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Kaposi’s sarcoma (KS) herpesvirus (KSHV) causes KS, an angiogenic AIDS-associated spindle-cell neoplasm, by activating host oncogenic signaling cascades through autocrine and
paracrine mechanisms. Tyrosine kinase receptor (RTK) proteomic arrays, identified PDGF
receptor-alpha (PDGFRA) as the predominantly-activated RTK in KSHV-induced mouse
KS-tumors. We show that: 1) KSHV lytic replication and the vGPCR can activate PDGFRA
through upregulation of its ligands PDGFA/B, which increase c-myc, VEGF and KSHV gene
expression in infected cells 2) KSHV infected spindle cells of most AIDS-KS lesions display
robust phospho-PDGFRA staining 3) blocking PDGFRA-signaling with N-acetyl-cysteine,
RTK-inhibitors Imatinib and Sunitinib, or dominant-negative PDGFRA inhibits tumorigenesis
4) PDGFRA D842V activating-mutation confers resistance to Imatinib in mouse-KS tumorigenesis. Our data show that KSHV usurps sarcomagenic PDGFRA signaling to drive KS.
This and the fact that PDGFRA drives non-viral sarcomas highlights the importance for
KSHV-induced ligand-mediated activation of PDGFRA in KS sarcomagenesis and shows
that this oncogenic axis could be successfully blocked to impede KS tumor growth.

Author summary
Signaling mimicry is a key mechanism whereby oncoviruses can usurp host-regulatory
pathways leading to acquisition of tissue-specific cancer hallmarks. A critical question in
the KS field is the identification of this host pathways activated by KSHV that could provide novel insights on KSHV-pathobiology, elucidating new druggable pathways. Here we
show that KSHV lytic replication as well as the KSHV-oncogene vGPCR activates
PDGFRA signaling through upregulation of its ligands PDGFA/B, and that blocking of
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PDGFRA signaling is anti-tumorigenic. This indicates that approaches that fully and stably inhibit PDGFR-signaling could lead to successful treatments for KS, validating this
receptor-ligand signaling-axis as a therapeutic target.

Introduction
Kaposi’s sarcoma herpesvirus (KSHV) is the etiological agent of Kaposi’s sarcoma (KS) [1–4].
KS is a major cancer associated with AIDS (AIDS-KS) and is the most prevalent type of cancer
affecting men and children in Africa [2, 3, 5]. It is characterized by spindle cell proliferation,
intense angiogenesis and erythrocyte extravasation with variable inflammatory infiltrates [2,
3]. Although the incidence of AIDS-KS in the western world has markedly declined since the
wide-spread implementation of HAART, a significant percentage of AIDS-KS patients never
achieve total remission [5–7]. Moreover, KSHV prevalence and KS incidence appear to be
increasing, even in HAART treated HIV patients with controlled viremias [8, 9]. Understanding the interplay of viral and host factors in KS oncogenesis is critical for the rational development of new therapies [10, 11]. Many host signaling cascades co-opted by KSHV including
PI3K/AKT/mTORC, NFkB and Notch are critical for cell-specific mechanisms of transformation and their identification is paving the way to therapeutic target discovery [4, 12–15].
KSHV-infected KS lesions are composed of latently-infected cells, as well as cells expressing
lytic genes that have been implicated in the development of the KS angioproliferative phenotype via paracrine and autocrine mechanisms [2–4, 16–18]. These mechanisms are mediated
by angiogenic lytic viral genes such as the G protein-coupled receptor (vGPCR) homologous
to the human chemokine receptors CXCR1/2 [16], K1 and K15. The vGPCR oncogene is able
to induce KS-like tumorigenesis in transgenic mice [19, 20], and it is essential for angiogenesis
and tumorigenesis in the mECK36 KSHV-induced tumor mouse model [21]. vGPCR activates
MAPK, PI3K/AKT and NFkB signaling leading to the secretion of angiogenic and inflammatory factors most notably, VEGF and PDGF [16, 18, 22], which are both KS spindle cell growth
factors. Yet, anti-VEGF interventions had limited success in KS [23] suggesting that other
important paracrine mediators may also play a critical role. Anti-PDGFR approaches such as
Imatinib, have shielded more promising clinical effects in AIDS-KS suggesting that this pathway might be more central to KS pathogenesis. Analysis of the molecular KS signature common to human KS tumors and our mouse KS-like tumors, showed consistent expression of KS
markers VEGFR 1, 2, 3, Podoplanin with upregulation of angiogenesis ligands and receptors
in vivo, pointing to the upregulation of various receptor tyrosine kinase signaling axes [3, 21].
Thus, we set out to rank the host tyrosine kinase signaling cascades activated by KSHV using
the mECK36 model of KSHV-dependent tumorigenesis. We found that PDGFRA is the most
activated RTK in mouse-KS and show that KSHV lytic genes including the KSHV vGPCR
oncogene can activate it by up-regulating PDGFs. We show that PDGFRA is a driver of
KSHV-tumorigenesis, and show that PDGFRA is prominently activated in murine and human
AIDS-KS. Finally we show that fully blocking PDGFRA signaling impedes murine KS tumor
formation.

Results
Proteomic analysis of receptor tyrosine kinases in mouse KSHV-induced
KS-like tumors shows activation of PDGF receptor alpha
Mouse bone-marrow endothelial-lineage cells (mEC) transfected with the KSHVBac36
(mECK36) form KSHV-infected tumors in nude mice thus providing a platform to dissect
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molecular mechanisms of tumorigenesis by KSHV [21]. mECK36 tumor formation show consistent expression of the KS markers Podoplanin and LYVE-1, occurring with concomitant
up-regulation of KSHV lytic oncogenes and angiogenesis ligands/ receptors, pointing to the
upregulation of various receptor tyrosine kinase signaling axes[21]. To rank the tyrosine kinase
receptors most activated in mECK36 KSHV-induced KS-like tumors [21] in an unbiased manner, we used a tyrosine kinase proteomic array (Fig 1A and 1B). Surprisingly, analysis of
mECK36 tumor tyrosine kinase activation (Fig 1A) showed a prominently activated RTK spot
that accounted for a significant portion of the total tyrosine kinase activation of the tumor (Fig
1B), which corresponded to the PDGF receptor alpha-chain (PDGFRA). PDGFRB was also
activated, although 4 times less than PDGFRA. Other RTKs such as Axl, EGFR, MSPR and
ERBB2 that have been described as implicated in KS and other cancers, were also activated; yet
at a lesser extent than PDGFRA (Fig 1A)[24–26]. The receptors for the VEGF family VEGFR1/
2, which are strongly expressed by mECK36 tumors [21], were also phosphorylated as
expected, albeit at lower levels. This data is consistent with the predictions from the analysis of
a KS- signature derived from differential expressed genes between KS and normal skin, which
predicted the activation of several paracrine axes by upregulation of receptors and/or their
ligand [3]. The western blots of Fig 1C depict the level of expression and phosphorylation for
PDGFRA (left panel) and c-kit (right panel), a related RTK that does not display high levels of
activation in the array for mECK36 tumors (Fig 1A and 1B). As a normal tissue control, we
used normal mouse skin, a control tissue that has been used for generating KS signatures. Fig
1C shows that PDGFRA is robustly expressed and much more phosphorylated in the tumors
than in skin control. On the other hand, c-kit is similarly expressed and displays low levels of
activation in the tumors and in the skin control. Such robust expression and activation for a
RTK in a tumor proteomic array is typical of an oncogenic driver. In fact, activation of
PDGFRA has been described as a driver of oncogenic signaling in several non-viral sarcomas
such as Gastrointestinal Stromal Tumors (GIST) and synovial sarcomas [27, 28]. Noteworthy,
PDGF ligands and receptors are expressed in AIDS-KS lesions [29, 30], can induce KS spindle
cell proliferation [31, 32], and are a feature of the KS and molecular mECK36 signatures indicative of potential paracrine and/or autocrine activation of PDGFRA [3, 21]. Taking together,
this and our data supports the possibility that PDGFRA activation could be driving an oncogenic signaling axis for KS as suggested by recent Imatinib AIDS-KS trials [33, 34].

Phosphorylation of PDGFRA in mECK36 and KS tumors is associated with
the presence of its PDGF ligands and appear in areas of KSHV infection
Due to the prominent PDGFRA phosphorylation that we observed and its potential driverrole in KS, we sought to identify KSHV-driven mechanisms of PDGFRA activation. KSHV
encodes many viral oncogenes with potential to upregulate PDGF expression leading to
ligand-mediated PDGFRA activation. In fact, compared to a control uninfected tissue,
mECK36 tumors display very high levels of the PDGFRA ligands PDGFA and PDGFB
(Fig 2A). To determine whether a KSHV-linked mechanism of PDGF upregulation was
responsible for PDGFRA phosphorylation in mECK36 tumors and AIDS-KS lesions, we carried out an immunohistochemical analysis for phospho-PDGFRA, KSHV-LANA (latencyassociated nuclear antigen, a marker of KSHV infection), PDGFA and PDGFB. We found that
KSHV-LANA staining appears in areas corresponding to phosphorylated PDGFRA, as well as,
diffuse PDGFA and PDGFB expression in mECK36 tumors and in AIDS-KS lesions (Fig 2B
and 2C). To better visualize phospo-PDGFRA and LANA localization in mECK36 tumors we
performed double staining immunofluorescence analysis (IFA). As shown in Fig 2D phospho-
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Fig 1. Proteomic analysis of receptor tyrosine kinases in mouse KSHV-induced KS-like tumors shows activation of
PDGF receptor-alpha. (A) Mouse Phospho-Receptor Tyrosine Kinase (RTK) Array Kit used to quantify levels of
phosphorylation of 39 RTKs in mECK36 tumors pointing to major activation spot corresponding to PDGF receptor
alpha chain. (B) Bar graph and pie chart from densitometry for the higher-exposure blot are equally color coded for the
most prominent signals. (C) PDGFRA and phospho-PDGFRA (left panel) or c-KIT and phospho-cKIT (right panel)
determined in 3 different samples of Mouse Normal Skin and mECK36 tumors from 3 different mice by
immunoblotting.
https://doi.org/10.1371/journal.ppat.1007175.g001
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Fig 2. Phosphorylation of PDGFRA in mECK36 and KS tumors is associated with the presence of its PDGF ligands and localize to
areas of KSHV infection. (A) PDGFA, PDGFB and GAPDH determined in 3 different samples of Normal Skin and mECK36 tumors
from 3 different mice by immunoblotting. (B) Immunohistochemical staining of mouse KS-like mECK36 tumors for PDGFA, PDGFB,
LANA, and phospho-PDGFRA. Representative image of the FFPEs obtained from the mECK36 tumorigenesis experiment N = 5.(C)
Immunohistochemical staining of human KS biopsies for PDGFA, PDGFB, LANA, and phospho-PDGFRA. (D) IFA of mECK36
tumors for KSHV LANA (red) and phospho-PDGFRA (green). Cell nuclei were counterstained with DAPI (blue). White arrows
indicate cells that co-stain for LANA and p-PDGFRA.
https://doi.org/10.1371/journal.ppat.1007175.g002
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PDGFRA co-distributed with KSHV LANA supporting a link between KSHV infection and
PDGFRA activation.

KSHV Lytic switch in vivo and in vitro induces PDGF-mediated PDGFRA
activation
We next searched for mechanisms of PDGFRA signaling activation by KSHV. Previously published comparative analyses of mECK36 cells and tumors have shown that in this mouse
model KSHV tumorigenesis is in vivo-restricted, and occurs with concomitant upregulation of
KSHV lytic genes and angiogenic ligands/receptors [21]. We found that, compared to
mECK36 cells, mECK36 tumors displayed a robust upregulation of lytic genes RTA, vGPCR
and K8.1, which correlated with a 15 fold PDGFA and 5000 fold PDGFB upregulation (Fig
3A). Importantly, western blot analyses showed that along with these augmented levels of lytic
gene expression, PDGFA and PDGFB correlated with prominent PDGFRA phosphorylation
in tumor samples (Fig 3B), suggesting that it could be a result of lytic induction occurring during in vivo tumorigenesis. Moreover; we found activation of downstream signaling cascades
modulated by PDGFR including AKT and also STAT3, an oncogenic signaling cascade which
we previously found is potently activated by PDGF in mECK36 tumors [35] (Fig 3C). To assess
the capability of KSHV lytic induction to cause PDGF ligand upregulation, we used mECK36
cells stably transfected with tetracycline-inducible RTA, the KSHV replication transcriptional
activator gene that induces the switch from latency to lytic replication. This system was
recently employed to create the efficient iSLK KSHV production system [36]. As shown in Fig
3D, KSHV lytic induction, characterized by upregulation of the KSHV early lytic genes
vGPCR and the late lytic gene K8.1, occurred concomitantly with a marked upregulation of
PDGFA and PDGFB expression (Fig 3D). Taken together, these in vivo and in vitro results
show the existence of a mechanism for ligand-mediated activation of PDGFRA signaling triggered by KSHV lytic gene expression.

KSHV vGPCR can activate PDGFRA by upregulation of its ligands
Our results in vitro and in vivo indicate that KSHV lytic replication is associated with upregulation of PDGF ligands and PDGFRA activation. Among KSHV lytic genes implicated in KS
oncogenesis, KSHV vGPCR was shown to activate angiogenic factors and inflammatory cytokine expression in several KS models [16, 19, 20, 37]. In fact, shRNA silencing experiments in
our mECK36 system showed that vGPCR is critical for angiogenesis and KS-like tumorigenicity [21]. Therefore, we tested if vGPCR can induce the expression of PDGF ligands in KSHVinfected mECK36 cells in vitro. Long term cultures of mECK36 cells become tightly latent and
express negligible levels of vGPCR; thus, to study the effects of vGPCR expression in the context of KSHV infection and to mimic the robust vGPCR upregulation observed in mECK36
tumors (Fig 3A), we used a tetracycline-inducible vGPCR (TET-vGPCR) mECK36 cell line.
Using a RT-PCR panel that includes many angiogenesis-related genes, we found that upregulation of vGPCR increased the expression of few angiogenic genes. Yet, interestingly, among the
most upregulated angiogenic genes were the PDGFRA ligands PDGFB and PDGFA (Fig 4A).
PDGF mRNA upregulation was due to increased transcription, as shown by stimulation of a
PDGFB-Luc construct (Fig 4B). We previously found that vGPCR signals via Rac1 activation
of ROS production by NADPH oxidase (NOS) [35]. Since PDGFB is known to be a ROS-regulated gene [38], we used genetic tools to test if Rac1 was involved in vGPCR-upregulation of
PDGFB transcription. For this, we used a dominant-negative form of Rac1 (RacN17), which
blocked vGPCR stimulation of PDGFB transcription in a dose-dependent manner (Fig 4C).
Further evidence of Rac1 involvement in PDGFB upregulation was that a constitutively active
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Fig 3. KSHV-mediated PDGF upregulation and PDGFRA activation in mECK36 cells and tumors. (A) Fold-changes in
KSHV gene expression and PDGFRA ligands between mECK36 cells and mECK36 tumors determined by RT-qPCR in triplicate
and are presented as means ± SD.  P < 0.05. (B) Total and phospho-PDGFRA together with its ligands PDGFA and PDGFB
determined by immunoblotting in mECK36 cells (duplicate) and three mECK36 tumors from 3 different mice.(C) Total and
phospho-STAT3 together with Total and phospho-AKT were determined by immunoblotting in mECK36 cells (duplicate) and
three mECK36 tumors from 3 different mice.(D) Fold-changes in PDGFRA ligands and KSHV gene expression between
doxyxcyclin induced and un-induced mECK36 cells stably transfected with a Tet-inducible RTA were measured by RT-qPCR
after 24 hours of induction. Data were from three independent experiments carried out in triplicate and are presented as
means ± SD.  P < 0.05.
https://doi.org/10.1371/journal.ppat.1007175.g003
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007175 July 9, 2018
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Fig 4. KSHV vGPCR can activate PDGFRA by upregulation of its ligands PDGFA/B in mECK36 cells. (A) mRNA levels
determined by RT-qPCR of angiogenesis factors, cytokines and REDOX genes in Tetracycline-inducible vGPCR (TET-vGPCR) and
control mECK36 stimulated with doxycycline for 24 hours. Data were from three independent experiments carried out in triplicate
and are presented as means ± SD.  P < 0.05. (B) and (C) PDGFB-Luc promoter activity in 293T cells co-transfected with empty
vector (control), vGPCR, and either a constitutively activated Rac1 (RacQL) construct (B) or a dominant negative Rac1 (RacN17) (C).
Data were from three independent experiments carried out in triplicate and are presented as means ± SD.  P < 0.05. (D) Western
blot analysis for PDGFB of TET-vGPCR mECK36 cells induced with doxycycline for 24 hrs in the presence of Rac1 inhibitor
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EHT1864, the NOX inhibitor DPI, or the ROS scavenger NAC. (E) Phosphorylated and total PDGFRA levels of mECK36 cells
stimulated with conditioned media from TET-vGPCR mECK36 cells induced with DOX in the presence or the absence of Rac1, NOX
and ROS inhibitors. (F) PDGFB mRNA and vGPCR levels of cells in (D) determined by RT-qPCR. Data were from three independent
experiments carried out in triplicate and are presented as means ± SD.  P < 0.05.
https://doi.org/10.1371/journal.ppat.1007175.g004

Rac1 mutant (RacQL) was also able to increase the PDGFB-promoter activity (Fig 4B). To
determine if PDGF ligands secreted by KSHV-infected cells overexpressing vGPCR activate
PDGFRA signaling, we analyzed by western blot and tested the effect of conditioned media
from TET-vGPCR mECK36 cells in mECK36 cells. We found that only DOX-induced TetvGPCR mECK36 cells expressed the PDGFRA ligand PDGFB (Fig 4D). Consequently, we
found that only their supernatant induced phosphorylation of the PDGFRA receptor in
mECK36 cells (Fig 4E). This indicates that KSHV vGPCR could activate PDGFRA in an autocrine and/or paracrine manner through the secretion of PDGF.
We further established that the vGPCR-mediated upregulation of PDGF was driven by a
Rac1-ROS-NADPH oxidase (NOX) axis by the use of inhibitory drugs. Fig 4D–4F shows that
addition of the Rac1 inhibitor EHT1864, the NOX inhibitor diphenyleneiodonium chloride
(DPI), or the ROS scavenger NAC blocked vGPCR-mediated induction of PDGFB expression
in TET-vGPCR mECK36 cells without affecting vGPCR levels of expression. This indicates
that vGPCR induction of PDGFB requires Rac1 and NOX mediated ROS production. Taken
together these data point to vGPCR and its downstream oxidative signaling effectors as one of
the potential KSHV-driven mechanism for activation of PDGFRA through its ligands.

PDGFR activated ROS signaling stimulates angiogenesis, cell proliferation,
latent gene expression and tumorigenesis
Our results of Figs 2 to 4 show that a plausible mechanism of PDGFRA activation by KSHV
can be mediated through upregulation and secretion of its ligands. Therefore, to model the
oncogenic effects of PDGFRA signaling we treated cultured mECK36 cells with PDGFBB
and assessed oxidative signaling, proliferation and angiogenesis. We found that PDGFBB
stimulation of KSHV-infected mECK36 cells led to Rac1 activation which was counteracted
by the Rac1 inhibitor EHT1864 (Fig 5A). Both the Rac1 inhibitor, EHT1864, and the NOX
inhibitor, DPI, blocked ROS production triggered by PDGF, further showing the involvement of Rac1 and NOX in PDGFR induction of ROS (Fig 5B). Molecular analysis of
mECK36 cells treated with PDGF showed the upregulation of genes that control cell proliferation and angiogenesis, such as c-Myc, and the angiogenic and KS-growth factor vascular
endothelial growth factor (VEGFA), as well as the KSHV LANA. Such transcripts were regulated in a Rac1-and ROS-dependent manner as treatment with EHT1864, NAC, and DPI
blocked their induction by PDGFBB (Fig 5C). PDGFBB led to a general activation of KSHV
gene expression which included v-cyclin, v-FLIP, v-IL6, vGPCR and ORF8 (Fig 5D). Importantly, PDGF stimulation induced proliferation of mECK36 cells, which was inhibited by
NAC, DPI, and EHT1864 treatments (Fig 5E). ELISA analysis of PDGFBB-stimulated
mECK36 cells revealed increased levels of VEGF secretion, which was blocked by NAC, DPI,
and EHT1864, as well (Fig 5F). Taken together, these results point to a role for PDGF stimulation of PDGFRA oxidative signaling on the activation of angiogenesis, cell proliferation,
and viral gene expression in KSHV oncogenesis. In our prior attempt to rationally design
therapies for KS, we showed that by targeting oxidative signaling by NAC, we were able to
inhibit KSHV oncogenesis in the mECK36 model [35]. We showed that NAC treatment does
not affect the expression of key KSHV genes [35]; nevertheless, results of Figs 4 and 5 predicts that one of the possible mechanisms whereby NAC inhibits KSHV tumorigenesis is by
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Fig 5. PDGFR signaling drives proliferation and angiogenesis in mECK36 cells and tumors via a Rac1-ROS-NOX dependent
pathway. (A) Rac1 activation levels determined by a GTP-bound Rac1 pull-down assay/ Rac1 immunoblotting of mECK36 cells
treated with PDGF-BB in the presence or in the absence of Rac1 inhibitor EHT1864. (B) ROS production (superoxide) of mECK36
cells stimulated with PDGFBB. Rac1 inhibitor (EHT1864) or NOX inhibitor (DPI) were added before PDGF stimulation (C) mRNA
expression levels of c-Myc, VEGFA and KSHV LANA determined by RT-qPCR of mECK36 cells stimulated with PDGF-BB in the
presence of absence of Rac1 inhibitor EHT1864, ROS scavenger NAC, or NOX inhibitor DPI. Data were from three independent
experiments carried out in triplicate and are presented as means ± SD.  P < 0.05. (D) mRNA expression levels of KSHV v-Cyclin, vFLIP, v-IL6, vGPCR and ORF8 determined by RT-qPCR of mECK36 cells stimulated with PDGF-BB. Data were from three
independent experiments carried out in triplicate and are presented as means ± SD.  P < 0.05. (E) and (F) Proliferation (E) or VEGF
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secretion measured by ELISA (F) of mECK36 cells stimulated with PDGF-BB in the presence or absence of NAC, DPI or EHT1864.
Data were from three independent experiments carried out in triplicate and are presented as means ± SD.  P < 0.05. (G)
Phosphorylated and total PDGFR levels in NAC-treated and control mECK36 tumors were determined by immunoblotting. (H)
mRNA levels of PDGFs and PDGFRs in NAC treated and control mECK36 tumors were determined by RT-qPCR. Data were from
three tumors per treatment and are presented as means ± SD.  P < 0.05.
https://doi.org/10.1371/journal.ppat.1007175.g005

targeting the mechanism of PDGFRA activation and its downstream signaling, which are
both mediated by ROS[39]. To test this possibility, we carried out an immunoblotting analysis of the PDGFR in the shrinking tumors treated with NAC, which showed a reduction in
phosphorylation levels when compared to control-treated tumors (Fig 5G) Interestingly,
NAC-treated tumors displayed significantly reduced levels of both PDGF ligands and receptors (Fig 5H) indicating that NAC anti-tumorigenicity could be explained on the basis of its
ability to target PDGFRA expression as well as its activation.

Targeting PDGFRA signaling with RTK inhibitory drugs blocks KSHV
oncogenesis
The prominent activation of PDGFRA in KSHV-infected tumors and the data shown in
Fig 5 reinforces the concept supported by the promising results of the Imatinib trials [33,
34], indicating that the PDGFR pathway is an attractive target for drug therapy in KS.
To further validate our mECK36 animal model as a potential preclinical model to test
PDFGRA-targeted therapies to KS, we tested the efficacy of Imatinib Mesylate (Gleevec), a
FDA-approved Bcr-Abl, c-kit, and PDGFR inhibitor that showed tumor responses in Phase
I and II AIDS-KS clinical trials [33, 34], in the mECK36 tumorigenicity model. We found
that, as expected from the similarities between mECK36 tumors and KS [21], oral administration of Imatinib to mice bearing mECK36 tumors was anti-tumorigenic (Fig 6A). Furthermore, in agreement with our results of Fig 5 showing that PDGF signaling upregulates
VEGF in KSHV-infected cells, we found decreased VEGF mRNA levels in Imatinib-treated
tumors and cells (Figs 6B and S1). These findings point to Imatinib as both an anti-tumorigenic and an anti-angiogenic drug in the context of KSHV oncogenesis. Yet, we found that
even at the highest dose employed, Imatinib only partially inhibited PDGFRA phosphorylation and did not totally prevent mECK36 tumor growth (Figs 6D and 6A and S1). To
increase the tumoricidal effects we tested the poly RTK inhibitor Sunitinib [40], a drug
approved for renal cell carcinoma and tested in Phase I clinical trials for tumors in the context of HIV/AIDS [41]. Sunitinib has a higher inhibitory activity to PDGF receptor and
more anti-angiogenic activity since it is able to target VEGF receptors (S1 Table). We first
compared, in vitro, the potency of the drugs and their ability to inhibit PDGFR-induced cell
proliferation and VEGF secretion. As shown in supplementary Fig 1 Sunitinib displayed a
much more potent anti-proliferative and anti-VEGF effect that correlated with its ability to
completely block PDGFRA phosphorylation. As shown in Fig 6C, Sunitinib treatment of
mECK36 tumors showed a stronger anti-tumor effect than Imatinib, leading to a complete
inhibition of tumor growth, which occurred with complete blockage of PDGFRA phosphorylation (Fig 6D). Since Sunitinib can inhibit the VEGFRs and target neovascularization, we
analyzed Imatinib- and Sunitinib-treated tumors for the pan-endothelial (CD31) and lymphatic-endothelial (FLT4/ VEGF-R3) markers. We found that CD31 and VEGFR3-expressing microvessels were significantly decreased by all treatments (Fig 6E), and that Sunitnib
led to a stronger neo-vessel growth inhibition than Imatinib. Taken together our results
show that Sunitinib’s stronger PGFRA inhibition combined with its anti-angiogenic activity
leads to a more efficacious inhibition of mECK36 tumor growth.
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Fig 6. Multi tyrosine kinase inhibitors that can target PDGFRA block KSHV-mediated tumorigenesis. (A) Tumor growth curve
from mice with established subcutaneous mECK36 tumors treated with vehicle (PBS) or Imatinib (150 mg/Kg twice daily) by oral
administration. Data indicate mean tumor size ± SD (n = 10). (B) mRNA levels of VEGFA in Imatinib treated and control mECK36
tumors determined by RT-qPCR. (C) Tumor growth curve from mice with established subcutaneous mECK36 tumors treated with
vehicle (PBS) or Sunitinib (80 mg/Kg/day) by oral administration. Data indicate mean tumor size ± SD (n = 10). (D) Phosphorylated
and total PDGFR levels from Imatinib-treated, Sunitinib-treated and control mECK36 tumors determined by immunoblotting. (E)
IFA of frozen sections of Imatinib-treated, Sunitinib-treated and control tumors stained with pan-endothelial marker CD31 (red) or
lymphatic microvessel marker VEGFR3 (red). Nuclei were counterstained with DAPI (blue). Bar graphs show the relative intensity
signals of CD31 and VEGFR3 from 10 different fields.  P < 0.05.
https://doi.org/10.1371/journal.ppat.1007175.g006
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Maintenance of tumorigenesis in KSHV-ve mouse KS through PDGFRA
activating mutations
mECK36 cells represent a model of KSHV-dependent tumorigenesis. When mECK36 cells
lose the KSHV episome in vitro by withdrawal of antibiotic selection, they completely lose
tumorigenicity [21]. However, explanted mECK36 tumor cells that are forced to lose the
KSHV episome in vitro are tumorigenic (KSHV-ve mECK36) [35]. This is likely due to host
genetic alterations accumulated during in vivo tumor growth that can compensate for KSHV
tumorigenicity after loss of the KSHV episome. We found that KSHV-ve mECK36 tumors
were histopathologically and transcriptionally close to KSHV+ve mECK36 tumors, however
they produced tumors that were resistant to NAC treatment [35]. Since the PDGFRA activation axis appears to be essential in KSHV tumorigenesis, we compared the molecular and activation status of the PDGF-PDGFR axes in tumors induced by KSHV+ve and KSHV-ve cells.
Although both tumors displayed PDGFRA activation (Fig 7A and 7D), in the case of KSHVnegative tumors PDGFRA activation was extremely pronounced and occurred in the context
of a much lowered expression and production of the PDGFRA specific ligand PDGFA as
shown by western blot and IHC (Fig 7A and 7D). These results were also confirm by an ELISA
analysis to quantify the PDGF content of tumors (Fig 7C). To determine the impact of KSHV
infection in the levels of cytokines and angiogenic growth factors and receptors we employed a
growth factor array to compare KSHV+ve mECK36 with KSHV-ve mECK36 tumors. We
found a global upregulation of growth factors and their receptors in KSHV+ve mECK36
tumors (Fig 7E), including upregulation of PDGFA and PDGFB expression, bFGF, IGF,
VEGFs and its receptors 1,2 and 3. Yet; in spite of the upregulated levels of this paracrine and
angiogenic mediators and its receptors, they failed to displayed the very robust levels of receptor activation shown in Fig 1 for PDGFRA and PDGFRB, further reinforcing the idea of the
predominance of PDGFR oncogenic signaling in KSHV-infected KS-like tumors.
A likely explanations for the strong PDGFR phosphorylation in KSHV-negative tumors
could be the increased PDGFB ligand expression as well as the occurrence of oncogenic mutations that convey constitutive signaling, like those found in other PDGFRA-driven sarcomas
such as GIST [27, 28]. We therefore sequenced the full-length cDNA of PDGFRA and
PDGFRB in KSHV+ve and KSHV-ve mECK36 cells and their corresponding tumors.
PDGFRB was wild-type in all samples. PDGFRA was wild-type in KSHV+ve tumors and cells.
In contrast, KSHV-ve tumors and cells had a heterozygous D842V mutation in the tyrosine
kinase (TK) domain of the PDGF receptor alpha (Fig 7F). Interestingly, D842V is the most
common activating mutation of PDGFRA found in GIST [27], which occurs in the PDGFRA
activation domain that is a hot-spot for oncogenic mutations in many RTKs (Fig 7F), and was
found to confer Imatinib resistance in GIST [27, 42]. As shown in Fig 7G, KSHV-ve tumors
were indeed resistant to Imatinib. This data further support the idea that PDGFRA is an oncogenic driver in KSHV tumors. D842V mutations are known to also confer resistance to Sunitinib in GIST [43]. We speculated that since in the context of the mECK36 model, Sunitinib was
also potently anti-angiogenic, this activity might be sufficient to target PDGFRA D842Vdriven tumors. As shown in Fig 7E, D842V mutant KSHV-ve mECK36 tumors that were resistant to Imatinib showed sensitivity to Sunitinib, suggesting that concomitant multi-kinase
inhibition, including angiogenic receptors, might also be able to overcome drug resistance.

PDGFR signaling plays a necessary role in KSHV oncogenesis
The experiments with multi-kinase PDGFR-inhibitory drugs Imatinib and Sunitinib, show
that inhibition of PDGFR signaling correlated with an anti-tumor effect. To specifically establish a necessary role for PDGFR signaling in KSHV tumorigenesis, we devised a dominant
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Fig 7. Maintenance of tumorigenesis in KSHV-negative mECK36 tumors through PDGFRA activating mutations. (A)
Phosphorylated PDGFRA, total PDGFRA, PDGFA and PDGFB levels from KSHV+ve mECK36 and KSHV-ve mECK36 tumors
determined by immunoblotting. (B) mRNA levels of PDGFs and PDGFRs in KSHV+ve mECK36 and KSHV-ve mECK36 tumors
determined by RT-qPCR. Data are from three tumors carried out in triplicate and are presented as means ± SD.  P < 0.05. (C) ELISA of
Platelet-Derived Growth Factor AA (PDGF-AA) and Platelet-derived growth factor subunit BB (PDGF-BB) in KSHV+ve mECK36 and
KSHV-ve mECK36 tumor tissues. Data are from three tumors and are presented as means ± SD.  P < 0.05. (D) Immunohistochemistry
staining of KSHV+ve mECK36 and KSHV-ve mECK36 tumor tissues using antibodies against PDGFA, PDGFB, LANA, and phosphoPDGFRA. (E) Mouse Growth Factor Antibody Array used to detect 30 Mouse Growth Factors in KSHV+ve and KSHV-ve tumors. Data
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is presented as fold change expression between KSHV+ve mECK36 and KSHV-ve mECK36 tumor tissue. (F) Sequence alignment of the
hot spot region for oncogenic mutations in the activation domain of TKs. The D842V mutation in PDGFRA was only found in the
cDNA of tumorigenic KSHV-negative mECK36 cells. (G) Tumor growth curve from mice with established subcutaneous KSHVnegative mECK36 tumors treated with Imatinib (150 mg/Kg twice daily) or Sunitinib (80 mg/Kg/day) by oral administration. Data
indicate mean tumor size ± SD (n = 10).
https://doi.org/10.1371/journal.ppat.1007175.g007

negative (DN) strategy based on the classic approach published by Rusty Williams and collaborators [44, 45]. mECK36 cells were transfected with an EF1-driven, puromycin-resistant
expression vector encoding a TK domain-truncated DN form of PDGFRA and PDGFRB or an
insert vector control (Fig 8A). To test the biological ability of these DNs to affect PDGFR signaling and tumor growth, we assessed the ability of these DN mutants to block PDGF stimulation of PDGFR phosphorylation. We found that, as described in the original publication,
PDGFRB DN only blocked PDGFB stimulation but failed to block PDGFA stimulation (Fig
8B) [44, 45]. In contrast, the PDGFRA DN strongly inhibited both PDGFA and PDGFB signaling (Fig 8B). After a round of puromycin selection and EGFP cell sorting, DN or vector control
transfected mECK36 cells, which displayed similar viability and ability to grow in vitro, were
injected into nude mice. We found that both the control vector and the PDGFRB DN constructs displayed similar tumorigenicity as their parental mECK36 cells, giving rise to KSHV
+ve tumors at day 15 (Fig 8C). In stark contrast, cells transfected with the PDGFRA DN did
not grow tumors (Fig 8C). These inhibition results, in combination with the kinome results of
Fig 1A, conclusively show a critical involvement of PDGFRs in KSHV-induced tumorigenesis,
further supporting its candidacy as a KS oncogenic driver. This indicates that approaches that
fully and stably inhibit PDGFR-signaling could be successful therapeutic strategies in KS.

PDGFRA is expressed and phosphorylated in KSHV-infected spindle cells
of the majority of AIDS-KS biopsies
Our results in the mECK36 model provide strong evidence for the critical role that KSHVinduced activation of PDGFRA signaling has in KSHV tumorigenesis. These results suggest
that such a signaling pathway operating in KS lesions could be critical in tumorigenesis and as
a therapeutic target. To determine the prevalence of PDGFRA activation in AIDS-KS we
stained for KSHV LANA and phospho-PDGFRA in skin KS biopsies and controls contained
in a tissue microarray developed by the AIDS Cancer Specimen Repository (ACSR). We consistently found that in the majority of the cases, areas that stained strongly for phosphorylated
PDGFRA also stained for nuclear KSHV-LANA (exemplified in Fig 9A and quantified in table
of Fig 9E). This strong co-localization occurs in 59 out of 66 KS biopsies tested in this array.
Only 7 of the analyzed samples exhibited LANA+ve and phospho-PDGFRA-ve (Fig 9B),
while normal skin exhibited negative LANA staining and weak phospho-PDGFRA staining in
some areas (Fig 9C). Among other KS skin biopsies obtained through our Dermatopathology
service, we were able to find a few biopsies in which only a small percentage of phosphoPDGFRA+ve cells were LANA positive (Fig 9D). This can be explained on the basis of the existence of paracrine PDGFRA activation by KSHV infected cells. Taken together, our results
indicate that prominent PDGFRA phosphorylation occurs in KSHV-infected spindle cells of
most AIDS-KS tumors; suggesting that most AIDS-KS patients could be amenable for therapeutic interventions targeting this oncogenic mechanism.

Discussion
Using kinase proteomic arrays to rank host-signaling pathways activated in a mouse model of
KSHV tumorigenesis, we found that activated PDGF receptor-alpha (PDGFRA) is a
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Fig 8. Tyrosine-kinase truncated dominant-negative mutants of PDGFRA block KSHV tumorigenesis in mice. (A)
Structure of the truncated dominant-negative forms of PDGFRA and PDGFRB. (B) Phosphorylated PDGFR and total PDGFR
determined by immunoblotting in mECK36 cells transfected with dominant-negative forms of PDGFRA, PDGFRB, or empty
vector control stimulated with either PDGF-AA (80 ng/mL) or PDGF-BB (20ng/ml) for 10 min. (C) Tumor growth curve from
mice following subcutaneous injection of mECK36 cells transfected with dominant-negative forms of PDGFRA, PDGFRB, or
empty vector control. Data indicate mean tumor size ± SD (n = 10).
https://doi.org/10.1371/journal.ppat.1007175.g008

predominant oncogenic RTK in KS. We showed that KSHV can activate sarcomagenic
PDGFRA signaling through upregulation of PDGFs by KSHV lytic genes including vGPCR,
we show that blocking PDGFRA signaling is anti-tumorigenic and we show that PDGFRA is
prominently phosphorylated in KS (Fig 10).
Further refining of previous analyses that have highlighted many paracrine and autocrine
stimulatory pathways [3], we found in this study that PDGFRA activation accounted for the
dominant share of RTK activation of mouse-KS tumors, strongly pointing to PDGFRA as a
critical oncogenic driver. Nevertheless, it is relevant to mention that many RTKs, including
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Fig 9. PDGDRA phosphorylation is consistently found in spindle-cells of AIDS-Kaposi’s sarcoma lesions and
localizes to areas of KSHV infection. (A) Staining AIDS-KS biopsies from a ACSR tissue microarray (TMA) showing
that phospho-PDGFRA localizes to areas of LANA staining in two characteristic samples of the 59 out of 66 skin KS
tumors which were strongly phospho-PDGFRA+ve/ LANA+ve. (B) Example of one of the 7 phospho-PDGFRA-ve
(LANA+ve) AIDS-KS tumors of the TMA. (C) Normal control tissue from the TMA (skin). (D) Example of a KS tumor
with strong phospho-PDGFRA staining and a low percentage of LANA+ve cells. (E) LANA and phospho-PDGFRA were
scored from 0 to 3 depending on the signal strength of the antibody staining (bottom table) and total number of PDGFRA
+ve/LANA+ve (59) and PDGFRA-ve/LANA+ve (7) biopsies are shown over the 66 skin AIDS-KS biopsies analyzed (top
table).
https://doi.org/10.1371/journal.ppat.1007175.g009
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PDGFRB, VEGFRs and c-kit (Fig 1), were also phosphorylated, yet to a lesser extent, and
therefore, as suggested by the results of Fig 6, could also play an important role in KS tumorigenesis and angiogenesis.
The existence of a KSHV-induced, ligand-mediated mechanism for PDGFRA activation is
supported by immunohistochemistry staining of mECK36 and AIDS-KS lesions showing that
the areas staining for both KSHV-LANA and phospho-PDGFRA correspond with the detection of PDGFRA ligands PDGFA and PDGFB. The robust activation of PDGFRA signaling
observed in mECK36 tumors compared to mECK36 cells in vitro, and in AIDS-KS lesions may
be explained by the increased lytic gene expression found in vivo [21] also reported for a portion of KS lesions [46]. These mechanisms could be prominent during KSHV tumorigenesis
acting in a paracrine manner from either lytically or abortive-lytically KSHV-infected cells
that express PDGF upregulating oncogenes such as vGPCR [47] (Fig 10). PDGFRA activation
could be further enhanced through interactions operating in vivo, such as KSHV-induced
Notch activation, as well as other mechanisms that have been shown to upregulate PDGFR signaling, such as the E3 ubiquitin ligase ORF K5 [48] [3, 49]. Current experimental evidence
cannot sort out if PDGFs are exclusively secreted by lytically infected cells, which are profuse
in mECK36 tumors but are less prominent in established KS lesions where the majority of
spindle cells are latently infected.
Since vGPCR is a potent inducer of KS growth factors, we used a Tet-inducible vGPCR
construct to mimic the vGPCR-overexpression status of tumor forming mECK36 that display
a 160 fold up-regulation of vGPCR mRNA levels. We found that vGPCR upregulates PDGF in
mECK36 via a Rac1-NOX-ROS oxidative stress axis (Fig 10). In contrast to previous single
gene and knock-out studies [16, 19, 21, 22], vGPCR overexpression did not lead to strong
upregulation of VEGF mRNA in mECK36 cells. However, our results point to the enhancement of VEGF production downstream of PDGFRA signaling (see Fig 5) as a contributor to
angiogenicity (Fig 10). We could not use siRNA vGPCR silencing to overcome the limitations
of the vGPCR overexpression studies, because it is expressed at negligible levels in our current
long term mECK36 cultures which are predominantly latent. To establish a direct link between
vGPCR and ligand mediated PDGFRA activation we carried out experiments swapping Bac36
for Bac16 KSHV vGPCR-null mutants or its revertant. Paradoxically, long term cultures of
vGPCR-null mECK16 upregulated PDGFs and PDGFRA signaling showing that, as suggested
by our results; PDGFRA is a critical survival pathway that should be compensated even in the
absence of vGPCR signaling via a mechanism—whose elucidation lies outside the scope of the
present paper—that could be critical in maintenance of human KS lesions which are mostly
latently infected and not expressing vGPCR.
The involvement of the Rac1-NOX-ROS pathway in vGPCR upregulation of PDGFB and
in PDGFRA downstream signaling supports the role of oxidative stress in KSHV oncogenesis
[35, 50]. This is further corroborated by NAC inhibition of mECK36 tumorigenesis, which we
now show correlates with decreased levels of PDGF ligands, receptors and PDGFRA phosphorylation (Fig 5G and 5H). Moreover, in the absence of ROS, due to NAC neutralization,
phosphatases are fully active and can effectively counteract the activity of RTK such as
PDGFRA, which are known to require ROS for effective downstream signaling [39]. In previous studies we found that KSHV-ve mECK36 tumors were insensitive to NAC treatment and
we found that NAC resistance correlated with upregulation of members of the Rac1-NOX signaling pathway [35]. Our current results show that the observed up-regulation of oxidative
stress and NAC resistance, might be because KSHV-ve mECK36 tumors bears a PDGFRA activating D842V mutation (Fig 7), that is no longer dependent on the upregulation of the
PDGF-PDGFRA loop targeted by NAC (Fig 4). On the other hand, in KSHV+ve mECK36
tumors PDGFRA activation appears to be driven by a KSHV-mediated ROS-dependent

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007175 July 9, 2018

18 / 28

KSHV activation of PDGFRA drives Kaposi’s sarcomagenesis

Fig 10. KSHV-dependent and independent mechanisms of PDGFRA-driven sarcomagenesis. The upper panel describes
one possible PDGFRA activation mechanism supported by data from this paper: lytically or abortive-lytically infected KS cells
expressing vGPCR can drive sarcomagenesis by Rac1-NOX-ROS mediated upregulation of PDGF leading to PDGFRA
activation in latently infected cells that promotes proliferation and VEGF angiogenesis (paracrine oncogenesis). This
mechanism would be sensitive to Imatinib, which inhibits PDGFRA oncogenic signaling. The lower panels show in the left
panel; the scenario for non-viral sarcomas driven by ligand-mediated activation of PDGFRA (soft tissue sarcomas) which are
sensitive to Imatinib and to anti-PDGFRA antibody therapy [56]. The right panel shows the scenario for our KSHV-ve KSlike sarcomas driven by the PDGFRA D842V mutations—the most frequent PDGFRA mutation in GIST—which make these
tumors Imatinib-resistant.
https://doi.org/10.1371/journal.ppat.1007175.g010

upregulation and activation of PDGF. Taken together, our results point to ROS signaling as
critical for PDGFRA-driven oncogenesis, supporting the use of anti-oxidants as anti-KS agents
(Fig 10).
In accordance with the promising results of the Imatinib AIDS-KS trials [33, 34], pharmacological intervention of PDGFR-signaling in mECK36 KS-like tumors, indicate that it is critical for KSHV-induced tumorigenesis. We found that Sunitinib displayed more potent antitumor effects in mECK36 tumors than Imatinib, which correlated with the extent of inhibition
of PDGFRA phosphorylation achieved by the drugs (Fig 6). While Sunitinib is more active
against PDGFR than Imatinib, the latter is more selective for PDGFR when compared to
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VEGF receptors (S1 Table) (Shurer S., Personal Commun.). Thus, it is unlikely that Imatinib
inhibits angiogenesis by targeting VEGF receptors. The anti-angiogenic response obtained
with Imatinib is likely due to its ability to decrease VEGF levels in cells and tumors (see Figs 6
and S1), by targeting PDGF ability to upregulate VEGF (Figs 5 and S1), and with the described
pro-angiogenic activities of the PDGF family [51]. In the case of Sunitinib, it also has to do
with the known strong anti-VEGFR inhibitory activities of the drug (S1 Table) [52]. Antitumor effects of Imatinib due to inhibition of c-Kit cannot be ruled out, since c-kit has been
implicated in KSHV endothelial spindle cell transformation [53]. However, as our kinome
proteomic study and western blots of Fig 1 show, there is negligible activation of c-kit in our
KS model.
Our results point to a mechanism for PDGFRA activation in mECK36 tumors mediated by
KSHV genes. We found that mECK36 explanted from tumors that have lost KSHV, induced
tumorigenesis with very strong PDGFRA activation and low levels of PDGF-AA expression
and secretion (Fig 7). We found that in KSHV-negative mECK36 tumorigenic cells PDGFRA
display the activating mutation D842V, the most common PDGFRA mutation in GIST, which
confers constitutive RTK activity and resistance to Imatinib [27, 42]. The occurrence of the
D842V mutation among the host oncogenic alterations that compensate for KSHV-loss, and
the fact that it can override Imatinib inhibition of the KSHV-ve tumor growth, strongly supports the oncogenic driver role of PDGFRA signaling in these tumors (Fig 10).
We resorted to genetic PDGFRA-signaling blockade using a tyrosine kinase truncated
dominant negative mutant as a specific approach to suppress PDGFR signaling [44, 45]. The
fact that the DN PDGFRA totally impeded mECK36 tumorigenesis validates PDGFRA as an
oncogenic driver and it shows that approaches that fully and stably inhibit PDGFR-signaling
could be successful therapeutic strategies in KS. PDGFRA is also an oncogenic driver in many
non-viral sarcomas [27, 28]. Importantly, viral oncogenesis generally occurs with activation of
the same oncogenic pathways that are deregulated in non-viral cancers of the same cellular
lineage [12]. PDGF-driven activation of PDGFRA in synovial sarcomas [54] and activating
mutations of PDGFRA in GIST [27] parallel the activation of PDGFRA in KSHV-positive and
KSHV-negative mouse-KS, respectively. The fact that PDGFRA also drives non-viral sarcomas
highlights the importance of KSHV-dependent activation of PDGFRA in KS. Furthermore,
our findings provide a molecular basis to the histopathological classification of KS as true sarcomas (Fig 10).
The clinical relevance of our findings to KS is underscored by the analysis of AIDS-KS
tumor biopsies that showed co-distribution of phosphorylated PDGFRA to areas infected with
KSHV. Analysis of an AIDS-KS TMA showed strong phospho-PDGFRA staining in areas of
KSHV-infected LANA+ve spindle cells in ninety percent of the biopsies (Fig 9), indicating that
activated PDGFRA is consistently found in most skin AIDS-KS lesions. Sequencing of PDGFR
and c-kit exons did not reveal activating mutations in the KS lesions of the patients treated
with Imatinib (28), further suggesting that a KSHV-driven, PDGF-mediated mechanism
maybe responsible for activation of PDGFRA in KS. In the last Phase II trial, more than 50% of
patients benefited from Imatinib treatment [34]. This indicates that inhibition of PDGFR signaling has therapeutic benefit in AIDS-KS and further strengthens the idea that PDGFRA is an
oncogenic driver in KS. Moreover, the results obtained in our models with Sunitinib and with
dominant negative PDGFRA suggest that therapeutics approaches leading to complete inhibition of PDGFRA signaling can be highly efficacious in KS treatment.
The finding that a mutation occurring in KSHV-negative mouse-KS, which is known to
confer Imatinib resistance [27, 42], suggests that such mutations might confer Imatinib resistance in the AIDS-KS clinical trials [34]. Our sequencing results in KSHV+ve mECK36 tumors
as well as the AIDS-trial biopsies, together with other analyzed KS samples [55], showed a
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wild-type genotype for the PDGFRs and c-kit. Yet, classic Sanger sequencing is probably
unsuited to detect mutations that are not occurring in the majority of the cells. Even though
further genomic inquiry employing NGS approaches in KS is warranted, if the mutations
occur in a small percentage of cells, sequencing coverage may not be able to reveal the existence of mutations. Although in GIST, D842V mutations also confer resistance to Sunitinib
[43], in the context of the mECK36 model, Sunitinib was also able to inhibit the D842V mutant
tumors, suggesting that concomitant anti-angiogenic targeting might also be able to overcome
drug resistance. Importantly, a recent AMC sponsored trial has shown that Sunitinib is compatible with some HAART regimes [41]. These clinical studies and our current results warrant
further examination of the use of Sunitinib in AIDS-malignancies and in particular AIDS-KS.
A major breakthrough in targeted therapies for sarcomas is the recent FDA approval of an
anti-PDGFRA therapeutic antibody to treat soft tissue sarcomas [56]; which, as we show now
for the case of viral sarcomagenesis with KS, are also oncogenically driven by ligand activation
of the PDGFRA. The anti-PDGFRA antibody (Lartruvo/ Olaratumab) acts by blocking the
interaction of PDGFs with PDGFRA and has been shown to add a significant benefit to
patients receiving only doxorubicin, which in its liposomal form (Doxil) is a frontline therapy
to AIDS-KS. We postulate that the present results constitute a solid basis for similar clinical
studies for testing the benefit of Olaratumab in AIDS-KS patients receiving Doxil. PhosphoPDGFRA IHC in KS tumors would be a biomarker for response and it could also be used to
monitor drug activity in the KS tumors.
In summary, our results identify a KSHV-dependent-ligand mediated PDGFR activation
pathway that drives KS tumorigenesis. We found that this mechanism operates in human KS
and in our mouse model can be targeted therapeutically with NAC, Imatinib/Gleevec, Sunitinib or with dominant-negative genetic intervention to block tumorigenesis. We found that
host mutations in this pathway could confer resistance to PDGFR inhibition and should be
explored for improving treatment decision options. Taken together, our results identify and
validate the PDGFR activation axis as a key vulnerability and therapeutic target in KS (Fig 10).

Materials and methods
Cell culture and reagents
mECK36 cells were obtained and cultured as previously described [21]. HEK293T cells were cultured in DMEM medium with standard formulations. Doxycycline was purchased from Clontech (Mountain View, CA); N-acetyl-cysteine (NAC) and Rac1 inhibitor EHT1864 from SigmaAldrich (St. Louis, MO); Diphenyleneiodonium Chloride (DPI), AG490 from Calbiochem
(EMD Chemicals, Gibbstown, NJ); Groα and PDGF-BB from PeproTech (Rocky Hill, NJ); and
Imatinib and Sunitinib from LC Laboratories (Woburn, MA). Antibodies: p-PDGFR (Tyr751),
PDGFR, AKT, p-AKT, STAT3 and p-STAT3 and Rac1 were purchased from Cell Signaling
Technology (Danvers, MA); PDGFB and LANA from Abcam (Cambridge, MA), PDGFA from
Millipore (Billerica, MA); and p-PDGFRA (Y742) from R&D Systems (Minneapolis, MN).

Phospho-receptor tyrosine kinase (RTK) array
R&D Systems’ Mouse Phospho-Receptor Tyrosine Kinase (RTK) Array Kit (Catalog #
ARY014) was used to detect levels of phosphorylation of 39 RTKs in mECK36 tumors.

Mouse growth factor array
RayBiotech C-Series Mouse Growth Factor Antibody Array Kit (Catalog # AAM-GF-3-2), was
used to detect 30 Mouse Growth Factors in KSHV+ve mECK36 and KSHV-ve mECK36 tumors.
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ELISA
Soluble Platelet-Derived Growth Factor AA (PDGF-AA) and Platelet-derived growth factor
subunit BB (PDGF-BB) were determined using American Research Products ELISA kit (catalog # CSB-E17145m and CSB-EL017709MO).

Constructs
Tetracycline-inducible vGPCR construct (TET-vGPCR) was cloned into the TRIPZ vector
(Open Biosystems) using AgeI and ClaI restriction sites at the 5’ and 3’ ends, respectively. Tetracycline-inducible control vector (TET-RFP) was purchased from Open Biosystems. Expression constructs: vGPCR was cloned into pcDNA3 vector (Invitrogen, Carlsbad, CA) using
EcoRI and XhoI restriction sites; and Rac1QL (constitutively active) and Rac1N17 (dominant
negative) were cloned into pcDNA3 using KpnI and XhoI restriction sites. PDGFB-Luc construct was cloned from a 450 bp fragment of the human PDGFB promoter and cloned into
pGL2 vector (Promega, Madison, WI) using KpnI and HindIII restriction sites as previously
described [57].

Superoxide detection
DHE (Molecular Probes, Carlsbad, CA) staining was done as previously [35]. Briefly, serumstarved cells were incubated with DHE/HBSS at 10 μM for 30 min in a CO2 incubator at 37˚C
(dark conditions), in the presence of growth factors and inhibitors if required. Cells were then
washed 3 times with HBSS and images in the red channel were taken using a Zeiss ApoTome
Axiovert 200M microscope.

Luciferase reporter assay
HEK293T cells were transfected using Lipofectamine 2000 (Invitrogen). The renilla luciferase
plasmid pRL-TK (Promega, Madison, WI) was used as control for transfection efficiency.
Transfected cells were assessed for luciferase activity using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI).

Real-time quantitative PCR (RT-qPCR)
RNA was isolated with RNeasy Plus Kit (QIAGEN, Valencia, CA) with on-column DNase
treatment. 500 ng of RNA was transcribed into cDNA using Reverse Transcription System
(Promega, Madison, WI) according to manufacturer’s instructions. RT-qPCR was performed
using an ABI Prism 7000 Sequence Detection System (Applied Biosystems) with SybrGreen
PCR Master Mix (Quanta Biosciences). The following primer sets were used: GAPDH
(5’-ACCCAGAAGACTGTGGATGG-3’, 5’-CACATTGGGGGTAGGAACAC-3’); LANA
(5’-CCTGGAAGTCCCACAGTGTT-3’, 5’-AGACACAGGATGGGATGGAG-3’); c-Myc
(5’-CAACGTCTTGGAACGTCAGA-3’, 5’-TCGTCTGCTTGAATGGACAG-3’); VEGFA
(5’-AGCACAGCAGATGTGAATGC-3’, 5’-AATGCTTTCTCCGCTCTGAA-3’). In every
run, melting curve analysis was performed to verify specificity of products as well as water
and–RT controls. Data were analyzed using the ΔΔCT method as previously described [21].
Target gene expression was normalized to GAPDH by taking the difference between CT
values for target genes and GAPDH (ΔCT value). These values were then calibrated to the
control sample to give the ΔΔCT value. The fold target gene expression is given by the formula:
2–ΔΔCT.
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Rac1 activity assay
Serum-starved mECK36 cells were stimulated with PDGF-BB (40 ng/mL) for 10 min. Rac1
inhibitor EHT1864 (50 μM) was added to culture media 10 min before PDGF stimulation.
Rac1 pull-down assays were performed using the Rac1 Activation Assay Kit (Millipore, Billerica, MA) following manufacturer’s instructions. Cell lysates were pre-cleared with GST-agarose beads for 20 min at 4˚C. After removal of GST-beads, lysates were incubated at 4˚C for 60
min with p21-activated kinase 1-binding domain (PBD)-agarose beads, then washed four
times with MLB buffer and resuspended in 2x Laemmli buffer and resolved in a 12% SDSPAGE gel. GST-PBD bound active Rac1 (Rac1-GTP) was detected by immunoblotting using a
specific antibody against Rac1. Total Rac1 was detected by immunoblotting in samples from
corresponding cell lysates.

Immunofluorescence staining
Immunostaining was performed as previously described [21]. Briefly, cells and frozen sections
from tumors were fixed in 4% paraformaldehyde for 10 min, washed with PBS and permeabilized in 0.2% Triton-X/PBS for 20 min at 4˚C. After blocking with 10% FBS/PBS for 60 min,
samples were incubated with anti-CD31 (1:200 dilution, R&D Systems, Minneapolis, MN),
and anti-VEGFR3 (1:200 dilution, ImClone, New York, NY), anti-phospho-PDGFRA (1:30
dilution, R&D Systems, Minneapolis, MN) antibodies for 1 hour. After PBS washing, samples
were incubated with secondary antibody Alexa Fluor 555 for 1 hr (1:500 dilution, Molecular
Probes, Carlsbad, CA), washed and mounted with ProLong Gold antifade reagent with DAPI
(Molecular Probes, Carlsbad, CA). Images were taken using a Zeiss ApoTome Axiovert 200M
microscope. Image quantification was performed with Image (NIH). Immunohistochemistry
staining of human KS biopsies were made on discard pathological material.

Western blotting
Protein concentrations in cell and tumor lysates were quantified using the DC Protein Assay
(Bio-Rad, Hercules, CA). 20 μg of proteins were mixed with Laemmli buffer, boiled for 5 min,
resolved by SDS-PAGE and transferred to PVDF membranes (Bio-Rad Laboratories, Hercules,
CA). Membranes were blocked with 5% nonfat milk/PBS for 1 hr and incubated with primary
antibodies (4˚C, 16 hrs). After 3 TBS/Tween washes, membranes were incubated with HRPlabeled secondary antibodies (1:10,000 dilution, Promega, Madison, WI) for 1 hr at room temperature. Protein bands were developed using ECL Plus Detection Reagents (GE Healthcare,
Piscataway, NJ) and quantified by densitometry with QuantityOne software (Bio-Rad Laboratories, Hercules, CA). To analyze multiple proteins on the same membrane, membranes were
washed with Restore PLUS Western Blot Stripping Buffer (Thermo Scientific, Rockford, IL)
according to manufacturer’s protocol.

Animal studies
All mice were housed under pathogen-free conditions. Tumor studies were done in 4- to 6week-old nude mice obtained from the National Cancer Institute. Tumors were generated by
subcutaneous injection of mECK36 cells (3 x 105 cells) as previously described [21]. A group of
mice was treated with 40 mM N-acetyl-cysteine (NAC) in drinking water 2 weeks after tumor
inoculation (preventive modality) or when tumors were already established (treatment modality)[35] (see Fig legends). This NAC regimen assumes that the steady-state concentration of
NAC is 9.2 mM or 1.5 g/L NAC for a 20 g mouse [58]. The control group received regular
drinking water without NAC. Imatinib was administered at 150 mg/Kg/twice daily by oral
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gavage every 12 hrs [59] with a 200 μl volume per animal using 20 gauge gavage needles
(Cadence Science, Lake Success, NY). Sunitinib was administered at a 80 mg/Kg/day dose by
oral gavage, with a 200 μl volume per animal using 20 gauge gavage needles (Cadence Science).
Placebo animals received the same volume of vehicle. Tumor volumes were measured using a
caliper every 2 days and calculated using the following formula: [length (mm) × width (mm)2×
0.52][57].

Clinical tissue microarrays analysis
70 skin KS biopsies and controls were analyzed from an ACSR (The AIDS and Cancer Specimen Resource) tissue microarray. Immunohistochemistry of clinical tissue microarrays was
performed using a standard protocol of the Immunohistochemistry Laboratory of the Department of Pathology at the University of Miami. Antibody staining of p-PDGFRA from R&D
Systems (Minneapolis, MN) was diluted to 1:30 and LANA from Abcam (Cambridge, MA)
was diluted 1:40. The expression of p-PDGFRA and LANA were classified into three levels
depending on the signal strength.

Statistical analysis
Statistical significance of the data was determined using two-tailed Student’s t-test. A p-value
lower than 0.05 was considered significant. Statistical analysis was performed using Unistat Statistical Package for Microsoft Excel. All values were expressed as means ± standard deviation.

Ethics statement
The animal experiments have been performed under UM IACUC approval number 13–093.
The University of Miami has an Animal Welfare Assurance on file with the Office of Laboratory Animal Welfare (OLAW), National Institutes of Health. Additionally, UM is registered
with USDA APHIS. The Council on Accreditation of the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC International) has continued the University of Miami’s full accreditation.

Supporting information
S1 Fig. PDGF receptor inhibitors Imatinib and Sunitinib inhibit angiogenesis and cell proliferation in vitro. (A-B) Proliferation of serum-starved mECK36 cells stimulated with PDGF-BB
(40 ng/mL) in the presence of increasing concentrations of Imatinib (A) and Sunitinib (B) for 24
hs. (C-D) VEGF secretion of serum-starved mECK36 cells stimulated with PDGF-BB (40 ng/mL)
in the presence of increasing concentrations of Imatinib (C) and Sunitinib (D) was determined by
ELISA. (E-F) Phosphorylated (p-PDGFR, Tyr740/751) and total PDGFR levels of serum-starved
mECK36 cells stimulated with PDGF-BB (40 ng/mL) in the presence of increasing concentrations
of Imatinib (E) and Sunitinib (F) were determined by immunoblotting.
(TIF)
S1 Table. Activity of Imatinib and Sunitinib. Inhibitory data is expressed as IC50 in nM concentration.
(TIF)

Acknowledgments
We thank Dr. Brittany Ashlock, Dr. Howard Leung, and E. M. Duran for technical support
and advice. We would also like to acknowledge Carmen Perez, Department of Dermatology,

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007175 July 9, 2018

24 / 28

KSHV activation of PDGFRA drives Kaposi’s sarcomagenesis

for providing KS biopsies and Sakhi Philip, Department of Radiation Oncology, for her expert
assistance in imaging and analyzing immunohistochemistry images and Dr. George McNamara from the Imaging and Molecular core facility (DRI, University of Miami). We thank Dr.
Stephan Schurer of the Center of Computational Science at the University of Miami for analyzing published kinase activity data for this study. We would like to thank Santas Rosario, Darlah
Lopez Rodriguez and Vytas Dargis-Robinson for their technical support. We are thankful to
Drs Jae Jung, Pinghui Feng and Kevin Brulois for their generous gift of Bac16 Δ-vGPCR and
its revertant.

Author Contributions
Conceptualization: Lucas E. Cavallin, Qi Ma, Julian Naipauer, Sachin Gupta, Pascal J. Goldschmidt-Clermont, Enrique A. Mesri.
Data curation: Enrique A. Mesri.
Formal analysis: Lucas E. Cavallin, Qi Ma, Julian Naipauer, Sachin Gupta, Mani Kurian,
Paola Locatelli, Paolo Romanelli, Mehrdad Nadji, Enrique A. Mesri.
Funding acquisition: Pascal J. Goldschmidt-Clermont, Enrique A. Mesri.
Investigation: Lucas E. Cavallin, Qi Ma, Julian Naipauer, Mani Kurian.
Methodology: Lucas E. Cavallin, Qi Ma, Julian Naipauer, Sachin Gupta, Mani Kurian, Paola
Locatelli, Paolo Romanelli.
Project administration: Pascal J. Goldschmidt-Clermont, Enrique A. Mesri.
Validation: Lucas E. Cavallin, Paolo Romanelli, Mehrdad Nadji.
Writing – original draft: Qi Ma, Julian Naipauer, Pascal J. Goldschmidt-Clermont, Enrique
A. Mesri.

References
1.

Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, Knowles DM, et al. Identification of herpesvirus-like DNA sequences in AIDS-associated Kaposi’s sarcoma. Science. 1994; 266(5192):1865–9.
PMID: 7997879.

2.

Ganem D. KSHV and the pathogenesis of Kaposi sarcoma: listening to human biology and medicine.
The Journal of clinical investigation. 2010; 120(4):939–49. https://doi.org/10.1172/JCI40567 PMID:
20364091; PubMed Central PMCID: PMC2847423.

3.

Mesri EA, Cesarman E, Boshoff C. Kaposi’s sarcoma and its associated herpesvirus. Nature reviews
Cancer. 2010; 10(10):707–19. https://doi.org/10.1038/nrc2888 PMID: 20865011; PubMed Central
PMCID: PMC4721662.

4.

Dittmer DP, Damania B. Kaposi sarcoma-associated herpesvirus: immunobiology, oncogenesis, and
therapy. The Journal of clinical investigation. 2016; 126(9):3165–75. https://doi.org/10.1172/JCI84418
PMID: 27584730; PubMed Central PMCID: PMC5004954.

5.

Cavallin LE, Goldschmidt-Clermont P, Mesri EA. Molecular and cellular mechanisms of KSHV oncogenesis of Kaposi’s sarcoma associated with HIV/AIDS. PLoS pathogens. 2014; 10(7):e1004154. https://
doi.org/10.1371/journal.ppat.1004154 PMID: 25010730; PubMed Central PMCID: PMC4092131.

6.

Krown SE. Therapy of AIDS-associated Kaposi’s sarcoma: targeting pathogenetic mechanisms. Hematol Oncol Clin North Am. 2003; 17(3):763–83. PMID: 12852655.

7.

Nguyen HQ, Magaret AS, Kitahata MM, Van Rompaey SE, Wald A, Casper C. Persistent Kaposi sarcoma in the era of highly active antiretroviral therapy: characterizing the predictors of clinical response.
Aids. 2008; 22(8):937–45. https://doi.org/10.1097/QAD.0b013e3282ff6275 PMID: 18453853; PubMed
Central PMCID: PMC2730951.

8.

Labo N, Miley W, Benson CA, Campbell TB, Whitby D. Epidemiology of Kaposi’s sarcoma-associated
herpesvirus in HIV-1-infected US persons in the era of combination antiretroviral therapy. AIDS. 2015;
29(10):1217–25. https://doi.org/10.1097/QAD.0000000000000682 PMID: 26035321.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007175 July 9, 2018

25 / 28

KSHV activation of PDGFRA drives Kaposi’s sarcomagenesis

9.

Maurer T, Ponte M, Leslie K. HIV-associated Kaposi’s sarcoma with a high CD4 count and a low viral
load. The New England journal of medicine. 2007; 357(13):1352–3. https://doi.org/10.1056/
NEJMc070508 PMID: 17898112.

10.

Dittmer DP, Krown SE. Targeted therapy for Kaposi’s sarcoma and Kaposi’s sarcoma-associated herpesvirus. Current opinion in oncology. 2007; 19(5):452–7. https://doi.org/10.1097/CCO.
0b013e3281eb8ea7 PMID: 17762570; PubMed Central PMCID: PMC2855645.

11.

Sullivan RJ, Pantanowitz L, Dezube BJ. Targeted therapy for Kaposi sarcoma. BioDrugs: clinical immunotherapeutics, biopharmaceuticals and gene therapy. 2009; 23(2):69–75. https://doi.org/10.2165/
00063030-200923020-00001 PMID: 19489649; PubMed Central PMCID: PMC2707492.

12.

Mesri EA, Feitelson MA, Munger K. Human viral oncogenesis: a cancer hallmarks analysis. Cell host &
microbe. 2014; 15(3):266–82. https://doi.org/10.1016/j.chom.2014.02.011 PMID: 24629334; PubMed
Central PMCID: PMC3992243.

13.

Emuss V, Lagos D, Pizzey A, Gratrix F, Henderson SR, Boshoff C. KSHV manipulates Notch signaling
by DLL4 and JAG1 to alter cell cycle genes in lymphatic endothelia. PLoS pathogens. 2009; 5(10):
e1000616. Epub 2009/10/10. https://doi.org/10.1371/journal.ppat.1000616 PMID: 19816565; PubMed
Central PMCID: PMC2751827.

14.

Liu R, Li X, Tulpule A, Zhou Y, Scehnet JS, Zhang S, et al. KSHV-induced notch components render
endothelial and mural cell characteristics and cell survival. Blood. 2010; 115(4):887–95. Epub 2009/12/
08. https://doi.org/10.1182/blood-2009-08-236745 PMID: 19965636; PubMed Central PMCID:
PMC2815507.

15.

Sodhi A, Chaisuparat R, Hu J, Ramsdell AK, Manning BD, Sausville EA, et al. The TSC2/mTOR pathway drives endothelial cell transformation induced by the Kaposi’s sarcoma-associated herpesvirus G
protein-coupled receptor. Cancer cell. 2006; 10(2):133–43. https://doi.org/10.1016/j.ccr.2006.05.026
PMID: 16904612.

16.

Bais C, Santomasso B, Coso O, Arvanitakis L, Raaka EG, Gutkind JS, et al. G-protein-coupled receptor
of Kaposi’s sarcoma-associated herpesvirus is a viral oncogene and angiogenesis activator. Nature.
1998; 391(6662):86–9. https://doi.org/10.1038/34193 PMID: 9422510.

17.

Cesarman E, Mesri EA, Gershengorn MC. Viral G protein-coupled receptor and Kaposi’s sarcoma: a
model of paracrine neoplasia? The Journal of experimental medicine. 2000; 191(3):417–22. PMID:
10662787.

18.

Montaner S, Sodhi A, Ramsdell AK, Martin D, Hu J, Sawai ET, et al. The Kaposi’s sarcoma-associated herpesvirus G protein-coupled receptor as a therapeutic target for the treatment of Kaposi’s sarcoma. Cancer
research. 2006; 66(1):168–74. https://doi.org/10.1158/0008-5472.CAN-05-1026 PMID: 16397229.

19.

Yang TY, Chen SC, Leach MW, Manfra D, Homey B, Wiekowski M, et al. Transgenic expression of the
chemokine receptor encoded by human herpesvirus 8 induces an angioproliferative disease resembling
Kaposi’s sarcoma. The Journal of experimental medicine. 2000; 191(3):445–54. PMID: 10662790.

20.

Montaner S, Sodhi A, Molinolo A, Bugge TH, Sawai ET, He Y, et al. Endothelial infection with KSHV
genes in vivo reveals that vGPCR initiates Kaposi’s sarcomagenesis and can promote the tumorigenic
potential of viral latent genes. Cancer cell. 2003; 3(1):23–36. Epub 2003/02/01. PMID: 12559173.

21.

Mutlu AD, Cavallin LE, Vincent L, Chiozzini C, Eroles P, Duran EM, et al. In vivo-restricted and reversible malignancy induced by human herpesvirus-8 KSHV: a cell and animal model of virally induced
Kaposi’s sarcoma. Cancer cell. 2007; 11(3):245–58. https://doi.org/10.1016/j.ccr.2007.01.015 PMID:
17349582; PubMed Central PMCID: PMC2180156.

22.

Bais C, Van Geelen A, Eroles P, Mutlu A, Chiozzini C, Dias S, et al. Kaposi’s sarcoma associated herpesvirus G protein-coupled receptor immortalizes human endothelial cells by activation of the VEGF
receptor-2/ KDR. Cancer cell. 2003; 3(2):131–43. PMID: 12620408.

23.

Uldrick TS, Wyvill KM, Kumar P, O’Mahony D, Bernstein W, Aleman K, et al. Phase II study of bevacizumab in patients with HIV-associated Kaposi’s sarcoma receiving antiretroviral therapy. Journal of clinical oncology: official journal of the American Society of Clinical Oncology. 2012; 30(13):1476–83.
https://doi.org/10.1200/JCO.2011.39.6853 PMID: 22430271; PubMed Central PMCID: PMC3383119.

24.

Liu R, Gong M, Li X, Zhou Y, Gao W, Tulpule A, et al. Induction, regulation, and biologic function of Axl
receptor tyrosine kinase in Kaposi sarcoma. Blood. 2010; 116(2):297–305. https://doi.org/10.1182/
blood-2009-12-257154 PMID: 20442363; PubMed Central PMCID: PMCPMC2910613.

25.

Cheng F, Sawant TV, Lan K, Lu C, Jung JU, Gao SJ. Screening of the Human Kinome Identifies MSK1/
2-CREB1 as an Essential Pathway Mediating Kaposi’s Sarcoma-Associated Herpesvirus Lytic Replication during Primary Infection. Journal of virology. 2015; 89(18):9262–80. https://doi.org/10.1128/JVI.
01098-15 PMID: 26109721; PubMed Central PMCID: PMCPMC4542378.

26.

Morishita A, Gong J, Nomura T, Yoshida H, Izuishi K, Suzuki Y, et al. The use of protein array to identify
targetable receptor tyrosine kinases for treatment of human colon cancer. Int J Oncol. 2010; 37(4):829–
35. PMID: 20811704.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007175 July 9, 2018

26 / 28

KSHV activation of PDGFRA drives Kaposi’s sarcomagenesis

27.

Corless CL, Barnett CM, Heinrich MC. Gastrointestinal stromal tumours: origin and molecular oncology.
Nature reviews Cancer. 2011; 11(12):865–78. Epub 2011/11/18. https://doi.org/10.1038/nrc3143
PMID: 22089421.

28.

Taylor BS, Barretina J, Maki RG, Antonescu CR, Singer S, Ladanyi M. Advances in sarcoma genomics
and new therapeutic targets. Nature reviews Cancer. 2011; 11(8):541–57. https://doi.org/10.1038/
nrc3087 PMID: 21753790; PubMed Central PMCID: PMC3361898.

29.

Werner S, Hofschneider PH, Heldin CH, Ostman A, Roth WK. Cultured Kaposi’s sarcoma-derived cells
express functional PDGF A-type and B-type receptors. Experimental cell research. 1990; 187(1):98–
103. PMID: 2153568.

30.

Sturzl M, Roth WK, Brockmeyer NH, Zietz C, Speiser B, Hofschneider PH. Expression of plateletderived growth factor and its receptor in AIDS-related Kaposi sarcoma in vivo suggests paracrine and
autocrine mechanisms of tumor maintenance. Proceedings of the National Academy of Sciences of the
United States of America. 1992; 89(15):7046–50. PMID: 1323124; PubMed Central PMCID:
PMC49642.

31.

Roth WK, Werner S, Schirren CG, Hofschneider PH. Depletion of PDGF from serum inhibits growth of
AIDS-related and sporadic Kaposi’s sarcoma cells in culture. Oncogene. 1989; 4(4):483–7. PMID:
2541390.

32.

Koster R, Blatt LM, Streubert M, Zietz C, Hermeking H, Brysch W, et al. Consensus-interferon and
platelet-derived growth factor adversely regulate proliferation and migration of Kaposi’s sarcoma cells
by control of c-myc expression. The American journal of pathology. 1996; 149(6):1871–85. PMID:
8952524; PubMed Central PMCID: PMC1865356.

33.

Koon HB, Bubley GJ, Pantanowitz L, Masiello D, Smith B, Crosby K, et al. Imatinib-induced regression
of AIDS-related Kaposi’s sarcoma. Journal of clinical oncology: official journal of the American Society
of Clinical Oncology. 2005; 23(5):982–9. Epub 2004/12/02. https://doi.org/10.1200/JCO.2005.06.079
PMID: 15572730.

34.

Koon HB, Krown SE, Lee JY, Honda K, Rapisuwon S, Wang Z, et al. Phase II Trial of Imatinib in AIDSAssociated Kaposi’s Sarcoma: AIDS Malignancy Consortium Protocol 042. Journal of clinical oncology:
official journal of the American Society of Clinical Oncology. 2014; 32(5):402–8. Epub 2014/01/01.
https://doi.org/10.1200/JCO.2012.48.6365 PMID: 24378417; PubMed Central PMCID: PMC3912327.

35.

Ma Q, Cavallin LE, Leung HJ, Chiozzini C, Goldschmidt-Clermont PJ, Mesri EA. A role for virally
induced reactive oxygen species in Kaposi’s sarcoma herpesvirus tumorigenesis. Antioxidants & redox
signaling. 2013; 18(1):80–90. Epub 2012/07/04. https://doi.org/10.1089/ars.2012.4584 PMID:
22746102; PubMed Central PMCID: PMC3503473.

36.

Myoung J, Ganem D. Generation of a doxycycline-inducible KSHV producer cell line of endothelial origin: maintenance of tight latency with efficient reactivation upon induction. Journal of virological methods. 2011; 174(1–2):12–21. https://doi.org/10.1016/j.jviromet.2011.03.012 PMID: 21419799; PubMed
Central PMCID: PMC3095772.

37.

Jensen KK, Manfra DJ, Grisotto MG, Martin AP, Vassileva G, Kelley K, et al. The human herpes virus 8encoded chemokine receptor is required for angioproliferation in a murine model of Kaposi’s sarcoma. J
Immunol. 2005; 174(6):3686–94. PMID: 15749907.

38.

Eyries M, Collins T, Khachigian LM. Modulation of growth factor gene expression in vascular cells by
oxidative stress. Endothelium: journal of endothelial cell research. 2004; 11(2):133–9. https://doi.org/
10.1080/10623320490482691 PMID: 15370072.

39.

Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel T. Requirement for generation of H2O2 for plateletderived growth factor signal transduction. Science. 1995; 270(5234):296–9. PMID: 7569979.

40.

Mendel DB, Laird AD, Xin X, Louie SG, Christensen JG, Li G, et al. In vivo antitumor activity of
SU11248, a novel tyrosine kinase inhibitor targeting vascular endothelial growth factor and plateletderived growth factor receptors: determination of a pharmacokinetic/pharmacodynamic relationship.
Clinical cancer research: an official journal of the American Association for Cancer Research. 2003; 9
(1):327–37. PMID: 12538485.

41.

Rudek MA, Moore PC, Mitsuyasu RT, Dezube BJ, Aboulafia D, Gerecitano J, et al. A phase 1/pharmacokinetic study of sunitinib in combination with highly active antiretroviral therapy in human immunodeficiency
virus-positive patients with cancer: AIDS Malignancy Consortium trial AMC 061. Cancer. 2014; 120(8):
1194–202. https://doi.org/10.1002/cncr.28554 PMID: 24474568; PubMed Central PMCID: PMC4038645.

42.

Heinrich MC, Corless CL, Demetri GD, Blanke CD, von Mehren M, Joensuu H, et al. Kinase mutations
and imatinib response in patients with metastatic gastrointestinal stromal tumor. Journal of clinical
oncology: official journal of the American Society of Clinical Oncology. 2003; 21(23):4342–9. https://doi.
org/10.1200/JCO.2003.04.190 PMID: 14645423.

43.

Prenen H, Cools J, Mentens N, Folens C, Sciot R, Schoffski P, et al. Efficacy of the kinase inhibitor
SU11248 against gastrointestinal stromal tumor mutants refractory to imatinib mesylate. Clinical cancer

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007175 July 9, 2018

27 / 28

KSHV activation of PDGFRA drives Kaposi’s sarcomagenesis

research: an official journal of the American Association for Cancer Research. 2006; 12(8):2622–7.
https://doi.org/10.1158/1078-0432.CCR-05-2275 PMID: 16638875.
44.

Ueno H, Colbert H, Escobedo JA, Williams LT. Inhibition of PDGF beta receptor signal transduction by
coexpression of a truncated receptor. Science. 1991; 252(5007):844–8. Epub 1991/05/10. PMID:
1851331.

45.

Ueno H, Escobedo JA, Williams LT. Dominant-negative mutations of platelet-derived growth factor
(PDGF) receptors. Inhibition of receptor function by ligand-dependent formation of heterodimers
between PDGF alpha- and beta-receptors. The Journal of biological chemistry. 1993; 268(30):22814–
9. Epub 1993/10/25. PMID: 8226792.

46.

Hosseinipour MC, Sweet KM, Xiong J, Namarika D, Mwafongo A, Nyirenda M, et al. Viral profiling identifies multiple subtypes of Kaposi’s sarcoma. mBio. 2014; 5(5):e01633–14. https://doi.org/10.1128/mBio.
01633-14 PMID: 25249280; PubMed Central PMCID: PMC4173763.

47.

Chang HH, Ganem D. A unique herpesviral transcriptional program in KSHV-infected lymphatic endothelial cells leads to mTORC1 activation and rapamycin sensitivity. Cell host & microbe. 2013; 13
(4):429–40. https://doi.org/10.1016/j.chom.2013.03.009 PMID: 23601105; PubMed Central PMCID:
PMC3774835.

48.

Karki R, Lang SM, Means RE. The MARCH family E3 ubiquitin ligase K5 alters monocyte metabolism
and proliferation through receptor tyrosine kinase modulation. PLoS pathogens. 2011; 7(4):e1001331.
Epub 2011/04/15. https://doi.org/10.1371/journal.ppat.1001331 PMID: 21490960; PubMed Central
PMCID: PMC3072377.

49.

Cheng F, Pekkonen P, Laurinavicius S, Sugiyama N, Henderson S, Gunther T, et al. KSHV-initiated
notch activation leads to membrane-type-1 matrix metalloproteinase-dependent lymphatic endothelialto-mesenchymal transition. Cell host & microbe. 2011; 10(6):577–90. https://doi.org/10.1016/j.chom.
2011.10.011 PMID: 22177562.

50.

Ye F, Zhou F, Bedolla RG, Jones T, Lei X, Kang T, et al. Reactive oxygen species hydrogen peroxide
mediates Kaposi’s sarcoma-associated herpesvirus reactivation from latency. PLoS pathogens. 2011;
7(5):e1002054. Epub 2011/06/01. https://doi.org/10.1371/journal.ppat.1002054 PMID: 21625536;
PubMed Central PMCID: PMC3098240.

51.

Cao Y, Cao R, Hedlund EM. R Regulation of tumor angiogenesis and metastasis by FGF and PDGF
signaling pathways. Journal of molecular medicine. 2008; 86(7):785–9. https://doi.org/10.1007/s00109008-0337-z PMID: 18392794.

52.

Roskoski R Jr. Sunitinib: a VEGF and PDGF receptor protein kinase and angiogenesis inhibitor. Biochemical and biophysical research communications. 2007; 356(2):323–8. https://doi.org/10.1016/j.
bbrc.2007.02.156 PMID: 17367763.

53.

Moses AV, Jarvis MA, Raggo C, Bell YC, Ruhl R, Luukkonen BG, et al. Kaposi’s sarcoma-associated
herpesvirus-induced upregulation of the c-kit proto-oncogene, as identified by gene expression profiling,
is essential for the transformation of endothelial cells. Journal of virology. 2002; 76(16):8383–99.
https://doi.org/10.1128/JVI.76.16.8383-8399.2002 PMID: 12134042; PubMed Central PMCID:
PMC155158.

54.

Ho AL, Vasudeva SD, Lae M, Saito T, Barbashina V, Antonescu CR, et al. PDGF receptor alpha is an
alternative mediator of rapamycin-induced Akt activation: implications for combination targeted therapy
of synovial sarcoma. Cancer research. 2012; 72(17):4515–25. Epub 2012/07/13. https://doi.org/10.
1158/0008-5472.CAN-12-1319 PMID: 22787122; PubMed Central PMCID: PMC3432680.

55.

Rossi G, Sartori G, Rusev BC, Sgambato A. Expression and molecular analysis of c-kit and PDGFRs in
Kaposi’s sarcoma of different stages and epidemiological settings. Histopathology. 2009; 54(5):619–
22. https://doi.org/10.1111/j.1365-2559.2009.03270.x PMID: 19302534.

56.

Tap WD, Jones RL, Van Tine BA, Chmielowski B, Elias AD, Adkins D, et al. Olaratumab and doxorubicin versus doxorubicin alone for treatment of soft-tissue sarcoma: an open-label phase 1b and randomised phase 2 trial. Lancet. 2016; 388(10043):488–97. https://doi.org/10.1016/S0140-6736(16)305876 PMID: 27291997; PubMed Central PMCID: PMCPMC5647653.

57.

Khachigian LM, Fries JW, Benz MW, Bonthron DT, Collins T. Novel cis-acting elements in the human
platelet-derived growth factor B-chain core promoter that mediate gene expression in cultured vascular
endothelial cells. The Journal of biological chemistry. 1994; 269(36):22647–56. PMID: 8077216.

58.

Gao P, Zhang H, Dinavahi R, Li F, Xiang Y, Raman V, et al. HIF-dependent antitumorigenic effect of
antioxidants in vivo. Cancer cell. 2007; 12(3):230–8. https://doi.org/10.1016/j.ccr.2007.08.004 PMID:
17785204; PubMed Central PMCID: PMC2084208.

59.

Greco A, Roccato E, Miranda C, Cleris L, Formelli F, Pierotti MA. Growth-inhibitory effect of STI571 on
cells transformed by the COL1A1/PDGFB rearrangement. International journal of cancer Journal international du cancer. 2001; 92(3):354–60. PMID: 11291071.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007175 July 9, 2018

28 / 28

