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Lytic infection of African green monkey kidney (CV-1) cells by simian virus 40 (SV40) is characterized by
stimulation of DNA synthesis leading to bypass of mitosis and replication of cellular and viral DNA beyond a
4C DNA content. To define mechanisms underlying the absence of mitosis, the expression levels of upstream
regulatory molecules of mitosis-promoting factor (MPF) were compared in parallel synchronized cultures of
SV40-infected and uninfected CV-1 cells. The DNA replication/damage checkpoint kinase Chk1 was phosphor-
ylated in both uninfected and SV40-infected cultures arrested at G1/S by mimosine, consistent with checkpoint
activation. Following release of uninfected cultures from G1/S, Chk1 phosphorylation was lost even though
Chk1 protein levels were retained. In contrast, G1/S-released SV40-infected cultures exhibited dephosphory-
lation of Chk1 in S phase, followed by an increase in Chk1 phosphorylation coinciding with entry of infected
cells into >G2. Inhibitors of Chk1, UCN-01 and caffeine, induced mitosis and abnormal nuclear condensation
and increased the protein kinase activity of MPF in SV40-infected CV-1 cells. These results demonstrate that
SV40 lytic infection triggers components of a DNA damage checkpoint pathway. In addition, chemical inhi-
bition of Chk1 activity suggests that Chk1 contributes to the absence of mitosis during SV40 lytic infection.

When a quiescent monolayer of CV-1 (African green mon-
key kidney) cells is infected with simian virus 40 (SV40), the
cells are induced into the cell cycle. The infected cells progress
through G1, S, and G2 phases but do not enter mitosis (17, 35,
58). Rather, the DNA content of the infected cells increases
beyond 4C (defined as �G2 phase) because of replication of
both viral and cellular DNA. By 48 h postinfection (hpi), the
total DNA content per cell has increased to 10C to 12C. The
majority of viral DNA is replicated in �G2 phase and accounts
for 20 to 30% of the total cellular DNA content (34). Progres-
sion into �G2 involves both of the early gene products of
SV40. Large-tumor antigen (large T) is essential for viral DNA
replication (65) and for progression into �G2 phase (11, 12).
Small-tumor antigen (small t) is not required for SV40 DNA
replication, but the rate of viral DNA replication (8, 16, 60)
and the rate of entry into �G2 are slower in the absence of
small t (70).

One goal in understanding the altered cell cycle regulation
during SV40 lytic infection is to define the mechanisms respon-
sible for the absence of mitosis in infected cells. Mitosis in
uninfected proliferating cells is controlled by mitosis-promot-
ing factor (MPF), a heterodimer of cyclin B and the cyclin-
dependent kinase Cdc2 (62, 64). The ability of MPF to induce
mitosis is regulated by the nuclear-cytoplasmic localization of
the cyclin B subunit and phosphorylation of Cdc2. During
interphase, cyclin B is actively transported out of the nucleus
by a CRM1-mediated export mechanism while the Wee1 and
Myt1 kinases phosphorylate the T14 and Y15 residues of Cdc2
to inhibit catalytic activity. During mitotic initiation, cyclin B1

is phosphorylated by Plk1 and localizes in the nucleus during
prophase. MPF is activated when the T14 and Y15 residues of
Cdc2 are dephosphorylated by the dual-specificity phospha-
tases Cdc25C and Cdc25B. The phosphatase activity of
Cdc25C is positively regulated by phosphorylation at a number
of amino-terminal sites that can be dephosphorylated through
the action of protein phosphatase 2A (PP2A) (27). At the
beginning of mitosis, increased phosphorylation of Cdc25C
results from increased phosphorylation by Polo-like kinase 1
(Plk1) and decreased dephosphorylation by PP2A. Active
Cdc25C then dephosphorylates T14 and Y15 of Cdc2, resulting
in activation of MPF. This active MPF, in turn, further phos-
phorylates and activates both Cdc25C and Plk1 to create a
positive feedback loop. Because of this feedback loop, it is
critical to maintain MPF and all of its positive regulators in
their inactive states to prevent premature mitosis during inter-
phase.

The onset of mitosis, which is regulated by MPF, is tightly
controlled. Untimely initiation of mitosis may result in
genomic damage, which may potentially lead to uncontrolled
cell proliferation (tumorigenesis) or cell death. DNA damage
checkpoint pathways hold MPF in an inactive form and pre-
vent the distribution of damaged DNA to daughter cells (2).
Maintenance of the inhibitory phosphorylation of the Cdc2
subunit is dependent on the inhibition of Cdc25C activity by
the upstream protein kinases Chk1 and Chk2 (3, 14, 56, 75).
Chk1 is a DNA damage checkpoint kinase conserved in yeast,
Xenopus, and mammalian cells. Chk1 is phosphorylated in
response to DNA damage caused by ionizing radiation (IR),
UV light, or incomplete DNA replication caused by hydroxyu-
rea (36). In mammalian cells, this activation of Chk1 requires
phosphorylation of S345 by ATR (ATM [ataxia telangiectasia
mutated] and Rad3 related), a member of the phosphatidyl-
inositol-3-kinase family (77). Activated Chk1 phosphorylates
the S216 residue of Cdc25C, which results in its nuclear export
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and preferential binding to 14-3-3 over cyclin B in the cyto-
plasm (43, 50). S216 is distinct from the amino-terminal phos-
phorylation sites critical to Cdc25C activation. The cytoplasmic
localization of Cdc25C denies access to its substrate, the Cdc2
subunit, and prevents cells from going into mitosis by keeping
MPF inactive, thus arresting cells at G2. Another DNA dam-
age checkpoint kinase, Chk2/Cds1, is activated through phos-
phorylation of T68 by ATM, a member of the phosphatidyl-
inositol-3-kinase family. Activated Chk2 also phosphorylates
S216 of Cdc25C and inhibits MPF activity (7).

Previous studies demonstrated that the absence of mitosis in
SV40 lytic infection correlates with a significant reduction in
the protein kinase activity of MPF. Although the cyclin B/Cdc2
complex was present in infected cells progressing from G2 to
�G2, the Cdc2 subunit was in the tyrosine-phosphorylated,
inactive form (58). The capacity of SV40-infected cells to ex-
press some elements of the mitotic phenotype was demon-
strated by induction of the mitotic marker MPM-2 following
addition of okadaic acid, a PP2A inhibitor (13). In this study,
the expression levels of upstream regulatory molecules of MPF
were compared in parallel synchronized cultures of SV40-in-
fected and uninfected CV-1 cells. The results demonstrated
that SV40 lytic infection induces phosphorylation of Chk1, a
component of DNA damage checkpoint pathways. In addition,
chemical inhibition of Chk1 activity suggests that Chk1 con-
tributes to the absence of mitosis during SV40 lytic infection.

MATERIALS AND METHODS

Cells and virus. African green monkey kidney (CV-1) cells (ATCC CCL70)
were grown on tissue culture dishes in minimal essential medium (MEM) con-
taining 2� amino acids and vitamins and 5% fetal bovine serum (FBS; Gibco
BRL, Grand Island, N.Y.). All cultures were maintained at 37°C in a humidified
5% CO2 incubator. SV40 wild-type (wt) strain RH911 and small t mutant strain
dl888 were grown and plaque assayed on CV-1 cells as previously described (35,
70). The SV40 small t mutant dl888 was provided by Kathleen Rundell.

SV40 infection. Confluent cultures of CV-1 cells were infected with wild-type
(wt) or dl888 mutant SV40 at 100 PFU per cell and incubated with fresh MEM
plus 1% FBS. In parallel, confluent cultures of uninfected cells were trypsinized
and replated with fresh MEM plus 10% FBS. At 6 h after the infection (or
trypsinization), cells were synchronized at the G1/S phase border with 0.2 mM
mimosine (Sigma, St. Louis, Mo.) for 18 h. The cells were released from mi-
mosine by replacing the medium with fresh MEM plus 5% FBS. The cells were
harvested at the time indicated in each experiment.

Caffeine and UCN-01 treatments. CV-1 cells were infected with SV40 and
treated with mimosine, as described above, prior to addition of caffeine (Sigma)
or UCN-01 (NSC 638850, the Drug Synthesis and Chemistry Branch, Develop-
mental Therapeutics Program, Division of Cancer Treatment and Diagnosis,
National Cancer Institute, National Institutes of Health). Caffeine at 6 mM was
added at 3 h after release from mimosine. Addition of 300 nM UCN-01 was done
at 6 h after release from mimosine. The cells were harvested at the times
indicated in each experiment. The concentrations of caffeine and UCN-01 used
were determined to be optimal for induction of mitotic markers in preliminary
assays comparing a range of concentrations. In indicated experiments, nocoda-
zole (Sigma) was added simultaneously with UCN-01 or caffeine to block cells in
mitosis. A portion of floating cells was set aside to measure the extent of cell
detachment. Attached cells were trypsinized and pooled with floating cells. Cells
were then counted and used for Western blot analysis of phospho-histone H3,
Ser10 (P-H3).

Antibodies. Antibodies were obtained from the following sources: anti-
Cdc25C mouse monoclonal immunoglobulin G (IgG1�) (25C14), NeoMarkers
(Fremont, Calif.); anti-Cdc25B mouse monoclonal IgG1, Transduction Labora-
tory (Lexington, Ky.); anti-phospho-Chk1 (Ser345) rabbit polyclonal IgG and
anti-phospho-Chk2 (Thr68) rabbit IgG, Cell Signaling Technology (Beverly,
Mass.); anti-MPM2 (mitotic protein monoclonal antibody 2) mouse monoclonal
IgG1, anti-Cds1/Chk2 rabbit polyclonal IgG, anti-histone 3 mouse monoclonal
IgG1�, and anti-P-H3 rabbit polyclonal IgG, Upstate Biotechnology (Lake

Placid, N.Y.); anti-Wee1 rabbit polyclonal IgG, Calbiochem (San Diego, Calif.);
anti-Plk1 mouse monoclonal antibody cocktail of IgG1 and IgG2b, Zymed (San
Francisco, Calif.); anti-Chk1 mouse monoclonal IgG2a (G-4), anti-MPP2 rabbit
polyclonal IgG (C-20), anti-Cdc2 mouse monoclonal IgG2a (no. 17), and anti-
Cks1 rabbit polyclonal IgG (FL-79), Santa Cruz Biotechnology (Santa Cruz,
Calif.). Anti-SV40 tumor antigen monoclonal antibodies PAb101 and Pab108
were obtained from the hybridoma cell lines ATCC TIB117 and ATCC TIB230,
respectively. PAb101 recognizes an epitope near the C terminus of large T, but
not small t. PAb108 recognizes the N termini of both tumor antigens.

Flow cytometry. CV-1 cells were prepared for flow cytometry as previously
described (29). Briefly, for large T staining and DNA content, fixed cells were
rinsed once in phosphate-buffered saline (PBS) and incubated with Pab101 in
wash solution (10% goat serum, 0.002% Triton X-100, 0.1% Na azide in PBS)
overnight at 4°C. The cells were rinsed twice in wash solution and incubated with
a solution containing goat anti-mouse Alexa 488 secondary antibody (Molecular
Probes, Eugene, Oreg.) for 2 h at 4°C. The cells were then rinsed twice in wash
solution and stained with propidium iodide (50 �g/ml in PBS; Calbiochem, La
Jolla, Calif.) and RNase A (500 �g/ml in PBS). Cells were analyzed by using a
procedure described previously (29, 70). Analysis was carried out with a Cytoflu-
orograph model 50 H-H flow cytometer with an argon laser at a wavelength of
488 nm and 20 mW of power. Twenty thousand cells were analyzed at each time
point, and the Cyclops analysis program (Cytomation, Ft. Collins, Colo.) was
used for data analysis.

Immunofluorescence assay. Cells fixed on coverslips with acetone-methanol
(7:3; �20°C) were subjected to immunofluorescence staining with antibodies
against SV40 large T and P-H3. They were incubated for 1 h with a 1:25 dilution
of anti-SV40 large T monoclonal antibody PAb101 and/or 20 �g of anti-P-H3
rabbit polyclonal IgG per ml diluted in the wash solution described above and
washed three times with PBS for 5 min each time. Coverslips were then incu-
bated with 20 �g of goat anti-mouse Alexa 594 per ml or 20 �g of goat anti-rabbit
Alexa 488 or 594 per ml for 30 min. For nuclear staining, cells were incubated
with PBS containing 4�,6�-diamidino-2-phenylindole (DAPI) (100 ng/ml) for 5
min. Anti-rabbit Alexa 594 was used as the secondary antibody when DAPI was
used. Anti-rabbit Alexa 488 and anti-mouse Alexa 594 were used for P-H3 and
large T, respectively. Cells were briefly washed with PBS three times and with
H2O once and mounted with 90% glycerol in PBS. Images from a fluorescence
microscope (magnification, �40) (BX-50; Olympus) were captured with Scion
Image software (Scion Corp., Frederick, Md.). The total number of cells was
recorded from DAPI staining.

Immunoblotting. Lysates were prepared by solubilizing the cell pellet at 104

cells per �l in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer as previously described (70). Lysates were resolved by
SDS-PAGE, and proteins were transferred onto Immobilon-P (Millipore, Bed-
ford, Mass.). The blots were then probed with antibodies as indicated.

H1 kinase assay. All floating cells were collected and pooled with attached
cells that had been released by trypsinization. They were then washed twice with
PBS and counted. Cells (2 � 106) were lysed in 200 �l of the lysis buffer (50 mM
Tris [pH 8.0], 250 mM NaCl, 0.5% NP-40, 50 mM NaF, 1 mM Na3VO4, 1 mM
dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride, 25 �g of leupeptin
per ml, 25 �g of aprotinin per ml, 150 �g of benzamidine per ml, and 10 �g of
trypsin inhibitor per ml). The samples were centrifuged at 10,000 � g for 10 min
at 4°C. The supernatant was transferred and incubated with 1 �g of anti-cyclin B1
mouse monoclonal IgG1 (GNS1) for 2 h at 4°C. The samples were further
incubated with 20 �l of protein A-conjugated agarose beads for 1 h at 4°C.
Immune complexes were then washed three times with lysis buffer without
inhibitors and once with kinase wash buffer (50 mM Tris [pH 7.4], 10 mM MgCl2,
1 mM DTT). The kinase reaction was performed in 25 �l of assay buffer (50 mM
Tris [pH 7.4], 2 �Ci of [�-32P]ATP, 50 nM ATP, 10 mM MgCl2, 1 mM DTT, 0.1
�g of histone H1 per �l). The reaction was stopped with 25 �l of 2� sample
buffer. The samples were heated for 10 min at 96°C. They were then separated
by SDS–10% PAGE. After the gel was dried, it was exposed to a phosphorimager
screen (Molecular Dynamics, Sunnyvale, Calif.) for 4 h. The images were visu-
alized and quantitated with Image Quant software (Molecular Dynamics).

RESULTS

Phosphorylation of Chk1 in SV40-infected cells. Knowing
that cyclin B/Cdc2 is in the inactive, tyrosine-phosphorylated
form during lytic infection, we examined upstream regulatory
pathways for events unique to infected cells. Parallel confluent
cultures of CV-1 cells were either infected with SV40 or
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trypsinized and replated without infection. The cells were then
synchronized at the G1/S border with mimosine beginning at 6
hpi or trypsinization and released 18 h later (24 hpi). The cells
were harvested at the time of the SV40 infection, mimosine
addition, or release from mimosine and every 6 h after the
release for up to 48 hpi. Flow cytometric analysis of cell cycle
distribution confirmed that most of the cells were in G1 phase
at times up to and including the point of release from mi-
mosine at 24 hpi (Fig. 1A). Following release, the uninfected
cells progressed through S phase, G2 phase, and mitosis. Pas-
sage through mitosis was indicated by a decrease in the G2

population and an increase in the G1 population beginning
between 30 and 36 h after trypsinization. In contrast, SV40-
infected cells progressed through S and G2 phases but did not
pass through mitosis at any time. The exit of infected cells from
G2, beginning at 36 hpi, was accompanied by an increase in the
�G2 population with no evidence of cycling back into G1

phase. Western blot analysis of mitotic indicators confirmed
the absence of mitosis in infected cells (Fig. 1B). The hyper-
phosphorylated, mitotic form of Cdc25C and strong expression
of P-H3 were observed at 36 h after trypsinization in the
uninfected cells but not at any time point in the infected cul-
tures.

To identify upstream regulatory pathways that may be re-
sponsible for the inhibition of MPF activity in SV40-infected
cells, we compared the expression levels of mitotic regulatory
proteins in SV40-infected and uninfected cells. Known up-
stream regulators of MPF were examined by Western blot
analysis. The most significant difference unique to SV40-in-
fected cells was increased phosphorylation of the checkpoint
kinase Chk1. Mimosine treatment resulted in phosphorylation
of Chk1 at the time of release from mimosine (24 hpi) in both
infected and uninfected cells (Fig. 1B), consistent with previ-
ous descriptions of Chk1 activation by inhibitors of DNA syn-
thesis (10, 21, 36, 77). Following release of uninfected cultures
from G1/S, Chk1 phosphorylation was lost, even though Chk1
protein levels were retained. In contrast, G1/S-released in-
fected cultures exhibited dephosphorylation of Chk1 in S
phase, followed by an increase in Chk1 phosphorylation at 36
hpi coinciding with entry of infected cells into �G2 (Fig. 1B).
Phospho-Chk2 is known to phosphorylate Cdc25C during
stalled DNA replication and DNA damage, similar to Chk1 (3,
7). However, Chk2 phosphorylation was retained following
release from mimosine in both the infected and uninfected
populations (Fig. 1B). The level of Plk1, a positive regulator,
increased to a peak at 36 h and then gradually decreased in
uninfected cells. The expression of Plk1 in the SV40-infected
cells increased to a constant level between 36 and 48 hpi (Fig.
1B). Additional upstream regulators that did not exhibit sig-
nificant differences in their expression pattern included Wee1,
Cdc25B, PP2A, and Cks1.

Small t-independent phosphorylation of Chk1. Mutant
SV40 that does not express small t produces viable viral par-
ticles in CV-1 cells (8, 16, 60). However, the absence of small
t reduces the rate of entry into �G2 phase compared to the wt
virus (70). To test if phosphorylation of Chk1 is dependent on
small t, we examined Chk1 phosphorylation following infection
with mutant dl888 SV40, which does not express small t. Con-
fluent monolayers of CV-1 cells were infected with either wt or
dl888 SV40 and synchronized at G1/S with mimosine. Every 6 h

from the time of release from mimosine, cells were harvested
for flow cytometric and Western blot analyses. In Fig. 2A, the
cell cycle distribution of wt- and dl888-infected cells is plotted
against increasing time after release from the mimosine block.
The rate of progression from G2 to �G2 was slower in the
dl888-infected cultures than in the wt-infected cultures. Phos-
phorylation of Chk1 was observed in both infections beginning

FIG. 1. Cell cycle progression and expression of MPF regulatory
proteins in SV40-infected and uninfected CV-1 cells. Confluent CV-1
cells were infected with SV40 at 100 PFU per cell or trypsinized and
replated at 1:3. At 6 hpi or replating, mimosine was added, the cells
were incubated for 18 h, and the medium was replaced with fresh
medium without mimosine. Samples were harvested at the indicated
times. (A) Cells were fixed and stained to determine DNA content per
cell by flow cytometry. Uninfected cells, filled circles; SV40-infected
cells, open circles. (B) Expression of MPF upstream regulatory mole-
cules and detection of mitotic markers. Whole-cell lysates were re-
solved by SDS-PAGE and immunoblotted. Each filter was reacted with
antibodies specific to each protein and then with alkaline phosphatase-
conjugated goat anti-mouse or -rabbit antibody. The arrow indicates
hyperphosphorylated (mitotic) Cdc25C.
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at 12 h after release from mimosine (36 hpi) (Fig. 2B). How-
ever, there was no significant difference in the Chk1 phosphor-
ylation between the dl888 and wt viruses. Western blot analysis
using PAb108 mouse monoclonal antibody, which recognizes
both large T and small t, confirmed the absence of small t in
dl888 infection (Fig. 2B). Therefore, phosphorylation of Chk1
was independent of small t expression and did not directly
correlate with the rate of progression from G2 phase to �G2

phase.
Induction of mitosis by a Chk1 inhibitor, UCN-01. To de-

termine whether the activity of phosphorylated Chk1 is respon-
sible for preventing mitosis, we treated SV40-infected cells
with UCN-01, a chemical inhibitor of Chk1 activity. Previous
studies have shown that UCN-01 abrogates the Chk1-depen-
dent G2 arrest checkpoint (4, 38, 74). A confluent monolayer
of CV-1 cells was infected with SV40 and treated with mi-
mosine as described above. The cells were treated with 300 nM
UCN-01 beginning at 6 h after release from mimosine (30 hpi).
At this time, mimosine-induced Chk1 phosphorylation was re-
duced and SV40-induced Chk1 phosphorylation had not yet

begun. Western blot analysis demonstrated that phosphoryla-
tion of Chk1 was retained after UCN-01 addition to the in-
fected cultures (Fig. 3A). Addition of UCN-01 resulted in the
appearance of the mitotic indicators hyperphosphorylated
Cdc25C, P-H3, and phosphorylated MPP2 beginning at 3 h
after UCN-01 addition and persisting for up to 18 h (Fig. 3A).
MPP2, also known as forkhead-related protein FKHL16, ex-
hibits retarded electrophoretic mobility because of phosphor-
ylation during mitosis. Attached cells were examined for signs
of mitosis by immunofluorescence staining for P-H3 and for
changes in nuclear morphology by staining with DAPI. At the
time of UCN-01 addition, the cells displayed normal inter-
phase morphology and there was no expression of P-H3 (Fig.
3B, 0 h). By 18 h of treatment (48 hpi), P-H3 expression and
chromosome condensation (CC) were detected (Fig. 3B, 18 h).
P-H3 expression was observed in prophase and metaphase
cells but not in anaphase and telophase cells. P-H3 was not
expressed in all cells with abnormal CC (ACC; micronuclei,
apoptosis, necrosis, abnormal karyokinesis, premature CC, and
others) and was not restricted to any specific chromatin mor-
phologies. To examine possible kinetic relationships between
these populations, the UCN-01-treated cells were scored for
CC, ACC, and expression of P-H3. The results of two experi-
ments (Fig. 3C) indicate that normal mitotic figures were the
most frequent form of CC and increased gradually over the
time course. To eliminate the possibility that cells exhibiting
mitosis had escaped SV40 infection, the cells were costained
for P-H3 and SV40 large T. At the time of UCN-01 addition
(30 hpi), the population was large T positive with no expression
of P-H3. After 18 h of treatment (48 hpi), the expression of
P-H3 was observed in cells expressing large T as shown in Fig.
3B. Therefore, UCN-01 treatment resulted in the induction of
apparently normal mitosis and various forms of ACC in cells
expressing large T.

Induction of mitosis by a Chk1 activation inhibitor, caffeine.
Since the inhibition of Chk1 activity by UCN-01 resulted in
induction of mitosis in a subpopulation of SV40-infected cells,
it might be expected that inhibition of Chk1 activation would
also induce mitosis in the infected cells. To test this hypothesis,
we treated infected cultures with caffeine, an inhibitor of ATR
and ATM, the activators of Chk1 and Chk2, respectively. A
confluent monolayer of CV-1 cells was infected with SV40 and
treated with mimosine as described above. Three hours after
the release from mimosine (27 hpi), the cells were treated with
6 mM caffeine, harvested at 3-h intervals, and subjected to
Western blot and immunofluorescence assays. Caffeine was
added at 3 h after release from mimosine to allow minimiza-
tion of the mimosine-induced Chk1 phosphorylation. How-
ever, caffeine did not initially prevent phosphorylation of
Chk1. Chk1 phosphorylation was observed within 3 h of treat-
ment (30 hpi) and persisted for up to 12 h after caffeine
addition (Fig. 4A). After 12 h of treatment, the level of Chk1
phosphorylation gradually decreased. The total amount of
Chk1 remained relatively constant and did not correlate with
the change in its degree of phosphorylation. The gradual de-
phosphorylation of Chk1 was accompanied by a gradual in-
crease in the mitotic markers: hyperphosphorylated Cdc25C,
P-H3, and phosphorylated MPP2. Immunofluorescence stain-
ing was performed to detect mitoses and nuclear changes in the
attached cells. At the time of caffeine addition (27 hpi), the

FIG. 2. Cell cycle progression of wt and dl888 mutant SV40-in-
fected CV-1 cells. Confluent CV-1 cells were infected with either wt or
dl888 mutant SV40 at 100 PFU per cell and treated with mimosine as
described in the legend to Fig. 1. Samples were harvested at the
indicated times postrelease from mimosine. (A) Cells were fixed and
stained to determine DNA content per cell by flow cytometry. wt
SV40, filled circles; dl888, open circles. (B) Expression level of phos-
pho-Chk1 and tumor antigens (large T and small t). Whole-cell lysates
were resolved by SDS-PAGE and immunoblotted. Each filter was
reacted with antibodies specific to each protein and then with alkaline
phosphatase-conjugated goat anti-mouse or -rabbit antibody.
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cells displayed normal interphase morphology and were P-H3
negative (Fig. 4B, 0 h). As shown in the results of two time
course experiments, ACC and P-H3 were first observed be-
tween 9 and 12 h after treatment (36 to 39 hpi) (Fig. 4C).
Although there was variation between experiments, ACC pre-
dominated over the appearance of normal mitotic figures.
P-H3 expression was observed in cells with both normal CC
and ACC, as observed in the UCN-01 treatment. The appear-
ance of P-H3 in large T-expressing cells confirmed that mitotic
markers had been induced by caffeine treatment of virus-in-
fected cells (Fig. 4B).

Mitotic arrest by nocodazole in UCN-01-treated cultures.
Since a significant number of cells displayed normal mitotic
morphology after UCN-01 treatment, we suspected that some
cells might have completed mitosis and entered the next cell
cycle. To examine this possibility, nocodazole was added to

SV40-infected cells treated with UCN-01 or caffeine to trap
any cells passing through mitosis. Nocodazole was added to
cultures in combination with either caffeine or mimosine at 3
and 6 h after release from mimosine, respectively. At 24 h after
release from mimosine (48 hpi), the attached and floating cells
were counted. Attached cells on coverslips were evaluated for
P-H3 expression and nuclear morphology. Nocodazole effec-
tively arrested UCN-01-treated cells in prometaphase, but cells
in anaphase and telophase were absent. An increase in the
number of P-H3-positive cells resulting from addition of no-
codazole to UCN-01-treated cultures confirmed that UCN-01-
treated cells were progressing beyond metaphase in the ab-
sence of nocodazole (Fig. 5A). As mentioned above, cells in
prophase and metaphase were P-H3 positive whereas cells in
anaphase and telophase were negative, which was also consis-
tent with previous reports (22). In contrast to UCN-01-treated

FIG. 3. Induction of mitotic markers and morphology in SV40-infected cells incubated with UCN-01. Confluent CV-1 cells were infected with
SV40 at 100 PFU per cell and treated with mimosine as described in the legend to Fig. 1. At 6 h after release from mimosine, the cells were
incubated with 300 nM UCN-01. Samples were harvested at the indicated times postaddition. (A) Induction of mitotic markers. Whole-cell lysates
were resolved by SDS-PAGE and immunoblotted. Each filter was reacted with antibodies specific to each protein and then with alkaline
phosphatase-conjugated goat anti-mouse or rabbit antibody. Arrows indicate mitotic Cdc25C and mitotic MPP2. The mitotic control was prepared
from uninfected CV-1 cells arrested by nocodazole (Noc). (B) Induction of P-H3 in SV40-infected cells. Cells grown on glass coverslips were fixed
and stained with anti-P-H3 and anti-large T PAb101 antibodies. Nuclear morphology detail was resolved with DAPI. Cells from all time points were
stained, but only samples from the time of addition and the last time point are shown. (C) Nuclear morphology and P-H3 expression. Stained
samples of DAPI and P-H3 from panel B were used. DAPI staining was utilized to score the number of cells with normal or abnormal mitotic CC.
The number of P-H3-positive cells was also determined. Normal mitotic condensation, filled circles; ACC, open circles; P-H3, filled triangles. Exp,
experiment; Ag, antigen.
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cells, the addition of nocodazole to caffeine-treated cells did
not affect either the P-H3 expression level or the nuclear mor-
phology of attached cells (Fig. 5A).

Large numbers of floating cells were found in UCN-01- and
caffeine-treated cultures (Fig. 5B) by 48 hpi. However, we were
unable to effectively characterize these populations microscop-
ically or by flow cytometry because of cell fragility and aggre-
gation during the fixation process. Therefore, Western blot
analysis of lysates from pooling of attached and floating cells
was performed to determine if the indications from attached
cells were representative of the total population (Fig. 5C).
Addition of nocodazole to UCN-01-treated cultures resulted in
an increase in P-H3. Western blot analysis of pooled attached
and floating cells confirmed that addition of nocodazole did
not result in increased P-H3 in caffeine-treated cultures. The

effectiveness of the caffeine treatment was verified by the loss
of Chk1 phosphorylation.

Activation of MPF kinase by UCN-01 and caffeine treat-
ments. Expression of mitotic markers and induction of CC by
UCN-01 and caffeine treatments of SV40-infected cells sug-
gested that inhibition of Chk1 activity resulted in stimulation of
MPF. Therefore, we measured the H1 kinase activity of MPF
isolated from SV40-infected, CV-1 cells released from mi-
mosine that were treated with either UCN-01 or caffeine. At 48
hpi, the populations were lysed, immunoprecipitated with anti-
cyclin B1 antibody, and assayed for H1 kinase activity. In-
creased kinase activity was found in infected cells treated with
UCN-01 or caffeine (Fig. 6). Western blot analysis of immu-
noprecipitated cyclin B/Cdc2 established that the increase in
H1 kinase activity was not a consequence of an increase in

FIG. 4. Induction of mitotic markers and morphology in SV40-infected CV-1 cells incubated with caffeine. Confluent CV-1 cells were infected
with wt SV40 at 100 PFU per cell and treated with mimosine as described in the legend to Fig. 1. Three hours after release from mimosine, the
cells were incubated with 6 mM caffeine. Samples were harvested at the indicated times postaddition. (A) Induction of mitotic markers. Whole-cell
lysates were resolved by SDS-PAGE and immunoblotted. Each filter was reacted with antibodies specific to each protein and then with alkaline
phosphatase-conjugated goat anti-mouse or -rabbit antibody. Solid arrows indicate mitotic Cdc25C and mitotic MPP2. The mitotic control was
prepared from uninfected CV-1 cells arrested by nocodazole (Noc). (B) Induction of P-H3 in SV40-infected cells. The attached cells were stained
with anti-P-H3 and anti-large T antibodies and DAPI as described in the legend to Fig. 3. Cells from all of the time points were stained, but only
samples from the time of addition and the last time point are shown. (C) Nuclear morphology change and P-H3 expression. Stained samples of
DAPI and P-H3 from panel B were used. Normal mitotic condensation, filled circles; ACC, open circles; P-H3, filled triangles. Exp, experiment;
Ag, antigen.
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cyclin B-associated Cdc2 (Fig. 6). Western blot analysis of
whole-cell lysates of the same cultures demonstrated that ad-
dition of UCN-01 did not affect the phosphorylation of Chk1
whereas addition of caffeine resulted in a reduction of Chk1
phosphorylation. The dephosphorylated, high-mobility form of
Cdc2 represented only a small proportion of the cyclin B-
associated Cdc2 in caffeine- or UCN-01-treated SV40-infected
cells, indicating that a only a small fraction of MPF was in the
active form.

DISCUSSION

The demonstration of Chk1 activation during SV40 lytic
infection implicates components of DNA damage response
pathways in the virus-host cell interaction. The results pre-
sented here suggest a role for Chk1 in the inhibition of mitosis,
although additional Chk1 functions may contribute to viral
replication. Previously, activation of Chk1 has been associated
with cell cycle arrest resulting from either DNA damage or
incomplete DNA replication (10, 36, 50, 56, 77). It is unclear
whether the Chk1 phosphorylation observed in SV40 lytic in-
fection can be categorized as resulting from stalled DNA rep-
lication or DNA damage or whether it represents a novel
pathway.

When CV-1 cells were infected with the small t deletion
mutant dl888, Chk1 was phosphorylated with the same kinetics
as in wt infection, demonstrating that Chk1 phosphorylation
was not dependent on small t. In addition, infection by dl888
established that the percentage of cells in �G2 was not directly
related to the amount of Chk1 phosphorylation. SV40 dl888-
infected cells exhibited a reduced rate of progression from G2

to �G2 but no alteration in the phosphorylation of Chk1 rel-
ative to that of wt-infected cells. Considering that wild-type
levels of Chk1 phosphorylation are obtained without a signif-
icant number of cells in �G2, Chk1 phosphorylation appears to
be a late S phase or G2 phase event that contributes to the
absence of mitosis in both wt and dl888 infections.

Chk1 phosphorylation triggered by stalled replication forks
could be a consequence of viral DNA replication and/or cel-
lular DNA replication. It has been reported that phosphoryla-
tion of Chk1 in the DNA replication checkpoint response
requires the primase activity, but not DNA replication activity,
of DNA polymerase alpha (39). Both viral and cellular origins
fulfill this prerequisite for checkpoint signaling, given that the
involvement of host cell DNA polymerase alpha primase in
SV40 replication is well established (68). What remain unde-
fined in this case are the checkpoint signaling events that occur

FIG. 5. Combined effect of nocodazole with UCN-01 or caffeine on SV40-infected cells. Confluent CV-1 cells were infected with SV40 at 100
PFU per cell and treated with mimosine as described in the legend to Fig. 1. At 3 and 6 h after release from mimosine, the cells were incubated
with 6 mM caffeine and 300 nM UCN-01, respectively, in the presence or absence of nocodazole (0.1 �g/ml). Samples were harvested at 48 hpi.
(A) Expression of P-H3 and change in chromosome morphology. The number of P-H3-positive cells was also determined. Normal mitotic
condensation, black; ACC, light gray; P-H3, dark gray. (B) Percentage of floating cells obtained from each of the treatments described above.
(C) Whole-cell lysates were resolved by SDS-PAGE and immunoblotted. Each filter was reacted with antibodies specific to each protein and then
with alkaline phosphatase-conjugated goat anti-mouse or -rabbit antibody. Exp, experiment.
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subsequent to RNA primer synthesis at the viral or cellular
replication forks. The rate of viral DNA replication does not
appear to be a determining factor in Chk1 phosphorylation.
The rates of viral DNA synthesis in dl888 or other small t
deletion mutant infections are about half of that seen in wt
infections (8, 16), yet we observed no reduction of Chk1 phos-
phorylation in dl888 infection. However, SV40 minichromo-
somes, which may replicate to a copy number of 105 to 106 per
cell, are found in a variety of forms, including transcriptional
complexes and replicative intermediates, and in various states
of maturation to virus particles. It may be that this complex
environment places stresses on replication fork function that
are sufficient to initiate a checkpoint response.

Cellular replication forks may also be the source of check-
point signaling. Current examples include Chk1 activation in
response to inhibitors of DNA synthesis such as hydroxyurea
and aphidicolin. Both of these drugs allow synthesis of the
RNA primer but inhibit elongation. Activation of Chk1 by UV
light may also be a consequence of slowed progress of repli-
cation forks. In the case of lytic infection, there is no obvious
inhibition of cellular DNA synthesis but the rate of cellular
DNA replication may be influenced by the onset of viral DNA
synthesis. We have previously shown that increased viral DNA
and the late gene product VP1 can be detected at 8 h after
release from mimosine, late in S phase (34). If any replication
factors are limiting, the rate of synthesis at cellular DNA rep-
lication forks may be adversely affected by the onset of viral
DNA replication.

DNA damage is also a stimulus for activation of the Chk1
pathway. The checkpoint response to IR primarily involves the
ATM substrates Chk2, p53, and MDM2, whereas activation of
Chk1 by ATR appears to play a backup role (2). During acti-

vation of the S phase checkpoint by IR, an initial rapid phase
of ATM signaling is followed by an ATM-independent activa-
tion of Chk1 that is required to maintain the S phase check-
point response (78). In contrast, the checkpoint response to
UV and inhibitors of DNA replication depends primarily on
ATR-dependent activation of Chk1 (2). SV40-induced chro-
mosome damage following infection of normal human cells
(41, 71) was described in the early 1960s, soon after the initial
reports of SV40-induced cell transformation and tumorigene-
sis. The increased incidence of chromosome abnormalities
within 24 h after SV40 infection of human skin fibroblasts (71)
and Chinese hamster embryo cells (32) demonstrates that in-
duction of chromosome damage following SV40 infection can
occur quickly. Therefore, the phosphorylation of Chk1 ob-
served in SV40-infected CV-1 cells may be in response to
damage generated within the first 36 h of infection. Expression
of cloned viral genes has established that large T alone is
sufficient for the induction of chromosome instability, includ-
ing chromatid exchanges, chromosome gaps, and breaks and
dicentric chromosomes (54, 63). However, the mechanism of
SV40-induced chromosome damage is not well defined. One
possibility is that large T may generate damage indirectly by
overriding cell cycle checkpoints and disallowing DNA repair.
Loss of the p53-dependent G1 phase checkpoint requires the
binding of large T to pRb, but the formation of complexes
between large T and p53 is not essential (18, 53). Large T has
also been shown to disrupt formation of DNA repair foci
containing MRE11 (9). Override of the G2 phase and spindle
checkpoints is found in cells expressing large T and has been
detected within 5 to 10 population doublings following initia-
tion of large T expression in human fibroblasts (6). The alter-
ation of mitotic control within this time period following large
T expression suggests that large T is directly responsible for
checkpoint override rather than for generating mutations in
mitotic regulators that give a selective advantage.

In this study, mitosis and/or ACC were induced in SV40-
infected cells by the Chk1 inhibitor UCN-01 and by the ATM/
ATR inhibitor caffeine. These inhibitors were previously used
to abrogate the G2 arrest in cells with DNA damage induced by
genotoxic agents such as IR and adriamycin. The viability of
cells following override of G2 arrest by UCN-01 and caffeine
treatments is dependent on the cell type and/or the type of
genotoxic agent used (5, 38, 40, 67, 74). In SV40-infected cells,
the induction of normal mitosis in caffeine-treated cells was
less frequent than in UCN-01-treated cells. Although UCN-01
and caffeine are both known to inhibit Chk1 activity, the dif-
ference in their cellular effects may be explained by the addi-
tional regulators influenced by each compound. UCN-01, at
concentrations of 	100 nM, directly inhibits the in vitro pro-
tein kinase activity of Chk1, C-TAK1, and several isoforms of
protein kinase C but does not inhibit Chk2 (5, 10, 20, 24, 59).
C-TAK1 is a constitutively active cytoplasmic protein kinase
that phosphorylates Ser216 of Cdc25C and thus may be re-
sponsible for maintaining Ser216 phosphorylation during in-
terphase (46, 49). Although both Chk1 and C-TAK1 phosphor-
ylate Cdc25C, they also each phosphorylate additional distinct
substrates (44, 56, 61, 76). Downstream effects of UCN-01 have
also been described. Wee1 kinase is upregulated by Chk1 in
Xenopus and fission yeast cells (31, 45) and is inhibited in
UCN-01-treated human and murine cells in an indirect man-

FIG. 6. Increased MPF protein kinase activity after UCN-01 and
caffeine treatments. Confluent CV-1 cells were infected with SV40 at
100 PFU per cell and treated with mimosine as described in the legend
to Fig. 1. Caffeine (6 mM) was added to one set of cultures at 3 h after
release from mimosine (lane C). UCN-01 (300 nM) was added to one
set of cultures at 6 h after release from mimosine (lane U). A parallel
infected culture released from mimosine was not treated with any
mitotic inducers (SV). Samples were harvested at 48 hpi. A mitotic
control was prepared from uninfected CV-1 cells arrested by nocoda-
zole (lane N). Lysates were precipitated with mouse anti-cyclin B1
antibody (Ab). Precipitated samples (2 � 106 cells) were used for a
kinase assay with histone H1 as the substrate. Phosphorylated H1 was
resolved by SDS-PAGE and visualized by phosphorimaging. The re-
maining precipitated samples and whole-cell lysates were resolved by
SDS-PAGE and immunoblotted. Each filter was reacted with antibod-
ies specific to each protein and then with alkaline phosphatase-conju-
gated goat anti-mouse or -rabbit antibody. An anti-cyclin B1 immuno-
precipitation without cell extract is shown in lane Ab.
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ner (55, 74). Caffeine, as an inhibitor of ATM and ATR,
inhibits the downstream activation of both Chk1 and Chk2
(57). Additional downstream kinases known to be affected by
caffeine inhibition of ATM/ATR include Plk1 (67) and Plk3
(72). Both of these protein kinases phosphorylate Cdc25C but
at different sites. Plk3 phosphorylates Ser216 (47), the same
site phosphorylated by Chk1, Chk2, and C-TAK1. Plk1 phos-
phorylates Ser198, which is within the nuclear export signal,
and may control nuclear localization (66). Both Plk1 (19) and
Plk3 (48) are mitotic regulators, and the effect of UCN-01 on
their activity has not been reported. Other ATM or ATR
substrates, such as NBS1, BRCA1, and the p53 binding protein
53BP1, may also be involved in the response to caffeine (2).
The complexity of the response to caffeine is indicated by the
initial phosphorylation of Chk1 in SV40-infected cells exposed
to caffeine for 3 h. Initial phosphorylation of Chk1 may be
catalyzed by a caffeine-insensitive kinase, or additional factors
may influence caffeine inhibition of ATM/ATR. In summary,
the greater tendency of UCN-01 to induce normal mitosis
while caffeine stimulated ACC may be explained by differences
in additional pathways affected by each compound. Under-
standing the differences in the responses of SV40-infected
CV-1 cells to UCN-01 and caffeine will require selective inhi-
bition of Chk1 and other components of the mitotic regulatory
pathways.

A related observation was the gradual increase in the normal
and abnormal mitotic CC following treatment of infected cells
with UCN-01 or caffeine. Unlike uninfected cells, there was
not a peak of mitosis at a particular time point, as would be
expected in a synchronized cell population. This failure to
restore the normal mitotic program may also be explained by
the loss of function of additional regulators influenced by each
inhibitor, as described above. A second possibility is the in-
volvement of other G2/M regulatory pathways, such as the p38
stress kinase (1, 4,69). DNA damage caused by IR and UV
radiation stimulates different members of a group of four p38
kinase isoforms. In response to IR, the p38� isoform, along
with Chk2, is activated in an ATM-dependent manner (69). In
contrast, UV radiation stimulates the kinase activity of the
p38
 and -� isoforms. These two isoforms of p38 phosphory-
late and inactivate Cdc25B phosphatase, a mitotic initiator (4,
28, 30). A third possibility is that the presence of viral proteins
prevents restoration of normal mitotic timing, even when
checkpoint controls are overridden.

A number of viruses avoid entry into mitosis either by G2

phase arrest or by continued DNA synthesis, but the purpose
of this block in mitotic entry is not known. There are two
general categories of speculation: First, the highly complex
structural and functional changes in cells during mitosis may
temporarily or permanently disrupt a viral replication cycle. In
this case, the virus may have evolved mechanisms by which to
inhibit the initiation of mitosis. Second, the absence of mitosis
may be a strictly cellular response to the stress of viral infection
and a mechanism by which to limit proliferation of infected
cells. The activation of Chk1 appears to be a novel mechanism
for viral inhibition of mitotic initiation. However, viruses that
are known to produce a G2 arrest also interact with pathways
upstream from MPF. The Vpr protein of human immunode-
ficiency virus type 1 arrests cells in G2 phase (26). Binding of
Vpr to PP2A enhances nuclear transport and consequent de-

phosphorylation of activating residues on Cdc25C. In the ab-
sence of active Cdc25C, MPF remains in its phosphorylated,
inactive form (23). Small t of SV40 also binds to PP2A but, in
contrast to Vpr, inhibits PP2A phosphatase activity (73). Over-
expression of small t in normal human fibroblasts results in the
accumulation of a 4C population with about 30% of the total
population arrested in prometaphase. This mitotic arrest ap-
pears to result from a failure of either centrosome formation
or duplication (15). However, an influence of small t on PP2A-
mediated dephosphorylation of Cdc25C has not been re-
ported. G2 arrest induced by the human parvovirus B19 is
dependent on the viral regulatory protein NS-1. The G2 arrest
in B19-infected UT7/Epo-S1 cells is characterized by increased
protein kinase activity of MPF and cytoplasmic cyclin B. The
absence of any indicators of mitosis suggests that nuclear im-
port of MPF is blocked (42). Reovirus serotype 3 arrest of
human, mouse, and canine cells in G2 phase is mediated by the
�1s protein, which is sufficient to cause G2 phase arrest when
overexpressed in mouse cells (52). This G2 arrest is associated
with inhibitory Y15 phosphorylation of the Cdc2 subunit of
MPF, resulting in deactivation of MPF (51). G2 phase arrests
of polyomavirus (33)- and human cytomegalovirus (25, 37)-
infected cells have also been described.

The increased expression of mitotic markers and stimulation
of MPF activity in response to inhibitors of Chk1 activity sug-
gest that SV40 blocks MPF activation by maintaining the phos-
phorylation of cyclin B-associated Cdc2 at Tyr15. However,
additional factors, such as protein subunits that inhibit or ac-
tivate MPF, may be involved and affected by Chk1. Further
characterization of Chk1 and other components of DNA dam-
age response pathways are required to develop a better under-
standing of the mechanisms underlying altered cell cycle reg-
ulation during infection by SV40 and possibly other viruses
exhibiting altered G2 phase control.
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