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ABSTRACT

Robust activation of human immunodeficiency virus type 1 (HIV-1) gene expression occurs upon superinfection with Kaposi’s
sarcoma-associated herpesvirus (KSHV), a common AIDS-associated pathogen. Though the mechanisms underlying this pheno-
type remain unknown, several KSHV-encoded factors have been reported to stimulate HIV-1 long terminal repeat (LTR) activ-
ity. Here, we systematically evaluated the ability of KSHV tegument proteins to modulate the activation of an integrated HIV-1
LTR and revealed that the most potent individual activator is ORF45. ORF45 directs an increase in RNA polymerase II recruit-
ment to the HIV-1 LTR, leading to enhanced transcriptional output. ORF45 is a robust activator of the p90 ribosomal S6 kinases
(RSK), and we found that this activity is necessary but not sufficient to increase transcription from the LTR. Of the three widely
expressed RSK isoforms, RSK2 appears to be selectively involved in LTR stimulation by both KSHV ORF45 and HIV-1 Tat. How-
ever, constitutively active RSK2 is unable to stimulate the LTR, suggesting that ORF45 may preferentially direct this kinase to a
specific set of targets. Collectively, our findings reveal a novel transcriptional activation function for KSHV ORF45 and highlight
the importance of RSK2 in shaping the transcriptional environment during infection.

IMPORTANCE

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a prominent AIDS-associated pathogen. Previous studies have shown that
infection of cells containing human immunodeficiency virus type 1 (HIV-1) with KSHV leads to potent stimulation of HIV-1
gene expression by activating the HIV-1 promoter, termed the long terminal repeat (LTR). Here, we compared the abilities of
various KSHV proteins to activate gene expression from the HIV-1 LTR and found that KSHV ORF45 is the most potent activa-
tor. ORF45 is known to induce cell signaling through ribosomal S6 kinase (RSK) and enhance protein translation. However, we
revealed that the activation of a specific isoform of RSK by ORF45 also leads to increased mRNA synthesis from the LTR by the
host RNA polymerase. Collectively, our findings provide new insight into the interviral interactions between KSHV and HIV
that may ultimately impact disease.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a gamma-2
herpesvirus and is one of the seven known human cancer-

causing viruses. In addition to several lymphoproliferative disor-
ders, KSHV is the etiologic agent of Kaposi’s sarcoma (KS), the
most common AIDS-associated cancer (1–3). AIDS-associated
KS is more clinically aggressive than KS that occurs in immuno-
compromised human immunodeficiency virus (HIV)-negative
patients, and several studies have suggested that HIV plays a role
in its pathogenesis (4). In particular, the HIV-1 Tat protein in-
duces the expression of inflammatory cytokines that promote an-
giogenesis, as well as enhances KSHV infectivity for endothelial
cells, and may thereby contribute to the highly aggressive nature of
AIDS-associated KS (5–7). Furthermore, HIV infection or exoge-
nous expression of Tat promotes KSHV reactivation in latently
infected primary effusion lymphoma cells (8–10).

Some epidemiological studies have also found a positive cor-
relation between KSHV coinfection and progression to AIDS, sug-
gesting that KSHV may likewise influence the biology of HIV (11,
12). Indeed, KSHV infection of HIV-infected monocytic cell lines
or peripheral blood mononuclear cells isolated from HIV-infected
individuals induces HIV reactivation from a latent state (13). Al-
though primarily lymphotropic, KSHV has been detected in a
variety of cell types in vivo, including B cells, endothelial cells, and
monocytes (14–17). Interestingly, there is accumulating evidence

that KSHV can also infect T cells in vivo and human tonsillar
CD4� and CD8� T cells, whether activated or resting, are suscep-
tible to abortive KSHV infection ex vivo (18–21). Though it re-
mains unclear whether KSHV can productively replicate in T cells,
infection could nonetheless influence T-cell function via a variety
of mechanisms. In particular, herpesviruses such as KSHV pack-
age a number of viral proteins that alter the cellular environment
into their tegument, a region of the viral particle between the
capsid and the envelope that is deposited directly into newly in-
fected cells (22–24). The infection of T cells with KSHV may there-
fore have pathogenic relevance, particularly in HIV-infected pa-
tients.

While the molecular mechanisms by which KSHV activates
HIV have yet to be elucidated, the activity of the HIV-1 long ter-
minal repeat (LTR) is influenced by multiple KSHV gene prod-
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ucts, including ORF45, replication and transcription activator
(ORF50 or RTA), and latency-associated nuclear antigen (LANA)
(25–27). Interestingly, all three KSHV proteins synergize with
HIV-1 Tat to boost expression from the LTR, as well as activate a
minimal LTR with the core promoter elements deleted. However,
the relative contributions of these factors to LTR activation, as well
as the mechanisms involved, remain unknown.

In the present study, we reveal that while multiple KSHV teg-
ument proteins are capable of modulating LTR activity, the most

robust activation is observed with ORF45. ORF45 has previously
been shown to enhance translation through its ability to activate
the cellular p90 ribosomal S6 kinase (RSK) (28, 29), and here we
demonstrate that its expression also increases RNA polymerase II
(RNAPII) recruitment to and transcription from an integrated
HIV-1 LTR. Though not sufficient, the ability of ORF45 to bind
and activate RSK is necessary for its LTR stimulation, indicating
that its modulation of this kinase impacts multiple levels of gene
expression. Using a series of dominant negative (DN) RSK iso-
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FIG 1 KSHV infection enhances the activity of the HIV-1 LTR. (A) Supernatants from doxycycline- or mock-treated KSHV producer iSLK-219 cells were used
to infect NH1 and NH2 cells. As an additional control, NH1 and NH2 cells were treated with supernatants from similarly treated iSLK cells. Luciferase levels were
determined at 6 and 12 h postinfection. Western blot analysis of �-tubulin served as a loading control. (B) NH1 and NH2 cells were mock treated or incubated
with supernatants from reactivated iSLK-219 cells that were either left untreated or cleared of virus by ultracentrifugation. Luciferase levels were determined at
6 h postinfection. Western blot analysis of �-tubulin served as a loading control. (C) NH1 and NH2 cells were mock treated or incubated with viral supernatants
that were heat inactivated or mock treated. Western blot analysis of �-tubulin served as a loading control.
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FIG 2 Effects of KSHV tegument proteins on the HIV-1 LTR. (A and B) NH1 and NH2 cells were transfected with the plasmids indicated. At 48 h posttrans-
fection, cell lysates were prepared and luciferase levels were determined. Expression of transfected ORFs was detected by anti-Strep Western blot analysis.
Western blot analysis of �-tubulin served as a loading control. Statistical significance was determined by Student t test (��, P � 0.001; ���, P � 0.0001). MW,
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forms, we show that RSK2 selectively impacts ORF45-induced
transcriptional activation. ORF45 homologs in related gamma-
herpesviruses promote only weak RSK activation and fail to stim-
ulate the HIV-1 LTR, demonstrating that this activity is specific to
KSHV ORF45. Collectively, these findings provide mechanistic
insight into how KSHV coinfection influences HIV-1 transcrip-
tion, as well as identify a novel transcriptional activity for the
KSHV ORF45 protein.

MATERIALS AND METHODS
Antibodies. Anti-FLAG (clone M2; 1:5,000) and anti-�-tubulin (clone
TUB 2.1; 1:3,000) antibodies were purchased from Sigma. All p90 RSK
antibodies (p90RSK Antibody Sampler kit; 1:1,000) and the anti-histone
H3 antibody (9715; 1:2,000) were purchased from Cell Signaling. RNAPII
antibody (N20) was purchased from Santa Cruz Biotechnology. Anti-
Strep antibody (StrepMAB-Classic; 1:1500) was purchased from IBA Life
Sciences. Goat anti-rabbit and anti-mouse horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:5,000) were purchased from
Bio-Rad.

Cells, viruses, and plasmids. HEK293T cells (American Type Culture
Collection); iSLK cells, which are renal carcinoma cells that express a
doxycycline-inducible RTA transgene (30, 31); iSLK-219 cells, which har-
bor recombinant KSHV.219 virus; and HeLa-based NH1 (32) and NH2
cells (33) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen) with 10% fetal calf serum (FBS; Invitrogen, Hy-
Clone). The NH1 cell line contains an integrated HIV-1 LTR-luciferase
reporter construct. NH2 is a derivative of NH1 and harbors a constitu-
tively expressed integrated Tat-hemagglutinin (HA) expression vector.
The Jurkat-based cell line 1G5 containing an integrated HIV-1 LTR-lu-
ciferase reporter was maintained in RPMI 1640 (Invitrogen) with 10%
FBS and 2 mM L-glutamine.

KSHV was reactivated from iSLK-219 cells by the addition of 1 �g/ml

doxycycline to the medium for 5 days. For KSHV infection studies with
NH1 and NH2 cells, supernatants from either doxycycline- or mock (dis-
tilled H2O [dH2O])-treated iSLK or iSLK-219 cells were filtered through
0.45-�m filters, supplemented with 8 �g/ml Polybrene, and placed on top
of �70% confluent NH1 or NH2 cells. Cells were centrifuged for 2 h at
2,000 rpm at 25°C. Following spinfection, supernatants were replaced
with DMEM containing 10% FBS. For experiments using clarified viral
supernatants, iSLK-219 cells were reactivated as described above and the
supernatants were split in two. One aliquot of virus was used for infection
as described above, while KSHV virions were depleted from the second
aliquot by ultracentrifugation at 100,000 � g for 1 h with a Beckman
SW28 rotor as previously described (34). Heat inactivation of KSHV su-
pernatants was carried out by incubation at 65°C for 1 h prior to infection.

cDNA expression constructs encoding known or predicted KSHV teg-
ument proteins were cloned via reverse transcription (RT)-PCR from
total RNA isolated from reactivated Trex BCBL-1 RTA cells. cDNA was
cloned into pcDNA4/TO (Invitrogen) containing a C-terminal Strep tag
(35). Epstein-Barr virus (EBV) FLAG-ORF45, KSHV FLAG-ORF45, and
murine gammaherpesvirus 68 (MHV68) FLAG-ORF45 were cloned via
RT-PCR from total RNA isolated from reactivated Akata cells, iSLK-219
cells, or MHV68-infected 3T3 cells, respectively. cDNA was cloned into
pCDEF3. KSHV FLAG-tagged F66A mutant ORF45 was created by site-
directed mutagenesis with PFU Ultra Polymerase. C- and N-terminal
truncations of KSHV ORF45 were generated by PCR with KSHV FLAG-
ORF45 as the template and cloned into pCDEF3. Wild-type (WT) and DN
RSK expression constructs were generously provided by Warren J. Leon-
ard of the National Heart, Lung, and Blood Institute (NIH) (36). pKH3-
RSK2 and pKH3-RSK2–Y707A (constitutively active) were kindly pro-
vided by Deborah A. Lannigan at Vanderbilt University Medical Center
(37).

HIV-1 LTR luciferase assays. Luciferase assays were performed as
previously described (33). Briefly, viral open reading frames (ORFs) or
RSK plasmids were transfected into the NH1 and NH2 cell lines with
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Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer’s
instructions. At 48 h posttransfection, lysates were prepared from approx-
imately equal number of cells and luciferase activity was determined with
the Promega luciferase assay system. For luciferase assays with the Jurkat-
based 1G5 cell line, 1 � 107 cells were electroporated in a Gene Pulser II
(Bio-Rad Laboratories) at 250 V and 960 �F in 250 �l in a 0.4-cm cuvette
with 5 �g of the plasmids indicated. Luciferase levels were determined at
24 h postelectroporation. All error bars represent standard deviations of
the fold activation from three independent experiments.

Western blotting and immunoprecipitations. Cells were lysed in
NET-2 buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 3 mM MgCl2,
10% glycerol, 0.5% Nonidet P-40), and protein concentrations were de-
termined by Bradford assay. Equivalent quantities of each sample were
fractionated by SDS-PAGE, transferred to a polyvinylidene difluoride
membrane, and incubated with the appropriate antibodies. Western blot
assays were developed with HRP-conjugated secondary antibodies and
ECL reagents (Pierce).

For immunoprecipitations, whole-cell extracts prepared in NET-2
buffer were incubated overnight with either anti-FLAG or anti-HA anti-
body-conjugated agarose beads (Sigma). Beads were washed extensively
with NET-2 buffer and then eluted with FLAG peptide (Sigma).

ChIP and qPCR. Chromatin immunoprecipitation (ChIP) was per-
formed essentially as described previously (38), except that a Covaris fo-
cused sonicator was used for chromatin shearing. Following reversal of
cross-links, DNA was purified with a PCR purification spin column (Fer-
mentas) and resuspended in 50 �l of dH2O; 1 to 2 �l of DNA was used for
quantitative PCR (qPCR) with the DyNAmo ColorFlash SYBR green
qPCR kit (Thermo Scientific) with primers located within either the
HIV-1 LTR or luciferase. Signals obtained by qPCR were normalized to
the input DNA.

For analysis of gene expression by RT-qPCR, total RNA was isolated
with TRIzol (Invitrogen) in accordance with the manufacturer’s instruc-
tions. cDNA was synthesized from 1 �g of RNA with random hexamers
(Integrated DNA Technologies) and SuperScript II reverse transcriptase
(Invitrogen). qPCR was performed as described above.

RESULTS
KSHV infection drives transcription from the HIV-1 LTR. To
explore the mechanisms underlying KSHV-induced activation of
the HIV-1 LTR, we took advantage of two HeLa-based cell lines
containing a stably integrated HIV-1 LTR-driven firefly luciferase
reporter gene in either the absence (NH1) or the presence (NH2)
of Tat (32, 33). This well-characterized system allowed us to mon-
itor both basal (Tat-independent) and Tat-stimulated transcrip-
tion from the integrated HIV-1 LTR. To verify that KSHV was able
to modulate the activity of the HIV-1 LTR in this system, we in-
cubated NH1 and NH2 cells with supernatants derived from a
doxycycline-inducible KSHV producer cell line (iSLK-219) or a
matched, KSHV-negative control line (iSLK). Luciferase levels
were monitored at various time points postaddition of superna-
tants from the producer and control cells that had been either
mock or doxycycline treated. As shown in Fig. 1A, NH1 and NH2
cells incubated with supernatants from reactivated KSHV-posi-
tive iSLK-219 cells resulted in extremely robust activation of the
HIV-1 LTR compared to cells incubated with control superna-
tants. LTR activation reached a maximal level at 6 h postinfection,
where KSHV infection caused 58- and 171-fold induction of basal
and Tat-stimulated luciferase activity, respectively. Additionally,
depletion of KSHV virions from the infectious supernatants by
ultracentrifugation, as well as heat inactivation of viral superna-
tants, significantly reduced the ability of the supernatants to in-
crease luciferase levels (Fig. 1B and C). It is possible that the mod-
erate level of LTR activation from the KSHV-cleared supernatants

is due to secreted factors produced during KSHV lytic infection or,
alternatively, to a low level of residual viral particles remaining
after ultracentrifugation. Nonetheless, these results indicate that
KSHV infection of NH1 and NH2 cells can robustly stimulate the
HIV-1 LTR.

The fact that LTR activation occurred during the first 6 h
postinfection suggested that one or more components of the
KSHV tegument may drive this phenotype, as these factors are
deposited directly into newly infected cells. In addition, while
HeLa cells can be infected with KSHV, they are not permissive for
lytic KSHV replication and thus presumably express a limited rep-
ertoire of lytic-cycle genes (39). Two KSHV tegument proteins,
ORF45 and ORF50, were previously shown to enhance the activity
of the HIV-1 LTR. However, there has been no systematic screen-
ing to measure the relative influence of KSHV tegument proteins
on LTR activity, nor has their mechanism of LTR activation been
determined. We therefore screened a collection of 10 C-terminally
Strep-tagged KSHV ORFs representing established or predicted
tegument proteins for the ability to activate either basal or Tat-
activated transcription from the HIV-1 LTR (22). Western blot
analysis confirmed the expression of all ORFs (Fig. 2A, bottom).
Notably, ORF45 was the most robust LTR activator in this screen,
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increasing basal activation 10-fold and Tat transactivation 54-fold
(Fig. 2A). We also detected ORF50 activity, as predicted, as well as
ORF52 activity. However, ORF52 selectively affected basal tran-
scription, as it failed to augment LTR activity in the presence of

Tat. The screen also identified the uncharacterized protein ORF11
as a candidate inhibitor of Tat transactivation. Finally, we com-
pared the activity of ORF45 and that of the KSHV major latency
protein LANA, which was previously shown to enhance Tat-de-
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pendent activation of an HIV-1 LTR reporter plasmid. However,
in our system, LANA failed to activate the HIV-1 LTR (Fig. 2B). It
is possible that the effects of LANA on the LTR are cell type spe-
cific, though we also note that the previous study used a trans-
fected reporter plasmid rather than a system in which the LTR was
integrated into the host chromatin.

Given that ORF45 was the most robust LTR activator in our
screen, we decided to focus on this protein and its mechanism of
action. To rule out any potential effect of the expression vector or
epitope tag, ORF45 was cloned into a separate expression vector
with an N-terminal FLAG tag. As expected, FLAG-ORF45 also
produced robust stimulation of both basal and Tat-activated
HIV-1 LTR activity, increasing luciferase levels 10- and 61.5-fold,
respectively (Fig. 3A). A titration of ORF45 showed that LTR ac-
tivation occurred in a dose-dependent manner, with clear basal
activation detected with 200 ng of ORF45 plasmid and stimulation
of Tat transactivation detected with as little as 50 ng of ORF45
plasmid (Fig. 3B).

KSHV ORF45 promotes transcriptional activation of the
HIV-1 LTR. The HIV-1 LTR is heavily regulated, particularly at
the stage of transcription elongation, and has served as a model for
understanding mechanisms of transcriptional control (40). Thus,
we evaluated whether ORF45 was altering the transcriptional ac-
tivity of the HIV-1 LTR. Luciferase assays are not a direct measure
of transcriptional activity, as they represent a gene expression end-
point that is a composite of multiple upstream events, including
transcription, RNA processing and stability, and translation. In
addition, ORF45 has previously been shown to stimulate transla-
tion, and thus it was possible that ORF45 was simply augmenting
the translation of preexisting luciferase mRNA (29). We therefore
used RT-qPCR to measure levels of luciferase mRNA in cells
transfected with either an empty vector or FLAG-ORF45. In sup-
port of a transcriptional effect, expression of ORF45 resulted in an

�3-fold increase in mRNA levels for both basal and Tat-stimu-
lated transcription (Fig. 4B).

To evaluate the effect of ORF45 on LTR transcription di-
rectly, as opposed to alterations in RNA processing or stability,
we next measured the amount of RNAPII on the HIV-1 LTR in
either the absence or presence of ORF45 by ChIP (Fig. 4C).
Expression of ORF45 resulted in an increase in RNAPII occu-
pancy on both the HIV-1 LTR and within the luciferase ORF,
confirming that it enhanced transcription (Fig. 4C). We were
unable to detect ORF45 on the HIV-1 LTR or gene body by
ChIP (data not shown), suggesting that it is not a direct tran-
scriptional activator.

ORF45-induced RSK activation is necessary but not suffi-
cient for activation of the HIV-1 LTR. KSHV ORF45 is a potent
activator of the p90 RSKs (28). To evaluate the role of RSK acti-
vation in ORF45-mediated induction of the HIV-1 LTR, we tested
the activity of two mutant ORF45 proteins, a RSK activation-com-
petent C-terminal truncation (amino acids 1 to 120) and an N-
terminal truncation (amino acids 101 to 407) that is unable to
activate RSK (Fig. 5A). Although the expression level of the C-ter-
minal mutant protein was well below that of full-length ORF45, it
nonetheless activated RSK with efficiency similar to that of the
full-length protein (Fig. 5A). However, unlike full-length ORF45,
neither mutant protein was able to stimulate the HIV-1 LTR, sug-
gesting that RSK activation is not sufficient to mediate LTR induc-
tion (Fig. 5B). We next tested whether the ability to activate RSK is
required for ORF45-induced LTR activation with the F66A mu-
tant ORF45 protein. As previously reported (29), we found F66A
mutant ORF45 to be defective in both RSK binding and subse-
quent activation (Fig. 5C and D). Additionally, it was unable to
increase the activity of the HIV-1 LTR in luciferase assays (Fig. 5E)
and failed to increase RNAPII occupancy on both the HIV-1 LTR
and within the luciferase gene body (Fig. 5F). Thus, RSK activa-
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tion by ORF45 is necessary but not sufficient to promote activa-
tion of the HIV-1 LTR.

To confirm that our findings were not limited to HeLa cells, we
tested whether they could be recapitulated in T cells, which are
more relevant for studying HIV infection. To this end, we used the
1G5 Jurkat T-cell model of HIV-1 transcription because it also
contains an integrated luciferase gene under the transcriptional
control of the HIV-1 LTR (41). Importantly, transfection of WT
but not F66A mutant ORF45 was capable of enhancing both basal
and Tat-dependent transactivation of the HIV-1 LTR in 1G5 Jur-
kat cells (Fig. 5G and H). Thus, ORF45 mediates RSK-dependent
transcriptional activation in the HIV-1 LTR in both the HeLa and
T-cell models.

ORF45-induced HIV-1 LTR activation is mediated in part by
RSK2. Mammals contain four RSK isoforms; RSK1 to -3 are ex-
pressed ubiquitously, while the expression of RSK4 is variable and
tissue specific (42, 43). ORF45 has been shown to interact with
RSK1 and RSK2 (28), suggesting that one or both of these iso-
forms might be required for LTR activation. We reasoned that if a
particular RSK isoform were involved in ORF45-mediated induc-
tion of the LTR, then selective inhibition of that isoform should
restrict LTR activation. We therefore took advantage of a series of
well-defined dominant negative (DN) versions of constitu-
tively expressed RSK1, RSK2, and RSK3 (36). Plasmids express-
ing WT or DN versions of the RSK proteins were transfected
into NH1 and NH2 cells alone or together with FLAG-ORF45,
and HIV-1 LTR activity was assessed 48 h later. Indeed, expres-
sion of DN RSK2 reduced ORF45-mediated induction of both
basal and Tat-activated transcription by greater than 50%,
whereas none of the WT or mutant RSKs impacted the degree
of LTR activation. Interestingly, DN RSK2 also reduced the
ability of Tat to transactivate the HIV-1 LTR in the absence of
ORF45 (Fig. 6), which is notable because Tat has similarly been
shown to bind activated RSK2 (44). These data suggest that
RSK2 is the primary, and perhaps sole, RSK isoform involved in
activation of the HIV-1 LTR.

An ORF45-RSK2 complex is required for transactivation of
the HIV-1 LTR. Given our observation that RSK2 was directly
involved in ORF45-induced LTR activation, we considered
whether the ORF45 C-terminal truncation described in Fig. 5
might be defective because of a selective failure to activate RSK2.
This was a possibility because the phosphospecific antibodies
cross-react with multiple RSK isoforms, and thus a change in iso-
form specificity would be missed. To test this hypothesis, we eval-
uated whether a constitutively active version of RSK2 promoted
LTR activation. The C terminus of RSK2 contains an autoinhibi-
tory domain; the Y707A mutation within this region results in a
constitutively active kinase (37). Although expression of Y707A
mutant RSK2 led to RSK activation as measured by Western blot-
ting for phospho-RSK, it failed to enhance transcription from the
HIV-1 LTR (Fig. 7A and B). These data confirmed that RSK2
activation, while necessary, is not sufficient to activate the LTR in
the absence of ORF45. They further suggest that an ORF45-RSK2
complex may be required for HIV-1 LTR transactivation. Indeed,
coexpression of F66A mutant ORF45, which cannot interact with
RSK, with either WT or constitutively active RSK2 failed to acti-
vate the HIV-1 LTR (Fig. 7C). Taken in aggregate, our data suggest
that through its interaction with RSK2, ORF45 directs a unique
signaling outcome distinct from that induced by the constitutively
active version of RSK2.

Related gammaherpesvirus ORF45s fail to activate the p90
RSKs and transcription from the HIV-1 LTR. KSHV ORF45 ho-
mologues are absent from both the alpha- and betaherpesviruses.
However, ORF45 homologs have been identified in numerous
gammaherpesviruses, including EBV and MHV68, where they are
15 and 17% identical, respectively. Whether the ORF45 homologs
are similarly capable of activating the p90 RSKs or the HIV-1 LTR
is unknown (45, 46). We therefore compared these activities of the
three gammaherpesvirus homologs from KSHV, EBV, and
MHV68 (Fig. 8). Unlike KSHV ORF45, the EBV and MHV68
ORF45 homologs failed to robustly activate the p90 RSKs (Fig.
8A). Furthermore, neither EBV nor MHV68 ORF45 was able to
activate the HIV-1 LTR, suggesting that its degree of RSK2 activa-
tion was insufficient and/or that its potential association with RSK
does not direct the same signaling outcome as that of KSHV
ORF45 (Fig. 8B). Thus, the ability to both robustly activate the p90
RSKs and enhance the transcriptional activity of the HIV-1 LTR is
specific to KSHV ORF45.
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DISCUSSION

KSHV stimulates HIV-1 reactivation in coinfection experiments,
and several studies indicate that HIV-1 and KSHV may target
similar populations of cells in vivo, suggesting that this interplay is
biologically relevant (13, 14, 18–20). Here, we dissected the rela-
tive contributions of individual KSHV tegument proteins to
HIV-1 LTR activation, revealing that multiple KSHV proteins are
capable of modulating the activity of the HIV-1 LTR both posi-
tively (ORF45, ORF50, and ORF52) and negatively (ORF11).
However, KSHV ORF45 was found to be the most potent individ-
ual modulator of the HIV-1 promoter. In addition to stimulating
basal LTR activity, ORF45 robustly synergized with the HIV-1
transcription elongation factor Tat to enhance the activity of the
LTR �1,000-fold in both HeLa cells and in Jurkat T cells. Thus,
our findings uncover a novel transcriptional activation function
for ORF45 that presumably complements its previously described
ability to boost translation (29). Both outcomes rely on ORF45-
induced activation of RSK, indicating that manipulation of this
kinase upon KSHV infection impacts multiple stages of the gene
expression cascade. Our results further suggest that ORF45 may
direct activated RSK2 to a key subset of signaling targets that are
perhaps distinct from those induced by other mitogenic stimuli.
Revealing how viral proteins such as ORF45 impact RSK signaling
is relevant for understanding mechanisms underlying both viral
pathogenesis and a number of nonviral diseases linked to consti-
tutive RSK signaling. For example, aberrant RSK activation con-
tributes to multiple malignant conditions, including various

breast and ovarian cancers and myeloma (47–50). Additionally,
inactivating mutations in the RSK2-encoding gene are responsible
for Coffin-Lowry syndrome, which is characterized by severe
mental retardation and progressive skeletal deformations
(51–53).

RSKs are a family of Ser/Thr kinases activated through the
mitogen-activated protein kinase signal transduction pathway
(54). The binding of ORF45 to RSK increases the association of
extracellular signal-regulated kinase with RSK in a manner that
shields these kinases against dephosphorylation, resulting in a
high level of sustained RSK activity (55). Of the four mammalian
RSK isoforms, ORF45 interacts with RSK1 and RSK2 (28). Our
data indicate that RSK2 is specifically involved in the transcrip-
tional induction of the HIV-1 LTR, suggesting that RSK1 may
instead be used by ORF45 to manipulate separate cellular pro-
cesses during infection. RSK2 targets multiple proteins with a di-
verse range of functions, including the modulation of gene expres-
sion. Prominent among its targets are transcription factors and
coactivators, including ATF4, CBP, CREB, and c-fos, as well as
several chromatin modification enzymes (54). However, our find-
ing that constitutively active RSK2 Y707A fails to activate the
HIV-1 LTR suggests that ORF45 may redirect RSK2 to novel sub-
strates distinct from those triggered by other mitogenic stimuli. In
this model, ORF45 would function as a RSK2 scaffolding protein
and direct the RSK2-mediated phosphorylation of novel sub-
strates or otherwise low-abundance RSK2 targets that are then
capable of modulating HIV-1 transcription. Indeed, scaffolding
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proteins are a common theme in signal transduction pathways
and serve as a mechanism to direct, or enhance, the signal toward
a particular outcome (56). In this regard, KSHV is known to alter
the substrate specificity of host-encoded cyclin-dependent kinases
through KSHV-encoded v-cyclin (57–59).

ORF45 has previously been shown to enhance cellular gene
expression by promoting the RSK-mediated phosphorylation of
eukaryotic translation initiation factor 4B (eIF4B), which pro-
motes 40S ribosomal subunit recruitment to mRNA and subse-
quently facilitates protein translation (29, 60). Although our data
indicate that ORF45 promotes transcriptional activation of the
LTR, translational enhancement may serve to increase the magni-
tude of LTR-driven gene expression. For instance, translational
enhancement could contribute to the robust synergism between
ORF45 and Tat, as the increase in luciferase mRNA is 20-fold yet
luciferase levels increase �1,000-fold. That said, it is difficult to
make a direct comparison of mRNA levels and translational out-
put, as small increases in mRNA can result in large increases in
protein levels. Thus, KSHV ORF45 is a two-pronged activator of
gene expression that targets both transcriptional and translational
regulatory pathways.

Interestingly, HIV-1 Tat also interacts with activated RSK2 in a
manner important for its transactivation of the LTR (44). The fact
that two independent LTR activators converge on this kinase
highlights a possible central role for RSK2 in regulation of the
transcriptional landscape during infection. It remains to be deter-
mined whether ORF45 and Tat require similar downstream tar-
gets of RSK2 to promote LTR activation. One possibility is that the
robust synergism observed between ORF45 and Tat is a result of
ORF45 increasing the cellular pool of activated RSK2 available to
Tat. However, our observation that neither WT nor constitutively
active RSK2 functions synergistically with Tat argues against this
model and suggests that RSK2 levels are not limiting. An addi-
tional possibility is that RSK2 forms distinct complexes with Tat
and ORF45 that function separately to enhance the activity of the
HIV-1 LTR, perhaps each directing RSK2 to distinct targets. In
line with this hypothesis, we were unable to detect an interaction
between ORF45 and Tat (data not shown). Furthermore, ORF45
does not interact with CDK9, cyclinT1, or components of the
superelongation complex (data not shown), suggesting that rather
than directly targeting the 7SK small nuclear RNP, the ORF45-
RSK2 complex targets other LTR-binding factors. Ultimately,
quantitative phosphoproteomic analysis is required to address
target specificity and should provide significant mechanistic in-
sight into this process.

A number of small molecules are currently being explored as a
potential means to force HIV reactivation in the “shock and kill”
strategy of eliminating HIV reservoirs (61–64). Though this ap-
proach is promising, an important challenge is achieving a high
reactivation frequency across diverse HIV integration sites and
cell states. Agents with enhanced specificity, as well as those that
increase the efficacy of current therapeutic strategies, would there-
fore be highly beneficial in this regard. An in-depth understanding
of how ORF45 and Tat coordinate RSK2 and potentially other
cellular factors to activate the HIV-1 LTR may enable the design of
novel therapeutic peptides that mediate the selective activation of
RSK2, potentially enhancing the activity of agents available to
combat HIV.
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