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ABSTRACT The switch of Kaposi’s sarcoma-associated herpesvirus (KSHV) from la-
tency to lytic replication is a key event for viral dissemination and pathogenesis.
MLN4924, a novel neddylation inhibitor, reportedly causes the onset of KSHV reacti-
vation but impairs later phases of the viral lytic program in infected cells. Thus far,
the molecular mechanism involved in the modulation of the KSHV lytic cycle by
MLN4924 is not yet fully understood. Here, we confirmed that treatment of dif-
ferent KSHV-infected primary effusion lymphoma (PEL) cell lines with MLN4924
substantially induces viral lytic protein expression. Due to the key role of the vi-
rally encoded ORF50 protein in the latent-to-lytic switch, we investigated its
transcriptional regulation by MLN4924. We found that MLN4924 activates the
ORF50 promoter (ORF50p) in KSHV-positive cells (but not in KSHV-negative cells),
and the RBP-J�-binding elements within the promoter are critically required for
MLN4924 responsiveness. In KSHV-negative cells, reactivation of the ORF50 pro-
moter by MLN4924 requires the presence of the latency-associated nuclear anti-
gen (LANA). Under such a condition, LANA acts as a repressor to block the ORF50p ac-
tivity, whereas MLN4924 treatment relieves LANA-mediated repression. Importantly,
we showed that LANA is a neddylated protein and can be deneddylated by MLN4924.
On the other hand, we revealed that MLN4924 exhibits concentration-dependent bi-
phasic effects on 12-O-tetradecanoylphorbol-13-acetate (TPA)- or sodium butyrate
(SB)-induced viral reactivation in PEL cell lines. In other words, low concentrations of
MLN4924 promote activation of TPA- or SB-mediated viral reactivation, whereas high
concentrations of MLN4924, conversely, inhibit the progression of TPA- or SB-
mediated viral lytic program.

IMPORTANCE MLN4924 is a neddylation (NEDD8 modification) inhibitor, which cur-
rently acts as an anti-cancer drug in clinical trials. Although MLN4924 has been re-
ported to trigger KSHV reactivation, many aspects regarding the action of MLN4924
in regulating the KSHV lytic cycle are not fully understood. Since the KSHV ORF50
protein is the key regulator of viral lytic reactivation, we focus on its transcriptional
regulation by MLN4924. We here show that activation of the ORF50 gene by
MLN4924 involves the relief of LANA-mediated transcriptional repression. Impor-
tantly, we find that LANA is a neddylated protein. To our knowledge, this is the first
report showing that neddylation occurs in viral proteins. Additionally, we provide
evidence that different concentrations of MLN4924 have opposite effects on TPA-
mediated or SB-mediated KSHV lytic cycle activation. Therefore, in clinical applica-
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tion, we propose that MLN4924 needs to be used with caution in combination ther-
apy to treat KSHV-positive subjects.

KEYWORDS KSHV, MLN4924, ORF50, LANA, lytic reactivation, Kaposi’s sarcoma-
associated herpesvirus, lytic reactivation

Kaposi’s sarcoma-associated herpesvirus (KSHV), also referred to as human herpes-
virus 8 (HHV-8), is known as an etiologic agent of Kaposi’s sarcoma (KS) and two

types of lymphoproliferative diseases, including primary effusion lymphoma (PEL) and
multicentric Castleman’s disease (1–3). The virus exhibits two distinct phases of its life
cycle, latency and lytic replication (4). Latency is characterized by persistence of the viral
genome with expression of only a small subset of viral genes. These viral gene products
expressed during latency include the latency-associated nuclear antigen (LANA; en-
coded by open reading frame 73 [ORF73]), viral cyclin (v-cyclin; encoded by ORF72),
viral FLIP (v-FLIP; encoded by ORF71), and kaposin (encoded by ORF-K12), as well as 12
microRNAs (5). Once the virus is reactivated from latency and enters lytic replication,
viral lytic genes are fully expressed in an orderly fashion, i.e., immediate early, early, and
late gene expression, ultimately leading to the production of infectious virions (4).
Evidence has shown that multiple viral gene products expressed from both latent and
lytic programs have been implicated in the pathogenesis of KSHV-associated diseases
(4, 6, 7).

Although the authentic physiological determinants that trigger the transition from
latency to lytic replication of KSHV are not fully understood, different chemical, bio-
logical, or environmental stimuli, such as 12-O-tetradecanoylphorbol-13-acetate (TPA),
sodium butyrate (SB), hypoxia, reactive oxygen species, endoplasmic reticulum stress,
and proinflammatory cytokines, have been reported to promote viral reactivation in
latently infected cells (8–14). During the onset of viral lytic reactivation, a transcriptional
activator encoded by open reading frame 50 (ORF50) of the viral genome is expressed
at the earliest stage and serves as a key regulator for the progression of viral lytic
reactivation (14, 15). In particular, ectopic expression of ORF50 protein alone in latently
infected cells is sufficient to drive the entire lytic cascade to completion (16, 17).
Numerous viral or cellular transcriptional factors involved in the regulation of ORF50
gene transcription have been characterized, which include LANA, ORF50, RBP-J�, KAP1,
Nrf2, HIF-1�, AP1, SP1, Oct-1, and C/EBP-�. Among these transcription factors, LANA is
known to repress the ORF50 promoter (ORF50p) function through interaction with
RBP-J�, Nrf2, or the corepressor KAP1 (18–20). In response to stressful stimuli (e.g.,
hypoxia, TPA, or SB), cellular transcription factors, including HIF-1�, AP1, or SP1, could
be activated and act as positive regulators to stimulate ORF50p in infected cells (21–23).
In addition to these cellular transcription factors, ORF50 is capable of auto-stimulating
its own promoter through its association with RBP-J�, Oct-1, or C/EBP-� (24–27). Thus,
different internal or external insults that cause dysfunction of these transcription factors
in KSHV-infected cells may contribute to the switch between viral latency and lytic
replication.

NEDD8 is a ubiquitin-like protein that can be covalently conjugated to target
proteins in a manner similar to ubiquitination (28, 29). NEDD8 modification (neddyla-
tion) is best known as a posttranslational modification of cullin subunits of cullin-RING
ubiquitin ligases (CRLs), the largest category of E3 ubiquitin ligases (30). Conjugation of
NEDD8 to the cullin subunit is required for activation of CRLs (31). In addition to cullins,
an increasing number of noncullin targets for neddylation have also been reported in
recent years (29). Due to the involvement of CRLs in a diverse array of essential cellular
processes, alteration of NEDD8 modification in CRLs may potentially affect multiple
cellular activities. MLN4924 is a potent neddylation inhibitor that blocks the covalent
attachment of NEDD8 to cullins or other target proteins through inhibiting the NEDD8-
activating enzyme (32). A growing body of evidence has shown that MLN4924 is a
promising anti-cancer drug for a variety of human malignancies (28, 32). Recently,
Hughes et al. (33) reported that treatment of KSHV-infected PEL cells with MLN4924
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elicits cellular cytotoxicity in a dose-dependent manner. They also noticed that
MLN4924 treatment causes induction of viral lytic gene expression, albeit lacking a
substantial viral lytic DNA replication, in these treated PEL cells (33). The induction of
viral lytic gene expression may be potentially problematic from a therapeutic view
because several early lytic gene products possess growth-regulatory or immunomodu-
latory functions, which are critically involved in the development of KSHV-associated
diseases (6, 14). Therefore, it is important to know how MLN4924 triggers the expres-
sion of viral lytic genes in infected cells. Furthermore, the combined effects of MLN4924
and other lysis-inducing agents on the progression of the viral lytic program in infected
cells also remain obscure.

In this study, we confirmed that MLN4924 indeed triggers the onset of KSHV lytic
reactivation in different PEL cell lines. Mechanistically, we showed that MLN4924
induces the ORF50p activity mainly through relieving its transcriptional repression
mediated by LANA. Particularly, we found that LANA is a neddylated protein and can
be deneddylated by MLN4924 treatment. Moreover, we revealed that different con-
centrations of MLN4924 display opposite effects on TPA-mediated or SB-mediated lytic
reactivation in KSHV-infected cells. Understanding the detailed actions of MLN4924 in
the onset or progression of the KSHV lytic program may be helpful in obtaining clues
to further elucidate the complicated control mechanisms of the viral lytic cycle.

RESULTS
Induction of KSHV lytic gene expression in PEL cells by MLN4924. To determine

whether MLN4924 induces viral lytic gene expression in infected cells, three primary
effusion lymphoma (PEL) cell lines, including BCP1, BCBL1, and BC3, were used in the
analysis. Since the optimal time points for viral early lytic protein expression in BCP1,
BCBL1, and BC3 cells are known to be either 24 or 48 h after treatment with TPA or SB
(34), we evaluated the effect of MLN4924 on viral lytic reactivation in these PEL cells at
either 24 or 48 h posttreatment. Treatment of BCP1, BCBL1, or BC3 cells with increasing
amounts (0.3, 1.0, 2.0, and 5.0 �M) of MLN4924 substantially induced the expression of
viral lytic proteins, including ORF50, K8, and ORF45 (Fig. 1A to C). Particularly, in BCP1
and BCBL1 cells, we found that the ability of MLN4924 at high concentrations to induce
viral lytic protein expression was similar to that of TPA (Fig. 1A and B). Although the
lysis-inducing ability of MLN4924 was lower than that of SB in BC3 cells, MLN4924
treatment promoted viral lytic protein expression in a dose-dependent manner (Fig.
1C). These results indicated that MLN4924 indeed triggers viral reactivation in PEL cells.

Effects of MLN4924 on the expression of viral and cellular transcriptional
regulators. As shown above, MLN4924 treatment disrupted viral latency and led to
viral lytic gene expression in PEL cells. This observation raised the possibility that
treatment of these PEL cells with MLN4924 might cause deregulation of specific viral or
cellular transcriptional factors that are required for ORF50 gene expression. To test this
possibility, we examined the protein expression of LANA, RBP-J�, KAP1, Nrf2, HIF-1�,

FIG 1 MLN4924 disrupts viral latency in PEL cell lines. Three PEL cell lines, BCP1 (A), BCBL1 (B), and BC3 (C), were
treated with different concentrations (0.3, 1.0, 2.0, and 5.0 �M) of MLN4924. In parallel, cells treated with TPA or
sodium butyrate (SB) were included as positive controls. At 24 or 48 h posttreatment, the expression of viral lytic
proteins, including ORF50, K8, and ORF45, was detected by Western blotting.
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Fos, Jun, and SP1 in BCP1 and BCBL1 cells after MLN4924 treatment (Fig. 2). Western
blot analysis revealed that the steady-state level of LANA was only slightly increased in
BCP1 cells, but not in BCBL1 cells, after exposure to increasing amounts of MLN4924.
Similarly, MLN4924 treatment also did not significantly influence the protein levels of
RBP-J�, KAP1, Fos, and SP1 in BCP1 and BCBL1 cells. However, we found that Nrf2
(especially ubiquitinated Nrf2), HIF-1�, Jun, and phosphorylated Jun (p-Jun) in BCP1
and BCBL1 cells were remarkably increased by MLN4924. These results suggested that
the deregulated Nrf2, HIF-1�, Jun, or p-Jun resulting from MLN4924 exposure might
play critical roles in the induction of the ORF50 gene in BCP1 and BCBL1 cells.

Mapping of MLN4924-responsive elements in the ORF50 promoter. We simul-
taneously examined whether MLN4924 transcriptionally regulates the ORF50 promoter
(ORF50p) in PEL cells. To do this experiment, a luciferase (luc) reporter plasmid
pORF50p(�3801/�10)/luc that contains a 3.8-kb ORF50p region (Fig. 3A) was trans-
fected into BCP1, BCBL1, or BC3 cells. The transfected cells were then treated with
various concentrations of MLN4924 from 0.1 �M to 2.0 �M for 24 h. In all tested PEL
cells, we found that the ORF50p activity was gradually enhanced by increasing amounts
of MLN4924 (Fig. 3B). In agreement with the Western blot analysis shown in Fig. 1, the
increased ORF50p activity caused by MLN4924 in BCP1 and BCBL1 cells was higher than
that in BC3 cells (1.9- to 2.8-fold increase versus 1.1- to 1.8-fold increase). Notably, we
failed to detect activation of the ORF50p reporter construct by MLN4924 in KSHV-
negative cell lines (see below).

To map the MLN4924-responsive element in the ORF50 promoter, a series of
ORF50p deletion constructs were generated (Fig. 3A). The resultant reporter plasmids
were individually transfected into BCP1 or BCBL1 cells, and the transfected cells were
left untreated or treated with 0.3 �M MLN4924 (Fig. 3C). When we deleted the ORF50p
region from �3801 to �1365, we found that this deleted ORF50p reporter construct,
pORF50p(�1365/�10), completely lost its response to MLN4924 in both BCP1 and
BCBL1 cells (Fig. 3C). As noted, there are six RBP-J�-binding sites located in this

FIG 2 Effects of MLN4924 treatment on the expression of viral and cellular transcriptional regulators in PEL
cell lines. Increasing amounts of MLN4924 were used to treat BCP1 and BCBL1 cells for 24 and 48 h,
respectively. The expression levels of viral (ORF50 and LANA) and cellular (RBP-J�, KAP1, Nrf2, HIF-1�, c-Fos,
c-Jun, phosphorylated c-Jun, SP1, and actin) transcriptional regulators were determined by immunoblot-
ting. Ub, ubiquitin.
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promoter region from �3801 to �1365, suggesting that these RBP-J� elements could
have important roles in the induction of ORF50p transcription by MLN4924. Surpris-
ingly, although MLN4924 treatment led to an increase in protein levels of HIF-1�, Jun,
and p-Jun in BCP1 and BCBL1 cells (Fig. 2), the pORF50p(�1365/�10) reporter con-
struct that contains both HIF-1�- and AP1-binding sites could not produce this re-
sponse to MLN4924 (Fig. 3C).

FIG 3 Mapping of the MLN4924-responsive element in the ORF50 promoter. (A) Schematic diagram of the
full-length and deleted ORF50 promoters in reporter constructs. Several known binding sites for transcription
factors in the ORF50 promoter are indicated. (B) Transcriptional activation of the full-length ORF50 promoter
(�3801/�10) by MLN4924 in PEL cells. The pORF50p(�3801/�10)/luc reporter construct was transfected into
different PEL cell lines (BCP1, BCBL1, and BC3), and the transfected cells were left untreated or treated with different
concentrations of MLN4924 for 24 h. The relative luciferase activity of the reporter construct in untreated or
MLN4924-treated cells was measured as described in Materials and Methods. Asterisks indicate significant differ-
ences in results versus those with the untreated control (P � 0.05). (C) Responses of the ORF50p deletion constructs
to MLN4924. BCP1 and BCBL1 cells were transfected with indicated reporter plasmids, and the transfected cells
were left untreated or treated with MLN4924 (0.3 �M). Activation of each deleted ORF50p reporter construct by
MLN4924 was determined at 24 h after MLN4924 treatment. *, P � 0.05, for results compared to those with
pGL3-Basic; #, P � 0.05, for results compared to those with the indicated controls.
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To further confirm the importance of individual binding sites of transcription factors
within the ORF50 promoter in response to MLN4924, three tandem copies of the
RBP-J�-, HIF-1�-, AP1- or SP1-binding element (3�RBP-J�, 3�HIF-1�, 3�AP1, or 3�SP1,
respectively) were inserted into pE4luc, a reporter plasmid with a minimal adenovirus
E4 promoter. In parallel, mutant reporter constructs with point mutations in each
binding element were also generated (Fig. 4). Generally, the constructed reporter
plasmids that encompass wild-type binding elements produced higher basal levels of
luciferase activity in cells than their corresponding mutant plasmids or the control
vector pE4luc (Fig. 4). When these reporter plasmids were analyzed for their MLN4924
responsiveness in BCP1 or BCBL1 cells, we found that MLN4924 activated only the
3�RBP-J�-containing reporter construct but not the reporter constructs that encom-
pass its corresponding mutated element (Fig. 4A) or the HIF-1�-, AP1-, or SP1-binding
element (Fig. 4B and C). Particularly, one single copy of the RBP-J�-binding element was
sufficient to produce the response to MLN4924 (Fig. 4A, 1�RBP-J�). Since the cloned
HIF-1�-binding element from the ORF50 promoter did not produce the response to
MLN4924 in PEL cells (Fig. 4B, 3�HIF-1�), we additionally tested a consensus HIF-1�

response element (cHIF-1�) for its MLN4924 responsiveness (Fig. 4B). Similarly,
MLN4924 treatment still could not mediate activation of the cHIF-1�-containing re-
porter construct (Fig. 4B, cHIF-1�). Our results therefore indicated that the RBP-J�-
binding motifs in the ORF50 promoter are the MLN4924-responsive element in PEL
cells.

Involvement of LANA in MLN4924-mediated ORF50p activation. Although
MLN4924 substantially induced the ORF50 promoter in PEL cells (Fig. 3), we detected
no activation of the ORF50p-directed reporter constructs by MLN4924 in 293T or
HKB5/B5 cells, two KSHV-negative cell lines (Fig. 5A and data not shown). Two possi-
bilities could be proposed to explain these results. One possibility is that 293T or
HKB5/B5 cells could not respond to MLN4924 treatment; the other possibility is that
activation of the ORF50 promoter by MLN4924 might require the expression of specific
viral factors. The former hypothesis seemed unlikely because MLN4924 treatment
normally increased the protein levels of Nrf2, HIF-1�, Jun, and p-Jun in 293T and
HKB5/B5 cells (Fig. 5B and data not shown). In connection with the latter hypothesis,
two viral proteins including LANA and ORF50 were considered because both viral
proteins are known to antagonistically regulate the ORF50 promoter via RBP-J�-binding
sites (18, 25, 27). To test the potential involvement of ORF50 and LANA in MLN4924-
mediated ORF50p activation, we cotransfected the reporter construct pORF50p(�3801/
�10)/luc with the expression plasmid for LANA or ORF50 into 293T cells. Although
ORF50 expression indeed increased the reporter activity of pORF50p(�3801/�10)/luc
in 293T cells up to 6-fold, MLN4924 treatment could not further augment the already
elevated reporter activity (data not shown). In contrast, we found that LANA expression
reduced the basal reporter activity of pORF50p(�3801/�10)/luc by 55% in 293T cells;
however, treatment with MLN4924 under such a condition restored ORF50p activity
(Fig. 5C). To further confirm the importance of LANA in MLN4924-mediated ORF50p
activation, different ORF50p deletion reporter constructs were tested for their MLN4924
responsiveness in 293T cells by cotransfection with the LANA expression plasmid (Fig.
5D). We found that activation patterns of these ORF50p deletion constructs by
MLN4924 in the LANA-transfected 293T cells were very similar to those observed in PEL
cells (compare Fig. 3C and 5D). Moreover, we also demonstrated that LANA was
required for activation of the 3�RBP-J�-containing reporter construct by MLN4924 in
293T cells (Fig. 5E). Taken together, our results strongly suggested that activation of the
ORF50 promoter by MLN4924 involves the relief of the LANA/RBP-J�-mediated tran-
scriptional repression.

Neddylation of LANA in cells. Since the levels of LANA and RBP-J� proteins were
not significantly changed after treatment with MLN4924 in PEL cells, we therefore
tested whether LANA could be a neddylated protein and whether MLN4924 treatment
could inhibit LANA neddylation. Accordingly, 293T cells were cotransfected with the
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plasmids that express FLAG-tagged LANA (F-LANA) and/or hemagglutinin (HA)-tagged
NEDD8 (HA-NEDD8), and the transfected cells were left untreated or treated with
MLN4924 (2 �M) for 24 h. Notably, although MLN4924 treatment greatly reduced
conjugation of HA-NEDD8 to target proteins in cells (Fig. 6A, graph a, compare lanes 4

FIG 4 The RBP-J�-binding motifs in the ORF50 promoter critically confer MLN4924 responsiveness. (A) Responses
of 1�RBP-J�- and 3�RBP-J�-containing reporter constructs to MLN4924. One or three copies of a RBP-J� element
or its mutant element (mt) were constructed into pE4luc (E4). The indicated reporter plasmids were individually
transfected into BCP1 and BCBL1 cells, and the relative reporter activation by MLN4924 (0.3, 1.0, and 2.0 �M) was
measured at 24 h posttreatment. Asterisks indicate significant difference in results versus those with the untreated
control (P � 0.05). (B) MLN4924 responsiveness of the reporter plasmids containing an HIF-1�-binding element
from the ORF50 promoter or a consensus HIF-1�-responsive element (cHIF-1�). 3 � HIF-1�, three copies of viral
HIF-1�-binding element from the ORF50 promoter; 3�cHIF-1�, three copies of a consensus HIF-1� response
element. (C) Responses of AP1- and SP1-containing reporter constructs to MLN4924. 3�AP1, three copies of an
AP1-binding element from the ORF50 promoter; 3�SP1, three copies of an SP1-binding element from the ORF50
promoter. The dashed horizontal lines on the graphs indicate that the reporter activation was maintained at the
uninduced level.
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and 5), we did not find more free HA-NEDD8 (12 kDa) in MLN4924-treated cells than in
untreated cells (Fig. 6A, graph a, compare lanes 4 and 5). The explanation of this
outcome could be that MLN4924 treatment profoundly impaired the expression of
HA-NEDD8 from the transfected expression vector or promoted the degradation of free

FIG 5 MLN4924 relieves LANA-mediated repression of the ORF50 promoter in 293T cells. (A) MLN4924 responsiveness
of the ORF50p-driven reporter constructs in 293T cells. 293T cells were transfected with the indicated reporter
plasmids and then left untreated or treated with MLN4924 (1.0 �M) for 24 h. The fold activation of these reporter
constructs by MLN4924 was determined as the luciferase activity in the presence of MLN4924 divided by luciferase
activity in the absence of MLN4924. (B) Western blot analysis of specific cellular transcription factors expressed in 293T
cells after treatment with MLN4924 (0.3, 1.0, 2.0, and 5.0 �M) for 24 h. (C) Involvement of LANA in the MLN4924-
mediated ORF50p activation in 293T cells. The pORF50p(�3801/�10)/luc reporter construct or the pGL3-Basic
reporter vector was cotransfected with the empty vector or the LANA expression plasmid into 293T cells. The
transfected cells were left untreated or treated with MLN4924 (1.0 �M) for 24 h. The luciferase activity of
pORF50p(�3801/�10)/luc under different treatment conditions was measured relative to the activity of the empty
reporter vector pGL3-Basic. *, P � 0.05, for results compared to those with the indicated controls. (D) MLN4924
responsiveness of the ORF50p reporter constructs in LANA-transfected 293T cells. The indicated reporter constructs
were individually cotransfected with the LANA expression plasmid into 293T cells, and their MLN4924 responsiveness
was determined in these transfected cells after treatment with MLN4924 (1.0 �M) for 24 h. *, P � 0.05, for results
compared to those with pGL3-Basic; #, P � 0.05, for results compared to those with the indicated controls. (E)
Activation of the 3�RBP-J�-containing reporter construct by MLN4924 in LANA-transfected 293T cells. *, P � 0.05, for
results compared to those with pE4luc.
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FIG 6 LANA is naturally modified with NEDD8 in cells. (A) Neddylation of LANA in 293T cells. 293T cells were transfected with the indicated
plasmids expressing HA-NEDD8 or F-LANA and left untreated or treated with MLN4924 (2.0 �M) for 24 h. Cell samples were then subjected
to immunoprecipitation (IP) and immunoblot (IB) analysis. (B) Neddylation of LANA in 293T(BAC16) cells. 293T(BAC16) cells were transfected
with the expression plasmid for HA-NEDD8 and cultured in medium with or without MLN4924 (2.0 �M) for 24 h. Cell lysates were
immunoprecipitated using anti-LANA antibody, and the resultant immunoprecipitates were analyzed by immunoblotting using antibodies
against LANA, HA, and NEDD8. (C) Neddylation of LANA in BCBL1 cells. BJAB and BCBL1 cells were left untreated or treated with MLN4924
(2.0 �M) for 24 h. After cell lysates were immunoprecipitated with anti-LANA antibody, the immunoprecipitated proteins were probed with
anti-LANA and anti-NEDD8 antibodies. Arrows indicate the positions of the neddylated LANA.
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HA-NEDD8 in cells. Cell lysates were immunoprecipitated with anti-FLAG antibody, and
then the immunoprecipitates were immunoblotted with anti-FLAG or anti-HA antibody
(Fig. 6A, graph b). Similar amounts of F-LANA were immunoprecipitated in all F-LANA-
transfected cell samples, irrespective of the presence or absence of HA-NEDD8 or
MLN4924 (Fig. 6A, graph b, top panel). Immunoblotting analysis using anti-HA antibody
showed that a band corresponding to the full-length F-LANA (�230 kDa) was detected
only in the immunoprecipitate from the F-LANA/HA-NEDD8-cotransfected, MLN4924-
untreated cell sample (Fig. 6A, graph b, lane 4). However, such a protein band could not
be observed in the immunoprecipitates from the F-LANA-transfected cell sample (Fig.
6A, graph b, lane 3) and from the F-LANA/HA-NEDD8-cotransfected, MLN4924-treated
cell sample (Fig. 6A, graph b, lane 5). These results indicated that LANA could be a
neddylated protein.

To further confirm our findings, 293T(BAC16) cells (where BAC16 is bacterial artificial
chromosome 16 carrying the KSHV genome) that were transfected with the HA-NEDD8
expression plasmid were subjected to immunoprecipitation with anti-LANA antibody
(Fig. 6B). The resultant immunoprecipitates were subsequently analyzed by immuno-
blotting using antibodies against LANA, HA, and NEDD8. We consistently found that
endogenous LANA in 293T(BAC16) cells was neddylated, as detected in immunoblot
analysis using anti-HA or anti-NEDD8 antibody (Fig. 6B, graphs b and c, lanes 3).
Importantly, treatment of the transfected 293T(BAC16) cells with MLN4924 markedly
reduced LANA neddylation (Fig. 6B, graphs b and c, lanes 4). Moreover, LANA neddy-
lation was also examined in BCBL1 cells. After immunoprecipitation using anti-LANA
antibody, we found that endogenous LANA in BCBL1 cells was also neddylated, as
demonstrated by immunoblotting using anti-NEDD8 antibody (Fig. 6C, graph b, lane 7).
Consistently, MLN4924 treatment resulted in a decrease of LANA neddylation in BCBL1
cells (Fig. 6C, graph b, lane 8).

Effects of MLN4924 on the progression of KSHV lytic reactivation. To determine
whether MLN4924 was sufficient to drive the entire KSHV lytic cycle to completion in
PEL cells, the expression levels of viral immediate early, early, and late proteins were
examined in PEL cell lines after treatment with MLN4924 at either 0.3 �M (low
concentration) or 2 �M (high concentration). In parallel, PEL cells that were treated with
TPA or SB were included as positive controls. The immediate early and early lytic
proteins, including ORF50, ORF45, and K8, were evidently detected in all tested PEL cell
lines after treatment with either 0.3 �M or 2 �M MLN4924 (Fig. 7A to C). Compared to
results of TPA treatment in BCP1 cells or SB treatment in BC3 cells, MLN4924 treatment
in these cells resulted in a delayed induction of ORF50, ORF45, and K8, with the
maximal protein level at 48 h posttreatment (Fig. 7A and C). Although MLN4924
substantially induced ORF50, ORF45, and K8 in all tested PEL cells, the expression level
of the late lytic protein K8.1 was very low or undetectable in these MLN4924-treated
cells (Fig. 7A to C). For example, in BCBL1 cells, the maximal induction of ORF50, ORF45,
and K8 by MLN4924 at 0.3 �M or 2 �M was up to 30 to 35% of the maximal levels of
their corresponding proteins induced by TPA. However, the maximal level of K8.1
induced by MLN4924 in BCBL1 cells was less than 5% of the maximal K8.1 induction by
TPA (Fig. 7B). Similar effects of MLN4924 on the induction of these viral lytic proteins
were also seen in BC3 cells (Fig. 7C). These results indicated that MLN4924 has profound
effects on the progression of the KSHV lytic program. During the course of experiments,
we unexpectedly found that even treatment of BCP1 cells with TPA could not induce
K8.1 expression (Fig. 7A), suggesting that certain viral or cellular factors essential for the
progression of the viral lytic cycle cascade might be defective in BCP1 cells.

To further verify the action of MLN4924 in the progression of the KSHV lytic cycle,
the expression of K8.1 and the release of virus particles were evaluated in PEL cells after
treatment with different concentrations of MLN4924 (0.1 �M to 5.0 �M) for 3 days (Fig.
8). Compared to TPA or SB treatment in PEL cells, MLN4924 treatment at either
concentration did not cause a significant induction of K8.1 expression (Fig. 8A to C).
Similarly, the release of virus particles from these MLN4924-treated PEL cells was also
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detected at the background level (Fig. 8D to F). All of these experiments supported the
idea that MLN4924 treatment triggers the onset of viral reactivation but impairs the
later stages of the viral lytic cycle. To determine whether the inefficient induction of
K8.1 expression and viral particle release were due to rapid cell death caused by
MLN4924, the proteolytic cleavage of both poly(ADP-ribose) polymerase (PARP) and

FIG 7 Treatment of PEL cells with MLN4924 triggers the expression of early lytic proteins but not the late lytic protein K8.1. MLN4924 (MLN) at 0.3 �M or 2.0
�M was used to treat BCP-1 (A), BCBL1 (B), and BC3 (C) cells. At different time points (1, 2, and 3 days) after treatment, the expression levels of viral lytic proteins
in these PEL cell lines were determined by Western blotting. In parallel, cell samples treated with TPA or SB were also included as positive controls. Bar graphs
show densitometry quantification of the maximal expression level of each viral lytic protein induced by MLN4924 (0.3 or 2.0 �M) relative to that induced by
TPA or SB. As noted, K8.1 protein expression was undetectable in BCP1 cells even after treatment with TPA. The dashed horizontal lines on the graphs represent
the average expression levels of ORF50, ORF45, and K8 induced by MLN4924 in PEL cells. Asterisks indicate significant difference between K8.1 induction and
induction of other viral lytic proteins after MLN4924 treatment (P � 0.05). ND, not detected.
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FIG 8 The blockage of KSHV lytic progression by MLN4924 is not due to cellular cytotoxicity. (A to C) Western blot detection of K8.1 as well as cleaved PARP
and caspase-3 in BCP1, BC3, and BCBL1 cells that were treated with various concentrations of MLN4924 (0.1, 0.3, 1, 2, or 5 �M) for 3 days. In the experiments,
PEL cells treated with TPA or SB served as controls. As noted, there are two cleaved PARP fragments (89 and 50 kDa; asterisks) produced in treated cells.
(D to F) Quantitative analysis of virus particles from culture supernatants of BCP1, BC3, and BCBL1 cells after treatment with MLN4924, TPA, or SB for 3 days.
(G to I) Effects of different concentrations of MLN4924 on cell proliferation of BCP1, BC3, and BCBL1 cells. After PEL cells were left untreated or treated with
MLN4924 at the indicated concentrations or with TPA or SB, cell proliferation was measured by XTT assay. DMSO, dimethyl sulfoxide.
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caspase-3 as well as cell viability was assessed in these PEL cells. According to Western
blot analysis of the cleavage of both PARP and caspase-3 (Fig. 8A to C) and the cell
viability assay (Fig. 8G to I), we found that MLN4924 at all tested concentrations (0.1 �M
to 5.0 �M) in PEL cells generally displayed lower toxicity than TPA or SB (Fig. 8G to I).
Notably, in contrast to results in untreated control cells, we found that treatment of
these PEL cell lines with low concentrations (0.1 or 0.3 �M) of MLN4924 significantly
elicited a transient increase in cell proliferation over a period of 1 to 2 days (Fig. 8G
to I).

Concentration-dependent biphasic effects of MLN4924 on TPA-mediated or SB-
mediated KSHV reactivation. As described above, MLN4924 alone initiated viral lytic
gene expression but impaired the later lytic progression. To investigate whether
MLN4924 antagonistically influences TPA- or SB-mediated viral reactivation, we treated
BCBL1 and BC3 cells with TPA and SB, respectively, along with different concentrations
(0.1, 0.3, 1.0, or 2.0 �M) of MLN4924 for 3 days. In the experiments, we found that the
increasing concentrations of MLN4924 partially enhanced TPA- or SB-mediated cell
apoptosis in BCBL1 and BC3 cells, as detected by cleavage of both PARP and caspase-3
(Fig. 9A and B). When K8.1 expression was examined in these treated cells, we found
that low concentrations (0.1 and 0.3 �M) of MLN4924 substantially enhanced the levels
of K8.1 in TPA-treated BCBL1 cells and in SB-treated BC3 cells (Fig. 9A and B). However,
higher concentrations (1.0 and 2.0 �M) of MLN4924 conversely repressed K8.1 expres-
sion in TPA-treated BCBL1 cells and in SB-treated BC3 cells (Fig. 9A and B). Similar
concentration-dependent biphasic actions of MLN4924 were also observed when the
release of virus particles was measured from cultured BCBL1 cells that were treated with
TPA and MLN4924 and from BC3 cells that were treated with SB and MLN4924 (Fig. 9C
and D). To further examine the biphasic regulatory mechanisms of MLN4924 in TPA- or
SB-mediated KSHV reactivation, time course experiments were performed to analyze
the expression of viral lytic proteins in BCBL1 cells or BC3 cells. As expected, treatment
of BCBL1 cells or BC3 cells with MLN4924 alone at 0.1 �M (low concentration) or 2.0 �M
(high concentration) elicited only a mild increase in viral lytic protein expression
compared to levels induced by TPA or SB (Fig. 9E and F). When BCBL1 cells were treated
with the combination of 0.1 �M MLN4924 and TPA, all tested viral lytic proteins
(including ORF50, K8, ORF45, and K8.1) were expressed at higher levels than those in
cells treated with TPA alone (Fig. 9E, left panel, and G). Although treatment of BCBL1
cells with the combination of 2.0 �M MLN4924 and TPA also promoted higher levels of
ORF50, K8, and ORF45 than those in TPA-treated BCBL1 cells, we found that K8.1
expression was substantially lower in MLN4924 (2.0 �M)/TPA-treated cells than in
TPA-treated cells (Fig. 9E, right panel, and G). On the other hand, in BC3 cells, the
combined treatment of SB and 0.1 �M MLN4924 maintained lytic protein expression at
higher levels than those in cells treated with SB alone during lytic reactivation (Fig. 9F,
left panel, and H). Unlike what we observed in BCBL1 cells, the combined treatment of
2.0 �M MLN4924 and SB in BC3 cells caused nearly complete loss of viral lytic protein
induction (Fig. 9F, right panel, and H). Based on these results, we concluded that
different concentrations of MLN4924 exhibit opposite effects on TPA-mediated or
SB-mediated lytic replication in PEL cell lines. Moreover, MLN4924 may use distinct
regulatory mechanisms to modulate viral reactivation in TPA-treated and SB-treated
PEL cells.

DISCUSSION

In this report, we investigate the molecular mechanisms of action of MLN4924 in the
onset and progression of KSHV reactivation in PEL cells. There are five major conclu-
sions in the study. First, we confirm that MLN4924 is capable of inducing viral lytic gene
expression in different PEL cell lines. Second, we find that MLN4924 activates ORF50
gene transcription in KSHV-infected PEL cells and that the RBP-J�-binding sites within
the ORF50 promoter are the MLN4924-responsive element. Third, we show that LANA
is involved in MLN4924-mediated ORF50p activation. Mechanistic studies reveal that
MLN4924 functions to relieve LANA-dependent repression of ORF50p transcription.
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FIG 9 MLN4924 exhibits concentration-dependent biphasic actions in viral lytic-cycle activation in TPA-treated BCBL1 cells and in SB-treated BC3 cells. (A and
B) BCBL1 and BC3 cells were treated with TPA and SB, respectively, in combination with various concentrations (0, 0.1, 0.3, 1, and 2 �M) of MLN4924. After 3
days of treatment, treated samples were analyzed for K8.1 expression and both cleaved PARP and caspase-3. As noted, there are two cleaved PARP fragments
(89 and 50 kDa; asterisks) detected in treated cells. (C and D) The amounts of virus particles released from the above treated cell samples were measured by
quantitative PCR. (E) Kinetics of viral lytic protein expression in BCBL1 cells that were treated with MLN4924 (0.1 or 2.0 �M), TPA, or the combination of MLN4924
(0.1 or 2.0 �M) and TPA. The expression levels of viral lytic proteins were examined by Western blotting using the indicated antibodies. (F) Western blot analysis
of viral lytic protein expression in BC3 cells that were treated with MLN4924 (0.1 or 2.0 �M), SB, or the combination of MLN4924 (0.1 or 2.0 �M) and SB. (G

(Continued on next page)
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Fourth, we reveal that LANA is a NEDD8-modified protein. To the best of our knowl-
edge, this is the first report describing NEDD8 modification in viral proteins. Last, we
reveal that MLN4924 has concentration-dependent biphasic effects on TPA- or SB-
mediated lytic reactivation in PEL cells. These findings may potentially provide further
insights into the regulation of KSHV lytic cycle activation and may have important
implications for clinical trial design if MLN4924 is used in combination therapies.

Consistent with previous observations from Hughes et al. (33), we here showed that
MLN4924 alone significantly induces the expression of the immediate early and early
lytic proteins (ORF50, K8, and ORF45) in three PEL cell lines; however, only very low
levels of K8.1 expression and viral particle release were produced from these MLN4924-
treated cells (Fig. 1, 7, and 8). This uncoupling of action of MLN4924 in viral early lytic
protein expression (including ORF50, K8, and ORF45) and in the progression of the later
lytic events (K8.1 expression and virus release) may be due to the blockade of viral lytic
DNA replication by MLN4924, as suggested by Hughes et al. (33). In order to elucidate
the molecular mechanism by which MLN4924 promotes viral reactivation, we focused
our studies on the transcriptional regulation of the ORF50 gene, a key viral immediate
early gene (15, 16). Since MLN4924 inactivates CRLs, specific transcription factors that
are known to modulate ORF50p transcription could be accumulated in PEL cells
following MLN4924 treatment (Fig. 2). Not surprisingly, the levels of some tested
transcription factors such as c-Jun and HIF-1� were elevated in PEL cells after exposure
to MLN4924. However, transient reporter analysis revealed that the increased levels of
c-Jun or HIF-1� caused by MLN4924 seemed not to be essential for ORF50p activation
(Fig. 3 and 4). These results indicate that MLN4924 treatment may profoundly influence
the activity of these tested transcription factors, probably due to improper posttrans-
lational modifications of these transcription factors or dysregulation of other essential
coactivator proteins in PEL cells. Although the levels of RBP-J� protein remained
unchanged in PEL cells after treatment with MLN4924, the MLN4924-responsive ele-
ment was mapped to RBP-J�-binding sites within the ORF50 promoter in PEL cells (Fig.
3 and 4). Intriguingly, we did not detect activation of the ORF50 promoter by MLN4924
in KSHV-negative cells, suggesting that viral factors may be required for MLN4924-
mediated ORF50p activation.

Two viral transcription factors including ORF50 and LANA, which interact with
RBP-J� (18, 25, 27), were subsequently included in our list of potential regulators
involved in MLN4924-mediated activation of the ORF50 promoter. We ruled out the
involvement of ORF50 in MLN4924-mediated ORF50p activation because MLN4924
could not increase autostimulation of the ORF50 promoter in KSHV-negative cell lines
(data not shown). However, we did find that the ORF50p reporter construct could be
reactivated by MLN4924 in KSHV-negative cells after cotransfection with a LANA
expression plasmid (Fig. 5C and D). Mechanistically, we showed that MLN4924 acts to
relieve the repressive effect of LANA on ORF50p transcription. Since MLN4924 treat-
ment did not substantially affect the expression level of LANA in PEL cells or in 293T
cells, the reduced activity of LANA in repressing the ORF50p transcription caused by
MLN4924 could be due to alteration of LANA’s posttranslational modifications or
dysfunction of LANA-associated coregulators (5, 35). In the latter case, we did not find
a significant change in levels of LANA-interacting transcription factors such as RBP-J�

and KAP1 in PEL cells or in 293T cells after MLN4924 treatment (Fig. 2 and 5). In the
former case, we did find that LANA is a neddylated protein in cells and could be
deneddylated after treatment with MLN4924. These findings suggest that the neddy-
lation status of LANA may be one of the key determinants controlling the assembly of
the repressive complex on the ORF50 promoter. At present, several questions still need
to be clarified to support the proposed hypothesis. First, it would be important to map

FIG 9 Legend (Continued)
and H) Densitometry quantification of viral lytic protein expression under different treatment conditions in BCBL1 cells and in BC3 cells. The dashed vertical
lines on the graphs are used to separate the expression patterns of viral lytic proteins induced by 2.0 �M MLN4924 along with TPA or SB in BCBL1 cells or in
BC3 cells from those induced by other treatment combinations.
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the neddylation sites in LANA and make neddylation-deficient LANA mutants. The use
of neddylation-deficient LANA mutants may help us clarify the role of LANA neddyla-
tion in the repression of the ORF50p transcription. Second, due to the fact that LANA
is capable of interacting with cellular MDM2 (36, 37), an E3 ligase for ubiquitin and
NEDD8 (38, 39), in infected cells, it would be interesting to investigate whether MDM2
can directly mediate neddylation of LANA. Third, in addition to ORF50p transcriptional
regulation, it is also relevant to distinguish whether neddylation of LANA is associated
with LANA’s other regulatory functions, such as latent viral DNA replication and
segregation in infected cells (7).

Emerging evidence has shown that MLN4924 is an anti-cancer drug effective against
various types of human malignancies (28, 32). Due to the importance of the ubiquitin
proteasome system in normal or cancer cells, a complete inactivation of CRLs by
MLN4924 at high concentrations would severely influence cellular homeostatic balance
and eventually induce cell death. However, partial inhibition of CRLs by MLN4924 at
relatively low concentrations may potentially exert the opposite effects on cell growth
in different cell types (40). As noted above, in cell proliferation assays we found that all
three PEL cell lines treated with MLN4924 at low concentrations (0.1 and 0.3 �M)
actually showed an increased growth rate at the early time points (1 or 2 days
posttreatment) compared to the rate of untreated control cells (Fig. 8G to I). However,
when these PEL cells were treated with higher concentrations (1 to 5 �M) of MLN4924,
the cell viability of these treated cells was gradually reduced in a concentration-
dependent manner (Fig. 8G to I). These results indicate that the different extents of
protein deneddylation caused by MLN4924 may produce profound effects on multiple
cellular activities. As with several anti-cancer drugs, MLN4924 is proposed to treat
diseases or cancers in combination with other therapeutic agents (41, 42). Here, we
unexpectedly found that MLN4924 possesses concentration-dependent biphasic ac-
tions in TPA- or SB-mediated viral lytic replication in PEL cells. Although the underlying
regulatory mechanisms operated by MLN4924 in both TPA-treated and SB-treated PEL
cells could be different, we consistently found that low concentrations (0.1 to 0.3 �M)
of MLN4924 have a promoting effect on TPA- or SB-mediated viral reactivation in PEL
cells, whereas high concentrations (�1.0 �M) of MLN4924 significantly inhibit the
completion of TPA- or SB-mediated viral reactivation. According to our findings, it is
important that different concentrations of MLN4924 in combination with other chem-
ical or biological stimuli (or other therapeutic agents) may potentially produce very
distinct effects on the progression of the KSHV lytic program. We therefore propose
that, in clinical use, the dosage selection of MLN4924 in combination therapy should be
cautious regarding the treatment of patients who are positive for KSHV.

MATERIALS AND METHODS
Cell cultures, reagents, and transfections. All PEL cell lines, including BCBL1 (8), BCP1 (43), and BC3

(44), were grown in RPMI 1640 medium supplemented with 15% fetal bovine serum (FBS). 293T cells (45)
were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
FBS. 293T(BAC16) cells with the KSHV genome carried on BAC16 (34) were maintained in DMEM
containing 10% FBS and hygromycin at 200 �g/ml. BJAB, a KSHV-negative B cell lymphoma cell line (46),
was maintained in RPMI 1640 medium with 10% FBS. For viral lytic induction, BCBL1 and BCP1 cells were
treated with TPA (30 ng/ml), while BC3 cells were treated with sodium butyrate (3 mM) or TPA (30 ng/ml).
All PEL cell lines were routinely verified based on their cell morphology, the stable maintenance of the
KSHV genome, and their expression profiling of viral lytic genes during KSHV lytic cycle induction.
Additionally, under the normal condition, cell cultures were tested for mycoplasma contamination at
regular intervals (every 6 months) by PCR (Venor GeM mycoplasma PCR detection kit; Minerva Biolabs)
in the laboratory. MLN4924 was obtained from Active Biochem (A-1139; Maplewood, NJ). Transfection
experiments were performed using Lipofectamine 2000 according to the manufacturer’s instructions
(Invitrogen).

Western blot analysis. Western blot analysis was carried out as described previously (47). Briefly,
protein samples were resolved on an 8% to 12% polyacrylamide gel and then transferred onto a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad) where the target protein was probed with a
specific antibody. All Western blot analyses done in the study were performed using at least two
independent sets of cell lysates, and similar results were obtained across all experiments. The anti-ORF50
antibody was generated as described previously (48). Antibodies to FLAG (A8592; Sigma), K8 (sc-57889;
Santa Cruz), ORF45 (sc-53883; Santa Cruz), K8.1 (sc-65446; Santa Cruz), LANA (13-210-100; Advanced
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Biotechnologies), RBP-J� (sc-271128; Santa Cruz), KAP1 (ab-22553; Abcam), Nrf2 (sc-722; Santa Cruz),
HIF-1� (610958; BD Biosciences), Fos (sc-52; Santa Cruz), Jun (sc-1694; Santa Cruz), phospho-Jun (13-2100;
Advanced Bioteck, Inc.), SP1 (CS200631; Millipore), hemagglutinin (901501; BioLegend), NEDD8 (PA5-
17476; Thermo Fisher), cullin 1 (sc-11384; Santa Cruz), PARP (9532; Cell Signaling), cleaved caspase-3
(9664; Cell Signaling), and actin (sc-47778; Santa Cruz) were purchased commercially.

Plasmid construction. The pORF50p(�3801/�10)/luc reporter plasmid that contains the ORF50
promoter from �3801 to �10 was described previously (47). To construct ORF50 promoter deletion
mutants shown in Fig. 3A, the indicated regions of the ORF50 gene promoter were amplified by PCR and
cloned into pGL3-Basic (Promega). To further define the MLN4924 response elements, single or triple
copies of specific transcription factor-binding motifs were cloned into pE4luc (49), a reporter plasmid
containing a minimal adenovirus E4 promoter. The LANA expression vector was constructed by inserting
a PCR-amplified LANA-coding gene fragment into pFLAG-CMV-2 (Sigma) at EcoRI and XbaI sites. The PCR
primers used for amplification of the LANA-coding gene fragment were 5=-TTTGAATTCGATGGCGCCCC
CGGGAATGCGCCT and 5=-AGGTCTAGAGGTGTGGCTTTTATGTCATTTCCT. The pCMV-HA-NEDD8 expres-
sion vector was obtained from OriGene (Rockville, MD).

Luciferase reporter assay. Cells (7 � 105) were transfected with a fixed amount (0.8 �g) of plasmid
DNA. The reporter assays were performed according to the manufacturer’s protocol for the luciferase
reporter assay system (Promega). Fold activation was calculated as luciferase activity in the presence of
MLN4924 divided by that in the absence of MLN4924. The value of fold activation represents at least
three independent experiments, with duplicate samples in each transfection.

Analysis of LANA neddylation. 293T or 293T(BAC16) cells that were transfected with the plasmids
indicated in Fig. 6A and B were cultured in medium with or without MLN4924. In similar experiments,
BCBL1 and BJAB cells were also left untreated or treated with MLN4924. At 24 h posttreatment, cells were
harvested and lysed in 300 �l of the lysis buffer, a solution obtained by mixing buffer I (5% SDS, 150 mM
Tris-HCl [pH 6.7], 30% glycerol) and buffer II (25 mM Tris-HCl [pH 8.2], 50 mM NaCl, 0.5% NP-40, 0.1%
sodium azide, 0.1% SDS) in a ratio of 1:3 (50, 51). After sonication and incubation at 4°C for 10 min,
supernatants were collected by centrifugation and diluted with 1,800 �l of phosphate-buffered saline
containing 0.5% Nonidet P-40. Immunoprecipitation was performed by mixing protein lysates with
anti-FLAG antibody (A8592; Sigma-Aldrich) or anti-LANA antibody (13-210-100; Advanced Biotechnolo-
gies) for 2 h at 4°C. The protein mixtures were then incubated with protein A/G-agarose beads (Upstate)
for another 1.5 h at 4°C. Bound proteins were analyzed by immunoblotting.

Quantification of viral particles. Culture supernatants were collected from BCP1, BC3, or BCBL1 cells
that were left untreated or treated with MLN4924 or other lysis-inducing agents for 3 days. To remove
contaminating DNA, culture supernatants were treated with DNase I (30 units/ml) for 1 h. The reaction
was stopped by EDTA (5 mM), and samples were further treated with 0.1% SDS and 100 �g/ml proteinase
K at 37°C overnight. Viral DNA extraction and a subsequent quantitative TaqMan PCR were performed as
described in our previous study (34).

Cell proliferation assay. Cell proliferation was assessed by XTT {2,3-bis (2-methoxy-4-nitro-5-
sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide} assay (Roche) according to the man-
ufacturer’s instructions. Briefly, absorbance of the converted dye was measured at a wavelength of 450
nm using a microtiter plate reader. A reference wavelength of 630 nm was used to assess nonspecific
readings. Duplicate samples were analyzed for each cell line, and each experiment was repeated at least
twice.

ACKNOWLEDGMENTS
This work was supported by MOST grant 105-2320-B-182-013 from the Ministry

of Science and Technology of Taiwan (to P.-J.C.) and by medical research grants
CMRPD6E0012 (to P.-J.C.), CMRPD6F0022 (to P.-J.C.), CMRPG6C0292 (S.-S.W.), and
CMRPG6E0251-2 (S.-S.W.) from Chang-Gung Memorial Hospital at Chaiyi, Taiwan.

REFERENCES
1. Cesarman E, Chang Y, Moore PS, Said JW, Knowles DM. 1995. Kaposi’s

sarcoma-associated herpesvirus-like DNA sequences in AIDS-related
body-cavity-based lymphomas. N Engl J Med 332:1186 –1191. https://
doi.org/10.1056/NEJM199505043321802.

2. Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, Knowles DM, Moore
PS. 1994. Identification of herpesvirus-like DNA sequences in AIDS-
associated Kaposi’s sarcoma. Science 266:1865–1869. https://doi.org/10
.1126/science.7997879.

3. Soulier J, Grollet L, Oksenhendler E, Cacoub P, Cazals-Hatem D, Babinet
P, d’Agay MF, Clauvel JP, Raphael M, Degos L, Sigaux F. 1995. Kaposi’s
sarcoma-associated herpesvirus-like DNA sequences in multicentric
Castleman’s disease. Blood 86:1276 –1280.

4. Dourmishev LA, Dourmishev AL, Palmeri D, Schwartz RA, Lukac DM.
2003. Molecular genetics of Kaposi’s sarcoma-associated herpesvirus
(human herpesvirus-8) epidemiology and pathogenesis. Microbiol
Mol Biol Rev 67:175–212. https://doi.org/10.1128/MMBR.67.2.175-212
.2003.

5. Uppal T, Banerjee S, Sun Z, Verma SC, Robertson ES. 2014. KSHV LANA—
the master regulator of KSHV latency. Viruses 6:4961– 4998. https://doi
.org/10.3390/v6124961.

6. Neipel F, Albrecht JC, Fleckenstein B. 1997. Cell-homologous genes in
the Kaposi’s sarcoma-associated rhadinovirus human herpesvirus 8: de-
terminants of its pathogenicity? J Virol 71:4187– 4192.

7. Wei F, Gan J, Wang C, Zhu C, Cai Q. 2016. Cell cycle regulatory functions
of the KSHV oncoprotein LANA. Front Microbiol 7:334. https://doi.org/
10.3389/fmicb.2016.00334.

8. Renne R, Zhong W, Herndier B, McGrath M, Abbey N, Kedes D, Ganem D.
1996. Lytic growth of Kaposi’s sarcoma-associated herpesvirus (human
herpesvirus 8) in culture. Nat Med 2:342–346. https://doi.org/10.1038/
nm0396-342.

9. Miller G, Heston L, Grogan E, Gradoville L, Rigsby M, Sun R, Shedd D,
Kushnaryov VM, Grossberg S, Chang Y. 1997. Selective switch between
latency and lytic replication of Kaposi’s sarcoma herpesvirus and Epstein-
Barr virus in dually infected body cavity lymphoma cells. J Virol 71:314–324.

Effects of MLN4924 on KSHV Reactivation Journal of Virology

October 2017 Volume 91 Issue 19 e00505-17 jvi.asm.org 17

https://doi.org/10.1056/NEJM199505043321802
https://doi.org/10.1056/NEJM199505043321802
https://doi.org/10.1126/science.7997879
https://doi.org/10.1126/science.7997879
https://doi.org/10.1128/MMBR.67.2.175-212.2003
https://doi.org/10.1128/MMBR.67.2.175-212.2003
https://doi.org/10.3390/v6124961
https://doi.org/10.3390/v6124961
https://doi.org/10.3389/fmicb.2016.00334
https://doi.org/10.3389/fmicb.2016.00334
https://doi.org/10.1038/nm0396-342
https://doi.org/10.1038/nm0396-342
http://jvi.asm.org


10. Chang J, Renne R, Dittmer D, Ganem D. 2000. Inflammatory cytokines
and the reactivation of Kaposi’s sarcoma-associated herpesvirus lytic
replication. Virology 266:17–25. https://doi.org/10.1006/viro.1999.0077.

11. Davis DA, Rinderknecht AS, Zoeteweij JP, Aoki Y, Read-Connole EL,
Tosato G, Blauvelt A, Yarchoan R. 2001. Hypoxia induces lytic replication
of Kaposi sarcoma-associated herpesvirus. Blood 97:3244 –3250. https://
doi.org/10.1182/blood.V97.10.3244.

12. Dalton-Griffin L, Wilson SJ, Kellam P. 2009. X-box binding protein 1
contributes to induction of the Kaposi’s sarcoma-associated herpesvirus
lytic cycle under hypoxic conditions. J Virol 83:7202–7209. https://doi
.org/10.1128/JVI.00076-09.

13. Ye F, Zhou F, Bedolla RG, Jones T, Lei X, Kang T, Guadalupe M, Gao SJ.
2011. Reactive oxygen species hydrogen peroxide mediates Kaposi’s
sarcoma-associated herpesvirus reactivation from latency. PLoS Pathog
7:e1002054. https://doi.org/10.1371/journal.ppat.1002054.

14. Purushothaman P, Uppal T, Verma SC. 2015. Molecular biology of KSHV
lytic reactivation. Viruses 7:116 –153. https://doi.org/10.3390/v7010116.

15. Guito J, Lukac DM. 2012. KSHV Rta promoter specification and viral
reactivation. Front Microbiol 3:30. https://doi.org/10.3389/fmicb.2012
.00030.

16. Sun R, Lin SF, Gradoville L, Yuan Y, Zhu F, Miller G. 1998. A viral gene that
activates lytic cycle expression of Kaposi’s sarcoma-associated herpes-
virus. Proc Natl Acad Sci U S A 95:10866 –10871. https://doi.org/10.1073/
pnas.95.18.10866.

17. Gradoville L, Gerlach J, Grogan E, Shedd D, Nikiforow S, Metroka C, Miller
G. 2000. Kaposi’s sarcoma-associated herpesvirus open reading frame
50/Rta protein activates the entire viral lytic cycle in the HH-B2 primary
effusion lymphoma cell line. J Virol 74:6207– 6212. https://doi.org/10
.1128/JVI.74.13.6207-6212.2000.

18. Lan K, Kuppers DA, Robertson ES. 2005. Kaposi’s sarcoma-associated
herpesvirus reactivation is regulated by interaction of latency-associated
nuclear antigen with recombination signal sequence-binding protein J�,
the major downstream effector of the Notch signaling pathway. J Virol
79:3468 –3478. https://doi.org/10.1128/JVI.79.6.3468-3478.2005.

19. Sun R, Liang D, Gao Y, Lan K. 2014. Kaposi’s sarcoma-associated
herpesvirus-encoded LANA interacts with host KAP1 to facilitate estab-
lishment of viral latency. J Virol 88:7331–7344. https://doi.org/10.1128/
JVI.00596-14.

20. Gjyshi O, Roy A, Dutta S, Veettil MV, Dutta D, Chandran B. 2015.
Activated Nrf2 interacts with Kaposi’s sarcoma-associated herpesvi-
rus latency protein LANA-1 and host protein KAP1 to mediate global
lytic gene repression. J Virol 89:7874 –7892. https://doi.org/10.1128/
JVI.00895-15.

21. Wang SE, Wu FY, Chen H, Shamay M, Zheng Q, Hayward GS. 2004.
Early activation of the Kaposi’s sarcoma-associated herpesvirus RTA,
RAP, and MTA promoters by the tetradecanoyl phorbol acetate-
induced AP1 pathway. J Virol 78:4248 – 4267. https://doi.org/10.1128/
JVI.78.8.4248-4267.2004.

22. Ye J, Shedd D, Miller G. 2005. An Sp1 response element in the Kaposi’s
sarcoma-associated herpesvirus open reading frame 50 promoter medi-
ates lytic cycle induction by butyrate. J Virol 79:1397–1408. https://doi
.org/10.1128/JVI.79.3.1397-1408.2005.

23. Cai Q, Lan K, Verma SC, Si H, Lin D, Robertson ES. 2006. Kaposi’s
sarcoma-associated herpesvirus latent protein LANA interacts with HIF-1
alpha to upregulate RTA expression during hypoxia: Latency control
under low oxygen conditions. J Virol 80:7965–7975. https://doi.org/10
.1128/JVI.00689-06.

24. Sakakibara S, Ueda K, Chen J, Okuno T, Yamanishi K. 2001. Octamer-
binding sequence is a key element for the autoregulation of Kaposi’s
sarcoma-associated herpesvirus ORF50/Lyta gene expression. J Virol
75:6894 – 6900. https://doi.org/10.1128/JVI.75.15.6894-6900.2001.

25. Liang Y, Ganem D. 2003. Lytic but not latent infection by Kaposi’s
sarcoma-associated herpesvirus requires host CSL protein, the mediator
of Notch signaling. Proc Natl Acad Sci U S A 100:8490 – 8495. https://doi
.org/10.1073/pnas.1432843100.

26. Wang SE, Wu FY, Yu Y, Hayward GS. 2003. CCAAT/enhancer-binding
protein-� is induced during the early stages of Kaposi’s sarcoma-
associated herpesvirus (KSHV) lytic cycle reactivation and together with
the KSHV replication and transcription activator (RTA) cooperatively
stimulates the viral RTA, MTA, and PAN promoters. J Virol 77:9590 –9612.
https://doi.org/10.1128/JVI.77.17.9590-9612.2003.

27. Chang PJ, Shedd D, Miller G. 2005. Two subclasses of Kaposi’s sarcoma-
associated herpesvirus lytic cycle promoters distinguished by open read-

ing frame 50 mutant proteins that are deficient in binding to DNA. J Virol
79:8750 – 8763. https://doi.org/10.1128/JVI.79.14.8750-8763.2005.

28. Soucy TA, Dick LR, Smith PG, Milhollen MA, Brownell JE. 2010. The NEDD8
conjugation pathway and its relevance in cancer biology and therapy.
Genes Cancer 1:708–716. https://doi.org/10.1177/1947601910382898.

29. Enchev RI, Schulman BA, Peter M. 2015. Protein neddylation: beyond
cullin-RING ligases. Nat Rev Mol Cell Biol 16:30 – 44. https://doi.org/10
.1038/nrm3919.

30. Lee J, Zhou P. 2010. Cullins and cancer. Genes Cancer 1:690 – 699.
https://doi.org/10.1177/1947601910382899.

31. Bosu DR, Kipreos ET. 2008. Cullin-RING ubiquitin ligases: global regulation
and activation cycles. Cell Div 3:7. https://doi.org/10.1186/1747-1028-3-7.

32. Tanaka T, Nakatani T, Kamitani T. 2012. Inhibition of NEDD8-conjugation
pathway by novel molecules: potential approaches to anticancer therapy.
Mol Oncol 6:267–275. https://doi.org/10.1016/j.molonc.2012.01.003.

33. Hughes DJ, Wood JJ, Jackson BR, Baquero-Perez B, Whitehouse A.
2015. NEDDylation is essential for Kaposi’s sarcoma-associated her-
pesvirus latency and lytic reactivation and represents a novel anti-
KSHV target. PLoS Pathog 11:e1004771. https://doi.org/10.1371/
journal.ppat.1004771.

34. Chang PJ, Hung CH, Wang SS, Tsai PH, Shih YJ, Chen LY, Huang HY, Wei
LH, Yen JB, Lin CL, Chen LW. 2014. Identification and characterization of
two novel spliced genes located in the orf47-orf46-orf45 gene locus of
Kaposi’s sarcoma-associated herpesvirus. J Virol 88:10092–10109.
https://doi.org/10.1128/JVI.01445-14.

35. Campbell M, Izumiya Y. 2012. Post-translational modifications of Kaposi’s
sarcoma-associated herpesvirus regulatory proteins—SUMO and KSHV.
Front Microbiol 3:31. https://doi.org/10.3389/fmicb.2012.00031.

36. Chen W, Hilton IB, Staudt MR, Burd CE, Dittmer DP. 2010. Distinct p53,
p53:LANA, and LANA complexes in Kaposi’s Sarcoma-associated her-
pesvirus lymphomas. J Virol 84:3898 –3908. https://doi.org/10.1128/
JVI.01321-09.

37. Santag S, Jager W, Karsten CB, Kati S, Pietrek M, Steinemann D, Sarek G,
Ojala PM, Schulz TF. 2013. Recruitment of the tumour suppressor protein
p73 by Kaposi’s sarcoma herpesvirus latent nuclear antigen contributes
to the survival of primary effusion lymphoma cells. Oncogene 32:
3676 –3685. https://doi.org/10.1038/onc.2012.385.

38. Xirodimas DP, Saville MK, Bourdon JC, Hay RT, Lane DP. 2004. Mdm2-
mediated NEDD8 conjugation of p53 inhibits its transcriptional activity.
Cell 118:83–97. https://doi.org/10.1016/j.cell.2004.06.016.

39. Watson IR, Blanch A, Lin DC, Ohh M, Irwin MS. 2006. Mdm2-mediated
NEDD8 modification of TAp73 regulates its transactivation function. J
Biol Chem 281:34096 –34103. https://doi.org/10.1074/jbc.M603654200.

40. Zhou X, Tan M, Nyati MK, Zhao Y, Wang G, Sun Y. 2016. Blockage of
neddylation modification stimulates tumor sphere formation in vitro
and stem cell differentiation and wound healing in vivo. Proc Natl Acad
Sci U S A 113:E2935–E2944. https://doi.org/10.1073/pnas.1522367113.

41. Lin WC, Kuo KL, Shi CS, Wu JT, Hsieh JT, Chang HC, Liao SM, Chou CT,
Chiang CK, Chiu WS, Chiu TY, Pu YS, Ho IL, Wang ZH, Chang SC, Liu SH,
Jeng YM, Huang KH. 2015. MLN4924, a novel NEDD8-activating enzyme
inhibitor, exhibits antitumor activity and enhances cisplatin-induced
cytotoxicity in human cervical carcinoma: in vitro and in vivo study. Am
J Cancer Res 5:3350 –3362.

42. Zhou L, Chen S, Zhang Y, Kmieciak M, Leng Y, Li L, Lin H, Rizzo KA,
Dumur CI, Ferreira-Gonzalez A, Rahmani M, Povirk L, Chalasani S, Berger
AJ, Dai Y, Grant S. 2016. The NAE inhibitor pevonedistat interacts with
the HDAC inhibitor belinostat to target AML cells by disrupting the DDR.
Blood 127:2219 –2230. https://doi.org/10.1182/blood-2015-06-653717.

43. Boshoff C, Gao SJ, Healy LE, Matthews S, Thomas AJ, Coignet L, Warnke
RA, Strauchen JA, Matutes E, Kamel OW, Moore PS, Weiss RA, Chang Y.
1998. Establishing a KSHV� cell line (BCP-1) from peripheral blood and
characterizing its growth in Nod/SCID mice. Blood 91:1671–1679.

44. Arvanitakis L, Mesri EA, Nador RG, Said JW, Asch AS, Knowles DM,
Cesarman E. 1996. Establishment and characterization of a primary
effusion (body cavity-based) lymphoma cell line (BC-3) harboring Kapo-
si’s sarcoma-associated herpesvirus (KSHV/HHV-8) in the absence of
Epstein-Barr virus. Blood 88:2648 –2654.

45. Graham FL, Smiley J, Russell WC, Nairn R. 1977. Characteristics of a
human cell line transformed by DNA from human adenovirus type 5. J
Gen Virol 36:59 –74. https://doi.org/10.1099/0022-1317-36-1-59.

46. Menezes J, Leibold W, Klein G, Clements G. 1975. Establishment and
characterization of an Epstein-Barr virus (EBC)-negative lymphoblastoid
B cell line (BJA-B) from an exceptional, EBV-genome-negative African
Burkitt’s lymphoma. Biomedicine 22:276 –284.

Chang et al. Journal of Virology

October 2017 Volume 91 Issue 19 e00505-17 jvi.asm.org 18

https://doi.org/10.1006/viro.1999.0077
https://doi.org/10.1182/blood.V97.10.3244
https://doi.org/10.1182/blood.V97.10.3244
https://doi.org/10.1128/JVI.00076-09
https://doi.org/10.1128/JVI.00076-09
https://doi.org/10.1371/journal.ppat.1002054
https://doi.org/10.3390/v7010116
https://doi.org/10.3389/fmicb.2012.00030
https://doi.org/10.3389/fmicb.2012.00030
https://doi.org/10.1073/pnas.95.18.10866
https://doi.org/10.1073/pnas.95.18.10866
https://doi.org/10.1128/JVI.74.13.6207-6212.2000
https://doi.org/10.1128/JVI.74.13.6207-6212.2000
https://doi.org/10.1128/JVI.79.6.3468-3478.2005
https://doi.org/10.1128/JVI.00596-14
https://doi.org/10.1128/JVI.00596-14
https://doi.org/10.1128/JVI.00895-15
https://doi.org/10.1128/JVI.00895-15
https://doi.org/10.1128/JVI.78.8.4248-4267.2004
https://doi.org/10.1128/JVI.78.8.4248-4267.2004
https://doi.org/10.1128/JVI.79.3.1397-1408.2005
https://doi.org/10.1128/JVI.79.3.1397-1408.2005
https://doi.org/10.1128/JVI.00689-06
https://doi.org/10.1128/JVI.00689-06
https://doi.org/10.1128/JVI.75.15.6894-6900.2001
https://doi.org/10.1073/pnas.1432843100
https://doi.org/10.1073/pnas.1432843100
https://doi.org/10.1128/JVI.77.17.9590-9612.2003
https://doi.org/10.1128/JVI.79.14.8750-8763.2005
https://doi.org/10.1177/1947601910382898
https://doi.org/10.1038/nrm3919
https://doi.org/10.1038/nrm3919
https://doi.org/10.1177/1947601910382899
https://doi.org/10.1186/1747-1028-3-7
https://doi.org/10.1016/j.molonc.2012.01.003
https://doi.org/10.1371/journal.ppat.1004771
https://doi.org/10.1371/journal.ppat.1004771
https://doi.org/10.1128/JVI.01445-14
https://doi.org/10.3389/fmicb.2012.00031
https://doi.org/10.1128/JVI.01321-09
https://doi.org/10.1128/JVI.01321-09
https://doi.org/10.1038/onc.2012.385
https://doi.org/10.1016/j.cell.2004.06.016
https://doi.org/10.1074/jbc.M603654200
https://doi.org/10.1073/pnas.1522367113
https://doi.org/10.1182/blood-2015-06-653717
https://doi.org/10.1099/0022-1317-36-1-59
http://jvi.asm.org


47. Chang PJ, Chen LW, Shih YC, Tsai PH, Liu AC, Hung CH, Liou JY, Wang SS.
2011. Role of the cellular transcription factor YY1 in the latent-lytic
switch of Kaposi’s sarcoma-associated herpesvirus. Virology 413:
194 –204. https://doi.org/10.1016/j.virol.2011.02.013.

48. Wang SS, Chen LW, Chen LY, Tsai HH, Shih YC, Yang CT, Chang PJ. 2010.
Transcriptional regulation of the ORF61 and ORF60 genes of Kaposi’s
sarcoma-associated herpesvirus. Virology 397:311–321. https://doi.org/
10.1016/j.virol.2009.11.031.

49. Wang SS, Chang PJ, Chen LW, Chen LY, Hung CH, Liou JY, Yen JB. 2012.
Positive and negative regulation in the promoter of the ORF46 gene of

Kaposi’s sarcoma-associated herpesvirus. Virus Res 165:157–169. https://
doi.org/10.1016/j.virusres.2012.02.010.

50. Sapetschnig A, Rischitor G, Braun H, Doll A, Schergaut M, Melchior F,
Suske G. 2002. Transcription factor Sp3 is silenced through SUMO
modification by PIAS1. EMBO J 21:5206 –5215. https://doi.org/10
.1093/emboj/cdf510.

51. Chang LK, Lee YH, Cheng TS, Hong YR, Lu PJ, Wang JJ, Wang WH, Kuo
CW, Li SS, Liu ST. 2004. Post-translational modification of Rta of Epstein-
Barr virus by SUMO-1. J Biol Chem 279:38803–38812. https://doi.org/10
.1074/jbc.M405470200.

Effects of MLN4924 on KSHV Reactivation Journal of Virology

October 2017 Volume 91 Issue 19 e00505-17 jvi.asm.org 19

https://doi.org/10.1016/j.virol.2011.02.013
https://doi.org/10.1016/j.virol.2009.11.031
https://doi.org/10.1016/j.virol.2009.11.031
https://doi.org/10.1016/j.virusres.2012.02.010
https://doi.org/10.1016/j.virusres.2012.02.010
https://doi.org/10.1093/emboj/cdf510
https://doi.org/10.1093/emboj/cdf510
https://doi.org/10.1074/jbc.M405470200
https://doi.org/10.1074/jbc.M405470200
http://jvi.asm.org

	RESULTS
	Induction of KSHV lytic gene expression in PEL cells by MLN4924. 
	Effects of MLN4924 on the expression of viral and cellular transcriptional regulators. 
	Mapping of MLN4924-responsive elements in the ORF50 promoter. 
	Involvement of LANA in MLN4924-mediated ORF50p activation. 
	Neddylation of LANA in cells. 
	Effects of MLN4924 on the progression of KSHV lytic reactivation. 
	Concentration-dependent biphasic effects of MLN4924 on TPA-mediated or SB-mediated KSHV reactivation. 

	DISCUSSION
	MATERIALS AND METHODS
	Cell cultures, reagents, and transfections. 
	Western blot analysis. 
	Plasmid construction. 
	Luciferase reporter assay. 
	Analysis of LANA neddylation. 
	Quantification of viral particles. 
	Cell proliferation assay. 

	ACKNOWLEDGMENTS
	REFERENCES

