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ABSTRACT

Kaposi’s sarcoma (KS) is an AIDS-defining can-
cer with aberrant neovascularization caused by KS-
associated herpesvirus (KSHV). Although the inter-
action between HIV-1 and KSHV plays a pivotal role in
promoting the aggressive manifestations of KS, the
pathogenesis underlying AIDS-KS remains largely
unknown. Here we examined HIV-1 Nef protein pro-
motion of KSHV oncoprotein K1-induced angiogen-
esis. We showed that both internalized and ectopic
expression of Nef in endothelial cells synergized with
K1 to facilitate vascular tube formation and cell pro-
liferation, and enhance angiogenesis in a chicken
CAM model. In vivo experiments further indicated
that Nef accelerated K1-induced angiogenesis and
tumorigenesis in athymic nu/nu mice. Mechanistic
studies revealed that Nef and K1 synergistically ac-
tivated PI3K/AKT/mTOR signaling by downregulat-
ing PTEN. Furthermore, Nef and K1 induced cellu-
lar miR-718, which inhibited PTEN expression by di-
rectly targeting a seed sequence in the 3′ UTR of its
mRNA. Inhibition of miR-718 expression increased
PTEN synthesis and suppressed the synergistic ef-
fect of Nef- and K1-induced angiogenesis and tu-
morigenesis. These results indicate that, by target-
ing PTEN, miR-718 mediates Nef- and K1-induced

angiogenesis via activation of AKT/mTOR signaling.
Our results demonstrate an essential role of miR-
718/AKT/mTOR axis in AIDS-KS and thus may rep-
resent an attractive therapeutic target.

INTRODUCTION

Kaposi’s sarcoma-associated herpesvirus (KSHV) was orig-
inally identified in a biopsy from an acquired immunodefi-
ciency syndrome-related Kaposi’s sarcoma (AIDS-KS) pa-
tient (1). KSHV has since been linked to Kaposi’s sarcoma
(KS), primary effusion lymphoma (PEL) and a subset of
multicentric Castleman’s disease (MCD) (2). KS lesions are
characterized by proliferating spindle cells (the tumor cells),
abnormal and leaky vessels, extravasated red blood cells
with hemosiderin deposits, and vast inflammatory infiltra-
tion (2).

KSHV encodes over 90 genes and more than two dozens
viral microRNAs (miRNAs) derived from 12 precursor
miRNAs (pre-miRNAs) (2,3). A panel of KSHV gene prod-
ucts have been shown to possess angiogenic and oncogenic
properties, including ORF74 (viral G protein-coupled re-
ceptor, vGPCR), ORF73 (latency-associated nuclear anti-
gen, LANA), ORF72 (viral cyclin, vCyclin), ORF71 (vi-
ral FLIP, vFLIP), ORF-K12 (Kaposin), ORF-K9 (vi-
ral interferon-regulatory factor, vIRF), ORF-K2 (viral
interleukin-6, vIL-6), ORF-K1 (a glycoprotein) and sev-
eral viral miRNAs (4–6). Among them, the type 1 mem-
brane glycoprotein K1, encoded by the first ORF in the
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KSHV genome, has multiple roles in cellular signal trans-
duction and viral lytic reactivation. For instance, transgenic
mice expressing the K1 gene not only developed tumors
with features resembling the spindle-cell sarcomatoid tu-
mor and lymphoma, but also showed constitutive activa-
tion of nuclear factor-�B and expression of basic fibrob-
last growth factor (7). K1 blocks Fas-mediated apopto-
sis in an immunoreceptor tyrosine-based activation motif
(ITAM) signaling-independent manner through the associ-
ation of the immunoglobulin (Ig)-like domain of K1 with
Fas and prevention of FasL binding (8,9). In addition, K1
upregulates the PI3K pathway in B lymphocytes to protect
cells from forkhead transcription factor- and Fas-mediated
apoptosis (10).

KSHV infection is necessary but not sufficient for the de-
velopment of KS. As the most important co-factor, HIV-
1 promotes the pathogenesis of KS. Compared with other
types of KS, including classical KS, endemic KS and ia-
trogenic KS, AIDS-KS is much more aggressive, dissemi-
nated and resistant against treatment (11). Previous studies
have shown that KS tumor cells are not infected with HIV-
1; thus, it is widely accepted that HIV-1 does not play a di-
rect oncogenic role in AIDS-KS. However, current evidence
strongly supports a role for HIV-1 in promoting the initi-
ation and progression of KS through several mechanisms
including production of HIV-1-encoded and secreted pro-
teins and induction of inflammatory cytokine expression in
addition to induction of immunosuppression (12–14). For
instance, HIV-1-encoded Tat induces growth, migration, in-
vasion and adhesion of both endothelial cells and KS tumor
cells (15,16). We and others have demonstrated that Tat not
only triggers KSHV reactivation from latency (17), but also
accelerates tumor progression induced by KSHV-encoded
oncoproteins including Kaposin A, vIL-6 and vGPCR (18–
20).

Besides Tat, HIV-1 negative factor (Nef) is a 27-kDa
myristoylated protein produced early during HIV infection
and translated from multiple spliced viral mRNAs (21).
Nef can interact with a multitude of cellular factors and
induce complex changes in trafficking, signal transduction
and gene expression that together converge to promote vi-
ral replication and immune evasion. Importantly, Nef can
be released from infected cells and present in the plasma
of HIV-infected individuals (22–27). The concentration of
soluble Nef in the serum ranges from 1 to 10 ng/ml (25,28).
Like Tat, circulating Nef can be taken up by several types of
cells to regulate cellular function, such as B cells (29). For
example, our recent studies indicated soluble Nef protein
can be internalized by PEL cells, which led to the promotion
of KSHV latency by inhibiting viral lytic replication (30).
Although there is no evidence that HIV-1 directly infects
endothelial cells, Nef is found in the pulmonary arterial en-
dothelial cells of AIDS patients (31), indicating that Nef
exists in endothelial cells in the absence of an HIV active
infection. It is thus tempting to speculate that the internal-
ization of Nef into endothelial cells may regulate angiogen-
esis induced by KSHV infection. Of particular interest, we
have recently demonstrated that soluble Nef protein can be
taken up by endothelial cells, and both soluble and ectopic
expression of Nef can accelerate KSHV vIL-6-induced cell
proliferation and tumorigenesis by activating AKT signal-

ing (32). These exciting observations have prompted us to
investigate the interactions of Nef with other KSHV on-
coproteins in addition to vIL-6, and their roles in KSHV-
induced angiogenesis.

miRNAs post-transcriptionally regulate the expression
of genes by targeting their 3′ untranslated regions (UTRs).
Recent studies have shown that, by regulating viral genes
or diverse host cellular pathways, both cellular and KSHV
miRNAs may play significant roles in the latency, immune
evasion and pathogenesis of KSHV (6,30,33–55). However,
whether cellular miRNAs contribute to KSHV and HIV-
induced angiogenesis remains largely unknown.

In this study, we have revealed that HIV-1 Nef protein
promotes KSHV K1-induced angiogenesis in both chicken
chorioallantoic membrane (CAM) and nude mice models.
Furthermore, we found that the phosphatase and tensin ho-
molog deleted on chromosome 10 (PTEN)/protein kinase B
(AKT)/mechanistic target of rapamycin (mTOR) signaling
was involved in this process. Finally, we identified a cellular
miR-718 that mediated Nef and K1 synergistic promotion
of angiogenesis by directly targeting PTEN to activate the
AKT/mTOR pathway. This is the first study that reports
the involvement of a cellular miRNA in the angiogenesis
induced by KSHV and HIV proteins.

MATERIALS AND METHODS

Cells, plasmids, transfection and reagents

HEK293T and EA.hy926 cells (catalog #CRL-2922TM;
ATCC, Manassas, VA, USA) were cultured as previously
described (18,56). EA.hy926 was established by fusing
primary human umbilical vein cells with a thioguanine-
resistant clone of A549 (a human lung carcinoma cell
line) in the presence of polyethylene glycol, and the hy-
brid clones were subsequently selected in hypoxanthine-
aminopterin-thymidine (HAT) medium and screened for
factor VIII-related antigen. Primary human umbilical vein
endothelial cells (HUVECs) were cultured and maintained
in complete EBM-2 culture media (LONZA, Allendale, NJ,
USA) as described (57). HUVECs were used between pas-
sages 3 and 6. LipofectamineTM 2000 transfection reagent
was used according to the manufacturer’s instructions (In-
vitrogen). Transfections of HUVECs were performed with
the Effectence transfection reagent (Qiagen, Valencia, CA,
USA). The expression plasmid of human PTEN cDNA
construct (pPTEN) with His tag was cloned in pcDNA3.1
vector as previously described (58). The construct pGL3-
Luc-PTEN 3′UTR (WT PTEN) contained the full length
of the PTEN 3′UTR sequence in pGL-3 vector plasmid
(Promega, Shanghai, China). A PTEN-expressing plas-
mid 3×His-PTEN-3′UTR also bearing the full 3′UTR se-
quences from pGL3-Luc-PTEN 3′UTR was constructed
in pcDNA3.1. The plasmid pEGFP-N2 was used to cali-
brate the efficacy of transfection. The specific inhibitor of
mTOR, rapamycin, was purchased from Sigma (St. Louis,
MO, USA). Recombinant full-length myristoylated wild-
type HIV-1 Nef protein (myr2–210, C210S, SF2 strain) with
a C-terminal His tag was obtained from Abcam (ab90462;
Cambridge, MA, USA). We used 50 ng/ml of Nef for the
experiments as described in our previous studies (30,32).
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Production and transduction of lentivirus

The lentiviral plasmid system, the self-inactivating
pHAGE-CMV-MCS-IzsGreen transferring plasmid, was
used in this study (20), and a 923-bp fragment of KSHV K1
cDNA amplified from pCI-neo-K1-Flag was inserted into
the above pHAGE transferring vector to generate recom-
binant pHAGE-K1 with a flag tag. The virus-packaging
cells HEK293T were seeded 24 h before co-transfection
of pHAGE-K1, packaging vector psPAX2 and envelope
vector pMD2.G. The virus containing supernatant was
collected 48 h after transfection. The titers of lentivirus-K1,
designated as K1, were determined to be about 1 × 107

to 1 × 108 transducing units (TU)/ml on HEK293T cells.
The lentivirus Nef and their vector control, designated as
Nef and Mock, respectively, were produced as previously
described (32). In this study, HUVECs were treated with
soluble Nef protein, while EA.hy926 cells were transduced
with Nef. Specifically, HUVECs were first transduced
with K1 and then treated with soluble Nef protein, while
EA.hy926 cells were transduced with both K1 and Nef.

Western blot and antibodies

Western blot was performed as previously described
(17). Anti-vascular endothelial growth factor (VEGF)
rabbit polyclonal antibody (pAb), anti-glyceraldehyde-3-
phosphate dehydrogenase mouse monoclonal antibody
(mAb), anti-�-Tubulin mouse mAb, and horseradish per-
oxidase (HRP)-conjugated goat anti-mouse and anti-rabbit
IgG were purchased from Santa Cruz Biotechnologies
(Santa Cruz, CA, USA). Anti-Flag M2 rabbit mAb, anti-
phospho-PTEN (Ser380) rabbit pAb, anti-PTEN rabbit
pAb, anti-phospho-phosphatidylinositol 3-kinase (PI3K)
[p85(Tyr458)/p55(Tyr199)] rabbit pAb, anti-PI3K rabbit
pAb, anti-phospho-AKT (Ser473) mouse mAb, anti-AKT
mouse mAb, anti-phospho-mTOR (Ser2448) rabbit pAb
and anti-His mouse mAb were purchased from Cell Signal-
ing Technology (Beverly, MA, USA). Anti-smooth muscle
actin (SMA) rabbit pAb was purchased from AbbiotecTM

(San Diego, CA, USA). Anti-green fluorescent protein
(GFP) mouse mAb was purchased from Beyotime Institute
of Biotechnology (Nantong, Jiangsu, China).

Cell proliferation assay

Cell Count Kit-8 was purchased from Dojindo Molecular
Technologies (Tokyo, Japan) and used to examine cell pro-
liferation according to the manufacturer’s instructions.

Plate colony formation assay

To evaluate the ability of cell proliferation, the plate colony
formation assay was performed as described elsewhere (59).
Briefly, endothelial cells (about 2 × 102) were seeded in each
well of 12-well plates with complete medium. Cultures were
supplemented with complete medium per week. Cells were
then fixed in methanol/glacial acetic acid (7:1), washed with
water and stained with crystal violet (0.2 g/l). Colonies were
scored 14–21 days after seeding the cells.

Microtubule formation assay

Microtubule formation assay was performed as previously
described (60). Briefly, 48-well plates were coated at 4◦C
with 100 �l Matrigel solution (BD Bioscience, New Bed-
ford, MA, USA) diluted at 1:1 in cell culture medium. The
plate was allowed to solidify for 1 h at 37◦C before cell seed-
ing. Endothelial cells in conditioned medium were seeded at
about 2 × 104 per well. After incubation at 37◦C for 16 h,
photographs were taken from three randomly selected fields
of each well. The angiogenesis index was calculated accord-
ing to the formula described elsewhere (60).

Chicken CAM assay

Chicken CAM assay was performed as previously described
(20). Briefly, White Leghorn fertilized chicken eggs were in-
cubated at 37◦C under constant humidity. Endothelial cells
at about 1 × 106 were mixed with Matrigel at 1:1 ratio and
implanted onto the CAMs of chicken embryo at day 9. The
blood vessel branches on the CAM were counted by three
observers in a double-blinded manner. Tumor angiogenesis
was measured 4–5 days after the implantation. The repre-
sentative tumors were photographed.

Matrigel plug assay for angiogenesis in nude mice

Matrigel plug assay for angiogenesis in nude mice was
performed as previously described (32). Briefly, 3–4-week-
old male athymic BALB/c nu/nu mice were purchased
from Shanghai Slac Laboratory Animal Center (Shang-
hai, China), and housed under specific pathogen-free con-
ditions. The treated cells were harvested at subconfluence,
washed with phosphate-buffered saline (PBS) and resus-
pended in serum-free medium. Cell aliquots (0.2 ml) were
mixed with 0.4 ml of High Concentration Matrigel (BD Bio-
sciences), and the mixture was immediately injected subcu-
taneously (s.c.) into the left flanks of nude mice. At day 10
after the injection, the mice were sacrificed, and the Ma-
trigel plugs were removed from the mice. The hemoglobin
content of the Matrigel was determined using Drabkin’s
reagent kit according to the manufacturer’s instructions
(Sigma-Aldrich). The final hemoglobin level was deter-
mined by spectrophotometric analysis at 540 nm.

Tumorigenicity assay in nude mice

Tumorigenicity assay in nude mice was performed as pre-
viously described (20). Briefly, the tumorigenic potentials
of the cells were examined with 3–4-week-old male athymic
BALB/c nu/nu mice maintained under pathogen-free con-
ditions. Cells (1 × 107 cells in 100 �l of PBS) were in-
jected s.c. into one site at the left flank. The nude mice
were monitored every day for the appearance of tumors.
Tumor size was estimated by two-dimensional caliper mea-
surement with the following formula: width2 × length ×
0.52. Tumor-bearing mice were sacrificed, and tumor sam-
ples were collected and used for frozen sections, formalin-
fixed and paraffin-embedded sections, and Western blot, re-
spectively.

To assess the effect of rapamycin on tumor growth, the
tumors induced by K1-, Nef-, or K1- and Nef-expressing
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cells were treated with either solvent control (dimethyl sul-
foxide, DMSO) or rapamycin (2.5 mg/kg/day) when the tu-
mor sizes reached an average volume of 100 mm3 (about
10 days post-injection). A total of six groups were included
in the experiments: K1 cells treated with DMSO, K1 cells
treated with rapamycin, Nef cells treated with DMSO, Nef
cells treated with rapamycin, K1 and Nef cells treated with
DMSO, and K1 and Nef cells treated with rapamycin. Sol-
vent control (DMSO) or rapamycin was administered daily
by intraperitoneal injections for 5 consecutive days.

Immunohistochemistry

Informative sections of frozen or formalin-fixed, paraffin-
embedded tumor from CAM or nude mice were im-
munostained as previously described (18). Formalin-fixed
paraffin-embedded tissue samples from CAMs or nude mice
were immunostained with the indicated antibodies.

miRNA microarray analysis

miRNA microarray analysis was performed as previously
described (30,61). Total RNA from EA.hy926 cells either
Mock-infected or infected with K1 or Nef lentivirus alone,
or co-infected with both K1 and Nef lentiviruses for 72 h
were isolated with Trizol reagent (Invitrogen). The miRNA
fraction was further purified using a mirVanaTM miRNA
isolation kit (Ambion, Austin, TX, USA). The isolated
miRNAs from the four parallel infected cells were then la-
beled with Hy3 using the miRCURYTM Array Labelling Kit
(Exiqon, Vedbaek, Denmark) and hybridized individually
on miRCURYTM LNA microRNA Arrays (v 8.0; Exiqon).
Microarray images were acquired using a Genepix 4000B
scanner (Axon Instruments, Union City, CA, USA), pro-
cessed and analyzed with Genepix Pro 6.0 software (Axon
Instruments). EA.hy926 cells transduced with Mock were
used as the control.

Luciferase reporter assay

miRNA mimics, PTEN luciferase reporter DNA and Re-
nilla vector pRL-TK (Promega) were co-transfected into
HEK293T cells (about 1 × 105) for 48 h. Relative luciferase
activity was assayed using the Promega dual-luciferase re-
porter assay system. All data points were the averages of
results from at least three independent transfections.

miRNA mimics, suppressors and sponge

Synthetic miR-718 mimic, inhibitor and corresponding
miRNA negative control were obtained from Shanghai
GenePharma Company (Shanghai, China). This miRNA
mimic’s and corresponding negative control’s sequences are
5′-CUU CCG CCC CGC CGG GCG UCG-3′ and 5′-UUC
UCC GAA CGU GUC ACG UTT-3′, respectively. The
miRNAs sponge contains multiple and tandem-binding
sites for an miRNA of interest (62). When vectors encod-
ing the miRNA sponges are transfected into cultured cells,
they can yield abundant expression of competitive inhibitor
transcripts. Here, miR-718 sponge was constructed by an-
nealing sponge primers: 5′-AAT TTC GAC GCC CGG

CCG GCG GAA GCG ATC GAC GCC CGG CCG GCG
GAA GAC CGG TCG ACG CCC GGC CGG CGG
AAG GAA TTC CGG CGG-3′ and 5′-GAT CCC GCC
GGA ATT CCT TCC GCC GGC CGG GCG TCG ACC
GGT CTT CCG CCG GCC GGG CGT CGA TCG CTT
CCG CCG GCC GGG CGT CGA-3′; and cloned into vec-
tor pCDH-CMV-MCS-EF1-copGFP (System Bioscience).
This annealing product contained the sequence of three
tandem-binding sites of miR-718 with mismatches in the
middle portion to create a bulge to protect against endonu-
cleolytic cleavage by Argonaute 2. Accordingly, the empty
vector pCDH-CMV-MCS-EF1-copGFP (named pCDH)
was used as the control for the miR-718 sponge.

Real-time quantitative reverse transcription polymerase chain
reaction

Real-time quantification of miRNAs was performed by
stem-loop real-time quantitative reverse transcription poly-
merase chain reaction (RT-qPCR) (34).

Statistical analysis

Numerical data were expressed as mean ± SD. Two group
comparisons were analyzed by two-sided Student’s t-test. P
values were calculated, and P < 0.05 was considered signif-
icant. All experiments were performed at least in triplicate
if not mentioned.

RESULTS

Nef synergizes with K1 to activate PI3K/AKT/mTOR sig-
naling, and induce cell proliferation and tube formation of en-
dothelial cells

Because K1 is a KSHV oncogene and induces angiogen-
esis (7,8,63), we determined the synergistic effect of Nef
with K1. Both K1 and Nef have been shown to activate
the PI3K/AKT pathway (10,32). Indeed, Western blotting
showed that soluble Nef protein, or ectopic expression of
Nef or K1 alone increased the levels of phosphorylated
PI3K, AKT and mTOR in both primary HUVECs and
EA.hy926 cells (Figure 1A). Significantly, the presence of
both Nef and K1 synergized with each other and further
increased the levels of these phosphorylated proteins. Con-
sistent with these results, Nef and K1 decreased the level
of PTEN, a dual-specificity protein and lipid phosphatase
that counteracts the PI3K activity and functions as a major
tumor suppressor (Figure 1A).

Since activated AKT promotes cell proliferation, we ex-
amined the effect of Nef and K1 on the proliferation of en-
dothelial cell using Cell Counting Kit-8 assays. As shown
in Figure 1B, both Nef and K1 increased the proliferation
rates of HUVECs and EA.hy926 cells. The presence of both
Nef and K1 synergized with each other and further increase
the cell proliferation rate (Figure 1B). The plate colony for-
mation assay can also be used to evaluate cell proliferation
(59). In this assay, Nef and K1 alone increased colony for-
mation of EA.hy926 cells and also synergized with each
other and further increase the proliferation of EA.hy926
cells (Figure 1C).
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Figure 1. Nef synergizes with K1 to activate PI3K/AKT/mTOR signaling, and promote cell proliferation and microtubule formation. (A) Western blot
analysis of total PTEN and phosphorylation levels of PI3K, AKT and mTOR in HUVECs transduced with K1, incubated with soluble Nef protein for
72 h or both (left panel), and in EA.hy926 cells transduced with K1, Nef or both (right panel), respectively. Numbers labeled under the bands were the
relative intensities of the bands after calibrating for loading using house-keeping or nonphosphorylated proteins. The relative value of proteins in Mock
+ PBS group or Mock group was considered as ‘1’. The amounts of K1 and Nef proteins expressed by lentiviral transduction were examined with their
respective antibodies while soluble Nef protein was examined with a His-tag antibody. (B) Cell proliferation examined with a Cell Counting Kit-8 assay. Cell
proliferation of HUVECs and EA.hy926 cells treated as described in (A) was determined. Data represent mean ± SD determined from three independent
experiments (n = 3), each experiment containing six technical replicates. (C) Plate colony formation assay. EA.hy926 cells treated as described in (A) were
examined for colony formation. The photographs depict the colony formation after 2 weeks of seeding (left panel; original magnification, ×100), and the
graph bars represent the mean ± SD (right panel) from three independent experiments (n = 3), each experiment containing six technical replicates. (D)
Matrigel assay analysis of tube formation in HUVECs incubated with soluble Nef protein. Tube formation of HUVECs treated as described in (A) was
determined. The photographs of microtubules were captured at 16 h post seeding (Soluble Nef + HUVECs; left panel; original magnification, × 100) and
the graph bars represent the mean ± SD (right panel) from three independent experiments (n = 3), each experiment containing six technical replicates. (E)
Matrigel assay analysis of tube formation in EA.hy926 cells expressing Nef. Tube formation of EA.hy926 cells treated as described in (A) was determined.
The photographs of microtubules were taken at 16 h post incubation (Ectopic Nef + EA.hy926; left panel; original magnification, ×100). Data represent
mean ± SD (right panel) from three independent experiments (n = 3), each experiment containing six technical replicates.
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Activated AKT can promote angiogenesis (64). Both K1
and Nef have angiogenic activities (7,8,32,63). Thus, we fur-
ther examined the angiogenic effects of these two proteins
using a tube formation assay. Compared to control cells
(Mock + PBS), transduction with K1 or incubation with
soluble Nef protein increased tube formation by 2.24- and
2.99-fold in HUVECs, respectively, while expression of K1
plus incubation of soluble Nef protein further increased
tube formation by 6.05-fold (Figure 1D). Similar results
were also observed in EA.hy926 cells transduced with K1,
ectopically expressed with Nef or with combined expression
of K1 and ectopic Nef (Figure 1E).

Together these results indicate that Nef synergizes with
K1 to activate the PI3K/AKT/mTOR pathway, and induce
cell proliferation, and vascular tube formation.

Nef synergizes with K1 to promote angiogenesis by activating
PI3K/AKT/mTOR signaling in vivo

Based on the above findings in vitro, we examined the syn-
ergistic effect of Nef and K1 on angiogenesis in the CAM
model. Compared to control cells (Mock + PBS), lentivirus-
mediated K1 expression and addition of soluble Nef pro-
tein alone in HUVECs promoted angiogenesis by 1.61- and
1.44-fold in the CAM model (Figure 2A and B). K1 and Nef
protein synergized with each other and increased the angio-
genic index by 4.25-fold. Similar results were also observed
with ectopically Nef-expressing EA.hy926 cells (Figure 2C).

Hematoxylin and eosin (H&E) staining showed that the
CAM tumors derived from the K1- or Nef-expressing
EA.hy926 cells were highly neovascularized and contained
hemorrhagic necrotic foci with irregular sizes and shapes
(Figure 2D). These features were even more apparent in tu-
mors derived from Nef- and K1 co-expressing EA.hy926
cells (Figure 2D). The levels of both SMA and VEGF were
significantly increased in tumors derived from EA.hy926
cells expressing either K1 or Nef, and were further increased
when K1 and Nef were co-expressed (Figure 2D and E).
Western blots performed with the above tumor tissues re-
vealed that K1 or Nef alone increased the levels of phos-
phorylated PI3K, AKT and mTOR, which were further en-
hanced when K1 and Nef were co-expressed. Consistently,
Nef or K1 alone decreased the level of total PTEN, which
was further downregulated when both proteins were ex-
pressed together (Figure 2F).

To confirm the synergistic effect of Nef and K1 on angio-
genesis, the Matrigel plug assays were performed in nude
mice. By detecting the hemoglobin content in the plug,
which represents the relative angiogenesis index, expres-
sion of either Nef or K1 in EA.hy926 cells was shown to
increase the hemoglobin content, while co-expression of
both K1 and Nef further significantly increased the level of
hemoglobin (Figure 2G and H).

To examine the role of PTEN/AKT/mTOR signaling in
mediating the synergistic effect of Nef- and K1-induced an-
giogenesis, HUVECs expressing K1, HUVECs incubated
with soluble Nef protein or both were transfected with
pPTEN and subsequently implanted onto CAMs. Over-
expression of PTEN completely inhibited angiogenesis in-
duced by K1, soluble Nef or both in the HUVEC-implanted
CAM model (Figure 3A). As expected, overexpression

of PTEN led to the reduction of phosphorylated forms
of AKT and mTOR, both of which are downstream of
PTEN (Figure 3B). Next, we confirmed the above results
with rapamycin, an mTOR inhibitor, in the EA.hy926 cell-
implanted CAM model. The quantifications of blood ves-
sels showed that rapamycin effectively suppressed the syn-
ergistic effect of Nef and K1 on angiogenesis (Figure 3C).

Consistent with the above angiogenic phenotype, in the
Matrigel plug assays, overexpression of PTEN significantly
reduced the hemoglobin content induced by Nef, K1 or
both in nude mice (Figure 3D).

Collectively, these data indicate that Nef syner-
gizes with K1 to promote angiogenesis by activating
PI3K/AKT/mTOR and inactivating PTEN signals in the
endothelial cell-implanted CAM and nude mice models.

PTEN/AKT/mTOR pathway mediates Nef- and K1-induced
tumorigenesis

We next investigated the effect of Nef and K1 on the growth
of tumors in nude mice. Tumors of EA.hy926 cells express-
ing either Nef or K1 alone grew faster and had a shorter
latency than the control group (Mock) had (Figure 4A–
C). Co-expression of Nef and K1 further promoted tu-
mor growth with the fastest growth rate and the short-
est tumor latency (Figure 4A–C). H&E staining of the tu-
mors showed extensive dense neovascularization and hem-
orrhagic necrotic foci in K1- or Nef-induced tumors, which
became even more prominent in the tumors induced by both
K1 and Nef (Figure 4D). Immunohistochemical staining of
tumors indicated that there were more SMA- and VEGF-
positive cells in tumors induced by K1 or Nef, which were
further increased in tumors induced by both K1 and Nef
(Figure 4D and E).

The tumors were further used to determine whether
PTEN/AKT/mTOR pathway was involved in the syner-
gistic effect of Nef and K1 on tumorigenesis in vivo. As
shown in Figure 5A, the phosphorylated forms of PI3K,
AKT and mTOR were increased in tumors induced by K1
or Nef, which were even more striking in tumors induced
by both K1 and Nef, whereas the levels of total PTEN
were reduced accordingly. We transfected the K1- and Nef-
expressing EA.hy926 cells with pPTEN and subsequently
injected them into nude mice. As shown in Figure 5B and
C, expression of pPTEN inhibited the growth of tumors
induced by K1, Nef or both. Similarly, treatment with ra-
pamycin effectively suppressed the growth of tumors in-
duced by K1, Nef or both (Figure 5D and E).

Taken together, these results indicate that
PTEN/AKT/mTOR signaling contributes to the syn-
ergistic effect of Nef and K1 on tumor growth in vivo.

miR-718 directly targets PTEN

Because PTEN plays a pivotal role in Nef- and K1-induced
angiogenesis, we further investigated the mechanism reg-
ulating PTEN expression. We performed a microarray
screening to identify miRNAs that were regulated by Nef
and K1, and identified a number of cellular miRNAs that
were consistently upregulated by K1, Nef or both in HU-
VECs (Figure 6A). We thus hypothesized that some of these



9868 Nucleic Acids Research, 2014, Vol. 42, No. 15

Figure 2. Nef promotes K1-induced angiogenesis and tumorigenesis in the CAM and nude mice models. (A) Nef promoted K1-induced angiogenesis in
HUVECs. HUVECs transduced with K1, incubated with soluble Nef protein for 72 h or both were mixed with Matrigel and subsequently implanted onto
the CAM. Representative photographs of angiogenesis on the CAM are shown. (B) Quantification of results in (A). The number of blood vessels was
normalized to that of Matrigel alone. Data represent mean ± SD from three independent experiments (n = 3), each experiment containing 10 technical
replicates. (C) Nef enhanced K1-induced angiogenesis in EA.hy926 cells. EA.hy926 cells transduced with K1, Nef or both were mixed with Matrigel
and subsequently implanted onto the CAM. The number of blood vessels was normalized to that of Matrigel alone. Data represent mean ± SD from
three independent experiments (n = 3), each experiment containing 10 technical replicates. (D) Hematoxylin and eosin staining analysis of histologic
features (top; original magnification, ×100) and immunohistochemical staining analysis of the expression of SMA and VEGF (middle and bottom; original
magnification, ×200) in tumor tissues from the CAMs induced by EA.hy926 cells transduced with K1 and Nef. Black arrows point to neovascularization
and hemorrhagic foci. (E) Quantification of results in (D). (F) Western blot analysis of total PTEN and phosphorylation levels of PI3K, AKT and mTOR
in tumor tissues from the CAMs treated as in (D). (G) Nef enhanced K1-induced angiogenesis in nude mice. EA.hy926 cells transduced by K1, Nef or
both were examined for their proangiogenic effects in Matrigel plug assay in nude mice as described in the ‘Materials and Methods’ section. Representative
photographs of angiogenesis in the nude mice are shown. (H) The hemoglobin level of the Matrigel plugs treated as in (G) was determined with O.D.
value at 540 nm. Data represent mean ± SD, each group with five tumors (n = 5). Three independent experiments were performed and similar results were
obtained.
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Figure 3. PTEN/AKT/mTOR pathway mediates K1- and Nef-induced angiogenesis in vivo. (A) Overexpression of PTEN suppressed the synergetic effect
of soluble Nef protein on K1-induced angiogenesis in the CAM model. HUVECs transduced with K1 and incubated with soluble Nef protein for 72 h were
transfected with pPTEN and a control plasmid (pcDNA) for 24 h. The treated cells were implanted onto the CAMs. The quantification of blood vessels
is expressed as the mean ± SD from three independent experiments (n = 3), each experiment containing 10 technical replicates. (B) Western blot analysis
of the phosphorylation levels of AKT and mTOR in tumor tissues from the CAMs treated as in (A). (C) Inhibition of mTOR activity suppressed the
synergetic effect of ectopic Nef on K1-induced angiogenesis in the CAM model. EA.hy926 cells transduced with K1 and Nef were treated with rapamycin
(100 nM) or the control reagent, DMSO. The collected cells were implanted onto the CAMs. The quantification of blood vessels is expressed as the mean ±
SD from three independent experiments (n = 3), each experiment containing 10 technical replicates. (D) Overexpression of PTEN suppressed the synergetic
effect of ectopic Nef on K1-induced angiogenesis in nude mice. EA.hy926 cells transduced with K1 and Nef were transfected with pPTEN and pcDNA
for 72 h. The collected cells were examined for their proangiogenic effects in Matrigel plug assay in nude mice as described in the ‘Materials and Methods’
section. The hemoglobin content of the Matrigel plugs was determined with O.D. value at 540 nm. Data represent mean ± SD. n = 5 tumors per group.
Three independent experiments were performed and gave similar results.
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Figure 4. Nef promotes K1 induction of tumors in nude mice. (A) A Kaplan–Meier plot for the time until the appearance of palpable tumors. EA.hy926
cells transduced by K1, Nef or both were s.c. injected into the left flanks of nude mice. The palpable tumor appearances of mice were daily monitored for
60 days. (B) Nef enhanced K1-induced tumorigenesis indicated by tumor size. The sizes of tumors from nude mice that treated as in (A) were determined
by two-dimensional caliper measurements. Data represent mean ± SD. n = 5 tumors per group. Two independent experiments were performed and gave
similar results. ** and *** indicate P < 0.01 and P < 0.001 for Student’s t-test, respectively. (C) Nef enhanced K1-induced tumorigenesis indicated by
tumor weight. The tumors from nude mice that treated as in (A) were removed and weighed. Scatter plots represent the weight of independent tumors
from different groups. Data represent mean ± SD, each group with five tumors (n = 5). Two independent experiments were performed and similar results
were obtained. (D) H&E staining analysis of histological features (top; original magnification, ×100) and immunohistochemical staining analysis of the
expression of SMA and VEGF (middle and bottom; original magnification, ×200) in tumor tissues from nude mice treated as in (A). Black arrows point
to neovascularization and hemorrhagic foci. (E) Quantification of results in (D).

miRNAs might regulate PTEN expression. Bioinformatics
prediction for miRNA targets combined with the results of
miRNA microarray identified nine miRNAs that had puta-
tive targeting sites in PTEN 3′UTR (Figure 6A). Luciferase
reporter assay using PTEN 3′UTR luciferase reporter con-
firmed that, of the nine miRNAs, only cellular hsa-miR-718
(miR-718) significantly inhibited the PTEN 3′UTR reporter
activity (Figure 6B). RT-qPCR confirmed that both K1 and
Nef indeed increased the expression of miR-718 in both

HUVECs and EA.hy926 cells (Figure 6C). In a luciferase
reporter assay, miR-718 inhibited the reporter activity of
PTEN 3′UTR in a dose-dependent fashion (Figure 6D).

To determine the direct effect of miR-718 on PTEN
expression, the mimic of miR-718 was transiently co-
transfected with a PTEN expression plasmid under the
control of the PTEN 3′UTR, 3×His-PTEN-3′UTR into
HEK293T cells. A GFP expression plasmid pEGFP-N2
was included to calibrate the transfection efficacy. West-
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Figure 5. PTEN/AKT/mTOR pathway mediates K1- and Nef-induced tumorigenesis in nude mice. (A) Western blot analysis of total PTEN and phospho-
rylation levels of PI3K, AKT and mTOR in tumor tissues from nude mice induced by EA.hy926 cells transduced with K1, Nef or both. Numbers labeled
under the bands were the relative intensities of the bands after calibrating for loading with the house-keeping protein or their nonphosphorylated proteins.
The relative value of proteins in the Mock group was considered as ‘1’. (B) PTEN inhibits Nef promotion of K1-induced tumorigenesis. EA.hy926 cells
transduced with K1, Nef or both were transfected with pPTEN or the control plasmid and inoculated into nude mice to induce tumors. The mice were daily
monitored for the appearance of tumors until 58 days. Tumor size was estimated by two-dimensional caliper measurement. Data represent mean ± SD,
each group with five tumors (n = 5). Two independent experiments were performed and similar results were obtained. (C) PTEN inhibits Nef promotion
of K1-induced tumorigenesis indicated by tumor’s weight. The tumors from nude mice treated as in (B) were removed and weighed. Scatter plots represent
the weight of independent tumors from different groups. Data represent mean ± SD, each group with five tumors (n = 5). Two independent experiments
were performed and similar results were obtained. (D) Activation of mTOR signals is required for Nef promotion of K1-induced tumorigenesis indicated
by tumor size. EA.hy926 cells transduced with K1 and Nef were injected (s.c.) into the left flanks of mice for xenograft formation. The mice received the
treatments by intraperitoneal injection of rapamycin. The results are expressed as the mean ± SD, each group with five tumors (n = 5). Two independent
experiments were performed and similar results were obtained. (E) Activation of mTOR signals is required for Nef promotion of K1-induced tumorigenesis
indicated by tumor weight. The tumors from nude mice treated as in (D) were removed and weighed. Scatter plots represent the weight of independent
tumors from different groups. Data reflect the mean ± SD. Data represent mean ± SD, each group with five tumors (n = 5). Two independent experiments
were performed and similar results were obtained.

ern blot showed that miR-718 strongly inhibited the PTEN
expression in a dose-dependent manner (Figure 6E). Im-
portantly, mimic of miR-718 suppressed the expression of
endogenous PTEN in HUVECs, while a mutant mimic of
miR-718 lacking the seed sequence did not (Figure 6F and
G).

To confirm the specificity of miR-718 targeting of PTEN,
we further performed 3′UTR mutagenesis analysis. We
mutated the putative miR-718-binding site in the PTEN
3′UTR (Figure 6H). In the luciferase reporter assay, mu-
tation of the putative binding site abolished the inhibitory
effect of miR-718 on PTEN 3′UTR reporter activity, and
a mutant mimic lacking the seed sequences also failed to
inhibit the reporter activity of PTEN 3′UTR (Figure 6I).
However, because the mutant mimic was designed to match

the 3′UTR mutation, it exhibited a strong inhibitory effect
on the mutant reporter (Figure 6I). These results indicated
that miR-718 directly target PTEN 3′UTR.

miR-718 targets PTEN to mediate Nef- and K1-induced an-
giogenesis

We further determined whether miR-718 mediated Nef- and
K1-induced angiogenesis. Tube formation assay was per-
formed with HUVECs transduced with K1, incubated with
soluble Nef protein or subjected to both treatments, and
co-transfected with an inhibitor of miR-718 or a scrambled
control. As shown in Figure 7A and B, miRNA suppressor
of miR-718 blocked tube formation of HUVECs induced
by K1, Nef or both.
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Figure 6. miR-718 mediates K1 and Nef regulation of PTEN-AKT pathway by directly targeting PTEN 3′UTR. (A) Heatmap of top miRNAs with
differential expression in EA.hy926 cells transduced with K1, Nef or both. miRNA array analysis was performed and pseudo-color represents intensity
scale of K1, Nef and K1 + Nef infection groups versus Mock infection group. Green and red denote low and high expression, respectively. (B) Examination
of the inhibition of a PTEN 3′UTR luciferase report by miRNAs selected from miRNA microarray analysis. 293T cells were co-transfected with negative
control nucleotide of miRNA (Neg. Ctrl.) or mimics of selected miRNAs together with the pGL3-Luc-PTEN 3′UTR luciferase reporter and assayed for
luciferase activity. The data represent the mean ± SD from three independent experiments (n = 3), each experiment containing four technical replicates.
*** indicates P < 0.001 for Student’s t-test versus Neg. Ctrl. Group. n.s. denotes ‘not significant’. (C) miR-718 expression in HUVECs transduced with K1,
incubated with soluble Nef protein for 72 h or both (Soluble Nef in HUVECs; left panel) and in EA.hy926 cells transduced with K1, Nef or both (Ectopic
Nef in EA.hy926; right panel), were quantitated by RT-qPCR. Relative quantities of miRNAs expression are represented on the y-axis. The data represent
the mean ± SD from three independent experiments (n = 3), each experiment containing four technical replicates. (D) Luciferase assay of pGL3-Luc-
PTEN 3′UTR reporter co-transfected with increasing amounts (10, 20 and 50 nM) of miRNA negative control nucleotide (Neg. Ctrl.) or miR-718 mimic
(miR-718) for 48 h in 293T cells. The data represent the mean ± SD from three independent experiments (n = 3), each experiment containing four technical
replicates. (E) miR-718 targets exogenous PTEN under the control of its native 3′UTR in HEK 293T cells. A genomic PTEN expression vector, 3×His-
PTEN-3′UTR, bearing the full 3′UTR sequences was co-transfected with pEGFP and increasing amounts (10 and 50 nM) mimic of miR-718 into HEK
293T cells for 48 h. The transfected cells were collected and Western blot was performed with the indicated antibodies. (F) miR-718 targets endogenous
PTEN in HUVECs transfected with increasing amounts (10 and 50 nM) mimic of miR-718 for 48 h. The transfected cells were collected and Western
blot was performed with the indicated antibodies. (G) Mutant miR-718 fails to target endogenous PTEN in HUVECs transfected with miRNA negative
control nucleotide, miR-718 mimic or mutant mimic of miR-718 lacking the seed sequences for 48 h in 293T cells. The transfected cells were collected and
Western blot was performed with the indicated antibodies. (H) Schematic illustration of the putative seed sequence of miR-718 within PTEN 3′UTR and
mutagenesis of binding site in the 3′UTR of PTEN or miR-718 mimic. (I) Effect of seed mutagenesis or mutation of the putative binding site on the PTEN
3′UTR reporter. PTEN wild type (WT PTEN) were co-transfected with miRNA negative control nucleotide (Neg. Ctrl.), natural (miR-718) or mutant
miR-718 (mut miR-718) into 293T cells, while mutant 3’UTR construct (mut PTEN) were also co-transfected with miRNA negative control nucleotide
(Neg. Ctrl.), natural (miR-718) or mutant miR-718 (mut miR-718). After co-transfection for 48 h, 293T cells were assayed for luciferase activity. The data
represent the mean ± SD from three independent experiments (n = 3), each experiment containing four technical replicates. **P < 0.01 and ***P < 0.001
by Student’s t-test versus.
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Figure 7. miR-718 mediates K1- and Nef-induced angiogenesis both in vitro and in vivo. (A) Matrigel assay analysis of microtubule formation. Tube
formation assay was performed with HUVECs transduced with K1, incubated with soluble Nef protein for 72 h or both and further transfected with
negative control nucleotide of miRNA (Neg. Ctrl.; top) or inhibitor of miR-718 (miR-718 inhibitor; bottom) for 48 h, respectively. The photographs of
microtubules were captured at 16 h post seeding (original magnification, ×100). (B) Quantification of results in (A). The results represent the mean ± SD
from three independent experiments (n = 3), each experiment containing six technical replicates. (C) Inhibition of miR-718 suppressed the enhanced effect
of Nef on K1-induced angiogenesis. HUVECs transduced with K1, incubated with soluble Nef protein for 72 h or both were transfected with negative
control nucleotide of miRNA (Neg. Ctrl.; top) or inhibitor of miR-718 (miR-718 inhibitor; bottom) for 48 h. The collected cells were mixed with Matrigel
and subsequently implanted onto the CAM. Representative photographs of angiogenesis on the CAM are shown. (D) Quantification of results in (C). The
number of blood vessels is expressed as the mean ± SD from three independent experiments (n = 3), each experiment containing six technical replicates.
(E) Western blot analysis of total PTEN and phosphorylation levels of AKT and mTOR. The tumor tissues from CAM that treated as in (C) were collected
and the total proteins of the tissues were extracted for Western blot. Numbers labeled under the bands were the relative intensities of the bands following
calibration for loading with house-keeping protein tubulin. The relative value of proteins in K1 + PBS + Neg. Ctrl. group was considered as ‘1’. (F)
Inhibition of miR-718 abolished the enhanced effect of Nef on K1-induced angiogenesis in nude mice. EA.hy926 cells transduced with K1, Nef or both
were infected with control virus (pCDH; top) or miR-718 sponge (miR-718 sponge; bottom) for 72 h and further re-suspended in serum-free medium. As
detailed in the ‘Materials and Methods’ section, the treated cells were injected (s.c.) into nude mice for 10 days and the Matrigel plugs were removed and
analyzed. Representative photographs of angiogenesis in the nude mice are shown. (G) The hemoglobin level of the Matrigel plugs treated as in (F) was
determined with O.D. value at 540 nm. Data represent mean ± SD, each group with six tumors (n = 6). Three independent experiments were performed
and similar results were obtained.
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Next, we examined the role of miR-718 in Nef- and K1-
induced angiogenesis in the CAM model. HUVECs trans-
duced with K1, incubated with soluble Nef alone or both
were transfected with the miR-718 suppressor and subse-
quently implanted onto CAMs. Consistent with the in vitro
results, repression of miR-718 function inhibited angiogen-
esis induced by K1, Nef or both (Figure 7C and D). Consis-
tent with these observations, Western blotting showed that
suppression of miR-718 with its inhibitor increased the ex-
pression of PTEN in CAM tumor tissues induced by HU-
VECs transduced with K1, incubated with soluble Nef or
both. Consistent with these results, the levels of phospho-
rylated AKT and mTOR were markedly decreased (Figure
7E). Similar results were also observed in the Matrigel plug
assays (Figure 7F and G). These results indicated that miR-
718 mediated Nef- and K1-induced angiogenesis by target-
ing PTEN to activate AKT/mTOR pathway.

miR-718 mediates Nef- and K1-induced tumorigenesis

To examine the role of miR-718 in Nef- and K1-induced
tumorigenesis in nude mice, K1- or Nef-expressing, or K1
and Nef co-expressing EA.hy926 cells were infected with the
lentiviral miR-718 sponge and then s.c. injected into nude
mice. As shown in Figure 8A–C, miR-718 sponge effectively
repressed the growth of tumors induced by Nef, K1 or both.
Western blot analysis showed that the expression of miR-
718 sponge not only led to elevation of PTEN, but also de-
creased phosphorylated forms of AKT and mTOR in all
tumors (Figure 8D).

Together these data indicated that, by targeting PTEN,
miR-718 mediates Nef- and K1-induced tumorigenesis via
activation of AKT/mTOR signaling.

DISCUSSION

Like vIL-6 of KSHV, K1 demonstrates early lytic kinetics
and its expression has been detected in KS, PEL and MCD
(63,65–67). Besides blocking of apoptosis and induction of
lymphoma in transgenic mice (7–10), K1 can also immortal-
ize HUVECs in culture by activating the PI3K/Akt/mTOR
pathway (63). K1 ITAM domain also activates both the
VEGF/VEGFR-2 and the PI3K/AKT signaling pathways
in HUVECs (63). Thus, K1 appears to be important in
KSHV-associated angiogenesis and tumorigenesis (68). In
the current study, we demonstrated that K1 exhibits a strong
angiogenesis both in CAM and nude mice models. These
results are consistent with the previous studies (10,63), and
highlight the angiogenic properties of K1 and its important
role in KS pathogenesis.

Nef is one of the earliest, most abundantly expressed and
secreted HIV-1 proteins. Since circulating Nef is internal-
ized by endothelial cells (31,32), here we investigated its role
in synergistic effect on angiogenesis and tumorigenesis in
endothelial cells using soluble and ectopic Nef. We found
that Nef not only synergistically promoted K1-induced an-
giogenesis both in CAM and nude mice models, but also
enhanced the expression of several pro-angiogenic factors,
such as VEGF and SMA. These findings suggest that Nef
likely promoted K1-induced angiogenesis and tumorigen-
esis through an autocrine and paracrine mechanism. Al-

though our works have been performed with cells and ani-
mal models so far, the results remain to be validated in pa-
tients. In KS patients, disease is correlated with viral repli-
cation when HIV is also actively replicating (69–71). Thus,
Nef, which has been shown to inhibit KSHV lytic repli-
cation (30), and K1, which is upregulated during the lytic
phase, are likely to simultaneously present in the KS tu-
mors. Furthermore, it has been shown that once initiated,
KSHV lytic replication is irreversible (72). Therefore, while
Nef might contribute to the maintenance of KSHV latency,
it is unlikely that Nef would prevent KSHV lytic replication
once it is initiated. In this case, we expect that Nef would
synergize with K1 to promote KSHV-induced angiogene-
sis.

The PTEN/AKT/mTOR signaling is a critical path-
way in cellular proliferation, cell survival, neovascular-
ization and tumor growth. Several components of the
PTEN/AKT/mTOR pathway are dysregulated in cancers,
including KS (73–76). PTEN inhibits PI3K-dependent ac-
tivation of AKT, while activated AKT triggers downstream
mTOR/p70 S6K1 signaling resulting in the induction of
pro-angiogenic factors, thereby inducing neovasculariza-
tion to promote tumor growth (77,78). In this study, we
found that PI3K/AKT/mTOR was activated in synergis-
tic induction of angiogenesis by Nef and K1 in vitro and in
vivo as a result of inhibition of PTEN expression. Overex-
pression of PTEN or inhibition of mTOR significantly abol-
ished K1 and Nef-induced angiogenesis and tumorigenesis
in the CAM and nude mice xenograft models. These results
indicated that K1 and Nef might exert their biological func-
tions both via PTEN/PI3K/AKT/mTOR signaling.

Previous studies have shown that the ability of Nef to
activate the AKT/mTOR signaling pathway depends on
the cell type. For instance, overexpression of Nef in 293T
cells activated PI3K without activating AKT (79). Recom-
binant soluble Nef protein was shown to dampen the acti-
vation of AKT following insulin stimulation in adipocytes
(80). However, in a different study, recombinant soluble Nef
was shown to robustly activate AKT in human macrophage
U937 cells (81). A more recent study also showed that AKT
was involved in Nef-mediated induction of CCL5 expres-
sion in SVGA astrocytes, a clone of the human fetal as-
trocytic cell line (SVG), following transient expression of
Nef protein (82). Finally, our group has recently shown that
addition of soluble Nef or overexpression of Nef in hu-
man endothelial cells activates AKT (32). Consistent with
our previous study, we have shown that Nef activates the
PI3K/AKT pathway to regulate angiogenesis in human en-
dothelial cells in the current study. Therefore, activation of
AKT by Nef is context-dependent.

As the crucial players in various biological processes,
miRNAs are involved in different stages of tumorigenesis,
such as apoptosis, proliferation, limited replicative poten-
tial of tumor cells, angiogenesis, migration, invasion and
the major signaling pathways related to tumor develop-
ment (83). To date, miR-214 is found to regulate PTEN
by directly binding the PTEN 3′UTR, leading to inhibition
of PTEN translation and the subsequent activation of the
PI3K/AKT pathway in human ovarian cancer (78,84). Two
other miRNAs with oncogenic potential, miR-21 and the
miR-17–92 cluster, can also inhibit PTEN expression in hu-
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Figure 8. miR-718 mediates K1- and Nef-induced tumorigenesis in nude mice. (A) Inhibition of miR-718 abrogates the enhanced effect of Nef on K1-
induced tumorigenesis. EA.hy926 cells transduced with K1, Nef or both were infected with control virus (pCDH) or miR-718 sponge for 72 h and further
re-suspended in serum-free medium. As detailed in the ‘Materials and Methods’ section, the treated cells were injected (s.c.) into nude mice. The sizes of
tumors from nude mice were determined by two-dimensional caliper measurements. Data represent mean ± SD, each group with five tumors (n = 5). Two
independent experiments were performed and similar results were obtained. ** and *** indicate P < 0.01 and P < 0.001 by Student’s t-test, respectively.
(B) Tumor-bearing mice were killed at day 56 after injections, and tumors were removed and pictures were taken. (C) Inhibition of miR-718 abrogates the
enhanced effect of Nef on K1-induced tumorigenesis. The tumors from nude mice treated as in (A) were removed and weighed. Scatter plots represent
the weights of independent tumors from different groups. Data represent mean ± SD, each group with five tumors (n = 5). Two independent experiments
were performed and similar results were obtained. (D) Inhibition of miR-718 increased total PTEN level and suppressed the enhanced phosphorylation of
AKT and mTOR by K1 and Nef. The tumor tissues from nude mice treated as in (A) were removed, and the expression of total PTEN, phosphorylation
levels of AKT and mTOR in tumor tissues were analyzed by Western blot. Numbers labeled under the bands were the relative intensities of the bands after
calibration for loading with the house-keeping protein tubulin. The relative value of proteins in K1 + pCDH group was considered as ‘1’.
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man hepatocellular cancer and mouse lymphoproliferative
disorders, resulting in increased tumor cell proliferation,
migration and invasion (85–88). In addition, miR-29, miR-
26a and b, miR-217, miR-486, miR-193a and miR-519d
have been shown to specifically modulate PTEN mRNA
expression (89–95). As for the effect of miRNAs on KSHV-
associated pathogenesis, KSHV infection modulates a num-
ber of host and/or viral miRNAs to regulate host and/or vi-
ral genes, and to participate in KSHV life cycle control, im-
mune evasion and tumorigenesis (33,34). For example, cel-
lular miR-132 negatively regulates interferon pathways by
targeting the p300 transcriptional co-activator to facilitate
viral replication (96). Whether cellular miRNAs regulate
the PTEN/AKT/mTOR signaling in the development of
AIDS-KS is still a mystery. In the current study, our results
provide the first line of evidence that Nef and K1 upregu-
lated the expression of cellular miR-718, which directly tar-
gets PTEN resulting in the activation of AKT/mTOR sig-
naling and induction of angiogenesis and tumorigenesis. As
for miR-718, its precise function in disease is still unknown
(97). By using Bulge-LoopTM miRNA RT-qPCR, we de-
tected the basal levels of miR-718 in KSHV latently infected
endothelial cells and normal primary HUVECs. Interest-
ingly, we found that the basal expression level of miR-718
in KSHV-infected HUVECs was increased by more than
five-fold when compared to that of uninfected primary HU-
VECs (Chun Lu, unpublished data). These data imply that
KSHV virion or K1 protein upregulates the level of miR-
718 in HUVECs.

In conclusion, our work revealed that miR-718 medi-
ates the synergistic induction of angiogenesis and tumori-
genesis of K1 and Nef by targeting PTEN to activate
the AKT/mTOR pathway. These results not only demon-
strate the interactions of HIV-1 Nef with KSHV oncopro-
teins in AIDS-KS development, but also suggest that miR-
718/AKT/mTOR axis may represent the attractive ther-
apeutic target for AIDS-KS patients. Further studies will
be needed to better understand how K1 and Nef upregu-
late miR-718 expression and whether other K1 and Nef-
regulated miRNAs, particularly those downregulated miR-
NAs, are also involved in the regulation of AIDS-KS patho-
genesis.
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