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ABSTRACT

We have previously shown that ORF45, an immediate-early and tegument protein of Kaposi’s sarcoma-associated herpesvirus
(KSHV), causes sustained activation of p90 ribosomal S6 kinases (RSKs) and extracellular regulated kinase (ERK) (E. Kuang, Q.
Tang, G. G. Maul, and F. Zhu, J Virol 82:1838 –1850, 2008, http://dx.doi.org/10.1128/JVI.02119-07). We now have identified the
critical region of ORF45 that is involved in RSK interaction and activation. Alanine scanning mutagenesis of this region revealed
that a single F66A point mutation abolished binding of ORF45 to RSK or ERK and, consequently, its ability to activate the ki-
nases. We introduced the F66A mutation into BAC16 (a bacterial artificial chromosome clone containing the entire infectious
KSHV genome), producing BAC16-45F66A. In parallel, we also repaired the mutation and obtained a revertant, BAC16-45A66F.
The reconstitution of these mutants in iSLK cells demonstrated that the ORF45-F66A mutant failed to cause sustained ERK and
RSK activation during lytic reactivation, resulting in dramatic differences in the phosphoproteomic profile between the wild-
type virus-infected cells and the mutant virus-infected cells. ORF45 mutation or deletion also was accompanied by a noticeable
decreased in viral gene expression during lytic reactivation. Consequently, the ORF45-F66A mutant produced significantly fewer
infectious progeny virions than the wild type or the revertant. These results suggest a critical role for ORF45-mediated RSK acti-
vation in KSHV lytic replication.

IMPORTANCE

KSHV is the causative agent of three human malignancies. KSHV pathogenesis is intimately linked to its ability to modulate the
host cell microenvironment and to facilitate efficient production of progeny viral particles. We previously described the mecha-
nism by which the KSHV lytic protein ORF45 activates the cellular kinases ERK and RSK. We now have mapped the critical re-
gion of ORF45 responsible for binding and activation of ERK/RSK to a single residue, F66. We mutated this amino acid of ORF45
(F66A) and introduced the mutation into a newly developed bacterial artificial chromosome containing the KSHV genome
(BAC16). This system has provided us with a useful tool to characterize the functions of ORF45-activated RSK upon KSHV lytic
reactivation. We show that viral gene expression and virion production are significantly reduced by F66A mutation, indicating a
critical role for ORF45-activated RSK during KSHV lytic replication.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the caus-
ative agent of Kaposi’s sarcoma (KS), the most common ma-

lignancy in HIV-infected individuals (1, 2). Besides KS, KSHV is
associated with two lymphoproliferative diseases, primary effu-
sion lymphoma and multicentric Castleman’s disease (3, 4).
KSHV belongs to the Gammaherpesvirinae subfamily in the Her-
pesviridae family and is closely related to rhesus rhadinovirus
(RRV), herpesvirus saimiri (HVS), and murine gammaherpesvi-
rus 68 (MHV-68) in the Rhadinovirus genus (�2). Its closest rela-
tive in humans is Epstein-Barr virus (EBV), which belongs to the
Lymphocryptovirus genus (�1) in the same subfamily (5). Like
other herpesviruses, KSHV exhibits two alternative life cycles: la-
tent and lytic. KSHV primarily establishes latent infection both in
vitro and in vivo, during which only a few genes are expressed and
no progeny are produced. Under appropriate conditions, latent
viral genomes can be reactivated to express the full panel of viral
genes in a temporal cascade, beginning with immediate-early
genes, followed by early genes, and then late genes (6–9). The
successful completion of lytic replication ultimately results in the

production and release of progeny viruses. Although lytic replica-
tion ultimately can lead to cell death, there is considerable clinical
and laboratory evidence suggesting crucial roles of lytic replica-
tion in KS development (10, 11).

Open reading frame 45 (ORF45) of KSHV is a multifunctional
protein with important roles throughout the lytic viral life cycle
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(12). Its expression begins at the immediate-early phase but in-
creases over time, and the protein accumulates until the late phase,
when it is abundantly assembled into the tegument layer of virions
(6, 13, 14). Although ORF45 is conserved among gammaherpes-
viruses (no homologue in either alpha- or betaherpesviruses), the
homology is limited and lies mostly at the termini of the protein.
The ORF45 homologues also differ in their protein lengths. KSHV
ORF45 (407 amino acids [aa]) is much bigger than its counterpart
in RRV (353 aa) and almost double the size of those in MHV-68
(206 aa) and EBV (217 aa). KSHV ORF45 is involved in the eva-
sion of the host innate antiviral immune responses by inhibiting
interferon regulatory factor 7 (IRF7) (15–17). It also plays a role in
the intracellular transport of newly formed viral particles by asso-
ciation with the kinesin-2 motor protein KIF3A (18). More re-
cently, we found that ORF45 persistently activates the cellular ki-
nases ERK (extracellular regulated kinase) and its substrate p90
ribosomal S6 kinases (RSKs) by forming complexes with them
and shielding them from dephosphorylation (19, 20). We have
shown that the activation of RSK is required for optimal lytic
replication of KSHV, because either knockdown of RSK expres-
sion by siRNAs or inhibition of RSK kinase activity by chemical
inhibitors reduced the level of lytic replication (19). We also dem-
onstrated that ORF45 is responsible for the sustained activation of
ERK and RSK signaling pathways during KSHV lytic replication
and is required for optimal progeny virion production (19, 20).
Although our previous studies have suggested that both RSK and
ORF45 are required for optimal KSHV lytic replication, the spe-
cific roles of the ORF45-mediated activation of RSK remained to
be defined precisely.

In the present study, we have now mapped the critical region of
ORF45 that is involved in RSK interaction and activation. We
further identified a single site mutation (F66A) in ORF45 that
abolished its binding to RSK or ERK and its ability to activate the
kinases. This mutant provided us with a unique tool for defining
the role of ERK/RSK activation by ORF45 specifically during
KSHV lytic replication. Using the recently developed BAC16 and
iSLK cells, we demonstrated a critical role of ORF45-mediated
RSK activation in KSHV lytic infection.

MATERIALS AND METHODS
Antibodies, chemicals, and plasmids. Anti-RxxS*/T* antibody was or-
dered from Cell Signaling Technology (110B7E). Anti-RTA (ORF50)
monoclonal mouse antibody, anti-PF8 (ORF59) rabbit polyclonal anti-
body, and anti-vIL6 rabbit polyclonal antibodies were given by Ke Lan,
Robert Ricciardi, and John Nicholas, respectively. Anti-ORF26, anti-
ORF62, anti-ORF33, anti-ORF52, and 8B8 anti-ORF45 monoclonal an-
tibodies were generated by the Florida State University hybridoma facility.
All other antibodies and chemicals used in this study have been described
previously (12, 19–21). Plasmids pKH3-RSK2, pKH3-RSK1, pCR3.1-
ORF45, full-length pCMV-ORF45, and derivatives have been described
previously (19, 20, 22). Site-directed mutagenesis of ORF45 was per-
formed by using a QuikChange mutagenesis kit (Stratagene, La Jolla, CA).
Primer sequences used for cloning and mutagenesis are available upon
request. All clones were verified by DNA sequencing.

Expression and preparation of GST-fusion proteins. Escherichia coli
BL21 cultures transformed with plasmids encoding glutathione S-trans-
ferase (GST) or GST-fusion proteins were induced with 100 �M isopro-
pyl-�-D-thiogalactopyranoside (IPTG) for 3 h at room temperature. Cells
were pelleted and resuspended in phosphate-buffered saline (PBS) plus
lysozyme and protease inhibitors. The cell suspension was sonicated, and
Triton X-100 was added to a final concentration of 1%. After 30 min of
incubation at 4°C with gentle agitation, cell debris was removed by cen-

trifugation at 10,000 � g for 10 min. The supernatant was incubated with
glutathione agarose beads at 4°C overnight. After five washes with PBS,
GST proteins were eluted with 10 mM glutathione in 50 mM Tris-HCl,
pH 8.5. The eluates were dialyzed in buffer A150 containing 25 mM Tris,
pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.1% NP-40, and 10% glycerol. The
protein concentration was determined with a bicinchoninic acid protein
assay kit (Pierce Biotechnology, Inc., Rockford, IL). The purified GST
proteins were divided into aliquots and stored at �80°C until use.

Cell culture and transfection. HEK293 and HEK293T cells were cul-
tured under 5% CO2 at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and antibi-
otics. iSLK-puro cells were cultured in DMEM containing 10% FBS, 450
�g/ml G418, and 1 �g/ml puromycin as previously described (22, 23).
Transient transfections were performed in 6-well plates with Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) or 100-mm dishes with cal-
cium phosphate methods.

Immunoprecipitation and Western blot analysis. Immunoprecipi-
tation and Western blot analysis were performed as previously described
(19, 20, 22). For immunoprecipitation with anti-FLAG or anti-hemagglu-
tinin (HA) antibodies, the cell lysates were incubated with EZview red
anti-Flag M2 or anti-HA affinity resin for 4 h or overnight at 4°C. After
washing with the lysis buffer and Tris-buffered saline (TBS), proteins were
eluted by incubation with 150 �g/ml 3� Flag or HA peptide for 1 h at 4°C.
For immunoprecipitation of ORF45 from iSLK.BAC16 cells, we used a
monoclonal anti-ORF45 antibody (8B8) conjugated to CNBr-activated
Sepharose 4B (GE Life Sciences). Clarified lysates were bound to the beads
for 2 h at 4°C and washed three times each with lysis buffer and TBS, and
bound complexes were eluted by boiling. For Western blotting, about 20
�g of proteins was resolved by SDS-PAGE and transferred to nitrocellu-
lose membranes. The membranes were blocked in 5% dried milk in 1�
phosphate-buffered saline plus 0.2% Tween 20 and then incubated with
diluted primary antibodies for 2 h at room temperature or overnight at
4°C. Anti-rabbit, anti-rat, and anti-mouse IgG antibodies conjugated to
horseradish peroxidase (Pierce) were used as the secondary antibodies.
SuperSignal chemiluminescence reagents (Pierce) were used for detec-
tion.

Genetic manipulation of KSHV BAC16 genome. The mutagenesis of
BAC16 (24) was performed using a recombineering system as described
by Tischer et al. (25, 26). In brief, the Kan/I-SceI cassettes were amplified
from plasmid pEPKan-S by PCR with primers KS45-F66A-5= (5=-GGAC
CCACGGTGATAGATATGTCTGCCCCAGACGACGTCGCCGCCGA
GGACACGCCATCGCAGGATGACGACGATAAGTAGGG-3=) and KS45-
F66A-3= (5=-ATCCAGAGGGGTTGCTGGCGGCGATGGCGTGTCCTC
GGCGGCGACGTCGTCTGGGGCAGACAGCCAGTGTTACAACCAA
TTAACC-3=) for the F66A mutant and KS45-3STOP-5= (5=-GTCAACC
CCGTACAAGGCCATGGCGATGTTTGTGAGGACCAAGCTTTGATT
AATTGATCGTCTAGCACACACGATGAAGGATGACGACGATAAGT
AGGG-3=) and KS45-3STOP-3= (5=-CAATTGGAAGCATTCTCTCTTC
ATCGTGTGTGCTAGACGATCAATTAATCAAAGCTTGGTCCTCAC
AAACATCGCCAGCCAGTGTTACAACCAATTAACC-3=) for the Stop45
mutant. The purified PCR fragments were electroporated into BAC16-
containing GS1783 cells (26) that had been induced at 42°C for 15 min.
The recombinant clones were selected at 32°C on LB plates containing 34
�g/ml chloramphenicol and 50 �g/ml kanamycin and then analyzed by
restriction enzyme digestion. Positive clones were cultured with 1% L-ar-
abinose, induced at 42°C again, and plated on LB plates containing 1%
L-arabinose for secondary recombination. Colonies which survived on the
L-arabinose plates were replicated on plates with 34 �g/ml chloramphen-
icol alone and on plates with both 34 �g/ml chloramphenicol and 50
�g/ml kanamycin. The kanamycin-sensitive clones were analyzed by re-
striction enzyme digestion, and proper mutations were further confirmed
by DNA sequencing.

To generate a revertant mutant, we replaced the mutant ORF45 with
the wild-type sequence by a strategy similar to that described above. The
Kan/I-SceI cassettes were amplified from plasmid pEPKan-S by PCR with
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primers KS45-A66F-5= (5=-GGACCCACGGTGATAGATATGTCTGCC
CCAGACGACGTCTTCGCCGAGGACACGCCATCGCAGGATGACG
ACGATAAGTAGGG-3=) and KS45-A66F-3= (5=-ATCCAGAGGGGTTG
CTGGCGGCGATGGCGTGTCCTCGGCGAAGACGTCGTCTGGGGC
AGACAGCCAGTGTTACAACCAATTAACC-3=) for the A66F mutant
and KS45-3STOP-R-5= (5=-GTCAACCCCGTACAAGGCCATGGCGAT
GTTTGTGAGGACCTCGTCTAGCACACACGATGAAGGATGACGAC
GATAAGTAGGG-3=) and KS45-3STOP-R-3= (5=-CAATTGGAAGCATT
CTCTCTTCATCGTGTGTGCTAGACGAGGTCCTCACAAACATCGC
CAGCCAGTGTTACAACCAATTAACC-3=) for the Stop45-rev mutant.

Reconstitution of recombinant KSHVs. Briefly, iSLK cells seeded in a
24-well plate were transfected with 1 �g of BAC DNAs by Effectene (Qia-
gen). One day after transfection, cells were subcultured into a T150 flask
with fresh medium containing 450 �g/ml G418 and 1 �g/ml puromycin.
The next day, hygromycin was added to a final concentration of 500 �g/ml
for selection. After 12 days of selection, hygromycin-resistant colonies
were trypsinized, pooled, and subcultured at a 1:9 dilution every 3 days.
To induce viral lytic replication, BAC-containing iSLK cells were seeded
into 6-well plates or a T150 flask, and 1 day later (when cells reached
�90% confluence) medium was replaced with fresh medium containing 2
�g/ml doxycycline and 1 mM butyrate.

Kinase inhibitor assays. Two kinase inhibitors, the MEK inhibitor
U0126 and the RSK inhibitor BI-D1870, were used in this study. iSLK.
BAC16 cells were pretreated for 1 h with 10 �M the indicated inhibitor or
dimethyl sulfoxide (DMSO) control and then induced as described pre-
viously in the presence of the inhibitor. Lysates were collected at 2 days
postinduction (dpi) and analyzed by Western blotting. Media were col-
lected at 4 days postinduction, and the viral genome copy number was
quantified as described below.

qRT-PCR analysis of virion DNA. The virion DNA was prepared as
previously described (12, 21). The medium from induced BAC-iSLK cells
was collected, centrifuged, and passed through a 0.45-�m filter to clear
cell debris. Treatment of 200 �l of the cleared supernatant with 10 U of
Turbo DNase (Ambion, Austin, TX) at 37°C for 1 h degraded extravirion
DNA. The reaction was stopped by the addition of EDTA to a final con-
centration of 5 mM, followed by heat inactivation at 70°C. Twenty micro-
liters of proteinase K solution and 200 �l of buffer AL from a DNeasy kit
(Qiagen, Valencia, CA) then were added. The mixture was kept at 70°C for
15 min and then extracted with phenol-chloroform. The DNA was pre-
cipitated by the addition of 2 volumes of ethanol with glycogen as a car-
rier, and the DNA pellet was dissolved in 40 �l of Tris-EDTA buffer. Two
microliters of DNA was used in SYBR green real-time quantitative PCR
(qRT-PCR) analyses using the Bio-Rad CFX96 real-time detection system
and C1000 thermal cycler. Thermal amplification was performed with the
following parameters: 3 min at 95°C, and then 45 amplification cycles,
each with denaturation (95°C for 10 s), annealing (60°C for 20 s), and
extension (72°C for 15 s) periods. The cycle threshold (CT) value was
determined as the point (cycle) at which the amplification plot crossed the
threshold line. The threshold line was automatically set at 10 times the
standard deviation of the baseline by the program. Viral DNA copy num-
bers were calculated with external standards of known concentrations of
serially diluted BAC16 DNA.

KSHV real-time PCR array. Whole-genomic KSHV real-time PCR
arrays were performed as described previously (27, 28). Briefly, total RNA
were reverse transcribed into cDNA with oligo(dT)20 primer using the
Superscript III first-strand synthesis system (Invitrogen). The cDNA was
used for SYBR green real-time PCR analyses under the conditions de-
scribed above. The delta CT values were calculated for each sample and are
represented as log2(fold change) in gene expression relative to the glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) internal control. The
heat map of this array was generated using the pheatmap function in R
(29, 30).

Virus stock preparation and infection. Six T150 flasks of cells were
induced for 5 days, and then medium was collected and centrifuged to
remove cell debris. Virions were pelleted at 100,000 � g for 1 h on a 25%

sucrose cushion with a Beckman SW28 rotor. The virus pellets were dis-
solved in 1/100 of the original volume of TNE buffer (10 mM Tris-HCl,
pH 8.0, 150 mM NaCl, and 1 mM EDTA) and stored at �80°C. The viral
genome copy number was quantified by qRT-PCR. Infection was carried
out as previously described (12, 21). Briefly, HEK293 cells plated in 24-
well plates were incubated with 2-fold serial dilutions of concentrated
virus plus Polybrene (4 �g/ml) and spun at 800 � g for 1 h at room
temperature. The plates were incubated at 37°C for 2 h, and the inocula
then were removed and replaced with fresh medium with 5% FBS. At 24 h
postinduction, cells were washed twice and resuspended in PBS, and then
green fluorescent protein (GFP) expression was measured using a BD
FACSCanto analyzer.

RESULTS
Identification of aa 56 to 70 of KSHV ORF45 as a region critical
for binding and activation of RSK. We have shown previously
that the N-terminal aa 1 to 115 of KSHV ORF45 is sufficient for
binding and activation of RSK (19). To narrow down the RSK-
binding domain further, we divided this region into three frag-
ments (aa 1 to 50, aa 51 to 90, and aa 78 to 115) and fused each with
GST to produce fusion proteins. Using pulldown assays, we found
that only the fragment of aa 50 to 90 interacted with RSK, while the
aa 1 to 50 and aa 77 to 115 fragments did not (Fig. 1A). To identify
the critical residues, we generated a series of 5-aa internal deletion
mutants of Flag-ORF45 (1-115) and examined their abilities to
bind to HA-RSK1. Coimmunoprecipitation assays revealed that
deletion of the aa 56 to 60, aa 61 to 65, or aa 66 to 70 region of
ORF45 completely abolished its ability to bind to RSK (Fig. 1B,
top). Furthermore, in vitro kinase assays of the immunoprecipi-
tated HA-RSK revealed that these three mutants were unable to
stimulate RSK kinase activity in cells (Fig. 1B, bottom). These
results demonstrate that the region of aa 55 to 70 of KSHV ORF45
is critical for its binding and activation of RSK.

Crucial role of F66 of KSHV ORF45 in binding and activation
of RSK. Alignment of ORF45 sequences of gammaherpesviruses
revealed limited homology in the aa 56 to 70 region (Fig. 1C).
Interestingly, the homology seems to be shared by members of the
genus Rhadinovirus (�2) but not Lymphocryptovirus (�1). For ex-
ample, the homologous core is not found in BKRF4 of EBV, which
belongs to �1. We changed the conserved residues in this region
individually to alanine and found that a change of phenylalanine
66 (F66) to alanine completely abolished the binding of ORF45 to
RSK or ERK and ORF45’s ability to activate the kinases (Fig. 1D).
Changes of other residues had little effect, except D63A mutation,
which reduced the level of RSK activation slightly (Fig. 1D). When
the F66A mutation was introduced into the full-length ORF45, the
mutation also abolished ORF45’s interaction with RSK and ERK
(Fig. 1E, lane 3, top and middle), as well as its ability to activate
RSK and ERK (Fig. 1E, lane 3, bottom). In contrast, a D69A mu-
tation in full-length ORF45 had no apparent effect on its binding
or activation of RSK. These results suggest that the F66 residue of
KSHV ORF45 is critical for binding and activation of RSK.

Generation of ORF45-F66A and ORF45-null mutants in
BAC16, a newly developed and infectious bacterial artificial
chromosomal clone of KSHV genome. Because the F66A muta-
tion prevented ORF45 from binding and activating RSK, it pro-
vided us an excellent tool for defining the roles of ORF45-medi-
ated activation of RSK in the KSHV life cycle. We introduced this
mutation into BAC16, a highly infectious BAC clone derived from
KSHV.219 (24, 31), using two-step lambda Red-mediated seam-
less recombination (25, 26) (Fig. 2A). We also generated an
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FIG 1 Mapping of critical residues in KSHV ORF45 for its binding and activation of RSK. (A) The region between aa 50 and 90 of KSHV ORF45 is
sufficient for binding to RSK. GST-fused ORF45 protein fragments were mixed with lysates of HEK293 cells transfected with HA-RSK1. After incubation
for 2 h, equal portions of the mixtures were subjected to immunoaffinity purification with either glutathione beads or anti-HA affinity resins. The eluted
samples were analyzed by immunoblotting with the designated antibodies. (B) The region between aa 56 and 70 of KSHV ORF45 is essential for binding
to RSK. HEK293 cells were cotransfected with constructs expressing HA-RSK1 and Flag-ORF45 1-115 or a series of 5-aa deletion mutants in the region
of aa 50 to 95. Half of the lysates of the transfected cells were immunoprecipitated (IP) with anti-Flag affinity resin and then analyzed by immunoblotting
with anti-Flag and anti-HA antibodies. HA-RSK1 was immunoprecipitated from another half of the lysates with anti-HA affinity resins and used for in
vitro kinase assays using GST-S6 as the substrate. (C) Alignment of sequences at aa 51 to 75 of KSHV ORF45 and corresponding homologues in RRV
(AAD21372), HVS (CAA45668), and MHV-68 (murine herpesvirus 68; AAB66440). MHV-68 contains two similar motifs. (D) F66 (phenylalanine) in
KSHV ORF45 is critical for binding to and activation of RSK. Residues in the conserved motif region of aa 51 to 76 of Flag-ORF45 (1-115) were mutated
to alanine as indicated. The point mutation constructs were cotransfected with HA-RSK into HEK293 cells. After serum starvation, cell lysates were
prepared and immunoprecipitated with anti-HA or anti-Flag resins. The whole-cell lysates (WCL) and immunocomplexes were analyzed by Western
blotting (WB) with antibodies as indicated. (E) The wild type and F66A mutant in the full-length ORF45 expression constructs were analyzed by
immunoprecipitation and Western blotting as described for panel D.
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FIG 2 Construction and analysis of KSHV BAC16 mutants. (A) Schematic diagram of ORF45 and surrounding ORFs in the wild-type BAC or mutants. The
nucleotide sequences refer to GenBank accession number U75698. For the F66A mutant, the 66th codon, TTC for phenylalanine (F), was changed to GGC for
alanine. For the Stop45 mutant, a triple stop codon was inserted after the eighth codon. For easy identification, a HindIII site also was introduced. (B) Gel
electrophoresis of KpnI- or HindIII-digested wild-type and mutant BAC DNA. F66A, Stop45, and their revertants were constructed as described in Materials and
Methods. The red arrows indicate the predicted changes of restriction patterns caused by the introduced HindIII site in the Stop45 mutant. (C) Sequences of the
wild-type and mutant BACs at the ORF45 locus. The sequence chromatogram and deduced amino acids are shown. The designed mutations are boxed or
underlined.
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ORF45-null mutant in which premature triple stop codon muta-
tions were created after the eighth codon (Fig. 2A). To ensure any
phenotypic changes indeed were caused by designed mutations
rather than unintended ones, we restored the F66A and Stop45
mutations to the original wild-type sequence, producing revertant
mutations (Fig. 2A). Putative mutant BAC clones were analyzed
by digestion with restriction enzymes KpnI and HindIII. Repre-
sentative results are shown in Fig. 2B. Because a HindIII site was
introduced with the premature triple stop codons, digestion of the
Stop45 mutant with HindIII yielded predicted fragments of 2.5
and 3.3 kb rather than 5.8 kb in the wild type (Fig. 2B, marked by
arrows). Digestion of Stop45-rev yielded a pattern identical to that
of the wild type, indicating successful repair of the mutation to the
wild-type sequence. As expected, F66A mutation caused no
change in digestion pattern of either KpnI or HindIII. Sequencing
of the genomic region further confirmed all mutants had the de-
sired sequences (Fig. 2C).

Binding to and sustained activation of RSK and ERK is abol-
ished by ORF45-F66A mutation. F66A, Stop45, their revertants,
and wild-type BAC16 DNA were transfected into iSLK cells which
express RTA under a doxycycline-inducible promoter (23). After
hygromycin selection of BAC DNA-transfected cells, comparable
levels of GFP expression and viral DNA were found in iSLK cells

harboring the different KSHV-BACs (data not shown). Upon
doxycycline and butyrate treatment, RTA is expressed to initiate
the lytic replication program that results in expression of lytic
genes and ultimately the release of infectious viral particles (23).
To verify that the ORF45 wild type, but not the F66A mutant,
binds to ERK and RSK in the context of KSHV lytic replication, we
induced iSLK.BAC16 F66A or the revertant (F66A-rev), harvested
cells at 2 dpi, and immunoprecipitated lysates with a monoclonal
anti-ORF45 antibody. As expected, both ERK and RSK interacted
with wild-type ORF45 during lytic reactivation, and their binding
was almost completely abrogated by F66A mutation (Fig. 3A;
compare lanes 5 and 6). Significantly, the majority of total cellular
RSK1 appears to form complexes with ORF45, as evidenced by the
reduction of RSK1 signal in the flowthrough. We next investigated
the effect of ORF45 mutation or deletion on the activation of ERK
and RSK throughout a time course of lytic reactivation. The levels
of pRSK and pERK increased dramatically and reached a maxi-
mum at 2 dpi in the wild-type- and revertant-infected cells. In
contrast, the levels of pRSK and pERK barely increased upon lytic
reactivation in the BAC16-45F66A or ORF45-null BAC16-Stop45
mutant, confirming critical roles of ORF45 and the F66 residue in
sustained activation of RSK and ERK during KSHV lytic replica-
tion (Fig. 3B).

FIG 3 Binding and sustained activation of RSK and ERK is abolished by ORF45-F66A mutation. (A) Wild-type ORF45 but not the F66A mutant binds with ERK
and RSK during KSHV lytic replication. Lysates from uninduced (U) or induced (I) iSLK cells carrying BAC16 F66A or the revertant were immunoprecipitated
using an anti-ORF45 antibody. Input, eluate (IP), and flowthrough (FT) fractions were immunoblotted with the indicated antibodies. (B) Sustained activation
of RSK and ERK is abolished by F66A or ORF45 null mutation. Stable iSLK cells carrying wild-type BAC16, F66A, Stop45, or revertant viral genomes were
induced with doxycycline and sodium butyrate. Lysates of cells collected at different times after induction were analyzed with antibodies as indicated. (C) The
ORF45-F66A mutation resulted in significant changes in the phosphoproteomic profile of infected cells. The lysates shown in panel B were immunoblotted with
an antibody that recognizes the RxxS*/T* motif (Cell Signaling Technology). (D) Pharmacological inhibition of RSK reduces phosphorylation at the RxxS*/T*
motif. iSLK.16 F66A-rev cells were left untreated or were pretreated for 1 h with the indicated kinase inhibitor. Cells were induced as described previously, and
lysates were collected at 2 dpi and probed with the same antibody as that used for panel C.
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RSKs phosphorylate protein substrates at serine or threonine
residues within the motif RxRxxS/T (R, arginine; S, serine; T, thre-
onine; x, any amino acid), identical to the well-characterized AKT
phosphorylation motif (32–34). Therefore, we used a commer-
cially available motif-specific antibody to determine the impact of
ORF45-F66A mutation on gross phosphorylation of putative RSK
substrates in KSHV-infected cells. As shown in Fig. 3C, phosphor-
ylation detected by this antibody dramatically increased over time,
peaking at 2 dpi, but was essentially abolished by the ORF45-F66A
or Stop45 mutation (Fig. 3C). Furthermore, pharmacological in-
hibition of RSK (BI-D1870) but not the upstream MEK (U0126)
reduced phosphorylation at the putative RSK phosphorylation
motif in a manner similar to that observed due to ORF45 muta-
tion/deletion (Fig. 3D). These results not only confirmed critical
roles of ORF45-activated RSK during KSHV lytic replication but
also indicated widespread downstream effects of this activation on
viral/cellular protein phosphorylation.

Effect of ORF45-F66A mutation on viral gene expression. We
first examined the expression of several viral proteins over time by
Western blotting (Fig. 4). No significant differences were noticed
for expression of RTA (ORF50), PF8 (ORF59), and vIL6 by the
late stage of lytic replication, although small differences were ap-
parent at 24 h. However, the expression of some late lytic genes,
such as ORF65 (capsid), ORF26 (capsid), ORF52 (tegument), and
ORF33 (tegument), obviously was lower in F66A and Stop45 mu-
tants than in revertant mutants.

To assess the impact of ORF45-F66A mutation on KSHV gene
expression at the genomic level, we analyzed the transcription of
all KSHV ORFs by qRT-PCR array (27, 28, 35). The results suggest
that the expression of a subset of KSHV genes are affected by
ORF45-F66A or Stop45 mutation (Fig. 5). Many of the most af-
fected ones appear to be late genes involved in virion assembly
(i.e., tegument and capsid proteins), indicating roles for the
ORF45/RSK axis in the regulation of viral late gene expression.
Interestingly, some of these genes appear to be clustered in the
region between ORF19 and ORF44, which has been shown to
exhibit features of heterochromatin and to be bound by repressive
histone marks during latency (36, 37). For a subset of genes, qRT-
PCR analysis was repeated with samples collected in triplicate
from the indicated cell lines at 48 hpi (Fig. 6). These data are
consistent with the qRT-PCR array, in that while ORF45 mutation

or deletion does not significantly affect the expression of latent or
early lytic genes, it does dramatically reduce the expression of
several late genes, including ORF25, ORF26, and ORF33.

Several KSHV genes which have been shown to activate the
ERK mitogen-activated protein kinase (MAPK) pathway, includ-
ing gB (ORF8) (38), K8.1 (38), and K15 (39), exhibit reduced
expression in the F66A or Stop45 mutant to varied extents (Fig. 5).
Therefore, we need to be cautious not to overemphasize the func-
tional significance of ORF45 as a direct critical factor for RSK
activation. Although our data suggest a major role for ORF45 in
the activation of ERK and RSK, there could be indirect mecha-
nisms contributing to this activation via the ORF45-dependent
expression of other KSHV genes.

ORF45 F66A mutation impairs progeny virion production.
The extracellular viruses were collected daily from the culture me-
dia of induced iSLK.BAC16 cells (WT and mutants), and viral
genomic copy in the medium was determined by real-time qPCR
as described previously (12, 21). As shown in Fig. 7A, the F66A
mutant produced about 10-fold fewer viruses and the ORF45-null
mutant produced 30- to 50-fold fewer viruses than the wild-type
or revertant viruses. Notably, MEK or RSK inhibition also signif-
icantly impaired progeny virion production, confirming a role for
the MAPK signaling pathway in efficient lytic replication (Fig. 7B).
The extracellular wild-type and ORF45 mutant viruses were con-
centrated by ultracentrifugation and normalized based on the vi-
ral genomic DNA copies. The equality of viral particles was con-
firmed by similar levels of capsid protein ORF26 and tegument
proteins ORF33 and ORF52 (Fig. 7C). We infected HEK293 cells
with a series of 2-fold dilutions of these progeny viruses. The GFP
marker on BAC16 facilitated the counting of infected cells by flow
cytometry analysis (Fig. 7D). At equivalent dilutions, the infection
rate by ORF45-null virus was at least an order of magnitude lower
than those of the wild-type and revertant viruses, while infectivity
of the F66A mutant was only slightly reduced (Fig. 7D). Interest-
ingly, although similar percentages of cells were scored as GFP
positive, the intensity of GFP was lower in BAC16-45-F66A-in-
fected cells than in the wild type and revertants at equivalent di-
lutions (Fig. 7E and F). The effect became more dramatic at higher
dilutions (lower MOI), and GFP intensity became close to that of
ORF45-null mutant-infected cells. These results suggested that
the expression of genes from latent episomes is reduced by the loss

FIG 4 Viral protein expression of wild-type BAC16 and ORF45 mutants in iSLK cells. The lysates described in the legend to Fig. 3 were analyzed by Western
blotting using anti-ORF50, anti-ORF45, anti-ORF59, anti-vIL6, anti-ORF52, anti-ORF26, anti-ORF65, and anti-ORF33 antibodies as indicated.
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FIG 5 Transcriptional profile of wild-type BAC16 and ORF45 mutants in iSLK cells. Stable iSLK cells carrying wild-type BAC16, F66A, F66A-rev, or Stop45 viral
genomes were induced with doxycycline and sodium butyrate for 48 h. Total RNA was extracted, reverse-transcribed into cDNA, and used for KSHV whole-
genome qPCR array analysis. The delta CT values for each primer set were calculated and converted to a heat map using R. ORFK1 was omitted because the
primers failed to amplify significant product. IE, immediate early; E, early; L, late; �, unknown expression kinetics.
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of ORF45 and its ability to activate RSK, particularly at lower
MOI. Collectively, these results suggest important functions of
ORF45 and its activation of RSK in the production of infectious
virions upon KSHV lytic reactivation.

DISCUSSION
Crucial roles of ORF45-mediated activation of RSK during
KSHV lytic replication. In the work reported here, we have pre-
cisely mapped the domain involved in RSK interaction and acti-
vation to a small region (�15 aa) near the N terminus of KSHV
ORF45. We further identified a single F66A point mutation that
abolished ORF45’s binding to RSK and ERK and, consequently, its
ability to activate the kinases. We engineered a mutant virus car-
rying this mutation in the genome of KSHV and performed func-
tional analyses of this mutant in iSLK cells. Our studies took ad-
vantage of recent technological advances in the field, including (i)
BAC16, an infectious bacterial artificial chromosome clone of the
KSHV genome, which yields much higher titer of viruses than the
previously used BAC36 (24); (ii) iSLK, a cell line in which RTA is
expressed under an inducible promoter that permits efficient in-
duction of KSHV lytic replication by doxycycline (23), thereby
avoiding use of TPA, a pleotropic agent known to induce ERK
signaling, which would complicate our analyses; and (iii) a two-
step RED-mediated recombination technique that allows seam-
less manipulation of the cloned KSHV BAC genome in E. coli (25,
26). These tools permitted us to introduce the ORF45-F66A mu-
tation into the KSHV genome and produce a recombinant virus.

Analyses of this mutant revealed its significant deficiency in
RSK activation and in production of infectious progeny viruses
upon KSHV lytic reactivation. Therefore, our results demonstrate
the importance of ORF45-mediated RSK activation during KSHV
lytic infection. Although other KSHV lytic proteins, such as gB,
K8.1, and vGPCR, as well as latent proteins kaposin and LANA,
have been reported to activate the ERK MAPK pathway (38, 40–
42), most of them were only assessed under ectopically overex-
pressed conditions. Moreover, none of them have been studied in
the context of viral infection, let alone evaluated by loss-of-func-
tion reverse genetic analysis. Because some of these genes appear
to be differentially expressed upon ORF45 mutation or deletion
(Fig. 5), we cannot exclude the possibility that their activation of

the ERK MAPK pathway also is impaired, thereby amplifying the
defect in RSK activation associated with the F66A/Stop45 pheno-
type. However, our results argue for a dominant role of ORF45 in
sustained activation of RSK during KSHV lytic replication.

Rewiring of kinase signaling by ORF45 during KSHV lytic
replication. As obligate intracellular parasites, viruses must mod-
ulate the host intracellular environment. Although ORF45 has no
enzymatic activity, its association with RSK and ERK causes a
significant increase of their enzymatic activity and duration, re-
sulting in drastic changes of protein phosphorylation profiles in
cells. Phosphorylation of proteins can regulate diverse functions
in cells. By rewiring the RSK and ERK signaling pathways to phos-
phorylate specific protein substrates, ORF45 may exert distinct
functions during KSHV lytic replication by altering the repertoire
of proteins phosphorylated by these kinases.

Although we have previously demonstrated that KSHV ORF45
increases RSK and ERK activities by protecting the active kinases
from dephosphorylation, the detailed mechanism remained to be
elucidated. We now have identified the critical region of ORF45
involved in RSK binding and activation. Although this small re-
gion is conserved among �2 herpesviruses, ORF45 homologues
seem to differ in their abilities to activate RSK and ERK (E. Kuang
and F. Zhu, unpublished data), suggesting additional regions are
involved. Recent studies by other groups have confirmed critical
roles of the ERK pathway in MHV-68 and RRV lytic infection
cycles that are at least partially dependent on ORF45 (43–45).
More studies are needed to elucidate the molecular mechanisms
by which ORF45 causes persistent activation of RSK and ERK.
Another interesting question is how ORF45 homologues have
evolved to acquire their abilities to rewire cellular kinase signaling.
The significant expansion of protein length and distinct subcellu-
lar localizations of KSHV ORF45 may increase its capacity to re-
cruit specific substrates to these kinases; therefore, they could
allow it to attain unique functions not shared by other gammaher-
pesviruses. The identification of the ORF45 interactome and spe-
cific substrates of ORF45-activated kinases will facilitate a better
understanding of these functions.

Multiple functions of ORF45 and its mediated RSK activa-
tion in KSHV life cycle. Our previous reverse genetic studies using
ORF45-null BAC36 in 293T cells suggested roles for ORF45 in
both early and late stages of KSHV lytic replication, although the
detailed functions remained to be determined (12). Indeed, KSHV
ORF45 has been known to be involved in the evasion of innate
immune responses and in the intracellular transportation of
newly assembled virions (13, 18, 46). Rewiring of the ERK/RSK
signaling pathway enables ORF45 to modulate the host cellular
environment to a great extent through phosphorylation of a dis-
tinct repertoire of protein substrates. We recently identified a
prominent cytoplasmic substrate, eIF4B, a translation initiation
factor, as a specific substrate of ORF45-activated RSK, revealing a
role for ORF45 in translational regulation (22). Here, we show
evidence that ORF45 also is involved in transcriptional regulation,
because the transcription of a cluster of late genes surrounding
ORF25 was depressed in BAC16-45F66A- and BAC16-Stop45-
infected cells. Interestingly, this region appeared to be bound by
repressive histone modifications during latency, but the epige-
netic landscape changes significantly during KSHV lytic replica-
tion (36, 37). These results suggest that ORF45 and its mediated
activation of the ERK/RSK signaling pathway affect the expression
of a subset of viral genes through the regulation of epigenetic

FIG 6 Late gene expression is compromised by ORF45 mutation or deletion.
For a subset of genes, qRT-PCR of the indicated sample at 48 hpi was repeated
with 3 biological replicates, and the fold change induction of gene expression
was calculated, normalized to GAPDH, and represented as gene expression
relative to that of the F66A-rev mutant.
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modifications. ERK and RSK have been shown to be involved in
transcriptional regulation by phosphorylation of transcription
factors, histones, and histone-modifying enzymes (32). Further-
more, a role for ORF45 in transcriptional regulation is supported
by the recent report from Glaunsinger’s group that ORF45 po-
tently increases HIV long terminal repeat (LTR) transcription ac-
tivity in an RSK2-dependent manner (47). Because of its role in
transcriptional and translational regulation, ORF45 could have a
broad impact on the expression of not only viral but also cellular
genes. The biological consequences of such regulations on cellular
genes remain to be assessed. Comprehensive identification of sub-

strates specified by ORF45 will be crucial for understanding its
roles throughout KSHV lytic replication.

In summary, KSHV ORF45 possesses regulatory functions at
multiple levels: epigenetics, transcription, translation, and post-
translational modification. Further studies should employ sys-
tems biology approaches to examine the epigenome, transcrip-
tome, proteome, and phosphoproteome by both gain-of-function
and loss-of-function analyses. The F66A mutant will be a great
tool for these studies.

The lower infection rate of HEK293 cells by the ORF45-null
BAC16-Stop45 mutant indicates that ORF45 plays a critical role

FIG 7 Production of infectious viruses is compromised by ORF45 mutation or deletion. (A) Growth curves for recombinant KSHV. Stable iSLK cells carrying
wild-type BAC16, F66A, Stop45, or revertant viral genomes were induced with doxycycline and sodium butyrate. Supernatants of induced medium were
collected at different time points as indicated. Viral genome copies in the medium were determined by real-time PCR and were plotted against the time since
induction. (B) iSLK.BAC16 cells were pretreated for 1 h with the indicated kinase inhibitor, followed by induction of lytic reactivation in the presence of inhibitor.
Viral genome copies were measured at 96 hpi as described for panel A. (C) Extracellular virions were collected and concentrated from the media of induced
iSLK.BAC16 wild-type and ORF45 mutant cell lines as outlined in Materials and Methods. After normalizing by viral genome copy number, virion composition
was analyzed by Western blotting with the indicated antibodies. (D to F) 293 cells were infected with 2-fold serial dilutions of wild-type and ORF45 mutant
KSHV. Twenty-four h postinduction, GFP-positive cells were counted by fluorescence-activated cell sorting (FACS). The percentages of GFP-positive cells (D)
and GFP median values (E) were calculated for each dilution. (F) Representative histograms of the FACS data.
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during primary infection. This result is in agreement with what we
have previously reported (12). Interestingly, although the infec-
tivity of the F66A mutant is only slightly impaired, the GFP inten-
sity is significantly reduced compared to those of the revertant and
wild type. The effect is dependent on the multiplicity of infection
(MOI), and the deficiency is more severe at lower MOI, where the
GFP intensity of F66A-infected and Stop45-infected cells became
similar. These results suggest that the activation of RSK by virion-
contained ORF45 is required for optimal expression of genes from
viral episomes during de novo infection, particularly at lower
MOI, which is more common under physiological conditions.
Although we cannot exclude the potential involvement of ORF45
in early processes of infection (such as entry, virion transport,
uncoating, and nuclear import of viral genomes), the effect is in
agreement with ORF45 having a role in the regulation of tran-
scription and translation.

Several tegument proteins likely are involved in viral assembly
and maturation during late stages of herpesvirus replication, but it
is challenging to dissect the roles of ORF45 in these processes,
since its absence affects the expression of some late viral structural
proteins. Interestingly, although some viral structural proteins
were reduced by the loss of ORF45, the packaging of these proteins
into virions appeared not to be greatly affected by the ORF45-null
mutation. Additionally, the assembly of ORF45 itself into the vi-
rion was not affected by the F66A mutation, suggesting that inter-
action with RSK is not directly involved in the packaging of ORF45
into virions.

Potential significance of sustained RSK activation by ORF45
in pathogenesis of KSHV-associated diseases. The Ras/Raf/
MEK/ERK pathway is one of the most important signaling cas-
cades frequently dysregulated in human cancers, and components
of this pathway have been extensively explored as therapeutic tar-
gets (48–50). The persistent activation of RSK and ERK caused by
ORF45 could have important implications in KSHV pathogenesis.
First, activation of RSKs by ORF45 is important for KSHV lytic
replication, a life cycle now known to be crucial for KS develop-
ment because of its roles in paracrine regulation of the inflamma-
tory and angiogenic microenvironment of tumor cells and in pro-
viding a reservoir of viruses from which new latently infected cells
can be derived (51, 52). The inhibition of lytic replication was
found to reduce KS development in patients (53). Second, as men-
tioned above, ORF45-mediated activation of RSK is involved in
the direct interaction between KSHV and HIV-1, which is well
known to drastically increase both the incidence and severity of
KS. ORF45 has been shown to work synergistically with the HIV-
1-encoded protein Tat to potently increase LTR transcription ac-
tivity in an RSK-dependent manner (47, 54). Conversely, Tat has
been found to increase KSHV lytic gene expression and infectivity
(55–57). Third, Chang and Ganem recently discovered a unique
transcriptional program consisting of both latency and limited
expression of lytic genes in KSHV-infected lymphatic endothelial
cells (LECs) but not in the similarly infected blood endothelial
cells (BECs) (58). The LECs are highly relevant to the spindle cells
in KS lesions. ORF45 was shown to contribute to RSK-dependent
but AKT-independent upregulation of mTOR signaling in KSHV-
infected LECs, making the cells dependent on mTOR signaling. As
a result, LECs but not BECs are sensitized to rapamycin-mediated
killing. This finding provided a molecular mechanism to explain
the observed phenomenon that rapamycin causes the regression
of posttransplant KS lesions in renal transplant recipients. Lastly,

because of its roles in transcriptional and translational regulation,
ORF45 could affect the expression of cellular genes involved in a
variety of physiological and pathological pathways. The involve-
ment of ORF45-RSK in these processes suggests that both RSK
and its interaction with ORF45 can be explored as therapeutic
targets for KSHV-associated diseases. The natural and synthetic
inhibitors of RSKs and small molecules that disrupt ORF45-RSK
interaction could be pursued in future studies (48, 59, 60).
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