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Human herpesvirus 6 (HHV-6) is an important immunosuppressive and immunomodulatory virus that
primarily infects immune cells and strongly suppresses the proliferation of infected cells. However, the
mechanisms responsible for the regulation and suppression mediated by HHV-6 are still unknown. In this
study, we examined the ability of HHV-6A to manipulate cell cycle progression in infected cells and explored
the potential molecular mechanisms. We demonstrated that infection with HHV-6A imposed a growth-inhib-
itory effect on HSB-2 cells by inducing cell cycle arrest at the G2/M phase. We then showed that the activity of
the Cdc2–cyclin B1 complex was significantly decreased in HHV-6A-infected HSB-2 cells. Furthermore, we
found that inactivation of Cdc2–cyclin B1 in HHV-6A-infected cells occurred through the inhibitory Tyr15
phosphorylation resulting from elevated Wee1 expression and inactivated Cdc25C. The reduction of Cdc2–
cyclin B1 activity in HHV-6-infected cells was also partly due to the increased expression of the cell cycle-
regulatory molecule p21 in a p53-dependent manner. In addition, HHV-6A infection activated the DNA damage
checkpoint kinases Chk2 and Chk1. Our data suggest that HHV-6A infection induces G2/M arrest in infected
T cells via various molecular regulatory mechanisms. These results further demonstrate the potential mech-
anisms involved in immune suppression and modulation mediated by HHV-6 infection, and they provide new
insights relevant to the development of novel vaccines and immunotherapeutic approaches.

Human herpesvirus 6 (HHV-6) is a ubiquitous pathogen of
the betaherpesvirus family, including cytomegalovirus and
HHV-7, which primarily infects CD4� T cells (49). Like other
herpesviruses, HHV-6 establishes latency after the initial pro-
ductive infection and thus is never cleared from its host (41).
Two subtypes of HHV-6 have been identified: variants A and
B (2, 42). Although these two variants are similar in sequence
and genome organization, they are associated with different
types of pathogenesis. HHV-6B causes exanthema subitum in
young children (53). HHV-6A has been implicated in the eti-
ology of several other pathologies, such as multiple sclerosis
(47) and encephalitis (29). In addition, several lines of exper-
imental and clinical evidence suggest that HHV-6A might ac-
celerate AIDS progression (27). In particular, a recent study
reported that HHV-6A can trigger faster progression of AIDS
in simian immunodeficiency virus (SIV)-infected macaques
(26).

Many viruses, including DNA viruses, retroviruses, and
RNA viruses, can perturb the cell cycle during infection (5, 7).
It has been speculated that HHV-6 infection might also disrupt
a component of the cell cycle that links cytoplasmic growth
with cell division (3). Recently, increasing evidence has dem-
onstrated the different levels of cell cycle arrest in HHV-6-

infected cells. It has been shown that HHV-6A infection in-
duces cell cycle arrest at the G2/M phase in infected cord blood
mononuclear cells (CBMCs) (9). Furthermore, recent studies
have suggested that HHV-6A and HHV-6B infection can also
alter E2F1/Rb pathways and cause cell cycle arrest in the G2/M
phase in infected SupT1 T cells (30) and that HHV-6B infec-
tion of MOLT 3 cells causes cell cycle arrest at the G1 phase
concomitant with p53 phosphorylation and accumulation (36).
In addition, G1/S arrest induced by HHV-6 infection has been
observed in other types of cells, such as epithelial cells and
neural cells (11, 37). Although HHV-6 has been implicated in
halting cell cycle progression, the precise mechanisms behind
this phenomenon are not yet fully understood.

Cell cycle progression is critically regulated by sequential
activation of cyclins and cyclin-dependent kinases (Cdks). In
mammalian cells, the transition from G2 into mitosis is con-
trolled by the activation of the Cdc2–cyclin B1 complex (4).
The Cdc2 (also known as Cdk1) catalytic subunit is regulated
by a series of coordinated phosphorylation and dephosphory-
lation events. Activation of Cdc2 is prevented by its phosphor-
ylation at Thr14/Tyr15 by the protein kinases Wee1 and Myt1
(32, 39). Dephosphorylation of Thr14/Tyr15 by the protein
phosphatase Cdc25 eventually activates the Cdc2–cyclin B1
complex, allowing progression to mitosis (48). The activity of
Cdc2 is also regulated by the availability of the cyclin subunits.
During S phase, cyclin B1 mRNA and protein begin to accu-
mulate, and their levels become maximal at G2/M. As the cells
pass through mitosis, cyclin B1 is ubiquitinated and degraded
by the anaphase-promoting complex (APC) (34).
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In further exploration of the mechanisms of immunosup-
pression and molecular regulation in infected cells mediated by
HHV-6, we observed that HHV-6A infection of human T-
lymphoblastoid HSB-2 cells promoted cell cycle arrest in the
G2/M phase in infected cells. This cell cycle arrest was accom-
panied by inhibition of Cdc2–cyclin B1 kinase activity and a
significant increase of phosphorylated Cdc2 at the Tyr15 in-
hibitory site. Furthermore, we show here for the first time that
the G2/M arrest and reduced Cdc2–cyclin B1 activity induced
by HHV-6A infection involve activation of the p53/p21 and
Chk1/Chk2/Cdc25C pathways, as well as elevated Wee1 ex-
pression.

MATERIALS AND METHODS

Cells and viruses. The human T-lymphoblastoid cell line HSB-2 was cultured
in RPMI 1640 medium containing 10% fetal calf serum (FCS). The GS strain of
HHV-6 variant A was propagated in cord blood mononuclear cells (CBMCs), as
described previously (51). HHV-6A in infected cell culture supernatants was
concentrated by ultracentrifugation at 80,000 � g for 2 h and was then resus-
pended in a minimal volume of complete RPMI 1640 medium for experimental
use. Supernatants from uninfected CBMCs cultured similarly to HHV-6A-in-
fected cells were used as a mock infection control. Viral titers were determined
as viral DNA equivalents by quantitative PCR and were confirmed by virus
infection in inoculated cells. A multiplicity of infection (MOI) of 10 virus DNA
copies per cell was used for all the experiments.

Immunofluorescence. Mock-infected or HHV-6A-infected HSB-2 cells were
fixed in 4% paraformaldehyde (in phosphate-buffered saline [PBS]), permeabil-
ized in 0.5% Triton X-100 (in PBS), and stained with primary antibodies fol-
lowed by a secondary antibody labeled with fluorescein isothiocyanate (FITC).
The primary antibodies include anti-gp60/110 monoclonal antibodies (Chemicon
International), anti-cyclin B1 (Santa Cruz Biotechnology), anti-phospho-Tyr15
Cdc2, anti-phospho-Ser216 Cdc25C, and anti-phospho-Ser15 p53 (Cell Signaling
Technology).

Measurement of cell proliferation and viability. HSB-2 cells were either mock
infected or infected with HHV-6A. Cells were counted, and the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed, as
described previously (23).

Cell cycle analysis by flow cytometry. The cell cycle status and nuclear DNA
contents were determined using propidium iodide (PI) staining and flow cytom-
etry. Briefly, cells were collected and fixed with 70% ethanol. The cell pellets
were first resuspended in 0.5 ml of PBS containing 50 �g/ml PI and 100 �g/ml
RNase, then incubated at 4°C for 30 min, and finally analyzed by a flow cytom-
etry.

Annexin V–PI staining. Cells were collected and resuspended in the binding
buffer, followed by the addition of annexin V–FITC (Bender) and PI solutions.
The apoptotic cells were analyzed by flow cytometry.

Western blotting. HHV-6A-infected and mock-infected cells were collected at 0,
24, 48, and 72 h postinfection. Cell lysates were prepared and were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins
were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore) and
were detected with the corresponding primary and secondary antibodies. The im-
mune complexes were detected using an enhanced chemiluminescence kit (Apply-
gen). The antibodies used in Western blotting included anti-Cdc2, anti-phospho-
Tyr15 Cdc2, anti-p53, anti-phospho-Ser15 p53, anti-p21, anti-Wee1, anti-Cdc25C,
anti-phospho-Ser216 Cdc25C, anti-Myt1, anti-Chk1, anti-phospho-Ser345 Chk1,
anti-Chk2, anti-phospho-Thr68 Chk2, anti-�-actin (Cell Signaling Technology),
and anti-cyclin B1 (Santa Cruz Biotechnology).

Immunoprecipitation and Cdc2–cyclin B1 kinase assay. Cell lysates obtained
from HHV-6A-infected, mock-infected, or nocodazole-treated cells were pre-
pared as described previously (31). Lysate supernatants were incubated with an
anti-cyclin B1 antibody (Santa Cruz Biotechnology) for 1 h at 4°C using a Catch
and Release (version 2.0) reversible immunoprecipitation system (Millipore).
The Cdc2–cyclin B1 kinase activity in the cells was measured using a Cyclex
(Nagano, Japan) Cdc2–cyclin B kinase assay kit according to the manufacturer’s
protocol.

Statistical analysis. Unless otherwise indicated, data were expressed as
means � standard deviations (SD). The significance of differences between
groups was determined by a Student t test. A P value of �0.05 was considered
significant.

RESULTS

Inhibition of cell proliferation mediated by HHV-6A infec-
tion in HSB-2 cells. HSB-2, a T-lymphoblastoid cell line per-
missive for HHV-6A infection, was used in the current study.
After infection with HHV-6A, HSB-2 cells showed typical cy-
topathic effects (CPE), rounding and forming giant multinu-
cleated syncytia from the fusion of infected cells (Fig. 1A). To
further confirm HHV-6A infection in HSB-2 cells, the expres-
sion of the late protein gp60/110, essential for HHV-6A prop-
agation, in infected HSB-2 cells was analyzed using an immu-
nofluorescence assay. Prominent expression of HHV-6 gp60/
110 was detected in HHV-6A-infected HSB-2 cells compared
with that in control mock-infected cells (Fig. 1B). These results
indicate that HHV-6A could efficiently infect HSB-2 cells.

We then determined whether HHV-6A infection affects the
growth of HSB-2 cells. Viable HSB-2 cells, either infected with
HHV-6A or mock infected, were counted at 24-h intervals.
The numbers of HHV-6A-infected HSB-2 cells were signifi-
cantly lower than the numbers of mock-infected cells at 72 h
postinfection (Fig. 1C). Further analysis of cell proliferation
using an MTT assay also showed that HHV-6A infection effi-
ciently inhibited the growth of HSB-2 cells at 72 h postinfec-
tion (Fig. 1D).

HHV-6A infection results in G2/M arrest in HSB-2 cells.
The inhibition of cell growth in HHV-6A-infected cells
prompted us to determine whether viral infection is associated
with an arrest of cell division during a specific phase in the cell
cycle. To test this possibility, cell cycle analyses of mock- and
HHV-6A-infected HSB-2 cells were performed at 24, 48, and
72 h postinfection by measuring DNA content with PI staining.
Representative cell cycle profiles and histograms of mock- and
HHV-6A-infected cells are presented in Fig. 2A and B, respec-
tively. Cell cycle analyses showed that mock-infected HSB-2
cells maintained the normal cell cycle profile during 3 days of
culture. However, HHV-6A infection remarkably decreased
the proportion of cells in G1 phase and significantly increased
the number of cells in G2/M phase with increasing infection
time. The percentage of infected cells in the G2/M phase was
almost 8-fold higher than the corresponding percentage of
control cells (48.33% � 4.82% versus 6.89% � 1.05%) at 72 h
postinfection. At the same time point, the percentage of HHV-
6A-infected cells in the G1 phase was 2.5-fold lower than the
corresponding percentage of mock-infected cells (18.92% �
3.14% versus 48.05% � 0.94%). In addition, the percentage of
HHV-6A-infected HSB-2 cells in S phase was slightly higher
than the corresponding percentage of mock-infected cells at
24 h postinfection (53.84% � 1.62% versus 44.76% � 0.50%)
and then decreased by 48 h (43.60% � 2.92% versus 45.59% �
2.35%) and 72 h (32.75% � 4.23% versus 44.81% � 2.05%)
postinfection (Fig. 2B). These results demonstrate that
HHV-6A infection of HSB-2 cells promotes cell cycle progres-
sion from G1 and S into G2/M phase and then induces arrest in
G2/M phase.

It has been demonstrated that HHV-6A infection can induce
apoptosis in different types of cells (14, 19, 54). To investigate
the apoptotic effect on infected cells mediated by HHV-6A,
mock- and HHV-6A-infected HSB-2 cells were stained with
annexin V–FITC and PI and were then analyzed by fluores-
cence-activated cell sorting (FACS) during the first 3 days after
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infection. As shown in Fig. 2C, more than 90% of mock-
infected cells were viable and negative for annexin V staining
during the 3 days of infection. Furthermore, only slightly in-
creased apoptotic cell populations were observed in HHV-6A-
infected cells at 72 h postinfection (the percentages of apop-
totic cells at this time point were about 18% for virus-infected
cells and 8.4% for mock-infected cells) (Fig. 2C), suggesting
that only a minority of HHV-6A-infected cells underwent
apoptosis during the first 3 days after infection. Taken to-
gether, these results clearly demonstrate that inhibition of cell
proliferation by HHV-6A infection is due mainly to the induc-
tion of cell cycle arrest in infected cells rather than to induction
of apoptosis during the first 3 days after infection.

The level of cyclin B1 is significantly increased in HHV-6-
infected cells. Cyclin B1 is an important regulator during nor-

mal cell cycle progression. It accumulates in the S and G2

phases to form a mitosis-promoting factor (MPF) with Cdc2
and is then ubiquitinated and degraded by the anaphase-pro-
moting complex (APC) after the cells pass through mitosis
(34). We thus determined whether HHV-6A infection altered
the cyclin B1 expression level in HHV-6A-infected HSB-2
cells. At various intervals after infection, HSB-2 cell lysates
were collected, and cyclin B1 protein expression was deter-
mined by Western blot analyses. As expected, HHV-6A infec-
tion significantly increased cyclin B1 expression in HSB-2 cells
at 24 h postinfection (a 3-fold increase over the level in mock-
infected cells), and the expression level was further progres-
sively increased at 48 and 72 h postinfection (4-fold and 8-fold
increases, respectively, over levels in mock-infected cells).
However, only minimal cyclin B1 expression was detected in

FIG. 1. Inhibition of HSB-2 cell proliferation mediated by HHV-6A infection. (A) HHV-6A infection exhibited typical cytopathic effects in
infected HSB-2 cells. The morphological characteristics of mock-infected or HHV-6A-infected HSB-2 cells were observed under a light microscope
at various time points postinfection. (B) HHV-6 gp60/110 expression on mock-infected or HHV-6A-infected HSB-2 cells at 72 h postinfection.
gp60/110 protein expression was determined by immunofluorescence analysis with an anti-gp60/110 monoclonal antibody. (C) HHV-6A signifi-
cantly decreased HSB-2 cell numbers during virus infection. Cell numbers were counted and plotted at various time points postinfection. Data
shown are means � SD from five repeated experiments. Asterisks indicate a significant difference (��, P � 0.01) from the control group.
(D) HHV-6A infection strongly inhibited the proliferation of infected HSB-2 cells at 72 h postinfection. Cell proliferation was determined by an
MTT assay. Data shown are means � SD from five repeated experiments.
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mock-infected cells at various times. In addition, we detected a
significant increase in cyclin B1 levels in HSB-2 cells treated
with the mitotic inhibitor nocodazole, which is known to block
cell cycle progression in M phase through disruption of mitotic
spindles, and which served as a positive control (Fig. 3A).

Cyclin B1 shuttles between the nucleus and cytoplasm dur-
ing interphase, but it is targeted to the nucleus during M phase
(50). Several reports have shown that virus infection-induced
cell cycle arrest in G2 is due to the prevention of nuclear
localization of cyclin B1 (8, 31). We thus reasoned that
HHV-6A infection may also alter cyclin B1 translocation in
infected cells. We determined the subcellular localization of

cyclin B1 in HHV-6A-infected HSB-2 cells at 24 and 72 h
postinfection using immunofluorescence analysis with confocal
microscopy. As shown in Fig. 3B, we observed that cyclin B1
existed mainly in the cytoplasm at a hardly detectable level in
mock-infected cells, whereas cyclin B1 was highly expressed
and prominently located in the nucleus in HHV-6A-infected
cells (Fig. 3B). These results clearly indicate that HHV-6A-
induced G2/M phase arrest in infected cells does not result
from loss of cyclin B1 or from interference with its nuclear
translocation.

HHV-6A infection inhibits Cdc2 activity and increases Cdc2
phosphorylation. Cdc2 kinase activity plays an important reg-
ulatory role in the G2-to-M transition of the cell cycle (4). We
therefore proceeded to examine Cdc2 activity in HSB-2 cells
following HHV-6A infection. Cdc2–cyclin B1 complexes were
isolated from HSB-2 cell lysates at 72 h postinfection by im-
munoprecipitation with an anti-cyclin B1 antibody, and Cdc2
kinase activity was determined. We found that HHV-6A infec-
tion significantly reduced Cdc2 kinase activity in infected cells
from that in mock-infected cells (Fig. 4A). Furthermore, we
observed that nocodazole-treated cells had markedly higher
Cdc2 kinase activity than HHV-6-infected cells, although the
percentages of cells arrested in the G2/M phase (approximately
43.4%) among HHV-6A-infected and nocodazole-treated cells
were similar (data not shown). This finding suggested that
HHV-6A infection downregulated the kinase activity of the
Cdc2–cyclin B1 complex.

Given that HHV-6A infection significantly upregulated cy-
clin B1 expression and decreased Cdc2 kinase activity in in-
fected cells, we reasoned that the arrest of the G2-to-M tran-
sition induced by HHV-6A infection might be mediated by a
specific inactivation of Cdc2. Since the Cdc2–cyclin B1 com-
plex is maintained in an inactive form by phosphorylation of
the residues Thr14 and Tyr15 in Cdc2, we examined Cdc2
expression and phosphorylation using Western blot analyses.
The level of Cdc2-Tyr15 phosphorylation in HHV-6A-infected
cells was obviously higher than that in mock-infected cells, by
as much as 3-fold at 72 h postinfection. In addition, the level of
Cdc2-Tyr15 phosphorylation in nocodazole-treated cells was
markedly lower than that in HHV-6A-infected cells (Fig. 4B).
The increase in Cdc2-Tyr15 phosphorylation and nuclear dis-
tribution in HHV-6A-infected cells was further confirmed by
immunofluorescence analysis (Fig. 4C).

Effects of HHV-6A infection on G2/M cell cycle-regulatory
proteins Wee1, Myt1, and Cdc25C. Cdc2 kinase activity is
negatively regulated by kinases Wee1 and Myt1 and is posi-
tively regulated by phosphatase Cdc25C (39, 48). We thus
proceeded to determine whether these G2/M cell cycle-regu-
latory proteins were involved in the decrease in Cdc2 activity
during HHV-6A infection. As shown in Fig. 5A, Wee1 expres-
sion levels were higher in HHV-6A-infected cells than in
mock-infected cells at 48 h (1.4-fold) and 72 h (2-fold) postin-
fection, even through the majority of HHV-6-infected cells
were still in G2/M phase at these time points. These data
suggest that Wee1 is involved in the regulation of G2/M arrest
induced by HHV-6A infection. As expected, Wee1 expression
in nocodazole-treated cells was hardly detected, as a result of
protein degradation during M phase. Furthermore, the effect
of HHV-6A infection on Myt1 expression was also determined.
Western blot analyses showed no obvious alteration of Myt1

FIG. 2. HHV-6A infection leads to growth arrest at the G2/M
phase in infected HSB-2 cells. (A and B) HHV-6A infection remark-
ably decreased the proportions of HSB-2 cells in G1 phase and in-
creased HSB-2 cell populations in G2/M phase with increasing infec-
tion time. (A) The relative DNA contents of HSB-2 cells at different
time points after HHV-6A infection were determined by PI staining
and were analyzed by flow cytometry. The 2N (diploid) and 4N (tet-
raploid) DNA contents represent the G1 and G2/M phases of the cell
cycle, respectively. The cell populations in the sub-G1 (�2N) phase
represent apoptotic cell fragments. (B) Histograms represent the per-
centages of mock- and HHV-6A-infected HSB-2 cells in the G1, S, and
G2/M phases of the cell cycle at 24, 48, and 72 h postinfection. Data are
means � SD from three independent experiments. Asterisks indicate
a significant difference (��, P � 0.01) from results for the control.
(C) Mock- and HHV-6A-infected HSB-2 cells were stained with an-
nexin V–PI and were analyzed by flow cytometry.
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expression in HHV-6A-infected cells from that in mock-in-
fected cells (Fig. 5A). In addition, we found that nocodazole-
treated cells revealed the presence of an additional, slower-
migrating form of Myt1 (inactive form). Given that Myt1 has
been shown to be inactivated by phosphorylation, our result
suggested that HHV-6A infection may block Myt1 inactivation
by its upstream kinase during the G2/M phase transition. Our
results also suggested that enhancement of Wee1 expression
and maintenance of steady Myt1 activity may be directly re-
sponsible for the increased Cdc2 phosphorylation in HHV-6A-
infected cells.

To determine whether the increased inhibitory phosphory-
lation of Cdc2 following HHV-6A infection also resulted from

inactivation of Cdc25C, a Cdc2-specific phosphatase, we ana-
lyzed the phosphorylation status of Cdc25C. As shown in Fig.
5B, HHV-6A-infected cells showed increases in the levels of
the Ser216-phosphorylated form of Cdc25C compared with
those in mock-infected controls at 48 and 72 h postinfection.
Recent studies have suggested that phosphorylation of Cdc25C
on Ser216 by Chk1 or Chk2 leads to 14-3-3 protein binding,
resulting in the sequestration of Cdc25C in the cytoplasm.
Cytoplasmic accumulation of phospho-Cdc25C (Ser216) de-
nies access to its substrate Cdc2 subunit and prevents cells
from going into mitosis by keeping the MPF inactive, resulting
in the arrest of cells at G2/M (16). We next examined the
distribution of phospho-Cdc25C (Ser216) in HHV-6-infected

FIG. 3. HHV-6A infection induces increased cyclin B1 expression. (A) HHV-6A infection significantly increased cyclin B1 expression in HSB-2
cells. Lysates from mock-infected or HHV-6A-infected HSB-2 cells were prepared at the indicated time points and were processed for Western
blotting with a specific antibody against cyclin B1. HSB-2 cells treated with 0.5 �g/ml nocodazole (Noco) for 24 h served as a positive control. Cyclin
B1 protein expression levels (shown in the histogram below the blot) were analyzed quantitatively and were compared with �-actin expression by
use of a densitometer. Results are means � SD from three independent experiments. Asterisks indicate significant differences (��, P � 0.01) from
the results for the mock-infected control. (B) Cyclin B1 was highly expressed and prominently located in the nucleus in HHV-6A-infected HSB-2
cells. Cyclin B1 expression was determined by an indirect immunofluorescence assay. Mock- and HHV-6A-infected HSB-2 cells were stained for
cyclin B1 (green) and DNA (blue) with an anti-cyclin B1 antibody and Hoechst stain, respectively, at 0, 24, and 72 h postinfection. The percentages
of cells positive for cytoplasmic or nuclear cyclin B1 are shown in the histograms on the right. Results are means � SD from three independent
experiments.
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cells by immunofluorescence analysis. As shown in Fig. 5C,
phospho-Cdc25C (Ser216) expression was obviously detectable
and occurred mainly in the cytoplasm of HHV-6A-infected
cells, in contrast with that in mock-infected cells. These results
collectively suggest that HHV-6A infection not only can in-
crease the level of Cdc2 phosphorylation in HHV-6A-infected
cells by enhancing Wee1 expression but also can prevent Cdc2
dephosphorylation by inhibiting the Cdc2-dependent phospha-
tase Cdc25C, resulting in the inhibition of Cdc2 activity in
infected cells.

HHV-6A infection results in changes in the expression
and/or phosphorylation status of several cell cycle checkpoint
proteins. To further explore the molecular mechanisms re-
sponsible for HHV-6A-induced cell cycle arrest at the G2/M

phase, we examined the expression and phosphorylation status
of the key cell cycle checkpoint proteins, including Chk1, Chk2,
p21, and p53, in HSB-2 cells. The DNA damage checkpoint
kinases, Chk1 and Chk2, play important roles in regulating the
G2/M checkpoint. They can phosphorylate Cdc25C on Ser216
by an ATM/ATR-dependent pathway (28, 55). Given that sev-
eral studies have reported that Chk1 and Chk2 regulate cell
cycle arrest in response to virus-induced stress (22, 24, 35) and
that we also found increased phospho-Cdc25C (Ser216) levels
in HHV-6A-infected cells, we asked whether DNA damage
responses and these two kinases were also involved in the
regulation of Cdc25C activation during HHV-6A infection. To
test this possibility, Chk1 and Chk2 activation in HHV-6A-
infected HSB-2 cells was assessed by Western blot analyses

FIG. 4. HHV-6A infection inhibits Cdc2 kinase activity and increases phosphorylated Cdc2 expression in HSB-2 cells. (A) HHV-6A infection
significantly reduced Cdc2 kinase activity in infected HSB-2 cells. HSB-2 cells were either infected with HHV-6A or mock infected as a control
for 72 h. HSB-2 cells treated with 0.5 �g/ml nocodazole (Noco) for 24 h served as a positive control. Cdc2 kinase activity was determined using
a Cdc2–cyclin B kinase assay kit. Data are means � SD from three independent experiments. Asterisks indicate significant differences (��, P �
0.01) from results for the two controls. (B) HHV-6A infection induced phosphorylation of Cdc2 in infected HSB-2 cells. (Left) Lysates from
mock-infected or HHV-6A-infected HSB-2 cells were prepared at the indicated time points and were processed for Western blotting with specific
antibodies against Cdc2 and phosphorylated Cdc2 (Tyr15). HSB-2 cells treated with 0.5 �g/ml Noco for 24 h served as a positive control. (Right)
Phosphorylated Cdc2 protein levels were quantitatively analyzed and were compared with �-actin expression by use of a densitometer. Results are
means � SD from three independent experiments. Asterisks indicate significant differences (��, P � 0.01) from results for the mock-infected
control. (C) Phosphorylated Cdc2 was highly expressed in HHV-6A-infected HSB-2 cells. (Left) Phospho-Cdc2 (Tyr15) expression was determined
using an indirect immunofluorescence assay. Mock- and HHV-6A-infected HSB-2 cells were stained for Cdc2-Tyr15 (green) and DNA (blue) with
an anti-phospho-Cdc2 (Tyr15) antibody and Hoechst stain at 72 h postinfection. (Right) Histogram showing percentages of cells positive for
cytoplasmic phospho-Cdc2 (Tyr15) or nuclear phospho-Cdc2 (Tyr15). Results are means � SD from three independent experiments.
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with phospho-specific anti-Chk1 (Ser317) and anti-Chk2
(Thr68) antibodies. As expected, HHV-6A infection signifi-
cantly induced Chk1 and Chk2 activation in infected HSB-2
cells at 72 h postinfection, resulting in increased phosphoryla-
tion of Chk1 at Ser345 and of Chk2 at Thr68 (Fig. 6A).

The tumor suppressor protein p53 also plays a critical role in
regulating cell cycle progression. We thus investigated whether
HHV-6A infection could induce p53 expression. Indeed, we
detected increased levels of total p53 in HHV-6A-infected
cells in a time-dependent manner (Fig. 6B). Phosphorylation at
Ser15 in p53 is a common event in response to DNA damage
and other stresses, leading to enhanced p53 stability (43). To

examine the consequences of HHV-6A infection for p53 phos-
phorylation, we next measured phospho-p53 (Ser15) levels in
HHV-6A-infected HSB-2 cells using Western blot and immu-
nofluorescence analyses with an anti-p53 (Ser15) antibody. As
shown in Fig. 6B and C, higher phospho-p53 (Ser15) expres-
sion was observed in HHV-6A-infected cells than in control
cells, consistent with the recently reported observation that
HHV-6B induced phosphorylation of p53 at Ser15 in a manner
dependent on ATM kinase in infected cells (36).

Phosphorylation of p53 usually correlates both with the ac-
cumulation of total p53 protein and with the ability of p53 to
transactivate downstream target genes, including p21, a cyclin-

FIG. 5. HHV-6A infection enhances Wee1 expression, maintains Myt1 activity, and increases Cdc25C phosphorylation. (A) Wee1 and Myt1
expression in mock-infected or HHV-6A-infected HSB-2 cells. (Left) Cell lysates were collected at the indicated time points postinfection, and
expression of Wee1 and Myt1 was determined by Western blotting. HSB-2 cells treated with 0.5 �g/ml nocodazole (Noco) for 24 h served as a
positive control. (Right) Wee1 expression levels were quantitatively analyzed and were compared with �-actin expression by use of a densitometer.
Results are means � SD from three independent experiments. Asterisks indicate significant differences (��, P � 0.01) from results for the
mock-infected control. (B) HHV-6A infection induced phosphorylation of Cdc25C in infected HSB-2 cells. (Left) Lysates from mock-infected or
HHV-6A-infected HSB-2 cells were prepared at the indicated time points and were processed for Western blotting with specific antibodies against
Cdc25C and phospho-Cdc25C (Ser216). HSB-2 cells treated with 0.5 �g/ml Noco for 24 h served as a positive control. (Right) Phosphorylated
Cdc25C protein levels were quantitatively analyzed and were compared with �-actin expression levels by use of a densitometer. Results are
means � SD from three independent experiments. Asterisks indicate significant differences (��, P � 0.01) from results for the mock-infected
control. (C) Cytoplasmic accumulation of phospho-Cdc25C (Ser216) in HHV-6A-infected HSB-2 cells. (Left) Mock- and HHV-6A-infected HSB-2
cells were stained for phospho-Cdc25C (Ser216) (green) and DNA (blue) with an anti-phospho-Cdc25C (Ser216) antibody and Hoechst stain at
72 h postinfection. (Right) Histogram showing percentages of cells positive for cytoplasmic phospho-Cdc25C (Ser216) or nuclear phospho-Cdc25C
(Ser216). Results are means � SD from three independent experiments.
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dependent kinase inhibitor (CKI) that inhibits the activity of
Cdc2–cyclin B1 complexes. We next determined the involve-
ment of p53 and p21 in the reduction of Cdc2 activity following
HHV-6A infection. As shown in Fig. 6B, we found remarkably
elevated p21 expression in HHV-6A-infected cells at different
time points postinfection. In addition, coimmunoprecipitation
experiments further confirmed the interactions between p21
and Cdc2–cyclin B1 in HSB-2 cells induced by HHV-6A infec-
tion (Fig. 6D). These results suggest that activation of the
p53/p21 signaling pathway in infected cells mediated by
HHV-6A infection might account for part of the reduction in

Cdc2 activity, leading to the accumulation of cells in the G2/M
phase.

DISCUSSION

HHV-6 was initially isolated from peripheral blood mono-
nuclear cells of immunologically deprived AIDS patients and
patients with lymphoproliferative disorders (25, 40). Like other
herpesviruses, HHV-6 is able to induce latent infection and to
persist indefinitely in the host. However, in immunocompro-
mised patients, such as organ transplant recipients and those
with AIDS, HHV-6 reactivation or reinfection may cause se-
vere opportunistic diseases, such as encephalitis, pneumonitis,
hepatitis, and infectious mononucleosis-like disease, as well as
bone marrow graft failure (1, 10, 52). Both HHV-6A and
HHV-6B can infect several types of immune cells, either pro-
ductively or nonproductively. The primary target for HHV-6
replication is CD4� T lymphocytes, a pivotal cell type in the
generation of humoral and cell-mediated adaptive immune
responses. By modulating the specific antiviral immune re-
sponse, HHV-6 can facilitate its own spread and persistence in
vivo, as well as enhancing the pathogenic effects mediated by
other infectious agents, such as human immunodeficiency virus
(HIV). To date, the immune evasion and regulation mecha-
nisms deployed by HHV-6 are poorly characterized. In this
study, we investigated the molecular process by which
HHV-6A infection induces cell cycle perturbation in infected T
cells, which may be one of the key mechanisms responsible for
HHV-6-induced immunosuppression in infected hosts.

Manipulation of the cell cycle in infected cells is a common
strategy used by many viruses to regulate their infection. In this
study, we demonstrated that HHV-6A infection promoted a
dramatic level of cell cycle arrest in the G2/M phase in infected
cells, resulting from the inhibition of Cdc2–cyclin B1 kinase
activity. To explore the mechanisms responsible for the pro-
motion of cell cycle arrest by HHV-6A, we further identified
three potential mechanisms utilized by HHV-6A to cause the
reduction of Cdc2–cyclin B1 kinase activity. First, HHV-6A
infection increases Cdc2 phosphorylation at the inhibitory site
in infected cells, which involves elevated Wee1 expression and
the inactivation of Cdc25C. In support of our findings, recent
studies with other viruses have shown that reovirus infection
also induces G2/M-phase cell cycle arrest, which is associated
with an inhibition of Cdc25C activity (38). In addition, HIV
Vpr protein can inhibit Cdc2 activity via activation of Wee1 or
inactivation of Cdc25C (15, 21). Second, HHV-6A infection
activates the DNA damage responses. DNA damage check-
point kinases Chk2 and Chk1 are under the control of the
phosphatidylinositol 3-kinase-like proteins ATR and ATM.
Several studies have reported that virus infection could elicit
DNA damage responses in infected cells. It has been reported
that herpes simplex virus (HSV) infection elicits a cellular
DNA damage response dependent on ATM (44). Epstein-Barr
virus lytic replication elicits ATM checkpoint signal transduc-
tion while providing an S-phase-like cellular environment for
viral lytic replication (22). Large T antigen promotes JC virus
replication in G2-arrested cells by inducing ATM- and ATR-
mediated G2 checkpoint signaling (35). In this study, we dem-
onstrated that infection of HSB-2 cells with HHV-6A signifi-
cantly induced Chk1 and Chk2 activation, resulting in

FIG. 6. Expression and/or phosphorylation of several cell cycle
checkpoint proteins in HHV-6A-infected HSB-2 cells. (A) HHV-6A
infection significantly induced phosphorylation of Chk1 and Chk2 at
72 h postinfection. Lysates from mock- or HHV-6A-infected HSB-2
cells were prepared at the indicated time points and were processed for
Western blotting with specific antibodies against Chk1, phospho-Chk1
(Ser345), Chk2, and phospho-Chk2 (Thr68). (B) HHV-6A infection
markedly induced the expression of p53, phosphorylated p53, and p21
in HSB-2 cells. Cell lysates were prepared as for panel A, and expres-
sion of p53, phosphorylated p53, and p21 was determined by Western
blotting. (C) Phospho-p53 (Ser15) expression in HSB-2 cells was visu-
alized using an indirect immunofluorescence assay. HHV-6A- and
mock-infected cells were stained for phospho-p53 (Ser15) (green) and
DNA (blue) with an anti-phospho-p53 (Ser15) antibody and Hoechst
stain at 72 h postinfection. (D) Physical interactions between p21 and
Cdc2–cyclin B1 in HSB-2 cells induced by HHV-6A infection. The
Cdc2–cyclin B1 complex was precipitated with an anti-cyclin B1 anti-
body from lysates of HHV-6A-infected HSB-2 cells at 72 h postinfec-
tion. HSB-2 cells treated with 0.5 �g/ml nocodazole (Noco) for 24 h
served as a positive control. Immunocomplexes were denatured and
separated on denaturing polyacrylamide gels for Western blotting with
anti-Cdc2, anti-cyclin B1, and anti-p21 antibodies.
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increased phosphorylation of Chk2 at Thr68 and of Chk1 at
Ser345. However, our studies showed that phosphorylation of
Chk2 and Chk1 was seen only at 72 h postinfection (Fig. 6A).
These data suggested that HHV-6A infection at a late stage
might elicit the ATM/ATR DNA damage checkpoint signaling
pathway, which responds to viral replication stress. We postu-
late that activation of DNA damage-associated protein check-
point kinases, such as Chk, is not a direct cause for the G2/M
arrest. However, the induced DNA damage responses might be
a later event of virus infection that helps to maintain the
inactivation of the Cdc2–cyclin B1 complex and the G2/M
arrest in the late stage of HHV-6 infection.

Finally, HHV-6A infection induces the activation of p53/p21
signaling in infected cells, resulting in increased expression and
phosphorylation of p21 and p53. The activation of p53 results
in p21 expression and p21 protein subsequently binding to the
Cdc2–cyclin B1 complex, which inhibits the activity of the com-
plex and blocks the G2/M transition. Hollsberg and coworkers
have shown that HHV-6B infection of MOLT 3 cells caused
cell cycle arrest at the G1 phase concomitant with p53 phos-
phorylation and accumulation but that p21 was not upregu-
lated in HHV-6B-infected T cells (36). Furthermore, studies
with HHV-6A-infected cord blood mononuclear cells also
showed accumulation of infected cells in the G2/M phase, but
here, too, p21 accumulation was absent (9). In contrast, in our
current study, we demonstrated significant induction of p21
expression in HHV-6-infected HSB-2 cells in a time-depen-
dent manner, suggesting that unique regulatory pathways and
mechanisms induced by HHV-6 infection may exist for indi-
vidual types of infected cells. In support of our notion, we also
determined whether HHV-6A infection can induce the same
cell cycle arrest phenomena in other cell lines that occurred in
HSB-2 cells. JJHAN, another T cell line for HHV-6 propaga-
tion, was used for this study. Cell cycle analyses of mock- and
HHV-6A-infected JJHAN cells were performed at 24, 48, and
72 h postinfection. We found that HHV-6A infection de-
creased the proportion of JJHAN cells in the G1 phase and
increased the number of cells in the S phase with increasing
infection time (data not shown). In addition, studies from
other groups suggested that G1/S arrest induced by HHV-6
infection has been observed in other types of cells, such as
epithelial cells and neural cells (11, 37). These results clearly
suggested that the regulatory pathways and mechanisms in-
duced by HHV-6 infection might be different for different
types of infected cells.

The present study has suggested that HHV-6A is able to
regulate several key cellular regulatory proteins, resulting in
G2/M cell cycle arrest. Many viruses interact with the host cell
division cycle to create an optimal environment for their own
growth. A recent study suggested that influenza A virus may
produce favorable conditions for viral protein accumulation
and virus production in infected cells by inducing G0/G1-phase
cell cycle arrest (18). It was also discovered that viral protein
expression and progeny virus production were greater in G2/
M-phase-arrested cells. For example, it was reported that avian
reovirus (ARV) p17 protein facilitates virus replication
through initiation of G2/M arrest and host cellular translation
shutoff (6). Cell cycle arrest at the G2/M phase was also ob-
served to boost both early and late steps of HIV infection (17).
In addition, the avian coronavirus infectious bronchitis virus

(IBV) induces G2/M-phase arrest in infected cells to promote
viral replication (12). Our studies suggested that HHV-6, like
other viruses, may also have evolved mechanisms to alter the
physiology of the host cells during viral infection in a manner
beneficial to viral replication and pathogenesis. The benefits of
HHV-6A-induced cell cycle arrest may be explained by several
hypotheses, such as increasing the efficiency of transcription,
translation, and virus assembly. In addition, it is possible that
cell cycle arrest in HHV-6 infection prevents early death of
infected cells, therefore gaining sufficient time and resources
for the viral life cycle. Further studies should determine
whether the G2/M phase in HHV-6-infected cells is a favorable
condition for HHV-6 viral protein expression and progeny
virus production.

HHV-6 is an important immunosuppressive and immuno-
modulatory virus, which has the ability to avoid, misguide, or
impair immune system recognition, allowing the virus to persist
within the host it infects. Previous studies have shown that
HHV-6 infection negatively affects T-cell proliferation and in-
terleukin-2 synthesis (13), interleukin-12 production (45), and
dendritic cell maturation (46), as well as inducing phenotypic
alterations in monocytes (20). Furthermore, in the current
study, we discovered that HHV-6A replication has an effect on
cell cycle progression in infected T cells. Our results showed
that HHV-6A infection induced cell cycle arrest in the G2/M
phase in infected T cells. We further demonstrated that the
expression patterns of some molecules that are key in regulat-
ing the cell cycle were altered during HHV-6 infection, a find-
ing consistent with the G2/M arrest profile in the cell cycle.
HHV-6A may utilize these mechanisms to block the clonal
expansion and proliferation of HHV-6-specific T cells that
maintain immune suppression and to damage the antiviral
immune responses. In addition, it has been reported that non-
cycling cells are refractory to killing by cytolytic T cells (33).
Thus, HHV-6 may also use this cell-cycle-arrest strategy to
avoid being killed by cytolytic T cells. Clarification of the mo-
lecular mechanisms by which HHV-6A disrupts the cell cycle
machinery will not only be important for the study of cell cycle
changes in HHV-6A replication but will also be crucial for
better understanding of the potential mechanisms utilized by
HHV-6 to induce immune suppression in hosts, and for the
development of novel vaccines and/or therapeutic agents to
inhibit HHV-6A infection.
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