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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiologic agent of Kaposi’s sarcoma (KS), the most common tumor of
AIDS patients worldwide. A key characteristic of KS tumors is extremely high levels of vascular slits and extravasated red blood
cells, making neoangiogenesis a key component of the tumor. The main KS tumor cell is the spindle cell, a cell of endothelial ori-
gin that maintains KSHV predominantly in the latent state. In cultured endothelial cells, latent KSHV infection induces angio-
genic phenotypes, including longer-term stabilization of capillary-like tube formation in Matrigel, a basement membrane ma-
trix. The present studies show that KSHV infection of endothelial cells strongly downregulates transforming growth factor �2
(TGF-�2). This downregulation allows the stabilization of capillary-like tube formation during latent infection, as the addition
of exogenous TGF-�2 inhibits the KSHV-induced stability of these structures. While two KSHV microRNAs are sufficient to
downregulate TGF-�2 in endothelial cells, they are not required during KSHV infection. However, activation of the gp130 cell
surface receptor is both necessary and sufficient for downregulation of TGF-�2 in KSHV-infected cells.

IMPORTANCE

Kaposi’s sarcoma is a highly vascularized, endothelial cell-based tumor supporting large amounts of angiogenesis. There is evi-
dence that KSHV, the etiologic agent of KS, induces aberrant angiogenesis. For example, KSHV induces stabilization of capil-
lary-like tube formation in cultured endothelial cells. A clearer understanding of how KSHV regulates angiogenesis could pro-
vide potential therapeutic targets for KS. We found that KSHV downregulates TGF-�2, a cytokine related to TGF-�1 that is
known to inhibit angiogenesis. The downregulation of this inhibitor promotes the stability of capillary-like tube formation inso-
far as adding back TGF-�2 to infected cells blocks KSHV-induced long-term tubule stability. Therefore, KSHV downregulation
of TGF-�2 may increase aberrant vascularization in KS tumors through increased capillary formation and thereby aid in KS tu-
mor promotion.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a gamma-
herpesvirus and is the etiologic agent of Kaposi’s sarcoma

(KS), the most common tumor in AIDS patients worldwide. KS is
the most commonly reported tumor in Uganda and Zimbabwe,
where it frequently occurs in both HIV-positive and -negative
patients (1, 2). KSHV is present in the main KS tumor cell, the
spindle cell, a cell of endothelial origin. KS tumors are highly vas-
cularized, with abnormal, leaky vasculature and excess inflamma-
tion and edema, suggesting a role for angiogenesis in the develop-
ment and progression of the disease.

Angiogenesis is the process of new blood vessels sprouting
from preexisting vasculature. Angiogenesis is a multistage process
that begins with quiescent endothelium being activated by signals
originating from ischemic tissue or solid tumors (3). Once acti-
vated, endothelial cells proliferate and migrate toward the source
of the stimuli and organize into an immature vascular network.
This preliminary network then undergoes a process of maturation
that includes recruitment of supporting cells, placement of a new
basement membrane, and, importantly, pruning of excess, un-
needed vasculature (3). Angiogenesis is tightly regulated by a del-
icate balance of pro- and antiangiogenic factors. However, many
pathogenic processes, such as tumor formation, shift this balance
to promote continual vascular growth.

Members of the transforming growth factor � (TGF-�) super-
family have been associated with both positive and negative con-

trol of angiogenesis. TGF-� family members consist of multifunc-
tional proteins that regulate diverse cellular functions, such as
proliferation, apoptosis, and differentiation (4). This family in-
cludes TGF-�s, bone morphogenic proteins (BMPs), and activins.
In mammals, the three highly homologous isoforms of TGF-�,
TGF-�1, TGF-�2, and TGF-�3, have overlapping, as well as
unique, functions. The most highly studied isoform, TGF-�1, ap-
pears to have a biphasic effect on angiogenesis, and this occurs
through the binding of TGF-�1 to its type II receptor, T�RII, and
the interaction of T�RII with two separate type I receptors, ALK5
and ALK1 (5). Signaling through ALK1 promotes cell growth and
migration, leading to increased angiogenesis. In contrast, ALK5
signaling inhibits proliferation and induces endothelial cell quies-
cence, thereby inhibiting neovascularization and promoting the
maturation and pruning stages of angiogenesis (5).
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Unlike TGF-�1, the role of TGF-�2 in the regulation of angio-
genesis is less well characterized. It is known to interact with type
I and type II receptors although with low affinity (6). TGF-�2 is
highly expressed in the eye, where it is important for regulating
outflow through the trabecular meshwork (7). Interestingly, TGF-
�2-null mice are predominantly perinatal lethal and have severe
cardiac dysfuntion in addition to defects in several other organs
(8). These mice are phenotypically distinct from knockouts of the
other TGF-� isoforms. During cardiac development, endothe-
lial cells undergo an endothelial-mesenchymal transition, and
TGF-�2 is necessary for regulating this process (9). Similarly,
TGF-�2 can induce the endothelial-mesenchymal transition of
human umbilical vein endothelial cells as well as human cutane-
ous microvascular endothelial cells (10). Conversely, treatment of
induced pluripotent stem cells with TGF-�2 can induce endothe-
lial cell marker expression and in vitro tube formation, suggesting
that it plays multiple roles in endothelial cell development and
biology (11). However, the distinct role of TGF-�2 during tumor-
associated angiogenesis is unclear.

In KS tumor cells, KSHV is predominantly in the latent state,
and latent KSHV infection of endothelial cells can promote angio-
genesis-related phenotypes, including increased tubule stability of
macrovascular endothelial cells, induction of angiogenesis and
capillary morphogenesis under low-growth-factor conditions,
and enhanced migration and invasion (12–17). During latent in-
fection, KSHV expresses 6 genes, latency-associated nuclear anti-
gen (LANA), vCyclin, vFLIP, and kaposins A, B, and C. Addition-
ally, KSHV encodes a number of microRNAs (miRNAs) during
latent infection. Ten miRNA genes are located in the intergenic
region between vFLIP and the kaposin locus, and two are located
within the open reading frame of K-12. While KSHV encodes 12
pre-miRNAs, �20 mature KSHV miRNAs have been detected in
infected cells (18–20).

The TGF-� signaling pathway has been shown to be targeted
by various KSHV miRNAs. Thrombospondin, a potent activator
of latent TGF-�, is targeted by miR-K1, miR-K3-3p, miR-K6-3p,
and miR-K11 (21). In addition, SMAD5, a downstream effector of
the TGF-�-pathway, is targeted by miR-K11 (22). miR-K10 has
been shown to target T�RII, inhibiting TGF-� signaling (23).
Therefore, it appears that TGF-� signaling is strongly targeted by
KSHV.

In this study, we found that TGF-�2, but not TGF-�1, mRNA
and secreted protein are strongly downregulated during latent
KSHV infection. KSHV induces the stability of capillary-like tube
formation in Matrigel, but adding back exogenous TGF-�2 to
infected cells promoted the regression of KSHV-induced capillar-
ies to a level similar to that in mock-infected cells. The inhibition
of capillary-like tube formation occurred through the induction
of apoptosis in these cells. While KSHV miRNAs miR-K3 and
miR-K8 are sufficient to induce downregulation of TGF-�2, they
are not required. However, gp130 activation by KSHV is required
for the virally induced downregulation of TGF-�2, independent
of miRNA downregulation. Therefore, KSHV has evolved multi-
ple mechanisms in order to downregulate TGF-�2 and promote
increased angiogenesis.

MATERIALS AND METHODS
Cells. Tert-immortalized microvascular endothelial (TIME) cells (24)
were maintained as monolayer cultures in EBM-2 medium (Lonza) sup-
plemented with a bullet kit containing 5% fetal bovine serum, vascular

endothelial growth factor, basic fibroblast growth factor, insulin-like
growth factor 3, epidermal growth factor, and hydrocortisone (EGM-2
medium; Lonza). BCBL-1 cells (25) were maintained in RPMI 1640 me-
dium (Celgro; Mediatech, Inc.) supplemented with 10% fetal bovine se-
rum, penicillin, streptomycin, glutamine, and �-mercaptoethanol.

Viruses and infection. The KSHV inoculum was obtained from
BCBL-1 cells (5 � 105 cells/ml) induced with 20 ng of TPA (12-O-tetra-
decanoylphorbol-13-acetate; Sigma)/ml. After 6 days, cells were pelleted,
and the supernatant was run through a 0.45-�m-pore-size filter. Virions
were pelleted at 15,000 rpm for 2 h in a JA-14 rotor and an Avanti-J-25
centrifuge (Beckman Coulter). The viral pellet was resuspended in
EGM-2 and used as the viral inoculum in subsequent experiments. KSHV
infections of TIME cells were performed in serum-free EBM-2 for 3 h in
the presence of 8 �g/ml Polybrene (Sigma), after which the medium was
replaced with complete EGM-2. Mock infections were performed identi-
cally except that concentrated virus was omitted. Infection rates were
assessed by immunofluorescence for all experiments, using antibodies
against LANA and the lytic protein ORF59. In all infections performed
with wild-type (wt) KSHV, �85% of the cells were LANA positive, and
�1% were ORF59 positive.

The recombinant KSHV BAC16 originally made in the Jung labora-
tory (26) was obtained from the Renne laboratory. KSHV BAC16_�miR
was obtained from the Renne laboratory and was described previously
(27). It contains a deletion in the region of KSHV between the vFLIP and
kaposin genes, effectively deleting 10 KSHV miRNA loci, including miR-
K1, -2, -3, -4, -5, -6, -7, -8, -9, and -11. BAC16 was passaged in iSLK cells
as described previously (26). Lytic replication was induced by the addition
of 1 �g/ml of doxycycline and 1 mM sodium butyrate. Virus was har-
vested from the supernatant at 4 days postinduction as described above.

ELISA. Supernatants from mock- or KSHV-infected TIME cells were
collected at 24 and 48 h postinfection. The Quantikine colorimetric sand-
wich enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems)
was used to assess the concentrations of TGF-�1and TGF-�2.

Capillary morphogenesis of endothelial cells. Capillary morphogen-
esis experiments were carried out as described previously (17). Briefly,
mock- or KSHV-infected cells were removed by using trypsin-EDTA and
resuspended at 1.5 � 105 cells per ml in EGM-2. Cells (1 ml) were gently
added to Matrigel-coated plates in the presence or absence of TGF-�2 (30
ng/ml; PeproTech). Cells were incubated at 37°C, monitored for 4 to 24 h,
and photographed in digital format by using a Nikon microscope. Capil-
laries were defined as cellular processes connecting two bodies of cells.
Ten fields of cells were counted under each condition, and the means and
standard deviations were determined.

To determine cell death and apoptosis, cells were treated as described
above and plated onto Matrigel-coated plates in the presence or absence of
TGF-�2 (30 ng/ml) and/or 5 �M Q-Val-Asp(non-O-methylated)-OPh
(QVD), a pancaspase inhibitor (R&D Systems). Cells were also incubated
with either YoYo-1 or SytoGreen dye (Life Technologies). The plates were
placed into an IncuCyte kinetic imaging system (Essen Biosciences), and
phase-contrast and fluorescent photographs were taken every 2 h for 24 h.
Fluorescence intensity was normalized among images by using IncuCyte
software, and the ratio of the YoYo-1 signal to the SytoGreen signal was
calculated for each time point.

Plasmids. KSHV miRNA lentiviral expression plasmids encoding
green fluorescent protein (GFP) were a kind gift from Ofer Mandelboim
and were described previously (28). We refer to the KSHV miRNAs as
miR-K1 through miR-K12, whereas other researchers refer to them as
miR-K12-1 through miR-K12-12 (18, 19, 28). Importantly, the sequence
that we refer to as miR-K3 is referred to as miR-K12-3 in multiple papers
(18, 19, 28) but is referred to as miR-K2 in one paper (20).

RNA isolation and qRT-PCR. Total RNA was isolated from TIME
cells by using NucleoSpin RNA II (Macherey-Nagel). Two-step quantita-
tive reverse transcription-PCR (qRT-PCR; Bio-Rad) was used to measure
transcript levels. iScript Reverse Transcription Supermix for RT-qPCR
(Bio-Rad) was used to synthesize 1 �g of cDNA from 1 �g of total RNA
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according to the manufacturer’s protocols. One hundred nanograms of
cDNA was used in Sso Advanced SYBR green Supermix (Bio-Rad), ac-
cording to the manufacturer’s protocols, with primers for either GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (forward, 5=-AAG GTG
AAG GTC GGA GTC AAC G-3=; reverse, 5=-TGG AAG ATG GTG ATG
GGA TTT C-3=), TGF-�2 (forward, 5=-CGC TAC ATC GAC AGC AAA
GT-3=; reverse, 5=-TCC CAG GTT CCT GTC TTT ATG-3=), or gp130
(forward, 5=-TAT CCA GAT TCC CC TGA AG-3=; reverse, 5=-CCA CTT
GCT TCT TCA CTC CA-3=). Relative abundances of mRNA were nor-
malized by the delta threshold cycle method to the abundance of GAPDH,
with values for mock-infected or control treated cells set to 1. Error bars
reflect standard errors of the means of data from three independent ex-
periments.

Promoter luciferase assay. HEK293 cells were seeded into a 6-well
tissue culture dish and transfected with firefly luciferase reporter con-
structs containing either a nonspecific 3= untranslated region (UTR), the
TGF-�2 3=UTR, or the TGF-�2 3=UTR with mutations in the 6 putative
miRNA seed sequence matches (Switchgear Genomics). Nucleotides 3 to
5 of the putative seed sequence matches were mutated by transversion of
the nucleotides. Renilla luciferase was used to normalize transfection ef-
ficiency between samples. Cells were transfected by using TransIT-293
reagent (Mirus). At 24 h posttransfection, the cells were transduced with
lentiviral constructs expressing miR-K1, miR-K3, miR-K8, or miR-K12 or
an empty-vector control (pSIN). Twenty-four hours later, cells were lysed
and analyzed by using a Dual-Luciferase reporter assay (Promega) ac-
cording to the manufacturer’s protocol. Luciferase expression was mea-
sured by using a Glomax 20/20 luminometer (Promega) and is reported as
the fold change in luciferase expression levels compared to the empty
vector.

Transfection of siRNA. Small interfering RNA (siRNA) specific to
gp130 and negative-control oligonucleotides were designed and synthe-
sized by Ambion (Austin, TX). The following oligonucleotide sequences
were used: sense oligonucleotide 5=-GGC AUA CCU UAA ACA AGC
UdTdT-3= for gp130 (Ambion identification no. 106709) and sense oli-
gonucleotide 5=-AGU ACU GCU UAC GAU ACG GdTdT-3= for nega-
tive-control siRNA. TIME cells were transfected with 3 �g of siRNA by
using a Nucleofector kit (Amaxa, Cologne, Germany) according to the

manufacturer’s protocol. At 24 h posttransfection, cells were mock or
KSHV infected and subsequently harvested for analysis after an addi-
tional 48 h.

RESULTS
KSHV infection inhibits TGF-�2 expression. Our recent mi-
croarray data indicated that TGF-�2 is downregulated upon latent
KSHV infection of endothelial cells (not shown). To confirm this,
we measured TGF-�2 mRNA levels using quantitative real-time
RT-PCR. Tert-immortalized microvascular endothelial (TIME)
cells were mock or KSHV infected and allowed to establish latent
infection for 48 h. RNA from these cells was extracted and sub-
jected to real-time RT-PCR using primers for TGF-�2. Figure 1
shows the fold decrease of TGF-�2 levels in KSHV-infected cells
compared to those in mock-infected cells. KSHV-infected TIME
cells had an 80% decrease in TGF-�2 expression levels (Fig. 1A).

We next examined the expression level of secreted TGF-�2
protein. A TGF-�2-specific ELISA was used to measure secreted
TGF-�2 in the supernatant of mock- and KSHV-infected cells.
Latent KSHV infection reduced the expression level of TGF-�2 in
TIME cells by �50% at both 24 and 48 h postinfection (Fig. 1B).
Since TGF-�2 is related to TGF-�1, we also analyzed TGF-�1
levels in the supernatants of mock- and KSHV-infected cells (Fig.
1C). In contrast to TGF-�2 levels, KSHV had no effect on the
levels of secreted TGF-�1 protein, suggesting that KSHV specifi-
cally targets TGF-�2 for downregulation.

TGF-�2 promotes regression of capillaries formed by
KSHV-infected cells. In complete medium, KSHV latent infec-
tion has little effect on the ability of endothelial cells to organize
into capillary-like structures when plated onto Matrigel (17).
However, we and others observed a prolonged stability of capil-
laries formed by KSHV-infected cells (12). TGF-�s are known to
be involved in vascular homeostasis and regression during angio-
genesis; thus, we hypothesized that the downregulation of

FIG 1 KSHV infection downregulates TGF-�2. (A) qRT-PCR analysis of TGF-�2 transcript levels in mock- or KSHV-infected TIME cells. (B) Protein
expression of TGF-�2 in medium of mock- or KSHV-infected TIME cells. (C) Protein expression of TGF-�1 in medium of mock- or KSHV-infected TIME cells.
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TGF-�2 during KSHV infection may contribute to the increased
stability of these capillaries. To test this, we examined the ability of
mock- and KSHV-infected endothelial cells to organize on Matri-
gel in the presence of exogenous activated TGF-�2. We found that
although TGF-�2 had no effect on the ability of uninfected or
KSHV-infected TIME cells to organize into an initial capillary-like
network, treatment of KSHV-infected cells with TGF-�2 drasti-
cally reduced the stability of capillaries 24 h after plating onto
Matrigel (Fig. 2).

TGF-�2 promotes apoptosis of KSHV-induced capillaries.
Regression of the preliminary capillary network in vivo occurs, at
least in part, through apoptosis (3). Downregulation of TGF-�2
by KSHV may be a means to promote the prolonged survival of
infected cells. Thus, we used two fluorescent dyes, YoYo-1 and
SytoGreen, to assess whether treatment of KSHV-infected TIME
cells with TGF-�2 during capillary morphogenesis leads to cell
death. YoYo-1 is a cell-impermeable dye that enters cells and flu-
oresces upon disruption of the cell membrane. SytoGreen is cell
permeable and therefore is used as a marker of total cell numbers.
Figure 3 shows that cell death during the regression phase of cap-
illary morphogenesis is greater in mock-infected cells (black line)
than in KSHV-infected cells (gray line). Interestingly, treatment of
KSHV-infected cells with exogenous TGF-�2 (Fig. 3, gray dashed
line) induces cell death to a level similar to that in mock-infected
cells, suggesting that the downregulation of TGF-�2 by KSHV
promotes the survival of infected cells during the later stages of
angiogenesis. TGF-�2-induced cell death of KSHV-infected cells
can be inhibited by treatment with a pancaspase inhibitor (QVD)
(Fig. 3, gray dotted line), indicating that the mechanism of action
is through the induction of apoptosis. Importantly, TGF-�2 did
not inhibit initial capillary morphogenesis at early time points (4
to 8 h after plating onto Matrigel) (Fig. 2), coinciding with a lack of
a measurable increase in cell death at these time points (Fig. 3).

Furthermore, the addition of exogenous TGF-�2 to mock-in-
fected cells had no effect on their rate of cell death (data not
shown). Taken together, these data suggest that TGF-�2 is acting
at the later time points of capillary morphogenesis, when cells
normally undergo pruning and regression of unnecessary capil-
laries.

KSHV miRNAs miR-K3 and miR-K8 downregulate TGF-�2.
MicroRNAs can downregulate gene expression by decreasing ei-

FIG 2 Exogenous TGF-�2 induces regression of KSHV-induced capillary-like structures. (A) Phase-contrast images of mock- or KSHV-infected TIME cells
plated onto Matrigel at 48 h postinfection and pictured at 4 and 24 h after plating in the presence or absence of 30 ng/ml of TGF-�2 added to the medium. (B)
Quantification of the number of capillaries per field in 5 to 10 fields per condition as described above for panel A. Similar data were obtained in 3 separate
experiments (�, P � 0.05; ns, not statistically significant).

FIG 3 TGF-�2 induces apoptosis of KSHV-infected cells. Mock- and KSHV-
infected TIME cells at 48 h postinfection were plated onto Matrigel in the
presence or absence of TGF-�2 and/or QVD. Each well contained either
YoYo-1 to assess cell death or SytoGreen to assess the total cell number. Phase-
contrast and fluorescence images were taken every 2 h for 24 h on an IncuCyte
kinetic imaging system in a 37°C CO2 incubator. The fluorescence intensity of
each image was normalized, and the ratio of YoYo-1 to SytoGreen detection
was plotted at each time point.
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ther mRNA expression or mRNA translation (29). During latency,
KSHV expresses as many as 25 mature miRNAs transcribed from
12 loci (miR-K1 through miR-K12) (30). To determine if KSHV
miRNAs were able to downregulate TGF-�2, we obtained 15 ma-
ture KSHV miRNAs cloned as individual lentiviral vectors (a kind
gift of Ofer Mandelboim) (28). The vectors also express GFP, al-
lowing for visualization of transduction efficiency (28). TIME
cells were transduced with individual miRNAs for 48 h, at which
time GFP expression was detected. Total RNA was harvested from
cells and used to measure TGF-�2 transcripts by quantitative real-
time RT-PCR. Our initial screen of all 15 miRNAs indicated that
multiple viral miRNAs may play a role in the regulation of
TGF-�2 by inhibiting the transcript levels to a greater extent than
the vector control (Fig. 4A). However, upon further testing, only
miR-K3 and miR-K8 significantly downregulated TGF-�2 tran-
scripts, while other KSHV miRNAs tested did not exhibit strong
downregulation (Fig. 4B). Coexpression of miR-K3 and miR-K8
did not display synergistic downregulation of TGF-�2 (data not
shown).

KSHV miR-K3 and miR-K8 do not target the TGF-�2 3=
UTR. MicroRNAs classically bind to seed sequences found within
the 3= UTR of gene targets (31). TGF-�2 has a large 3= UTR of
roughly 3 kb, and we identified 5 potential seed sequences for
miR-K3 and 1 perfect seed match for miR-K8. To test whether
miR-K3 and miR-K8 target the 3= UTR of TGF-�2, we used a

3=-UTR luciferase expression system. Neither miR-K3 nor
miR-K8 was able to silence luciferase expression linked to the
TGF-�2 3=UTR (Fig. 5B). Additionally, we used a mutant version
of the TGF-�2 3= UTR, where we mutated all of the putative seed
sequences by transversion of the nucleotides. As expected,
miR-K3 and miR-K8 had no effect on the expression of luciferase
connected to the mutant TGF-�2 3= UTR (Fig. 5C). These data
suggest that miR-K3 and miR-K8 do not target the 3= UTR of
TGF-�2; however, they do not rule out the ability of the miRNAs
to target other parts of the TGF-�2 transcript.

Downregulation of TGF-�2 does not require miRNA expres-
sion. To further examine whether miR-K3 and miR-K8 are re-
quired for the downregulation of TGF-�2, we obtained wild-type
KSHV BAC16 (BAC16_WT) and a KSHV BAC16 miRNA mutant
(BAC16_�miR) in which a cluster of miRNAs (miR-K1 to
miR-K9 and miR-K11) were deleted from the genome (see Mate-
rials and Methods). BAC16_WT and BAC16_�miR viruses were
harvested from iSLK producer cells. After titers were determined,
the recombinant viruses were used to infect TIME cells. In these
experiments, �90% of the TIME cells expressed LANA, while
�1% stained positive for ORF59 expression. TIME cells were
mock infected or infected with wild-type KSHV, BAC16_WT, or
BAC16_�miR for 48 h in order to establish a latent infection.
Total RNA was extracted, and TGF-�2 transcript levels were mea-
sured by using quantitative real-time RT-PCR. Infection of TIME

FIG 4 KSHV miRNAs miR-K3 and miR-K8 downregulate TGF-�2. (A) qRT-PCR analysis of TGF-�2 mRNA from TIME cells that were mock or KSHV infected
or transduced with lentivirus expressing individual miRNAs or the control lentiviral vector pSIN. (B) qRT-PCR analysis of TGF-�2 mRNA from TIME cells that
were mock or KSHV infected or transduced with a lentivirus expressing KSHV miRNA miR-K3, miR-K8, miR-K10a, miR-K10b, or miR-K12. Cells were
harvested, and mRNA was isolated and analyzed by quantitative real-time RT-PCR. Values for samples were normalized to GAPDH values and are reported as
fold changes over values for mock-infected cells. Error bars reflect standard errors of the means of data from three independent experiments (�, P � 0.05; ��, P �
0.01).
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cells with BAC16_WT virus led to a downregulation of TGF-�2
transcripts to levels similar to those observed with WT KSHV (Fig.
6). Interestingly, BAC16_�miR-infected TIME cells also had de-
creased levels of TGF-�2 transcripts compared to the levels in

mock-infected cells (Fig. 6), indicating that the KSHV miRNAs
miR-K3 and miR-K8 are not required for the downregulation of
TGF-�2 during KSHV infection. While the BAC16_�miR virus
does not express miR-K3 or miR-K8, the virus does express miR-
K10 and miR-K12. However, the KSHV miRNAs encoded by the
miR-K10 and miR-K12 loci that we tested (miR-K10a, miR-K10b,
and miR-K12) were not sufficient to downregulate TGF-�2 (Fig.
4). Therefore, it is unlikely that the expression of miR-K10 and
miR-K12 is responsible for the continued downregulation of
TGF-�2 by BAC16_�miR. Together, Fig. 4 and 5 indicate that
miR-K3 and miR-K8 are sufficient but not required for KSHV-
induced downregulation of TGF-�2.

Downregulation of TGF-�2 requires gp130 activation. We
previously showed that knockdown of the cell surface signaling
protein gp130 prevented KSHV-induced differentiation of blood
endothelial cells to the lymphatic endothelium (32). To determine
if gp130 signaling was also involved in TGF-�2 regulation, TIME
cells were transfected with scrambled siRNA or siRNA against
gp130 and then mock infected or infected with BAC16_WT virus
or BAC16_�miR virus for 48 h. Total RNA was extracted and used
to quantify transcript levels by quantitative real-time RT-PCR.
Virally infected cells treated with gp130 siRNA had a �95% loss of
gp130 transcripts compared to virally infected cells treated with
scrambled siRNA, indicating that gp130 was successfully knocked
down by siRNA treatment (Fig. 7B) (32). The scrambled siRNA
had no effect on TGF-�2 transcripts in either mock- or virus-
infected cells (Fig. 7A). In contrast, the knockdown of gp130 in
both BAC16_WT- and BAC16_�miR-infected cells restored
TGF-�2 transcripts to levels observed in mock-infected cells, in-

FIG 5 KSHV-encoded miR-K3 and miR-K8 do not act on the 3= UTR of TGF-�2. Luciferase reporter constructs containing a nonspecific 3= UTR (A), the
TGF-�2 3=UTR (B), or the TGF-�2 3=UTR (C) with all 6 identified potential seed sequences mutated downstream of the firefly luciferase gene were transfected
into HEK293 cells. Cells were then transduced with lentiviral constructs expressing individual miRNAs. A Renilla luciferase reporter construct was cotransfected
and used as a control for transfection efficiency. The graph indicates the fold increase in the relative (firefly/Renilla) luciferase expression level in the presence of
the miRNA expression vector versus the empty-vector control. The error bars reflect standard errors of the means from three independent experiments. RLU,
relative light units.

FIG 6 DownregulationofTGF-�2doesnotrequireexpressionofKSHVmiRNAs.
Shown are data from qRT-PCR analysis of TGF-�2 mRNA from TIME cells that
were mock or KSHV infected or infected with KSHV BAC16_WT or KSHV
BAC16_�miR, which is missing 10 of the 12 KSHV miRNA loci, including
miR-K3 and miR-K8. Cells were harvested at 48 h postinfection, and total RNA
was isolated and analyzed by quantitative real-time RT-PCR. Values for samples
were normalized to GAPDH values and are reported as fold changes over values
for mock-infected cells. Error bars reflect standard errors of the means of data
from three independent experiments (ns, not statistically significant).
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dicating that the expression of gp130 is required for the down-
regulation of TGF-�2 by KSHV (Fig. 7A). This suggests that gp130
is the dominant regulator of TGF-�2 expression and is required
for the downregulation of TGF-�2. Importantly, BAC16_�miR-
infected TIME cells upregulated gp130 transcripts, indicating that
the KSHV miRNAs do not control gp130 expression during infec-
tion (Fig. 7B). Therefore, the downregulation of TGF-�2 by
miR-K3 and miR-K8 is independent of gp130 activation. Overall,
these data indicate that KSHV latent infection downregulates
TGF-�2 expression by at least two distinct mechanisms, although
the activation of gp130 appears to be the dominant pathway.

Expression of vIL-6 is sufficient to downregulate TGF-�2.
We previously reported that expression of the viral homolog of
interleukin-6 (IL-6), vIL-6, is sufficient to activate gp130 in endo-
thelial cells and induce endothelial cell differentiation (33). To
further support the role of gp130 in the downregulation of TGF-
�2, we tested the ability of vIL-6 to downregulate TGF-�2 in
TIME cells. TIME cells were transduced with vIL-6-expressing
lentivirus for 48 h. Cells were then harvested, and total RNA was
extracted and used to measure transcripts by quantitative real-
time RT-PCR. As previously reported, vIL-6-transduced cells ex-
pressed elevated levels of gp130 transcripts compared to the vec-
tor-transduced controls (data not shown) (33). Importantly,
compared to vector-transduced cells, the expression of vIL-6
downregulated TGF-�2 transcripts by 70% (Fig. 8). We also pre-
viously reported that while vIL-6 is sufficient for the activation of
gp130, it is not required for gp130 activation during KSHV infec-
tion (33). Therefore, another currently unidentified viral gene
may also play a role in the downregulation of TGF-�2 through the
activation of gp130.

DISCUSSION

KS tumors maintain extreme levels of vascularization, and there
are high numbers of extravasated red blood cells in the tumor
tissue. Understanding the role of KSHV in the induction of neo-
angiogenesis is likely important for understanding how KSHV
infection drives the formation of KS tumors. In complete me-
dium, KSHV infection of endothelial cells does not strongly in-
crease the initial formation of capillary-like structures in Matrigel
4 to 8 h after plating. However, in uninfected endothelium, the

capillary-like structures are disassembled at between 20 and 24 h
postplating, while KSHV-infected endothelial cells maintain their
tube-like organization (Fig. 2) (12). These phenotypes are consis-
tent with the stabilization of new vessels rather than the normal
pruning of new vessels that occurs in nonpathogenic settings and
could be relevant to what is seen in KS tumors.

KSHV infection of endothelial cells leads to a decrease in
TGF-�2 expression while having no obvious effect on TGF-�1
levels. The TGF-� superfamily of cytokines consists of potent sig-
naling molecules capable of regulating a myriad of cellular func-
tions. Although the functions of TGF-�1 on endothelial cells dur-
ing angiogenesis have been widely studied, less is known about its
related isoform, TGF-�2. We found that downregulation of
TGF-�2 is important for maintaining the survival of infected cells

FIG 7 gp130 expression during KSHV infection is required to downregulate TGF-�2. (A) qRT-PCR analysis of TGF-�2 mRNA from TIME cells transduced with
either scrambled siRNA or siRNA against gp130 and subsequently mock infected or infected with KSHV BAC16_WT or KSHV BAC16_�miR. Cells were
harvested, and total RNA was isolated and analyzed by quantitative real-time RT-PCR. Values for samples were normalized to GAPDH values and are reported
as fold changes over values for mock-infected cells. Error bars reflect standard errors of the means of data from three independent experiments (�, P � 0.05). (B)
qRT-PCR analysis of gp130 from TIME cells treated with scrambled siRNA and mock infected or infected with KSHV BAC16_WT or KSHV BAC16_�miR
performed as described above for panel A.

FIG 8 vIL-6 expression is sufficient to downregulate TGF-�2. Shown are data
from qRT-PCR analysis of TGF-�2 mRNA from TIME cells that were mock or
KSHV infected or transduced with lentivirus expressing vIL-6 or the control
lentiviral vector pSIN. Cells were harvested, and total RNA was isolated and
analyzed by quantitative real-time RT-PCR. Values for samples were normal-
ized to GAPDH values and are reported as fold changes over values for mock-
infected or vector control cells. Error bars reflect standard errors of the means
of data from three independent experiments (ns, not statistically significant).
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during the later stages of angiogenesis, when excess vasculature is
normally pruned. Interestingly, TGF-�1 is secreted from KSHV-
infected cells, but KSHV-infected cells are able to maintain capil-
lary stability through the downregulation of TGF-�2. TGF-�s are
secreted from the cell in an inactivated form, where it associates
with latency-associated peptide (LAP) (4). The secreted protein is
then activated by cleavage of this peptide by proteinases or throm-
bospondin-1 (34). KSHV miRNAs were shown to target throm-
bospondin-1 for downregulation, suggesting that although
TGF-�1 is present, it may not be activated (31). Importantly,
KSHV targets other steps in the TGF-� signaling pathway. KSHV
miRNAs can target the Smad signaling molecules, which are the
downstream effectors of TGF-�1 (22). T�RII was also shown to be
downregulated in KSHV-infected TIME cells and primary effu-
sion lymphoma cells (23, 35). Taken together, the multiple dis-
tinct points of inhibition of TGF-� signaling indicate that the
prevention of TGF-� signaling is likely to be extremely important
for KSHV latent infection.

We have identified two distinct mechanisms of how KSHV
targets TGF-�2 for downregulation, including through the acti-
vation of the gp130 signaling pathway as well as through inhibi-
tion by miRNAs. We previously found that KSHV activation of
gp130 and downstream signaling are necessary for the activation
of Akt, which contributes to the KSHV-induced differentiation of
blood to lymphatic endothelial cells (32). However, the viral
mechanisms for activating gp130 are not completely clear. The
viral homolog of IL-6 is sufficient to induce gp130 activation, and
here we show that it is sufficient to downregulate TGF-�2. How-
ever, we previously found that while sufficient, vIL-6 was not nec-
essary for KSHV activation of gp130 and subsequent downstream
signaling, indicating that additional viral factors are also involved
(33). Work to identify the additional KSHV factors contributing
to the activation of gp130 signaling is ongoing.

While two of the KSHV microRNAs are sufficient to depress
the expression of TGF-�2, the role of miRNA downregulation of
TGF-�2 during KSHV infection is not clear. Both miR-K3 and
miR-K8 expressions are sufficient to decrease the levels of TGF-�2
transcripts; however, a recombinant virus deleted for 10 of the 12
KSHV miRNA loci was still able to downregulate the expression of
TGF-�2. MicroRNAs classically bind to seed sequences found
within the 3=UTR of gene targets (31). TGF-�2 has a large 3=UTR
of roughly 3 kb, and we identified 5 potential seed sequences for
miR-K3 and 1 perfect seed match for miR-K8. While seed se-
quence matches have been used to identify targets of miRNAs,
seed sequence prediction often yields false positives. We used a
3=-UTR luciferase expression system to test the ability of miR-K3
and miR-K8 to directly target the 3= UTR of TGF-�2. We found
that neither miR-K3 nor miR-K8 was able to silence luciferase
expression linked to the TGF-�2 3= UTR (Fig. 5). Therefore, it
appears that miR-K3 and miR-K8 do not directly target the 3=
UTR of TGF-�2. Binding to the 3=UTR is not the only mechanism
by which miRNAs silence gene expression; therefore, the mecha-
nism of miR-K3 and miR-K8 downregulation of TGF-�2 occurs
either through binding to other regions of the mRNA or, more
likely, through an indirect mechanism by downregulation of a
regulator of TGF-�2. Further work is necessary to tease out exactly
how the KSHV microRNAs lead to TGF-�2 downregulation. As
TGF-�2 can be targeted for downregulation by multiple KSHV-
induced mechanisms and its decreased expression plays a key role
in the stabilization of KSHV-induced capillary-like tube forma-

tion, inhibition of TGF-�2 as well as other TGF family members is
likely to be critical for KSHV pathogenesis.
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