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Abstract In this study, we demonstrate that infection of
HSB-2 cells with human herpesvirus 6 (HHV-6) resulted in
the accumulation of infected cells in the G2/M phase of the
cell cycle. Analysis of various cell-cycle-regulatory pro-
teins indicated that the levels of cyclins A2, B1, and El
were increased in HHV-6-infected cells, but there was no
difference in cyclin D1 levels between mock-infected and
HHV-6-infected cells. Our data also showed that inducing
G2/M phase arrest in cells infected by HHV-6 provided
favorable conditions for viral replication.
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Human herpesvirus 6 (HHV-6) is a ubiquitous pathogen of
the subfamily Betaherpesvirinae, which includes cyto-
megalovirus and HHV-7, and it primarily infects CD4" T
cells [32]. Like other herpesviruses, HHV-6 establishes
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latency after the initial productive infection and thus is
never cleared from its host [28]. Two subtypes of HHV-6
have been identified: variants A and B [30]. Although these
two variants are similar in sequence and genome organi-
zation, they are associated with different pathogenesis.
HHV-6B causes exanthema subitum in young children
[34]. HHV-6A is associated with several adult diseases. It
is a cofactor in AIDS progression[18] and is involved in
various neurological disorders, including encephalitis,
multiple sclerosis, seizures, and chronic fatigue syndrome;
however, the causal link between human disease and virus
infection remains to be fully elucidated [1, 6].

Many viruses, including DNA viruses, retroviruses, and
RNA viruses, can perturb the cell cycle during their
infections [2, 4]. Recently, there has been increasing evi-
dence demonstrating different levels of cell cycle arrest in
HHV-6-infected cells. It has been shown that HHV-6A
infection induces cell cycle arrests at the G2/M phase in
infected cord blood mononuclear cells [5]. 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
[20] and that HHV-6B infection of MOLT 3 cells causes
cell cycle arrest at the Gl phase concomitant with p53
phosphorylation and accumulation [25]. In addition, G1/S
arrest induced by HHV-6 infection has been observed in
the other types of cells, such as epithelial cells and neural
cells [7, 26]. Although HHV-6 has been implicated in
halting cell cycle progression, the precise mechanisms
behind this phenomenon have not yet been fully
understood.

The aim of this work was to investigate the effects of
HHV-6 on the cell cycle, with emphasis on the patterns of
expression of cyclins as the infection progressed. We
demonstrate that HHV-6 induced elevated protein levels of
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cyclin A2, cyclin Bl, and cyclin El1 following virus-
induced cell cycle arrest. Furthermore, we show here for
the first time that the G2/M arrest provides a favorable
environment for viral replication.

The GS strain of HHV-6 variant A was propagated in
cord blood mononuclear cells (CBMCs), as described
previously [33]. HHV-6A viral DNA loads were quantified
by SYBR Green real-time PCR. Primers were specific for
the HHV-6 late gene U22. The forward primer was 5’-
CGCTCGGAAAGGAAACATTA-3’, and the reverse pri-
mer was 5’-AAGTGGAACTGCTTGGTGGC-3’. A stan-
dard curve was generated by amplification of an HHV-6A
U22 DNA sequence incorporated into the pMD™ 19-T
vector, designated as pMDI19T-U22. A multiplicity of
infection (MOI) of 10 virus DNA copies per cell was used
for all of the experiments. After infection with HHV-6A,
HSB-2 cells showed typical cytopathic effects (CPE),
rounding up like balloons, and fusion of infected cells to
form giant multinucleated syncytia (Fig. 1A). To further
demonstrate HHV-6A infection in HSB-2 cells, expression
of a late protein gp60/110, which is essential for viral
propagation in infected HSB-2 cells, was analyzed by
western blot using an anti-gp60/110 monoclonal antibody
(Chemicon). Prominent expression of HHV-6 gp60/110
was detected in HHV-6A-infected HSB-2 cells compared
with that in control mock-infected cells, and the levels of
this marker increased in a time-dependent manner follow-
ing HHV-6A infection (Fig. 1B). We also investigated the
extent of viral genome replication in HHV-6A-infected
HSB-2 cells by real-time PCR at 24, 48, and 72 h postin-
fection. As shown in Fig. 1C, viral loads in cell lysates
from HHV-6A-infected cells increased from 1.17 x 10’
copies/10° cells at 24 h and 2.42 x 107 copies/10° cells at
48 h to 5.15 x 107 copies/10° cells at 72 h after infection.

Fig. 1 Infection of HSB-2 cells
with HHV-6A. A HHV-6A
infection, exhibiting typical
cytopathic effects in infected
HSB-2 cells. The morphological
characteristics of HSB-2 cells
infected with or without HHV-
6A were observed under a light
microscope at 72 h
postinfection. B HHV-6 gp60/
110 expression in HSB-2 cells
mock infected or infected with
HHV-6A at various time points.
Gp60/110 protein expression
was determined by western blot
analysis using an anti-gp60/110
monoclonal antibody.

C Quantitative detection of
intracellular HHV-6 DNA at 24,
48 and 72 h postinfection

o =3

'S

N

Viral DNA copies/10 ® cells
— w

=]

@ Springer

These results showed that HHV-6A could efficiently infect
HSB-2 cells.

Cell cycle and nuclear DNA content were determined
using propidium iodide (PI) staining and measured by flow
cytometry, as described previously [14]. Representative
cell cycle profiles in mock- and HHV-6A-infected cells are
presented in Fig. 2A. HHV-6A infection markedly
decreased the proportion of cells in G1 phase and signifi-
cantly increased the number of cells in G2/M phase with
increasing infection time. Infected cells exhibited an
almost sixfold increase in the percentage of G2/M-phase
cells compared to that of the control cells at 72 h postin-
fection. Concomitant with the increase of G2/M-phase
cells, there was a threefold decrease in the percentage of
HHV-6A-infected cells in the G1 phase compared with
mock-infected cells at 72 h postinfection. Collectively,
these data revealed that HHV-6A infection promotes cell
cycle progression from G1 and S to the G2/M phase and
then arrests the infected cells in the G2/M phase.

To address the molecular mechanism of HHV-6A-
induced cell cycle arrest at the G2/M phase, we examined
the expression kinetics of the cell cycle regulatory mole-
cules cyclin A2, B1, D1, and E1 in HHV-6A-infected cells
compared to mock-infected cells. At various intervals after
infection, HSB-2 cell lysates were collected, and cyclin
protein expression was determined by western blot analysis
using anti-cyclinA2, anti-cyclinB1, anti-cyclinDI1, anti-
cyclinEl and anti-B-actin antibodies (Cell Signaling
Technology). As expected, a more drastic increase in
cyclin A2, B1, and El levels was observed in HHV-6A-
infected cells compared with mock-control. At 72 h post-
infection, densitometric analysis indicated that cyclin A2,
B1 and El levels were sixfold, eightfold and sevenfold
higher, respectively, in HHV-6A infected cells than that in
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Fig. 2 HHV-6A infection induces G2/M phase arrest and signifi-
cantly increases cyclin A2, cyclin Bl and cyclin E1 expression in
HSB-2 cells. A HHV-6A infection markedly decreased the proportion
of HSB-2 cells in the G1 phase and increased the proportion in the
G2/M-phase with increasing infection time. The relative DNA content
of HSB-2 cells at different time points after HHV-6A infection was
determined by PI staining and analyzed by a flow cytometry. The 2N
(diploid) and 4N (Tetraploid) DNA contents represent the G1 and G2/

mock-infected cells. In contrast, there was no obvious
change in levels of cyclinD1 in HHV-6A-infected cells
compared to mock-infected cells at any time point analyzed
(Fig. 2B).

Manipulation of cell cycle progression is an important
strategy exploited by many viruses to create conductive
cellular conditions for viral replication. Our data indicated
that HHV-6A infection caused an increase in the popula-
tion of G2/M-phase cells. Therefore, we investigated
whether this status of the cell cycle was advantageous for
the virus by comparing virus DNA replication and protein
expression. Asynchronously growing HSB-2 cells were
treated with either DMSO or 0.5 pg/ml nocodazole
(Sigma-Aldrich) for 24 h. In asynchronous HSB-2 cells
approximately 46 % of cells were in the GO/G1 phase,
48 % in the S phase, and 6 % in the G2/M phase, whereas
using nocodazole treatment, approximately 48 % of cells
were synchronized in the G2/M phase (Fig. 3A). Then,
asynchronously dividing cells and G2/M-phase-synchro-
nized cells were infected with HHV-6A at an MOI of 10 in

M phases of the cell cycles, respectively. B Cyclins expression in
HSB-2 cells infected with or without HHV-6A. Cell lysates were
collected at the indicated time points, and western blot analysis was
performed with anti-cyclin A2, anti-cyclin B, anti-cyclin D1, and
cyclin El antibodies. Cyclin expression levels were quantitatively
analyzed and compared relative to [-actin expression using a
densitometer. Results shown at the right are the mean £ SD from
three independent experiments

fresh medium, and virus production was measured by real-
time PCR and western blot analysis at 72 h postinfection.
As shown in Fig. 3B and C, both the amounts of U22 gene
(2-fold) and the expression levels of gp 60/110 protein
(2.5-fold) were higher in G2/M-phase-synchronized cells
than in asynchronously replicating cells.

Manipulation of the cell cycle in infected cells is a
common strategy used by many viruses to regulate their
infection. Our previous studies showed that HHV-6A can
infect human embryonic fibroblasts and induce G2/M arrest
and cell death [13]. We also found that HHV-6A infection
inhibits cell cycle progression in HSB-2 cells, resulting
from the inhibition of Cdc2-cyclin Bl kinase activity,
which is involved in the activation of p53/p21 and Chkl1/
Chk2/Cdc25C pathways, as well as elevated Weel
expression [14]. In this study, we demonstrated that HHV-
6A infection promotes cell cycle arrest in the G2/M phase
and alters the expression of key cell-cycle-regulatory pro-
teins cyclins in HSB-2 cells. A manifest accumulation of
cyclins A2, B1, and E1 was observed in HHV-6A-infected
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Fig. 3 G2/M arrest promotes HHV-6A replication. A Asynchro-
nously growing HSB-2 cells were treated with DMSO or 0.5 pg/ml
nocodazole for 24 h, and the cell cycle profiles were then analyzed by
flow cytometric analysis. The 2N (diploid) and 4N (Tetraploid) DNA
contents represent the Gl and G2/M phases of the cell cycles,
respectively. B and C Synchronously growing HSB-2 cells and
asynchronously growing control cells were infected with HHV-6A at

cells. However, the levels of cyclin D1 were not obviously
changed in infected cells compared to mock-infected cells.
Cyclin B1 is an important regulator during the normal cell
cycle progression. It accumulates in the S and G2 phases to
form a mitosis-promoting factor (MPF) with Cdc2 and then
is ubiquitinated and degraded by the anaphase-promoting
complex (APC) after the cells pass through mitosis [22,
27]. It is noteworthy that the levels of cyclin B1 remain
high in HHV-6A-infected cells, suggesting that an absence
of degradation through the ubiquitin pathway might con-
tribute to the cell cycle arrest observed in infected cells.
Cyclin E1 has been shown to be rate limiting for S-phase
entry, and when overexpressed, to accelerate the G1/S
transition [23]. In our study, changes in cyclin DI
expression were not detected after infection, suggesting
that the majority of the infected cells do not return to Gl
phase after infection, as would be expected with normal
cycling and division. In support of our findings, Jault et al.
[11] reported HCMV-induced G2/M arrest in cycling cells
and found that high levels of cyclin E were induced, with
cyclin A appearing only at late time points. De Bolle and
coworkers [5] also reported that cyclin B1, cyclin A, and to
a slight extent, cyclin E accumulated after HHV-6A
infection in cord blood mononuclear cells. Recently, Mo-
rita et al. [21] also reported that B19-virus-infected UT7/
Epo-S1 cells displayed accumulation of cyclin A, cyclin
B1, and phosphorylated cdc2, resulting in cell cycle arrest
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an MOI of 10, followed by incubation for 72 h. The amount of viral
U22 gene was determined by real-time PCR (B). Viral protein
accumulation was analyzed by western blot with anti-HHV-6 gp60/
110 antibody, and the expression level was quantitatively analyzed
and compared to B-actin expression using a densitometer (C). The
data shown are the mean + SD from three independent experiments.
**P < 0.01 compared with the control

at the G2 phase; however, the Cdc2-cyclin B1 kinase
activity remained high in B19 virus-infected cells.

For successful propagation, viruses may manipulate cell
cycle progression to create a more conducive environment
for replication [24, 29, 31]. A recent study suggested that
influenza A virus may create favorable conditions in
infected cells for viral protein accumulation and virus
production by inducing a G0/G1 phase arrest in infected
cells [10]. EBV could block the host response and actively
promote an S-phase-like environment for viral lytic rep-
lication [12]. 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) pl7 protein facilitates virus
replication through initiation of G2/M arrest and host
cellular translation shutoff [3]. HIV infection is also
favored in the G2/M phase. Groschel and Bushman [9]
observed a three- to fivefold increase in HIV transduction
compared to other stages of the cell cycle. In addition, the
avian coronavirus infectious bronchitis virus (IBV) indu-
ces a G2/M phase arrest in infected cells to promote viral
replication [8]. In this study, we found that the efficiency
of HHV-6A infection is greater in G2/M-synchronized
cells than in asynchronously replicating cells. Therefore,
we inferred that HHV-6 induces G2/M phase arrest to
provide conditions for progeny virus production. The
benefits for virus output may be explained by several
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hypotheses, such as increasing the efficiency of tran-
scription, translation and virus assembly. For example, Lin
and Lamb [16] proposed that enveloped RNA viruses
could arrest the cell cycle before mitosis to prevent dis-
ruption of the Golgi apparatus and endoplasmic reticulum
(ER), favoring viruses whose assembly occurs in these
structures. It is known that coronaviruses such as IBV also
utilize the Golgi apparatus and ER for protein processing
and assembly [15, 17, 19].

The studies presented here, coupled with previous work
from our lab and others, demonstrate that HHV-6 infection
causes dramatic changes in the expression of host-cell
regulatory proteins, leading to the cell cycle arrest. Clari-
fication of the molecular mechanisms by which HHV-6
disrupts the cell cycle machinery will not only be important
in the study of the cell cycle changes that occur in HHV-6
replication but will also be crucial for better understanding
of the processes by which HHV-6 causes disease and for
development of novel vaccines and/or therapeutic agents to
inhibit HHV-6 infection.
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