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Infections by viruses are associated with approximately 12% of human cancer. Kaposi’s sarcoma-associated
herpesvirus (KSHYV) is causally linked to several malignancies commonly found in AIDS patients. The mech-
anism of KSHV-induced oncogenesis remains elusive, due in part to the lack of an adequate experimental
system for cellular transformation of primary cells. Here, we report efficient infection and cellular transfor-
mation of primary rat embryonic metanephric mesenchymal precursor cells (MM cells) by KSHV. Cellular
transformation occurred at as early as day 4 after infection and in nearly all infected cells. Transformed cells
expressed hallmark vascular endothelial, lymphatic endothelial, and mesenchymal markers and efficiently
induced tumors in nude mice. KSHYV established latent infection in MM cells, and lytic induction resulted in
low levels of detectable infectious virions despite robust expression of lytic genes. Most KSHV-induced tumor
cells were in a latent state, although a few showed heterogeneous expression of lytic genes. This efficient system
for KSHYV cellular transformation of primary cells might facilitate the study of growth deregulation mecha-

nisms resulting from KSHYV infections.

Introduction

Oncogenic viruses are associated with close to 12% of human can-
cer (1). Kaposi’s sarcoma-associated herpesvirus (KSHV) is caus-
ally linked to Kaposi’s sarcoma (KS), primary effusion lymphoma,
and a subset of multicentric Castleman’s disease, malignancies
commonly found in AIDS patients (2). While KSHV encodes an
array of genes targeting cellular oncogenic, tumor suppressor, and
survival pathways, the mechanism of KSHV-induced oncogenesis
remains unclear, in part because of the lack of an efficient system
for cellular transformation of primary cells.

KSHV-infected tumor cells manifest the hallmark spindle-shape
morphology, expressing vascular endothelial, lymphatic endothelial
and mesenchymal markers (2). In culture, KSHV infects a variety
of cell types. KSHV infection of human vascular and lymphatic
endothelial cells converts them into spindle-shaped cells express-
ing both lineage markers (3-11). Although the lifespan of primary
human endothelial cells is prolonged by KSHV, their continuous
growth relies on exogenous growth factors, and cellular transforma-
tion remains elusive (3-5). These KSHV-infected cells do not induce
any tumors when inoculated into immunocompromised mice.

The initial KSHV target cells could be precursor cells, and KS-
like spindle endothelial precursor cells are present in the blood of
KS patients (12, 13). Indeed, KSHV infects human mesenchymal
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stem cells and hematopoietic precursor cells (14, 15). However,
KSHYV fails to immortalize and transform these cells. In contrast,
transfection of mouse liver precursor cells with recombinant
KSHV BAC36 genomes resulted in immortalization of a subset
of cells, which induced tumors in nude mice despite the lack of
cellular transformation phenotypes in culture (16). Nevertheless,
KSHYV infection as well as transfection and maintenance of KSHV
genomes in mouse cells are inefficient. Here, we show that KSHV
efficiently infects and transforms primary rat embryonic meta-
nephric mesenchymal precursor (MM) cells. KSHV-transformed
MM (KMM) cells efficiently induce tumors in nude mice. These
results should facilitate study of the mechanisms of growth dereg-
ulation by KSHV infection.

Results and Discussion

KSHYV efficiently infects MM cells. To identify primary cell type(s) that
can be transformed by KSHV, we infected cells of different origins
(Table 1). MM cells were efficiently infected and transformed by
KSHV. KSHYV infection was monitored by examining the expres-
sion of a GFP cassette in viral genome (ref. 17 and Figure 1A).
KMM cells were positive for latent nuclear antigen (LANA,
ORF73), with less than 1% positive for the late lytic protein ORF65
(Figure 1, B and C). Continuous passage of KMM cells changed
neither the genome number per cell (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCIS8530DS1) nor the expression patterns of LANA and ORF65.
Induction of viral lytic replication with 12-O-tetradecanoylphor-
bol-13-acetate (TPA) did not affect LANA expression but increased
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Table 1
KSHV infection of human, mouse, and rat cells

brief report

Cells Host Cell type Infection Persistence Immortalization Transformation
efficiency efficiency
HUVECs Human Umbilical vein endothelial cells High High Senescence N/A
DMVECs Human Vascular endothelial cells Medium High Senescence N/A
MS1 cells Mouse Vascular endothelial cells Low Low N/A N/A
SVEC cells Mouse Lymphatic endothelial cells Low Low N/A N/A
MEFs Mouse Embryonic fibroblasts High Low Senescence N/A
JWEK cells Mouse Mesenchymal precursor cells Low Low N/A N/A
RAOECs Rat Aortic endothelial cells Low Low N/A N/A
MM cells Rat Mesenchymal precursor cells High High Yes Yes

NA, not applicable; MEF, mouse embryonic fibroblast; RAOEC, rat aortic endothelial cell.

ORF65-positive cells to 4%-5% (Figure 1, B and C). As controls,
uninduced and induced MM cells were negative for LANA and
ORF65 proteins (Supplemental Figure 2). The expression of lytic
transcripts including transcripts of the immediate early gene RTA
(ORF50), early genes ORF57, ORFS9, kbZip (ORF-KS8), vIL-6 (ORF-K2),
and ORF49, and late genes ORF65 and ORF-K8.1 was increased,

DAPI LANA DAPI LANA

B
C DAPI ORF65

~TPA

+TPA

Figure 1
Characterization of MM and KMM cells. (A) Morphology at day 2 after see

while that of the latent transcript vCyclin (ORF72) was not altered
following lytic induction (Supplemental Figure 3). Interestingly,
we detected only intermittent low levels of infectious virions in
the supernatants of induced cells, suggesting an abortive viral lytic
program. Similar results were observed when long-term-passage
KMM cells were examined.

D MM KMM

Vimgntin

ding. Cells were seeded at 5 x 104 cells/well in 6-well plates. (B and C)

Expression of LANA (B) and ORF65 (C) proteins in uninduced KMM cells and KMM cells induced with TPA for 48 hours. (D) Expression of cell

surface markers in MM and KMM cells. Scale bars: 50 um (A, C, and D),

10 um (B).
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Immortalization and transformation of MM cells by KSHV. (A) MM cells underwent crisis after 25-28 passages. KMM grew continuously without
crisis. Cells were passaged every 3 days at 2 x 10* cells/well in 24-well plates. (B) KMM cells grew faster than MM cells in regular medium contain-
ing serum. Cells seeded at 105 cells/well in 6-well plates were counted daily. (C) In serum-free medium, growth of MM cells stopped, while KMM
cells continued to grow for up to day 4 after seeding. Cells seeded at 105 cells/well in 6-well plates were counted daily. (D) KMM cells formed foci,
while MM cells were contact inhibited when they reached confluency. Cells seeded at 2 x 105 cells/well in 6-well plates were cultured with daily
medium change. Scale bar: 40 um. (E) KMM cells formed many large colonies in semisolid soft agar, while MM cells did not. Scale bar: 200 um.

MM and KMM cells expressed vascular endothelial markers
B-catenin, vWF, and VEGFR-1; lymphatic endothelial mark-
ers VEGFR-3 and LYVE-1; the mesenchymal marker vimentin;
and the hematopoietic precursor marker CD34 (Figure 1D and
Supplemental Figure 4). Vascular endothelial markers CD31,
VCAM-1, and ICAM-1 and the lymphatic endothelial cell marker
podoplanin were upregulated, while the hematopoietic precur-
sor marker Thyl.1 was downregulated in KMM cells. Long-term
passage of KMM cells did not change the patterns of cell surface
markers. Thus, similar to vascular and lymphatic endothelial cells
(7,8, 10), KSHV reprograms MM cells to express a mixture of vas-
cular endothelial, lymphatic endothelial, mesenchymal, and hema-
topoietic precursor markers.

KMM cells are transformed. MM cells underwent crisis after 25-28
passages. In contrast, KMM cells were immortalized, as they
could be maintained in continuous passage (Figure 2A). Com-
pared with MM cells, KMM cells were smaller in size (Figure 1A)
and had shorter doubling time as indicated by faster dilution
of CFSE (13.1 £ 2.2 vs. 19.4 + 2.4 hours at exponential phase;
Supplemental Figure SA), which was also demonstrated by an
increase in cells per cluster at day 2 after seeding (7-10 vs. 2-3
cells/cluster; Figure 1A) and a faster growth rate (Figure 2B).
Accordingly, KMM cells had more cells in S phase (50% vs. 40%)
and fewer cells in Go/G; phase (35% vs. 42%) than MM cells (Sup-
plemental Figure 5B), which was due to accelerated transition
from Go/G; to S phase, as shown by faster incorporation of BrdU
(Supplemental Figure 5C). In serum-free medium, MM cells were
growth arrested starting at day 1 after seeding, with 85% cells
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in Go/G; phase and only 5% cells in S phase while KMM cells
continued to proliferate for up to day 4 after seeding, with only
68% cells in Go/G; phase and 20% in S phase, and continued to
incorporate BrdU at a faster rate (Figure 2C and Supplemental
Figure 5, D and E). MM cells were contact inhibited, while KMM
cells lost contact inhibition, as shown by formation of foci and
higher saturation density in culture (Figure 2D and Supplemen-
tal Figure 5F) and formation of colonies in semisolid soft agar
(Figure 2E). Growth in semisolid soft agar was observed as early
as day 4 after infection, the earliest time point examined, and
with close to 100% efficiencies. These results indicated that MM
cells were efficiently immortalized and transformed by KSHV. We
reproduced these results 8 times with MM cells isolated from 3
different batches. This transformation phenotype did not change
following long-term passage of KMM cells. Furthermore, virions
from BCP-1 cells also efficiently infected and transformed MM
cells (Supplemental Figure 6), indicating that the transformation
phenotype was not restricted to a specific viral isolate.

KMM cells induce tumors in nude mice. While MM cells failed to
induce any tumors in nude mice, KMM cells efficiently induced
tumors, with a mean incidence of 84.6% + 11.2% and a mean
latency of 12 + 1.6 weeks (Figure 3, A and B). Tumors often mani-
fested as reddish lesions and dissemination to visceral organs
(Figure 3, C and D).

H&E staining showed spindle-shaped tumor cells, many of
which had mitotic figures and were positive for the proliferation
marker Ki67 (Figure 3E and Supplemental Figure 7). Tumors
contained many microvessels, slit-like spaces, and infiltrates of
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KMM cells induce tumors in nude mice. (A) Tumor growth curves. The red thick line indicates average tumor volumes. MM cells did not induce
any tumors. (B) Tumor incidence from 5 independent experiments. Numbers above of the bars represent inoculated sites. Results in A were from
experiment 3. (C) Representative reddish tumor morphology. (D) Tumor dissemination to visceral organs. Tumors (T) shown in green fluores-
cence were present in spleen (S), liver (L), lung (Lu), kidney (K), and intestine (l). (E) Immunohistochemical staining for H&E, Ki67, LANA, and
ORF65 proteins, the mouse B cell marker CD45Rt, vascular endothelial markers (g-catenin and CD31), lymphatic endothelial markers (LYVE-1
and VEGFR-3), hematopoietic precursor markers (CD34 and Thy1.1), and the mesenchymal marker vimentin. Representative slit-like spaces

are labeled with arrowheads. Scale bar: 40 um.

immune cells such as CD45R* mouse B cells, which were remi-
niscent of CD8" T cells and CD20* B cells in KS tumors (Sup-
plemental Figure 8). These results indicated that KMM tumors
consisted of proliferating spindle cells with vast inflammatory
infiltrates and neoangiogenesis.

All tumor cells strongly expressed LANA protein, with 1%-3% of
them expressing ORF65 protein (Figure 3E). Tumors had robust
expression of latent LANA and vCyclin transcripts but heteroge-
neous expression of lytic transcripts (Supplemental Figure 9). RTA
was at levels close to those in uninduced KMM cells in 2 of 14
tumors; ORF57 and ORF59 were at levels higher than in uninduced
cellsin 12 of 14 tumors; and ORF6S was detected in S of 14 tumors,
of which only 1 was at a high level while the other 4 were at levels
similar to those in uninduced KMM cells. These results indicated
a spontaneous default lytic program in tumors.
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KMM tumor cells were positive for vascular endothelial markers
B-catenin, CD31, VE-cadherin, ICAM-1, and VCAM-1; lymphatic
endothelial markers LYVE-1, VEGFR-3, podoplanin, and PROX-1;
hematopoietic precursor marker CD34; and mesenchymal mark-
er vimentin, but were negative for Thy1.1 (Figure 3E and Supple-
mental Figure 7).

We have shown that KSHV can efficiently infect and trans-
form MM cells. KMM cells were immortalized, proliferated at a
faster rate than MM cells, grew in serum-free medium, lost con-
tact inhibition in culture, and induced tumors in nude mice.
Tumor cells acquired spindle morphology; formed slit-like spaces;
and expressed vascular endothelial, lymphatic endothelial, and
mesenchymal markers. Most tumor cells were in the latent state,
but a few had heterogeneous expression of lytic genes. These path-
ological and viral features resemble those in KS tumors (Supple-
Volume 122 March 2012
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mental Figure 8). This system should be useful for dissecting fac-
tors mediating KSHV-induced malignant transformation.

Because KSHYV is a human virus, it is important to recognize the
limitations of cross-species observations. While KSHV infects a
variety of human cells in culture, cellular transformation of pri-
mary human cells remains challenging (2). Furthermore, explant
tumor cells from most KS tumors are neither immortalized nor
transformed, despite their in vivo malignant proliferative nature
(18-21). While the loss of viral genome could account for the lack
of cellular transformation, it is clear that MM cells are distinct
from human primary cells.

Besides the mesenchymal marker vimentin, MM cells expressed
vascular endothelial markers f-catenin, ICAM-1, vWF, and
VEGFR-1; lymphatic endothelial markers VEGFR-3 and LYVE-1;
and hematopoietic precursor markers CD34 and Thyl.1. KSHV
infection upregulated the vascular endothelial markers VCAM-1
and CD31 and the lymphatic endothelial marker podoplanin.
Interestingly, Thy1.1 expression was almost completely shut down,
while that of CD34 was maintained following KSHV infection. In
differentiated cells, CD34 is often expressed in endothelial cells,
while Thy1.1 is more confined to hematopoietic cells (22, 23).
Human Thyl expression is associated with tumor suppression
of ovarian cancer (24). Thus, KSHV appeared to downregulate
Thy1.1 expression to inhibit its tumor-suppressive effect, while
at the same time converting the mesenchymal precursor cells
into a mixed phenotype of vascular and lymphatic endothelial
cells. This reprogramming process is not surprising, because MM
cells are multipotent and can be differentiated into diverse cell
types, including endothelial cells (25, 26). Nevertheless, whether
mesenchymal precursor cells are the KSHV targets in vivo requires
further investigation.

Methods

Cell culture and virus infection. Primary HUVECs and microvascular
endothelial cells (DMVECs) from Lonza, MS1 and SVEC cells from ATCC,
and primary rat aortic endothelial cells from Lifeline Cell Technology
were maintained as described by the vendors. Mouse and rat MM cells as
well as embryonic fibroblasts were isolated and maintained as previously
described (27, 28). Primary cells of fewer than 5 passages were used for
infection experiments. For subsequent characterizations, MM and KMM
cells between 5 and 10 passages were used. KMM cells were cultured with
150 ug/ml hygromycin, which was removed 1 week before experiments.
Growth of BAC36 and BCP-1 KSHV and infection were performed as previ-
ously described (5, 17). Cells were split every 3 days, except for focus forma-

tion experiments, with daily change of medium. Cell numbers were deter-
mined at passage. Cells were observed daily for crisis, including growth
arrest and cell death. Semisolid soft agar assay was performed as previously
described (29). Cells at specific days following KSHV infection were seeded,
and pictures of colonies were taken at day 14 after seeding.

Immunodetection. Immunofluorescence assay, Western blotting, and
immunohistochemistry were as previously described (5, 30). A rat monoclo-
nal antibody to LANA (Abcam), mouse monoclonal antibodies to ORF65
(5), vimentin (BioCare Medical), and Thy1.1 (Santa Cruz Biotechnology
Inc.), and rabbit polyclonal antibodies to vWF (Thermo Fisher Scientific),
PROX-1 (Covance), Ki67 (Abcam), and CD31 (Abcam) were used. Rabbit
polyclonal antibodies to VE-cadherin, f-catenin, ICAM-1, VCAM-1, LYVE-1,
VEGFR-1, and VEGFR-3 and goat polyclonal antibodies to podoplanin and
CD34 were from Santa Cruz Biotechnology Inc.

Cell cycle and CFSE analysis and BrdU incorporation. Cell cycle was ana-
lyzed by propidium iodide staining. For CFSE assays, cells pulsed with
10 uM CFSE were analyzed daily for relative intensities (Invitrogen).
BrdU incorporation was determined by pulsing cells with 10 uM BrdU
for 4 hours, followed by staining with a mouse monoclonal antibody to
BrdU (Invitrogen).

Growth of tumors. Subcutaneous growth of tumors was as previously
described (29). Tumor volumes were measured twice a week using 0.2 cm?
as a threshold. Tumor analyses were performed at 20 weeks following
inoculation or when the volume reached 1 cm3. Tumor images were taken
at the end of study. Fluorescence images were taken with an Image Station
2000R System (Kodak).

Statistics. Data are shown as mean + SD. The 1-tailed Student’s test was
used to compare data between experimental groups. Statistical significance
was assumed at P values less than 0.05.

Study approval. The animal protocol was approved by the Institutional
Animal Care and Use Committee of the University of Texas Health Science
Center at San Antonio (Animal Welfare Assurance no. A3345-01).
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