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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) encodes multiple viral proteins that activate extracellular signal-regulated ki-
nase (ERK)–mitogen-activated protein kinase (MAPK) cascades. One of these viral proteins, ORF45, mediates sustained ERK-
p90 ribosomal S6 kinase (RSK) activation during KSHV lytic replication and facilitates viral translation through the phosphory-
lation of a eukaryotic translation initiation factor, eIF4B. The importance of ERK-RSK activation for KSHV viral transcription
has been shown; however, which transcription factor senses the sustained MAPK signaling and leads to viral transcription re-
mains poorly understood. Here we show that the presence of ORF45 leads to the prolonged accumulation of c-Fos during the late
stage of KSHV lytic replication through ERK-RSK-dependent phosphorylation and stabilization and that the depletion of c-Fos
disrupts viral lytic transcription. Genome-wide screening revealed that c-Fos directly binds to multiple viral gene promoters and
enhances viral transcription. Mutation of the ERK-RSK phosphorylation sites of c-Fos restrains KSHV lytic gene expression and
virion production. These results indicate that the prolonged accumulation of c-Fos promotes the progression of viral transcrip-
tion from early to late stages and accelerates viral lytic replication upon sustained ORF45-ERK-RSK activation during the KSHV
lytic life cycle.

IMPORTANCE

During KSHV lytic replication, transient activation and sustained activation of ERK-RSK induce viral immediate early (IE) tran-
scription and late transcription, respectively. Studies have revealed that ERK-RSK activates several transcription factors involved
in IE gene expression, including Ets, AP-1, CREB, and C/EBP, which lead to the transient ERK-RSK activation-dependent IE
transcription. Whereas c-Fos acts as a sensor of sustained ERK-RSK activation, ORF45-ERK-RSK signaling mediates c-Fos phos-
phorylation and accumulation during late KSHV lytic replication, consequently promoting viral transcription through the di-
rect binding of c-Fos to multiple KSHV promoters. This finding indicates that c-Fos mediates distinct viral transcriptional pro-
gression following sustained ERK-RSK signaling during the KSHV lytic life cycle.

Kaposi’s sarcoma-associated herpesvirus (KSHV) naturally in-
fects humans, and over 95% of healthy persons have no symp-

toms. KSHV causes three types of malignancies in immunosup-
pressed patients: Kaposi’s sarcoma, body cavity-based lymphoma,
and multicentric Castleman’s disease (1–3). KSHV establishes a
latent infection in most infected cells, whereas a small proportion
of cells develop lytic infection. The genetic profiles of KSHV-in-
fected populations differ from those of uninfected populations,
with host cell transcriptional remodeling observed in latently
KSHV-infected cells (4) and global mRNA shutoff noted during
lytic replication (5, 6).

A limited number of viral transcripts appear in the latent stage,
whereas the viral genome produces all of the viral transcripts dur-
ing the lytic phase (7). A key viral replication and transcription
activator (RTA) switches latent infection to lytic replication (8).
Studies have characterized multiple cellular signaling pathways
and transcription factors required for RTA expression. Mitogen-
activated stimuli or stresses initiate RTA expression through
mitogen-activated protein kinase (MAPK) or stress-activated
protein kinases (SAPK), respectively (9–14). Thereafter, RTA ac-
tivates viral lytic transcription and replication. RTA binding sites
in the KSHV genome and responsive KSHV promoters have been
characterized (15, 16); these studies revealed that most viral gene
expression is not directly activated by RTA and requires additional

cellular transcription factors. Based on the analysis of elements in
the RTA, ORF45, and K8 promoters, multiple transcription fac-
tors, including c-Fos, c-Jun, Sp1, CREB, C/EBP, c-Myc, and
ATF-2, are required for the expression of immediate early (IE)
genes (11–13, 17–19); most of these transcription factors are the
direct or indirect targets of MAPK pathways (20, 21). Recently,
nonconventional viral DNA elements, viral noncoding RNA, and
viral proteins required for KSHV late transcription have been
characterized (22–26). The viral lytic proteins ORF24, ORF31,
and ORF34 assemble into a transcriptional activator complex
(25), and ORF24 recruits RNA polymerase II to viral late promot-
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ers by replacing TATA box binding protein (TBP) (26) to mediate
activation of KSHV late gene expression. Studies have also discov-
ered that ORF24 homologs of the beta-gammaherpesvirus sub-
family (Epstein-Barr virus [EBV], murine gammaherpesvirus 68
[MHV68], and cytomegalovirus [CMV]) function as TBP-like
protein and are required for viral late gene expression (22, 27, 28).
These findings indicate that viral proteins can serve as compo-
nents of the viral transcription preinitiation complex during late
stages of viral gene expression. However, the host transcription
factors that are required for KSHV late lytic gene expression re-
main largely unknown.

Extracellular signal-regulated kinase (ERK)–MAPK is acti-
vated during KSHV infection with biphasic kinetics: transient ac-
tivation is induced by viral glycoproteins independent of viral
gene expression during primary infection (12, 29), whereas sus-
tained activation is mediated by viral gene products such as
vGPCR and ORF45 at the late stage during reactivation by mito-
gen-like stimuli, histone deacetylase (HDAC) inhibitors, or in-
ducible RTA (30–32). The different kinetics of ERK-MAPK acti-
vation result in distinct outcomes depending on the threshold
strength and duration (33, 34). Transient MAPK activation con-
tributes to the rapid response to biological stimuli, such as mito-
gens and epidermal growth factor (EGF), to activate the transcrip-
tion factors Ets, STAT, CREB, and other nuclear targets required
to induce the expression of immediate early genes (IEGs). When
MAPK signaling remains active for a long time, the IEG products
are stabilized and alter the transcriptional program. During KSHV
lytic replication in either primary infection or reactivation, tran-
sient ERK activation induced by viral particles, 12-O-tetradeca-
noylphorbol-13-acetate (TPA), or another stimulus activates IE
expression and initiates lytic replication (11, 35–37); however,
ORF45-null KSHV and an ORF45-F66A point mutant (which are
deficient in sustained ERK-p90 ribosomal S6 kinase [RSK] activa-
tion) exhibit reduced lytic gene expression and progeny virion
production (31, 38, 39), suggesting that sustained ERK-RSK acti-
vation is essential for late viral transcription. In fact, a recent study
showed that ORF45 directly increases the recruitment of RNA
polymerase II and enhances transcription through RSK2 (40), in-
dicating that ORF45-RSK2 promotes late transcription.

Transient ERK activation does not result in c-Fos accumu-
lation, whereas c-Fos is phosphorylated and stabilized by sus-

tained ERK-RSK activation and acts as a sensor of sustained
MAPK activation (41). The phosphorylation of c-Fos at Ser362
and Ser374 by sustained ERK-RSK activation recruits ERK to
c-Fos for additional phosphorylation at Thr325 and Thr331
and primes AP-1-dependent transcription. c-Fos accumula-
tion is observed during immediate early TPA-induced KSHV
reactivation, is decreased 24 h after TPA treatment (14), and
activates RTA expression (13). This c-Fos accumulation is due
to TPA-induced transient ERK-MAPK activation, but not
ORF45-mediated sustained ERK activation, during late KSHV
replication (31). The accumulation and function of c-Fos dur-
ing the KSHV late lytic life cycle remain poorly understood. In
the present study, we reveal that prolonged c-Fos accumulation
is induced by ORF45-mediated sustained ERK-RSK activation
during late KSHV lytic replication. As a consequence, c-Fos
accelerates viral transcription through multiple direct binding
events at KSHV promoters.

MATERIALS AND METHODS
Chemicals and antibodies. 12-O-Tetradecanoylphorbol-13-acetate
(TPA), sodium butyrate (NaB), doxycycline, and cycloheximide (CHX)
were purchased from Sigma-Aldrich (St. Louis, MO). Rabbit antibodies
detecting the phosphorylated forms of ERK1/2 (Thr202/Tyr204) and c-
Fos (Ser32), anti-c-Jun, anti-ERK1/2, anti-c-Fos, anti-Flag, and antihem-
agglutinin (anti-HA) antibodies were purchased from Cell Signaling
Technology, Inc. (Beverly, MA). Phospho-c-Fos Ser362 and Thr232 poly-
clonal antibodies were purchased from ImmunoWay Biotechnology
Company (Newark, DE) and Santa Cruz Biotechnology, Inc. (Dallas, TX),
respectively. The rat anti-LANA antibody was purchased from Advanced
Biotechnologies, Inc. (Columbia, MD). Mouse anti-RTA, anti-ORF45,
anti-ORF64, and anti-ORF65 antibodies have been described previously
(31, 38).

Cells. HEK293 and 293T cells were cultured at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and antibiotics. BCBL1 cells were cultured in RPMI 1640
medium with 10% FBS and antibiotics. Bac16-harboring 293T cells were
freshly established as described previously (38, 42). Doxycycline-induc-
ible rKSHV.219-positive iSLK.219 cells and wild-type Bac16 and ORF45-
null Stop45-harboring iSLK� cells were maintained in DMEM supple-
mented with 10% FBS and antibiotics after selection with G418,
puromycin, or hygromycin for 2 weeks (39, 43).

Plasmids. ORF45 and wild-type and kinase-dead RSK2- and ERK2-
expressing plasmids were described previously (32). Wild-type c-Fos was

FIG 1 Prolonged c-Fos accumulation occurs during late KSHV lytic replication. (A) 293T and stable KSHV Bac16-harboring 293T cells were induced with 3 mM
sodium butyrate (NaB). (B) KSHV-negative SLK- and RTA-inducible rKSHV.219-positive iSLK.219 cells were induced with 1 �g/ml doxycycline (Dox) and 1
mM NaB. At the time points indicated, the cells were collected, lysed, and analyzed by Western blotting.

Li et al.

6896 jvi.asm.org July 2015 Volume 89 Number 13Journal of Virology

http://jvi.asm.org


amplified by high-fidelity PCR from BCBL1 cDNA and was inserted into
the pKH3 vector (FosWT). The double mutation of c-Fos serine 362 and
serine 374 to alanine residues (FosDA) and the constitutive activation of
c-Fos by the conversion of threonine 325 and threonine 331 to aspartic
acid residues (FosTD) were carried out using QuikChange mutagenesis
(Stratagene, La Jolla, CA). ORF45-luc and ORF50-luc promoter reporters
contain 1 kb of ORF45 and ORF50 promoter sequences in the pGL3
vector (Promega, Madison, WI).

shRNAs. Stable c-Fos-transduced cells were established with the
pLKO.1-puro lentiviral knockout system using the standard procedure.
The sequences of the two c-Fos short hairpin RNAs (shRNAs) were GCG
GAGACAGACCAACTAGAA and TCTGCTTTGCAGACCGAGATT.

The nonspecific shRNA control was the Mission pLKO.1-puro nontarget
shRNA control (Sigma-Aldrich, St. Louis, MO).

Chromatin immunoprecipitation (ChIP). The cells were fixed with
1% formaldehyde for 10 min at room temperature and quenched
with 125 mM glycine. After the cells were collected and washed twice
with cold phosphate-buffered saline (PBS), 1 � 107 cells were sus-
pended in 1 ml of cold lysis buffer (150 mM NaCl, 50 mM Tris-HCl
[pH 7.5], 5 mM EDTA, 0.5% NP-40, 1% Triton X-100, and 1� pro-
tease inhibitor cocktail). After eight rounds of sonication (10 s each),
the cells were centrifuged at 12,000 � g at 4°C for 10 min and pre-
cleaned with control agarose beads, and then the precleaned cell lysates
were incubated with a specific antibody overnight at 4°C. Fifty micro-

FIG 2 ORF45 mediates c-Fos accumulation and phosphorylation. (A) Small amounts (10 ng/well) of wild-type (W) and double-mutated (M) c-Fos expression
plasmids were cotransfected into 293T cells in 12-well plates with 100 ng/each of ORF45 and wild-type and kinase-dead (D) RSK2 and ERK constructs. Thirty-six
hours later, the cells were extracted, and c-Fos accumulation was analyzed as indicated. (B) Large amounts (500 ng/well) of wild-type c-Fos construct were
cotransfected as described above, and c-Fos phosphorylation was analyzed as indicated. (C) Wild-type Bac16 and ORF45-null STOP45-harboring iSLK� cells
were left uninduced or were induced with 1 �g/ml Dox and 1 mM NaB for 48 h and analyzed as indicated. (D) Whole-cell extracts were obtained from wild-type
Bac16-harboring iSLK� cells induced with 1 �g/ml Dox and 1 mM NaB, and the phosphorylation of c-Fos was detected by Western blotting. (E) Total RNA was
extracted from wild-type Bac16- and ORF45-null STOP45-harboring iSLK� cells that were untreated or treated with 1 �g/ml Dox and 1 mM NaB for 48 h, and
c-Fos mRNA was detected using reverse transcription–real-time PCR.
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liters of pretreated protein G beads (Life Technologies, CA) was added,
and samples were incubated at 4°C for an additional 2 h and then
washed five times and eluted with 150 �l of Tris-EDTA buffer contain-
ing 1% SDS. Cross-linked complexes were digested with proteinase K
at 56°C for 2 h and then reversed at 65°C overnight. DNA was then
extracted and analyzed using real-time PCR.

Real-time PCR. Total RNA was extracted using the TRIzol reagent
(Life Technologies, CA) and was reverse transcribed with Moloney mu-
rine leukemia virus (M-MLV) reverse transcriptase (Roche). Genomic
DNA was extracted using a standard procedure. cDNAs and DNAs were
evaluated by real-time PCR using a SYBR green real-time PCR master mix
kit (Roche). The primers used for the real-time PCR array for 92 KSHV
transcripts were described previously (44). The primers used for the real-
time PCR array for 87 KSHV promoters in the ChIP assay were described
in previous studies (15, 16) or designed using Primer3Plus (45), and the
sequences of the primer pairs are available upon request.

Detection of virions. The supernatants from Bac16-harboring 293T
cells were collected and centrifuged at 12,000 � g at 4°C for 10 min. Two
hundred microliters of supernatants was digested with 100 U DNase I for
20 min at 37°C. Following this, 20 �g/ml proteinase K and 1% SDS were
added, and samples were incubated at 56°C for an additional 30 min. Viral
DNA was extracted with a standard procedure and analyzed using real-
time PCR.

RESULTS
Prolonged c-Fos accumulation during late KSHV lytic replica-
tion. To detect the timing and activation of c-Fos during the
KSHV lytic life cycle, the levels of c-Fos and c-Jun were measured

during whole lytic replication, which was activated by sodium
butyrate or doxycycline-inducible RTA (TPA was not used be-
cause it directly induces transient c-Fos accumulation). Following
KSHV reactivation in Bac16-harboring 293T cells induced by the
HDAC inhibitor sodium butyrate (NaB), a high level of c-Fos
accumulated throughout the late lytic life cycle, peaking at 72 h
after the maximal level of ORF45 expression and the appearance
of ORF64 expression at 48 h, whereas only a low level of c-Fos was
induced in KSHV-free 293T cells under the same treatment. The
c-Jun levels were only minimally altered in both cell lines under
similar conditions (Fig. 1A). Furthermore, c-Fos accumulated
only during the late stage of the lytic cycle when KSHV lytic rep-
lication was initiated by doxycycline-inducible RTA in iSLK.219
cells, with no c-Fos accumulation occurring in either KSHV-neg-
ative SLK cells under doxycycline and sodium butyrate treatment
or cells with latent KSHV infection or at the immediate early stage
of KSHV reactivation (Fig. 1B). c-Fos accumulation appeared at a
stage after RTA and ORF45 expression while preceding the ex-
pression of ORF64. c-Jun expression remained constant in all of
these cells. These results suggest that c-Fos accumulates substan-
tially during the late KSHV lytic cycle.

ORF45 mediates c-Fos phosphorylation and accumulation.
Studies have shown that ORF45 causes sustained ERK-RSK acti-
vation during KSHV lytic replication (31, 32) and that c-Fos acts
as a sensor of sustained ERK activation through phosphorylation

FIG 3 c-Fos stability is enhanced during KSHV lytic replication. (A) Bac16-harboring 293T cells were induced with 20 ng/ml TPA and 0.3 mM NaB for 48 h,
followed by an additional 4 h of incubation with either 20 �g/ml MG132 or 20 �g/ml cycloheximide (CHX). (B) BCBL1 cells were induced with either 20 ng/ml
TPA or 1 mM NaB for 48 h, and then 20 �g/ml MG132 was added, followed by an additional 4 h of incubation. The cells were collected and lysed, and c-Fos and
c-Jun were analyzed as indicated. (C) Both 293T cells and Bac16-harboring 293T cells were treated with 3 mM NaB for 3 days, after which the half-life of c-Fos
was measured under each condition, following the addition of 40 �g/ml CHX and an additional incubation for the indicated length of time. Whole-cell extracts
were analyzed with anti-c-Fos and anti-tubulin antibodies, and quantitation of c-Fos band intensity was analyzed using NIH ImageJ software and is shown as the
mean values from duplicate experiments.
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FIG 4 c-Fos shRNAs decrease late KSHV lytic gene expression. (A to E) Stable c-Fos shRNAs were transduced into BCBL1 cells, and the cells were selected with
2 �g/ml puromycin for 2 weeks. After c-Fos mRNA expression was validated by real-time PCR (A), the cells were induced with 20 ng/ml TPA or 1 mM NaB. At
different time points, the cells were collected and total RNAs were extracted, reverse transcribed, and subjected to real-time PCR for ORF45 (B), ORF64 (C), and
ORF50 (D) expression. Whole-cell extracts were subjected to Western blotting as indicated (E). (F) Transient c-Fos shRNAs were transduced into iSLK.219 cells
with double retrovirus infection, and then the cells were induced with 1 �g/ml doxycycline and 1 mM NaB. The cells were collected at different time points, lysed,
and analyzed by Western blotting as indicated. NS, nonspecific shRNA control.
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and stabilization (41). We thus presumed that ORF45-mediated
ERK-RSK activation contributes to c-Fos accumulation during
the late stage of KSHV lytic replication. c-Fos accumulation was
increased in cells that ectopically expressed ORF45 or ERK2-RSK2
(Fig. 2A, lanes 4 and 6), and expressing all three of these resulted in
a more significant elevation of c-Fos accumulation as well as a shift
in motility (Fig. 2A, lane 8). In contrast, expression of the kinase-
dead mutant of ERK2 plus RSK2 or c-Fos containing mutations of
Ser362 and Ser374 (the phosphorylation sites of RSK and ERK,
respectively) abolished c-Fos accumulation and its motility shift
(Fig. 2A, compare lanes 8 and 10 and lanes 8 and 9, respectively).

Furthermore, c-Fos phosphorylation at Ser362, the phosphor-
ylation site of RSK, was increased by ORF45 and RSK2 overex-
pression. The combination of ORF45, RSK2, and ERK2 aug-
mented c-Fos phosphorylation at this site, and kinase-dead
mutations of RSK2 and ERK2 significantly reduced it (Fig. 2B,
top). The phosphorylated forms (marked by its motility shift) and
rates of phosphorylation at both Ser32 and Thr232 were consis-
tently dramatically elevated in the presence of ORF45 alone or
with triple ORF45-ERK2-RSK2 overexpression, and kinase-dead
ERK2 plus RSK2 similarly ablated c-Fos phosphorylation at these
sites (Fig. 2B, middle).

To determine whether ORF45 mediates c-Fos accumulation
during KSHV lytic replication, iSLK� cells harboring wild-type
Bac16 and ORF45-null STOP45 were left uninduced or were in-
duced with 1 �g/ml doxycycline and 1 mM sodium butyrate. A
high level of c-Fos accumulation was observed in Bac16-harbor-
ing cells under lytic induction. In contrast, a much lower level of
c-Fos was observed in lytic STOP45-harboring cells, whereas the
levels of RTA and pERK1 (p44) were similar but the pERK2 level
was noticeably lower, as expected because ORF45 is known to
affect ERK2 specifically (31) (Fig. 2C, compare lanes 2 and 4).
Furthermore, the phosphorylation of c-Fos was detected in
Bac16-harboring cells during lytic replication but not in unin-
duced cells (Fig. 2D). In addition, the mRNA level of c-Fos was
only moderately increased during lytic replication but exhibited a
negligible difference between Bac16- and STOP45-harboring cells
(Fig. 2E). These results indicate that ORF45 induces c-Fos accu-
mulation and phosphorylation through ERK and RSK activation.

To further investigate the stabilization of c-Fos during the
KSHV life cycle, Bac16-harboring 293T cells were induced by TPA
and sodium butyrate and followed by MG132 treatment. c-Fos
was undetectable in latent cells despite MG132 treatment, whereas
its levels were significantly increased in lytic cells and further aug-
mented in the presence of MG132. However, the level of c-Fos was
dramatically reduced by treatment with cycloheximide (CHX), an
inhibitor of protein synthesis (Fig. 3A). Similarly, the accumula-
tion of c-Fos was augmented in the presence of MG132 in BCBL1

cells that were induced by either TPA or sodium butyrate as well as
in mock-treated cells (Fig. 3B). Furthermore, the half-life of c-Fos
was determined following incubation with CHX for various
lengths of time in both 293T and KSHV-infected 293T cells after
sodium butyrate treatment for 3 days. The half-life of c-Fos was
increased to more than 6 h in Bac16-harboring 293T cells under-
going KSHV late lytic replication, whereas in uninfected 293T
cells, the half-life was approximately 1 h. This increase suggests
that c-Fos stability was greatly enhanced during KSHV late lytic
replication (Fig. 3C). Overall, these results suggest that c-Fos ac-
cumulates during KSHV lytic replication through posttransla-
tional stabilization.

c-Fos is required for KSHV late lytic transcription. To evalu-
ate the role of c-Fos in KSHV lytic replication, stable c-Fos
shRNAs were introduced into BCBL1 cells, resulting in greatly
depleted c-Fos mRNA (Fig. 4A). The stable cells were treated with
TPA or sodium butyrate. The expression of viral genes was then
analyzed using real-time PCR (Fig. 4B to D) and Western blotting
(Fig. 4E). The expression of the ORF45, RTA, and ORF64 lytic
genes was significantly inhibited at the late stage in c-Fos depleted
cells, whereas the expression of the LANA latent gene was un-
changed. To further confirm the role of c-Fos in lytic viral expres-
sion after RTA expression, transient c-Fos depletion by shRNAs
was performed in iSLK.219 cells, and lytic replication was initiated
by doxycycline-inducible RTA under different time courses. The
expression of IE genes (ORF45 and RTA) was barely affected
throughout the lytic replication, while the expression of lytic genes
(ORF64 and ORF65) was dramatically decreased at the late stage,
with unchanged LANA expression (Fig. 4F). These data suggest
that c-Fos is required for viral lytic gene expression.

Genome-wide screening of c-Fos binding to KSHV promot-
ers. To characterize the role of c-Fos in KSHV transcription, c-Fos
binding to KSHV promoters was screened by a genome-wide
ChIP assay (Fig. 5A and B). Bac16-harboring 293T cells were in-
duced with TPA and NaB. c-Fos accumulation was observed from
the IE to the late stage, with similar levels at 8 h in the presence of
low ORF45 expression and at 48 h with high ORF45 expression
(Fig. 5A), which represent TPA-induced rapid c-Fos accumula-
tion and ORF45-induced prolonged c-Fos accumulation during
IE and the late stage of KSHV reactivation, respectively. The c-Fos
binding to KSHV promoters was analyzed at both 8 h and 48 h
using a genome-wide ChIP assay with an anti-c-Fos antibody and
real-time PCR array including 87 KSHV promoters. The enrich-
ments of ChIP DNA over control IgG were calculated and nor-
malized to that of �-actin promoters as previously described (15,
16). Eight strong binding promoter sites with both types of c-Fos
were observed, including IE genes (K4.1, ORF19, and ORF57), DE
genes (ORF37 and ORF61), late genes (ORF62), latent genes

FIG 5 Genome-wide screening for c-Fos binding to KSHV promoters. (A and B) Bac16-harboring 293T cells were induced with 20 ng/ml TPA and 0.3 mM NaB.
(A) c-Fos accumulation was confirmed by Western blotting as indicated. (B) At 8 h or 48 h, the cells were collected and fixed. After sonication and preclearing,
the same amount of cellular DNA lysates was subjected to a ChIP assay with an anti-c-Fos antibody, with normal IgG used as the negative control. The whole panel
of cellular and viral DNAs was extracted and analyzed by real-time PCR in triplicate in two independent experiments, the relative DNA levels were normalized
to control IgG, and the relative fold enrichment values were calculated relative to that of �-actin promoters. The results are shown as a heat map. #, rapid (8 h)
versus prolonged (48 h), P � 0.05. The positive c-Fos binding under both conditions is indicated in red. (C and D) Control or HA-c-Fos constructs were
transfected into Bac16-harboring 293T cells for 48 h, and then the cells were left uninduced (C) or induced as described above for 48 h (D). ChIP assays were
performed with an anti-HA antibody, and viral DNAs were analyzed by real-time PCR in triplicate in two independent experiments. (E) Control, wild-type c-Fos
(FosWT), constitutively active c-Fos (FosTD), or double phosphorylation site-mutated c-Fos (FosDA) constructs were cotransfected into HEK293 cells with
ORF45-luc and ORF50-luc promoter reporters in the absence or presence of ORF45 and RSK2 overexpression. Thirty-six hours later, the dual luciferase activity
was measured, and the data are shown as the means from three independent experiments performed in duplicate.
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(K12), and undetermined genes (ORF63), according to the anno-
tation of KSHV 2.0 (7). Several promoter sites showed minimal
binding to both types of c-Fos, including K8.1, microRNA
(miRNA), and ORF73 (Fig. 5B). However, a subset of promoter
binding sites likely failed to be detected because the primer pairs
that were used in this study amplify only core promoter regions; in
addition, the possibility that the suboptimal conditions used in
our analysis may have limited antibody accessibility to c-Fos
in certain chromatin sites cannot be excluded.

Notably, the binding of c-Fos to viral promoters was signifi-
cantly different with rapid c-Fos accumulation (at 8 h) and pro-
longed c-Fos accumulation (at 48 h). Under conditions of pro-
longed accumulation, c-Fos exhibited reduced binding to two loci
(ORF19 and ORF35), whereas under conditions of rapid accumu-
lation, c-Fos exhibited increased binding to the ORF54 promoter
site (P � 0.05). Similarly, the genome-wide binding activity of
c-Fos showed that its prolonged accumulation led to different
degrees of binding to KSHV promoters compared to its binding
under conditions in which it rapidly accumulated. These data in-
dicate that rapid and prolonged c-Fos activation lead to distinct
promoter binding profiles during the IE stage and late stage of
KSHV lytic replication, respectively.

To confirm the binding of c-Fos to the KSHV promoters, ec-
topic HA-tagged c-Fos was introduced into Bac16-harboring
293T cells, and ChIP assays were performed with an anti-HA an-
tibody. Fifteen positive promoters binding to either type of c-Fos,
the RTA promoter, and 4 negative promoters were analyzed using
real-time PCR. Eleven of the 15 promoters and the RTA promoter
showed high binding and 4 showed moderate binding to c-Fos
under both mock and prolonged activation, and 4 negative pro-
moters showed only weak binding (Fig. 5C and D). To validate the
different functions of c-Fos in KSHV lytic transcription, ORF45
and ORF50 promoter-driven luciferase reporters were cotrans-
fected with a wild-type construct (FosWT), a constitutively active
construct (FosTD), or a phosphorylation site-mutated construct
(FosDA). Without stimuli, the wild-type c-Fos and constitutively
active FosTD activated the ORF50 promoter, whereas mutated
FosDA exhibited reduced activity; ORF45-RSK overexpression
augmented the activities of the ORF50 promoter mediated by
wild-type c-Fos and constitutively active FosTD but not by mu-
tated FosDA (Fig. 5E). However, none of the c-Fos constructs
activated the ORF45 promoter regardless of ORF45-RSK activa-
tion, indicating that c-Fos does not activate ORF45 expression.
These results suggest that c-Fos directly binds to KSHV promoters
to activate the transcription of multiple viral genes.

c-Fos promotes KSHV lytic transcription. To investigate c-
Fos-dependent viral transcription, ectopic wild-type and mutated
c-Fos were introduced into Bac16-harboring 293T cells with or
without TPA and NaB treatment, and then the genome-wide viral
transcripts were analyzed using a KSHV transcript real-time PCR

array. Without TPA and NaB treatment, c-Fos moderately stimu-
lated the transcription of a series of viral genes; however, quite a
few viral genes were not activated by c-Fos under this condition
compared to after TPA and NaB treatment, which induced a
whole panel of viral transcription (Fig. 6A, lane 2 versus 4). In
contrast, under TPA and NaB treatment, c-Fos overexpression
significantly promoted viral transcription (Fig. 6A, lane 5 versus
4). These results suggest that c-Fos can promote KSHV lytic tran-
scription but is not sufficient to initiate the whole panel of viral
transcription, indicating that the activation of c-Fos and/or a co-
operative partner(s) is required for efficient KSHV reactivation.

In addition, mutated c-Fos did not exhibit this function; in-
stead, it had a dominant negative effect on the transcription of a
panel of viral genes (Fig. 6A, lane 6 versus 4), indicating that ERK-
RSK-mediated c-Fos phosphorylation is required for c-Fos to
function in KSHV transcription. In addition to binding promot-
ers, c-Fos also activated transcription both adjacent to and distant
from the binding loci; this finding suggests the possibility that
secondary transactivation of viral and cellular targets of c-Fos is
involved in KSHV viral transcription.

The transcription-promoting function of c-Fos and the dom-
inant negative effect of mutated c-Fos were confirmed by the ex-
pression of lytic genes during KSHV lytic replication. As shown in
Fig. 6B, none of the c-Fos constructs changed the expression of the
latent genes LANA (ORF73) and LANA2 (K10.5), whereas wild-
type c-Fos increased the expression of lytic genes (RTA, ORF45,
and ORF64). The phosphorylation site-mutated c-Fos ablated the
expression of all three lytic genes. To further investigate the role of
c-Fos in viral replication, different amounts of both c-Fos con-
structs were transfected into Bac16-harboring cells. The expres-
sion of the viral lytic genes (ORF64, ORF50, and ORF45) was
increased by c-Fos overexpression; in contrast, the expression of
these genes was blocked by the c-Fos mutant in a dose-dependent
manner (Fig. 6C). Consequently, virion production was inhibited
by the c-Fos mutant (Fig. 6D). Together, all of these results suggest
that c-Fos promotes KSHV lytic transcription and replication fol-
lowing its phosphorylation and stabilization by sustained ERK-
RSK activation.

DISCUSSION

Studies have revealed that c-Fos is rapidly elevated during imme-
diate early TPA-induced KSHV reactivation and activates AP1-
dependent RTA expression during primary infection; the inhibi-
tion of ERK activation disrupts c-Fos accumulation and RTA
expression (12–14). During late lytic replication, KSHV induces a
sustained ERK-RSK activation through ORF45 (31, 32, 39), pro-
moting viral lytic translation (46), mTORC1 activation (47), and
transcription from the HIV long terminal repeat (LTR) (40). In
addition to cytoplasmic ORF45-RSK activation (46, 47), ORF45
and its homologs colocalize with ERK-RSK in the nucleus and

FIG 6 c-Fos promotes KSHV lytic replication. (A) Control, wild-type, or mutated c-Fos constructs were transfected into Bac16-harboring 293T cells for 48 h,
and then the cells were left uninduced or were induced with TPA and NaB for 48 h. The total RNA was extracted and reverse transcribed, and viral cDNAs were
analyzed by real-time PCR in duplicate in three independent experiments. The relative viral gene expression was normalized to GAPDH, and the results are
shown as a heat map. The gene names in red indicate high c-Fos binding promoters, and the clusters of gene timing are marked at the right according to the KSHV
2.0 annotation (7). IE, immediate early; DE, delayed early. N/A, not annotated. (B) Control, wild-type, or mutated c-Fos constructs were transfected as described
above, and the cells were collected, extracted, and analyzed by Western blotting as indicated. (C and D) Different amounts of wild-type or mutated c-Fos
constructs were transfected into Bac16-harboring 293T cells for 4 days, and then the cells were collected and analyzed as indicated (C). The medium was collected,
virion DNAs were extracted, and the genomic copy number of virion DNA was detected by real-time PCR in duplicate from triple independent experiments (D).
*, P � 0.01.
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induce the phosphorylation of nuclear components to facilitate
viral lytic gene expression (31, 48, 49). Consistent with c-Fos act-
ing as a sensor for sustained ERK-RSK activation, ORF45 medi-
ates prolonged c-Fos accumulation through ERK-RSK activation,
which leads to c-Fos phosphorylation and stabilization during the
KSHV late lytic stage. Then, the c-Fos that is present for a pro-
longed period directly binds to the KSHV promoters and acceler-
ates lytic transcription and promotes lytic replication.

Our studies show that c-Fos is essential but not sufficient for
KSHV lytic replication; ectopic c-Fos expression alone was not
able to activate the full panel of viral lytic transcription (Fig. 6).
c-Fos alone was also not sufficient to cause strong RTA induction,
because c-Fos phosphorylation by ORF45-mediated ERK-RSK
activation (Fig. 5E) or c-Jun cooperation is required for efficient
RTA induction (11). Mutations of the c-Fos phosphorylation sites
of ERK and RSK greatly reduced RTA induction and disrupted
KSHV lytic replication, indicating that c-Fos activation and accu-
mulation are synchronously induced by sustained ERK-RSK acti-
vation. In addition, c-Jun phosphorylation and activation are re-
quired for RTA induction and KSHV lytic replication even if c-Fos
is ectopically expressed or constitutively activated (11, 13, 36).
Thus, the accelerating effects of c-Fos on KSHV lytic transcription
require upstream signaling for its activation and another synergis-
tic partner(s) for heterodimerization.

Multiple transcription factors have been characterized for
KSHV IE lytic transcription. During mitogen-like stimulus-in-
duced KSHV reactivation, Ets, C/EBP, c-Fos, and c-Jun, all of
which act as the substrates of MAPK pathways, activate RTA and
K8 transcription (11, 12, 36, 50–52), while during HDAC inhibi-
tor-induced KSHV reactivation, NF-Y and SP1 mediate the tran-
scription of the IE genes ORF45 and RTA (19, 53). In addition,
XBP-1 transactivates RTA expression linked to plasma cell differ-
entiation (54, 55). However, studies have revealed only 34 viral
promoters that respond to RTA induction through 19 RTA bind-
ing sites in the KSHV genome (15, 16), indicating that host tran-
scription factors are involved in the progression of the delayed and
late lytic transcription program. We recently revealed that sus-
tained ERK-RSK activation by ORF45 is essential for late gene
expression (39). In the present study, we further defined that
ORF45 contributes to c-Fos accumulation through sustained
ERK-RSK activation, consequently accelerating most viral lytic
transcription following ORF45 expression through c-Fos binding
to multiple KSHV genomic loci. Disruption of c-Fos led to signif-
icant inhibition of viral gene transcription. The transcriptional
activation of lytic gene expression by c-Fos involves two layers: it
first directly activates viral promoters and secondarily activates
expression through RTA. The importance of c-Fos beyond RTA
expression was validated by the finding that ORF64 and ORF65
were reduced by depleting c-Fos in iSLK.219 cells following doxy-
cycline-induced RTA expression, while the expression of ORF45
and RTA was barely affected in these cells (Fig. 4F). Because this
prolonged c-Fos accumulation strongly occurs following ORF45
expression, it primarily accelerates the viral lytic transcription at
the delayed and late stages if TPA and other mitogen-like stimuli
are not present.

c-Fos accumulation distinguishes transient and sustained
ERK-RSK activation during the IE and late KSHV lytic stages, and
this accumulation is mediated by distinct MAPK signaling path-
ways driven by extracellular stimuli or viral products that activate
IE or late transcription, respectively. A genome-wide c-Fos ChIP

assay revealed that c-Fos exhibits a differential pattern of binding
to the KSHV genome between the rapid c-Fos accumulation me-
diated by TPA induction and the prolonged c-Fos accumulation
mediated by ORF45; both the global binding pattern and the c-Fos
binding at specific sites were significantly different (Fig. 5B). This
implied that there is a difference in output of KSHV lytic tran-
scription between rapid and prolonged c-Fos accumulation. The
rapid and sustained ERK-MAPK activations lead to distinct pat-
terns of substrates and gene expression (33, 34, 41), and ORF45,
ERK, and RSK form multiprotein complexes that prevent phos-
phate groups from being exposed to phosphatases (32), indicating
that ORF45-mediated ERK-RSK activation may target a specific
output distinct from that triggered by TPA or extracellular stim-
uli. Presumably, ORF45-RSK changes the c-Fos binding affinity
for viral promoters or the cooperative partner(s) via the following
mechanism. First, ORF45-RSK likely colocalizes with c-Fos in the
nuclear compartment and directs c-Fos to specific targets. A re-
cent study has shown that ORF45-RSK2 increases the recruitment
of RNA polymerase II to the HIV-1 LTR and activates transcrip-
tion, whereas active RSK2 does not (40), suggesting that sustained
RSK activation by ORF45 preferentially targets c-Fos or another
nuclear substrate(s) to distinct viral promoters. Second, a type of
methylated AP-1 site is preferentially bound by the c-Jun/c-Fos
heterodimer (56), and GpC methylation is altered during KSHV
reactivation (57); thus, methylation of the AP-1 sites in the KSHV
promoter may alter the affinity with c-Fos. Third, prolonged c-Fos
accumulation presents at the late stage of lytic replication without
any change in the c-Jun level (Fig. 1), whereas TPA induces rapid
c-Fos accumulation, as well as elevated c-Jun expression and
phosphorylation (11, 14). Thus, the c-Fos-Jun heterodimer is
probably different between TPA treatment and ORF45 overex-
pression. Finally, the c-Fos/c-Jun association with CREB binding
protein (CBP), which alters histone modifications, is obstructed
by LANA (58). The replication-associated LANA expression may
affect the c-Fos-Jun interaction with DNA elements and compo-
nents of transcription. Alternatively, ectopic c-Fos expression is
not able to strongly activate the ORF35 promoter that exhibits
binding to the c-Fos-Jun heterodimer and act as a cooperative
factor with RTA to induce ORF35 expression (59). All of these
studies indicate that the activity and promoter selectivity of the
c-Fos-Jun heterodimer are influenced by the recruitment and
binding of other viral and cellular factors.

Based on the combined profiles of c-Fos binding and transcrip-
tion, the expression of the KSHV lytic genes can be divided into
c-Fos-dependent and -independent clusters (Fig. 5B and 6A). Sev-
eral strong binding sites and multiple moderate binding sites for
c-Fos have been characterized in a KSHV genome-wide ChIP as-
say, and these bindings in the KSHV promoters activated the tran-
scription of the KSHV lytic genes, including IE, DE, and late genes.
In contrast, other clusters of promoters do not bind to and are not
directly activated by c-Fos; for example, the expression of ORF45
is not reduced by c-Fos depletion when the level of RTA expres-
sion is not affected (Fig. 4F), and ectopic c-Fos expression does
not activate the ORF45 promoter (Fig. 5E), indicating that there is
c-Fos-independent ORF45 expression, which is secondarily af-
fected through RTA or other factors. However, this cluster of viral
lytic genes that are not activated by c-Fos still requires sustained
ERK-RSK activation by ORF45 (39), indicating that other tran-
scription factors are involved in the late transcription. In fact, a
recent study has revealed that the transcription factor Elk-1 is
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phosphorylated by nuclear ERK-RSK activation by the ORF45
homolog of rhesus monkey rhadinovirus (48). Further character-
ization of the other substrates of the sustained ERK-RSK activa-
tion may elucidate the details of late lytic transcription.

In summary, we have revealed that ORF45-mediated ERK-
RSK activation contributes to prolonged c-Fos accumulation dur-
ing the late KSHV lytic life cycle. As a consequence, c-Fos activates
a panel of lytic genes by directly binding to the KSHV promoters
and subsequently facilitates lytic replication. In addition, it is pre-
sumed that prolonged c-Fos accumulation attenuates inflamma-
tion via inhibition of the NF-�B pathway and tumor necrosis
factor alpha (TNF-�) expression (60–62). Therefore, c-Fos accu-
mulation benefits viral transcription and replication during the
late KSHV lytic life cycle.
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