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Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative agent of Kaposi’s sarcoma (KS), and KSHV activation of mito-
gen-activated protein kinases (MAPKs) initiates a number of key pathogenic determinants of KS. Direct inhibition of signal
transduction as a therapeutic approach presents several challenges, and a better understanding of KSHV-induced mechanisms
regulating MAPK activation may facilitate the development of new treatment or prevention strategies for KS. MAPK phosphata-
ses, including dual-specificity phosphatase-1 (DUSP1), negatively regulate signal transduction and cytokine activation through
MAPK dephosphorylation or interference with effector molecule binding to MAPKs, including the extracellular signal-regulated
kinase (ERK). We found that ERK-dependent latent viral gene expression, the induction of promigratory factors, and cell inva-
siveness following de novo infection of primary human endothelial cells are in part dependent on KSHV suppression of DUSP1
expression during de novo infection. KSHV-encoded miR-K12-11 upregulates the expression of xCT (an amino acid transporter
and KSHV fusion/entry receptor), and existing data indicate a role for xCT in the regulation of 14-3-3�, a transcriptional repres-
sor of DUSP1. We found that miR-K12-11 induces endothelial cell secretion of promigratory factors and cell invasiveness
through upregulation of xCT-dependent, 14-3-3�-mediated suppression of DUSP1. Finally, proof-of-principle experiments re-
vealed that pharmacologic upregulation of DUSP1 inhibits the induction of promigratory factors and cell invasiveness during de
novo KSHV infection. These data reveal an indirect role for miR-K12-11 in the regulation of DUSP1 and downstream
pathogenesis.

Kaposi’s sarcoma-associated herpesvirus (KSHV) remains one
of the most common etiologies for cancers arising in patients

with immune suppression (1, 2), including Kaposi’s sarcoma (KS)
(3). KS remains one of the most common HIV/AIDS-associated
malignancies in the modern era (2), and the current standard of
care for systemic KS— highly active antiretroviral therapy
(HAART) and nontargeted cytotoxic chemotherapies—yields lit-
tle or no benefit for a substantial proportion, if not the majority, of
HIV-infected patients with this disease (4). Chemotherapy also
incurs toxicities compounding those already induced by antiret-
rovirals and other medications used for the treatment of HIV and
its many complications (4, 5). A better understanding of how
KSHV initiates cellular pathogenesis following de novo infection
may give rise to novel therapeutic approaches.

Mitogen-activated protein kinases (MAPKs), including the ex-
tracellular signal-regulated kinase (ERK), the c-Jun N-terminal
kinase (JNK), and p38, play critical roles in the regulation of cell
growth, differentiation, and control of cellular responses to cyto-
kines and stress (6). During de novo infection, KSHV proteins
activate signal transduction mediated by MAPKs to facilitate the
establishment of latent viral gene expression, the activation of
promigratory cytokines and chemokines, and the induction of cell
motility and angiogenesis (7–16). Although compounds directly
targeting intracellular kinases are under evaluation in clinical tri-
als for cancer, their lack of target specificity and toxicities limit
their clinical utility (17). A better understanding of regulatory
mechanisms for kinase activation by oncogenic viruses, including
KSHV, may facilitate the development of more tractable therapies
for viral tumors.

The MAPK phosphatases (MKPs) are dual-specificity phos-
phatases (DUSPs) grouped according to subcellular localization
and substrate specificity (6, 18). The DUSP family consists of 11
members that dephosphorylate MAPKs through recognition of
TXY motifs or interfere with MAPK binding to effector molecules
(18, 19). The prototype of this family—DUSP1 (encoding the pro-
tein MKP-1)—regulates the activation of ERK, JNK, and p38, and
alteration of DUSP1 expression has been associated with malig-
nant progression for a variety of cancers (18, 20). Existing data
suggest that DUSPs may be differentially regulated in a cell type-
specific manner during KSHV infection (21–25) and that repres-
sion of DUSP3 (23), upregulation of DUSP5 (21, 22), and upregu-
lation of DUSP7 (25) occur during KSHV infection. Another
study reported upregulation of DUSP1 transcript expression
within human foreskin fibroblasts and a B cell tumor line follow-
ing KSHV infection, but whether DUSP1 expression was altered
during KSHV infection of human adult dermal microvascular en-
dothelial cells used in that study was not reported (24). With the
exception of a single study reporting DUSP5 upregulation by the
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KSHV-encoded G protein-coupled receptor (vGPCR) (21), these
studies employed gene array analyses to investigate the expression
of DUSPs without confirmation of specific KSHV-associated
mechanisms for DUSP regulation. Therefore, a better under-
standing of specific mechanisms for KSHV regulation of DUSPs
and the functional consequences of this regulation are needed.
Given the well-characterized suppression of ERK, JNK, and p38
activation by DUSP1, the inverse correlation between DUSP1 and
progression for some tumors (18, 20), ample published data for
KSHV activation of ERK, JNK, and p38, and the presence of a
putative binding site for KSHV miR-K12-1 within the DUSP1 3=
untranslated region (UTR) cloned from KSHV-infected primary
effusion lymphoma (PEL) cell lines (26), we sought to determine
more definitively whether KSHV regulates DUSP1 expression
and, if so, to define KSHV-encoded mechanisms and functional
consequences for this effect.

MATERIALS AND METHODS
Cell culture, reagents, and infection assays. KSHV-infected PEL cells
(BCBL-1) were maintained in RPMI 1640 medium (Gibco) supple-
mented with 10% fetal bovine serum (FBS), 10 mM HEPES (pH 7.5), 100
U/ml penicillin, 100 �g/ml streptomycin, 2 mM L-glutamine, 0.05 mM
�-mercaptoethanol, and 0.02% (wt/vol) sodium bicarbonate. Primary
human umbilical vein endothelial cells (HUVEC) were grown in Dulbec-
co’s modified Eagle’s medium (DMEM)–F-12 50/50 medium (Cellgro)
supplemented with 5% FBS. Primary human foreskin fibroblasts (HFF)
were maintained in DMEM (Gibco) supplemented with 10% FBS, 100
U/ml penicillin, and 100 �g/ml streptomycin. To obtain KSHV for infec-
tion experiments, BCBL-1 cells were incubated with 0.6 mM valproic acid
for 6 days, and purified virus was concentrated from culture supernatants
as described previously (27). For negative controls using UV light-inacti-

TABLE 1 Primer sequences for qRT-PCR/qPCR and cloning

Gene
Primer
orientation Primer sequence (5= ¡ 3=)

DUSP1 3= UTR Sense GCGCTCTAGAAAGGCCACGG
GAGGTGAGG

Antisense GCGCTCTAGACCATTGTATAA
AAAAGTCAT

ORF73 Sense TCCCTCTACACTAAACCCAATA
Antisense TTGCTAATCTCGTTGTCCC

ORF71 Sense GGGCACGGATGACAGGGAA
Antisense TGTGATGGGCCGGAAAGG

ORF72 Sense CCCTCGGGACTTCTGGAT
Antisense CGTCGCTAAGACTGCCTC

IL-6R Sense AGTTCCAGCTTCGATACCGAC
Antisense GTATTGTCAGACCCAGAGCTG

IL-8R1 Sense CTTTGCCCTGACCTTGCC
Antisense AACACCATCCGCCATTTT

IL-8R2 Sense TCTGCTACGGATTCACCC
Antisense AGAGCCAACAAAGGAAGG

VEGFR1 Sense GACTAGATAGCGTCACCAG
Antisense AATACTCCGTAAGACCACA

VEGFR2 Sense AAAGGGTGGAGGTGACTG
Antisense GACATAAATGACCGAGGC

DUSP1 Sense CGCTCCTTCTTCGCTTTCA
Antisense GCTCGTCCAGCAACACCAC

�-actin Sense GGAAATCGTGCGTGACATT
Antisense GACTCGTCATACTCCTGCTTG

FIG 1 KSHV suppresses DUSP1 expression following de novo infection of endothelial cells and fibroblasts. (A) HUVEC were incubated with purified KSHV or
UV-inactivated virus (UV-KSHV), and cell lysates were collected at the indicated time points for immunoblotting to identify DUSP1, as well as total and activated
ERK (t-ERK and p-ERK, respectively). �-Actin was used as a loading control. Numbers indicate relative expression as determined using ImageJ software. (B)
qRT-PCR was used to quantify DUSP1 transcripts 48 h after incubation of HUVEC with KSHV or medium alone (mock). Error bars represent the standard errors
of the means for three independent experiments. **, P � 0.01. (C and D) HUVEC (C) or HFF (D) were transduced using a recombinant human adenovirus
encoding DUSP1 (AdV-DUSP1), or a control adenovirus (AdV), for 48 h prior to their incubation with purified KSHV (K) for 2 h. After an additional 24 h,
protein expression was quantified by immunoblotting. Each immunoblot shown represents one of three independent experiments.
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vated KSHV (UV-KSHV), viral aliquots were exposed to 1,200 J/cm2 UV
light for 10 min using a CL-1000 UV cross-linker. Infectious titers were
determined using both HUVEC and HFF and methods described previ-
ously (28). Dexamethasone was purchased from Sigma.

Immunofluorescence assays (IFA). Briefly, 1 � 104 HUVEC or HFF
per well were seeded in eight-well chamber slides (Nunc) and were incu-
bated with serial dilutions of freshly prepared viral stocks in the presence
of 8 �g/ml Polybrene (Sigma-Aldrich) for 2 h at 37°C. After remaining in
culture overnight, cells were incubated first in methanol-acetone (1:1) at
20°C for fixation and permeabilization and then with a blocking reagent
(10% normal goat serum, 3% bovine serum albumin, and 1% glycine) for
an additional 30 min. Cells were then incubated for 1 h at 25°C with a
1:1,000 dilution of a rat monoclonal antibody against latency-associated
nuclear antigen (LANA) (ABI), followed by a 1:100 dilution of a goat
anti-rat secondary antibody conjugated to Texas Red (Invitrogen). For
the identification of nuclei, cells were subsequently counterstained with
0.5 �g/ml 4=,6-diamidino-2-phenylindole (DAPI; Sigma) in 180 mM
Tris-HCl (pH 7.5). Slides were washed once in 180 mM Tris-HCl for 15
min and were prepared for visualization using a Leica TCPS SP5 AOBS
confocal microscope. Relative LANA expression was calculated as the
number of LANA dots per 100 cells in the experimental group divided by
the number of LANA dots per 100 cells in the control group.

Transduction assays. HUVEC or HFF were transduced for 48 h with
a recombinant adenovirus (AdV) vector encoding DUSP1 or a control
vector using a multiplicity of infection (MOI) of �20 as described previ-
ously (29). According to 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assays (see “Cell viability assays” below for
methods), this protocol resulted in no discernible toxicity for transduced
cells over the time course of our experiments (data not shown).

Cloning. The 3= UTR of DUSP1 was amplified from genomic DNA
isolated from HUVEC and was cloned into the XbaI site of the pGL3
luciferase (3= position relative to luciferase; Promega). The primer se-
quences are listed in Table 1. Insertion of the DUSP1 3= UTR was con-
firmed through commercial gene sequencing (Operon).

Transfection and luciferase reporter assays. HUVEC and HFF were
transfected with pcDNA3.1-FLAG-ERK (pcERK) or a control vector as
described previously (30). Constructs encoding miR-K12-1 (pc-mi1) or
miR-K12-11 (pc-mi11), and luciferase reporter constructs encoding com-
plementary sequences for miR-K12-11 (pGL3-mi11 sensor), have been
validated previously in transfection assays for determining the expression
and function of mature KSHV microRNAs (miRNAs) (31). For the inhi-
bition of mature miRNAs, 2= O-methyl (2= OMe) RNA antagomirs were
designed and purchased from Dharmacon (Chicago, IL) as described pre-
viously (31–33). Cells were transfected with 0.1 �g pc-mi11, 0.1 �g pGL3-
mi11 sensor, 300 pmol 2= OMe RNA antagomirs, or 0.1 �g control vector
for negative controls in 12-well plates by using Lipofectamine 2000 (In-
vitrogen, Carlsbad, CA) and/or the DharmaFECT transfection reagent
(Dharmacon, Chicago, IL) for 24 to 48 h according to the manufacturer’s
instructions and prior to subsequent incubation with KSHV. For RNA
interference assays, 14-3-3� small interfering RNA (siRNA) or negative-
control siRNA (Santa Cruz) was delivered using commercial siRNA trans-
fection reagents (Santa Cruz). xCT siRNA or negative-control siRNA
(Dharmacon, Chicago, IL) was delivered using the DharmaFECT trans-
fection reagent. For DUSP1 3= UTR reporter assays, cells were transfected
with 0.1 �g of the pGL3-DUSP1 3= UTR construct with or without 0.1 �g
pc-mi11 for 48 h using Lipofectamine 2000. For luciferase expression
assays, cells were incubated with 100 �l lysis buffer according to the man-
ufacturer’s instructions (Promega, Madison, WI), and luciferase activity

FIG 2 Ectopic expression of DUSP1 suppresses latent KSHV gene expression during de novo infection. HUVEC were transduced with AdV-DUSP1 (or a control
AdV) for 48 h prior to their incubation with purified KSHV for 2 h. (A and B) IFA to identify LANA expression were performed 24 h after viral incubation using
an anti-LANA monoclonal antibody and a secondary antibody conjugated to Texas Red, along with DAPI for nuclear colocalization (blue). LANA expression,
signified by the typical punctate intranuclear staining pattern (red dots), was quantified relative to that in KSHV-infected/control-transduced cells as described
in Materials and Methods. (C) qRT-PCR was used to quantify ORF73 (LANA) transcript expression 2 h after viral incubation. (D and E) qPCR was used to
quantify intracellular KSHV DNA contents 2 h (D) and 24 h (E) after incubation of cells with the virus. Error bars represent the standard errors of the means for
three independent experiments. **, P � 0.01.
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was determined using a Berthold FB12 luminometer (Titertek, Hunts-
ville, AL). Light units were normalized to total protein levels for each
sample using the bicinchoninic acid (BCA) protein assay kit according to
the manufacturer’s instructions (Pierce, Rockford, IL). Transfection effi-
ciency was assessed through cotransfection of a lacZ reporter construct,
and �-galactosidase activity was determined using a commercially avail-
able �-galactosidase enzyme assay system according to the manufacturer’s
instructions (Promega, Madison, WI). Two to three independent trans-
fections were performed for each experiment, and all samples were ana-
lyzed in triplicate for each transfection. For some experiments, transfec-
tion efficiency was further assessed on a single-cell level through
cotransfection with a green fluorescent protein (GFP) construct and sub-
sequent IFA. This procedure was performed using primary cells and HEK
cells as a positive control, since the transfection efficiency of GFP for HEK
cells approaches 90%. Using this method, we confirmed a HUVEC trans-
fection efficiency of approximately 50% of cells in our experiments.

Immunoblotting. Cells were lysed in a buffer containing 20 mM Tris
(pH 7.5), 150 mM NaCl, 1% NP-40, 1 mM EDTA, 5 mM NaF, and 5 mM
Na3VO4. Total-cell lysates (30 �g) were resolved by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
nitrocellulose membranes, and immunoblotted with 100 to 200 �g/ml of
antibodies against 14-3-3�, phospho-p44/42 ERK (Thr202/Tyr204),
phospho-p38 (Thr180/Tyr182), phospho-JNK (Tyr185), t-p44/42 ERK,
t-p38, t-JNK (Cell Signaling Technologies), DUSP1, and xCT (Santa
Cruz). For loading controls, blots were reacted with antibodies detecting
�-actin (Sigma). Immunoreactive bands were developed using an en-
hanced chemiluminescence reaction (Perkin-Elmer), visualized by auto-
radiography, and quantified using ImageJ software.

Transwell invasion assays. Matrigel invasion chambers (Becton
Dickinson) were hydrated for 4 h at 37°C with a culture medium. After
hydration, the medium in the bottom of the well was replaced with fresh

medium; then 2 � 104 HUVEC or 5 � 104 HFF were plated in the top of
the chamber. After a 24-h incubation, the cells were fixed with 4% form-
aldehyde for 15 min at room temperature and the chambers were rinsed in
phosphate-buffered saline (PBS) and stained with 0.2% crystal violet for
10 min. After the chambers were washed five times with dH2O, the cells at
the top of the Matrigel membrane were removed with cotton applicators.
The cells at the bottom of the membrane (representing cells that have
penetrated/migrated through the membrane) were counted using a
phase-contrast microscope. Relative invasion for cells in experimental
groups was calculated as the number of invading cells in the experimental
group divided by the number of invading cells in the control group (28).

ELISA. Concentrations of vascular endothelial growth factor (VEGF),
interleukin 8 (IL-8), and IL-6 in culture supernatants were determined by
using human VEGF (Pierce Biotechnology), IL-8 (Becton Dickinson),
and IL-6 (eBioscience) enzyme-linked immunosorbent assay (ELISA) kits
according to the manufacturers’ instructions.

PCR. Total cellular DNA was prepared using the QIAamp DNA mini-
kit according to the manufacturer’s instructions (Qiagen). Briefly, cells (2
h or 24 h postinfection) were trypsinized for 5 min at 37°C and were
collected with 1 ml of ice-cold DMEM. Cells were pelleted at 2,000 rpm for
5 min, washed, and resuspended in 200 �l of 1� PBS, and total DNA was
prepared according to the manufacturer’s instructions. To ensure that
viral DNA amplification in these experiments was not the result of “car-
ryover” viral DNA from culture supernatants rather than intracellular
virus, cells were washed several times in fresh medium prior to trypsiniza-
tion, and samples from culture supernatants following these washes were
assessed for viral DNA content. Total RNA was isolated from infected or
uninfected cells using the RNeasy minikit according to the manufacturer’s
instructions (Qiagen). cDNA was synthesized from 0.5 ng of total RNA by
using the SuperScript III First-Strand Synthesis SuperMix kit (Invitrogen)
according to the manufacturer’s procedures. The primers designed for

FIG 3 ERK activation restores latent KSHV gene expression in the presence of DUSP1 overexpression. HUVEC were transduced with AdV-DUSP1 (or a control
AdV) for 48 h and were then transfected with a recombinant ERK construct (pcERK) or a control vector (pc) for 24 h prior to their incubation with KSHV for
2 h. Cells transduced with the control AdV and cells incubated with UV-inactivated virus (UV-K) were used as controls. (A) Immunoblot analyses were
performed 12 h after KSHV incubation to determine total and activated ERK expression. �-Actin was used as a loading control. (B and C) LANA expression was
identified by IFA and was quantified relative to that in KSHV-infected/control-transduced cells as described above. Error bars represent the standard errors of the
means for three independent experiments. **, P � 0.01.
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target genes are displayed in Table 1. Amplification experiments were
carried out using an iCycler IQ real-time PCR detection system, and cycle
threshold (CT) values were tabulated in triplicate (DNA) or in duplicate
(cDNA) for each gene of interest for each experiment. For KSHV-miRNA
measurement, cDNA was synthesized using the TaqMan microRNA re-
verse transcription (RT) kit (Applied Biosystems), and quantitative PCR
(qPCR) was performed using the TaqMan microRNA assay kit (Applied
Biosystems) on a 7500 real-time PCR system. “No-template” (water) con-
trols were also used to ensure minimal background contamination. By use
of mean CT values tabulated for different experiments, with CT values for
�-actin as loading controls, fold changes for experimental groups relative
to assigned controls were calculated using automated iQ5 software (ver-
sion 2.0; Bio-Rad).

Cell viability assays. Cell viability was assessed using a standard MTT
assay (34). Briefly, a total of 5 � 103 cells were incubated in individual
wells in a 96-well plate for 24 h. Twenty-four to 72 h after the addition of
serial dilutions of dexamethasone or transduction with adenoviral vec-
tors, cells were incubated first in a 1-mg/ml MTT solution (Sigma) at 37°C
for 3 h and then in 50% dimethyl sulfoxide (DMSO) overnight prior to the
determination of optical density at 570 nm by use of a spectrophotometer
(Thermo Labsystems).

Statistical analysis. Significance for differences between experimental
and control groups was determined using the two-tailed Student t test
(Excel, version 8.0). P values of �0.05 or �0.01 were considered signifi-
cant or highly significant, respectively.

RESULTS
KSHV suppresses DUSP1 expression during de novo infection.
Immunoblotting was used to determine the kinetics of DUSP1
expression during de novo infection of HUVEC with KSHV.
DUSP1 expression was reduced by �90% relative to control levels
within 10 min of KSHV incubation (Fig. 1A) and remained re-
duced by �75% up to 72 h. These changes paralleled increases in
phospho-ERK expression (Fig. 1A), as well as p38 and JNK expres-
sion (data not shown). DUSP1 expression was also reduced by
UV-KSHV within 10 min, but by only approximately 30% from
control levels, and returned to baseline within 30 min (Fig. 1A).
Following an initial 10-fold increase, phospho-ERK expression
induced by UV-KSHV returned to basal levels within 30 to 60 min
(Fig. 1A). Using qRT-PCR, we also found that incubation of HU-
VEC with KSHV significantly reduced DUSP1 transcript expres-
sion within 48 h (Fig. 1B). To verify that ongoing ERK activation
at later time points (�24 h) was in part mediated through KSHV
suppression of DUSP1, we transduced KSHV-infected HUVEC
with a recombinant adenoviral vector encoding DUSP1 and ob-
served repression of KSHV activation of ERK (Fig. 1C), as well as
p38 and JNK (data not shown). In contrast to the findings of
another report (24), we also observed KSHV-induced suppression

FIG 4 Ectopic expression of DUSP1 suppresses ERK-dependent secretion of promigratory factors during de novo KSHV infection. (A to D) HUVEC (A and B)
and HFF (C and D) were transduced with AdV-DUSP1 (or a control AdV) for 48 h prior to their incubation with purified KSHV for 2 h. Culture supernatants
were collected 24 h later for the quantification of VEGF and IL-8 secretion by ELISA. (E and F) In parallel, qRT-PCR was used to quantify VEGF (E) and IL-8 (F)
receptor transcript expression within HUVEC. (G and H) HUVEC were transduced for ectopic DUSP1 expression and, after 48 h, were transfected with a
recombinant ERK construct (pcERK) or a control vector (pc) for 24 h; then they were incubated with purified KSHV for an additional 2 h. Culture supernatants
were collected 24 h later for the quantification of VEGF and IL-8 secretion by ELISA. Error bars represent the standard errors of the means for three independent
experiments. *, P � 0.05; **, P � 0.01.
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of DUSP1 expression 24 h after KSHV incubation with HFF, as
well as repression of ERK activation with concurrent ectopic ex-
pression of DUSP1 in these cells (Fig. 1D).

KSHV suppression of DUSP1 facilitates ERK-mediated la-
tent viral gene expression during de novo infection. Published
data indicate that ERK activation during KSHV infection of pri-
mary cells plays an essential role in the establishment of viral gene
expression (10, 12, 15, 16, 35). Therefore, we sought to determine
whether ectopic DUSP1 expression suppressed KSHV gene ex-
pression during de novo infection of primary human cells. IFA
revealed that ectopic DUSP1 expression significantly reduced ex-
pression of the KSHV-encoded latency-associated nuclear antigen
(LANA) during de novo infection of HUVEC (Fig. 2A and B) and
HFF (data not shown). Moreover, qRT-PCR and qPCR confirmed
that overexpression of DUSP1 reduced ORF73 (LANA) transcript
expression but not the number of internalized viral episome cop-
ies, respectively, within 2 h of KSHV incubation with HUVEC
(Fig. 2C and D) or HFF (data not shown). Within 24 h, intracel-
lular viral episome copies were reduced in cells overexpressing
DUSP1 (Fig. 2E), consistent with the transient nature of intracel-
lular KSHV episomes in the absence of LANA expression (36). In
addition, viral lytic gene expression remained at or below the rel-
atively low levels exhibited by KSHV-infected control transduc-
tants (data not shown), consistent with published data implicating
ERK as an important factor in the establishment of both latent and
lytic viral gene expression (12, 30). In subsequent experiments, we
transfected cells with a recombinant ERK construct validated pre-
viously (30) and found that restoration of ERK activation in the
presence of ectopic DUSP1 expression partially restored the ex-
pression of LANA within KSHV-infected cells (Fig. 3).

KSHV suppression of DUSP1 induces the secretion of pro-
migratory factors and cell invasiveness during de novo infec-
tion. Negative regulation of MAPK activation by DUSP1 reduces
inflammation associated with a variety of infectious and inflam-
matory diseases (37–41). Proinflammatory and promigratory fac-
tors induced by activated MAPKs, including VEGF, IL-8, and
IL-6, are secreted by KSHV-infected cells, and their presence
within KS lesions and the peripheral circulation of KS patients is
thought to facilitate KSHV-associated cellular pathogenesis and
angiogenesis (34, 42–50). To first determine whether KSHV-in-
duced secretion of promigratory factors is, at least in part, medi-
ated through KSHV repression of DUSP1, we quantified the se-
cretion of VEGF and IL-8 by KSHV-infected primary cells in the
presence or absence of ectopic DUSP1 expression. We found that
ectopic DUSP1 expression suppressed KSHV-induced secretion
of VEGF and IL-8 by HUVEC and HFF (Fig. 4A to D), as well as
transcript expression for VEGF receptor-1 (VEGFR1) and IL-8
receptor isoforms (IL-8R1 and IL-8R2) (Fig. 4E and F). Further-
more, restoration of ERK activation derepressed VEGF and IL-8
secretion by KSHV-infected cells in the presence of ectopic
DUSP1 expression (Fig. 4G and H). We also found that ectopic
DUSP1 expression suppressed KSHV-induced secretion of IL-6
and the expression of transcripts for the IL-6 receptor (IL-6R), but
restoration of ERK activation failed to restore IL-6 secretion in the
presence of ectopic DUSP1 expression in KSHV-infected cells
(data not shown). Using transwell invasion assays, we also found
that ectopic DUSP1 expression suppressed KSHV-induced inva-
siveness following de novo infection and that invasiveness was re-
stored under these conditions with concurrent reactivation of
ERK (Fig. 5).

FIG 5 Ectopic expression of DUSP1 suppresses cell invasiveness induced by de novo KSHV infection. (A) HUVEC (top row) or HFF (bottom row) were
transduced as described above for DUSP1 overexpression prior to their incubation with KSHV for 2 h. Cells were then incubated for 24 h prior to the assessment
of invasiveness. Relative invasiveness was calculated as described in Materials and Methods. (B) HUVEC were transduced with either a control AdV or
AdV-DUSP1 for 48 h, transfected for an additional 24 h with constructs expressing ERK (pcERK) or a control vector (pc) as described above, and then incubated
with KSHV for an additional 2 h. Transwell assays were used to quantify invasiveness 24 h following viral incubation. Error bars represent the standard errors of
the means for three independent experiments. **, P � 0.01.
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miR-K12-11 induces endothelial cell invasion through indi-
rect transcriptional repression of DUSP1. Next, we sought to
define specific KSHV-encoded mechanisms responsible for the
suppression of DUSP1 expression at later time points following
the establishment of latent KSHV infection. Existing data suggest
that the 14-3-3�/14-3-3� interactant 1 (FBI1) complex binds the
promoter region of DUSP1 and acts as a transcriptional repressor,
thereby increasing ERK activation and promoting anchorage-in-
dependent growth, tumorigenicity, and metastasis (51). One
study also reported that overexpression of the amino acid trans-
porter xCT (a fusion/entry receptor for KSHV [52]) induces up-
regulation of 14-3-3� expression in KSHV-infected cells through
mechanisms not yet defined (53). We have reported previously
that KSHV-encoded miR-K12-11 upregulates xCT expression
through repression of BACH-1, a negative transcriptional regula-
tor of xCT (32), and others have confirmed that miR-K12-11 tar-
gets the BACH-1 3= UTR (33, 54). Based on these data, we hypoth-
esized that miR-K12-11 indirectly suppresses DUSP1 expression
through upregulation of xCT and 14-3-3�. To test this hypothesis,
we first transfected HUVEC with a construct encoding miR-
K12-11 and observed reduced DUSP1 protein and transcript ex-
pression, as well as a parallel increase in ERK activation (Fig. 6A
and B). miR-K12-11 transfectants also exhibited increased expres-

sion of xCT, as previously demonstrated (32), as well as of 14-3-3�
(Fig. 6A). Bioinformatics analyses revealed no putative binding
sites for miR-K12-11 within the DUSP1 3= UTR (data not
shown), and luciferase reporter assays using a construct con-
taining the full-length DUSP1 3= UTR revealed that overex-
pression of miR-K12-11 failed to repress DUSP1 3= UTR re-
porter activity (Fig. 6C). Using miR-K12-11 transfectants, we
confirmed that miR-K12-11-specific 2= OMe RNA antagomirs
suppressed miR-K12-11 activity (Fig. 6D) and restored DUSP1
expression (Fig. 6E), whereas control antagomirs targeting
miR-K12-12 had no effect. Using qRT-PCR to verify the kinet-
ics of miR-K12-11 expression in HUVEC incubated with
KSHV, we noted an increase in the expression of miR-K12-11
within 2 h (�11-fold), with a more significant increase (�430-
fold) beginning at 24 h (Fig. 6F). For validation, luciferase
reporter assays were performed, revealing discernible miR-
K12-11 activity beginning 24 h after viral incubation (Fig. 6G).

To begin to assess the functional relevance of miR-K12-11 reg-
ulation of DUSP1, we quantified IL-6, VEGF, and IL-8 secretion,
as well as invasiveness, for miR-K12-11 transfectants in the pres-
ence or absence of ectopic DUSP1 expression. We found that
miR-K12-11 significantly increased the secretion of IL-6, VEGF,
and IL-8 by HUVEC, as well as HUVEC invasiveness, and that

FIG 6 miR-K12-11 represses DUSP1 expression. (A and B) HUVEC were transfected with constructs encoding miR-K12-11 (pc-mi11), xCT (pc-xCT), or an
empty control vector (pc). Twenty-four hours later, immunoblotting was performed to identify DUSP1, MAPK, xCT, and 14-3-3� protein expression (A), and
qRT-PCR was performed to identify DUSP1 transcript expression (B). Error bars represent the standard errors of the means for three independent experiments.
**, P � 0.01. (C) Cells were cotransfected with the pGL3-DUSP1 3= UTR and either a control vector or pc-mi11, and luciferase expression was quantified as
described in Materials and Methods. (D) HUVEC were cotransfected with either a control vector or pc-mi11, along with the luciferase reporter construct for
miR-K12-11 (mi11-sensor). Aliquots were also incubated with 300 pmol 2= OMe RNA antagomirs targeting either miR-K12-11 or miR-K12-12 (the latter was
used as a negative control). Forty-eight hours later, luciferase expression was quantified as described in Materials and Methods. (E) Immunoblotting was
performed 48 h after the transfection of cells with either a control vector or pc-mi11 in the presence of 300 pmol of either a control antagomir or a miR-K12-
11-specific antagomir. (F) HUVEC were incubated with purified KSHV; then miR-K12-11 expression was quantified at the time points indicated using
qRT-PCR. Expression at each time point was quantified relative to that in cells incubated with KSHV for 10 min. (G) HUVEC were transfected with luciferase
reporter constructs for miR-K12-11 for 24 h and were then incubated with purified KSHV or medium (mock). Luciferase expression was quantified as described
in Materials and Methods for cells collected at the indicated time points. Error bars represent the standard errors of the means for three independent experiments.
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concurrent ectopic expression of DUSP1 (following the establish-
ment of miR-K12-11 expression and function at 48 h) suppressed
these effects (Fig. 7). To validate these data using KSHV-infected
cells, we performed immunoblotting, confirming that repression
of miR-K12-11 expression using miR-K12-11-specific antagomirs
partially derepressed DUSP1 expression, whereas control miR-
K12-12-specific antagomirs had no effect (Fig. 8A). Inhibition of
miR-K12-11, but not that of miR-K12-12, also reduced VEGF and
IL-8 secretion and invasiveness for KSHV-infected HUVEC (Fig.
8B to D).

To confirm that miR-K12-11 suppresses DUSP1 expression
through upregulation of xCT, we first used a recombinant con-
struct to overexpress xCT in HUVEC and noted reductions in
basal DUSP1 protein and transcript expression, along with a par-
allel increase in ERK activation (Fig. 6A and B). We also observed
increased HUVEC invasiveness with ectopic xCT expression, an
effect repressed with concurrent ectopic expression of DUSP1
(Fig. 7B). Our RNA interference assays subsequently confirmed
that targeting xCT resulted in the derepression of DUSP1 expres-
sion, as well as in the suppression of 14-3-3� expression and ERK
activation, during either KSHV infection or miR-K12-11 transfec-
tion of HUVEC (Fig. 9A and B). To better confirm a role for 14-
3-3� in miR-K12-11/xCT-induced suppression of DUSP1, we used
RNA interference targeting 14-3-3� applied to both miR-K12-11-
transfected cells and KSHV-infected cells. 14-3-3� suppression re-
stored DUSP1 protein and transcript expression and reduced ERK
phosphorylation under either condition (Fig. 9C to F). Furthermore,

targeting 14-3-3� repressed cytokine and chemokine secretion in-
duced by either miR-K12-11 transfection or KSHV infection (data
not shown). Finally, targeting 14-3-3� reduced KSHV- or miR-K12-
11-initiated invasiveness for HUVEC (Fig. 9G).

A recent study reported a putative binding site for miR-K12-1
within the DUSP1 3= UTR cloned from KSHV-infected primary
effusion lymphoma (PEL) cell lines (26). We found that ectopic
expression of miR-K12-1 also suppresses basal DUSP1 expression
and induces MAPK activation in HUVEC and that miR-K12-1-
specific antagomirs partially restore DUSP1 expression in KSHV-
infected cells (Fig. 10A and B). However, our luciferase reporter
assays using a construct containing the full-length DUSP1 3= UTR
cloned from HUVEC indicated that overexpression of miR-K12-1
failed to repress DUSP 3= UTR reporter activity (Fig. 10C), thus
limiting our current understanding of how miR-K12-1 down-
regulates DUSP1 expression in HUVEC.

Pharmacologic induction of DUSP1 expression inhibits
KSHV-associated cellular pathogenesis following de novo infec-
tion. Glucocorticoids exert anti-inflammatory effects through the
induction of glucocorticoid receptor (transcription factor)-medi-
ated gene expression, and one glucocorticoid used frequently in
clinical practice, dexamethasone, induces transcriptional activa-
tion of DUSP1 in a variety of cell types (55–58). Therefore, we
conducted proof-of-principle experiments to determine whether
pharmacologic upregulation of DUSP1 expression with dexa-
methasone is associated with KSHV-induced endothelial cell
pathogenesis. First, we confirmed a lack of discernible toxicity for

FIG 7 miR-K12-11 repression of DUSP1 induces the secretion of promigratory factors and endothelial cell invasiveness. (A) HUVEC were transfected with
either a control vector or pc-mi11 and, after 24 h, were transduced with either a control AdV or AdV-DUSP1. After 48 h, ELISAs were used to quantify the levels
of IL-6, VEGF, and IL-8 secreted in culture supernatants. (B) In parallel experiments, aliquots either were treated as described for panel A or were transfected with
constructs encoding xCT (pc-xCT) for 24 h; then they were transduced with either a control AdV or AdV-DUSP1. After an additional 24 h, transwell assays were
used to quantify invasiveness as described in Materials and Methods. Error bars represent the standard errors of the means for three independent experiments.
**, P � 0.01.
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HUVEC incubated with dexamethasone over a wide range of con-
centrations (�10 �M) (data not shown). Subsequent experiments
revealed that at noncytotoxic concentrations, dexamethasone re-
stored DUSP1 expression in KSHV-infected HUVEC and sup-
pressed KSHV activation of ERK, JNK, and p38 (Fig. 11A). Of
note, dexamethasone exhibited no apparent effect on the expres-
sion of miR-K12-11 during KSHV infection of HUVEC (data not
shown). In addition, dexamethasone suppressed KSHV-induced
secretion of IL-6, VEGF, and IL-8 (Fig. 11B to D), as well as inva-
siveness for KSHV-infected cells (Fig. 11E). As observed during
ectopic DUSP1 expression in the context of KSHV infection (Fig.
2), dexamethasone also reduced the expression of LANA and
ORF73 transcripts during de novo infection of HUVEC with
KSHV (data not shown).

DISCUSSION

KSHV activation of MAPKs and associated cellular pathogenesis
following de novo infection has been firmly established. KSHV-
encoded IL-6 (vIL-6) and G protein-coupled receptor (vGPCR)
upregulate angiopoietin-2 expression through the activation of
ERK in lymphatic endothelial cells (14). vGPCR also induces
VEGF expression and secretion through the activation of ERK and
p38 (13). Furthermore, two KSHV genes, K15 and ORF49, initiate
ERK and JNK/p38 activation, respectively (7, 8). Finally, ERK ac-
tivation appears critically important for the establishment of
KSHV gene expression during de novo infection (12, 30). Al-

though these studies underscore the importance of MAPK activa-
tion for KS pathogenesis, clinical applications of small molecules
targeting intracellular kinases are problematic given the nonselec-
tivity of kinase inhibitors and associated toxicities (17). Identify-
ing novel mechanisms for KSHV regulation of MAPK activation
may, therefore, offer more clinically tractable approaches for the
treatment and prevention of KS.

We found that KSHV represses DUSP1 expression during de
novo infection. These data contradict results from one study men-
tioned previously (24) but are well supported by our observations
of repression of DUSP1 protein and transcript expression under
conditions of de novo infection of HUVEC and HFF by KSHV,
repression of DUSP1 expression with ectopic expression of miR-
K12-11, miR-K12-1, or xCT, and derepression of DUSP1 with
miR-K12-11- or miR-K12-1-specific antagomirs applied to
KSHV-infected HUVEC. Additional characterization of DUSP1
expression in a larger array of KSHV-infected primary cell types
would help determine the cell type-specific nature of our findings.
Although our work has initially focused on DUSP1 for reasons
outlined above, “fine-tuning” of MAPK activation may occur in
KSHV-infected cells as a result of simultaneous viral regulation of
different DUSPs, and additional studies should confirm the func-
tional relevance of these coordinated efforts.

Although our work to date has focused on KSHV miRNA-
associated mechanisms for maintaining DUSP1 suppression at
later time points during de novo infection, it is likely that multiple

FIG 8 Targeting miR-K12-11 restores DUSP1 expression and reduces the secretion of promigratory factors and invasiveness for KSHV-infected endothelial
cells. (A) HUVEC were incubated with purified KSHV for 2 h and were then transfected with 300 pmol of either a miR-K12-11-specific or a miR-K12-12-specific
antagomir. Forty-eight hours later, immunoblotting was performed for the identification of DUSP1 protein expression. �-Actin was used as a loading control.
Numbers in immunoblots indicate relative expression as determined using ImageJ software. Data are the results of one of three independent experiments. (B and
C) Cells were treated as described for panel A, and culture supernatants were collected for the quantification of VEGF and IL-8 secretion by ELISA. (D) Cells were
treated as described for panel A, and transwell assays were used to quantify endothelial cell invasiveness. Error bars represent the standard errors of the means for
three independent experiments. *, P � 0.05; **, P � 0.01.
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KSHV-associated mechanisms, including viral replication-inde-
pendent mechanisms, participate in the suppression of DUSP1.
This is supported by our observation that miR-K12-11 expression
and function are optimal beginning 24 h after KSHV incubation

with primary cells in our experiments, along with our kinetic as-
says that reveal DUSP1 suppression within 10 min of incubation
with either UV-KSHV or KSHV. The half-lives of DUSP1 protein
and transcripts are relatively short (less than 2 h and as short as 40

FIG 9 Targeting xCT or 14-3-3� results in derepression of DUSP1 during KSHV infection. (A and B) HUVEC were transfected with control (n-siRNA) or
xCT-specific siRNA, and after 24 h, the cells either were transfected with a control or a pc-mi11 vector (A) or were incubated with or without KSHV for 2 h (B).
Twenty-four hours later, protein expression was determined by immunoblotting. (C to G) HUVEC were transfected with control (n-siRNA) or 14-3-3�-specific
siRNA, and after 24 h, cells either were transfected with a control or a pc-mi11 vector or were incubated with or without KSHV for 2 h. Assays were performed
24 h after viral incubation. DUSP1 protein and transcript expression was determined by immunoblotting (C and D) and qRT-PCR (E and F), respectively. (G)
Transwell assays were used to quantify invasiveness as described in Materials and Methods. Error bars represent the standard errors of the means for three
independent experiments. **, P � 0.01.

FIG 10 miR-K12-1 represses DUSP1 expression. (A) HUVEC were transfected with constructs encoding miR-K12-1 (pc-mi1) or an empty control vector (pc).
Twenty-four hours later, immunoblotting was performed to identify DUSP1 and MAPK protein expression. (B) Cells were incubated with or without (mock)
purified KSHV for 2 h, and infected cells were subsequently transfected with or without 300 pmol 2= OMe RNA antagomirs targeting miR-K12-1. Forty-eight
hours later, immunoblotting was performed for the identification of DUSP1 protein expression. �-Actin was used as a loading control. Numbers in immunoblots
indicate relative expression as determined using ImageJ software. Data in panels A and B represent one of three independent experiments. (C) Cells were
cotransfected with the pGL3-DUSP1 3= UTR and either a control vector or pc-mi1, and luciferase expression was quantified as described in Materials and
Methods. Error bars represent the standard errors of the means for three independent experiments.
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min [19]), so it is plausible that discernible differences in their
expression may be observed over a short time frame. One possi-
bility is that DUSP1 suppression in KSHV-infected cells is the
result of ERK-dependent ubiquitin-proteasome degradation of
DUSP1, as previously observed for other cancer cells (59). How-
ever, DUSP1 suppression with UV-KSHV is not observed at 30
min despite the induction of ERK activation to levels 10-fold
greater than those for controls at this time point (the latter result is
in accord with previously published data for the kinetics of ERK
activation for cells following their incubation with UV-KSHV
[12]). It is also possible that proteasome activity unrelated to ERK
influences DUSP1 expression; proteasome activity influences sig-
naling in human KSHV-infected lymphoma cell lines (60), so we
cannot categorically dismiss this possibility.

A second possibility is that virus interactions with the cell sur-
face may trigger DUSP1 downregulation. Our observation that
UV-KSHV reduces DUSP1 expression within 10 min, but that
heat-inactivated KSHV does not (data not shown), supports this
concept. One report indicates that KSHV interactions with toll-
like receptor-4 (TLR4) mediate innate immune responses to
KSHV (61), and alterations in DUSP1 expression in response to
TLR4 engagement (62) and dendritic cell interactions with influ-
enza virus (63) have been reported. It is plausible, therefore, that
in the absence of established KSHV gene expression (as with UV-
KSHV), TLR-induced, MAPK-dependent activation of cytokines
induces subsequent activation of DUSP1 in order to repress
MAPK activation in a negative feedback loop.

A recent report indicates that murine herpesvirus-68 miRNAs
are packaged within the virion (64). Therefore, a third possibility
is that packaged KSHV miRNAs suppress DUSP1 expression at
early time points, and the less-robust DUSP1 suppression ob-
served with UV-KSHV within 10 min of viral incubation may

result from an attenuated effect of these miRNAs due to UV-
irradiation (and no effect at later time points).

In addition to the likelihood of DUSP1 regulation by replica-
tion-independent mechanisms in KSHV-infected cells, it is plau-
sible that DUSP1 expression is regulated by other replication-de-
pendent mechanisms. Previous work has indicated that multiple
KSHV miRNAs upregulate xCT, possibly through the targeting of
other transcriptional repressors, including c-Maf (32, 65, 66). In
addition, despite our results for luciferase assays indicating a lack
of direct interactions between miR-K12-11 or miR-K12-1 and the
DUSP1 3= UTR, we cannot categorically exclude direct interac-
tions between these two miRNAs and DUSP1, since it has been
recognized that both cellular and viral miRNAs bind sequences
within the 5= UTR and coding regions of target genes (67–70).
Moreover, the binding of KSHV miRNA to DUSP1 UTRs may be
cell type specific. Nevertheless, our data suggest that multiple
KSHV miRNAs coordinately regulate DUSP expression.

Our data are consistent with published data indicating that the
upregulation of xCT by miR-K12-11 results in xCT-mediated ac-
tivation of 14-3-3� expression, which, in turn, leads to 14-3-3�-
mediated transcriptional repression of DUSP1 (32, 33, 51, 53, 54).
For additional confirmation, we show that targeting 14-3-3� re-
stores DUSP1 expression and reduces the production of promi-
gratory factors and endothelial cell invasiveness under conditions
of either KSHV infection or ectopic miR-K12-11 expression. The
expression of FBI1 and its effect on the transcriptional repression
of DUSP1 were not directly addressed in our studies. Additionally,
our data do not exclude the possibility that KSHV induction of
14-3-3� expression influences other genes which themselves reg-
ulate DUSP1 expression, cytokine expression, and/or endothelial
cell invasiveness. For example, published data indicate that 14-
3-3� facilitates Raf/Ras activation through the coupling of protein

FIG 11 Pharmacologic derepression of DUSP1 suppresses KSHV-induced endothelial cell pathogenesis. (A) HUVEC were incubated first with either a vehicle
or 1 �M dexamethasone (DEX) for 24 h and then with purified KSHV for 2 h. After an additional 24 h, immunoblotting was performed to identify the protein
expression of DUSP1, activated MAPKs, and �-actin (loading control). (B to D) Cells were treated as described for panel A, and supernatants were collected for
the quantification of IL-6, VEGF, and IL-8 secretion by ELISA. (E) Transwell assays were used to quantify invasiveness for cells treated as described for panel A.
Relative invasiveness was determined as described in Materials and Methods. Error bars represent the standard errors of the means for three independent
experiments. **, P � 0.01.
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kinase C-� to Raf-1 (71), and we and others have demonstrated
that KSHV induction of ERK-dependent VEGF expression and
endothelial cell invasiveness are due, in part, to KSHV regulation
of Ras/Raf activation (34, 72). Furthermore, the mechanisms
through which xCT induces 14-3-3� expression require addi-
tional clarification.

DUSP1 expression is induced by growth factors, the initiation
of cellular stress, or pharmaceuticals, including retinoids and glu-
cocorticoids (55–58, 73–76). We found that the glucocorticoid
dexamethasone induces DUSP1 expression while inhibiting
KSHV activation of ERK during de novo infection. We cannot
exclude the possibility that dexamethasone impacts the expression
of KSHV genes that regulate ERK activation, or the expression of
genes (viral or cellular) that impact cell invasiveness independent
of DUSP1. Moreover, although glucocorticoids are used routinely
for the treatment of KSHV-associated lymphoma (77), they also
upregulate phosphatidylinositol 3-kinase (PI3K)/Akt activation
and nitric oxide synthase activity (78), both of which are associ-
ated with KS progression (32, 79). Existing clinical data further
suggest that glucocorticoids may increase the incidence of KS in
organ transplant recipients or may exacerbate existing KS lesions
(80–87), and it remains controversial whether glucocorticoids in-
duce lytic viral gene expression in latently infected cells (82, 88).
DNA-damaging agents such as doxorubicin may actually induce
DUSP1 expression (19), and a recent study indicated that overex-
pression of DUSP1 protected breast cancer cells from chemother-
apy-induced apoptosis through the repression of caspase activa-
tion and DNA fragmentation caused by doxorubicin or paclitaxel
(89). The effects of DUSP1 induction may, therefore, prove unde-

sirable in the context of KS treatment with either of these agents.
Additional studies are clearly needed to determine whether phar-
macologic upregulation of DUSP1 offers a tractable and safe ap-
proach to the treatment of KS.

In summary, our data reveal suppression of DUSP1 expres-
sion by miR-K12-11 through indirect mechanisms involving
xCT-mediated upregulation of a transcriptional repressor of
DUSP1 (14-3-3�) in KSHV-infected cells. We hypothesize
that, along with replication-independent mechanisms for
KSHV suppression of DUSP1 expression, this contributes to
the constitutive MAPK activation and pathogenesis related to
KS (Fig. 12).
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