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ABSTRACT

Viruses often hijack cellular pathways to facilitate infection and replication. Kaposi’s sarcoma-associated herpesvirus (KSHV) is
an oncogenic gammaherpesvirus etiologically associated with Kaposi’s sarcoma, a vascular tumor of endothelial cells. Despite
intensive studies, cellular pathways mediating KSHYV infection and replication are still not well defined. Using an antibody array
approach, we examined cellular proteins phosphorylated during primary KSHV infection of primary human umbilical vein en-
dothelial cells. Enrichment analysis identified integrin/mitogen-activated protein kinase (integrin/MAPK), insulin/epidermal
growth factor receptor (insulin/EGFR), and JAK/STAT as the activated networks during primary KSHYV infection. The transcrip-
tional factor CREB1 (cyclic AMP [cAMP]-responsive element-binding protein 1) had the strongest increase in phosphorylation.
While knockdown of CREB1 had no effect on KSHV entry and trafficking, it drastically reduced the expression of lytic tran-
scripts and proteins and the production of infectious virions. Chemical activation of CREBI significantly enhanced viral lytic
replication. In contrast, CREB1 neither influenced the expression of the latent gene LANA nor affected KSHV infectivity. Mecha-
nistically, CREB1 was not activated through the classic cAMP/protein kinase A ((AMP/PKA) pathway or via the AKT, MK2, and
RSK pathways. Rather, CREB1 was activated by the mitogen- and stress-activated protein kinases 1 and 2 (MSK1/2). Conse-
quently, chemical inhibition or knockdown of MSKs significantly inhibited the KSHV lytic replication program; however, it had
a minimal effect on LANA expression and KSHYV infectivity. Together, these results identify the MSK1/2-CREBI1 proteins as
novel essential effectors of KSHYV lytic replication during primary infection. The differential effect of the MSK1/2-CREBI1 path-
way on the expression of viral latent and lytic genes might control the robustness of viral lytic replication, and therefore the
KSHYV replication program, during primary infection.

IMPORTANCE

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a human tumor virus associated with several cancers. Through genome-wide
kinase screening, we found that KSHV activates the MSK1/2-CREB1 pathway during primary infection and that it depends on
this pathway for viral lytic replication. Inhibition of this pathway blocks KSHYV lytic replication. These results illustrate a mecha-
nism by which KSHYV hijacks a cellular pathway for its replication, and they identify a potential therapeutic target.

Viruses depend on cell signaling pathways for successful infec-
tion and replication. Identification of pathways hijacked by
viruses not only reveals the mechanisms of infection and replica-
tion of these viruses but also provides novel therapeutic targets.
Kaposi’s sarcoma-associated herpesvirus (KSHV) is a gammaher-
pesvirus etiologically associated with Kaposi’s sarcoma (KS), a
vascular tumor of endothelial cells commonly found in AIDS pa-
tients, and with two B-cell lymphoproliferative diseases, namely,
primary effusion lymphoma (PEL) and multicentric Castleman’s
disease (MCD) (1-3). The early phase of primary KSHV infection
is a highly regulated multistep event consisting of virion attach-
ment and binding, membrane fusion, internalization, intracellu-
lar trafficking, and early viral gene expression (4). KSHV infection
induces phosphorylation of cellular proteins, leading to the acti-
vation of signal transduction pathways. A number of these path-
ways regulate KSHV entry, trafficking, and viral gene expression
(4). Binding of KSHV glycoproteins to cellular receptors activates
focal adhesion kinase (FAK), Src, phosphatidylinositol-3-kinases
(PI3Ks), and mitogen-activated protein kinases (MAPKs), includ-
ing MEK/extracellular signal-regulated kinase (MEK/ERK), p38,
and Jun N-terminal kinase (JNK), facilitating KSHV internaliza-
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tion and trafficking (5-10). This process depends on rearrange-
ments of the actin and microtubule cytoskeletons and on factors,
such as Rho-GTPases and diaphanous-2 (Dia-2), that regulate
their dynamics (8, 11). KSHV entry and trafficking rely on the
dynamics of the ubiquitin/proteasome system and on activation
of the E3 ligase c-Cbl to maintain the endosomal activities and
cellular signaling (12, 13).

Successful KSHV infection requires the coordinated expres-
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sion of viral genes. Whether KSHV enters into latency or under-
goes lytic replication depends on the extent of expression of viral
Iytic genes. Several signaling pathways, including ERK, p38, and
JNK pathways, promote the expression of viral lytic genes, while
the NF-«kB pathway promotes the expression of viral latent genes
(9, 14, 15). In permissive primary human umbilical vein endothe-
lial cells (HUVEC), in which the ERK, p38, and JNK pathways are
highly activated upon KSHV infection, the virus undergoes robust
productive lytic replication before entering into latency (9, 16,
17). In contrast, in nonpermissive primary human dermal micro-
vascular endothelial cells (DMVEC) and human foreskin fibro-
blasts (HFFs), KSHV enters a default latency program with mini-
mal viral lytic activity, which parallels the hyperactivation of the
NE-kB pathway (15, 18-20). The ERK, p38, and JNK pathways
promote lytic replication by activating AP-1 complexes to induce
the expression of RTA (Orf50), the master transactivator of KSHV
Iytic replication, and other viral lytic genes (9, 21). On the other
hand, the NF-«kB pathway inhibits viral lytic replication by sup-
pressing the AP-1 complexes (22).

Despite these observations, whether KSHV hijacks any other
cellular pathways to promote infection and replication during pri-
mary infection has not been examined systematically. The present
study aimed to identify additional essential signaling pathways
and kinases that regulate primary KSHV infection. To this end, we
performed an antibody-based kinome screening assay. This assay
uses 334 phospho-site-specific antibodies against 287 different
phosphorylation sites in ~200 protein kinases, phosphatases, and
other cell signaling proteins that regulate cell proliferation, stress,
and apoptosis. Our screen identified 29 phospho-sites on 24 ki-
nases or signaling molecules whose phosphorylation levels were
significantly altered at early time points (<15 min) of primary
KSHYV infection. These hits included protein kinase B (AKT1) and
c-Jun, whose activation and roles in primary KSHV infection were
previously reported (9, 15). Other hits, such as protein kinase C-8
(PKC3), were previously implicated in KSHV reactivation (23),
though the role of PKCS in primary KSHYV infection has not been
explored.

The top hit, CREBI (cyclic AMP [cAMP]-responsive element-
binding protein 1), is a member of a subfamily of bZIP transcrip-
tion factors that includes ATF1 and CREM. CREBI, through
binding to a conserved DNA sequence called the cAMP-respon-
sive element (CRE), acts downstream of a wide variety of signals in
cells to mediate many functions, including immune function,
memory, metabolism, and cell survival (24—28). CREB1 has been
implicated in regulating viral gene expression of a number of vi-
ruses, including hepatitis B virus (HBV) (29), herpes simplex virus
1 (HSV-1) (30), human cytomegalovirus (HCMV) (31), and hu-
man T-cell leukemia virus (HTLV) (32, 33). A previous study
showed that activation of the cAMP-dependent protein kinase A
(cAMP/PKA) pathway, the classic CREB1 upstream pathway, is
sufficient to reactivate KSHV from latency (34). However, it has
been reported that KSHV infection of DMVEC is nonproductive,
with minimal lytic activity (19), despite CREBI activation via the
cAMP/PKA pathway (35). Interestingly, KSHV infection of lym-
phatic endothelial cells (LEC) is also nonproductive (36), though
it activates CREBI1. This results in the induction of miR-132,
which targets p300 to downregulate the proinflammatory cyto-
kines interleukin-6 (IL-6), IL-1B, and beta interferon, thus reliev-
ing their suppressive effects on KSHV infection (37). However,
IL-6 and IL-1B can activate the MAPK pathways and promote
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KSHV lytic replication (38). Therefore, the role of CREB1 in
KSHYV lytic replication remains controversial and has not been
examined in primary KSHV infection.

The activity of CREBI is regulated by various extracellular
stimuli, including growth factors, cytokines, and stress responses.
PKA, which is activated by cAMP, was the first kinase shown to
phosphorylate CREB1, at Ser133 (39). PKA phosphorylation of
CREBI at Ser133 promotes the recruitment of the coactivator pro-
teins CBP and p300 (39, 40). Several other kinases, such as cal-
modulin kinases (CaMKs) and AKT, downstream of the Ca**
signaling and PI3K pathways, respectively, were subsequently
identified to phosphorylate this site (24). The ERK and p38
MAPKs also induce CREB1 phosphorylation. However, in this
case, CREBI1 is not the direct phosphorylation target of these
MAPKSs; rather, CREBL1 is phosphorylated by one of the down-
stream kinases, including the ~90-kDa ribosome S6 kinases
(RSKs), the mitogen- and stress-activated kinases (MSK1 and
MSK2), or MAPK-activated protein kinase 2 (MK2; also called
MAPKAP-K2) (41). MSK-mediated CREB1 phosphorylation has
been implicated in innate immunity, learning, memory, and ad-
diction (25, 42, 43). A recent study showed that MSK-mediated
CREBI activation plays an important role in HCMV gene expres-
sion in lipopolysaccharide (LPS)-induced HCMV reactivation
(44).

In the current study, we have shown that activation of CREB1
is essential for a productive KSHV lytic replication program but
has no effect on KSHYV infectivity or the expression of the latent
gene LANA (Orf73) during primary infection of HUVEC. Inter-
estingly, we found that CREBI activation is independent of the
cAMP/PKA pathway but depends on MSKs. Chemical inhibition
or short hairpin RNA (shRNA)-mediated knockdown of MSKs
inhibits the KSHV lytic replication program but has no effect on
KSHYV infectivity and the expression of the latent gene LANA.
These results identify the MSK1/2-CREBI1 proteins as novel criti-
cal effectors of ERK and p38 that are essential for KSHV lytic
replication and show that the MSK1/2-CREB1 pathway differen-
tially regulates the expression of viral latent and lytic genes to
control the robustness of viral lytic replication, and therefore de-
termine the KSHV replication program, during primary infection.

MATERIALS AND METHODS

Antibodies and reagents. A monoclonal antibody of isotype IgG2a (clone
6A) specific to the KSHV small capsid protein (Orf65) was used to stain
KSHYV particles (16). A rat anti-LANA monoclonal antibody was pur-
chased from Abcam (Cambridge, MA). An anti-KSHV K-bZIP (Orf-K8)
antibody was obtained from Santa Cruz Biotechnology (Dallas, TX). A
monoclonal antibody was used to detect RTA (45). The primary antibod-
ies against phospho-CREB1 (Ser133), CREB1, PKA, phospho-MSK1
(Thr581), and MSK1 were purchased from Cell Signaling Technology
(Danvers, MA). Antibodies to phospho-PKA (Ser338), phospho-MSK2
(Thr568), and MSK2 were purchased from Abcam. An antibody to 3-tu-
bulin was purchased from Sigma-Aldrich (St. Louis, MO). Alexa Fluor
568-conjugated goat anti-rabbit IgG, Alexa Fluor 568-conjugated goat
anti-rat IgG, horseradish peroxidase (HRP)-conjugated goat anti-mouse,
and HRP-conjugated goat anti-rabbit antibodies were obtained from
Santa Cruz Biotechnology.

Kinase inhibitors and antagonists were obtained from the following
sources: LY294002 and forskolin (FSK) were from VWR International,
LLC (Radnor, PA), and SB747651A and PF3644022 were from Tocris
(Minneapolis, MN).

Cell culture. Primary HUVEC were cultured in VascuLife VEGF com-
plete medium (Lifeline Cell Technology, Frederick, MD). Recombinant
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KSHV BACI6-infected iSLK (iSLK-BAC16) cells were maintained in the
presence of 1 wg/ml puromycin, 250 pg/ml G418 (Sigma-Aldrich), and
1,200 pg/ml hygromycin B (46). Human embryonic kidney 293T cells
were cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and 1X penicillin-streptomycin solution (Gen-
esee Scientific, San Diego, CA).

Virus preparation. A volume of concentrated virus was prepared
from iSLK-BAC16 cells as previously described (46). Briefly, iSLK-BAC16
cells were induced with both doxycycline (1 pwg/ml) and sodium butyrate
(1 mM) in the medium described above, but without hygromycin, puro-
mycin, and G418. Four days later, the supernatant was collected, centri-
fuged at 5,000 X g for 10 min, and then filtered (0.45-pwm pore size) to
eliminate cell debris. Virus particles were pelleted by ultracentrifugation
(100,000 X gfor 1 h with a20% sucrose cushion at 4°C), using an SW32 Ti
rotor (Beckman Coulter Inc., Brea, CA). The final pellet was dissolved in
culture medium overnight and used for infection after titration.

Virus titration. A fresh virus preparation or culture supernatant was
titrated by infecting HUVEC as previously described (16, 47). Briefly, the
virus preparation or supernatant was subjected to 2-fold serial dilution
and used to infect HUVEC at 2 X 10* cells/well in a 24-well plate, at 20
l/well, in the presence of Polybrene. Three to six infection repeats were
carried out for each sample. Four hours following infection, the medium
was replaced with fresh medium. The plates were examined with an in-
verted fluorescence microscope at 48 h postinfection to determine the
number of cells expressing green fluorescent protein (GFP) in each well.
Infectious units (IUs) were calculated based on the number of GFP-pos-
itive cells generated with a 1-ml sample.

Virus infection. We conducted primary infection of HUVEC to ex-
amine factors that might regulate KSHV infection and replication. Fresh
virus preparations with a titer of 2 X 10° IUs were used in the experiments.
HUVEC were infected with KSHV as previously described (16, 47). For all
experiments, cells were infected at a multiplicity of infection (MOI) of 2
1Us per cell unless specified otherwise. To prepare a replication-defective
virus, KSHV was exposed to a UV source for 15 min, which reduced virus
infectivity from 70 to 80% to less than 1%. To determine the effects of
kinase inhibitors or agonists on KSHV infection, HUVEC grown to con-
fluence in 36-mm dishes were first serum starved for 4 h and then treated
with kinase inhibitors or agonists (LY294002, SB747651A, PF3644022, or
FSK) for 1 hat 37°C prior to KSHV infection. Cells were then infected with
KSHYV in the presence of the inhibitors or agonists. Cells were collected at
different time points, as specified, and used to examine the expression of
viral transcripts and proteins. To examine the production of infectious
virions, supernatants were collected at day 4 postinfection and subjected
to titration as described in the previous section.

Kinex antibody microarray and data analysis. HUVEC that were se-
rum starved for 4 h were mock infected or infected with KSHV for 5, 10,
and 15 min. Cells were rinsed with ice-cold phosphate-buffered saline
(PBS; 137 mM NaCl, 2.68 mM KCl, 8.1 mM Na,HPO,, and 1.47 mM
KH,PO,, pH 7.2), and cell lysates were collected following the manufac-
turer’s instructions (Kinexus, Vancouver, British Columbia, Canada).
Pooled KSHV-infected and mock-infected samples were examined for
phosphorylated proteins by using Kinex KAM-1.2FN 800 Ab antibody
microarrays (Kinexus). Briefly, 50 g of cell lysate from each sample was
covalently labeled with a proprietary fluorescent dye (Kinexus). Free dye
molecules were then removed by gel filtration at the completion of label-
ing reactions. After blocking of nonspecific binding sites, an incubation
chamber was mounted onto the microarray to permit the loading of the
KSHV-infected and mock-infected samples side by side on the same chip
and to prevent mixing of the samples. Following sample incubation, un-
bound proteins were washed away. Each array produced a pair of 16-bit
images, which were captured with a Perkin-Elmer ScanArray Reader laser
array scanner (Waltham, MA). Signal quantification was performed with
ImaGene 8.0 from BioDiscovery (El Segundo, CA), using the predeter-
mined settings for spot segmentation and background correction.

The array signal in each sample was corrected to the array background
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and log, transformed, and a Z score was calculated using the following
formula: Z = (X — w)/o, where Z is the Z score, X is the value of the
sample, p is the population mean, and o is the standard deviation. Thus,
the Z score (or standard score) is a statistical measurement of a sample
value’s relationship to the mean. It indicates how many standard devia-
tions a sample value is from the mean. The Z ratio was further calculated
by taking the difference between the average observed protein Z scores for
the mock-infected and KSHV-infected groups and dividing it by the stan-
dard deviation of all the differences for that particular comparison. Ki-
nases or signaling molecules were considered to be hits if the calculated Z
ratio was =1 or =—1 and the variation between adjacent duplicate spots
of the same antibody (% error range) was less than 30%. All the hits,
together with previously published kinases and signaling molecules acti-
vated during primary KSHV infection, were analyzed for the enrichment
of networks/pathways by Ingenuity Pathway Analysis (IPA; Qiagen, Red-
wood City, CA).

Immunofluorescence assay (IFA). For the detection of CREBI acti-
vation following primary KSHV infection, HUVEC infected with KSHV
for specified times were fixed in 4% paraformaldehyde for 10 min. Fol-
lowing three washes with PBS, the cells were incubated with a rabbit anti-
phospho-CREB1 monoclonal antibody (Cell Signaling Technology) at a
1:800 dilution for 60 min. The cells were then washed three times with
PBS, followed by incubation with an Alexa Fluor 568-conjugated goat
anti-rabbit 1gG secondary antibody for 60 min. The cells were again
washed with PBS three times and then stained with 4’,6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich). Images were visualized with a
Nikon Eclipse Ti fluorescence microscope (Nikon Instruments, Inc., Mel-
ville, NY).

The KSHV LANA protein was detected as previously described (48),
with minor modifications. At 48 h postinfection, KSHV-infected cells
were fixed in methanol for 10 min. Following three washes with PBS, the
cells were incubated with a rat anti-LANA monoclonal antibody (Abcam)
ata 1:500 dilution for 60 min. The cells were then washed three times with
PBS, followed by incubation with an Alexa Fluor 568-conjugated goat
anti-rat IgG secondary antibody for 60 min. The cells were again washed
with PBS three times and then stained with DAPI.

The method for examining virus entry and trafficking was described
previously (12). Briefly, following shRNA knockdown of CREB1 or MSKs
or treatment with an MSK inhibitor, the cells were inoculated with virus
and incubated for 6 h in the presence of the inhibitors, fixed in 2% para-
formaldehyde, and processed for immunostaining of KSHV particles by
use of an anti-Orf65 antibody. The numbers of virus particles docked at
the perinuclear regions were calculated.

Western blot analysis. Cells infected with KSHV were collected for
analysis at the specified times. Total protein preparations were separated
in sodium dodecyl sulfate-polyacrylamide gels, transferred to nitrocellu-
lose membranes, and detected with antibodies. Specific signals were re-
vealed with chemiluminescence substrates and recorded using a UVP
MultiSpectral imaging system (UVP LLC, Upland, CA).

RT-qPCR. The expression levels of viral genes were analyzed by re-
verse transcription—quantitative real-time PCR (RT-qPCR) using previ-
ously described procedures (17). Briefly, total RNAs from KSHV-infected
HUVEC were prepared with Tri reagent as reccommended by the manu-
facturer (Sigma). The RNA was treated with RNase-free DNase (Thermo
Fisher Scientific, Inc., Waltham, WA) and reverse transcribed to obtain
the first-strand cDNA by use of the Maxima reverse transcriptase system
(Thermo Fisher Scientific, Inc.). For each sample, a control without re-
verse transcriptase was conducted in parallel. qPCR was then performed
with the cDNA, using the gene-specific PCR primers described in Table 1.
a-Tubulin was used as the internal control. Each sample was assayed in
three repeats.

shRNA knockdown. shRNA plasmids were constructed by inserting
annealed oligonucleotides containing the shRNA sequences specific for
the target genes into the EcoRI and Agel sites downstream of the U6
promoter in the pLKO.1 vector (Sigma-Aldrich). Recombinant lentivi-
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Primer sequence (5'-3")

Gene Forward Reverse

CREBI1 TTAACCATGACCAATGCAGCA TGGTATGTTTGTACGTCTCCAGA
«-Tubulin AGATCATTGACCTCGTGTTGGA ACCAGTTCCCCCACCAAAG
Orf50 (RTA) CACAAAAATGGCGCAAGATGA TGGTAGAGTTGGGCCTTCAGTT
Orf-K8 (K-bZIP) CATGCTGATGCGAATGTGC AGCTTCAACATGGTGGGAGTG
Orf65 ATATGTCGCAGGCCGAATAC CCACCCATCCTCCTCAGATA
Orf73 (LANA) CCAGGAAGTCCCACAGTGTT AGACACAGGATGGGATGGAG

ruses carrying shRNAs were produced by cotransfecting 293T cells with a
mixture of plasmid DNAs consisting of pMD-G (vesicular stomatitis virus
glycoprotein [VSV-G] envelope), pPCMV-{R8.91 (Gag/Pol/Rev), and the
pLKO/1-shRNA vectors (Aldevron, Fargo, ND), using the Lipofectamine
2000 reagent (Life Technologies, Grand Island, NY) according to the
manufacturer’s instructions. Virus-containing culture supernatants were
collected 2 days after transfection and concentrated.

Knockdown with shRNAs was performed as previously described
(49). Briefly, HUVEC were infected with shRNA-carrying lentiviruses in
the presence of 10 pg/ml Polybrene (Sigma-Aldrich). Stable cell lines were
selected by culturing the cells with 1.0 pg/ml puromycin (Calbiochem, La
Jolla, CA) for 5 days. Western blotting or RT-qPCR was used to determine
the effect of shRNA knockdown. The CREBI shRNA knockdown se-
quences were GCCTGCAAACATTAACCATGA for shRNA1 and ACGG
TGCCAACTCCAATTTAC for shRNA2; the MSK shRNA knockdown
sequences were as follows: AGCAACCTTCCACGCCTTTAA (MSK1)
and GCCACCTTCATGGCATTCAAC (MSK2) for shMixed1 and ACCT

TABLE 2 Kinex antibody microarray analysis results

ATGACTTGTTTGGAAAT (MSK1) and GCAGGGTGTATCCGAGG
AAGC (MSK2) for shMixed2.

RESULTS

Kinex antibody array assay identifies signaling molecules acti-
vated at early time points during primary KSHV infection. We
conducted an antibody-based screen using a Kinex antibody mi-
croarray to identify kinases and signaling molecules that had sig-
nificant changes in phosphorylation levels at early time points
during primary KSHYV infection. KSHV infection of HUVEC is
productive, resulting in an active viral lytic transcriptional pro-
gram and the production of infectious virions (16, 17). Serum-
starved HUVEC were mock infected or infected with KSHYV for 5,
10, and 15 min. We selected three time points in order to capture
the phosphorylation and dephosphorylation events that occurred
immediately following KSHV infection. Cell lysates collected at

Target protein Phospho-site Full target protein name Z ratio
CREBI1 S129 + S133 cAMP response element-binding protein 1 3.39
JAK2 Y1007 + Y1008 Janus protein tyrosine kinase 2 2.74
JAK1 Y1034 Janus protein tyrosine kinase 1 2.64
IRS1 Y612 Insulin receptor substrate 1 2.41
PKC8 T507 Protein serine kinase C delta 2.41
IkBe S22 NF-kB inhibitor epsilon 2.22
PKBa (AKT1) S473 Protein serine kinase B alpha 2.19
IRS1 S639 Insulin receptor substrate 1 1.83
Integrin-1 S785 Integrin beta 1 (fibronectin receptor beta subunit, CD29 antigen) 1.77
elF4B 5422 Eukaryotic translation initiation factor 4B 1.74
IR (INSR) Y999 Insulin receptor 1.71
c-Jun $243 Jun proto-oncogene-encoded AP1 transcription factor 1.61
Hsp27 S82 27-kDa heat shock protein beta 1 (HspB1) 1.49
PKBa (AKT1) S473 Protein serine kinase B alpha 1.49
EGFR Y1092 Epidermal growth factor receptor tyrosine kinase 1.48
c-Kit Y721 Kit/Steel factor receptor tyrosine kinase 1.43
IkBa Y42 Inhibitor of NF-kB alpha (MAD3) 1.41
elF2a S52 Eukaryotic translation initiation factor 2 alpha 1.41
c-Jun T91 Jun proto-oncogene-encoded AP1 transcription factor 1.39
ZAP70/Syk Y319/Y352 Zeta-chain (TCR)-associated protein tyrosine kinase, 70-kDa/spleen protein tyrosine kinase 1.38
PKBa (AKT1) T308 Protein serine kinase B alpha 1.37
EFNB2 Y316 EPH-related receptor tyrosine kinase ligand 5 1.23
elF2a S52 Eukaryotic translation initiation factor 2 alpha 1.22
c-Kit Y936 Kit/Steel factor receptor tyrosine kinase 1.21
c-Jun S63 Jun proto-oncogene-encoded AP1 transcription factor 1.15
FRS2 Y348 Fibroblast growth factor receptor substrate 2 —1.07
GAP-43 S41 Growth-associated protein 43 (neuromodulin) —1.11
PKCy T655 Protein serine kinase C gamma —1.22
STAT5A S780 Signal transducer and activator of transcription 5A —1.31
p53 S$392 Tumor suppressor protein p53 (antigen NY-CO-13) —2.04
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FIG 1 Signaling networks activated during primary KSHV infection as analyzed by Kinex antibody array and IPA. (A to C) Signaling networks activated during
primary KSHV infection. Serum-starved HUVEC were mock infected or infected with KSHV for 5, 10, and 15 min. Cell lysates were collected, pooled, and
analyzed with a Kinex antibody microarray. The antibody array data shown in Table 2, as well as kinases or signaling molecules that were previously reported to
be activated during primary KSHV infection, were used as inputs and analyzed by IPA. The top enriched networks and their associated pathways were the
integrin/MAPK network (A), the insulin/EGFR network (B), and the JAK/STAT network (C). Kinases or signaling molecules whose phosphorylation levels were
increased by KSHV infection are shown in red, while those with a decreased phosphorylation status are shown in green, with the color intensities correlating with
the levels of changes. The kinases or signaling molecules that were previously reported to be activated by KSHV infection are shown in gray, while those that were
not known to be regulated by KSHV during primary infection are shown in white. ECM, extracellular matrix.
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FIG 2 CREBI is activated during primary KSHV infection. (A) Kinetics of CREB1 activation during primary KSHV infection. HUVEC were infected with KSHV
and collected at the indicated times postinfection. Cells subjected to UV treatment for 30 min were used as a positive control (Pos). Whole-cell lysates were
collected for Western blot analysis of phospho-CREB1 (S133) (p-CREB1) and total CREBI. An anti-B-tubulin antibody was used to normalize the sample
loading. (B) UV-inactivated KSHV has reduced infectivity. UV-inactivated or untreated KSHV was used to infect HUVEC. GFP-positive cells were detected at
day 2 postinfection. (C) CREBI activation is independent of viral gene expression. Untreated KSHV (WT) or UV-inactivated KSHV (UV) was used to infect
HUVEC and collected at the indicated times postinfection. Phospho-CREB1 (S133) and total CREB1 were then examined as described for panel A. (D and E) IFA
detection of CREBI activation during primary KSHV infection. HUVEC were infected with KSHYV for the indicated times, fixed, and stained for phospho-CREB1

(S133) (D) or total CREB1 (E).

different time points were pooled and examined with the antibody
array. We considered a kinase or signaling molecule to be a hit if its
Z ratio, which reflected the difference in phosphorylation levels
between KSHV-infected and mock-infected cells, was =1 or =—1
and the variation between adjacent duplicate spots of the same
protein was less than 30%. Based on these criteria, we found thata
total of 23 unique phospho-sites of 18 proteins were increased,
while 5 unique phospho-sites of 5 proteins were decreased, follow-
ing KSHV infection (Table 2). These hits included PKB/AKT, in-
tegrin B1, and c-Jun, whose roles in primary KSHV infection were
reported previously (5, 9, 15). The roles of the other hits in pri-
mary KSHV infection had not been reported before, though PKC8
was shown to mediate KSHV reactivation (23). These kinases and
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signaling molecules might potentially mediate different events
during primary KSHV infection.

To place the identified hits in their corresponding signaling
pathways, we performed IPA. Since the Kinex analysis captured
only snapshots of the signaling cascades, we included kinases and
signaling molecules that were reported to be activated during pri-
mary KSHV infection, such as FAK, SRC, ERK, and p38, in the
pool of molecules used for network/pathway analysis. We found
that integrin-MAPK, insulin-epidermal growth factor receptor
(insulin-EGFR), and Janus kinase-signal transducer and activator
of transcription (JAK/STAT) networks/pathways were enriched
upon KSHV infection (Fig. 1A to C). The activation of integrin-
MAPK pathways during primary KSHV infection has been stud-

jviasm.org 9267


http://jvi.asm.org

Cheng et al.

A Ctrl  shRNA1 shRNA2 E 60+ =
. . @
CREBT W =~ = % ;—?j 50 v
. g
. % g . c 404 °
Brubuin G - - =
2 30 -
<9 ° !
B Phase GFP £ 20 e T
8 10 T T
= 104
g 0 B2 B3
6 0 - = - =
F N=28 N=49 N=31
ctrl shRNA1  shRNA2
= F LANA DAPI Merge
z |
o
&=
[72]
O
(9V]
<<
zZ
o
« |
]
<
zZ
o
=4
[72]
C 1.4
o 127 -
"GO'J 2 1.0- 9
22 0,8- g
@ = ﬁ
S 8 0,64
o &
Q&
< 1201 NS

Cirl shRNA1  shRNA2

»)

Ctrl shRNA1 shRNA2

LANA-positive cells (%)

Orf65 / DAPI

Ctrl shRNA1  shRNA2

FIG 3 CREBI is required for the production of infectious virions but not for virus entry, trafficking, and infectivity during primary KSHV infection. (A) shRNA
knockdown of CREB1. HUVEC were infected with lentiviruses expressing shRNAs targeting CREB1 (shRNAI or shRNA2) or expressing control shRNA
sequences (Ctrl). Cells were selected with puromycin (1 pg/ml) and analyzed by Western blotting. (B and C) shRNA knockdown of CREBI inhibits the
production of infectious virions. HUVEC with knockdown of CREB1 were infected with KSHV. At 4 h postinfection, cells were extensively washed and replaced
with new medium. At day 4 postinfection, the supernatants were collected and used to titrate infectious virions by infecting fresh HUVEC. (B) Representative
images showing GFP-positive cells. (C) Similar images were used for quantification. (D) Representative images showing docking of viral particles on the nucleus
of a HUVEC with knockdown of CREB1 or that of a control cell. HUVEC with knockdown of CREBI1 or control cells were infected with KSHV for 6 h, fixed, and
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*, %%, and ***, P values of <0.05, <0.01, and <0.001, respectively; NS, not significant.

ied extensively, thus confirming the overall validity of the ap- The insulin-EGFR pathways were previously shown to be in-
proach. Nevertheless, a number of MAPKs, such as ERK, p38,and  volved in KSHV latency (50). However, their roles in primary
JNK, were not picked up, although their downstream effectors, KSHYV infection had not yet been explored. The JAK/STAT path-
such as c-Jun, CREB, and HSP27, were in the hit list (Fig. 1A),thus ~ ways are complex and are involved in interferon or cytokine sig-
also revealing the limitation of this approach. naling. Because JAK1 and JAK2 were activated, while STAT5A was
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inhibited (Fig. 1C), we were not able to determine the status of the
specific pathways that were regulated upon KSHV infection.

The top hit, CREB1, mediates the transcription of downstream
genes containing CRE (24). CREBI is implicated in the integrin-
MAPK network and functions as a downstream effector of
MAPKSs (24). Since the role of CREB1 in KSHYV lytic replication is
controversial and has not been examined in primary KSHV infec-
tion, we decided to further investigate CREB1’s role in different
stages of primary KSHV infection.

We first confirmed the antibody array data by examining the
levels of phospho-Ser133 and total CREB1 in HUVEC following
KSHYV infection. The level of phospho-S133 CREB1 was increased
at 15 and 30 min but had started to decrease at 60 min postinfec-
tion, while the total CREBI level did not show a significant change
during this interval (Fig. 2A). The results of immunostaining
showed increased levels of phospho-CREBI at 15 and 30 min and
much weaker staining at 60 min postinfection (Fig. 2D), while no
change was observed for total CREB1 (Fig. 2E). There was no
staining signal with the secondary antibody alone (data not
shown). These immunostaining results further confirmed the ac-
tivation of CREB1 following KSHV infection. Furthermore, UV-
inactivated virions activated CREB1 as efficiently as the wild-type
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(WT) virions did (Fig. 2B and C). These results suggested that
KSHV-induced CREB1 phosphorylation was independent of viral
gene expression but was mediated through the interactions be-
tween KSHV envelope glycoproteins and host cell receptors dur-
ing the attachment and entry stages of infection.

shRNA knockdown of CREB1 inhibits the KSHV lytic repli-
cation program but has no effect on virus entry and trafficking,
expression of the latent gene LANA, and KSHYV infectivity. To
explore the role of CREBI in primary KSHV infection, we per-
formed shRNA knockdown of CREB1. The Western blot results
showed that CREB1 expression was reduced by over 70% in cells
transduced with CREBI1-specific shRNA-carrying lentiviruses
compared to those transduced with the scrambled control-carry-
ing lentivirus (Fig. 3A). CREB1 knockdown cells were infected
with KSHV and extensively washed with culture medium at 4 h
postinfection to remove any residual input viruses. At day 4
postinfection, the supernatants were collected and titrated.
Knockdown of CREBI1 reduced virus titers by approximately 70%
for both shRNAs (Fig. 3B and C). These results indicated that
CREBLI plays an important role in KSHV lytic replication and
virion production during primary infection.

KSHYV productive infection is regulated at different steps dur-
ing primary infection, including virus entry, trafficking, and viral
gene expression. To identify the step(s) mediated by CREB1, we
first examined KSHV entry and trafficking to the cell nucleus.
HUVEC with knockdown of CREB1 were infected with KSHV for
6 h. Cells were extensively washed, fixed, and stained for the Orf65
protein to visualize the viral capsids that had successfully traf-
ficked to the perinuclear region. By counting viral capsids docking
at the nucleus, we found that similar numbers of virus particles
had successfully reached the cell nucleus in both control and
CREBI knockdown cells (Fig. 3D and E). These results indicated
that CREB1 was not involved in virus entry and intracellular traf-
ficking.

We further determined if knockdown of CREB1 might affect
KSHYV infectivity. Because LANA is the major KSHV latent pro-
tein that binds to the viral genome to maintain its persistence,
detection of the LANA protein, which manifests as a punctate
staining pattern, would indicate successful viral infection.
HUVEC transduced with lentiviruses carrying CREB1-specific or
control shRNAs were infected with KSHV and stained for the
LANA protein at day 2 postinfection. Knockdown of CREB1 had
no effect on the LANA staining pattern and intensity, the number
of punctate dots per cell, and the percentage of LANA-positive
cells (Fig. 3F), indicating that CREB1 did not affect LANA protein
expression and KSHV infectivity. Taken together, the results show
that CREBI is an essential factor for viral lytic replication and
virion production but that it neither regulates viral entry and traf-
ficking nor affects KSHV infectivity during primary infection.

Knockdown of CREB1 inhibits the expression of KSHV lytic
but not latent genes. Based on their distinct expression kinetics,
KSHYV genes are classified into latent and lytic genes. Latent genes,
which mainly consist of LANA, vFLIP, vCyclin, and a cluster of
microRNAs, promote cell growth and survival and viral latency
(51). Lytic genes, consisting of immediate early (IE), early (E), and
late (L) genes, are expressed in a coordinated fashion during
KSHYV lytic replication. The expression of the IE RTA gene is nec-
essary and sufficient for activating KSHV into full lytic replication
(51). The early gene Orf-K8 encodes another important regulator
of lytic replication, K-bZIP. The late genes, such as Orf65 and
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Orf39 (glycoprotein M), are mostly composed of genes encoding
viral structural proteins and those required for viral lytic replica-
tion, and their expression often depends on viral genome replica-
tion. During primary KSHV infection of HUVEC, both latent and
lytic genes are actively transcribed, with most of them peaking at
48 to 78 h postinfection (17). The results of immunostaining
showed that shRNA knockdown of CREBI1 did not affect LANA
protein expression (Fig. 3F). To test the role of CREB1 in viral lytic
gene expression during primary infection, we monitored the ki-
netics of several representative KSHV lytic genes by RT-qPCR.
Knockdown of CREB1 inhibited over 90% of the expression of the
RTA, K-bZIP, and Orf65 lytic genes (Fig. 4A to C) but had no
significant effect on the expression of the latent gene LANA (Fig.
4D), which was in agreement with the immunostaining results
(Fig. 3F). Western blot analysis further confirmed that knock-
down of CREBI1 decreased over 90% of the expression of the RTA,
K-bZIP, and Orf65 viral lytic proteins but had no effect on the
expression of the viral latent protein LANA (Fig. 4E). Taken to-
gether, these results suggest an essential role of CREB1 in the viral
Iytic transcriptional program.

Activation of CREB1 is sufficient to promote KSHYV lytic rep-
lication during primary infection. Next, we determined if artifi-
cial activation of CREB1 was sufficient to promote viral lytic rep-
lication during primary infection. Since there is no chemical
agonist that can directly activate CREB1, we chose an indirect
approach by using the PKA agonist forskolin (FSK). FSK raises the
intracellular cAMP level by activating adenylyl cyclase, resulting in
the activation of the PKA pathway, the classic upstream pathway
of CREBI (24). Following pretreatment of cells with 10 wM FSK,
we infected HUVEC with KSHV in the presence of the agonist.
FSK increased the phosphorylation level of PKA at $338 and acti-
vated CREB1 (Fig. 5A). Consistent with these results, FSK en-
hanced the production of infectious virions 2.7-fold (Fig. 5B),
indicating that activation of CREBI alone was sufficient to signif-
icantly promote viral lytic replication during primary infection.
Similar to knockdown of CREBI1, FSK treatment did not affect
virus entry and trafficking, had no effect on the expression level
and staining pattern of LANA, and conferred a minimal effect on
KSHYV infectivity (Fig. 5C and D). Consistent with its enhanced
effect on the production of infectious virions, FSK significantly
enhanced the mRNA expression of the KSHV RTA, K-bZIP, and
Orf65 lytic genes, increasing their expression levels 18-, 450-, and
288-fold, respectively, at 40 h postinfection (Fig. 5E to G). Inter-
estingly, FSK also increased the expression of LANA, but only
4.6-fold (Fig. 5H). In agreement with the mRNA results, FSK in-
creased the expression levels of the RTA, K-bZIP, and Orf65 lytic
proteins (Fig. 5I). The LANA protein level was also increased by
FSK, albeit to a lower level. Taken together, these results show that
chemical activation of CREB1 was sufficient to increase viral lytic
replication during primary KSHV infection, predominantly by
enhancing the expression of viral lytic genes.

MSK1/2-CREB1 Regulation of KSHV Lytic Replication

Screening of CREB1’s direct effectors identifies MSK1 and -2
as upstream CREB1 regulators during primary KSHYV infection.
Having defined the role of CREB1 in primary KSHV infection, we
next attempted to identify the cellular pathway(s) that directly
mediated CREBI activation. The classic CREB1 activation path-
way is the cAMP/PKA pathway (24). As a putative protein kinase
for CREBI activation, activation of PKA as a result of an increased
second messenger (cAMP) level leads to CREB1 phosphorylation
at Ser133 (39). We first measured the change in cAMP level during
primary KSHV infection. Using a specific anti-cAMP antibody in
an enzyme-linked immunosorbent assay (ELISA), we did not de-
tect any significant change in the cAMP level within the first 1 h of
primary KSHYV infection (Fig. 6A), during which time CREB1 was
activated (Fig. 6B). As expected, FSK drastically raised the intra-
cellular cAMP level (Fig. 6A). Consistent with these results, we did
not detect any change of PKA phosphorylation when CREB1 was
activated at 15 and 30 min post-KSHYV infection (Fig. 6B). Using a
specific antibody against the PKA catalytic subunit (PKAc), we did
not detect any cytoplasmic-to-nuclear translocation of PKA at
these time points (Fig. 6C). Taken together, these results indicated
that the cAMP/PKA pathway was not involved in KSHV-induced
CREBI activation during primary infection, although it could ac-
tively promote the KSHV lytic transcriptional program if artifi-
cially activated (Fig. 5). This finding was contradictory to that of a
previous study showing that KSHV activation of CREB1 was me-
diated by the cAMP/PKA pathway in DMVEC (35), indicating
that KSHV activation occurs via distinct signaling pathways in
different cell types.

Previous studies revealed that besides PKA, several other pro-
tein kinases can directly phosphorylate CREB1. These kinases in-
clude AKT, RSKs, MSKs, and MK2. We first checked the activa-
tion of these kinases during primary KSHV infection. The
Western blot results showed that AKT, MSK1/2, and MK2, but not
RSKs, were phosphorylated at the early time points of KSHV in-
fection (Fig. 7A). Similar to the case for CREBI, the increased
phosphorylation levels of AKT, MSK1/2, and MK2 peaked at
around 15 to 30 min postinfection, suggesting their possible in-
volvement in CREBI1 activation. We then used specific inhibitors
to investigate the involvement of these kinases in CREB1 activa-
tion. LY294002 is an inhibitor of the AKT upstream kinase PI3K,
SB747651A is an inhibitor of MSK1/2, and PF3644022 is an inhib-
itor of MK2. HUVEC were preincubated with the individual in-
hibitors at 37°C for 1 h, at final concentrations of 12.5 uM, 10 uM,
and 10 pM for LY294002, SB747651A, and PF3644022, respec-
tively, and then infected with KSHV in the presence of the inhib-
itors. Western blot analysis of the infected cells showed that the
inhibitor of MSKs, but not that of PI3K or MK2, prevented
CREBI activation (Fig. 7B to D). The inhibitor of MSKs reduced
the phosphorylation levels of CREB1 by 77% and 73% at 15 and 30
min postinfection, respectively (Fig. 7B). In contrast, inhibitors of
PI3K and MK2 not only did not decrease but in fact increased

the nucleus was analyzed as described in the legend to Fig. 3D and E. (D) Activation of CREB1 with FSK has no effect on the expression level and pattern of the
KSHYV latent protein LANA or on infectivity. HUVEC pretreated with FSK for 1 h were infected with KSHV in the presence of FSK and analyzed for the expression
level and pattern of LANA and the number of LANA-positive cells at 48 h postinfection. (E to H) Activation of CREB1 with FSK significantly enhances the mRNA
expression of the KSHV RTA (E), K-bZIP (F), and Orf65 (G) lytic genes but has a lesser effect on the latent gene LANA (H). HUVEC pretreated with FSK for 1
h were infected with KSHV in the presence of FSK and analyzed for the mRNA expression of viral genes by RT-qPCR at 15, 24, and 40 h postinfection. (I)
Activation of CREBI with FSK increases the expression of the KSHV RTA, K-bZIP, and Orf65 lytic proteins but increases that of the LANA protein to a lesser
extent. HUVEC pretreated with FSK for 1 h were infected with KSHV in the presence of FSK and analyzed for the expression of viral proteins by Western blotting
at 48 h postinfection. *, **, and ***, P values of <0.05, <0.01, and <0.001, respectively; NS, not significant.
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CREBI1 activation, even before KSHV infection (0 h). We success-
fully detected reduced phosphorylation levels of AKT and the
MK?2 downstream target Hsp27, confirming that the two inhibi-
tors were functional (Fig. 7C and D). Together, these results
showed that KSHV-induced activation of CREB1 was mediated by
MSKs but not by AKT or MK2.

MSK1 and -2 regulate KSHV productive lytic replication
during primary infection, but not virus entry, intracellular traf-
ficking, and KSHYV infectivity. To determine the role of MSK1/2
in primary KSHV infection, we infected HUVEC in the presence
of the MSK inhibitor SB747651A (10 wM). Inhibition of MSKs
decreased the production of infectious virions by approximately
62% (Fig. 8A), indicating an essential role of MSKs in productive
KSHYV replication during primary infection. On the other hand,
inhibition of MSKs did not affect the number of viral particles
reaching the perinuclear region, indicating that MSKs did not reg-
ulate KSHV entry and intracellular trafficking (Fig. 8B). Further-
more, MSKs did not affect the expression and staining pattern of
LANA or KSHV infectivity (Fig. 8C). The results of RT-qPCR
analysis showed that inhibition of MSKs reduced the expression of
RTA, K-bZIP, and Orf65 transcripts by 64%, 83%, and 63%, re-
spectively (Fig. 8D to F), while no significant change was detected
for LANA transcripts (Fig. 8G). The Western blot results con-
firmed those of RT-qPCR, showing that the levels of RTA, K-bZIP,
and Orf65 proteins were reduced 90%, 95%, and 75%, respec-
tively, by the inhibitor, while no change was detected for the
LANA protein (Fig. 8H). These results indicate that MSKs play an
important role in primary KSHV infection by affecting the viral
Iytic transcriptional program at the postentry stage.

To further confirm the role of MSKs in KSHV lytic replication,
we designed shRNAs for both MSK1 and MSK2. Lentiviruses ex-
pressing two combinations of shRNAs targeting both MSK1 and
MSK2 (shMixedl and shMixed2) were used to transduce
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HUVEC. Western blot analysis showed knockdown efficiencies of
75 to 85% for MSK1 and 65 to 75% for MSK2 compared to the
efficiencies of the scrambled controls (Fig. 9A). Knockdown of
MSKs attenuated CREBI activation by 60 to 80% (Fig. 9A). Con-
sistent with these results, knockdown of MSKs reduced the pro-
duction of infectious virions by 57 to 61% during primary KSHV
infection (Fig. 9B). Similar to the results observed with the MSK
inhibitor, knockdown of MSKs did not affect virus entry and traf-
ficking or KSHV infectivity (Fig. 9C and D). The RT-qPCR results
showed that shRNA knockdown of MSKs reduced the expression
levels of RTA, K-bZIP, and Orf65 transcripts by 56 to 61%, 43 to
50%, and 32 to 35%, respectively, but had no effect on the expres-
sion of LANA transcripts (Fig. 9E). The smaller effect of the MSK
shRNAs than that of the MSK inhibitor on the expression of
KSHYV lytic genes was likely due to the lower efficiencies of the
shRNAs. The Western blot results confirmed that MSK shRNAs
reduced the expression of the RTA, K-bZIP, and Orf65 proteins
but had no effect on the LANA protein (Fig. 9F). Taken together,
the results show that MSKs play an important role in regulating
viral lytic replication during primary KSHV infection and that
such regulation might occur at least partially through phosphory-
lating and activating the downstream transcription factor CREBI.

DISCUSSION

Deregulation of cell signaling pathways is a common theme in
viral infections. Viruses often hijack cellular pathways to achieve
successful infection and replication. For example, the MSK-
CREBI1 pathway has been reported to mediate ERK-induced
HCMYV reactivation in dendritic cells (44). CREBI activation pro-
motes HCMV gene expression by binding to the viral major im-
mediate early promoter. Similarly, HSV-1 depends on CREBI to
regulate the expression of an 8.3-kb primary latency-associated
transcript during acute and latent infections of peripheral sensory
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(T308), total AKT, phospho-MK2 (T334), total MK2, phospho-RSK (T573),
total RSK, phospho-MSK1 (T581), total MSK1, phospho-MSK2 (T568), and
total MSK2 by Western blotting at the indicated times postinfection. Cells
subjected to UV irradiation for 30 min were used as positive controls for
phospho-CREBI, phospho-MK2, phospho-MSK1, and phospho-MSK2. (B to D)
MSK proteins, but not AKT and MK2, mediate CREB1 activation during primary
KSHYV infection. HUVEC pretreated with the MSK inhibitor SB747651A (B), the
AKT upstream PI3K inhibitor LY294002 (C), or the MK2 inhibitor PF3644022
(D) were infected with KSHV in the presence of the inhibitors and analyzed for
CREBI activation at the indicated times postinfection. Inhibition of MSKs, PI3K,
and MK2 effectively decreased the phosphorylation levels of their downstream
targets, CREB1, AKT, and HSP27, respectively.

— - -

neurons as well as reactivation from latency (30). KSHV has been
shown to activate a number of signaling pathways, such as MAPK
and NF-kB pathways, at the early stage of primary infection, and
these pathways in return facilitate KSHV infection and gene ex-
pression (9, 10, 15, 52).
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In this study, we applied an unbiased antibody array approach
to identify new kinases or signaling molecules that might play
important roles during primary KSHV infection. The Kinex anti-
body array has a relatively broad coverage of human kinases and
signaling molecules. We were interested in kinases and signaling
molecules that might be deregulated early during primary KSHV
infection, as they might mediate virus attachment, entry, mem-
brane fusion, intracellular trafficking, and viral gene expression.
Using stringent criteria, we identified 28 unique phospho-sites
from 23 cellular proteins whose phosphorylation levels were sig-
nificantly altered at the early phases of KSHV infection of HUVEC
(Table 2). A number of these hits, including AKT, integrin 81, and
c-Jun, were previously reported (5, 9, 15). It would be interesting
to confirm the alterations of the newly identified hits and to ex-
plore their potential roles in primary KSHV infection.

By performing IPA with the Kinex antibody array results inte-
grated with those reported previously, we identified three en-
riched networks. All three networks are initiated as a result of
ligand-receptor interactions. In this case, they might be due to
KSHYV binding to its receptors or cytokines/growth factors in-
duced at the early stage of KSHV infection. The first is the integrin/
MAPK network (Fig. 1A), parts of which have been reported in
several studies (5,9, 10, 15). Nevertheless, the upstream activators,
the downstream mediators, and the interactions among the sig-
naling pathways in this network in the context of primary KSHV
infection remain unclear. The current paradigm is that KSHV
binding to cellular integrin receptors activates downstream FAK
(5), which can lead to the induction of multiple MAPK pathways
and the PI3K/AKT pathway (9, 10, 15, 52). Activation of the ERK,
JNK, and p38 MAPK pathways promotes KSHV entry and traf-
ficking as well as the viral lytic replication program (9, 52). The
AKT pathway mediates activation of the NF-kB pathway, which
regulates KSHV latent gene expression (15). While KSHV infec-
tion triggers the immediate release of proinflammatory and
proangiogenic cytokines, such as IL-6, angiopoietin-2, and IL-8
(10, 53), a number of them, including IL-6, angiopoietin-2,
MMP1, MMP2, and MMPY, can also be induced further by the
MAPK pathways (10, 54, 55). Importantly, some of these cyto-
kines in turn can activate the ERK, AKT, and NF-kB pathways,
thus allowing the establishment of a positive-feedback loop that
can further enhance KSHV infection and replication and amplify
a proinflammatory and proangiogenic environment during pri-
mary KSHV infection.

Another enriched network involved the insulin receptor and
EGEFR pathways (Fig. 1B). The insulin-like growth factor and in-
sulin receptor signaling pathways have been implicated in latent
KSHYV infection (50). However, the roles of the insulin receptor
and EGFR in primary KSHYV infection are still unknown. EGFR is
a receptor tyrosine kinase that regulates a number of key cellular
processes, including cell proliferation, survival, differentiation,
tissue homeostasis, and tumorigenesis. EGFR and ephrin receptor
A2 (Eph2A) have been identified as hepatitis C virus (HCV) entry
receptors (56). KSHV also uses Eph2A as an entry receptor for
infection (57). Binding of glycoproteins gH and gL to EphA2 trig-
gers EphA2 phosphorylation and endocytosis and KSHV entry
(57). It would be interesting to explore the role of EGFR in pri-
mary KSHV infection.

The JAK/STAT network was enriched in the IPA results
(Fig. 1C). In particular, the phosphorylation levels of JAK1 and
JAK2 increased >4-fold. A number of proinflammatory cyto-

jviasm.org 9273


http://jvi.asm.org

Cheng et al.

A 12 B 60
1.0 - é 50 NS
S H
5% 084 g 40+
o -
- % 0.6 2 .
58 . £ 201 I
eE S 104
o S L 1
0.2 4 s 04 p= =y p= =
N=70 N=38
0.
NT SB747651A NT S747651A
C LANA DAPI Merge
120
—~ NS
= & 100+ =
©
3 80-
o
2 60
‘B
8 404
< <
o Z 204
2 S
< 04
~
aQ NT SB747651A
D e0 G 30
D 504 D 254 —NT NS
2 —NT 2
(0] —a—
<40l  —=sBrazesia 220 SR
= Z
o 30- 154
> 1 5
& 204 .g 1.04
210 g 0.5
0 ’ T 0.0 v . '
15 24 40 15 24 40
KSHV infection (hpi) KSHV infection (hpi)
E 90
S ?g' ~NT
2 °°1 -—=-SB747651A H
i NT  SB747651A  FSK
-Q =
< -— T
§ LANA
15 24 40 PR
KSHYV infection (hpi) _ )
. - -
5 40-
2354 —=NT
330] -=-SB747651A K-bzip T .
@825
S 20 :
ores e G-
£ 10-

15 24 40
KSHYV infection (hpi)

FIG 8 Chemical inhibition of the MSK pathway blocks the KSHV lytic replication program but has no effect on virus entry, trafficking, and infectivity during
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for 1 hand then infected with KSHV in the presence of the inhibitor. At 4 h postinfection, cells were extensively washed and replaced with new medium containing
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kines, such as IL-6, are known to activate JAK1 and JAK2 (58).
However, IL-6 primarily activates the STAT3 pathway (59). We
did not observe any significant change in STAT3 phosphorylation
during primary KSHYV infection, although STAT3 is implicated in
KSHYV latent infection (60, 61) and can be activated by KSHV
vIL6, RTA, vGPCR (ORF74), and kaposin B, as well as through
complement activation (61-65). In contrast to that of JAK1/2, the
phosphorylation level of STAT5A was significantly reduced.
STATS5A is primarily activated by growth factors, such as prolactin
(66). Further studies are required to understand how these path-
ways are regulated during primary KSHV infection.

Several kinases, such as ERK, AKT, and FAK, were reported to
be activated during primary KSHYV infection but were not identi-
fied as hits in the screen. This could be attributed to the limitations
of the antibody array approach, which can generate both false-
positive and false-negative candidates. Possible limitations of the
approach include the following. (i) Antibodies to some targets/
phosphorylation sites are absent on the array. (ii) Some antibodies
are of poor quality or are not suitable for the antibody array. (iii)
Some antibodies have limited sensitivities. (iv) Some antibodies
have high variations between adjacent duplicate spots, which
could lead to the discard of some hits. For example, the p38 phos-
phorylation sites T180 and Y182 had the highest signal, with a Z
ratio of 6.08, but were discarded due to the high (79.16%) error
range (data not shown). (v) Kinase activation is a fast event with
rapid kinetics. The collected samples reflect only snapshots of the
cells and might not catch all events. Because of the reasons stated
above, it is imperative to validate any selected hits following anti-
body array screening. Despite these limitations, the antibody array
assay remains an easy and convenient approach that can generate
some potential hits. Combining this method with IPA or similar
bioinformatic analyses and other approaches, such as gene expres-
sion profiling, should facilitate the mapping of the overall net-
works and pathways that are activated in the cells.

We have identified MSK1/2-CREB1 as a new essential pathway
for KSHYV lytic replication during primary infection. Chemical
inhibition of MSK1/2 or shRNA knockdown of MSK1/2 or
CREBI substantially impaired the expression of viral lytic genes
and the production of infectious virions but had no effect on virus
entry, trafficking, latent gene expression, and infectivity. One pos-
sible mechanism of CREB1 promotion of KSHV lytic replication
is through its binding to the promoters of viral lytic genes to in-
duce their expression. In fact, a CRE site is present from bp —265
to —269 upstream of the transcriptional start site in the RTA gene
promoter. As RTA is the major driver of the viral lytic cascade,
induction of RTA is sufficient to enhance KSHYV lytic replication.
The promoters of several other KSHV lytic genes, including the

MSK1/2-CREB1 Regulation of KSHV Lytic Replication

Orf59, K-bZIP, and Orf65 genes, also contain putative CRE sites,
which may mediate CREB1’s enhancement of KSHYV lytic replica-
tion. On the other hand, we did not find any potential CRE site in
the LANA promoters, which might explain the differential re-
sponses between LANA and viral lytic genes. It is worth mention-
ing that CREBI regulation of gene expression might be gene or
promoter specific and could be influenced by other transcrip-
tional factors. For example, it has been shown that CREB1 activa-
tion is enhanced by RTA for promoters containing an RTA-bind-
ing site(s); however, it is inhibited by RTA for promoters without
an RTA-binding site, in part through competition or sequestra-
tion of other transcription coactivators, such as CBP (67). Thus,
CREBI1 and RTA might synergize to drive the expression of KSHV
Iytic genes while antagonizing each other to regulate the expres-
sion of latent genes during primary infection of HUVEC. How-
ever, it has been reported that RTA can activate the LANA pro-
moter through an RBP-Jk binding site (68). Thus, the lack of
responsiveness of LANA expression to CREBI activation is un-
likely to be mediated by RTA.

Another possible mechanism of CREB1 regulation of viral lytic
replication is through the induction of proinflammatory cyto-
kines, several of which promote KSHV lytic replication (38).
However, it has been reported that CREB1 induces miR-132 to
downregulate p300, the proinflammatory cytokines IL-6, IL-1f3,
and beta interferon, and ISG15, relieving their repression of the
expression of KSHV genes and the viral genome copy number in
LEC (37). It is interesting that two of the CREB1-downregulated
proinflammatory cytokines, IL-6 and IL-1B, can activate the
MAPK pathways and promote KSHYV lytic replication (38). An-
other study has also shown that KSHV infection of DMVEC acti-
vates CREBI to induce the proinflammatory factor COX2, which
is required for viral latent gene expression (35). Interestingly, dur-
ing primary KSHV infection of DMVEC, CREB1 activation occurs
through the cAMP/PKA pathway but not the MSK pathway (35).
It is also worth mentioning that primary KSHV infections in LEC
and DMVEC are nonproductive despite the activation of CREB1
(19, 36).

Regardless of the mechanism of CREB1 promotion of KSHV
Iytic replication, the outcome of CREBI activation in regard to
KSHYV lytic replication during primary infection differs depend-
ing on the cell type, which might be due to usage of different
cellular receptors and entry pathways resulting in the differential
activation of signaling pathways. In particular, KSHV induces a
high level of activation of the NF-kB pathway in DMVEC (15),
which is known to promote KSHV latency by repressing viral lytic
replication (22). In contrast, KSHV induces hyperactivation of the
ERK, JNK, and p38 MAPK pathways in HUVEC, promoting viral

the inhibitor. At 48 h postinfection, cells were extensively washed and replaced with new medium without the inhibitor. The supernatants were collected at day
4 postinfection and used to titrate infectious virions by infecting fresh HUVEC as described in the legend to Fig. 3B and C. (B) Inhibition of the MSK pathway
has no effect on virus entry and trafficking. HUVEC were pretreated with SB747651A for 1 h and then infected with KSHV in the presence of the inhibitor for 6
h. The number of KSHV particles successfully docked at the nucleus was analyzed as described in the legend to Fig. 3D and E. (C) Inhibition of the MSK pathway
has no effect on the expression level and pattern of the KSHV latent protein LANA or on infectivity. HUVEC pretreated with SB747651A for 1 h were infected
with KSHV in the presence of the inhibitor and then analyzed for the expression level and pattern of LANA and the number of LANA-positive cells at 48 h
postinfection. (D to G) Inhibition of the MSK pathway significantly blocks the mRNA expression of the KSHV RTA (D), K-bZIP (E), and Orf65 (F) lytic genes
but has a minimal effect on the latent gene LANA (G). HUVEC pretreated with SB747651A for 1 h were infected with KSHV in the presence of the inhibitor and
analyzed for the mRNA expression of viral genes by RT-qPCR at 15, 24, and 40 h postinfection. (H) Inhibition of the MSK pathway blocks the expression of the
KSHV RTA, K-bZIP, and Orf65 lytic proteins but has no effect on the LANA protein. HUVEC pretreated with SB747651A for 1 h were infected with KSHV in
the presence of the inhibitor and then analyzed for the expression of viral proteins by Western blotting at 48 h postinfection. *, **, and ***, P values of <0.05,
<0.01, and <0.001, respectively; NS, not significant.
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FIG 9 MSK1 and -2 are required for CREBI activation and KSHV lytic replication but not for virus entry, trafficking, and infectivity during primary infection.
(A) shRNA knockdown of MSK1/2 prevents CREBI activation. HUVEC were infected with lentiviruses expressing 2 sets of combined shRNAs targeting both
MSK1 and MSK2 (shMixed1 and shMixed1) or the control shRNA (Ctrl). Stable cell populations selected with puromycin (1 pug/ml) were infected with KSHV
and analyzed by Western blotting for total MSK1, total MSK2, phospho-CREB1 (S133), and total CREBI at the indicated times. (B) shRNA knockdown of
MSK1/2 inhibits the production of infectious virions. HUVEC with knockdown of MSK1/2 were infected with KSHV. At 4 h postinfection, cells were extensively
washed and replaced with new medium. At day 4 postinfection, the supernatants were collected and used to titrate infectious virions by infecting fresh HUVEC
as described in the legend to Fig. 3B and C. (C) shRNA knockdown of MSK1/2 has no effect on virus entry and trafficking. HUVEC with knockdown of MSK1/2
were infected with KSHV for 6 h. The number of KSHV particles successfully docked at the nucleus was analyzed as described in the legend to Fig. 3D and E. (D)
shRNA knockdown of MSK1/2 has no effect on the expression level and pattern of the KSHV latent protein LANA or on infectivity. HUVEC with knockdown
of MSK1/2 were infected with KSHV and analyzed for the expression level and pattern of LANA and the number of LANA-positive cells at 48 h postinfection. (E)
shRNA knockdown of MSK1/2 significantly blocks the mRNA expression of the KSHV RTA, K-bZIP, and Orf65 lytic genes but has a minimal effect on the latent
gene LANA. HUVEC with knockdown of MSK1/2 were infected with KSHV and analyzed for the mRNA expression of viral genes by RT-qPCR at 40 h
postinfection. (F) shRNA knockdown of MSK1/2 blocks the expression of the KSHV RTA, K-bZIP, and Orf65 lytic proteins but has no effect on the latent protein
LANA. HUVEC with knockdown of MSK1/2 were infected with KSHV and analyzed for the expression of viral proteins by Western blotting at 48 h postinfection.
*, #%, and **%, P values of <0.05, <0.01, and <0.001, respectively; NS, not significant.
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lytic replication (9, 10). The interaction of the MAPK and NF-kB
pathways might be one of the factors that determines the impact of
MSK1/2-CREBI activation on the KSHV replication program. In
this case, the level of MSK1/2-CREBI activation might have only a
minimal impact on the KSHV replication program. Alternatively,
the KSHYV replication program could be determined entirely by
the extent of MSK1/2-CREB1 activation. The MSK1/2-CREB1
proteins could be the critical mediators of the hyperactivated
MAPK pathways, in addition to the AP-1 complexes, which con-
trol KSHV lytic replication in HUVEC. In this scenario, MSK1/2-
CREBI could also be activated by other pathways/signals. Indeed,
besides MSK1/2, CREB1 can also be activated directly by cAMP/
PKA, PI3K/AKT, MK2, and RSK pathways. As a result, intracellu-
lar and extracellular signals that can activate CREBI are likely to
promote KSHV lytic replication. As predicted, we have shown that
chemical activation of CREB1 with FSK, an artificial activator of
the cCAMP/PKA pathway, can robustly enhance viral lytic replica-
tion (Fig. 5). Our works have clearly identified CREB1 as an es-
sential factor for KSHV lytic replication during primary infection
of HUVEC. Because phosphorylation is required for CREB1 acti-
vation, further demonstration of the role of CREB1 phosphoryla-
tion in KSHYV lytic replication would require mutation of the spe-
cific CREB1 residue that mediates its phosphorylation.

While our results have demonstrated only that the MSK1/2-
CREBI1 pathway promotes KSHYV Iytic replication during primary
infection, it is likely that it also enhances KSHV reactivation from
latency. In fact, CREBI has been reported to mediate reactivation
of several other herpesviruses from latency (44, 69, 70). In LPS-
induced HCMV reactivation, activated CREBI1 induces the ex-
pression of the viral immediate early gene by binding directly to
the promoter (44). MSKs can also phosphorylate histone H3 at
serine, which might contribute to the expression of the viral im-
mediate early gene. In HSV-1-induced Epstein-Barr virus (EBV)
reactivation, the PKA/CREB1 pathway mediates the activation of
Zta, a major transcriptional transactivator of EBV lytic replication
(69). A previous study of KSHV demonstrated that activation of
the cCAMP/PKA pathway alone is sufficient to reactivate KSHV
from latency (34). Because CREB1 is one of the primary transcrip-
tion factors that mediate PKA signaling (39), deletion of CRE
from the RTA promoter reduced PKA-induced RTA expression
by 50% (34). Thus, the cAMP/PKA/CREB1 pathway is essential
for KSHV reactivation. It is interesting that the cAMP/PKA path-
way is not activated during primary KSHV infection of HUVEC.
Instead, the MSK1/2-CREB pathway is activated and contributes
to the viral lytic replication program. Because MSKs can activate
multiple transcription factors, including CREB and AP1, it would
be worthwhile to study the role of the MSK pathway in KSHV
reactivation.

In KS lesions, most of the spindle-shaped tumor cells are la-
tently infected by KSHYV, indicating an essential role of viral latent
infection in KSHV-induced malignant cell proliferation (71-73).
However, a small subset of KS tumor cells also undergo spontane-
ous viral lytic replication, which might contribute to KS develop-
ment (51). In patients, KSHV lytic activity and the viral load are
strongly correlated with the progression of KS tumors (74-77).
Our results suggest that the MSK1/2-CREB1 pathway might be a
potential target for inhibiting KSHV Iytic replication. Since
CREBI signaling can also induce proinflammatory cytokines, in-
cluding IL-6 and tumor necrosis factor alpha (TNF-«) (25), tar-
geting the MSK1/2-CREBI pathway could have dual inhibitory
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FIG 10 Schematic illustration of activated signaling pathways that regulate
KSHYV Iytic replication during primary infection. The binding of KSHV virions
to cellular receptors activates multiple signaling pathways, including FAK,
PI3K/AKT, ERK, JNK, p38, and NF-kB pathways. MAPKs activate AP-1 fac-
tors, including c-Jun and c-Fos, as well as MSK1/2 and the downstream target
CREBI. The interactions of the activated signaling pathways and their down-
stream transcriptional factors determine KSHV gene expression and lytic rep-
lication. The MAPK-AP-1 and MAPK-MSK-CREB1 pathways promote
KSHYV lytic replication, while the NF-«kB pathway inhibits KSHV lytic replica-
tion. The phosphorylation statuses of the kinases or molecules are shown in
green if not yet confirmed, in black if confirmed in previous studies, and in red
if confirmed in the present study.

effects on KSHV lytic replication and inflammation by preventing
the establishment of a vicious amplification cycle, particularly
during the early stage of tumor development.

Figure 10 illustrates the confirmed cellular signaling pathways
that are hijacked by KSHV for the optimal expression of viral
genes and productive viral lytic replication during primary KSHV
infection.
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