Sp1 binding site upstream of TATA are
important for TSA-mediated activation (Fig. 4A). Identical
results were observed in HeLa and SK-HEP1 cells.

To further dissect the enhancer region, site-directed mu-
tagenesis was employed to alter the NF-1 and AP1 binding
sites (1, 27). Mutation of either of these sites did not alter
induction compared to wild-type sequences (Fig. 4B). These
results suggest that other transcription factor binding sites
might be required for this activation or that nucleosome struc-
ture surrounding the enhancer region might mediate this in-
ducibility independent of transcription factor binding.

JC virus promoter is stimulated by TSA after integration
into the genome. Although nucleosomes are formed on DNA
templates introduced into cells by transient transfection, these
nucleosomes may be in a less repressive state than those
formed on stably integrated DNA (25). To confirm JC virus
promoter regulation by histone deacetylase in the context of
natural chromatin structure, stable transfectants of SK-HEP1
and HeLa cells containing pMH1long-luc were generated. Sev-
enteen independent single clones were selected from SK-

HEP1 transfectants, and five clones were selected from HeLa
transfectants, and TSA-inducibility was tested for each clone.
Integration of the JC virus promoter into host chromosomal
DNA was confirmed by Southern blotting for all of these
clones (data not shown). Induction varied considerably be-
tween the clones of SK-HEP1, ranging from 2- to 7,250-fold
(Table 1). Five HeLa clones showed 20- to 144-fold induction.
These results show that TSA induced strong activation of both
a transiently and a stably integrated JC virus early promoter
reporter equally well.

Because large differences were observed in the induction of
activation in stable transfectants, we checked the gene dosage
of each clone. There was no correlation between the degree of
induction and the copy number of the integrated plasmid.
Thus, expression of the stably integrated JC virus promoter
region appeared to be strongly influenced by the chromosomal
environment.

DISCUSSION

This study characterized glial cell-specific regulation of JC
virus transcription by chromatin structure. We found that
HDAC inhibitors increased JC virus early transcription more

FIG. 2. Comparison of TSA-mediated inducibility of MH1 and Mad-1 JC virus promoters and SV40 promoter in U87MG and SK-HEP1 cells.
Two types of JC virus promoters (MH1 and Mad-1) and SV40 promoter reporter plasmids were transfected into U87MG and SK-HEP1 cells,
which were then treated with 5 mM butyrate or 150 ng of TSA per ml for 24 h prior to harvesting cells. Luciferase activity without TSA or butyrate
treatment was set at 1.0 in each cell line, and inductions by the inhibitors is presented in the graph. Both of the JC virus promoters were more
strongly induced in SK-HEP1 cells than in U87MG cells by the inhibitors. The SV40 promoter was induced in both cell lines to the same extent.
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robustly in nonglial cells than in glial cells and that hyperacety-
lation was induced in nonglial cells by the inhibitors. The
enhancer region and Sp1 binding site upstream of the TATA
box were identified as being critical for this induction. By
generating stable cell lines transformed with JC virus reporter
plasmid, TSA-mediated activation was confirmed in the con-
text of host chromatin structure.

In addition to the direct regulation by transcription factors,
gene expression is also controlled by molecular and structural
modifications of promoter DNA. Chromatin packing and
DNA methylation are two such mechanisms. As for regulation
by chromatin structure, it has become increasingly apparent
that the equilibrium of histone acetylation and deacetylation
plays an important role. Histone deacetylation occurs at lysine
residues on the N-terminal tails of the histones, increasing
their affinity for DNA. As a consequence, histone deacetyla-
tion alters nucleosomal conformation, which decreases the ac-
cessibility of transcriptional regulatory proteins to chromatin
templates. Polyomavirus DNA is assembled into a set of ap-
proximately 21 nucleosomes, both in the virion and in the
infected cell, with each nucleosome consisting of an octamer
containing two copies of histone H2A, H2B, H3, and H4. In
the infected nucleus, it appears that histone H1 is associated
with at least some of the minichromosomes (5), and in fact the
viral chromosome in the cell is structurally indistinguishable
from host cell chromatin (22). Thus, to investigate the regula-
tion of the JC virus promoter by histone acetylation/deacety-

lation, luciferase activities were measured in the cells before
and after treatment with TSA. We found that HDAC inhibi-
tors induced strong activation of the JC virus early promoter in
nonglial cells and that the enhancer region plays an important
role in this activation. These findings can be explained as fol-
lows: TSA/butyrate-induced modifications allow conforma-
tional changes in chromatin which increase the accessibility of
regulatory proteins, examples of which could be RNA poly-
merases or other proteins that may bind to the enhancer re-
gion.

To confirm cell-specific regulation of JC virus promoter by
HDAC inhibitors, the induction of two types of JC virus pro-
moter, MH1 and Mad-1, and SV40 promoters was compared.
Two JC virus promoters were more strongly activated by TSA
in nonglial cells than in glial cells, whereas the SV40 promoter
was induced by the same amount irrespective of cell type.
These results indicate that HDAC inhibitors stimulate the JC
virus promoter in a cell-specific manner, at least in glial and
nonglial cells.

Direct evidence that histone acetylation/deacetylation tar-
geted to the JC virus promoter was obtained by chromatin
immunoprecipitation assays. Histone acetylation on the JC
virus promoter was detected in U87MG glioma cells but was
not detected in HeLa cells. In addition, TSA treatment caused
a dramatic increase in acetylation on the JC virus promoter in
HeLa cells, and the resulting acetylation approached the levels
detected in U87MG cells. These results strongly support the

FIG. 3. Histone acetylation on MH1 JC virus promoter. To investigate direct evidence for regulation of the JC virus promoter by histone
acetylation and deacetylation, chromatin immunoprecipitation assays were performed. After transfection of pMH1long-luc, DNA-histone com-
plexes were immunoprecipitated with anti-acetyl histone H3 antibodies (Ab), and the eluted DNAs were amplified with primers spanning the
enhancer and promoter regions. The primers used are indicated as JC56S for the 5� primer and JC342A for the 3� primer. The lower panels
represent input DNAs before addition of anti-acetyl histone H3 antibody. The upper panels represent the DNAs bound to acetyl histone H3. Lanes
1 and 3, DNAs extracted from cells without TSA treatment. Lanes 2 and 4, DNAs extracted from TSA-treated cells. JC virus promoter-histone
complexes exist in an acetylated state in U87MG glial cells but not in nonglial HeLa cells, while treatment with TSA dramatically increased histone
acetylation in HeLa cells.
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idea that histone acetylation/deacetylation plays an important
role in regulating JC virus transcription in a cell-specific fash-
ion.

Previous data demonstrated that butyrate activated the
SV40 promoter, which has very close structural similarity to
that of MH1 JC virus, and that the SV40 enhancer region was
very important for this activation (7, 8, 21). Work done with
SV40 minichromosomes has shown that an extended SV40
origin region, including the 72-bp repeated enhancer region,
has a nucleosomal phasing pattern that differs from that of the
remainder of the viral genome (14). This region, and the anal-
ogous region in other polyomaviruses, is also hypersensitive

to DNase I (12, 24). The host range and specificity of some
polyomavirus mutants have been correlated with changes in
the levels of histone hyperacetylation in these regions (12).

In addition to the enhancer region, the Sp1 binding site
upstream of the TATA box was shown to be important for
TSA-mediated activation of the JC virus promoter. We have
previously demonstrated Sp1 binding to this site and shown
that Sp1 plays an important role in regulation of JC virus
transcription (9, 10). HDAC1 was recently shown to form a
complex directly with Sp1 (6), raising the possibility that Sp1
might target deacetylases to specific promoters, leading to hy-
poacetylation and decreased gene expression. Besides the JC

FIG. 4. Enhancer region and Sp1 binding site upstream of the TATA box are necessary for TSA-mediated activation of JC virus promoter.
HeLa cells were transfected with pMH1long-luc plasmid DNA carrying mutations or deletions, as shown on the left. The experimental conditions
were the same as in Fig. 1. The data were normalized to protein content and are expressed as activity obtained with butyrate or TSA treatment
relative to that of the untreated control. All experimental points were run in duplicate. (A) Constructs with mutations in the basal promoter region
or deletions in the enhancer region are indicated. Alteration of the Sp1 site upstream of the TATA box or deletion of the enhancer region
significantly affected induction of the JC virus promoter, while mutations of other sites did not alter TSA-mediated activation. wt, wild type.
(B) Mutations of AP1 and NF-1 binding sites are indicated. Mutation of AP1 or NF-1 binding sites did not alter activation.
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virus promoter, several promoters have been reported to be
activated by HDAC inhibitors specifically through Sp1 sites,
including the human adenine nucleotide translocase-2 pro-
moter (13), human COX-1 promoter (28), mouse and human
p21waf/cip1 promoters (26, 29), and the mouse thymidine kinase
promoter (6). It is of interest that all these promoters are
activated by deacetylase inhibitors via Sp1 sites located in sim-
ilar positions relative to the transcription start site. The HDAC
inhibitors also activate the SV40 early promoter (8), which has
a similar promoter organization. Thus, it is tempting to spec-
ulate that Sp1 bound to specifically positioned GC elements
might play a role in directing chromatin-dependent gene sup-
pression.

To further analyze important factors directly involved in
TSA-mediated activation, site-directed mutagenesis was per-
formed in the binding sites of NF-1 and AP1, which are well-
known transcription factors that bind to the enhancer region.
Mutation of either of these sites did not alter induction com-
pared to the wild type. These results suggest that other tran-
scription factors interacting with the enhancer region may be
involved in activation. Alternatively, nucleosome structure sur-
rounding the enhancer region could mediate inducibility inde-
pendent of transcription factors.

By constructing stable cell lines, we confirmed TSA-medi-
ated induction of the JC virus promoter in the context of
natural chromatin structure. When the basal and TSA-induced
luciferase activities of individual clones were compared, they
showed variations in responsiveness between clones, likely due
to the different chromosomal environments where the pro-
moter gene was integrated.

In conclusion, we have identified a new mechanism regulat-
ing JC virus transcription. We have provided evidence that
histone acetylation/deacetylation may play an important role in
glial cell-specific regulation of JC virus. The regulation of JC
virus expression by histone acetylation occurs via the enhancer
and the Sp1-binding site located upstream of the transcription
initiation site. Thus, chromatin-modifying enzymes modulate
cell-specific expression of JC virus.
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