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Previous studies of Epstein-Barr virus (EBV) replication focused mainly on the viral and cellular factors
involved in replication compartment assembly and controlling the cell cycle. However, little is known about how
EBYV reorganizes nuclear architecture and the chromatin territories. In EBV-positive nasopharyngeal carci-
noma NA cells or Akata cells, we noticed that cellular chromatin becomes highly condensed upon EBV
reactivation. In searching for the possible mechanisms involved, we found that transient expression of EBV
BGLF4 kinase induces unscheduled chromosome condensation, nuclear lamina disassembly, and stress fiber
rearrangements, independently of cellular DNA replication and Cdc2 activity. BGLF4 interacts with condensin
complexes, the major components in mitotic chromosome assembly, and induces condensin phosphorylation at
Cdc2 consensus motifs. BGLF4 also stimulates the decatenation activity of topoisomerase II, suggesting that
it may induce chromosome condensation through condensin and topoisomerase II activation. The ability to
induce chromosome condensation is conserved in another gammaherpesvirus kinase, murine herpesvirus 68
ORF36. Together, these findings suggest a novel mechanism by which gammaherpesvirus kinases may induce
multiple premature mitotic events to provide more extrachromosomal space for viral DNA replication and

successful egress of nucleocapsid from the nucleus.

DNA viruses adopt various strategies to facilitate their rep-
lication and maturation within host cells, including usurping
the cellular DNA replication machinery and taking over the
nuclear space for viral DNA replication, transcription, and
packaging. Small DNA viruses, such as simian virus 40 and
papillomaviruses, modulate the cell cycle control pathway
and promote entry into S phase. This enables the host DNA
polymerase and the increased nucleotide pool to be used for
virus replication. For large DNA viruses, such as herpesviruses,
which encode DNA replication and nucleotide metabolism
enzymes, the viral DNA replication strategy is controlled
through even more sophisticated interactions between host
and viral machineries (reviewed in references 36 and 57).

Epstein-Barr virus (EBV) belongs to the Gammaherpesviri-
nae and infects most of the human population worldwide.
Infection may cause infectious mononucleosis and is closely
associated with human malignant diseases, such as nasopha-
ryngeal carcinoma (NPC) and Burkitt’s lymphoma (61). Two
different mechanisms have evolved to sustain successful infec-
tion of EBV. After primary infection, EBV becomes latent and
the virally encoded EBNA-1 ensures that the circular episomal
genome replicates during the S phase of the cell cycle and
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partitions equally into the daughter cells at mitosis (38). Upon
immunoglobulin (Ig) cross-linking or chemical stimulation,
EBV can be reactivated and express two immediate-early
transactivators, Zta and Rta, which then turn on a cascade of
viral gene expression to initiate lytic virus replication. Simul-
taneously, Zta and Rta may also modulate the cell cycle to
facilitate virus replication (41). Recombinant adeno-Rta is
able to induce expression of E2F1 and decrease expression of
Rb, p107, and p130, suggesting that some S-phase factors are
required for viral DNA replication (54). Moreover, S-phase
cyclin-dependent kinase activities increase during virus repli-
cation, while cellular chromosomal DNA replication is inhib-
ited (30, 31). Phosphorylation of the cellular replication origin
binding complex MCM4-MCM6-MCM7 during EBV lytic rep-
lication thus inactivates the MCM4 helicase activity to prevent
the initiation of cellular DNA replication (29).

In addition to hijacking the resources for cellular DNA rep-
lication, the virus needs to take over the compact chromatin
territories in the nucleus for robust lytic viral DNA replication.
In the case of the well-studied alphaherpesvirus herpes simplex
virus type 1 (HSV-1), the viral replication compartments grad-
ually become large globular structures, coupled with compres-
sion and marginalization of cellular chromatin (42). Finally, to
complete virus encapsidation and egress from the nucleus, the
architecture of the nuclear lamina needs to be dissolved to
allow the nucleocapsid to bud from the inner nuclear mem-
brane into the perinuclear space (17). Indeed, infections by
alpha- and betaherpesviruses induce changes in the nuclear
lamina (44, 48, 51), whereas the status of the nuclear architec-
ture during gammaherpesvirus infection remains unclear.
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Interestingly, many of these nuclear changes induced by
herpesvirus replication, such as cellular chromatin alternation
and nuclear lamina disassembly, are quite similar to what hap-
pens during mitosis. Cellular Cdc2 (CDK1) is the mammalian
cyclin-dependent kinase which controls multiple targets during
mitosis. Cdc2 activation is mediated by a complex process
which begins with an increase of cyclin Bl at S and G, phases
for Cdc2 nuclear targeting. The phosphorylation of Thr14 and
Tyr15 on Cdc2 is then reversed by Cdc25C at the end of the G,
phase to turn on Cdc2 activity (33, 43, 46). Cdc2 kinase governs
many cellular events at mitotic transition, including the break-
down of nuclear lamina, shutdown of transcription and DNA
replication, and condensation of chromosomal DNA (14, 16,
19). Under normal cell cycle regulation, chromosome conden-
sation ensures the appropriate segregation of genetic informa-
tion during mitosis. Accumulating genetic and biochemical
evidence suggests that condensin and DNA topoisomerase 11
(Topo II) play crucial roles in mitotic chromosome assembly
and organization (9). Condensins are multisubunit protein
complexes; they are composed of two structural maintenance
of chromosome (SMC) subunits and three non-SMC regula-
tory subunits and play a central role in mitotic chromosome
condensation and segregation (20). Condensins also partici-
pate in activating the DNA checkpoint, gene silencing, and the
excision repair pathway (18). Human condensin is phosphory-
lated and activated by Cdc2 kinase in vitro and in vivo (27, 56).
Topo II, which catalyzes a transient breakage and religation
of double-stranded DNA, is the major constituent of the
chromosome scaffold and essential for mitotic condensation
(12, 58).

In HSV-1, UL13 kinase phosphorylates Us3 and subse-
quently regulates correct nuclear localization of UL34 and
UL31, two HSV-1 gene products involved in nuclear egress
(22, 28, 49). The possible contribution of EBV kinase to the
virus replication-induced mitosis-like events is of special inter-
est. EBV BGLF4 kinase is the only Ser/Thr kinase identified in
EBV and is conserved in all herpesviruses. BGLF4 can phos-
phorylate viral DNA polymerase accessory factor EA-D
(BMRF1), EBNA-2, EBNA-LP, and BZLF1 (3, 7, 23, 62). It
colocalizes with the viral DNA replication compartment and is
packaged into the mature virion as a tegument protein, sug-
gesting that BGLF4 may be involved in virion maturation and
packaging (3, 59). In addition, BGLF4 can phosphorylate the
cellular translation elongation factor 1 delta and casein kinase
IIB at Cdc2 target sites (24). Thus, we wish to determine how
BGLF4 affects the host cell during virus replication.

Previous studies of EBV reactivation mainly focused on the
viral replication compartment and cellular environment, and
little is known of how EBV reorganizes the nuclear architec-
ture and chromatin territories. Here we demonstrate that cel-
lular chromatin is condensed upon EBV replication and that
EBV BGLF4 kinase alone can induce cellular DNA conden-
sation through condensin phosphorylation and Topo II activa-
tion, coupled with multiple mitosis-like events which may
facilitate EBV replication.

MATERIALS AND METHODS

Cell culture, virus induction, and transfection. The HEK293T cell line was
derived from human embryonic kidney cells with the expression of simian virus
40 T antigen. The HeLa cell line was derived from human cervical epithelial cells.
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EBV-negative cell line NPC-TWO01 was established from a Taiwanese nasopha-
ryngeal carcinoma (34), and the NA cell line was a recombinant Akata EBV-
converted NPC-TWO1 line (6). All cells were cultured in Dulbecco’s modified
Eagle’s medium and supplemented with 8% fetal calf serum, penicillin (100
U/ml), and streptomycin (100 pg/ml) at 37°C with 5% CO,. Akata cells with or
without EBV (55) were cultured in RPMI 1640 medium. For virus induction, NA
cells were incubated with 40 ng 12-O-tetradecanoylphorbol-13-acetate-3 mM
sodium butyrate (TPA/SB) or transfected with EBV Rta-expressing plasmid
pRTS15 (50) using Lipofectamine (Invitrogen) in OptiMEM medium (GIBCO-
BRL) according to the manufacturer’s instructions. Akata cells (1 X 10° cells/ml)
were induced with 0.5% (vol/vol) goat-anti human IgG antibody (Cappel).

pYPW17 and pYPW20 are plasmids expressing wild-type BGLF4 and K1021
kinase mutant, respectively (59). GFP-BGLF4(pCPL4) was generated by cloning
a BamHI-EBV BGLF4-EcoRI fragment from pYWP17 into the BglII-EcoRI
cloning site of pEGFP-C1 (BD Biosciences). Flag-tagged HSV-1 UL13 (pTAG-
UL13), human cytomegalovirus (HCMV) UL97(pTAG-UL97), and murine her-
pesvirus 68 (MHV68) ORF36 (pTAG-36) were generated independently by
cloning BamHI-Kpnl viral kinase gene fragments into pTAG-attR-C1 (Invitro-
gen) and were kindly provided by S. Hwang and R. Sun (University of California,
Los Angeles).

Antibodies and indirect immunofluorescence. Slide-cultured cells were trans-
fected with plasmids expressing BGLF4, K102I, or vector pSG5. For BGLF4,
lamin A/C, y-tubulin, and actin fiber staining, the slides were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) at 24 h posttransfection at
room temperature (RT) for 20 min, washed with PBS (145 mM NaCl, 1.56 mM
Na,HPO,, 1 mM KH,PO,, pH 7.2), and permeabilized with 0.1% Triton X-100
at RT for 5 min. The slides were then incubated with anti-BGLF4 (2616 [59]),
rabbit anti-BGLF4 serum, anti-lamin A/C (Santa Cruz), anti-y-tubulin (Sigma),
or anti-Flag (Sigma). For B- or F-actin staining, cells were fixed with methanol at
—20°C for 30 min, washed with PBS, and incubated with anti-B-actin antibodies
(Sigma) and rabbit anti-BGLF4 serum. All the primary antibodies were incubated
with samples at 37°C for 1.5 h. After washes with PBS, slides were incubated with
rhodamine-conjugated anti-mouse IgG (Cappel), fluorescein isothiocyanate
(FITC)-conjugated anti-rabbit IgG antibodies (Cappel), and/or FITC-phalloidin
(10 pM; Sigma; filament actin binding toxin) at 37°C for 1 h. DNA was stained
with Hoechst 33258 at RT for 30 s. The staining patterns were observed under
fluorescence microscopy (Zeiss) or confocal microscopy (Leica). Approximately
150 to 300 cells were counted for each set of tests, and all the experiments were
repeated independently at least twice. To detect the phosphorylation status of
condensin, phosphospecific MPM-2 antibody (Upstate) was used in an immuno-
precipitation-Western blot assay.

Coimmunoprecipitation and immunoblotting. At 24 h posttransfection, HeLa
cells (1 X 107) were harvested and disrupted in Nonidet P-40 (NP-40) lysis buffer
(1% NP-40, 50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, and 1 mM
Na;VO,) or CSK buffer (10 mM HEPES, pH 6.8, 100 mM NaCl, 300 mM
sucrose, 3 mM MgCl,, 1 mM EGTA, 1 mM dithiothreitol, 0.25 mM phenylmeth-
ylsulfonyl fluoride [PMSF], 10 mM NaF, 0.1 mM ATP) containing 0.3 M NaCl
and 0.3% Triton X-100 (modified from reference 56). The cell lysates were
separated by centrifugation for 10 min at 16,000 X g, and supernatant was
recovered. Before immunoprecipitation, the lysate was incubated with 125 ul
20% protein A-Sepharose beads (Pharmacia) for 1 h at 4°C. To immunoprecipi-
tate condensin complexes, lysates prepared in CSK buffer were incubated with
human chromatin-associated protein E (hCAP-E) and G (hCAP-G) antibodies
(1.5 pg each) at 4°C for 1 h. Protein A-Sepharose beads (125 ul at 20%) were
added to pull down the immunocomplexes with rotation for 1 h at 4°C. The
immunocomplexes were then washed extensively with CSK buffer, NP-40 lysis
buffer, or cold PBS; disrupted in sodium dodecyl sulfate (SDS) sample buffer;
and displayed on 8% SDS-polyacrylamide gels for immunoblotting detection.

For immunoblotting, proteins resolved by SDS-polyacrylamide gel electro-
phoresis (PAGE) were electrophoretically transferred onto Hybond-C Extra
membranes (Amersham). The membranes were blocked, probed with different
antibodies, and developed using an enhanced chemiluminescence kit (Amer-
sham).

Chromosome spreads. HeLa cells trypsinized at 24 h posttransfection or Akata
cells induced with anti-IgG for 24 h were harvested and swollen in hypotonic
solution (75 mM KClI, prewarmed to 37°C) for 20 min as previously described (5).
Swollen cells were then washed in Carnoy’s fixative (3:1 [vol/vol] methanol-acetic
acid) overnight at 4°C. Fixed cells were dropped onto a coverslip covered with
cold H,O or centrifuged onto slips at 2,000 rpm for 10 min in a cytocentrifuge
(Cytospin 2; Thermo/Shandon). The chromosome spreads were fixed and pro-
cessed for immunofluorescence.

DNA content analysis. HeLa cells were transfected with pEGFP-C1 or pGFP-
BGLF4, trypsinized at 24 h posttransfection, fixed with 1% paraformaldehyde on
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FIG. 1. EBV reactivation induces morphological changes in cellular chromatin. EBV-positive NA or EBV-negative TWO01 cells were not
treated, were treated with TPA/SB, or were transfected with a plasmid expressing Rta. At 24 h postinduction or -transfection, cells were fixed and
cellular DNA was stained with Hoechst 33258. (A) Cellular chromatin morphology of cells replicating EBV (NA, TPA, and Rta™), TWO01 cells,
and untreated cells. Arrowheads indicate cells with an altered DNA staining pattern observed among NA but not among TWO01 cells. For each set,
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ice for 20 min and then with 75% ice-cold ethanol at —20°C overnight, washed
with PBS, and resuspended in PBS containing 0.2% Triton X-100. RNase A was
then added to a final concentration of 0.5%. Propidium iodide was then added
to a 10-pg/ml concentration, and samples were incubated at RT for 30 min. DNA
content was analyzed on a FACSCalibur cell sorter, and the data were processed
with CellQuest software (BD Biosciences). The protein expression was con-
firmed using anti-green fluorescent protein (GFP) antibodies (BD Biosciences;
JL-8).

Immune complex kinase assays. HeLa cells were transfected with plasmid
DNA and incubated with 5 wM roscovitine (Calbiochem) for 20 h. Cells were
harvested and lysed in immunoprecipitation buffer (1% Triton X-100, 150 mM
NaCl, 10 mM Tris, pH 7.4, 1 mM EGTA, 0.2 mM Na;VO,, 0.2 mM PMSF, 0.5%
NP-40, and 50 mM NaF) containing a protease inhibitor cocktail (Roche).
Immunoprecipitations were performed using anti-BGLF4 antibody; immunopre-
cipitates were collected by a brief centrifugation and washed extensively with
immunoprecipitation buffer. Immunocomplexes were then washed once with
kinase buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 10 mM MgCl,, 0.5 mM
dithiothreitol, 0.2 mM Na;VO,, and 0.1 mM NaF). For in vitro kinase assays,
kinase buffer containing 25 uM ATP, 2.5 p.Ci [y-*?P]ATP, and 1 pg histone H1
(Calbiochem) was added to immunoprecipitates (10 wl) containing BGLF4 ki-
nase with or without 5 wM roscovitine and incubated at 30°C for 30 min. After
incubation, proteins resolved by SDS-PAGE were electrophoretically transferred
onto Hybond-C Extra membranes (Amersham) and subjected to autoradiog-
raphy.

Subcellular fractionation of CAPs. Subcellular fractionation was basically per-
formed as described previously (56). HeLa cells (5 X 10°) were lysed in 200 p.l
CSK buffer containing 0.3% Triton X-100 at 4°C for 30 min. The soluble and
insoluble fractions were separated by centrifugation for 10 min at 2,000 X g. The
supernatant was recovered as the chromatin-unbound fraction (see Fig. 6A, Fr.
1). The insoluble fraction was suspended in 200 wl CSK buffer with 0.01 U/pl of
DNase I, incubated at RT for 30 min to solubilize DNA, and clarified by
centrifugation for 10 min at 17,500 X g. The supernatant was recovered as the
DNase-extractable fraction (see Fig. 6A, Fr. 2). The pellet was resuspended in
200 wl CSK buffer with 2 M NaCl and 0.3% Triton X-100 and centrifuged for 10
min at 17,500 X g to remove DNA and DNA-associated proteins from the
nucleus. The supernatant was saved as the high-salt-extractable fraction (see Fig.
6A, Fr. 3), and the pellets containing nuclear matrix were saved as the high-salt-
resistant fraction (see Fig. 6A, Fr. 4). The DNase-extractable and high-salt-
extractable fractions were considered chromatin-bound fractions.

PFGE. After transfection, HeLa cells were washed and resuspended in PBS at
a concentration of 2 X 10° cells/ml. The cell suspension was mixed with an equal
volume of 1.2% agarose and poured into sample holders. The agarose plugs
(with 1 X 10° cells) were then transferred into 400 pl of sample lysis buffer (50
mM Tris-Cl, 10 mM EDTA, 0.5% SDS, and 10 mg/ml proteinase K in 50 mM
CaCl,) and incubated at 50°C for 24 h. Electrophoresis was performed in 0.5
TBE buffer (45 mM Tris-HCI, pH 7.5, 45 mM boric acid, 1.25 mM EDTA) with
a pulsed-field gel electrophoresis (PFGE) system (Bio-Rad) at 60 V, 14°C. The
pulsed-field switch time was 15 s for 10 h, followed by a 60-s switch time for
another 10 h. The DNA in the gel was then visualized by ethidium bromide
staining.

DNA decatenation assay. Topo II activity was assayed as previously described
(52) with slight modification. HeLa cells (3 X 10°) transfected with BGLF4,
K102I, or vector were scraped from plates at 48 h posttransfection and swollen
in cold TEMP buffer (10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 4 mM MgCl,, 0.5
mM PMSF) on ice for 10 min. The nuclear pellet was spun down at 1,500 X g for
10 min at 4°C, resuspended in 30 pl TMP buffer (TEMP buffer without MgCl,),
mixed with 30 pl 1 M NaCl, vortexed, and left on ice for 60 min. After centrif-
ugation at 15,000 X g for 15 min, the supernatant containing Topo II activity was
aliquoted and the protein concentration was determined (modified from the
protocol of the manufacturer [TopoGen, 2002]). Nuclear lysate (0.5 p.g) was then
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incubated with 150 ng kinetoplast DNA (kDNA; TopoGen) in a final volume of
20 wl containing 10 mM Tris-HCI, pH 7.9, 50 mM NaCl, 50 mM KCl, 5 mM
MgCl,, 0.5 mM EDTA, 75 pg/ml bovine serum albumin, and 1 mM ATP at 30°C
for 10, 30, or 60 min. Reaction mixtures were then quenched with 10 mM
EDTA-0.1% SDS, and DNA products were resolved on 1% agarose-Tris-borate-
EDTA gels and stained with ethidium bromide.

RESULTS

EBYV reactivation induces cellular chromatin condensation
and interchromosomal space enlargement. To observe possi-
ble changes in cellular chromatin architecture during EBV
replication, we stained cellular chromatin with Hoechst 33258
in chemically reactivated EBV-positive NA cells and parental
EBV-negative TWO1 cells. Condensed chromatin with a par-
tially irregular nuclear shape was consistently observed in
>90% of NA cells but not in TWO1 cells at 48 h postinduction
(for each set of experiments, 300 cells were counted; Fig. 1A).
To rule out possible effects of the chemical, we transiently
expressed the EBV lytic transactivator Rta in NA and TWO01
cells to induce virus replication. Dramatically condensed chro-
matin with enlarged interchromosomal space was observed in
Rta-induced NA but not in TWO1 cells or noninduced NA cells
(Fig. 1A and 1B). Using BGLF4 expression as a marker for
viral replication, similar condensed DNA also was observed in
anti-IgG-induced Akata EBV-positive cells (95.2% of 150
BGLF4-positive cells) but not in EBV-negative Akata cells (4
to 8% in Akata EBV™ cells without anti-human Ig treatment
or Akata EBV ™ cells displaying a mitotic DNA staining pat-
tern). However, the cellular chromatin structure is more com-
pact in Akata cells, probably due to the small nuclear size of
lymphocytes. These observations suggest that EBV induces
structural change of cellular chromatin during viral lytic repli-
cation.

Although EBV-replicating cells show condensed cellular
chromatin coupled with an irregular nuclear shape and en-
larged interchromosomal space, no significant nuclear expan-
sion was observed in these cells, in contrast to HSV-1 replica-
tion. Interestingly, when B-actin was stained to observe the
morphology of induced cells, NA cells with condensed chro-
mosomes showed a rounded-up morphology with contracted
actin filament bundles, in contrast to the well-attached TWO01
cells (Fig. 1D).

To search for a possible mechanism involved in these phe-
nomena, we investigated the expression of several lytic viral
genes and cellular proteins after viral replication (see Fig. S1 in
the supplemental material). We found that the expression pat-
terns of cellular Cdc2, cyclin B, and p21 were not significantly
changed in TPA/SB-induced NA cells, compared with TW01
cells. Because BGLF4 potentially phosphorylated several pro-

300 cells were counted, and the experiment was repeated independently more than three times. (B) Cellular chromatin morphology of NA cells
replicating EBV. Chromatin architecture of NA or TWO1 cells treated with TPA/SB was observed by confocal microscopy. Condensed chromo-
somes and enlarged interchromosomal space were observed in EBV-replicating NA but not TWO01 cells. (C) Cellular chromatin morphology of
EBV-replicating Akata cells. EBV-positive (EBV™) or -negative (EBV ™) Akata cells were induced for lytic virus replication by 0.5% (vol/vol)
anti-human IgG (a-human Ig) cross-linking. At 24 h post-Ig treatment, cells were fixed and chromosome spread assays were performed as
described in Materials and Methods. DNA and BGLF4 were then detected by staining with Hoechst 33258 and BGLF4 antibody. For each set,
150 cells were counted and the experiment was repeated twice. (D) Cell morphology of chemically induced or Rta-transduced NA or TWO01 cells
was visualized by immunostaining of actin filaments (e to h). Nuclear DNA (a to d) and BGLF4 kinase (i to 1) were detected by Hoechst 33258

staining and immunostaining to indicate cells replicating virus.
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FIG. 2. BGLF4 kinase induces cellular DNA condensation. (A) Slide-cultured TWO1 cells were transfected with BGLF4- or K102I-expressing
plasmids or pSGS5. Cells were fixed at 24 h posttransfection and stained for BGLF4 and DNA as described in Materials and Methods. Condensed
chromosomes were observed in cells expressing BGLF4 but not K102I. (B) Two types of cellular chromatin (I, with individualized condensed
chromosomes; II, with sponge morphology chromatin) were observed in BGLF4-expressing TWO1 cells. For each set, 300 cells were counted.
(C) Chromosome spread assays of BGLF4-, K102I-, or vector-transfected HeLa cells were performed as described in Materials and Methods, and
cells were stained with Hoechst 33258. (D) The percentage of 300 BGLF4-positive cells with condensed chromosomes was determined by

fluorescence microscopy.

teins at the same target sites of cellular mitotic kinase Cdc2
(24), we suspected that BGLF4 kinase may be involved in
inducing cellular chromatin condensation.

EBV BGLF4 kinase induces cellular chromosome conden-
sation. To determine whether BGLF4 can induce chromosome
condensation, BGLF4 or K102I (kinase dead) was expressed in
TWO1 cells. The chromatin morphology and BGLF4 expres-
sion of transfected TWO1 cells were examined by immunoflu-
orescence assay. Surprisingly, the chromatin morphology of
BGLF4-expressing cells showed a prophase-like individualized
condensation pattern, whereas no morphological change in
chromatin was observed in vector- or K102I-expressing cells
(Fig. 2A). A similar individualized chromosome condensation
also was observed in BGLF4- but not K102I-expressing HeLa
and HEK293T cells (data not shown). Interestingly, the chro-
matin staining pattern in BGLF4-positive TWO01 cells can be
divided further into two subtypes, about 64% of cells with
individualized condensed chromosomes and 36% with spongi-
form cellular chromatin (Fig. 2B; 300 cells/set were counted).
The BGLF4-induced chromosome condensation in HeLa cells
was further illustrated by chromosome spreading (Fig. 2C).
The percentage of BGLF4-expressing cells with condensed
chromosomes was then scored in three different cell lines (Fig.
2D). We found that almost every cell with BGLF4 showed
condensed DNA staining (96% in TWO01 and HeLa cells and

90% in HEK293T cells; 300 cells/set were counted). To avoid
an artifact of overexpression, BGLF4 expression levels in anti-
IgG-induced Akata cells, TPA/SB-induced NA cells, and tran-
siently transfected cells were compared to confirm their equiv-
alence (see Fig. S2 in the supplemental material). Taken
together, we conclude that BGLF4 kinase induces cellular
chromosome condensation in a kinase activity-dependent
manner.

BGLF4 induces nuclear lamina disassembly and reorgani-
zation of the cytoskeleton but not centrosome polarization.
Chromosome condensation and rounded cell morphology usu-
ally occur at the mitotic phase, accompanied by disassembly of
the nuclear lamina. We then explored whether BGLF4 induces
other mitosis-like events. By staining of type A and C lamins,
nuclear lamina disassembly was observed in 61.5% of BGLF4-
expressing HeLa cells and another 38.5% of cells showed con-
densed punctate lamin staining, whereas nuclear lamina re-
mained intact in 84.7% of cells expressing K102I (Fig. 3A).
Cells were scored for intact, punctate, or solubilized nuclear
lamin staining patterns (Fig. 3B), and almost every BGLF4-
expressing cell (>99%) showed redistributed nuclear lamina.
Similar to events in normal mitotic cells, the immunoblotting
data indicated that lamin A/C underwent disassembly but not
degradation (see Fig. S3B in the supplemental material).
These results revealed that BGLF4 induces not only chro-
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FIG. 3. BGLF4 induces nuclear lamina disassembly and stress ﬁber reorganization accompanied by chromosome condensation. HeLa cells were
transfected with BGLF4- or K102I-expressing plasmid or control vector. At 24 h posttransfection, cells were fixed with 4% paraformaldehyde and
stained for BGLF4, lamin A/C, and DNA as described in Materials and Methods. (A) BGLF4-expressing cells showed diffused nuclear lamina
coupling with condensed chromosomes. (B) The lamin A/C distribution pattern (~300 cells/set) was scored as one of three types (intact, punctate,
or solubilized patterns) as indicated. BGLF4-expressing cells show increased cell population with condensed punctate lamin staining (38.5% in
BGLF4-, 6.9% in vector-, and 11.4% in K102I-expressing cells) or solubilized (61.5% in BGLF4-, 1.8% in vector-, and 3.9% in K102I-expressing
cells) nuclear lamina. (C) HeLa cells were transfected with BGLF4- or K102I-expressing or control vector; fixed with methanol; and stained for
BGLF4, actin, and DNA. Rounded cell morphology with rearranged actin filament was observed in BGLF4-expressing cells. (D) F-actin and DNA
staining patterns of HeLa cells transfected with the indicated plasmids. F-actin was detected by FITC-conjugated phalloidin. Arrowheads indicate
BGLF4-expressing cells with rearranged actin filaments. (E) Staining patterns of y-tubulin, BGLF4, and DNA in transfected HeLa cells.
Arrowheads indicate the y-tubulin representing centrosome localization. BGLF4-expressing cells (~95% of 150 cells) show nonseparated
centrosomes similar to those in vector-transfected cells. However, a slight change in the morphology of the centrosome was observed in cells
expressing BGLF4 (~22% of 150 cells).
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FIG. 4. BGLF4 induces chromosome condensation independently of G,/M accumulation and DNA replication. HeLa cells were transfected
with GFP-BGLF4 (pCPL4) or pEGFP-C1 and incubated for 24 h. (A) Transfected cells were stained for GFP and cellular DNA. GFP-BGLF4
but not GFP vector induces condensed chromosomes. (B) The DNA content and cell cycle distribution of gated GFP- or GFP-BGLF4-expressing
cells were detected on a FACSCalibur cell sorter and analyzed using CellQuest software as described in Materials and Methods. No significant
accumulation in G,/M (4N) cell population was observed in GFP-BGLF4-expressing cells. (C) BGLF4 induces chromosome condensation
independently of DNA replication. Slide-cultured HeLa cells were transfected with BGLF4, K102I, or control vector and synchronized at G,/S
phase by 1 uM aphidicolin treatment for 20 h. Cells were then fixed and stained for BGLF4 and DNA at 24 h posttransfection. Dimethyl sulfoxide
(DMSO) served as a solvent control. Nocodazole-treated cells served as an MPM-2 detection control.

mosome condensation but also redistribution of the nuclear
lamina.

To explore the role of BGLF4 in the regulation of cytoskel-
eton rearrangement which may lead to a subsequent change of
cell morphology, we stained B-actin to indicate the cytoskele-
ton and found that cells expressing BGLF4 but not K102I
showed contracted actin-filament bundles (Fig. 3C). Simulta-
neously, FITC-phalloidin, an actin-filament binding toxin, was
used to detect F-actin stress fibers in BGLF4-positive cells
(Fig. 3D). Heavily condensed and rearranged stress fibers were
observed in cells expressing BGLF4 but not K102I, indicating
that expression of BGLF4 can induce rearrangement of actin
filaments directly or indirectly. Furthermore, redistribution of

a-tubulin, a major component of microtubules, also was ob-
served in BGLF4-expressing cells (data not shown).

In normal cell cycle progression, the separation (polariza-
tion) of duplicated centrosomes should couple with chromo-
some condensation, nuclear lamina disassembly, and cell
rounding during mitosis. We detected centrosomes by immu-
nostaining of y-tubulin, which is the major component of mi-
crotubule-organizing centers and can indicate the position of
centrosomes. Even though some cells (~22%) showed slightly
irregular centrosome morphology, nonpolarized centrosomes
(number 1 or 2, ~95% in 150 cells) were observed in BGLF4-
expressing cells (Fig. 3E). This indicates that BGLF4 has no
effect on centrosome replication and separation. Taken to-
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gether, data here suggest that BGLF4 can induce several cou-
pled mitosis-like events, including chromosome condensation,
nuclear lamina disassembly, and cell rounding, but these are
not coordinated with centrosome separation.

BGLF4 induces premature chromosome condensation inde-
pendently of G,/M accumulation and Cdc2 signaling. In nor-
mal cell cycle progression, chromosome condensation is trig-
gered by Cdc2 kinase at entry to mitosis (20). We wondered
whether BGLF4 induces chromosome condensation by in-
creasing mitotic cells or through the Cdc2-mediated signaling
pathway. To monitor DNA content, it was first confirmed that
GFP-BGLF4 but not GFP vector was able to induce chromo-
some condensation in HeLa cells (Fig. 4A). After cells with
green fluorescence were gated, the DNA content of trans-
fected cells was analyzed by flow cytometry. In asynchronized
HeLa cells expressing GFP-BGLF4, the 2N cell population
(G4/S border) increased approximately 10% whereas the cell
population with 4N DNA (G,/M border) was slightly reduced
(Fig. 4B). To test whether BGLF4 induces premature chromo-
some condensation independently of DNA replication, HeLa
cells transiently expressing BGLF4 were synchronized at S
phase using the DNA polymerase inhibitor aphidicolin. The
efficacy of aphidicolin treatment was confirmed by the accu-
mulation of phosphorylated Cdc2 (Fig. 5A). Chromosome con-
densation was observed in cells expressing BGLF4 but not
K102I (Fig. 4C). These results indicate that BGLF4 induces
premature chromosome condensation independently of accu-
mulation of mitotic (4N) cells.

Because several coupled cellular events are regulated by
Cdc2 at entry to mitosis (11, 19, 60), we determined whether
BGLF4 induces chromosome condensation through activation
of Cdc2. Expression patterns of Cdc2 and cyclin B were de-
tected in cells expressing BGLF4 and K1021, and no significant
difference was observed (Fig. 5A). Furthermore, a Cdc2-spe-
cific inhibitor, roscovitine, was used to repress endogenous
Cdc2 activity in BGLF4-expressing cells. We found that rosco-
vitine can significantly repress the activity of immunoprecipi-
tated Cdc2 but not the kinase activity of BGLF4 on histone H1
(Fig. 5B). Even with the treatment of a high concentration (20
wM) of roscovitine, chromosome condensation and nuclear
lamin disassembly were induced by BGLF4, suggesting that
BGLF4 induces chromosome condensation independently of
Cdc2-mediated signaling (Fig. 5C). Interestingly, when we de-
tected overall Ser/Thr phosphorylation patterns by using the
phosphospecific antibody MPM-2, which recognizes a class of
mitosis-specific phosphoproteins (10), relatively stronger sig-
nals were observed in BGLF4-expressing cells (Fig. 5D, 1.7-
fold over that of vector-transfected cells), suggesting that
BGLF4 may induce phosphorylation on multiple MPM-2
epitopes.

BGLF4 associates with cellular chromatin, interacts with
condensin, and induces condensin phosphorylation. Chromo-
some condensation is a multiple-step process mediated by the
coordination of cellular chromatin-associated factors, conden-
sin complexes, and Topo Ila (reviewed in references 15 and
20). We then examined whether BGLF4 associates with chro-
matin and interacts with condensin or Topo Ila. BGLF4-ex-
pressing cells were treated with CSK buffer containing Triton
X-100, DNase I, or 2 M NacCl (Fig. 6A). Proteins not bound to
chromatin were eluted by CSK buffer containing Triton X-100
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(Fr. 1), and proteins bound to chromatin were recovered from
DNase I-(Fr. 2) or high-salt-treated (Fr. 3) fractions. As de-
scribed previously, condensin subunit hCAP-E can be found in
the DNase I- and high-salt-treated fractions of nocodazole-
treated cells (56). BGLF4 and K102I were detected in CSK
buffer containing Triton X-100 and high-salt-extractable frac-
tions, indicating that BGLF4 is a component of the nuclear
matrix and can associate with chromatin structure (fractions 1
and 3 in Fig. 6B).

Human condensin I is a five-subunit protein complex, in-
cluding core subunits SMC2 (hCAP-E) and SMC4 (hCAP-C)
and regulatory subunits hCAP-D2, -H, and -G (Fig. 6C). Be-
cause Cdc2-phosphorylated condensin complex shows en-
hanced supercoiling activity and knotting activity in vitro (26,
56), we investigated the possible interaction between BGLF4
and condensin complexes by using hCAP-D2 or -E antibody.
As expected, a small portion of BGLF4 and K102I could be
coimmunoprecipitated with hCAP-D2 regulatory subunit and
hCAP-E core subunit (Fig. 6D). Therefore, we tested the abil-
ity of BGLF4 to induce condensin phosphorylation by using
phosphospecific antibody MPM-2 (10). In the presence of
roscovitine, phosphorylation of hCAP-G was enhanced 2.89-
fold by BGLF4 compared to that of vector control (asterisk in
Fig. 6E) and slightly enhanced phosphorylation of hCAP-D2
(arrowhead in Fig. 6E) was observed in cells expressing
BGLF4 but not K102I or vector. Because phosphorylation of
condensin on MPM-2 epitopes increases its DNA-supercoiling
activity (56), results here suggest that BGLF4 associates with
cellular chromatin and induces chromosome condensation
through condensin phosphorylation independently of Cdc2.

BGLF4 stimulates Topo II activity. During mitosis, Cdc2
can associate physically with Topo Ila and enhance its decat-
enation activity (14), which is important for chromosome con-
densation and segregation (1, 53). Covalent binding between
Topo IT and DNA can be detected by the addition of a Topo
II inhibitor, VP-16, followed by treatment with proteinase K to
reveal the Topo II-mediated double-strand breaks that usually
generate approximately 50- to 150-kb DNA fragments (14).
The effect of BGLF4 on Topo II-DNA interaction in the pres-
ence of the Topo II inhibitor VP-16 was revealed by PFGE.
BGLF4 but not K102I stimulated the formation of high-mo-
lecular-weight DNA fragments in a dose-dependent manner
(Fig. 7A). To determine whether Topo II activity could be
enhanced by BGLF4 kinase, nuclear extracts were prepared
from BGLF4-expressing cells and incubated with the Topo
II-specific substrate kKDNA. Within 30 min, kDNA was effec-
tively decatenated by a nuclear extract from cells transfected
with BGLF4 but not from vector- or K102I-transfected cells
(Fig. 7B). Taken together, BGLF4 can stimulate Topo II de-
catenation activity and Topo II-DNA interaction. Although we
do not exactly know how BLGF4 stimulates Topo II, the ele-
vated Topo II activity may coordinate with activated condensin
complexes to induce chromosome condensation (Fig. 7C).

Gammaherpesvirus kinases can induce chromosome con-
densation. Morphological changes of the nucleus and cellular
chromatin compression were reported in HSV-1-replicating
cells (42), but the ability of HSV-1 UL13 kinase to induce these
phenomena was never investigated. We were curious to know
whether all UL13 homologues share the same ability with EBV
BGLF4 to induce chromosome condensation. To this end,
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FIG. 5. BGLF4 induces chromosome condensation independently of Cdc2 signaling. (A) Cdc2 and cyclin B protein expression in BGLF4-
expressing cells. HeLa cells were transfected with BGLF4, K102I, or control vector (VC). At 24 h posttransfection, Cdc2 and cyclin B expression
was detected using anti-Cdc2 and anti-cyclin B1 antibodies, respectively. No cyclin B accumulation or change in phosphorylation pattern of Cdc2
was observed, suggesting that Cdc2 activity may not be activated in cells expressing BGLF4. HelLa cells treated with 1 uM aphidicolin (Aph) or
50 ng/ml nocodazole (Noc) served as S- and M-phase controls, respectively. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Numbers at left
are molecular masses in kilodaltons. (B) Immune complex kinase assays of Cdc2 and BGLF4. The kinase activity of immunoprecipitated Cdc2,
BGLF4, or K102I under roscovitine (Ros; 5 wM) treatment was assayed as described in Materials and Methods using histone H1 (1 pg) as kinase
substrate. Input protein was detected by Cdc2, BGLF4 antibody, or silver staining (histone H1), respectively. (C) Slide-cultured HeLa cells were
transfected with BGLF4, K102, or control vector (VC) and incubated in the presence of the Cdc2 inhibitor roscovitine (20 uM) for 20 h. Cells
were then fixed and stained for BGLF4, lamin A/C, and DNA as described in Materials and Methods. (D) BGLF4 induces multiple protein
phosphorylation on MPM-2 epitope. HeLa cells were treated with nocodazole (Noc) or roscovitine (Ros; 5 pM) for 20 h. The protein
phosphorylation pattern was detected by MPM-2 antibody and then quantified by ImageQuant software. Significantly reduced MPM-2 phospho-
rylation was detected in roscovitine-treated cells, and increased MPM-2 signal (1.7-fold over that of vector control) was detected in BGLF4-
expressing cells. Condensin subunit hCAP-D2 and -E or PCNA served as a loading control. DMSO, dimethyl sulfoxide.

Flag-tagged HSV-1 UL13, HCMV UL97, and MHV68 ORF36 Some HSV-1 ULI13-expressing cells show a partial, uneven
were expressed in HeLa cells for detecting the cellular chro- nuclear staining pattern, and no nuclear morphological change
matin staining pattern (Fig. 8A and B). We found that MHV68 was observed in cells expressing HCMV UL97. Interestingly,
ORF36 can dramatically induce chromosome condensation phylogenic analysis and protein sequence alignment also indi-
(93.2%) similar to that observed in BGLF4-expressing cells. cate that gammaherpesvirus kinases EBV BGLF4, Kaposi’s
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of BGLF4-expressing cell lysate (see Materials and Methods for details). Sup, supernatant; ppt, precipitate; Fr., fraction. (B) Whole-cell extracts
(W) and chromatin-unbound (Fr. 1), DNase-extractable (Fr. 2), high-salt-extractable (Fr. 3), and high-salt-resistant (Fr. 4) fractions prepared from
vector (VC) or BGLF4- or K102I-expressing, nocodazole (Noc; 100 ng/ml)- or aphidicolin (Aphi; 1 pg/ml)-treated cells were subjected to
immunoblot analysis with anti-hCAP-E (top) or anti-BGLF4 (bottom) antibody. (C) The composition of human condensin I complex includes core
subunits SMC2 (hCAP-E) and SMC4 (hCAP-C) and regulatory subunits hCAP-D2, -H, and -G (adapted from the work of Hirano [20]).
(D) Vector- or BGLF4 plasmid-transfected HeLa cell lysate was immunoprecipitated with anti-condensin subunit hCAP-D2 or -E antibody. The
immunocomplexes were resolved by 8% SDS-PAGE and immunoblotted with antibodies to hCAP-D2 and hCAP-E (top) or BGLF4 (bottom).
(E) BGLF4 induces condensin phosphorylation. Cell lysates harvested from 5-pwM-roscovitine-treated HeLa cells expressing BGLF4 or vector only
were immunoprecipitated by hCAP-E and -G antibodies. The phosphorylation status of condensin was detected by mitotic phosphoantibody
MPM-2 (top), and the signal intensity of phosphorylated hCAP-G relative to that of vector control is indicated. Equal immunoprecipitation of
condensin subunits was detected by anti-hCAP-D2, -E, and -G antibodies (middle). Expression levels of BGLF4 or K102I were detected with
specific antibody (bottom). Noc and Aphi indicate nocodazole (100-ng/ml)- or aphidicolin (1-pg/ml)-treated cells, respectively. The arrowhead and
the asterisk indicate phosphorylated condensin hCAP-D2 and -G subunits, respectively. IP, immunoprecipitation; Ab, antibody; WB, Western blot.

sarcoma-associated herpesvirus ORF36, and MHV68 ORF36
share high sequence similarity, whereas UL13 and UL97 con-
tain extended amino-terminal ends (Fig. 8C; see also Fig. S4 in
the supplemental material). Taken together, these observa-
tions indicate that gammaherpesvirus kinases EBV BGLF4
and MHV68 ORF36 have an ability to regulate the nuclear
environment through inducing host chromatin condensation.

DISCUSSION

Replication of DNA viruses must overcome several cellular
restrictions, such as competing with host DNA for replication
resources and nuclear space, and the resultant nucleocapsids
need to exit from the nuclear envelope. Upon the induction of

lytic replication, EBV creates an environment with high levels
of S-phase cyclin-dependent kinase activities whereby cellular
DNA replication is inhibited (30, 31), being partly regulated by
phosphorylation of cellular MCM4 complexes by BGLF4 ki-
nase (29). Here, we reveal a novel mechanism by which BGLF4
kinase remodels the cellular chromatin architecture and in-
duces several mitosis-like events that may facilitate virus rep-
lication.

EBYV replication induces changes in cellular chromatin
architecture. We observed in EBV-replicating NPC cells
that condensation of the cellular chromatin was coupled
with a rounded morphology (Fig. 1). A similar phenomenon
also was observed in anti-IgG-reactivated EBV-positive
Akata cells, suggesting that chromatin alteration during vi-
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as described in Materials and Methods. The DNA fragment was stained with ethidium bromide. Lane 1, dimethyl sulfoxide treatment. Lane 2,
mock transfection control. (B) Nuclear extracts from HeLa cells transfected with BGLF4, K102I plasmid, or vector were incubated with KDNA
at 30°C for the time indicated to detect the decatenation activity. The DNA product was displayed on an agarose gel containing ethidium bromide.
kDNA incubated with purified Topo II (1 U) served as a positive control (lane 3). Similar DNA patterns were reproducibly observed in two
separate experiments. Lane 1, LM, Xhol-cut linear DNA marker; lane 2, DM, Topo II-decatenated DNA marker; lane 4, reaction buffer with
kDNA only. C, catenated kDNA; N, nicked DNA; L, linear DNA; R, relaxed DNA. (Bottom) Similar protein expression of BGLF4 and K102I
was confirmed by immunoblotting. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (C) Summary of BGLF4-induced multiple premature
mitotic events observed in this study. BGLF4 induces chromosome condensation by inducing condensin (hCAP-G) phosphorylation and enhancing
Topo II-mediated DNA decatenation activity. Simultaneously, nuclear lamina disassembly and cytoskeleton rearrangement, which may subse-
quently induce rounded cell morphology, occur with condensed chromosomes.

ral replication is similar to that observed in HSV-1-replicat-
ing cells but with some differences. Cells replicating HSV-1
usually show a progressive expansion of the nucleus and
viral replication compartment accompanied by “compres-
sion and marginalization of host chromatin” (42). Here, no
significant nuclear expansion was observed in cells replicat-
ing EBV. It seems that these two viruses employ different
mechanisms to overcome the nuclear space limitation for
viral DNA replication. In HSV replication, nuclear expan-
sion can provide additional space for viral replication com-
partments; thus, the cellular chromatin does not need to be
heavily condensed. In contrast, the EBV replication com-
partment seems to be more dispersed and distributed in the
interchromosomal space (Fig. 1B); thus, chromosome com-

paction may provide enough space for the correct assembly
of the EBV replication compartment.

BGLF4 induces cellular chromatin architecture change. In
searching for EBV gene products which might be responsible
for structural changes in chromatin, we demonstrated that
BGLF4 regulates chromosome condensation and other mito-
sis-like events, such as lamin disassembly and rearrangement of
the cytoskeleton, in a manner dependent on kinase activity
(Fig. 2 and 3). Interestingly, chromatin staining patterns in-
duced by BGLF4 were slightly different from those of EBV-
replicating cells. BGLF4 alone induced a prophase-like chro-
mosome condensation; whereas a spongy DNA staining pattern
without heavy compaction was observed in most BGLF4-pos-
itive cells replicating EBV (Fig. 1). It is possible that the
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FIG. 8. MHV68 ORF36 kinase induces chromosome condensation
in transiently transfected HeLa cells. (A) Slide-cultured HeLa cells
were transfected with Flag-tagged HSV-1 UL13-, HCMV UL97-, or
MHV68 ORF36-expressing plasmids or control vector. At 24 h post-
transfection, cells were fixed and stained for Flag-tagged protein as
described in Materials and Methods. Cellular DNA was stained with
Hoechst 33258. Flag-tagged protein-positive cells (~200 cells/set) with
condensed chromosomes were counted. Chromosome condensation
was observed in 93.2% of cells expressing Flag-tagged MHV68
ORF36. (B) Flag-tagged protein expression was confirmed by immu-
noblotting using anti-Flag antibodies. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) served as a loading control. Numbers at left
are molecular masses in kilodaltons. (C) Phylogenetic analysis of
HSV-1 UL13, HCMV UL97, EBV BGLF4, Kaposi’s sarcoma-associ-
ated herpesvirus (KSHV) ORF36, and MHV68 ORF36. PAM (point-
accepted mutations), 1 unit of evolution as the amount of evolution
that will change 1 in 100 amino acids on average.

BGLF4 protein expression level in a single cell is higher in
transient transfection than in reactivated EBV-positive cells,
even though we showed by Western blotting that the amounts
of plasmid used in transfection were relevant to EBV-replicat-
ing cells (see Fig. S2 in the supplemental material). Alterna-
tively, other viral products or replication compartments may
coordinate with BGLF4 to induce chromatin structural
changes in the complete virus system. Our finding here sug-
gests that BGLF4 serves as the key player that induces chro-
mosome condensation during EBV replication.

BGLF4 induces chromosome condensation through Cdc2
mimicry. Chromosome condensation is a complicated process
controlled predominantly by condensin complexes and Topo
II. Here, we demonstrate that BGLF4 associates with cellular
chromatin, interacts with the chromosome-remodeling factors
condensin complexes, and induces condensin phosphorylation
in the presence of the Cdc2 inhibitor roscovitine (Fig. 6). Using
the mitosis-specific MPM-2 antibody, we show that BGLF4
induces condensin phosphorylation at the Cdc2 target motifs
(56), suggesting that BGLF4 is a potential novel viral kinase
that phosphorylates condensin and also might induce chromo-
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some condensation by mimicking Cdc2. Searching potential
phosphorylation sites, we found that the condensin subunit
hCAP-G contains three major phosphorylation clusters in its
carboxyl terminus (amino acids 660 to 765, 777 to 861, and 915
to 1015). Because the precise sites of Cdc2-induced phospho-
rylation on hCAP-G have not been mapped, we are interested
in identifying BGLF4 target sites. However, no phosphorylated
signal was detected using immunoprecipitated BGLF4 and glu-
tathione S-transferase-hCAP-G (amino acids 915 to 1015) in
our preliminary in vitro kinase assay, suggesting that BGLF4
and/or Cdc2 may phosphorylate other sites to activate conden-
sin complexes. Currently we are investigating Thr322, Ser841,
and Ser844 on hCAP-G for possible BGLF4-directed phos-
phorylation. On the other hand, it is known that EBV Iytic
replication elicits DNA checkpoint signal transduction (32),
and condensin also participates in the DNA repair pathway
(18). Further study will be needed to dissect the involvement of
condensin in EBV-induced DNA checkpoint activation.

Topoisomerases are highly specialized enzymes involved in
DNA metabolism, including replication, transcription, recom-
bination, condensation, and segregation (8). Specifically, Topo
[T has been implicated as a critical enzyme involved in chro-
mosome condensation and segregation (1, 53). As demon-
strated by inhibition experiments, Topo Ila is required for
HSV-1 and EBV replication (2, 25), possibly in untangling
concatemeric viral DNA. Here, we demonstrate that BGLF4
not only enhances Topo II-DNA interaction but also stimu-
lates Topo II activity in a kinase activity-dependent manner
(Fig. 7A and B). Because BGLF4 is a protein kinase, it is
possible that it may regulate Topo II activity through phospho-
rylation. However, the effect of phosphorylation on Topo II
activity remains controversial. Topo II has been shown to be
phosphorylated by Cdc2, protein kinase C (PKC), and mito-
gen-activated protein kinase in a cell cycle-dependent manner
and by CKII in a cell cycle-independent manner (reviewed in
reference 4). Even though it was shown that cellular kinases
such as extracellular signal-regulated kinase 2 (ERK2) or Cdc2
activate Topo II independently of phosphorylation (14, 52), a
recent study clearly indicated that the phosphorylation status
of Topo II may affect its interaction with other proteins, such
as BRCAL1 (35). Therefore, further study will be required to
reveal whether BGLF4 stimulates Topo II activity through
direct phosphorylation or by regulating the interaction be-
tween Topo II and other factors.

In addition to condensin and Topo II, some studies sug-
gested that the phosphorylation of histone H1 and/or H3 may
be important for chromosome condensation (39, 45). Here, no
dramatic histone H3 Ser10 phosphorylation, similar to that in
mitotic cells, was detected in BGLF4-expressing NA cells, al-
though partial BGLF4 and phosphorylated histone H3 colo-
calization was detected (data not shown). This suggests that
BGLF4 may not contribute to histone H3-associated chroma-
tin compaction. Conversely, histone H1 was phosphorylated by
BGLF4 in vitro (Fig. 5B), suggesting that it may be a BGLF4
substrate which contributes to premature chromosome con-
densation. Taken together, these results suggest that condensin
activation, Topo II-DNA interaction, and histone H1 phosphor-
ylation may participate coordinately in BGLF4-induced chro-
mosome condensation (Fig. 7C).
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BGLF4-induced premature mitotic events may facilitate vi-
rus replication and maturation. The cellular replication origin
binding MCM4-MCM6-MCM7 complex was shown recently to
be phosphorylated by BGLF4 during lytic replication of EBV
(29). That phosphorylation at MCM4 inactivates its helicase
activity for the initiation of cellular DNA replication illustrates
how a virus can block host DNA replication in an S-like cel-
lular environment. In our studies using bromodeoxyuridine or
thymidine incorporation assays, similar repression of cellular
DNA replication was observed in BGLF4-expressing cells
(data not shown). It is known that condensed chromosomes
show reduced efficiency for transcription and DNA replication
during mitosis (16). We suggest that BGLF4-induced chromo-
some condensation also may contribute to the suppression
of cellular DNA replication and transcription in cells repli-
cating EBV. In addition, the unusual cellular chromatin
compression can provide more interchromosomal space for
virus replication. Thus, BGLF4 seems to be a major player
in ensuring that the virus can take over the cellular DNA
replication machinery.

Furthermore, we consider that the BGLF4-induced prema-
ture mitosis-like events, including redistribution of the nuclear
lamina and actin fiber rearrangement, may facilitate virus mat-
uration during the late phase of virus replication (Fig. 7C).
When a DNA virus genome is packaged and egresses from
nucleus to cytoplasm, it faces several barriers similar to the
cellular genome in the partition of genetic materials at mitosis.
From our earlier EBV microarray analysis, we found that
BGLF4 is expressed during EBV reactivation in the second
cluster of early genes, after the first cluster of genes such as
those for DNA polymerase and processivity factor (37). In
terms of cell cycle control, BGLF4 expression is very similar to
the activation of Cdc2 after cellular DNA replication in late S
phase. Although it is not sufficient to know whether BGLF4
also contributes to the compaction of the viral genome, accu-
mulating evidence implies possible roles for herpesviral ki-
nases in inducing some phenomenon resembling premature
mitotic events, such as nuclear lamina redistribution and cy-
toskeleton rearrangement. HSV-1 induces reorganization of
the nuclear lamina and promotes late virus maturation through
viral UL13 or recruited cellular PKC (22, 47). Similarly, mu-
rine CMV and HCMYV replication induces reorganization of
the nuclear lamina by recruitment of cellular PKC or viral
ULY97 kinase during viral replication (40, 44). Hence, we sug-
gest that BGLF4 may function in a Cdc2-mimicking mecha-
nism to help virus encapsidation and egress.

Possible effects of BGLF4 on EBV pathogenesis. Here, we
found that BGLF4 induces “premature chromosome conden-
sation” independently of Cdc2 signaling and cell cycle regula-
tion (Fig. 4 and 5). Disassembly of nuclear lamina and rear-
rangement of the cytoskeleton accompanied by premature
chromosome condensation also were observed in cells express-
ing constitutive Cdc2 kinase (21). Our results suggest that
BGLF4 is a potential novel kinase which can trigger mitosis-
like events similarly to constitutively active Cdc2. We found
that most cells with BGLF4 expression and condensed chro-
mosomes do not progress to division. This is reasonable be-
cause cell division would be detrimental to the virus while viral
genomes are being replicated and encapsidated. Interestingly,
although BGLF4-expressing cells showed a lower colony-form-
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ing ability than control cells, there are still some colonies
formed by cells expressing BGLF4 after selection for 3 months
(data not shown). This suggests that some cells may escape the
consequences induced by BGLF4 and grow continuously.
However, because premature condensation is correlated with
induction of DNA breaks at replicating chromosome-bearing
common fragile sites (13), it will be interesting to evaluate
whether constitutive expression of a low level of BGLF4 may
affect host genome stability.

Kinase-induced cellular chromatin architecture change is
conserved in gammaherpesviruses. Presumably all herpesvi-
ruses need to overcome similar barriers during their replica-
tion. In this study, we found that EBV and MHV68 kinases
induce dramatic chromatin architecture change and cells ex-
pressing HSV-1 UL13 show spongy DNA staining morphology,
whereas nuclear DNA remains homogenous in cells expressing
HCMYV UL97 (Fig. 8A). Because nuclear expansion was ob-
served in cells replicating HSV-1 along with assembly of the
viral replication compartment and compression and marginal-
ization of host chromatin (42), it is possible that a more com-
pact structural change is required in EBV- and MHV68-rep-
licating cells to provide enough nuclear space for the viral
compartments.

Multiple sequence alignment and phylogenic analysis indi-
cate that HSV-1 UL13 and HCMV UL97 contain extended
amino-terminal sequences (see Fig. S4 in the supplemental
material; Fig. 8C). Overall, UL13 homologues of alpha-, beta-,
and gammaherpesviruses appear to govern important nuclear
functions during virus replication, with different pathways in-
volved. Here we demonstrate that EBV BGLF4, but not UL13
or UL97, is able to dissolve and internalize nuclear lamina. It
is possible that HSV UL13 and HCMV UL97 may cooperate
with other viral or modified cellular factors to induce structural
changes in chromatin that benefit virus replication. Alterna-
tively, we could not exclude a minor possibility that Flag tag-
ging may destroy any activity of UL13 or UL97 but not gam-
maherpesvirus kinases.

Taken together, we demonstrate that BGLF4 kinase is the
key player that induces premature chromosome condensation
and mitosis-like events in lytic EBV-replicating cells. BGLF4
induces these premature mitosis-like events independently of
Cdc2-mediated signaling or cell cycle progression. From our
investigation of the mechanisms involved in BGLF4-induced
chromosome condensation, we suggest that phosphorylation of
condensin and Topo II activity regulated by the viral kinase are
very likely to contribute to changes in cellular DNA architec-
ture. The ability to induce chromosome condensation is con-
served in gammaherpesvirus kinases, whereas the kinases of
other herpesviruses seem to utilize other strategies to ensure
nuclear space for successful viral replication.
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