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Large T antigen (TAg) of the human polyomavirus JC virus
(JCV) possesses DNA binding and helicase activities, which,
together with various cellular proteins, are required for replica-
tion of the viral genome. We now show that JCV-infected cells
expressing TAg accumulate in the G2 phase of the cell cycle as a
result of the activation of ATM- and ATR-mediated G2 check-
point pathways. Transient transfection of cells with a TAg
expression vector also induced G2 checkpoint signaling and G2
arrest. Analysis of TAgmutants with different subnuclear local-
izations suggested that the associationofTAgwith cellularDNA
contributes to the induction of G2 arrest. Abrogation of G2
arrest by inhibition of ATM and ATR, Chk1, and Wee1 sup-
pressed JCV genome replication. In addition, abrogation of the
G2-M transition by Cdc2 depletion disabled Wee1 depletion-
induced suppression of JCV genome replication, suggesting that
JCV replication is facilitated by G2 arrest resulting from G2
checkpoint signaling.Moreover, inhibition of ATMandATR by
caffeine suppressed JCV production. The observation that oli-
godendrocytes productively infected with JCV in vivo also
undergoG2 arrest suggests thatG2 checkpoint inhibitors such as
caffeine are potential therapeutic agents for JCV infection.

The human polyomavirus JC virus (JCV)2 is the causative
agent of progressive multifocal leukoencephalopathy (PML), a

fatal demyelinating disease of the central nervous system. JCV
infection usually occurs during childhood, but remains subclin-
ical. However, opportunistic reactivation of JCV results in the
development of PML in individuals with a compromised
immune system, such as those with acquired immunodefi-
ciency syndrome (AIDS) or advanced-stage malignant tumors,
or those recently having undergone organ transplantation with
immunosuppressive therapy (1). There is currently no effective
or specific therapy for PML, even though the incidence of this
condition is increasing with the growing number of individuals
with AIDS.
JCV is a small virus with a double-stranded DNA genome

that encodes early proteins (largeT antigen, small t antigen, and
T� antigen) and late proteins (VP1, VP2, VP3, and agnoprotein)
(2). The entry of JCV into the nucleus of an infected cell is
followed by transcription of the early genes and the production
of large T antigen (TAg). The replication of JCV DNA
progresses in association with the accumulation of TAg, which
subsequently stimulates transcription of late genes and
represses that of the early genes (3). JCVTAg shares 72% amino
acid sequence identity with TAg of simian virus 40 (SV40),
another primate polyomavirus, and, like SV40 TAg, it is neces-
sary for replication of the viral genome as a result of its DNA
binding and helicase activities. The replication of polyomavi-
ruses also requires DNA replication proteins of the host cell,
such as DNA polymerase �, topoisomerases, and replication
protein A (RPA) (4, 5), with such host cell factors being thought
to serve as determinants of host specificity (6).
The utilization of such cellular proteins requires that poly-

omaviruses replicate in a phase of the cell cycle in which they
are available. Polyomavirus TAg thusmodulates cellular signal-
ing pathways to induce quiescent cells to enter S phase, in
which cellular DNA is replicated (7). A key event in this process
is the interaction of TAg with members of the retinoblastoma
protein family, which results in inactivation of retinoblastoma
protein and in consequent progression of the cell cycle (8).
Moreover, polyomaviruses are thought to take advantage of the
DNA damage response to enhance viral replication. SV40 lytic
infection thus triggers the DNA damage checkpoint, resulting
in a bypass of mitosis and additional replication of cellular and
viral DNA (9), and murine polyomavirus-infected cells accu-
mulate in S andG2 phases (10). Replication of viral DNA in cells
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infected with SV40 or murine polyomavirus has also been
recently shown to activate the ataxia telangiectasia mutated
(ATM)-mediated signaling pathway and thereby promote viral
replication (11, 12). However, it is not clear how polyomavi-
ruses trigger DNA damage signaling.
DNA damage checkpoints are biochemical pathways that

delay or arrest cell cycle progression in response to DNA dam-
age or replication stress. In mammalian cells, the DNA damage
checkpoint is usually activated by ATM or ATM- and Rad3-
related (ATR), both of which aremembers of the phosphatidyl-
inositol 3-kinase-like kinase family. ATM is recruited to DNA
double strand breaks by the Mre11-Rad50-Nbs1 (MRN) com-
plex (13), whereas ATR is recruited byATR-interacting protein
to RPA-coated single-stranded DNA (ssDNA) that accumu-
lates at stalled DNA replication forks, or is generated by the
processing of the initial DNA damage (14). The Rad9-Rad1-
Hus1 (9:1:1) complex is also recruited to RPA-coated ssDNA
and brings the ATR activator, topoisomerase-binding pro-
tein-1. After their recruitment to sites of DNA damage, ATM
and ATR phosphorylate various substrate proteins, including
Chk1 and Chk2, which in turn phosphorylate downstream fac-
tors to induce cell cycle arrest and facilitateDNArepair (16, 17).
The G2-M cell cycle transition is controlled by the cyclin-de-
pendent kinase Cdc2 (also known as Cdk1), which is positively
regulated by cyclin B and negatively regulated by tyrosine phos-
phorylation and cyclin-dependent kinase inhibitors (18). In
response to ATM- or ATR-mediated activation of the DNA
damage checkpoint, the inhibitory phosphorylation of Cdc2 is
maintained by the kinaseWee1 and by inactivation of the phos-
phatase Cdc25 to arrest cells at the G2-M transition and to
block entry into mitosis (19). ATM and ATR also phosphor-
ylate p53 at Ser15 (20), resulting in inhibition of the interaction
of p53 with Mdm2 (21) and in p53 stabilization. Cdc2 is inhib-
ited by the products of p53 target genes, including the cyclin-
dependent kinase inhibitor p21, Gadd45, and 14-3-3� (22–24).
Cells arrested at G2-M in this manner are able to resume cell
cycle progression after abrogation of the checkpoint response
subsequent to completion ofDNArepair, unless theDNAdam-
age is irreparable and leads to apoptosis (25).
We have now investigated the relationship between JCV rep-

lication and the host cell cycle to identify the cellularmachinery
required for JCV replication. We found that JCV TAg triggers
the ATM- and ATR-mediated G2 checkpoint pathways and
consequent G2 arrest during viral DNA replication. This func-
tion of TAg was shown to correlate with its association with
cellular DNA.We also show that caffeine, an inhibitor of ATM
and ATR function, markedly suppressed JCV replication and
propagation after establishment of infection in host cells.

EXPERIMENTAL PROCEDURES

Cells and Virus Infection—Human neuroblastoma IMR-32
cells (HSRRB, Osaka, Japan) were maintained under an atmo-
sphere of 5% CO2 at 37 °C in Dulbecco’s minimum essential
medium supplemented with 10% fetal bovine serum, penicillin,
streptomycin, 2 mM L-glutamine, and 0.1 mM nonessential
amino acids. For virus infection, IMR-32 cells were inoculated
with JCV (200 HAU/ml), prepared from JCV-producing JCI

cells (26) in growth culture medium for 24 h and then trans-
ferred to fresh medium without virus.
Plasmids—The JCV TAg expression vectors pCXN2-JCV

TAg and pCMV-FLAG-JCV TAg were constructed from pBR-
Mad1. The �OBD, E461D, E461A, R541K, and K617Rmutants
of JCV TAg were generated by polymerase chain reaction-me-
diated mutagenesis of pCMV-FLAG-JCV TAg with appropri-
ate primers. All constructs were verified by sequencing and
subcloned into pCXN2. The pCXN2-GFP and pCXN2-red flu-
orescent protein vectors were also generated as controls. For
the assays of viral DNA replication, the full-length transcrip-
tional control region of JCV Mad1 was subcloned into pBlue-
script II SK(�), and the resulting construct was designated
pBS-JCori (27).
Reagents andAntibodies—Caffeine andKU55933 (both from

Sigma) were dissolved at 100 and 10mM, respectively, in deion-
ized water and dimethyl sulfoxide. UCN-01 (Calbiochem, San
Diego, CA) was dissolved in 1 mM dimethyl sulfoxide. A mouse
monoclonal antibody to SV40 TAg (pAb416), which was previ-
ously shown to cross-react with JCV TAg (28), was obtained
from Calbiochem. Rabbit polyclonal antibodies to JCV TAg
(JCT652), JCV VP1, and JCV Agnoprotein were generated as
described (28–30). Rabbit polyclonal antibodies to the Thr21-
phosphorylated form of RPA32 were prepared by Immuno-
Biological Laboratories (Gunma, Japan) with a thyroglobulin-
conjugated synthetic phosphopeptide corresponding to amino
acid residues 16 to 29 of the human RPA32 (GAGGYpTQSPG-
GFGC). The immunoglobulin G fraction specific for the pep-
tide was isolated from serum by chromatography on a column
of antigen-coupled activated thiol-Sepharose 4B (GE Health-
care). Antibodies to Chk1, Ser317-phosphorylated Chk1, Chk2,
Thr68-phosphorylated Chk2, Tyr15-phosphorylated Cdc2, and
Ser15-phosphorylated p53 were obtained from Cell Signaling
Technology (Beverly,MA). Additional antibodies included those
to ATR (N-19),Wee1 (B-11) and laminA/C (Santa Cruz Biotech-
nology, Santa Cruz, CA), Ser139-phosphorylated histone H2A.X
(Upstate, Lake Placid, NY), Cdc2 and cyclin B (BD Biosciences),
cyclin B1 (Novocastra, Newcastle Upon Tyne, UK), p53 (DO-7;
Dako, Carpinteria, CA), topoisomerase-binding protein-1, actin,
andHP1� (ChemiconMillipore, Billerica,MA), RPA32 (Neomar-
kers, Fremont, CA), and FLAGM2 (Sigma).
Flow Cytometry and Cell Cycle Analysis—IMR-32 cells

seeded onto 3.5-cm dishes were transfected with the indicated
constructs by using Lipofectamine 2000 (Invitrogen) 3 days
before collection.Virus-infected cellswere harvested at 2weeks
after inoculation with JCV. Cells were harvested by exposure to
trypsin, washed three times with phosphate-buffered saline
(PBS), and fixed overnight at�20 °Cwith 70% ethanol. For flow
cytometric analysis of TAg or VP1 expression, cells were
washed with PBS containing 1% bovine serum albumin and
then incubated for 2 h at room temperature with fluorescein
isothiocyanate (FITC)-conjugated antibodies to TAg (pAb108,
BD Biosciences) and antibodies to VP1 and allophycocyanin-
labeled secondary antibodies. For cell cycle analysis, DNA con-
tent was measured by staining the cells for 30 min at room
temperature with propidium iodide (PI) (10�g/ml) in PBS con-
taining RNase A (0.1 mg/ml). Flow cytometry was performed
with a FACSCanto system (BDBiosciences), and datawere ana-
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lyzed with Flowjo software (Tree Star, Ashland, OR). All anal-
ysis was performed with the PI-A (area) versus PI-W (width)
subset to exclude doublet cells.
Immunocytofluorescence Analysis—IMR-32 cells seeded

onto glass-bottom dishes or chamber slides were transfected
with the indicated constructs at 3 days before fixation. Virus-
infected cells were seeded onto poly-L-lysine-coated slide
glasses and fixed at 2 weeks after inoculation with JCV. Cells
were fixed for 3min in 100%methanol at�20 °C, exposed to 1%
bovine serum albumin to block nonspecific sites, and incubated
with primary antibodies overnight at 4 °C. Immune complexes
were visualized by incubation with Alexa Fluor 488-conjugated
secondary antibodies (Invitrogen) for 1 h at room temperature.
For sequential double immunostaining of TAg, the cells were
incubated with pAb416 or JCT652 antibodies to Tag, and then
with Alexa Fluor 594-conjugated secondary antibodies
(Invitrogen). Cell nuclei were counterstained with 4�,6-di-
amidino-2-phenylindole (DAPI) (Invitrogen). Fluorescence
signals were detected with an FV-1000 laser-scanning confocal
microscope (Olympus, Tokyo, Japan).
For visualization of chromatin- or nuclear matrix-associated

proteins,HeLa cellswere seeded onto chamber slide glasses and
transfected with the indicated constructs. The cells were then
washed with PBS, incubated for 5 min on ice in isotonic Triton
buffer (0.5% Triton X-100, 20 mM HEPES-NaOH (pH 7.4), 50
mM NaCl, 3 mM MgCl2, 300 mM sucrose) to remove cytoplas-
mic and soluble nuclear proteins, washed three times with PBS,
and fixed in ice-cold 100%methanol for 3 min. For preparation
of the nuclear matrix, after treatment of cells with isotonic Tri-
ton buffer, chromatin was digested for 20 min at room temper-
ature with DNase I (100 �g/ml, Sigma) in isotonic buffer (20
mMHEPES-NaOH (pH7.4), 50mMNaCl, 6mMMgCl2, 300mM

sucrose) and then extracted for 2min at room temperaturewith
a solution containing 0.25M ammonium sulfate, 20mMHEPES-
NaOH (pH 7.4), and 0.2 mM MgCl2. The remaining nuclear
matrix was washed with PBS and fixed with ice-cold methanol
for 3 min. Fluorescence signals were detected with an inverted
fluorescence and phase-contrast microscope (IX70, Olympus),
and images were collected with a charge-coupled device (CCD)
camera with the use of DP controller software (Olympus).
5-Ethynyl-2�-deoxyuridine (EdU) Incorporation—Cells were

exposed to 10 �M EdU (Invitrogen) in culture medium for 45
min. For flow cytometric analysis of EdU incorporation and
TAg expression, cells were fixed overnight with 70% ethanol at
�20 °C. After staining with the FITC-labeled antibody to TAg
as described above, EdU was detected with Alexa Fluor 647-
azide with the use of a Click-iT EdU Flow Cytometry Assay Kit
(Invitrogen). Flow cytometry was performed as described
above. For immunocytofluorescence analysis, cells were fixed
with 100% methanol for 3 min at �20 °C before detection of
EdU with Alexa Fluor 647-azide. Sequential double immuno-
staining was performed with amonoclonal antibody to cyclin B
and polyclonal antibodies to JCV Tag, and immune complexes
were visualized with Alexa Fluor 405- or Alexa Fluor 488-con-
jugated secondary antibodies (Invitrogen), respectively.
Immunoblot and Immunoprecipitation Analysis—IMR-32

cells seeded onto 12-well dishes were transfected with the indi-
cated constructs 3 days before collection. Virus-infected cells

were collected at the indicated times after inoculationwith JCV.
For induction of DNA damage, cells were exposed to UV (10
J/m2) with the use of a UV Cross-linker (UVP, Upland, CA) for
2 h prior to collection. Cells were suspended in RIPA buffer (1%
Triton X-100, 150mMNaCl, 0.1% SDS, 1% deoxycholic acid, 10
mM Tris-HCl (pH 7.5), 5 mM EDTA, 10% glycerol, 50 mM

sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, com-
plete protease inhibitor mixture (Roche, Basel, Switzerland),
and phosphatase inhibitor mixture 1 (Sigma)). Lysate proteins
(10 �g) were fractionated by SDS-polyacrylamide gel electro-
phoresis and subjected to immunoblot analysis with the indi-
cated antibodies. Immune complexes were detected with
horseradish peroxidase-conjugated secondary antibodies
(BIOSOURCE International, Camarillo, CA), Immobilon
Western HRP Substrate (Millipore), and a LAS-1000 Plus sys-
tem (Fujifilm, Tokyo, Japan). For immunoprecipitation, cells
were lysed in immunoprecipitation lysis buffer (1% Nonidet
P-40, 150 mM NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 50
mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride,
complete protease inhibitor mixture, and phosphatase inhibi-
tor mixture 1). Lysed protein was immunoprecipitated with
Dynabeads Protein G (Invitrogen) for 2 h at 4 °C after coating
with FLAG M2 antibody. Protein complexes were eluted with
SDS sample buffer (125 mM Tris-HCl (pH 6.8), 10% 2-mercap-
toethanol, 4% SDS, 10% sucrose, and 0.04% bromphenol blue)
after washing with immunoprecipitation lysis buffer.
Fractionation of Cellular Proteins—For nuclear fraction-

ation, IMR-32 cells transfected with the indicated constructs
were subjected to sequential extraction as described previously
(31, 32), with some modifications. One-tenth of the harvested
cells were lysed with RIPA buffer to obtain a whole cell extract.
The remaining cells were suspended in buffer A (0.05% Triton
X-100, 10 mM HEPES-NaOH (pH 7.8), 1.5 mM MgCl2, 10 mM

KCl, 1 mM phenylmethylsulfonyl fluoride, and complete prote-
ase inhibitor mixture) and centrifuged at 700 � g for 5 min at
4 °C to yield the soluble cytoplasmic extract. The nuclear pellet
was washed with buffer A, suspended, and incubated for 5 min
on ice in isotonic Triton buffer supplemented with 1mM phenyl-
methylsulfonyl fluoride and complete protease inhibitor mix-
ture, then centrifuged at 700 � g for 5 min at 4 °C to yield the
nuclear soluble extract. The associated nuclear pellet was
washed with isotonic Triton buffer and further extracted con-
secutively with increasing concentrations of NaCl (0.25, 0.5,
and 1 M) in a solution containing 10 mM Tris-HCl (pH 7.4) and
0.2mMMgCl2 to yield chromatin-associated proteins. The final
nuclear residue (NR) consisting ofDNAandnuclearmatrixwas
dissolved by ultrasonic treatment in RIPA buffer. Equal
amounts of protein for each fraction were then subjected to
immunoblot analysis with the indicated antibodies.
Thenuclearmatrixwas also prepared as described previously

(33). After treatment of the initial nuclear pellet with isotonic
Triton buffer, as described above, chromatin was digested for
30 min at room temperature with DNase I (100 �g/ml) in the
same buffer and then extracted by incubation with 0.25 M

ammonium sulfate for 5 min at room temperature. Themixture
was centrifuged at 10,000� g for 5min at 4 °C to yield a superna-
tant containing chromatin-associated proteins and a pellet con-
taining insoluble and nuclear matrix proteins. The pellet was sus-
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pended in a solution containing 8 M urea, 100 mMNaH2PO4, and
10mMTris-HCl (pH 8.0). Equal amounts of protein for each frac-
tion were then subjected to immunoblot analysis.
Small Interfering RNA (siRNA) Transfection—The siRNA

constructswere obtained as the siGENOMESMARTpool, ATR
(M-003202), WEE1 (M-005050; Dharmacon, Thermo Scien-
tific, Lafayette, CO), and CDC2 HP Validated siRNA
(SI00299726;Qiagen, Valencia, CA). The non-targeting control
siRNA was obtained from Qiagen. IMR-32 cells were trans-
fected with 20 nM siRNA diluted in Opti-MEM medium
(Invitrogen) with the use of Lipofectamine RNAiMAX reagent
(Invitrogen) according to the reverse transfection protocol of
the manufacturer. After 24 h, the cells were transfected with
pCXN2-JCVTAg or the empty vector, or pCXN2-JCVTAg and
pBS-JCori for replication assay, with the use of Lipofectamine
2000, and cultured for 2 or 3 days. KU55933 (20�M) or dimeth-
yl sulfoxide (control) was added to the cells 15 h before
collection.
DpnI Replication Assay—IMR-32 cells or siRNA-transfected

IMR-32 cells were seeded onto 3.5-cm dishes and transfected
with pBS-JCori and pCXN2-JCV TAg. One day after transfec-
tion, caffeine (2.5 mM), UCN-01 (50 nM), or dimethyl sulfoxide
was added to the cells and cultured for an additional 24 h. Low
molecular weight DNAwas isolated from the cells as described
previously (34), incubated for 1 h at 56 °Cwith proteinase K (0.5
mg/ml), and precipitated with phenol/chloroform/isoamyl
alcohol/ethanol. The DNAwas suspended in TE buffer (10 mM

Tris (pH7.5), 1mMEDTA) containing RNaseA (75�g/ml), and
a 5-�g portion was digested with EcoRI and DpnI, the latter of
which selectively digests transfected DNA that has been meth-
ylated during prokaryotic replication. The products of diges-
tion were fractionated by electrophoresis on a 1% agarose gel,
and DNA fragments were transferred to a Hybond N� mem-
brane (GE Healthcare Bio-Sciences) by capillary transfer in
�20 standard saline citrate and then exposed to a digoxigenin-
labeled DNA probe targeted to a vector-derived, ampicillin-
resistant DNA sequence (DIG High Prime DNA Labeling and
Detection Starter Kit II, Roche). Hybridization signals were
detected with the LAS-1000 Plus system, and replication activ-
ities were determined by quantifying the intensity of the bands
with the use of Multi Gauge software (Fujifilm).
Hemagglutin (HA) Assay—Measurement of JCV titer was

based on HA of human type O erythrocytes as described previ-
ously (35). Human blood was supplied from the Hokkaido Red
Cross Blood Center. For analysis of viral proliferation, caffeine
(1 or 2mM)was added to JCV-infected IMR-32 cells at 7, 10, and
13 days postinoculation (d.p.i.) and the cellswere collected at 13
or 16 d.p.i. The JCV in 5 � 106 cells was extracted by exposing
the cells to 3 freeze-thaw cycles in 150 �l of Tris-HCl (pH 7.5)
containing 0.2% bovine serum albumin. The extract was incu-
bated for 15 h at 37 °Cwith neuraminidase (0.05 units/ml), and,
after inactivation of neuraminidase for 30 min at 56 °C, it was
centrifuged at 600 � g for 10 min. The resulting supernatant
was then subjected to the HA assay. 2-Fold serial dilutions of
the supernatant (25 �l) in PBS (adjusted to pH 7.15) containing
0.2%bovine serumalbuminwere added to thewells of a 96-well,
V-bottomedmicroplate, and an equal volume of 0.5% red blood
cells in PBS (pH 7.15) was added to each well. The mixture was

incubated for 3 h at 4 °C, and the HA titer of the virus was then
determined as the highest dilution resulting in HA.
Immunohistofluorescence Analysis—A surgical specimen

was obtained from the brain of an individual with PML positive
for JCV VP1 immunostaining. This aspect of the study was
approved by the Ethical Committee of Hokkaido University
Graduate School of Medicine. The tissue was fixed in formalin,
embedded in paraffin, and sectioned. Paraffin was then
removed from the sections, and antigen retrieval was per-
formed in 10 mM citrate buffer (pH 6.0) by placing the sections
in a pressure cooker for 3 min. The sections were exposed to
10% normal goat serum and then incubated overnight at 4 °C
with a monoclonal antibody to cyclin B1 or with polyclonal
antibodies to Ser15-phosphorylated p53 or Thr21-phosphoryla-

FIGURE 1. Accumulation of JCV-infected cells in G2 of the cell cycle.
A, JCV-infected IMR-32 cells at 14 d.p.i. were stained with PI for DNA content,
with antibodies to VP1, and allophycocyanin-labeled secondary antibodies,
as well as with FITC-labeled antibodies to TAg. The cells were then subjected
to flow cytometry, with TAg�VP1�, TAg�VP1�, TAg�, and VP1� cell subsets
indicated in the dot plots being shown in the histograms of PI fluorescence
intensity. The bar graph indicates the percentage of cells in each phase of the
cell cycle for noninfected cells and for the various subsets of JCV-infected
cells; data are mean � S.D. of triplicates from a representative experiment.
B, JCV-infected IMR-32 cells (14 d.p.i.) were exposed to EdU for 45 min, after
which EdU (red), TAg (green), and cyclin B (blue) were detected in the cells by
fluorescence microscopy. In the merged image, TAg and EdU were detected
in G2 phase cells that express cyclin B1 in the cytoplasm (solid arrowheads).
Cells in S phase are EdU positive (open arrowhead), and cells in M phase show
a diffuse pattern of cyclin B1 staining (arrow). Scale bar, 10 �m. The EdU-
labeled cells were also subjected to flow cytometric analysis of EdU incorpo-
ration, DNA content, and TAg expression. The dot plot of EdU incorporation
versus DNA content (PI fluorescence intensity) reveals a population of TAg�

cells (red dots) among the cells that had incorporated EdU.
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ted RPA32. Immune complexes were detected by incubation
for 90 min at room temperature with Alexa Fluor 488-conju-
gated secondary antibodies. The sections were then incubated
with polyclonal antibodies to JCVTAg ormonoclonal antibod-
ies to TAg, and immune complexes were detected with Alexa
Fluor 594-conjugated secondary antibodies. Nuclei were coun-
terstained with DAPI, and the sections were then stained with
1% Sudan black B for 5 min to quench the autofluorescence of
brain tissue. Fluorescence was then observed with an inverted
fluorescence and phase-contrast microscope, and images were
obtained as described above.

RESULTS

TAg-expressing Cells Accumulate at G2 Phase—We first
investigated the cell cycle in human neuroblastoma IMR-32
cells, which are permissive for JCV replication, expressing JCV
early (TAg) or late (VP1) proteins 2 weeks after virus inocula-
tion. Flow cytometric analysis of cells stained for DNA with PI
revealed that those expressing TAg (TAg� and TAg�VP1�

cells) accumulated at the G2/M phase, whereas those express-
ing VP1 (VP1� cells) showed a cell cycle profile similar to that
of noninfected cells or cells not expressing TAg or VP1
(TAg�VP1� cells) (Fig. 1A). Given that TAg is indispensable
for viral DNA replication, the JCV genome would be expected

to be replicated in TAg-expressing
cells. We next examined DNA syn-
thesis in JCV-infected cells bymeas-
urement of EdU incorporation.
TAg-expressing cells incorporated
less EdU than cells in S phase, even
though they expressed cyclin B in
the cytoplasm (36) (Fig. 1B), indicat-
ing that the cells synthesized viral
DNA in the G2 phase. Flow cyto-
metric analysis also provided evi-
dence of additional viral DNA repli-
cation in the G2 phase (Fig. 1B).
These results indicate that expres-
sion of TAg is related to G2 arrest in
JCV-infected cells, and that viral
DNA is replicated during G2 arrest.

To test whether the G2 arrest in
TAg-expressing cells is induced by
TAg itself or by viral DNA replica-
tion, we analyzed the cell cycle pro-
file of cells transfected with an
expression vector for the FLAG
epitope-tagged TAg. Cells tran-
siently expressing TAg also accu-
mulated in G2 phase compared with
control cells expressing FLAG-
tagged green fluorescent protein
(GFP), suggesting that TAg triggers
G2 arrest in the absence of viral
DNA (Fig. 2A). G2 arrest of TAg-ex-
pressing cells was observed at 2 or 3
days post-transfection; thereafter,
G2 arrest was abrogated with a
decrease in the levels of TAg expres-

sion (supplemental Fig. S1). Interestingly, in comparison with
other polyomaviruses, G2 arrest in IMR-32 cells expressing
SV40 TAg was greater than that in JCV TAg expressing cells,
whereas the extent of G2 arrest in Vero cells (which are derived
from African green monkey kidney epithelium) expressing
SV40 or JCV TAg was equivalent (supplemental Fig. S2). In
addition, IMR-32 cells expressing murine polyomavirus TAg
accumulated in S and G2 phases. Because G2 arrest was more
striking in JCV-infected cells than in cells transiently express-
ing TAg (Figs. 1A and 2A), we also examined the cell cycle
profile of TAg-expressing cells in the presence of a plasmid
containing the JCV origin (pBS-JCori).We found that G2 arrest
in TAg-expressing cells was enhanced by the presence of a plas-
mid containing the JCV origin, indicating that viral DNA rep-
lication performed by TAg leads to further accumulation of
cells at the G2 phase (Fig. 2B).
TAg Induces ATM- and ATR-dependent G2 Checkpoint

Signaling—In mammalian cells, G2 progression is arrested by
G2 checkpoint signaling in response to DNA damage or repli-
cation block. The major regulators of the G2 checkpoint path-
way, ATM andATR, phosphorylate various proteins, including
Chk1, Chk2, p53, histoneH2A.X, andRPA32, and thereby inac-
tivate Cdc2-cyclin B. To investigate whether TAg-induced G2

FIGURE 2. Accumulation of TAg-expressing cells in G2 of the cell cycle. IMR-32 cells transfected with expres-
sion vectors for FLAG-TAg or FLAG-GFP, or with the corresponding empty vector (Mock) 3 days before analysis
(A); and IMR-32 cells transfected with FLAG-TAg and pBS-JCori(�), or FLAG-TAg and pBS-JCori(�) 3 days before
analysis (B), were stained with PI and FITC-labeled antibodies to FLAG. The cells were then subjected to flow
cytometry with the TAg� or GFP� cell subsets indicated in the dot plots being shown in the histograms of PI
fluorescence intensity. The bar graph indicates the percentage of cells in each phase of the cell cycle for
mock-transfected cells and for the TAg�, TAg�, and GFP� cell subsets; data are mean � S.D. of triplicates from
a representative experiment.
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arrest is mediated by such signaling pathways, we examined the
phosphorylation status of ATM and ATR substrates by immu-
nofluorescence and immunoblot analyses. We found that TAg
colocalized with phosphorylated forms of the ATM and ATR
substrates, and also with the ATR activator, topoisomerase-
binding protein-1, in the nuclei of JCV-infected IMR-32 cells
(Fig. 3A). Furthermore, Tyr15-phosphorylated (inactivated)
Cdc2 was detected predominantly in the cytoplasm of the
infected cells (Fig. 3A). The phosphorylation of these various
proteins in JCV-infected cells was confirmed by immunoblot
analysis (Fig. 3B). Although only �0.5% of infected cells
expressed TAg (Fig. 1A), we found phosphorylation of check-
point proteins in JCV-infected cells similar to that in cells with
ultraviolet radiation (UV)-induced DNA damage (Fig. 3B). The
JCV-induced phosphorylation of RPA32 on Thr21, p53 on
Ser15, and Cdc2 on Tyr15 was abrogated by the ATM-ATR
inhibitor caffeine, whereas that of Chk1 on Ser317 and Chk2 on
Thr68were not affected (Fig. 3B). Caffeine inhibited consequent
G2 arrest, and led the cells to enter mitosis (supplemental Fig.
S3). We obtained similar results for immunofluorescence and
immunoblot analyses of cells transiently expressingTAg (Fig. 4,

A and B). To exclude the possibility that plasmid transfection
itself or overexpression of any exogenous protein might induce
G2 checkpoint signaling, we confirmed that the checkpoint
proteins were not phosphorylated in cells transfected with an
expression vector for red fluorescent protein (Figs. 4B and sup-
plemental S4). These results thus indicated that TAg activates
G2 checkpoint signaling. Given that caffeine did not block the
phosphorylation of Chk1 and Chk2, we further examined the
role of ATM or ATR in the checkpoint signaling induced by
TAgwith the use of a specific inhibitor of ATM (KU55933) and
siRNAs specific for ATR mRNA. The level of phosphorylation
of checkpoint proteins, including Chk1 and Chk2, in cells
treated with both KU55933 and the ATR siRNAs was lower
than that in those treated with either of these agents alone (Fig.
4C), suggesting that TAg induces G2 checkpoint signaling by
both ATM- and ATR-mediated pathways.
The Induction of G2 Arrest Is Associated with Localization of

TAg to Cellular DNA—TAg contains an origin DNA binding
domain (OBD) and a helicase domain that mediates the initia-
tion of polyomavirusDNA replication. TheOBDcontributes to
sequence-specific initiation of viral DNA replication through
its binding to the viral core origin (37). SV40TAg is also capable
of binding nonspecifically to double-stranded DNA and
ssDNA, and such nonspecific contacts with DNA are also
required during viral DNA replication (38, 39). We examined
whether this nonspecific DNA binding activity of TAg might
affect the replication of cellular DNA by generating various
mutants of JCVTAg expected to possess different levels of such
activity on the basis of previous in vitro studies of SV40 TAg
(39–41). The OBD mutant (�OBD) of JCV TAg lacks amino
acids 147 to 251, which include not only the origin-specific
binding domain, but also one of the nonspecific double-
stranded DNA binding domains identified in SV40 TAg (42).
We also generated point mutants of JCV TAg in which Glu at
position 461 is replaced with Asp (E461D) or Ala (E461A); the
corresponding mutants of SV40 TAg (residue 460) failed to
bind nonspecifically to double-stranded DNA or ssDNA,
respectively (39–41). In addition, we constructed R541K of
JCV TAg, the corresponding mutations of SV40 TAg (residues
540) having been shown to increase ssDNA binding activity
(41) (Fig. 5A). To determinewhether JCVTAg is actually bound
to cellular DNA in the nucleus, we examined the association of
TAg with chromatin by subcellular fractionation of cell lysates
prepared from IMR-32 cells expressing wild-type (WT) or
mutant forms of JCV TAg (Fig. 5B). Fractionation of the cell
lysates with detergent and sequential salt extraction revealed
WT TAg to be present in all fractions, including the high-salt
nuclear extract (1 M) andNR fractions, indicating that a portion
of TAg is tightly bound to chromatin. Most of the R541K
mutant was detected in chromatin protein (0.25, 0.5, and 1 M)
and NR fractions, whereas only small amounts of the �OBD,
E461D, and E461A mutants remained in the high-salt (0.5 and
1M) andNR fractions. TheNR fraction contains nuclearmatrix,
DNA, and proteins tightly bound to DNA such as heterochro-
matin protein 1� (HP1�) (Fig. 5B).We therefore appliedDNase
I digestion followed by extraction with 0.25 M ammonium sul-
fate to separate the nuclear matrix and DNA-bound proteins
(Fig. 5C). Whereas the WT and R541K forms of TAg were

FIGURE 3. Induction of G2 checkpoint signaling in JCV-infected IMR-32
cells. A, JCV-infected IMR-32 cells (14 d.p.i.) were subjected to double immu-
nofluorescence staining with antibodies to the indicated phosphorylated
forms of checkpoint proteins (green) and with antibodies to TAg (red). Cell
nuclei were stained with DAPI (blue). TopBP1 indicates topoisomerase-bind-
ing protein-1; �-H2A.X indicates phosphorylated histone H2A.X; RPA indicates
RPA32. pS, phosphoserine; pY, phosphotyrosine; pT, phosphothreonine. Scale
bars, 5 �m. B, JCV-infected IMR-32 cells (14 d.p.i.) incubated in the absence or
presence of 2.5 mM caffeine (caf) for 15 h, as well as UV-treated or control (�)
IMR-32 cells, were subjected to immunoblot analysis with antibodies to phos-
phorylated or total forms of the indicated proteins.
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detected in both chromatin protein (DNase) andnuclearmatrix
fractions, only small amounts of �OBD, E461D, or E461Awere
found to be associated with the nuclear matrix. To further
investigate the association of TAg with cellular chromatin and
the nuclear matrix in situ, we performed immunofluorescence
staining of cells after detergent and DNase I treatment. We
used HeLa cells for this analysis because IMR-32 cells detached
from slide glasses after detergent treatment. Transient expres-
sion of TAg resulted in G2 arrest in HeLa cells (supplemental
Fig. S6) as it did in IMR-32 cells. HeLa cells expressing WT or
mutant forms of TAgwere fixed withmethanol directly or after
extraction with 0.5% Triton X-100 to remove soluble nuclear
proteins followed (or not) by treatment with DNase I and
ammonium sulfate extraction to remove chromatin. Whereas
the amounts of WT or R541K forms of TAg in the nucleus of
detergent-treated cells were similar to those in nontreated cells,
the amounts of �OBD, E461D, or E461A mutants in the
nucleus were reduced by detergent treatment (Fig. 5D). The
E461D and E461A proteins remaining in the nucleus of deter-
gent-treated cells manifested a punctate staining pattern. Fur-
ther treatment of the cells with DNase I and ammonium sulfate
resulted in the removal of most DNA, as revealed by DAPI
staining, whereas staining for lamin A/C, a component of the
nuclear lamina, remained apparent (Fig. 5D). Both WT and
R541K forms of TAg, but not the �OBD, E461D, or E461A
mutants, were still detected in the nucleus of such cells, sug-
gesting thatWTTAg and the R541Kmutant associate with the
nuclear matrix as well as with chromatin. Because amino acid
residues 461 and 541 of JCV TAg are located in a helicase/

ATPase domain and 541 in a p53
binding domain, we confirmed rep-
lication activity and the p53 binding
ability of mutant forms of TAg. All
mutant forms of TAg lost replica-
tion activity, whereas the p53 bind-
ing ability of the mutants was main-
tained except for a slight decrease in
that of the E461D mutant (Figs. 5A
and supplemental S5, A and B).

To test whether the association of
TAg with cellular DNA affects
induction of G2 arrest by TAg, we
analyzed the cell cycle profile of
IMR-32 cells transiently expressing
each TAg mutant. As expected, the
G2 population of cells expressing
�OBD, E461D, or E461A was
smaller than that of cells expressing
WT TAg (Fig. 6A). In contrast, the
proportion of cells expressing the
R541K mutant in the G2 phase was
markedly increased compared with
that for those expressing the WT
protein. However, the replication
activity and p53 binding ability of
mutant forms of TAg did not corre-
late with the induction of G2 arrest
(Fig. 5A). These results indicate that

the localization of TAg to cellular DNA is associated with G2
arrest induced by TAg itself. To confirm that these differences
in the extent of G2 arrest reflected G2 checkpoint signaling, we
examined the phosphorylation status of checkpoint proteins
(Fig. 6B). We found a correlation between the induction of G2
arrest and the phosphorylation of RPA32 on Thr21 and p53 on
Ser15. The phosphorylation levels of Chk1 and Chk2 in cells
expressing the �OBD, E461D, or E461A mutants were similar
to those in cells expressing the WT protein. Given that the
�OBD, E461D, and E461A mutants each induced a small
increase in the proportion of cells in the G2 phase compared
with that for mock-transfected cells (Fig. 6A), it is likely that
TAg triggers at least two pathways leading to G2 arrest and that
these mutants activate one pathway mediated by Chk1 and
Chk2, but not the other pathway mediated by RPA32 and p53.
Together, these results indicate that the localization of TAg to
cellular DNA is one of the factors in the induction of G2 arrest.
Abrogation of G2 Arrest Suppresses JCV Genome Replication—

To determine whether TAg-induced G2 checkpoint signaling
and/or G2 arrest affect viral genome replication efficiency, we
examined viral DNA replication in the presence of inhibitors of
G2 checkpoint signaling and G2-M transition. We first con-
firmed the effects of caffeine, ucn-01 (a Chk1 inhibitor), and
siRNA against Wee1 and Cdc2 on the cell cycle profile of cells
transfected with pBS-JCori and an expression vector for TAg.
Depletion of Wee1 and Cdc2 proteins in these cells were con-
firmed by immunoblotting (Fig. 7A). As expected, TAg-in-
ducedG2 arrest of the cells was abrogated by inhibition of ATM
and ATR, Chk1, and Wee1, whereas G2 arrest was maintained

FIGURE 4. Induction of ATM- and ATR-dependent G2 checkpoint signaling in TAg-expressing IMR-32
cells. A, IMR-32 cells were transfected with an expression vector for FLAG-TAg 3 days before double immuno-
fluorescence staining with antibodies to the indicated phosphorylated forms of checkpoint proteins (green)
and antibodies to TAg (red). Cell nuclei were stained with DAPI (blue). pS, phosphoserine; pY, phosphotyrosine;
pT, phosphothreonine. Scale bars, 10 �m. B, IMR-32 cells transfected with expression vectors for FLAG-red
fluorescent protein or FLAG-TAg, or with the corresponding empty vector (�), were incubated in the absence
or presence of 2.5 mM caffeine (caf) for 15 h and then subjected to immunoblot analysis with antibodies to
phosphorylated or total forms of the indicated proteins. C, IMR-32 cells transfected (T/F) with control (CT) or
ATR siRNAs, as well as with an expression vector for FLAG-TAg or the corresponding empty vector (�), were
incubated for 15 h in the absence or presence of the ATM inhibitor KU55933 (20 �M) and then subjected to
immunoblot analysis with antibodies to phosphorylated or total forms of the indicated proteins.
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by Cdc2 depletion (Fig. 7B). We next assessed the viral replica-
tion activity in these cells by the DpnI replication assay. The
extent of viral replication was indeed reduced by not only caf-
feine and ucn-01, but also Wee1 depletion compared with that
apparent in the control cells (Fig. 7, C and D). However, Cdc2
depletion abrogated the reduction of viral replication in cells
with Wee1 depletion (Fig. 7, C and D). These results indicate
that viral replication efficiency is affected by the proportion of
cells in G2 phase, not by kinase activities involved in G2 check-
point signaling.
Inhibition of ATM and ATR by Caffeine Suppresses JCV

Proliferation—Because the JCV genome replication was greatly
diminished by caffeine (Fig. 7D), we further examined the effect
of caffeine on virus proliferation in JCV-infected cells. JCV-
infected IMR-32 cells (7 d.p.i.) were cultured in the absence or
presence of caffeine for 3 to 9 days. Immunoblot analysis
revealed little or no expression of early (TAg) or late (VP1 and
Agno) viral proteins in cells treated with 1 or 2 mM caffeine for
3 or 6 days,whereas control cells expressed substantial amounts
of these viral proteins (Fig. 8A). Furthermore, we did not detect
aHA titer in cells treatedwith caffeine for up to 9 days (16 d.p.i.)
(Fig. 8C). In addition, the growth of cells treated with 1 or 2mM

caffeine for 9 days was greater than that of control cells (Fig.
8D), likely as a result of the prevention of virus-induced cyto-
pathic effects (27). However, given that caffeine hasmany other
pharmacological effects in addition to inhibition of ATM and
ATR, it remained possible that these other activitiesmight con-
tribute to the observed effect on JCV proliferation. To confirm
that suppression of viral proliferation by caffeine was attribut-
able to inhibition of ATMor ATR, we examined the expression
of viral proteins in cells transfected with ATR siRNAs. The
expression of viral proteins was also inhibited in the ATR-de-
pleted cells compared with that in control cells (Fig. 8B). These
results show that at least ATR is required for JCV proliferation.
Inhibition of ATM- and ATR-mediated G2 arrest by caffeine
thus markedly suppressed viral propagation in JCV-infected
cells.
G2 Checkpoint Signaling Is Induced in JCV-infected Cells of

the PML Brain—PML results from the productive infection of
oligodendrocytes by JCV and consequent central nervous sys-
tem demyelination. We examined whether the induction of G2
arrest also occurs in JCV-infected oligodendrocytes in vivo.
Immunohistofluorescence analysis revealed the expression of
cyclin B1, Thr21-phosphorylated RPA32, and Ser15-phosphoryla-
ted p53 in a surgical specimenof the brain froman individualwith
PML.Double immunostaining for TAg and each of these proteins
showed that TAg-positive oligodendrocytes specifically expressed
cyclin B1 in the cytoplasm as well as phosphorylated RPA32 and

FIGURE 5. Subcellular localization of WT and mutant forms of TAg. A, sche-
matic representation and summary of intracellular properties of the mutant
forms of JCV TAg. Predicted functional domains of JCV TAg were shown in
TAg wild-type (WT, 688 amino acid (aa)). OBD, ori DNA binding domain (dark
gray, 138 –247 aa); p53BD, p53 binding domain (light gray, 351– 450 and 534 –
628 aa); Helicase domain (under bar, 132– 628 aa). �OBD lacks residues of WT
147–251 aa. The positions of amino acid point mutations for E461D, E461A,
and R541K are indicated by black bars. The results of subcellular localization as
shown in B–D, and p53 binding and the viral DNA replication assay for TAg
mutants as shown in supplemental Fig. 6 were summarized as relative to
those of TAg WT; decrease (2), high decrease (22), increase (1), equiva-
lence (3), and no activity (�). B, IMR-32 cells expressing FLAG-tagged WT or
mutant forms of JCV TAg were subjected to sequential subcellular fraction-
ation and salt extraction of insoluble nuclear material as described under
“Experimental Procedures.” WE, whole cell extract; CE, cytoplasmic extract;
NS, nuclear soluble extract; 0.25 M, 0.25 M NaCl nuclear extract; 0.5 M, 0.5 M NaCl
nuclear extract; 1 M, 1 M NaCl nuclear extract; IB, immunoblot. Equal amounts
of protein for each fraction were subjected to immunoblot analysis with anti-
bodies to FLAG (for detection of TAg), HP1�, and actin (loading control).
C, IMR-32 cells expressing WT or mutant forms of TAg were subjected to
sequential subcellular fractionation followed by DNase I treatment and

ammonium sulfate extraction to separate chromatin-associated proteins
(DNase) from nuclear matrix-associated proteins (NM). Equal amounts of pro-
tein for each fraction were subjected to immunoblot analysis with antibodies
to FLAG, HP1�, and lamin A/C. D, HeLa cells expressing WT or mutant forms
of TAg were fixed with methanol either directly (nontreated, NT) or after
extraction with 0.5% Triton X-100 without (0.5% TX-100) or with (DNase I)
subsequent DNase I treatment and ammonium sulfate extraction. The cells
were then subjected to immunofluorescence staining with antibodies to TAg
(gray scale or red) or lamin A/C (green). DNA was also stained with DAPI (blue).
The gray-scale images were obtained under the same conditions. Scale bars,
10 �m.
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p53 in the nucleus (Fig. 9). These results thus suggested that TAg
induces G2 checkpoint signaling and subsequent G2 arrest in oli-
godendrocytes productively infected with JCV in vivo.

DISCUSSION

We have shown that JCV TAg
promotes viral DNA replication by
arresting the cell cycle at the G2
phase as the result of induction of
ATM- and ATR-mediated G2
checkpoint pathways. The induc-
tion of G2 arrest is caused by not
only viral DNA replication, but also
TAg itself (supplemental Fig. S7).
The potential benefit to JCV repli-
cation of activation of the G2 check-
point is likely to be themaintenance
of cellular replication machinery in
the G2 phase by prevention of mito-
sis, rather than the use of kinase
activity involved in G2 checkpoint
signaling. In infected cells, the G2
arrest is limited to the early phase of
the JCV infection cycle associated
with TAg expression; it does not
occur during the late phase associ-
ated with expression of the late pro-
tein VP1. Inhibition of the check-
point pathways and the consequent
release of cells from G2 arrest
resulted in cell cycle progression to
mitosis and a marked reduction in
the extent of JCV DNA replication.
These results suggest that JCV
DNA is replicated in G2-arrested
cells, with the recovery from such
arrest occurring as the abundance
of TAg declines. In contrast to
SV40 (43), infection with JCV does
not appear to induce abnormal
replication of cellular DNA result-
ing in a DNA content of �4 N. The
replication of JCV DNA is thus
accomplished during G2 arrest
without a second round of cellular
DNA synthesis.
Although a variety of viruses have

been shown to induce G2 arrest in
host cells, themechanisms bywhich
such an arrest is achieved appear
diverse (44, 45). In the case of JCV
infection, our data show that TAg
itself triggers the ATM- and ATR-
mediated G2 checkpoint pathways.
Moreover, viral DNA replication
caused by TAg enhanced G2 arrest
in TAg-expressing cells by mecha-
nism(s) independent from the G2

arrest triggered by TAg itself. One
of themechanisms of the induction of G2 arrest by TAg is asso-
ciated with localization of TAg to cellular DNA. The amount of

FIGURE 6. Effects of mutation of JCV TAg on the induction of G2 arrest. A, flow cytometric analysis of the cell
cycle profile either of the TAg� cell subset of IMR-32 cells transfected with expression vectors for FLAG-tagged
WT or mutant forms of TAg, or of the total cells transfected with the corresponding empty vector (mock). The
histograms indicate DNA content as revealed by staining with PI and FITC-labeled antibodies to TAg. The bar
graph shows the corresponding percentages of cells in each phase of the cell cycle; data are mean � S.D. of
triplicates from a representative experiment. B, immunoblot analysis of phosphorylated or total forms of the
indicated proteins in IMR-32 cells transfected as in A.

FIGURE 7. Suppression of JCV genome replication by abrogation of G2 arrest. Effect of inhibition of G2 check-
point signaling on JCV DNA replication as determined by the DpnI replication assay. IMR-32 cells transfected with
pBS-JCori and an expression vector for TAg were incubated for 24 h before addition of dimethyl sulfoxide (DMSO)
(control), 50 nM ucn-01, or 2.5 mM caffeine (caf). The siRNA against non-targeting control (Ct) or Wee1 or/and Cdc2
were transfected 24 h before transfection of the plasmids. The collected cells were subjected to immunoblot anal-
ysis with antibodies to FLAG-TAg, Wee1, and Cdc2 (A), flow cytometric analysis of cell cycle profile for the TAg� cell
subset (B), and DpnI replication assay (C and D). Replicated DNA extracted from the cells was detected by Southern
blot analysis with a DNA probe specific for pBS-JCori (C). The intensity of DNA bands was quantified and is indicated
in the bar graph relative to the value of dimethyl sulfoxide (for ucn-01 and caffeine) or that of siCt (for siWee1, siCdc2,
and siWee�siCdc2) (D); data are mean � S.D. of triplicates from a representative experiment.
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TAg associated with chromatin was thus correlated both with
the level of phosphorylation of RPA32 on Thr21 and that of p53
on Ser15, as well as with the extent of cell accumulation in the
G2 phase. These data suggest that the association of TAg with
cellular DNA affects the cellular replication machinery, result-
ing in the induction of replication stress and consequent G2
arrest. In addition, TAg localized to the nuclearmatrix, which is
the site of nuclear foci associated with transcription and DNA
replication (46, 47). It therefore seems likely that association of
TAg with the nuclear matrix disturbs DNA replication as a
result of theDNAbinding activity of TAg or its interactionwith
a protein involved in DNA replication. Further investigation is
required to reveal the mechanism by which TAg triggers DNA
damage signaling.
A direct link between TAg-induced G2 arrest and the phos-

phorylation of RPA32 and p53 remains to be demonstrated.
Although RPA-coated ssDNA is thought to play a role in the
initiation of ATM- and ATR-mediated checkpoint pathways
(14, 48), the potential roles of DNA damage- or replication
stress-induced hyperphosphorylation of RPA by these kinases
have not been defined. Furthermore, although the phosphory-

lation of p53 on Ser15 was induced in cells expressing WT or
R541K mutant forms of JCV TAg, we did not detect the induc-
tion of apoptosis or the expression of p21WAF1/CIP1, a cyclin-de-
pendent kinase inhibitor encoded by a p53 target gene, in such
cells (data not shown). The phosphorylated p53 associatedwith
activation of the G2 checkpoint in TAg-expressing cells thus
appears likely to be inactivated as a result of its binding to TAg.
We also found that caffeine had a pronounced antiviral effect

in cells infected with JCV. It thus almost completely blocked
viral propagation after establishment of infection. However, we
cannot rule out the possibility that caffeine also suppresses
another step of the JCV life cycle in addition to viral DNA rep-
lication, or that it affects JCV propagation not only by acting as
an inhibitor of ATM and ATR, but also through its other bio-
logical effects (such as antagonism of adenosine receptors).
Given that we obtained evidence that JCV-infected oligoden-
drocytes were arrested at the G2 phase in a brain of an individ-
ual with PML, ATM-ATR inhibitors such as caffeine might
prove clinically effective against JCV infection. Although it is
difficult to assess the antiviral effect of caffeine at a nontoxic

FIGURE 8. Suppression of JCV production by inhibition of ATM and ATR.
A, JCV-infected IMR-32 cells (7 d.p.i.) were incubated in the absence or pres-
ence of caffeine (1 or 2 mM) for 3 or 6 days and then subjected to immunoblot
analysis of the indicated viral proteins. B, JCV-infected IMR-32 cells were trans-
fected (or not) with control (Ct) or ATR siRNAs at 7 and 10 d.p.i., harvested at
13 d.p.i., and subjected to immunoblot analysis of viral proteins. C and
D, JCV-infected IMR-32 cells (7 d.p.i.) were incubated in the absence or pres-
ence of caffeine (1 or 2 mM) for 6 or 9 days, after which the HA titer of JCV in cell
extracts was determined (C), and the number of cells was counted with the
use of a hemocytometer and expressed relative to the value for those incu-
bated in the absence of caffeine (D). Data are mean � S.D. of triplicates from
a representative experiment.

FIGURE 9. TAg-expressing oligodendrocytes in the PML brain are
arrested in G2 phase. Sections of brain tissue from an individual with PML
were subjected to double immunofluorescence staining with antibodies to
TAg (red) as well as with those to cyclin B1, Thr21-phosphorylated RPA32, or
Ser15-phosphorylated p53 (green). Cell nuclei were counterstained with DAPI
(blue). Images were obtained from JCV-infected and uninfected areas of brain
tissue. Scale bars, 20 �m.
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dose in vivo because of the lack of an animal model of JCV
infection, recent studies have shown that the administration of
caffeine in drinking water resulted in the inhibition of ATM or
ATR signaling pathways inmice (49, 50). In addition, given that
it readily crosses the blood-brain barrier, caffeine is likely to
have access to target cells in central nervous system diseases
such as PML.
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