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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) has a significant contributory role in the development of three major human
neoplastic or lymphoproliferative diseases: Kaposi’s sarcoma (KS), primary effusion lymphoma (PEL), and multicentric Castle-
man’s disease (MCD). These diseases are associated with chromosomal instability, a hallmark of human cancer. The latency-
associated nuclear antigen (LANA) encoded by KSHV plays a key role in regulating a number of cellular pathways critical for
oncogenesis. KSHV LANA alone can induce the development of B-cell hyperplasia and lymphoma in mice expressing LANA.
LANA also induces chromosomal instability, thus promoting oncogenesis. However, the precise mechanism underlying LANA-
mediated chromosomal instability remains uncharted. Here we report that LANA promoted the induction of chromosomal in-
stability and the formation of micronuclei and multinucleation through its interaction with one of the critical spindle check-
point proteins, Bub1, and the resulting degradation of Bub1. This interaction occurs through the Knl and kinase domains of
Bub1, identified as important for stability and degradation. These results suggest that LANA can dysregulate Bub1 activity,
which leads to aberrant chromosome replication and aneuploidy, thus contributing to KSHV-mediated oncogenesis.

IMPORTANCE

This work represents the first set of results identifying a novel mechanism by which LANA, a latency-associated antigen encoded
by KSHV, can induce the degradation of Bub1, a spindle checkpoint protein that is important for spindle checkpoint signaling
and chromosome segregation. The downregulation of Bub1 mediated by LANA resulted in chromosomal instability, a hallmark
of cancer. We further investigated the specific domains of Bub1 that are required for the interaction between LANA and Bub1.
The results demonstrated that the Knl and kinase domains of Bub1 are required for the interaction between LANA and Bub1. In
addition, we also investigated the mechanism by which LANA promoted Bub1 degradation. Our results showed that LANA in-
teracted physically with the anaphase-promoting complex (APC/C), thus promoting the degradation of Bub1 in a ubiquitin-de-
pendent process.

Kaposi’s sarcoma-associated herpesvirus (KSHV), formally re-
ferred to as human herpesvirus 8 (HHV-8), is an enveloped

double-stranded DNA tumor virus that was first discovered by
representational differential analysis in 1994 (1). KSHV contrib-
utes not only to the development of KS but also to that of other
lymphoproliferative disorders, including primary effusion lym-
phoma (PEL) and multicentric Castleman’s disease (MCD) (2, 3).
Like other human herpesviruses, KSHV exists in two replicative
phases: a lytic and a latent phase. During the lytic phase, the ma-
jority of the KSHV genes are expressed, host cells are broken
down, and KSHV infectious progeny virus particles are produced
(4, 5). KSHV can establish latent infection after primary infection.
During this latent phase, in order to evade the host immune sur-
veillance, only a limited number of genes are expressed, such as the
v-FLIP (ORF71), v-cyclin (ORF72), and latency-associated nu-
clear antigen (LANA) (ORF73) genes, as well as some microRNAs
(miRNAs) (5, 6). The virus genome is maintained as a double-
stranded circular DNA termed an episome, which is tethered to
the host chromosomes through the interaction of LANA with a
number of cellular proteins, including Bub1, centromere protein
F (CENPF), and nuclear mitotic apparatus protein (NuMA), dur-
ing cell division, ensuring that the viral genome is partitioned into
new daughter cells (5–7).

KSHV-encoded ORF73, or LANA, is one of the predominant

viral antigens highly expressed in latently infected cells (5, 8).
LANA functions in activating as well as repressing cellular and
viral gene transcription (9–16). In addition to modulating gene
transcription, LANA plays a crucial role in KSHV episome repli-
cation and persistence in cell lines latently infected with KSHV
(17–19). As an oncogenic protein encoded by KSHV, LANA has
been shown to interact physically with, and inhibit the tumor
suppressor functions of, the retinoblastoma protein pRb, as well
as p53 and von Hippel-Lindau (VHL) protein, resulting in the
inactivation of p53-dependent promoters and the induction of
E2F-dependent genes (20–22). LANA also contributes to the im-
mortalization of endothelial cells (23). Furthermore, LANA can
deregulate and stabilize the expression of �-catenin by sequester-
ing its inhibitor, glycogen synthase kinase 3� (GSK-3�) (24). In-
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terestingly, the negative regulation of GSK-3� by LANA is essen-
tial for the promotion of S-phase entry in cells latently infected
with KSHV or transiently transfected with LANA, which may be
associated with KSHV-associated neoplasia. LANA can also acti-
vate or stabilize many oncoproteins, including c-Myc and c-Jun
(25, 26).

Chromosome missegregation during cell division results in a
loss or gain of chromosomes in the next generation of cells, which
leads to aneuploidy and so contributes to the oncogenic process
(27). A cellular surveillance system named the spindle assembly
checkpoint (SAC) ensures that the chromosomes segregate cor-
rectly during each cell division by arresting cells in metaphase
until every kinetochore of all the sister chromatids is correctly
bound to the microtubules and all the chromosomes are aligned in
the metaphase plate (28). The key protein components of the
spindle checkpoint include Mad1, Mad2, Bub1, and BubR1, and
these proteins are localized to unattached kinetochores during
early mitosis (29, 30). Bub1, the first spindle checkpoint protein to
dock at the kinetochore (31–33), contains an amino-terminal Knl
binding domain, through which Bub1 interacts with the kineto-
chore protein Knl1 (34); a Bub3 binding domain, through which
Bub1 binds to another spindle checkpoint protein, Bub3 (35); a
carboxy-terminal kinase domain, which phosphorylates CDC20
(36); and two conserved motifs that contribute to spindle check-
point signaling and chromosome segregation (37).

Bub1 has two crucial functions during the process of cell
division. First, as a scaffold protein, Bub1 plays a critical role in
spindle checkpoint signaling. Bub1 also recruits other spindle
checkpoint proteins to the kinetochore, forming the mitotic
checkpoint complex (MCC) (38). This can arrest cells at meta-
phase by inhibiting the functions of the anaphase-promoting
complex (APC/C) (39). Second, Bub1 is a serine/threonine
protein kinase, whose kinase activity is required for correct
chromosome alignment and congression (28, 40, 41). In some
eukaryotic cells, inhibition or inactivation of Bub1 results in
severe chromosome segregation defects, including chromo-
some congression failure and chromosome lagging (41–44).
These reports strongly suggest that the functions of Bub1 are
highly conserved. Downregulation of Bub1 expression seems
to play an important role in the development of human can-
cers. It has been reported that in some human cancers, includ-
ing lung, colon, and pancreatic tumors, the protein levels of
Bub1 are downregulated (45, 46). Mouse models mimicking
these kinds of downregulation have led to the development of
cancer in mice (47–49). These reports strongly suggested that
downregulation of Bub1 can increase cancer risk. In the present
study, we show that LANA can strongly induce chromosomal
instability (CIN) and increase levels of multinucleation and the
formation of micronuclei in PEL cells by inducing Bub1 deg-
radation.

MATERIALS AND METHODS
Plasmids and antibodies. pA3M-LANA, pA3F-LANA, pA3F-LANA�SOCS,
pA3M-Bub1, GFP-Bub1, HA-cul2, HA-cul5, His-Uba1, His-Ubc5a, and
GST-ubiquitin have been described previously (22, 50). The pCS2-Cdc20
and pCS2-Cdh1 constructs were provided by Hongtao Yu (University of
Texas Southwestern, Dallas, TX). Constructs expressing Bub1 with differ-
ent domains deleted in pA3M or pGEX-2TK were prepared by PCR mu-
tagenesis. Antibodies against MyC (9E10), hemagglutinin (HA) (12CA5),
and LANA-1 were generated from hybridomas. A mouse anti-Flag mono-
clonal antibody (M2) was purchased from Sigma-Aldrich Corp. (St.

Louis, MO). Rabbit anti-Bub1 and mouse anti-Cdh1 antibodies were pur-
chased from Abcam (Cambridge, MA). The BJAB, DG75, BC-3, BCBL-1,
JSC-1, BJAB-KSHV, BC-3 Shct, BC-3 ShBub1, BC-3-ShLANA, JSC-1
Shct, JSC-1 ShLANA, BJAB-RFP, and BJAB-RFP-LANA cell lines have
been described previously (22, 50–52). BC-3-GFP, BC-3-Bub1, BJAB
Shct, and BJAB ShBub1 cells were generated as described previously (52).

GST pulldown assay. Glutathione S-transferase (GST) and GST fu-
sion proteins were purified from BL21(DE3) as described previously (53).
Beads coated with GST or GST fusion proteins were incubated with cell
lysates for 6 h at 4°C. The beads were washed three times and were boiled
in SDS sample buffer. The samples were then fractionated by SDS-PAGE
for Western blot analysis.

RNA interference (RNAi). The short hairpin oligonucleotides for
Shct, ShBub1, and ShLANA have been described previously (50). The
short hairpin RNA (shRNA) against Cdh1 (target sequence, GTGAACTT
CCACAGGATTAAC) was constructed as described previously (51).

IP and Western blotting. Immunoprecipitation (IP) and Western
blotting were performed as described previously (22). Briefly, cells were
collected and were lysed in lysis buffer (10 mM Tris, 1% NP-40, 2 mM
EDTA, 150 mM NaCl [pH 7.5]) with protease inhibitor. For IP, lysates
were incubated with the antibodies indicated in the figures and 30 �l of a
1:1 mixture of protein A/G Sepharose beads at 4°C overnight. After three
stringent washes with radioimmunoprecipitation assay (RIPA) buffer, the
beads were boiled and were subjected to SDS-PAGE for Western blotting.
For all the co-IP experiments to demonstrate the interaction between
LANA and Bub1, cells were treated with MG132 (20 �M) for 12 h before
being harvested.

Ubiquitination assays. To generate the His fusion proteins Ubca1,
Ubc5a, and ubiquitin (Ub), BL21 bacterial cultures were induced with 1
mM isopropyl-�-D-thiogalactopyranoside (IPTG) at log phase (optical
density at 600 nm [OD600], 0.6), and cells were incubated with shaking at
30°C overnight. Bacterial lysis and purification were performed according
to the manual for Ni-nitrilotriacetic acid (NTA) agarose from Qiagen Inc.
(Valencia, CA). In vivo and in vitro ubiquitination assays were performed
as described previously (22).

Detection of chromosomal instability. For the detection of chromo-
somal instability, cells were harvested, suspended in phosphate-buffered
saline (PBS), spread on slides, and half dried. The cells were fixed with a
fixative (3% paraformaldehyde [PFA] containing 0.1% Triton-100) for 30
min at room temperature (RT) and were then stained with 4=,6-di-
amidino-2-phenylindole (DAPI) for 1 h at RT. Then the cells were visu-
alized and were examined for multinucleation and the presence of micro-
nuclei. For quantitation of the percentage of multinucleation, 200 cells
were counted.

Metaphase chromosome spread. Nocodazole (0.1 �g/ml) was added
to the cell culture medium, and cells were allowed to incubate for 12 h
before harvesting. The cells were then treated with a hypotonic buffer
(0.075 M KCl) for 30 min at RT and were fixed three times, for 10 min each
time, in a fixative (3 parts of methanol and 1 part of acetic acid). Meta-
phase preparations were carried out as described previously (54).

Cell synchronization. Cells were synchronized in different phases as
described previously (55). Briefly, cells were synchronized in S phase by
using a double thymidine block or in M phase by using a thymidine-
nocodazole block. Cells were synchronized in G1 phase by growth in
RPMI 1640 medium with 0.1% bovine growth serum (BGS) for 72 h.

Statistical analysis. Each experiment was repeated at least three times.
The mean scores were examined by using Student’s t test. All statistical
tests were performed using Microsoft Office Excel. A P value of �0.05 was
considered to indicate a statistically significant difference. A P value of
�0.01 was considered to indicate high statistical significance.

RESULTS
Bub1 levels are downregulated in LANA-expressing and KSHV-
positive cell lines. Previously, we demonstrated strong colocaliza-
tion of LANA and Bub1 in KSHV-associated B-cell lymphoma
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(50). To further investigate whether LANA could regulate Bub1, a
serine/threonine protein kinase with a critical role in mitotic spin-
dle checkpoint establishment and chromosome congression, we
examined the levels of Bub1 protein in KSHV-positive (BCBL-1,
BC-3, and JSC-1) and KSHV-negative (BJAB and DG75) B-cell
lines (Fig. 1A). Our data showed that Bub1 levels were signifi-
cantly lower in KSHV-positive than in KSHV-negative cell lines.
In fact, the levels in KSHV-positive cells were approximately
4-fold less than those in BJAB and DG75 cells (Fig. 1A). Interest-
ingly, the intensity of a second band migrating just below Bub1
was also reduced in KSHV-positive or LANA-expressing cell lines,
suggesting that Bub1 was modified posttranslationally. To rule
out an inconsistency in genotypes among the different cell lines,
the protein levels of Bub1 were also compared in cells of the same
genotypic background: uninfected and KSHV-infected BJAB cells
(Fig. 1B). Again, KSHV-infected BJAB cells showed �50% de-
creased levels of Bub1 protein, higher than the levels seen in the
PEL cell lines but still significantly downregulated.

To determine whether Bub1 suppression was associated with
LANA, Flag-tagged LANA was cotransfected with Myc-tagged
Bub1 into HEK-293 cells. The Western blot results showed that
ectopic Bub1 was suppressed in the presence of LANA in a dose-
dependent manner (Fig. 1C). Further analysis using Western blot

analysis showed that the Bub1 expression levels were rescued
when LANA transcripts were knocked down by shRNA (Fig. 1D).
To further investigate the role of LANA in the reduction of Bub1
levels, LANA was transfected into three KSHV-negative cell lines.
In all cases, with increasing amounts of LANA, the levels of Bub1
were substantially reduced (Fig. 1E). These data suggested that
Bub1 levels were significantly inhibited in the presence of LANA.
Interestingly, no significant change in Bub1 transcript levels was
observed in KSHV-infected BJAB cells or in the BC-3 ShLANA cell
line (Fig. 1F). These results strongly suggested that the protein
levels of Bub1 are regulated by LANA at the posttranslational level.

The Knl and kinase domains of Bub1 are important for its
interaction with LANA. Previously, we showed that Bub1 colo-
calizes with LANA in KSHV-positive cells, suggesting that LANA
can interact directly with Bub1 (50). Here we investigated further
the specific domain of Bub1 involved in its interaction with LANA
(Fig. 2A). Bacterially expressed GST-fused Bub1 specific mutants
and wild-type (WT) Bub1 (Fig. 2A) were incubated with lysates
from HEK-293 cells transfected with Flag-tagged LANA (Fig. 2B).
The bound Flag-tagged LANA was fractionated and was detected
by Western blot analysis using the specific antibody M2. The re-
sults showed that the interaction between LANA and Bub1 was
dramatically decreased when the Knl domain or the kinase do-

FIG 1 Bub1 levels are downregulated in cells latently infected with KSHV and expressing LANA. (A) Western blotting was used to detect the endogenous protein
levels of Bub1 in KSHV-negative (BJAB and DG75) and KSHV-positive (BC-3, BCBL-1, JSC-1) cell lines. (B) Level of Bub1 protein in BJAB cells infected with
KSHV. (C) LANA decreases the level of exogenous Bub1 protein in HEK-293 cells. HEK-293 cells were electroporated with increasing amounts of Flag-tagged
LANA, Myc-tagged Bub1, and a GFP plasmid. Forty-eight hours later, the cells were collected for Western blot analysis, which was performed using the indicated
antibodies. GFP served as a control for protein loading. (D) LANA knockdown increases Bub1 accumulation. Cell lysates from KSHV-positive B cells (BC-3 and
JSC-1) in which LANA or a luciferase control had been stably knocked down (ShLANA or Shct, respectively) were subjected to Western blot analysis. (E) LANA
decreases the level of endogenous Bub1 protein in HEK-293 cells and KSHV-negative B cells. HEK-293 and KSHV-negative B cells (BJAB, DG75) were
electroporated with increasing amounts of Flag-tagged LANA. Forty-eight hours after electroporation, the cells were collected for Western blot analysis. (F)
KSHV infection or LANA overexpression does not affect the mRNA level of Bub1. Total RNAs were isolated from KSHV-infected B cells (BJAB-KSHV, BJAB)
and from control knockdown and LANA knockdown BC-3 cells (BC-3 Shct and BC-3 ShLANA, respectively), and the mRNA levels of Bub1 were analyzed by
real-time PCR. The relative densities (RD) of Bub1 were quantified and plotted against the signal obtained from the control after normalization to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (for endogenous Bub1) or ectopically expressed GFP (for exogenous Bub1). Statistical significance was evaluated
by using P values of �0.05 (*) and �0.01 (**).

LANA Mediates Bub1 Degradation
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main was deleted (Fig. 2B). The interactions between LANA and
Bub1 deletion mutants were further validated by coimmunopre-
cipitation (Fig. 2C). Similarly, we found that deletion of the Knl
domain within Bub1 dramatically decreased the association be-
tween LANA and Bub1. Not only were the Knl and kinase domains
necessary for LANA and Bub1 association, but the kinase domain
was also required for LANA-mediated Bub1 degradation (Fig.
2D). Interestingly, when cotransfected with LANA, Bub1 and its
mutants showed different levels of reduction. When the kinase
domain was missing, LANA had little or no effect on Bub1 levels.
Some effect was seen with Knl deletion, which was similar to that

seen with the �CSI and �CSII domain mutants. Further, deletion
of the Bub3 binding domain had no major effect in terms of Bub1
levels in the presence of LANA (Fig. 2D). Therefore, the Knl and
kinase domains are important for the interaction of Bub1 with
LANA, but interestingly, the kinase domain and the Bub3 domain
both played roles in the stability of Bub1, as evidenced by the fact
that deletion of these domains resulted in the inability of LANA to
contribute to a reduction in Bub1 levels (Fig. 2D).

LANA promotes Bub1 degradation through the ubiquitin-
mediated proteasome degradation pathway. Our data presented
above showed that Bub1 protein levels were dramatically reduced
in the presence of LANA. Further, our previous studies showed
that LANA can recruit an E3 ligase to degrade its target proteins
(22). To determine whether Bub1 was targeted for ubiquitin-me-
diated proteasome degradation, we transfected HEK-293 cells
with LANA and a control vector in the presence of the proteasome
inhibitor MG132 (55). Analysis of Bub1 protein levels showed, as
expected, a dramatic decrease in the presence of LANA (Fig. 3A,
lane 3). This was rescued when cells were treated with MG132 in
the presence of LANA (Fig. 3A, compare lanes 3 and 4). Bub1
levels were dramatically rescued relative to levels for the control in
the presence of MG132 (Fig. 3A, lane 2). Furthermore, we also
investigated the differences in Bub1 protein levels in the KSHV-
negative B-cell line BJAB. As in HEK-293 cells, Bub1 protein levels
in BJAB cells were dramatically reduced in the presence of LANA
but were rescued when cells were treated with the proteasome
inhibitor MG132 (Fig. 3B, lanes 2, 3, and 4). To determine Bub1
levels under physiological conditions in KSHV-positive cell lines
(BC-3, BCBL-1, and JSC-1), we treated these cells with increasing
doses of MG132 (0 to 20 �M) for 12 h. The results showed that the
protein levels of Bub1 increased with increasing concentrations of
MG132 (Fig. 3C). Further, we treated these cell lines with MG132
at 3-h intervals up to 12 h. The results demonstrated that the
protein levels of Bub1 increased with increasing time associated
with MG132 treatment (Fig. 3D). These studies showed that
MG132 treatment can dramatically increase Bub1 protein levels in
a dose-dependent and time-dependent manner in these KSHV-
positive lymphoma cells. Similar experiments were performed
with the KSHV-negative cell line BJAB (Fig. 3C and D), in which
Bub1 protein levels showed a 2-fold increase in the presence of
MG132, compared with an approximately 4-fold increase in
KSHV-positive cell lines. This suggests that LANA can promote
Bub1 degradation through the ubiquitin-proteasome pathway.
To further determine in which phase LANA can promote Bub1
degradation, we synchronized the BC-3 Shct, BC-3-ShLANA,
BJAB-RFP, and BJAB-RFP-LANA cell lines in the G, S, or M phase
as described previously (56). We found that LANA can mediate
Bub1 degradation in the G1 and M phases through a ubiquitin-
dependent pathway (Fig. 3E). Interestingly, we found that the pat-
tern of Bub1 degradation mediated by LANA is similar to what is
found in cells without LANA or in cell lines in which LANA is
knocked down (Fig. 3E, compare lanes 1, 2, 5, and 6 with lanes 1=,
2=, 5=, and 6=). This strongly suggested that LANA may target the
Bub1 degradation pathway to enhance the degradation of Bub1.

LANA is associated with the APC/C in KSHV-positive cell
lines. The data presented above showed that LANA can regulate
Bub1 degradation via the ubiquitin-proteasome pathway. There
are two E3 ligase complexes that may possibly be involved in
LANA-mediated Bub1 degradation: the EC5S complex (22) or the
APC/C. We performed a co-IP assay to further explore the possi-

FIG 2 The Knl and kinase domains of Bub1 are necessary for its interaction
with LANA. (A) (Left) Schematic diagram of Bub1 mutants. (Right) (Top)
GST-tagged proteins purified from Escherichia coli. (Bottom) Eukaryotic ex-
pression of these deletion mutants (Myc tagged). �CSI and �CSII, Bub1 mu-
tants with deletions of conserved domain I and conserved domain II, respec-
tively. (B) Beads coated with GST or with fusion proteins consisting of GST
and Bub1 domain deletion mutant proteins were incubated with lysates from
HEK-293 cells electroporated with pA3F-LANA for GST pulldown assays. The
pulldown of LANA was detected by Western blotting using antibody M2. (C)
Bub1 interacts with LANA through its kinase and Knl binding domains. HEK-
293 cells were electroporated with pA3F-LANA and pA3M-Bub1 or its related
domain deletion mutants. Forty-eight hours after electroporation, the cell
lysates were prepared for IP with antibody M2 and Western blotting with
antibodies 9E10 and M2. (D) HEK-293 cells were electroporated with pA3F-
LANA, pA3M-Bub1 or its related domain deletion mutants, and GFP. Forty-
eight hours later, cells were collected for Western blot analysis. GFP served as
a control for protein loading. The relative densities (RD) of Bub1 and its
related deletion mutants were quantified and plotted against the signal ob-
tained from the control after normalization to GFP. Statistical significance was
evaluated by using P values of �0.05 (*) and �0.01 (**).
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FIG 3 LANA-mediated Bub1 degradation is ubiquitin dependent. (A and B) LANA-transfected HEK-293 cells (A) and KSHV-infected BJAB cells (B) were either mock treated
ortreatedwith20�MMG132for12h.ThecellswerethencollectedforWesternblotanalysis.(C)CellsweretreatedwithMG132for12hat0,0.2,2,or20�Minadose-dependent
assay. The cells were then collected for Western blot analysis. (D) Cells were treated with MG132 at 20 �M for 0, 3, 6, or 12 h in a time course assay. The cells were then collected
for Western blot analysis. (E) Cells were synchronized in the G1, S, or M phase as described in Materials and Methods. The cells were either mock treated or treated with MG132
(20�M)for12hbeforetheywereharvestedforWesternblotanalysis.Therelativedensities(RD)ofBub1werequantifiedandplottedagainst thesignalobtainedfromthecontrol
after normalization to GAPDH. Statistical significance was evaluated by using P values of �0.05 (*) and �0.01 (**).
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bility of interaction between Bub1 and the cullin component of
the EC5S E3 ligase complex in HEK-293 cells. The results showed
that the EC5S E3 ligase complex was not involved in LANA-medi-
ated Bub1 degradation, although, as expected, LANA did associate
with cullin 5 (Fig. 4A). Also, the co-IP showed that Bub1 did not
interact with cullin 5, a scaffold protein of the EC5S complex, in
the presence or absence of LANA, as revealed by comparison to
the negative control, cullin 2 (Fig. 4A). To determine whether
LANA can form a complex with a component of the APC/C, we
used a Cdc27-specific antibody in two KSHV-positive cell lines,
BC-3 and JSC-1, as well as in a KSHV-negative control B-cell line.
We clearly observed that a complex formed with LANA, since
Western blot analysis showed a clear signal for LANA in both the
BC-3 and JSC-1 cell lines (Fig. 4B). As expected, the KSHV-nega-
tive cell line showed no signal for LANA after immunoprecipita-
tion of Cdc27 (Fig. 4B). In the reverse co-IP assay, the result also
showed that LANA can coprecipitate with Cdc27 in KSHV-posi-
tive BC-3 and JSC-1 cells (Fig. 4C). This shows that these two
proteins can form a complex in KSHV-infected PEL cells and that
LANA may be capable of functionally regulating Bub1 activities
through its association in this complex with the APC/C. To inves-
tigate more closely the complex of LANA with the APC/C, we
wanted to determine whether LANA can interact with the APC/C
activators Cdh1 and Cdc20. Coimmunoprecipitation assays using
the anti-Myc monoclonal antibody 9E10 demonstrated that Flag-
tagged LANA can be clearly precipitated in a complex with Bub1
(as shown by the green fluorescent protein [GFP] antibody signal)
along with Myc-tagged Cdc20 and Cdh1 (Fig. 4D). Interestingly,
Bub1 associated with both Cdh1 and Cdc20. However, when
LANA was present, the proportion of Bub1 protein in complex
with Cdh1 was approximately 2-fold greater than that in complex
with Cdc20 (Fig. 4D). This study indicated that LANA interacted

with the APC/C and that this interaction accounts for the recruit-
ment of a greater fraction of the Bub1 protein in KSHV-infected
cell lines than in KSHV-negative cell lines.

LANA promotes Bub1 ubiquitination. To further explore the
LANA-promoted degradation of Bub1 via the ubiquitin-mediated
proteasome pathway, we investigated whether LANA-induced
Bub1 ubiquitination led to Bub1 degradation. Here we performed
both in vivo and in vitro ubiquitination assays in HEK-293 cells.
HEK-293 cells were cotransfected with Flag-tagged LANA or
LANA�SOCS, a LANA dominant negative mutant, together with
HA-tagged ubiquitin and Myc-tagged Bub1 (Fig. 5A). Immuno-
precipitation with an anti-Myc antibody and Western blotting
with an anti-HA antibody showed enhanced ubiquitination of
Bub1, as evidenced by the increased intensity of the ladder in the
presence of WT LANA (Fig. 5A, lane 3). However, a dramatic
reduction in the intensity of the Ub ladder was found in the pres-
ence of the LANA�SOCS polypeptide. These data strongly indi-
cated that LANA can specifically promote Bub1 ubiquitination in
cells. Furthermore, we performed an in vitro ubiquitination assay
with bacterially expressed GST-Bub1 or its mutants and in vivo-
overexpressed LANA. The LANA protein was immune affinity
purified and was incubated with GST-Bub1, His-Uba1 (E1), His-
Ubc5a (E2), and His-ubiquitin in the presence of ATP. The results
revealed that the LANA immune complex (IC) can mediate the
ubiquitination of Bub1 in vitro (Fig. 5B). It was clear that in the
presence of the LANA IC in addition to the E1 and E2 enzymes,
Bub1-GST was strongly ubiquitinated (Fig. 5B, compare lanes 2
and 3). Furthermore, when the APC coactivator Cdh1 was pres-
ent, ubiquitination activity was significantly enhanced (Fig. 5B,
compare lanes 3 and 5). Notably, the LANA�SOCS polypeptide
did not result in enhanced ubiquitination and showed a pattern

FIG 4 LANA associates with the APC/C. (A) Bub1 does not interact with the EC5S complex. HEK-293 cells were electroporated with expression vectors as shown.
Forty-eight hours postelectroporation, cells were harvested, and the cell lysates underwent IP with antibody M2 or an anti-GFP antibody. IP pellets and portions
(10%) of lysates (input) were boiled, fractionated by SDS-PAGE, and subjected to Western blot analysis with the indicated antibodies. (B and C) LANA interacts
with the APC/C. Cell lysates were used for IP with LANA- or CDC27-specific antibodies. IP pellets and portions (10%) of lysates were loaded onto SDS-PAGE
gels, followed by Western blot analysis with the indicated antibodies. (D) LANA interacts with the activator protein of the APC/C. HEK-293 cells were
electroporated with expression vectors as shown. Thirty-six hours postelectroporation, cells were treated with MG132 (20 �m) for 12 h before harvesting. The
cell lysates were used for IP with an anti-Myc antibody. IP pellets and portions (10%) of lysates were boiled, fractionated by SDS-PAGE, and subjected to Western
blot analysis with specific antibodies.
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similar to that seen with the control (Fig. 5B, compare lane 2 with
lanes 3 and 4).

To determine the involvement of the Bub1 domains in con-
tributing to ubiquitination, the Bub1-GST mutants were com-
pared to the WT. The �Knl and �Kinase mutants showed an
almost complete loss of ubiquitination activity. This strongly in-
dicated that these two domains are critical for the stability of Bub1
in the context of LANA-mediated degradation (Fig. 5C, compare
lane 2 with lanes 3 and 7).

To further support our hypothesis that LANA mediated Bub1
degradation by manipulating the APC/C, we knocked down the
APC activator Cdh1, a protein that is necessary for the APC/C to
recognize and degrade Bub1, in HEK-293 cells and KSHV-posi-
tive cell lines (BC-3, BCBl-1, JSC-1). In vivo ubiquitination assays
were performed in Cdh1-depleted HEK-293 cells (Fig. 5D). Im-

munoprecipitation with anti-Myc and Western blotting with an-
ti-HA showed dramatically decreased ubiquitination of Bub1 in
Cdh1-depleted cell lines, as evidenced by the decreased intensity
of the ladder (Fig. 5D, compare lanes 2 and 4 with lanes 3 and 5).
Furthermore, we investigated the protein levels of Bub1 in Cdh1-
depleted KSHV-positive cell lines (Fig. 5E). Significant increases
in Bub1 protein levels were found in Cdh1 knockdown cell lines
(Fig. 5E, compare lanes 1, 3, and 5 with lanes 2, 4, and 6).

LANA-mediated Bub1 degradation leads to increases in the
levels of micronucleus formation and multinucleation. Bub1 is
an important component of the SAC (46), and disruption of the
SAC often leads to the formation of micronuclei and multinucle-
ation (57). We had demonstrated previously that LANA can in-
duce the formation of micronuclei and multinucleation (52), but
the mechanism remained largely unknown. Here we evaluated the

FIG 5 LANA promotes Bub1 ubiquitination. (A) HEK-293 cells were electroporated with expression vectors as shown. Forty-eight hours after electroporation,
the cells were treated with MG132 for another 6 h. Cell lysates were then prepared for IP with 9E10, followed by Western blot analysis with the indicated
antibodies. IB, immunoblot. (B) LANA ubiquitinates Bub1 in vitro. Bacterially expressed GST-Bub1, His-Ubca1 (E1), and His-Ubc5a (E2) were incubated with
a purified LANA immune complex (E3) in kinase buffer for 1 h at 30°C. The sample was then resolved on an SDS-PAGE gel for Western blot analysis. (C) The
Knl and kinase domains are required for LANA-mediated Bub1 ubiquitination in vitro. Bacterially expressed GST-Bub1 or its related deletion mutants,
His-Ubca1 (E1), and His-Ubc5a (E2) were incubated with a purified LANA immune complex (E3) in kinase buffer for 1 h at 30°C. The samples were then resolved
on an SDS-PAGE gel for Western blot analysis. (D) HEK-293 cells were electroporated with expression vectors as shown. Seventy-two hours after electroporation,
the cells were treated with MG132 for another 12 h. Cell lysates were then prepared for IP with 9E10, followed by Western blot analysis with the indicated
antibodies. (E) The endogenous Cdh1 of KSHV-positive cell lines (BC-3, BCBL-1, and JSC-1) was knocked down, and the protein levels of Bub1 were monitored.
The relative densities (RD) of Bub1 and Cdh1 were quantified and plotted against the signals obtained from the control after normalization to GAPDH. Statistical
significance was evaluated by using P values of �0.05 (*) and �0.01 (**).
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role of LANA-mediated Bub1 degradation in the formation of
micronuclei and multinucleation. Cell lines in which Bub1 or
LANA was knocked down or in which Bub1 was stably expressed
were generated (Fig. 6A). Subsequently, these cells were stained
with DAPI. Both Bub1-expressing cell lines and cell lines with
stable knockdown of LANA showed significant decreases in the
proportions of cells with micronuclei and multinucleation from
their respective controls (Fig. 6B and C). The cell line with LANA
stably knocked down exhibited a significant decrease in the per-
centage of cells with aneuploidy, having more than two nuclei,
from approximately 17% in the control to less than 11%. Similar
results were seen in the cell line stably expressing Bub1, where the
proportion of cells with more than two nuclei exhibited a signifi-
cant decrease from approximately 16% to 12%. In the BC-3 con-
trol cell lines, BC-3 Shct and BC-3-GFP, approximately 13% of the
cells showed the micronucleus phenotype. In comparison, the
BC-3 ShLANA and BC-3-Bub1 cell lines both showed decreased
proportions of cell with micronuclei. The formation of micronu-
clei decreased in the LANA knockdown cell line from approxi-
mately 13% to 9%. In the BC-3-Bub1 cell line, the formation of
micronuclei decreased from 13% to 10%. Interestingly, a higher
number of micronuclei and a higher level of multinucleation were
observed in Bub1 knockdown cell lines than in LANA knockdown
or Bub1-expressing cell lines (Fig. 6B and C).

LANA-mediated Bub1 degradation increases chromosomal
instability. Disruption of the SAC leads to chromosomal missegre-

gation and, as a consequence, causes aneuploidy (58–60). Therefore,
we investigated the role of LANA-mediated Bub1 degradation in the
process of aneuploidy. Here we performed a metaphase chromosome
spread assay. A total of 50 metaphase cells were analyzed for each of
the cell lines BC-3 Shct, BC-3 ShLANA, BC-3 ShBub1, BC-3-GFP,
and BC-3-Bub1. The results are presented in Fig. 7. The chromosome
number distribution, which is a marker of chromosomal instability
(CIN), is shown for these cell lines (Fig. 7B). Forty-six of 50 (92%)
BC-3 ShLANA cells had 50 to 90 chromosomes. Only 1 (2%) of the
cells had fewer than 50 chromosomes, and 3 (6%) of the cells had
more than 90 chromosomes. A similar distribution of chromosomes
was found in the BC-3-Bub1 cell line, where 44 (88%) of the cells had
50 to 90 chromosomes. One (2%) of the cells had fewer than 50
chromosomes, and 5 (10%) of the cells had more than 90 chromo-
somes. However, in the BC-3 ShBub1 cell line, only 23 (46%) of the
cells had 50 to 90 chromosomes. One (2%) of the cells had fewer than
50 chromosomes, and 26 (52%) of the cells had more than 90 chro-
mosomes (Fig. 7B). In comparison, 28 (56%) BC-3 Shct cells and 26
(52%) BC-3-GFP cells had 50 to 90 chromosomes, 5 (10%) BC-3
Shct cells and 6 (12%) BC-3-GFP cells had fewer than 50 chromo-
somes, and 17 (34%) BC-3 Shct cells and 18 (36%) BC-3-GFP cells
had more than 90 chromosomes (Fig. 7B). These data indicated that
BC-3 ShBub1 cells showed greater heterogeneity in terms of chromo-
some number distribution than other cell lines. The BC-3 ShLANA
and BC-3-Bub1 cell lines showed less heterogeneity in terms of chro-
mosome number distribution (Fig. 7B). To further confirm the roles

FIG 6 Induction of micronuclei and multinucleation in various BC-3-derived cell clones. (A) (Left) BC-3-derived cell lines with stable expression of Bub1 or stable knockdown
of Bub1 or LANA. The GFP signal appears in green in the bottom panels. (Right) (Top) Expression of LANA and Bub1 in the BC-3-derived cell lines. Lane numbers correspond
to the numbering of the cell lines on the left. (Bottom) The relative densities (RD) of Bub1 were quantified and plotted against the signal obtained from the control after
normalizationtoGAPDH.StatisticalsignificancewasevaluatedbyusingPvaluesof�0.05(�)and�0.01(��).(B)ExamplesofmicronucleiandmultinucleationinducedinBC-3
cells in which either LANA or Bub1 was knocked down or in which Bub1 was stably expressed. Yellow arrows indicate micronuclei, and red arrows indicate multinucleation. (C)
Quantitation of cells with multinucleation (left) or micronuclei (right) among BC-3-derived cell clones. All assays were carried out in triplicate.
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of LANA and Bub1 in CIN, BJAB-derived cell lines in which LANA
was stably expressed or Bub1 was stably knocked down were gener-
ated (Fig. 7C). Metaphase spread experiments were performed on
these cell lines (Fig. 7D). The results were similar to those we obtained
with BC-3-derived cell lines: in the presence of LANA or upon deple-
tion of Bub1, smaller numbers of cells had 50 to 90 chromosomes,
and more cells had more than 90 chromosomes (Fig. 7E). These data
clearly demonstrated that CIN was remarkably increased in a Bub1

knockdown cell line, indicating that LANA-mediated Bub1 degrada-
tion led to a substantial increase in chromosomal instability in
KSHV-infected B-cell lymphoma cell lines.

DISCUSSION

Chromosomal instability (CIN), a high rate of loss or gain of chro-
mosomes, is a hallmark of most human cancers and causes cell
aneuploidy (61). The molecular mechanism for CIN is still being

FIG 7 Metaphase chromosome spreads of BC-3- and BJAB-derived cell clones. (A) Representative metaphase spreads of the indicated BC-3-derived cell lines.
(B) Distribution of chromosome numbers in the indicated BC-3-derived cell lines. Chromosomes were counted from metaphase spreads. (C) (Left) BJAB-
derived cell lines with stable expression of LANA or stable knockdown of Bub1. (Right) (Top) Expression of LANA and Bub1 in the BJAB-derived cell lines. Lane
numbers correspond to the numbering of the cell lines on the left. (Bottom) The relative densities (RD) of Bub1 were quantified and plotted against the signal
obtained from the control after normalization to GAPDH. Statistical significance was evaluated by using P values of �0.05 (*) and �0.01 (**). (D) Representative
metaphase spreads of the indicated BJAB-derived cell lines. (E) Distribution of chromosome numbers in the indicated BJAB-derived cell lines. Chromosomes
were counted from metaphase spreads.
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explored. However, evidence to date has suggested that defects in
the spindle checkpoint, which plays a critical role in the accuracy
of chromosomal segregation during mitosis, will promote cell an-
euploidy and lead to oncogenesis (62, 63). During cell division, the
spindle checkpoint maintains genome stability by arresting cell
division until all chromosomes are properly aligned on the meta-
phase equatorial plate. They are accurately attached to the micro-
tubule spindle apparatus via their kinetochores (40). Unattached
or incorrectly attached chromosomes activate the spindle check-
point, resulting in blocked cell cycle progression (40). When all
kinetochores are correctly attached to the spindles, the checkpoint
is inactivated, and the cell cycle occurs normally (28).

Bub1 is the first checkpoint component docking at the kineto-
chore in early prophase and is recruited to the kinetochore
through the direct interaction between its N-terminal Knl domain
and blinkin, a member of the conserved KMN (KNL1/Mis12 com-
plex/Ndc80 complex) family of kinetochore proteins (64). Studies
show that Bub1 may act as a scaffold protein, which determines
the kinetochore recruitment of a number of target proteins, in-
cluding Cenp-E and Cenp-F, Bub3, Mad1, Mad2, Mad3, and
other spindle checkpoint proteins (10, 11, 25, 29, 30). In humans,
it has been reported that Bub1 is mutated or downregulated in
colorectal cancers associated with chromosomal instability and in
other aneuploid tumor types (45, 46).

The Knl domain of Bub1 is necessary for the kinetochore lo-
calization of Bub1 and is important for the regulation of the spin-
dle checkpoint (65–67). The kinase domain of Bub1 not only can
regulate the spindle checkpoint by phosphorylating the APC/C
coactivator Cdc20 (36, 68) but also has a key role in chromosome
alignment and segregation (69). Our data now show that the Knl
domain and kinase domain of Bub1 are required not only for the
interaction of the KSHV oncoprotein LANA and Bub1 but also for
LANA-mediated Bub1 ubiquitination and for Bub1 degradation.
This strongly suggests a role for LANA in suppressing Bub1 func-
tion through its Knl and kinase domains, and this suppression can
result in chromosome instability and missegregation.

The activity of the APC/C is tightly controlled during the cell
cycle (41). Its dysfunction can cause deregulation of mitosis (70).
Recently, a few viral factors have been reported to interact physi-
cally with the APC/C, playing a modulatory role in its ubiquitin
ligase activity (71, 72). Here we found that LANA encoded by
KSHV was associated with the APC/C in KSHV-positive cell lines.
Our results from co-IP assays of LANA and Cdc27 showed that
LANA was associated with the APC/C. Further investigation sug-
gested that Bub1 was recruited to the APC/C by LANA. These data
strongly suggested that LANA is capable of manipulating the in-
trinsic Bub1 degradation pathway. This degradation is likely to
compromise or weaken the formation of the spindle checkpoint
and ultimately lead to uncontrolled activity of the APC/C, which
will cause chromosome segregation even though the chromo-
somes are not correctly attached.

Our data showed that the protein levels of Bub1 were dramat-
ically suppressed in KSHV-positive B-cell lymphoma cells or in
cells stably expressing LANA. However, the Bub1 protein levels
were increased in LANA-depleted KSHV-positive cell lines. This
indicated that LANA can play a critical role in downregulating
Bub1 in KSHV-positive B-cell lymphoma cell lines. Furthermore,
depletion of Bub1 by lentivirus-delivered shRNA led to an in-
crease in CIN and to multinucleation and the formation of micro-
nuclei in KSHV-positive B-cell lymphoma cell lines. The deple-

tion of LANA or the overexpression of Bub1 in KSHV-positive
B-cell lymphoma cells showed decreased rates of CIN, multinucle-
ation, and micronucleus formation. These data strongly suggested
that LANA-mediated Bub1 degradation plays critical contribu-
tory roles in CIN and in the observed increases in levels of multi-
nucleation and micronucleus formation in KSHV-positive B-cell
lymphoma cells.

We have now provided new evidence that LANA can degrade
Bub1 through manipulation of the APC/C, thus increasing CIN in
KSHV-positive B-cell lymphoma cells. CIN is frequently observed
in KSHV-associated cancer and plays an important role in the
pathogenesis of many human cancers. Therefore, our results now
provide an additional novel mechanism, elucidating a role for
LANA in chromosome instability and oncogenesis through tar-
geted degradation of Bub1 by recruitment and ubiquitination via
the APC/C E3-Ub ligase and the proteasome degradation path-
way. This mechanism is likely to be finely tuned in terms of Bub1
regulation at specific phases during mitosis when Bub1 can be
associated with LANA; this association is decreased as the cell
enters metaphase and is regained in telophase (50). These studies
may also have therapeutic applications: small molecules or inhib-
itors of the microtubule formation of the kinetochore may be
utilized to block infections by KSHV and other gammaherpesvi-
ruses and their persistence in associated cancer.
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