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Fibroblast Growth Factor Receptor-Dependent and -Independent
Paracrine Signaling by Sunitinib-Resistant Renal Cell Carcinoma
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Antiangiogenic therapies, such as sunitinib, have revolutionized renal cell carcinoma (RCC) treatment. However, a precarious
understanding of how resistance emerges and a lack of tractable experimental systems hinder progress. We evaluated the poten-
tial of primary RCC cultures (derived from tumors and tumor grafts) to signal to endothelial cells (EC) and fibroblasts in vitro
and to stimulate angiogenesis ex vivo in chorioallantoic membrane (CAM) assays. From 65 patients, 27 primary cultures, includ-
ing several from patients with sunitinib-resistant RCC, were established. RCC cells supported EC survival in coculture assays
and induced angiogenesis in CAM assays. RCC-induced EC survival was sensitive to sunitinib in half of the tumors and was re-
fractory in tumors from resistant patients. Sunitinib sensitivity correlated with vascular endothelial growth factor (VEGF) pro-
duction. RCC induced paracrine extracellular signal-regulated kinase (ERK) activation in EC which was inhibited by sunitinib in
sensitive but not in resistant tumors. As determined by fibroblast growth factor receptor substrate 2 (FRS2) phosphorylation in
fibroblasts, RCC broadly induced low-level fibroblast growth factor receptor (FGFR) signaling. Whereas ERK activation in EC
was uniformly inhibited by combined VEGF/platelet-derived growth factor (PDGF)/FGF receptor inhibitors, paracrine ERK
activation in fibroblasts was blocked in only a fraction of tumors. Our data show that RCC activates EC through VEGF-depen-
dent and -independent pathways, that sunitinib sensitivity correlates with VEGF-mediated ERK activation, and that combined
inhibition of VEGF/PDGF/FGF receptors is sufficient to inhibit mitogenic signaling in EC but not in fibroblasts.

herapies against tumors may be directed at tumor cells or non-

malignant components. Drugs like imatinib or gefitinib were
developed to target aberrantly activated growth factor signaling
kinases in tumor cells such as Abl or epidermal growth factor
receptor (EGFR). In contrast, sunitinib (Su) was developed to
inhibit growth factor receptor tyrosine kinases in endothelial cells
(EC) and pericytes, which are implicated in angiogenesis.

The most common malignant kidney tumors are renal cell car-
cinomas (RCCs), and the most common subtype is clear cell renal
cell carcinoma (ccRCC). In ccRCC, angiogenesis is directly acti-
vated as a consequence of mutations in the tumor cells. ccRCC is
characterized by von Hippel-Lindau gene (VHL) inactivation,
which is found in over 80% of tumors (1, 2). The VHL protein
(pVHL) is a component of a multisubunit ubiquitin ligase com-
plex (3-9) that targets hypoxia-inducible factor alpha (HIFa)
subunits for degradation (10-12). The loss of pVHL in tumors
stabilizes HIFa, leading to constitutive HIF activation and the
upregulation of HIF target genes, including the vascular endothe-
lial growth factor gene (VEGF), encoding an important angio-
genic factor (13). This may account, at least in part, for the vascu-
lar nature of ccRCC and may explain the unusual sensitivity of this
tumor type to antiangiogenic agents.

Tumor-induced angiogenesis may be specifically disrupted by
antagonizing ligands or receptors. VEGF activity is blocked by
neutralizing antibodies such as bevacizumab (14), while VEGF
receptors (VEGFRs) are inhibited by small-molecule ATP ana-
logues, including sunitinib. Antiangiogenic drugs such as bevaci-
zumab and sunitinib are routinely used in the clinic to treat ad-
vanced RCC. However, the benefit is modest and resistance
uniformly develops. Therapy that includes the use of bevacizumab
(in combination with alpha interferon) delays tumor progression
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by approximately 3 months compared to alpha interferon use
alone (15, 16), whereas sunitinib therapy delays progression by
approximately 6 months (17, 18). Unfortunately, the majority of
patients develop resistance within a year of treatment, and in a
small proportion of patients (10% to 20%) resistance occurs de
novo, prior to treatment (17, 18).

Little is known about how resistance to antiangiogenic agents,
which typically target EC, develops. In contrast, substantial ad-
vances have been made in our understanding of resistance to
drugs targeting cancer cells. Cancer cells evade targeted therapies
by multiple mechanisms. Drugs targeting receptor tyrosine ki-
nases may be rendered ineffective through mutations in (i) the
drug target, precluding drug binding, (ii) effector proteins down-

Received 1 April 2016 Returned for modification 9 April 2016
Accepted 26 April 2016

Accepted manuscript posted online 2 May 2016

Citation Tran TA, Leong HS, Pavia-Jimenez A, Fedyshyn S, Yang J, Kucejova B,
Sivanand S, Spence P, Xie X-J, Pefia-Llopis S, Power N, Brugarolas J. 2016.
Fibroblast growth factor receptor-dependent and -independent paracrine
signaling by sunitinib-resistant renal cell carcinoma. Mol Cell Biol 36:1836-1855.
doi:10.1128/MCB.00189-16.

Address correspondence to James Brugarolas,
James.Brugarolas@utsouthwestern.edu.

*Present address: Tram Anh Tran, Department of Pharmacology, Hamon Center
for Therapeutic Oncology Research, UT Southwestern Medical Center, Dallas,
Texas, USA; Blanka Kucejova, Advanced Imaging Center, UT Southwestern Medical
Center, Dallas, Texas, USA; Sharanya Sivanand, Perelman School of Medicine,
University of Pennsylvania, Philadelphia, Pennsylvania, USA; Patrick Spence, 1118
Savile Ln, McLean, Virginia, USA.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

July 2016 Volume 36 Number 13


http://dx.doi.org/10.1128/MCB.00189-16
http://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00189-16&domain=pdf&date_stamp=2016-5-2
http://mcb.asm.org

stream of the drug target, and (iii) signaling proteins in parallel
pathways (19). Understanding resistance has been greatly facili-
tated by the ability to model the process in vitro. Exposure of
tumor cells in culture to an inhibitor may result in the emergence
of resistant clones, and mechanisms of resistance seen in vitro
often reproduce those in patients (20-22).

Unlike cancer cells, EC are unlikely to undergo genetic altera-
tions and acquire mutations conferring resistance. EC respond to
paracrine stimulation from other cells, including cancer cells.
Thus, cancer cells may induce resistance in EC by altering the
microenvironment in which EC reside. The complex interaction
of EC and cancer cells poses a challenge for the study of antiangio-
genic resistance in vitro.

Various experimental approaches have been developed to
probe into the process of resistance to antiangiogenic agents.
Welti et al. screened a panel of growth factors for those that over-
came sunitinib-mediated inhibition of EC (23). Those authors
found that addition of exogenous fibroblast growth factor 2
(FGF2) to cultures of EC treated with sunitinib restored EC pro-
liferation. FGF2 was also identified as a putative mediator of re-
sistance to anti-VEGF signaling agents in a transgenic tumor
model involving the expression of a simian virus oncoprotein in
pancreatic 3-cells (24). Casanovas et al. showed that resistance to
anti-VEGFR2 antibodies correlated with FGF2 production and
that combined inhibition of VEGF signaling and fibroblast growth
factor (FGF) signaling was more effective. Both of those studies
showed that FGF2 confers resistance to VEGFR2 inhibitors, but
the role of FGF2 in sunitinib resistance in humans is unknown.

MATERIALS AND METHODS

Cell lines. 786-O, A498, and Caki-2 cell lines were obtained from the
American Type Culture Collection. Caki-1 cells were obtained from Os-
amu Ogawa from the Department of Urology, Kyoto University, Japan.
Monoclonal 786-O cell lines stably transfected with empty vector (RCC3)
or the wild-type VHL gene (WT8) were gifts from William G. Kaelin, Jr.,
Dana-Farber Cancer Institute, Boston, MA. 786-O cells were maintained
in RPMI 1640 (Life Technologies) supplemented with 20 mM HEPES (pH
7.4) and 0.5% glucose; A498 in minimal essential medium (MEM) with
Earle’s salts and 2 mM glutamine (Life Technologies); and Caki-1 and
Caki-2 in McCoy’s 5A medium (Life Technologies). HEK293 cells and
mouse embryonic fibroblasts (MEFs) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) with 4,500 mg/ml glucose, L-glu-
tamine, NaHCO3, and pyroxidine (Sigma). All media were supplemented
with 10% fetal bovine serum (FBS) (HyClone) and 1% penicillin/strepto-
mycin (P/S) (Sigma) unless otherwise specified. WT8 and RCC3 cells were
grown in the same medium used for 786-O supplemented with G418
(Sigma) (1 mg/ml). Human umbilical vein endothelial cells (HUVEC)
and human dermal microvascular endothelial cells (HDMEC) were pur-
chased from ScienCell Research Laboratories (Carlsbad, CA) and were
maintained in endothelial cell medium (ECM) (ScienCell Research Lab-
oratories; catalog no. 1001) on coated plates. Plates were coated with 0.5%
gelatin (Sigma) for 30 min and then with 20% FBS—phosphate-buffered
saline (PBS) (Sigma) for 30 min at 37°C. All cells were kept in a humidified
incubator (37°C, 5% CO,).

Primary RCC cell line generation and culture. Primary renal tumors
(or metastasis) from patients or mice were kept in transport medium
(MEM with Earle’s salts and 2 mM glutamine supplemented with 50
pg/ml of gentamicin [Life Technologies], 1% P/S, and 1% amphotericin B
[Fungizone] [Life Technologies]) and stored at 4°C for less than 24 h
before processing. Tissues were washed twice with 3 to 5 volumes of trans-
port medium, transferred to a 15-cm-diameter petri dish, and minced to
pieces <0.5 mm” in size. Subsequently, 15 ml of tissue digestion medium
(transport medium supplemented with 0.1 mg/ml collagenase [Sigma],
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0.1 mg/ml hyaluronidase [Sigma], and 20 .g/ml DNase I [Sigma; D5025])
was added. Tissues were incubated in a humidified incubator (37°C, 5%
CO,) for 1 to 2 h. Samples were transferred to 15-ml tubes and spun down
at 600 X g for 2 min. Pellets were washed with 5 ml of transport medium
and spun again. Pellets were resuspended and plated in primary RCC cell
medium. Primary RCC cell medium consisted of MEM with Earle’s salts
and 2 mM glutamine, 10 ng/ml EGF (Life Technologies), 1% MEM non-
essential amino acid (CellGro), 0.4 wg/ml hydrocortisone (Sigma), 1%
P/S, and 10% FBS. All cells were kept in a humidified incubator (37°C, 5%
CO,). The medium was changed every 3 days, and cells were split 1:2 as
necessary.

Pleural fluid was processed as soon as it became available. Fluid was
divided into aliquots in 50-ml tubes and spun at 600 X g for 5 to 10 min.
Cell pellets were resuspended in transport medium and then pooled in
one tube and spun again. Cells were plated in primary RCC cell medium.
The next day, medium was changed to remove red blood cells, and cell
maintenance procedures were similar to those used for the cells generated
from solid tissues.

Tumor graft treatment. Tumor graft experiments were performed as
previously described (25) except that mice were treated for 3 days to
examine the effect of sunitinib on different tumor cell types. Briefly, when
tumors reached 250 to 300 mm?® in size, mice were treated with vehicle
(Ve), rapamycin (LC Laboratories), or sunitinib (in the form of sunitinib
malate [LC Laboratories]). Rapamycin was administered by intraperito-
neal (i.p.) injection every 48 h at 0.5 mg/kg of body weight in a mixture
consisting of 5% ethanol, 5% polyethylene glycol 400 (PEG 400) (Sigma),
5% Tween 80 (Sigma), and 85% D5W (5% dextrose in water). Vehicle
(5% ethanol, 5% PEG 400, 5% Tween 80, 85% D5W) was administered by
i.p. injection every 48 h. Sunitinib was administered by oral gavage every
12 h at 10 mg/kg in 0.5% carboxymethyl cellulose (CMC; Sigma)-D5W.
Mice were sacrificed ~3 h after the last treatment, and tumors were col-
lected and flashed frozen in liquid nitrogen or fixed in 10% buffer forma-
lin phosphate (Fisher Scientific).

In vitro drug treatments and FGF2 neutralization. RCC cells were
plated at 2,000 cells per well in 96-well white clear-bottom plates (Fisher
Scientific). The next day, the medium was removed and replaced with
fresh medium containing vehicle (dimethyl sulfoxide [DMSO]; Sigma) or
sunitinib (1 wM). From the day 3 to day 6, cell proliferation was assessed
daily using a CellTiter-Glo kit (Promega) and a PolarStar plate reader
(BMG Labtech) according to the instructions of the manufacturers. A
similar experimental setup was used for HUVEC and HDMEC. ECM was
replaced by EC proliferation assay medium (M199 [Life Technologies]
with 10% FBS and 1% P/S)-containing vehicle, sunitinib (100 nM), or
dovitinib (LC Laboratories) (500 nM) without or with VEGF (Life Tech-
nologies) (100 ng/ml) and/or FGF2 (PeproTech) (50 ng/ml) as indicated.
To determine the 50% inhibitory concentration (IC5,) of dovitinib for
RCC cells, dovitinib was serially diluted in DMSO and cells were incu-
bated for 4 days and assayed as described above. To determine the ICs, of
dovitinib for HUVEC, cells were incubated with drug serially diluted in
DMSO in the proliferation assay medium supplemented with 50 ng/ml
FGF2 for 4 days and assayed as described above.

For FGF2 neutralization experiment, HUVEC were plated as de-
scribed above. However, only 10 ng/ml of FGF2 was used. Rabbit anti-
FGF?2 antibodies (PeproTech) or normal rabbit IgG (Santa Cruz Biotech-
nology) was added according to the recommendation of the manufacturer
at the same time as the growth factors and sunitinib.

Coculture assays. On day 1, HUVEC (EC) were plated at 1.5 X 10’
cells/well in 6-well plates, and RCC cells (or HEK293 cells) were plated at
10° cells/Transwell permeable support (Fisher Scientific) (0.4-pm pore
size). The next day, both EC and RCC cells were washed once with PBS,
and 2.5 ml of coculture medium (M199 with 1% P/S and 5% FBS) was
added to the EC. Transwell inserts were placed on 6 wells, and 1.5 ml of
coculture medium was added onto Transwell inserts. For drug treatment
experiments, coculture medium was supplemented with vehicle, sunitinib
(100 nM), or dovitinib (500 nM) as indicated. Cells were kept in a humid-
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ified incubator (37°C, 5% CO,) for 3 days. At the time of harvest, cell
culture supernatants were collected for enzyme-linked immunosorbent
assay (ELISA) and HUVEC numbers were counted using a hemocytom-
eter. The sensitivity was expressed as the ratio of HUVEC numbers in
cocultures treated with drug to those in cocultures treated with vehicle.
Sensitivity was determined using the ¢ test as described in the Statistics
section below.

ELISA. Levels of secreted VEGF and FGF2 in culture supernatants
were determined with Quantikine human VEGF and human basic FGF
immunoassay kits (R&D Systems) and a Spectra Max M5 plate reader
(Molecular Devices) according to the instructions of the manufacturers.

THC, immunofluorescence (IF), and IHC followed by IF (IHC-IF).
Immunohistochemistry (IHC) analyses were performed as described pre-
viously (26), and images were taken at X200 magnification using a Nikon
camera.

Primary RCC cells were grown in coverslips (Fisher Scientific), fixed
with 10% buffered formalin phosphate for 10 min, permeabilized,
blocked with 0.5% Tween 20 and 10% bovine serum albumin (BSA) in
PBS for 30 min, and incubated with the indicated primary antibodies
diluted with 1% BSA in PBS overnight (ON) at 4°C. All washes were
performed using PBS. Cy3-conjugated donkey anti-mouse or -rabbit
(Jackson ImmnoResearch Laboratories) antibodies were used as second-
ary antibodies. CAM5.2 (cytokeratin) (1:50) and PAX-2 (1:100) antibod-
ies were purchased from Becton Dickinson and Life Technologies, respec-
tively. Images were taken at X200 magnification.

A similar protocol was followed for ITHC-IF with the following chang-
es: antigens were retrieved by boiling in retrieving buffer (10 mM sodium
citrate, pH 6.0) for 30 min and cooling at room temperature for 30 min.
After washing and incubating in hydrogen peroxide, tissues were blocked
using 5% normal goat serum in Tris-buffered saline (TBS) with 0.1%
Tween 20 (TBST) (RPI Research Products). To detect phosphorylation of
S6, tissues were incubated with rabbit anti-phospho-S6 5240/244 (P-S6
§240/244; Cell Signaling) at a 1:100 dilution for 1 h at room temperature.
To detect phosphorylation of extracellular signal-regulated kinase (ERK),
tissues were incubated with rabbit anti-phospho-ERK T202/Y204 (Cell
Signaling) at a 1:50 dilution overnight (ON) at 4°C. After counterstaining
with hematoxylin was performed, tissues were blocked with 5% BSA in
TBST and then a rat anti-mouse CD31 monoclonal antibody (Dianova,
Germany) was added at a 1:50 dilution ON at 4°C. Washes were per-
formed using TBST. A Cy3-conjugated donkey anti-rat antibody (Jackson
ImmunoResearch Laboratories) was used to detect EC, and DAPI (4',6-
diamidino-2-phenylindole) (Sigma) (0.5 pg/ml) was diluted into the
mixture of secondary antibodies to detect nucleus. Images were taken at
X400 magnification using a Nikon camera. Adobe Photoshop CS2 soft-
ware was used for merging images and Image ] for analysis. The level of
phosphorylated S6 was expressed as a ratio of phospho-S6*CD31%/
CD317 cells. A similar approach was used for Phospho-ERK. Two mice
were used for each treatment, and for each mouse, 10 pictures of random
fields were taken. Typically, ~20 to 40 EC could be identified from each
field. Thus, for each treatment, 200 to 400 EC were typically examined.

Collection of conditioned media and EC stimulation. RCC cells were
grown until ~90% confluence, and then cells were washed with PBS once
and MEM with Earle’s salts and glutamine was added (no FBS [base me-
dium]). Cells were incubated for 2 to 3 days, and culture supernatants
were collected and filtered using a 0.2-pm-pore-size filter and then frozen
at —80°C until needed for stimulation of MEFs or HUVEC.

HUVEC were plated at 2 X 10° cell/well in 6-well plate and allowed to
grow to ~85% confluence. To perform RCC-conditioned medium
(RCC-CM) stimulation, cells were starved in the base medium supple-
mented with vehicle or the indicated drug, sunitinib (100 nM), dovitinib
(500 nM), or PD173074 (LC Laboratories) (50 nM), for ~4 h and then
stimulated with RCC-CM containing the corresponding drugs for 20 min.
As a negative control, cells were stimulated with base medium supple-
mented with the indicated drugs.

MEFs were plated at 1.5 X 10° cells/well in 6-well plates for ~24 h.
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Cells were starved in base medium in the presence of vehicle, sunitinib
(200 nM), dovitinib (1 wM), or PD173074 (LC Laboratories) (100 nM)
for ~20 h and then stimulated with RCC-CM containing the correspond-
ing drugs for 20 min. Negative controls for these experiments were similar
to those described for HUVEC above.

To perform stimulation using growth factors (insulin, VEGF, or FGF2
or both VEGF and FGF2), MEFs or EC (HUVEC or HDMEC) were plated
as described above. For EC, cells were starved for 1 h using stimulating
medium (M199 supplemented with 1% FBS and 1% P/S) containing ei-
ther vehicle or sunitinib. Then, cells were stimulated with VEGF alone or
in combination with FGF2 as indicated. To stimulate MEFs, cells were
plated and starved as described above and then stimulated with FGF2 (25
ng/ml), VEGF (50 ng/ml), or insulin (Sigma) (300 nM) for 20 min.

Western blot analysis. Western blot analyses of cell lysates were per-
formed as described previously (27). To make lysates from tumor tissue,
frozen tumor pieces (2 mm?) were alternately homogenized in lysis buffer
on dry ice and wet ice until no tissue could be seen (28). The homogenates
were passed through QIAshedder mini spin columns (Qiagen) twice, and
protein concentrations were determined using Bradford assay (Bio-Rad).
Lysates were boiled in the presence of sample loading buffer, and Western
blot analysis was performed. The following antibodies were purchased
from Cell Signaling Technology: phospho-S6 kinase (S6K) (T389), phos-
pho-S6 (S235/236 and S240/244), total S6, phospho-AKT (S473), total
AKT, and phospho-FRS2 (Y196). The following antibodies were pur-
chased from Sigma: phospho-ERK (T183/Y185), total ERK, and tubulin.

Quantitative RT-PCR (qRT-PCR). Total RNA from indicated cells
was isolated using an RNAeasy kit (Qiagen) according to the instructions
of the manufacturer. cDNA synthesis was performed using random hex-
amers from 1 pg of total RNA and Moloney murine leukemia virus (M-
MLV) reverse transcriptase (RT; Life Technologies). Because we did not
know which cell line expressed all of the growth factors of interest, we
pooled the total RNA from all cell lines to reach a final amount of 2 g and
used the pooled RNA to synthesize cDNA as described above. This cDNA
pool was used as the template to generate standards for all GFs by PCR.
GFs that could not be detected were evaluated using 2 or 3 additional
primer pairs. The sequences of the primers used for the reactions that gave
rise to the data shown (see Fig. 10) were as follows: for FGF1-F, CACAT
TCAGCTGCAGCTCAG; for FGF1-R, TGCTTTCTGGCCATAGTGA
GTGC; for FGF2-F, CTTCTTCCTGCGCATCCACG; for FGF2-R, CACAT
ACCAACTGGTGTATTTC; for FGF5-F, GCTGTGTCTCAGGGGAT
TGT; for FGF5-R, TGAAAACGCTCCCTGAACTT; for FGF6-F, CTACT
GCAACGTGGGCATCG; for FGF6-R, TGCTCAGGGCAATGTAGGTG;
for FGF7-F, GAAGACTCTTCTGTCGAACAGC; for FGF7-R, TATTGCC
ATAGGAAGAAAGTGG; for FGF9-F, GCAGCTATACTGCAGGACTG;
for FGF9-R, AATGCAACATAGTATCGCCTTG; for FGF10-F, GCATGT
GCGGAGCTACAATCAG; for FGF10-R, CTCTCCTTGGAGCTCCTTT
TCG; for FGF11-F, GAGGATACCAGCTCCTTCAG; for FGF11-R, CT
GCCTTGGTCTTCTTAACTC; for FGF12-F, GCACCCAGATGGTACC
ATTG; for FGF12-R, TTCTTGCTGGCGGTACAGTG; for FGF13-F, CT
GTACTTGGCAATGAACAGTG; for FGF13-R, CGTGAGATCGTGCAG
TGATG; for FGF18-F, ACTTCCTGCTGCTGTGCTTC; for FGF18-R, CT
TACGGCTCACATCGTCCG; for FGF20-F, GGTATCTTGGAATTCATC
AGTG; for FGF20-R, TCTGATGCCTCTTGGACCTG; for FGF22-F, TT
CTTCCTGCGCGTGGATC; for FGF22-R, TAGGTGTTGTGGCCGTT
CTGC; for HGF-F, AGCATGTCCTCCTGCATCTGC; for HGF-R, TGGTTT
TTATCTTCAGTGCTGG; for IL-8-F, CGGAAGGAACCATCTCACTG;
for IL-8-R, AGCACTCCTTGGCAAAACTG; for PPIB-F, GAGGAAAGA
GCATCTACGGTG; and for PPIB-R, GCTTCTCCACCTCGATCTTG.

Labeling of primary RCC cells and VHL reconstitution of 786-O
cells. Primary RCC cells were transduced with a lentivirus encoding cyto-
plasmic zsGreen (pLVX-ZsGreenl-Cl, Clontech) and selected with pu-
romycin (Sigma) (2 pg/ml) to generate fluorescently green versions of
each cell line prior to chorioallantoic membrane (CAM) implantation.
786-0 cells were reconstituted with either empty vector (EV) (pBabe-
hygro; plasmid database reference no. 392) or VHL (pBabe-hygro-HA-
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FIG 1 Sunitinib does not inhibit RCC cell proliferation or signaling. (A) Proliferation assays of the indicated RCC cell lines treated with vehicle (Ve) or sunitinib
(Su; 1 wM). Data are means * standard errors of the means (SEM); n = 4. RLU, relative luminescence units. (B and C) Western blot analysis of RCC cell lines
treated with Ve, rapamycin (Ra; 25 nM), or Su (10 uM) overnight (ON) (B) or of the indicated tumor grafts in mice treated with Ve, Ra, or Su for 3 days (C). (D)
Hematoxylin and eosin (H&E) staining and IHC analysis of the same tumors as those used for Western blotting in panel C (X100 magnification).

VHL; reference no. 618) using retroviruses followed by hygromycin selec-
tion (Life Technologies) (250 wg/ml). 786-O EV cells were labeled with
green fluorescent protein (GFP) by transfection with pIRES-eGFP-H2B
(catalog no. 585) using Lipofectamine Plus reagent (Life Technologies)
followed by fluorescence-activated cell sorter (FACS) analysis and selec-
tion using 2 pg/ml puromycin. 786-O VHL cells were labeled with
mCherry using a method similar to the GFP labeling method used for
786-0 EV cells except that the plasmid used for transfection was pIRES-
mCherry-H2B (catalog no. 584).
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Chicken chorioallantoic membrane implantation and drug treat-
ment. Ex ovo avian embryos were prepared and maintained as described
previously (29, 30), and cells were implanted at day 9 of embryonic devel-
opment. For primary cell implantation of 40 animals, 4 to 6 T175 cell
culture flasks of cells grown to 90% confluence were washed with PBS
twice, trypsinized (0.05% Trypsin-EDTA; Life Technologies), and pel-
leted at 200 X g for 10 min at room temperature. Supernatant was re-
moved and mixed with an equal volume of normal-growth Matrigel (Life
Technologies) and kept on ice until implantation into the CAM.
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To generate tumors, an autoclaved Whatman No. 1 filter paper disc ~ area of CAM, and the CAM was immediately placed back in the animal
(5-mm diameter) was placed onto the CAM and allowed to adsorb to the  incubator. Tumors were treated every other day by applying 10 pl (10
CAM for 1 min. The filter paper disc was quickly snap removed using M) of indicated drug directly over the implanted tumor. For 786-0O cells,
forceps, and then 10 pl of cell-Matrigel mix was quickly applied to affected ~ they were pretreated with sunitinib or vehicle overnight before implanta-
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tion using the same postimplantation treatment schedule as described
above. After 7 to 8 days postimplantation, the tumor take rate was deter-
mined by the presence of tumor growth in the CAM using a fluorescent
stereoscope (Lumar; Zeiss Inc.). To determine if vessels formed within the
tumor graft, 100 pl of dextran-Alexa Fluor 555 (Life Technologies) (0.1
pg/wl) was injected intravenously as described previously (30, 31).

Statistics. Pooled or Satterthwaite ¢ testing was used to calculate P
values when data showed equal or unequal variances, respectively. Corre-
lation coefficients were calculated using the Pearson or Spearman method
for data distributed normally or nonnormally, respectively. Fisher’s exact
test was used to calculate the P value for CAM experiments. SAS 9.3 for
Windows was used for statistical analysis.

Study approval. Tumor samples were obtained from patients provid-
ing written consent to a University of Texas Southwestern Medical Center
Institutional Review Board (IRB)-approved protocol allowing the use of
discarded surgical specimens for research. Tumor graft studies were ap-
proved by the University of Texas Southwestern Medical Center Institu-
tional Animal Care and Use Committee.

RESULTS
RCC tumor cells are resistant to sunitinib in vitro and in vivo.
While sunitinib was originally designed to inhibit VEGF and
platelet-derived growth factor (PDGF) receptors (32), sunitinib
also targets other receptor tyrosine kinases, such as KIT, RET, and
CSFIR (33). Thus, in addition to obstructing EC function and
neovascularization, sunitinib also directly inhibits tumor cells de-
pendent on these receptors. However, in contrast to other tumor
types, kinases are rarely mutated in ccRCC (34), and whether
sunitinib directly affects ccRCC cell growth is unclear (35-37).
To determine if sunitinib inhibits RCC cell proliferation, we
treated four established RCC cell lines (786-0, A-498, Caki-1, and
Caki-2) with sunitinib and evaluated their proliferation for 4 days.
Despite sunitinib administration at 1 wM, 10-fold-higher levels
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than the maximum concentration of drug in patients’ serum
(Cinax) (38), RCC cell proliferation was unaffected by the drug
(Fig. 1A). In addition, as assessed by the phosphorylation of ERK,
S6 kinase (S6K), and S6, there was no evidence of mitogen-acti-
vated protein kinase (MAPK) or mTORCI inhibition by sunitinib
(Fig. 1B). As a control, mTORCI was readily inhibited by rapa-
mycin (also called sirolimus, the active metabolite of temsiroli-
mus) at concentrations reached in plasma in patients (39) (Fig.
1B). Thus, sunitinib does not inhibit proliferation or growth fac-
tor signaling in RCC cells in vitro.

The use of cell lines is limited, however, by the acquisition of
mutations and copy number alterations (40). Some of these alter-
ations may directly affect angiogenic pathways, such as homozy-
gous deletions of the HIFIA gene (41). To study the effects of
sunitinib in a more physiologically accurate setting, we turned to
tumor grafts (tumors from patients directly implanted in mice;
also called patient-derived xenografts [PDX]). As we showed re-
cently, RCC tumor grafts preserve the architecture and molecular
signature of patient tumors, including gene expression levels,
DNA copy number alterations, and mutations (25). Using this
experimental system, we previously reported that, as in humans,
sunitinib inhibits RCC growth in mice (25). In these experiments,
tumor graft-bearing mice were treated with sunitinib (or erlo-
tinib, as a control) for ~28 days. Analyses of tumors at the end of
this time period showed mTORCI inhibition in tumor cells (25).
However, due to the long treatment period, we could not distin-
guish whether sunitinib directly inhibited tumor cells or whether
this was an indirect consequence of targeting the vasculature.

To evaluate the effects of sunitinib on tumor cells in vivo, we
(orthotopically) implanted ccRCCs from 2 patients in the kidney
of mice and studied the effects of sunitinib treatment after a short
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FIG 4 786-O cells form tumors on the chorioallantoic membrane (CAM) of chicken embryos in a VHL gene- and sunitinib-dependent manner. (A) Fluores-
cence image of a tumor generated from 786-O cells (labeled with GFP) implanted on CAM. Green, tumor cells; red, Alexa Fluor 555-dextran labeling blood
vessels. (B) Bright-field images of tumors on CAM using 786-O reconstituted with empty vector (Deficient) or VHL gene (Reconstituted). (C) Tumor take rates
of VHL gene-deficient and reconstituted 786-0O cells. (D) Bright-field and fluorescence images of 786-O-derived tumors on CAM treated with vehicle (Ve)
or sunitinib (Su). (E) Tumor take rates of 786-O cells treated with Ve or Su. (F) Area of 786-O tumors treated with Ve or Su. Data are means = SEM (n = 11

for Ve and n = 6 for Su). ¥, P < 0.05; **, P < 0.01.

interval. Tumor graft-bearing mice were treated with sunitinib
every 12 h by gavage at 10 mg/kg to achieve drug exposures similar
to those observed in humans (25). For these experiments, tumors
were collected at the end of 3 days. ERK or mTORCI was not
inhibited in any of the tumors as shown by Western blot analysis
(Fig. 1C). Similar results were observed by IHC, which allowed us
to evaluate the effects specifically on tumor cells (Fig. 1D). In
contrast, rapamycin, which was used as a control, suppressed
mTORCI in all the tumors (Fig. 1C and D). These data suggest
that sunitinib does not directly inhibit tumor cells and that the
effects of sunitinib on tumor cells may be indirect.

Sunitinib inhibits EC proliferation and signaling in vitro and
in primary orthotopic tumor grafts. We studied the effect of
sunitinib on EC using human umbilical vein endothelial cells
(HUVEC) and human dermal microvascular endothelial cells
(HDMEQC). It is well established, that growth factors are essential
for EC survival in culture (42, 43). VEGF stimulated EC to prolif-
erate, but sunitinib blocked this effect (Fig. 2A). Sunitinib also
inhibited AKT, ERK, and mTORCI1 activation by VEGF (Fig. 2B).

Next, we examined the effects of sunitinib on EC in vivo in our
tumor graft model. To specifically evaluate the effects of sunitinib
on EC, tumor grafts (after 3 days of treatment) were subjected
to IHC-immunofluorescence (IHC-IF). Tumor sections were
costained for EC markers and either phosphorylated ERK or S6,
and the number of positive EC per field was determined to assess
the extent of inhibition (Fig. 2C). Sunitinib inhibited ERK and S6
phosphorylation in EC in both tumor grafts, albeit to different
extents (Fig. 2D). S6 phosphorylation was also inhibited by rapa-
mycin in EC (Fig. 2D). Thus, whereas rapamycin inhibits both
tumor and EC, sunitinib appears to affect only EC.

Establishment of an in vitro assay to evaluate the cross talk
between RCC and EC. We attempted to model tumor-induced
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angiogenesis in vitro in coculture assays. Interestingly, established
RCC cell lines can contribute to the support of EC in coculture
assays (44—46). To further evaluate the role of RCC cell lines in
supporting EC, we set up coculture assays using a tumor cell line,
786-0, derived from a ccRCC with a frameshift mutation in the
VHL gene (47). EC and 786-O cells were grown in the same cham-
ber separated by a permeable membrane, in growth factor limited
medium (Fig. 3A). Asa control, we used HEK293 cells, which were
derived from a normal kidney. Over the course of 3 days, approx-
imately 40% of EC cocultured with HEK293 cells died (Fig. 3B). In
contrast, EC numbers were preserved in cocultures of 786-O cells
(Fig. 3B).

To probe further, we evaluated the effects of VHL gene recon-
stitution in 786-O cells. We compared WT8 cells, clones of 786-O
cells reconstituted with the wild-type VHL gene, to RCC3 cells
reconstituted with an empty vector (48). Interestingly, restoration
of pVHL in WT8 cells compromised their ability to support EC
(Fig. 3B and C). WT8 cells supported EC survival to an extent
similar to that seen with HEK293 cells (Fig. 3B). As expected, this
effect was accompanied by a substantial reduction in VEGF pro-
duction (Fig. 3C).

Next, we tested whether the survival effects of 786-O cells on

TABLE 1 Tumor take rates of 786-O cells depending upon on VHL
status and sunitinib treatment

Tumor take rate (%) (no. of samples

VHL status Treatment with tumors/total no. of samples)
Deficient Vehicle (n = 21) 81.0 (17/21)

Reconstituted ~ Vehicle (n = 9) 11.1(1/9)

Deficient Sunitinib (n = 21)  57.1 (12/21)
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TABLE 2 Tumor characteristics of samples giving rise to primary cultures”

Paracrine Signaling by RCC

Pathological Fuhrman Resistance to sunitinib
ID staging Source Histology % of sarcomatoid grade Pretreatment(s) in patients
T285 T3aNxMx Kidney Clear cell 0 3 No
T283 T3aNOMx Kidney Clear cell 0 3 No
T279 T3bNOMx Vein thrombus Clear cell 0 3 No
TG206 Brain met Clear cell NA No
TG250 T2aNOMx Kidney Clear cell 0 3 No
TG158 T3aNxMx Kidney Clear cell 5 3 No
T264 T3bNOMx Kidney Clear cell 0 3 No
TG144 T2aN1Mx Kidney Clear cell 0 4 No
TG185 Kidney Unclassified 0 No
TG142 T3aNxMx Kidney Clear cell 0 3 No
TG191 T3aNxMx Kidney Clear cell 0 3 No
TG143 T4NxMx Kidney Clear cell 95 4 No
TG180 Bone met Clear cell NA No
T249 T3aNOMx Vein thrombus Clear cell 0 3 No
TG26 Adrenal gland Clear cell NA No
TG169 T4N1Mx Kidney Unclassified NA Su Yes
TG127 T3aNxMx Kidney Clear cell 0 3 No Yes*
PF22 Pleural fluid Clear cell NA Su, Ev, Pa, So Yes
T258 T3aNOM1 Kidney Clear cell 15-20 4 No Yes*
T241 T3aNOM1 Kidney Clear cell 0 3 No
TG194 T3aNxMx Kidney Clear cell 0 3 No
T239 T1aNxMx Kidney Clear cell 0 2 No
T256 Kidney Prim. Mal. Neo. 0 No
T230 T2bN1Mx Kidney Papillary 0 No
PF114 Pleural fluid Clear cell 0 Su, Pa Yes
TG121 T1aNxMx Kidney Papillary 0 No
T255 T2aNxMx Kidney Chromophobe 0 No

“ List of samples giving rise to primary cultures. Samples are sorted according to their degree of sensitivity to sunitinib in coculture assays (see Table 3); samples resistant to
sunitinib are indicated with boldface characters. Cell lines exhibiting sunitinib resistance in patients were defined as (i) a line derived from a tumor in a patient whose tumor had
progressed on sunitinib or (ii) a line derived from a patient subsequently treated with sunitinib (after generation of the line) that exhibited tumor progression within 3 months of
treatment onset (indicated with an asterisk). ID, identifier; NA, not available; met, metastasis; Prim. Mal. Neo., primitive malignant neoplasm; Su, sunitinib; Pa, pazopanib; So,
sorafenib; Ev, everolimus; No, no pretreatment. When multiple treatments are indicated, they are displayed in the order in which they were administered.

EC could be blocked by sunitinib. Consistent with a previous re-
port (49), 786-0 cells failed to support EC survival in the presence
of sunitinib (Fig. 3D). As anticipated, this inhibition was not due
to a downregulation of VEGF secretion (Fig. 3D).

Establishment of an ex vivo assay to further evaluate the
cross talk between RCC and EC. To further evaluate the interac-
tion between RCC and EC, we established a second experimental
system using the chorioallantoic membrane (CAM) of chicken
embryos. On day 4 of chicken embryo development, the extraem-
bryonic membrane allantois fuses with the chorion to form the
CAM (50). This double-layered membrane has a rich vascular
network that is connected to the embryonic circulation (51).
Chicken CAM assays have been extensively used to study angio-
genesis (51), including tumor-induced vascularization (52, 53).
However, to our knowledge, this system has never before been
deployed for the study of tumor resistance to angiogenesis inhib-
itors.

To evaluate this system, we first assayed 786-O cells. First, we
determined if 786-O cells implanted on the CAM would form
tumors. To distinguish tumor tissue from host tissue, 786-O cells
were transduced to express cytoplasmic GFP (using a lentivirus;
see Materials and Methods). Implanted 786-O cells formed well-
vascularized tumors (Fig. 4A).

We next determined the dependency on VHL gene loss and
evaluated the vascularization and tumor engraftment rate of
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786-0 cells reconstituted with either empty vector (EV) or VHL
gene. Consistent with the coculture assays, VHL gene reconsti-
tution significantly reduced tumor vascularization (Fig. 4B).
We also observed a significant reduction in the tumor take rate
(Fig. 4C and Table 1).

Next, we examined whether sunitinib would suppress 786-O-
induced vascularization and tumor growth. Similarly to coculture
assays, sunitinib administration inhibited vascularization (Fig.
4D) and resulted in a lower take rate (Fig. 4E and Table 1). This
was associated with a significant reduction in the extent of the
tumor area (Fig. 4F). Together, these results established our co-
culture assay as a second assay suitable for the study of angiogenic
drug sensitivity in renal cancer.

Primary RCC cultures support EC survival in a tumor-de-
pendent manner. Next we asked whether tumors from patients
supported EC survival in vitro. We collected tumor samples from
65 patients and successfully generated 27 short-term primary cul-
tures. Most samples were derived from kidney tumors. There were
26 renal cell carcinomas: 21 with clear cell histology, 2 papillary, 2
unclassified, and 1 chromophobe. In addition, one cell line was
generated from a primitive malignant neoplasm (Table 2).

More than half of the RCC tumors were of high grade, and a
few contained sarcomatoid elements (Table 2). Twenty cell lines
were generated from tumors in the kidney; 2 from tumor thrombi;
1 from an adrenal gland metastasis; 1 from a brain metastasis; 1
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FIG 5 Evaluation of the effects of sunitinib on EC survival in coculture with primary RCC. (A) CAM5.2 and PAX-2 staining of 786-O and indicated primary RCC
cells; X200 magnification. (B) Tumor-induced EC survival correlates with secreted VEGF levels; R = 0.57 and P = 0.0028. (C) EC survival in cocultures. Data
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n = 6 for T241, n = 8 for TG121, n = 4 for PF22, and n = 6 for T239. *, P < 0.05; **, P < 0.01, ***, P < 0.001.

from a bone metastasis; and 2 from malignant pleural effusions
(Table 2). Some tumor samples were implanted orthotopically in
mice to generate tumor grafts. These tumor grafts reproduce the
characteristics of human tumors (25), and both tumors and tu-
mor grafts were used to generate primary cultures. Cell lines gen-
erated from tumor grafts are denoted with “TG” followed by a
number. Cell lines generated directly from patient tumors (either
primary tumors or metastases) are labeled with a “T” followed by
a number. Cell lines derived from malignant pleural fluid were
generated directly from the fluid without passage in mice, and the
corresponding samples are labeled with the letters “PF” followed
by the patient number. To assess whether the cells generated were
of renal epithelial origin, they were stained with two RCC markers,
CAMS5.2 (low-molecular-weight cytokeratin) (54) and the tran-
scription factor PAX-2 (55) (Fig. 5A).
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Among the patients whose tumors/tissues were collected for
this study, 3 had been previously treated and had had tumor
progression on sunitinib, and their samples were regarded as
sunitinib resistant. In addition, among the remaining 24 patients,
2 other patients subsequently treated with sunitinib (after their
samples were collected) were resistant to it (progression within
3 months). Overall, samples were obtained from 5 tumors re-
garded as sunitinib resistant (Table 2). In summary, sunitinib-
resistant lines were defined as (i) derived from a tumor in a
patient progressing to sunitinib (TG169, PF22, and PF114) or
(ii) derived from a tumor that had not been exposed to
sunitinib but from a patient who was subsequently treated with
sunitinib and whose tumor had progressed within 3 months of
treatment onset (TG127 and T258).

In preliminary experiments, we asked whether primary cul-
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tures could support EC survival, and we compared the results to
those of cocultures with 786-O and HEK293. The degree to which
primary cultures supported EC survival varied from sample to
sample. Overall, 10 lines supported EC to an extent similar to or
greater than that seen with 786-O cells (data not shown) whereas
the rest failed to support EC survival to the same extent. The most
active tumor was an unclassified RCC (TG185). Otherwise, the
lines most supportive of EC were from ¢ccRCC tumors. Perhaps
this should not have been unexpected, given the role of the VHL
gene in the regulation of angiogenic pathways.

Next, we explored whether a correlation existed between EC
support and VEGF secretion. Interestingly, VEGF secretion cor-
related well with tumor-induced EC survival (R = 0.57 and P =
0.0028) (Fig. 5B). Of note, the levels of VEGF detected by enzyme-
linked immunosorbent assay (ELISA) in cocultures were much (at
least 50-fold) lower than the levels of VEGF used in the EC cell
proliferation assays presented in Fig. 2A. Lower VEGF levels fur-
ther diluted in culture medium may explain the observation that
RCC cells could support only EC survival but not proliferation in
the coculture assays.

Sunitinib inhibits tumor-induced EC survival in a RCC-de-
pendent manner. We asked whether the effects of tumor cells on
EC survival were sunitinib sensitive. A tumor was defined as sen-
sitive if there was a statistically significant reduction in the EC
numbers in the sunitinib-treated versus vehicle-treated groups.
To normalize for differences in EC numbers across cultures,
where appropriate, results are expressed as a ratio (Su/Ve).
Sunitinib inhibited EC survival in 13 cocultures (Fig. 5C and Table
3). The degree of inhibition ranged between 30% and 80% (Table
3). Notably, EC survival was inhibited by sunitinib in both highly
EC-supportive and less-supportive tumors (data not shown).
Opverall, these data show that primary RCC cultures support EC
survival and that tumors can be divided into sunitinib-sensitive
and -insensitive tumor categories. Interestingly, among 14 lines
that were resistant, we found all 5 corresponding to RCC tumors
that were resistant in patients.

Testing sunitinib sensitivity using CAM assays. A subset of
the primary RCC cells (both sunitinib sensitive and sunitinib re-
sistant) was used to test for sunitinib sensitivity in CAM assays.
Like 786-O cells, these primary RCC cells were labeled with
zsGreen (to distinguish tumor cells from host tissue), and they
formed vascularized tumors (Fig. 6A). Overall, the tumor engraft-
ment rates were around 60%, with the exception of PF22 (21.6%)
(Table4). PF22 cells were isolated from pleural fluid, and that may
have reduced their ability to engraft and form solid tumors in the
CAM assays. Notably, sunitinib treatment significantly reduced
tumor engraftment rates for all the cell lines that had been shown
to be sensitive in coculture assays (Fig. 6B and Table 4). Those that
were resistant in coculture assays were also resistant in CAM as-
says. When tumors from sunitinib-sensitive lines formed in the
presence of the drug, those tumors were also smaller (Fig. 6C).
Opverall, there seemed to be good reproducibility across assays for
sunitinib sensitivity and resistance. These data also underscore the
critical role of neoangiogenesis for tumor development on CAM
assays. Specifically, the reductions in the tumor take rates and in
the size of tumors in the presence of sunitinib from cells that
support EC survival in a sunitinib-dependent manner suggest that
tumor development depends upon the ability of RCC cells to sus-
tain EC proliferation and productive angiogenesis. These data fur-
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TABLE 3 Response to sunitinib in cocultures”

Cell line sunitinib Su/Ve

sensitivity category ID ratio P value

Sensitive T285 (n = 3) 0.19 0.013
T283 (n = 3) 0.39 0.0019
T279 (n = 3) 0.42 0.010
TG206 (n = 13) 0.48 0.0005
TG250 (n = 3) 0.51 <0.0001
TG158 (n = 4) 0.57 0.0047
T264 (n = 4) 0.58 0.014
TG144 (n = 10) 0.60 0.0002
TG185 (n = 4) 0.61 0.0022
TG142 (n = 4) 0.62 0.0014
TG191 (n = 8) 0.67 0.027
TG143 (n = 3) 0.67 0.037
TG180 (n = 10) 0.73 0.0009

Resistant T249 (n = 4) 0.68 0.051
TG26 (n=2) 0.69 0.095
TG169 (n = 8) 0.70 0.17
TG127 (n = 10) 0.76 0.10
PF22 (n=4) 0.77 0.14
T258 (n = 4) 0.79 0.11
T241 (n = 6) 0.84 0.15
TG194 (n=4) 0.85 0.17
T239 (n = 6) 0.87 0.47
T256 (n = 4) 0.88 0.27
T230 (n = 2) 0.91 0.75
PF114 (n = 4) 0.94 0.79
TGI121 (n=8) 1.03 0.71
T255 (n = 4) 1.09 0.80

@ List of cell lines evaluated for sunitinib sensitivity in coculture assays with EC. Cell
lines are separated into categories of sensitive and resistant (based on P value) and
ranked within each group based on the Su/Ve ratio (ratio of EC numbers in RCC
cocultures in the presence of sunitinib or vehicle). Sunitinib-resistant cell lines are
indicated with boldface characters.

ther show that RCC development on CAM is intrinsically linked
to efficient angiogenesis.

Sunitinib sensitivity correlates with VEGF production. Next,
we explored whether a correlation existed between VEGF secre-
tion and sunitinib sensitivity. We evaluated the levels of secreted
VEGF as a function of sunitinib sensitivity. We found a significant
correlation between secreted VEGF levels and sunitinib sensitivity
(R=—0.73and P = 0.0008) (Fig. 7A). These results are consistent
with a model in which VEGF production by tumor cells promotes
EC survival in a sunitinib-dependent manner. We speculate that
tumors resistant to sunitinib produce other growth factors that
stimulate EC and consequently exhibit a lesser dependency on
VEGF.

We predicted that, if our hypothesis was correct, conditioned
medium (CM) from sunitinib-resistant RCC lines should be able
to sustain growth factor signaling in EC despite the presence of
sunitinib. First, we established that CM from all RCC lines in-
duced ERK phosphorylation (used as a readout for growth factor
receptor activation) in EC (Fig. 7B). Provocatively, sunitinib pre-
treatment blocked ERK activation in EC cultured with CM from
the sensitive but not from the resistant RCC lines (Fig. 7B). These
data suggest that mitogenic signaling in EC is dependent on VEGF
in sunitinib-sensitive lines but is independent of VEGF in the
resistant lines. Together with the findings that sunitinib sensitivity
correlated with VEGF secretion and that VEGF-induced ERK ac-
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tivation in EC is sunitinib sensitive (Fig. 7B), these data suggest
that whereas some RCC tumors induce angiogenesis through a
VEGF-dependent and sunitinib-sensitive pathway, others can ac-
tivate signaling independently of this mechanism.

Recombinant FGF2 is sufficient to overcome sunitinib ef-
fects on EC. One potential mechanism of resistance to sunitinib
involves fibroblast growth factor receptor (FGFR) signaling.
FGFRs are expressed in EC (56) and are not inhibited by sunitinib
(57, 58). FGFRs can be activated by FGFs, including FGF2, a po-
tent inducer of angiogenesis (56, 59). Building upon previous re-
sults (23), we found that recombinant FGF2 restored ERK activa-
tion in EC treated with sunitinib (Fig. 8A). Similarly, FGF2
restored proliferation of sunitinib-treated EC (Fig. 8B). This effect
was specific to FGF2 and could be blocked with FGF2 neutralizing
antibodies (but not an IgG control) (Fig. 8C). Thus, FGF2 is suf-
ficient to sustain mitogenic signaling and EC proliferation despite
the presence of sunitinib.

However, while FGF2 may contribute to the VEGF-indepen-
dent effect of RCC on EC, a correlation could not be found be-
tween sunitinib resistance and FGF2 production (Fig. 8D and E).
In addition, the effect of FGF2 on sunitinib resistance disappeared
when FGF2 concentrations were reduced to levels detected by
ELISA in cocultures with RCC cells (see Fig. 8D; data not shown).
We could not rule out, however, the possibility that the effective
concentration of FGF2 in the tumor microenvironment was sub-
stantially higher than that detected by ELISA. Furthermore, a role
for FGF2 in mediating sunitinib resistance was also suggested by
our finding that sunitinib induced FGF2 production, though the
changes were similar in the sunitinib-sensitive and -resistant RCC
cell lines (data not shown). Overall, these data show that FGF2 is
able to overcome sunitinib effects on EC, but its role in mediating
this effect in resistant RCC tumors remains to be fully elucidated.
FGF2 is not the only ligand that activates FGFRs, and we then
turned our focus to the receptors.

RCCs broadly induce FGFR signaling. To address the role of
FGEFR in sunitinib resistance, we evaluated the effects of dovitinib
(a VEGF and FGF receptor inhibitor) on ERK activation by con-
ditioned medium (CM). Interestingly, ERK activation was inhib-
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TABLE 4 Response to sunitinib treatment in CAM assays”

Tumor engraftment rate (%)
(no. of samples with tumors/
total no. of samples)

68.8 (11/16)

RCC cell line
TG206

Su/Ve
0.40

P value
0.037

Treatment

Vehicle
(n=16)

Sunitinib
(n=18)

27.8 (5/18)

TG158 Vehicle
(n=22)

Sunitinib
(n = 25)

59.1 (13/22) 0.042

28.0 (7/25)

Vehicle
(n=17)

Sunitinib
(n = 20)

TG185 64.7 (11/17) 0.022

25.0 (5/20)

Vehicle
(n=43)

Sunitinib
(n =28)

TG127 60.4 (26/43) 0.89 0.628

53.6 (15/28)

Vehicle
(n =37)
Sunitinib
(n=29)

PF22 21.6 (8/37) 1.000

24.1 (7/29)

T258 Vehicle
(n=27)

Sunitinib
(n=23)

63.0 (17/27) 1.04 1.000

65.2 (15/23)

TG121 Vehicle
(n=31)
Sunitinib
(n=21)
@ List of cell lines evaluated for sunitinib sensitivity in CAM assays. Cells are sorted
based on sunitinib sensitivity (see Table 3). Sunitinib-resistant cell lines (as determined
based on coculture assays) are indicated with boldface characters.

64.5 (20/31) 0.81 0.405

52.4 (11/21)
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ited by dovitinib in both sunitinib-sensitive and sunitinib-resis-
tant cultures (Fig. 7B). To further evaluate this finding, similar
experiments were performed with a second VEGFR/FGEFR inhib-
itor, PD173074. Like dovitinib, PD173074 uniformly inhibited
ERK in EC (Fig. 7B).

We sought to obtain more-direct evidence implicating FGFRs
in the activation of ERK by tumor cell CM. However, we could not
detect phosphorylation of FGFR or FRS2, an adaptor protein that
mediates FGFR signaling (60), in EC (data not shown). Further-
more, even with the addition of recombinant FGF2, no phospho-
FGEFR or FRS2 could be detected in EC (data not shown). This was
surprising, as FGF2 was able to induce EC proliferation (Fig. 8B)
and FGF2 effects were dovitinib sensitive (Fig. 9A). One explana-
tion is that our assays lacked the sensitivity needed for the detec-
tion of FGFR activation by CM in EC.

To study the potential of CM from RCC cells to activate
FGFRs, we turned to fibroblasts (mouse embryonic fibroblasts
[MEFs]). MEFs express FGFRs and were used to elucidate the
functional relationship of FGFR and FRS2 (61, 62). FRS2 is an
accepted readout for FGFR signaling, and in our system FRS2 was
activated by FGF2 but not by other growth factors such as VEGF
or insulin (Fig. 9B). We observed that, as for EC, the addition of
CM to MEFs resulted in ERK activation (Fig. 9C). Interestingly, in
every instance examined, RCC-CM induced FRS2 phosphoryla-
tion in MEFs (Fig. 9C). Pretreatment with either dovitinib or PD
compound blocked the activation of FRS2 by CM (Fig. 9C). Over-
all, these data suggest that RCCs secrete ligands (most likely FGFs)
that are able to induce FRS2 activation in other cell types.
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FIG 7 VEGF dependency for mitogenic signaling in EC from sunitinib-sensitive but not sunitinib-resistant tumors. (A) Correlation of VEGF levels and sunitinib
sensitivity (R = —0.73 and P = 0.0008). (B) Western blot analysis of HUVEC pretreated with Ve, Su (100 nM), dovitinib (Do; 500 nM), or PD173074 (PD; 50

nM) and then stimulated with conditioned media from the indicated RCC. “(S)” and “(R)” indicate sunitinib-sensitive and -resistant RCC lines, respectively. —
cells in the same base medium that was used to collect RCC-conditioned media.

The observation that CM from sunitinib-sensitive RCC lines
activated FGFR was unexpected. FGFR activation would have
been predicted to render these cell lines sunitinib resistant, at least
on the basis of results of experiments showing that FGF2 is suffi-
cient to overcome sunitinib effects. In some instances, it appeared
that the magnitude of FRS2 phosphorylation by CM from
sunitinib-sensitive lines was lower than that with sunitinib-resis-
tant lines, which could provide a potential explanation (Fig. 9C).
Alternatively, other signals may be required to cooperate with
FGFs, which may be secreted at low levels by RCC cells in vivo.
Independently of these considerations, our data also show that
RCC cells signal not only to neighboring EC but also to other
stromal cells, such as fibroblasts, which could also be implicated in
regulating angiogenesis.

Mapping the expression of FGFs in sunitinib-sensitive and
-resistant primary RCC cells. Because RCC cells uniformly acti-
vated FGFRs but no significant differences between sensitive and
resistant RCC cells in the levels of FGF2 were observed, we evalu-
ated other FGFs. In humans, there are 22 known FGFs, which we
evaluated by qRT-PCR. In addition, we also measured the expres-
sion of two other angiogenic factors, hepatocyte growth factor
(HGF) and interleukin-8 (IL-8). The expression levels of these
growth factors are shown in Fig. 10. While there is no common
FGF that is uniformly upregulated in sunitinib-resistant lines, we
found different sets of FGFs upregulated in different sunitinib-
resistant RCC lines (Table 5). However, some of these FGFs were
also upregulated in some of the sensitive lines. In addition, not all
FGFs bind FGFR1 and induce angiogenesis. Nevertheless, the up-
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FIG 8 FGEF?2 restores EC proliferation and signaling despite the presence of sunitinib, but FGF2 production does not correlate with sunitinib resistance
in RCC. (A) Western blot analysis of HUVEC or HDMEC pretreated with Ve or Su (100 nM) and stimulated with VEGF (50 ng/ml) or VEGF plus FGF2
(50 ng/ml). (B) Proliferation curves of HUVEC and HDMEC treated with Ve or Su in the absence or presence of VEGF (100 ng/ml) or FGF2 (50 ng/ml)
or both. (C) Neutralizing assay using anti-FGF2 antibodies to suppress the effect of FGF2. Data are means = SEM. n = 4 (for panels B and C). (D) FGF2
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1848 mcb.asm.org Molecular and Cellular Biology July 2016 Volume 36 Number 13


http://mcb.asm.org

Paracrine Signaling by RCC

B 4G B = VEGF FGF2 insulin
HUVEC Ve Su PD Ve SuPD Ve SuPD Ve Su PD
S
3 30000+ ®-FRS2
5
£
o
35000- Hlomecl ) '
[
-.% 200004
8 15000- ®-ssK_
o
$235/236
——- VEGFVe =—4&— VEGFFGF2Ve $240/244
~#- VEGFSu —A— VEGFFGF2Su

- FGF2 T285 (S) -

TG121 (R) T279 (S) - TG143 (S) TG26 (R)

®-FRS2

Ve Su Do PD Ve Su Do PD Ve Su Do PD Ve SuDo PD Ve Su Do PD

Ve Su Do PD Ve Do PD Ve Do PD Ve Do PD

(E==m==zzz2==Fz=zzcc== ===

- TG127 (R) TG169 (R) -

TG194 (R) T258 (R) PF114 (R) -

PF22 (R)

Ve Do PD Ve Do PD Ve Do PD Ve Do PD

®- FRSZ

Ve Do PD Ve Do PD Ve Do PD Ve Do PD Ve Do PD
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resistant;

regulation of different FGFs in different RCC lines does suggest
that FGFR signaling may play a role in RCC pathogenesis.

Dovitinib suppresses the effects of sunitinib-resistant RCC
cell lines on EC survival. Given that ERK activation in EC was
uniformly inhibited by both dovitinib and PD173074 (dovitinib/
PD173074), we hypothesized that tumor-induced EC survival
should be blocked by treatment with these inhibitors. We per-
formed coculture experiments with dovitinib. Dovitinib was used
at concentrations that did not affect RCC proliferation (the ICs, of
dovitinib for RCC cells is in the micromolar range [2.5 to 9 wM]
[data not shown]). Provocatively, dovitinib inhibited RCC-in-
duced EC survival in the majority of tumors (Fig. 11A and Table
6). All sunitinib-sensitive lines were sensitive to dovitinib, and
only one of the resistant lines examined was resistant to it (Fig.
11A and Table 6).

Next, we tested the effects of dovitinib on 3 sunitinib-resistant
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—, cells in the same base medium that was used to collect RCC-conditioned media.

RCC lines using the CAM assay. Dovitinib administration
reduced tumor engraftment rates (Fig. 11B and Table 7) and
inhibited the growth of all tumors (Fig. 11C). Overall, these
data show that dovitinib can block angiogenesis and EC prolif-
eration by sunitinib-resistant RCC cells.

FGFR-independent paracrine stimulation of fibroblasts by
RCC. Next, we examined the effects of dovitinib/PD173074 on
fibroblasts. Whereas dovitinib/PD173074 fairly consistently in-
hibited CM-induced FRS2 phosphorylation in fibroblasts, they
failed to uniformly downregulate ERK phosphorylation (Fig. 9C).
MEFs cultured with CM from several lines (i.e., T285, T258,
PF114, and PF22) failed to inhibit ERK phosphorylation in re-
sponse to dovitinib/PD173074. Notably, with one exception
(T285), all these lines were sunitinib resistant. In contrast,
dovitinib/PD173074 effectively blocked ERK activation mediated
by CM from sunitinib-sensitive lines (T279 and TG143). In these
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FIG 10 Expression of detectable FGFs, IL-8, and HGF in primary RCC cell lines. Results of qRT-PCR analysis of indicated growth factors normalized to PPIB.
Data are means * SEM (n = 2). PPIB, protein coding, peptidylprolyl isomerase B.
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TABLE 5 FGF expression in sunitinib-resistant RCC primary cultures”

Paracrine Signaling by RCC

RCC line
TG26 TG127 PF22 T258 T241 PF114 Ti21
GF or R/S
cytokine  ratio Pvalue R/S  Pvalue R/S  Pvalue R/S  Pvalue R/S  Pvalue R/S  Pvalue R/S  Pvalue
FGF1 626 24X10°° 1.94 0.013 382 200X 107° 11.6 0.028
FGF2 3.03 0.010 3.48  0.0035 645 3.6X107° 3.40 0.015
FGF5 9.89  0.0021 6.68 7.4X107°
FGF7 44.8  0.0028
FGF10 2.34  0.040
FGF11 526  0.031
FGF13 28.4  0.0041 2.14  0.0044 4.79  0.0067 155 23X1077
FGF18 4.8 0.036
FGF20 3.12  0.026
FGF22 2.57 0.0082
HGF 8.14 0.0082 167 29X107° 416 0.02

@ R/S ratio, expression value of individual resistant line divided by the average of the expression values of all sensitive lines. There was no expression detected from FGF3, FGF4,
FGF8, FGF14, FGF16, FGF17, FGF19, FGF21, and FGF23. There was no observable increase for FGF6, FGF9, FGF12, or IL-8. GF, growth factor.

lines, ERK activation was coupled to the activation of FGFR (or of
another dovitinib/PD173074-sensitive receptor). In the second
group, where ERK was uncoupled, there was still phosphorylation
of FRS2 (indicating that FGFR were being activated), but FGFR
inhibition was not sufficient to suppress ERK activation. The sim-
plest explanation is that these tumors secrete additional growth
factors that are sufficient to support fibroblast proliferation. Inas-
much as there appeared to be a correlation between tumors which
showed sustained ERK activation despite dovitinib/PD173074
and sunitinib resistance, these paracrine mechanisms may confer
resistance to all of these drugs (dovitinib/PD173074 and
sunitinib). This notion may explain why dovitinib was not supe-
rior in a phase 3 trial to sorafenib (another VEGFR inhibitor,
which, like sunitinib, is approved for advanced RCC) (63).

Interestingly, in contrast to fibroblasts, where ERK inhibition
by dovitinib/PD173074 was variable, ERK phosphorylation was
consistently inhibited in EC regardless of the CM (Fig. 7B). These
data suggest that mitogenic signaling to EC by RCC involves, ex-
clusively, dovitinib/PD173074-sensitive receptors such as VEGF
and FGF receptors. In contrast, fibroblasts could be activated by
some tumors independently of dovitinib/PD173074, and these
pathways may contribute to resistance.

DISCUSSION

Here, we evaluate an important clinical problem: resistance to
drugs targeting angiogenesis. Using approaches that combine pri-
mary tumor cultures with target cells (EC and fibroblasts) or a
CAM assay, we provide insight into RCC paracrine signaling and
potential mechanisms of resistance.

Sunitinib was originally designed to inhibit cells expressing
platelet-derived growth factor receptors (PDGFRs) and VEGFRs
(32); however, data concerning the cell types inhibited by
sunitinib in kidney cancer remain controversial (35-37). This
controversy results from a lack of appropriate experimental sys-
tems. Ideally, the effects of sunitinib on different cell types would
be analyzed in tumor biopsy specimens from treated patients.
However, this is challenging. To study how sunitinib acts, we de-
veloped several experimental systems, including in vitro stimula-
tion experiments using tumor cell conditioned medium, cocul-
ture assays, ex vivo CAM assays, and tumor grafts. Our data
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strongly suggest that sunitinib does not directly act on tumor cells.
Even at concentrations 10 times higher than the C,,,, in patients,
sunitinib did not affect mitogenic signaling or the proliferation of
RCC tumor cell lines. In addition, studies of the effect of sunitinib
administration on human RCC orthotopically implanted in mice
showed that at concentrations matching human exposures (25),
sunitinib does not inhibit tumor cells. We believe that inhibition
of mitogenic signaling in tumor cells over prolonged treatment
courses represents an indirect effect from reduced angiogenesis.

We show that primary RCC cultures from patient tumors sup-
port the survival of EC in vitro. The ability of RCC to support EC
survival in vitro was inhibited by sunitinib in approximately 50%
of tumors. We observed a correlation between sunitinib sensitivity
and ERK inhibition in EC. Sunitinib-sensitive tumors were unable
to sustain ERK phosphorylation in EC in the presence of the drug.
In contrast, sunitinib-resistant tumors uniformly sustained
ERK activation in EC despite the presence of sunitinib. While
such tests would not be easy to incorporate into clinical prac-
tice, our data suggest that ERK activation in EC cocultured with
tumor samples could serve as an indicator of sunitinib sensi-
tivity. Importantly, the sunitinib sensitivity seen in cocultures
in vitro was reproduced by an independent CAM assay in vivo,
which highlights its reliability.

We also found a relationship between VEGF secretion and
sunitinib sensitivity. There is controversy in the literature as to the
role of VEGF in predicting tumor sensitivity to sunitinib. Plasma
VEGF levels do not appear to correlate with sunitinib sensitivity in
patients (64, 65). However, VEGF levels in plasma may not signify
VEGF production by the tumor, and other cells produce VEGF. On
the other hand, VEGF mRNA levels in tumors may correlate with
sunitinib responsiveness (66). While this approach focused on
mRNA rather than protein measurements, we show that the tumors
that produce largest amounts of VEGF are the most sensitive to
sunitinib in our assays. Our data suggest that tumor VEGF levels
could serve as a surrogate biomarker of sunitinib sensitivity in RCC
cells.

We show that RCC cells activate FGFR in both EC and fibro-
blasts. FGF2 was previously proposed as a mediator of anti-VEGF
therapy resistance (23, 24). FGF2 emerged from studies of resis-
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FIG 11 Suppression of RCC-mediated EC survival and tumor formation by dovinitib treatment. (A) Coculture assay testing the ability of dovitinib to suppress
EC survival by the different RCC lines. Data are means = SEM. n = 4 for TG144, n = 4 for TG158, n = 7 for TG206, n = 4 for TG127, n = 6 for TG169, n = 12
for TG121,n = 4 for T256,n = 3 for T241, n = 4 for T258, n = 4 for PF22, n = 4 for PF114, and n = 2 for T239. (B) Tumor take rates of sunitinib-resistant tumors
upon dovitinib treatment. See Table 7 for more details. (C) Bright-field and fluorescence images of a sunitinib-resistant RCC line (T258) after treatment with Ve,

Su, or Do. *, P < 0.05; **, P < 0.01, ***, P < 0.001.

TABLE 6 Sensitivity to dovitinib in cocultures®

RCC cell line according to
sunitinib sensitivity or

resistance Do/Ve ratio Pvalue

Sensitive
TG144 (n = 4) 0.37 0.0015
TG158 (n = 4) 0.37 0.0007
TG206 (n = 7) 0.38 <0.0001
T264 (n = 4) 0.42 0.0008
TG142 (n = 4) 0.45 0.0009
TG191 (n = 8) 0.52 0.0026

Resistant
PF22 (n = 4) 0.44 0.0005
PF114 (n = 4) 0.53 0.0023
T256 (n = 4) 0.54 0.0095
T249 (n = 4) 0.55 0.016
TGI127 (n = 4) 0.55 0.0003
TG169 (n = 12) 0.56 0.0053
TGI121 (n=12) 0.59 0.0006
T241 (n = 3) 0.60 0.030
T258 (n = 4) 0.76 0.044
T239 (n = 2) 0.95 0.79

“ List of cell lines evaluated for dovitinib sensitivity in coculture assays with EC. Cell
lines are ranked based on Do/Ve ratios (ratio of EC numbers in RCC cocultures in the
presence of dovitinib or vehicle). The single cell line resistant to dovitinib is indicated in
boldface characters.
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tance in a pancreatic B-cell transgenic tumor model expressing a
simian viral oncoprotein (24). A second study (23) showed that
FGF2 is sufficient to overcome sunitinib effects on EC. However,
neither study evaluated the role of this pathway in renal cancer.
We show that RCCs express a variety of FGFs and uniformly acti-
vate FGFR (as determined by the use of phospho-FRS2). Further-

TABLE 7 Dovitinib sensitivity in CAM assays”

Tumor engraftment rate (%)
(no. of samples with tumors/

RCC cell line Treatment total no. of samples)

TG127 Vehicle
(n = 43)
Dovitinib
(n=27)

Do/Ve
60.5 (26/43) 0.61

P value

0.085

37.0 (10/27)

T258 Vehicle
(n=27)

Dovitinib
(n = 25)

63.0 (17/27) 0.002

20.0 (5/25)

TG121 Vehicle
(n=31)

Dovitinib
(n=32)

64.5 (20/31) 0.49 0.012

31.2 (10/32)

Molecular and Cellular Biology

@ List of sunitinib-resistant cell lines evaluated for dovitinib sensitivity in CAM assays.
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more, FGFR activation likely contributes to the activation of ERK
in EC in a subset of tumors.

Interestingly, RCC signaled not only to EC but also to fibro-
blasts. In fact, RCC signaled to fibroblasts through dovitinib-sensi-
tive and -insensitive pathways. While RCC-induced ERK activation
was uniformly inhibited by dovitinib/PD173074 in EC, this was not
the case in fibroblasts. These data show that ERK activation by some
RCC in fibroblasts can occur independently of PDGF and FGF recep-
tors, which are inhibited by dovitinib and PD173074.

Our data suggest that RCCs may be broadly classified into 3
subtypes. One subtype (sunitinib sensitive) is characterized by
high VEGF production and VEGF-dependent (sunitinib and
dovitinib sensitive) activation of EC. A second subtype (sunitinib
resistant and dovitinib sensitive) is characterized by lower pro-
duction of VEGF but higher production of FGFs, resulting in
sunitinib-resistant/dovitinib-sensitive activation of EC and fibro-
blasts. A third subtype (resistant to both sunitinib and dovitinib)
produces at least one other growth factor able to activate fibro-
blasts (or other cell types) independently of dovitinib.

We previously showed that dovitinib had significantly higher
activity than sunitinib against human RCC in tumor graft-bearing
mice. These results are in contrast to the results of a phase I trial
of dovitinib in advanced ccRCC, where dovitinib was found to
have activity comparable to that of sorafenib (a VEGR inhibitor
like sunitinib) (63). The greater sensitivity to dovitinib of RCC in
mice could have several explanations. For example, some tumors
may be resistant to dovitinib in humans but not in mice, which
could result from the activation of stromal cells (or other cell
types) by RCC in humans but not in mice. In fact, there is a prec-
edent for this (i.e., human HGF fails to activate the cognate recep-
tor in mouse cells) (67-69). In addition, tumors in humans may
be able to recruit angiogenic cell types (70) whose levels may be
diminished in immunocompromised NOD/SCID mice. Notwith-
standing the results of experiments performed with tumor grafts,
another potential explanation for the results of the phase I1I trial is
a paucity of tumors in the second clade—that is, of tumors that
sustain EC and fibroblast activation in a sunitinib-resistant but
dovitinib-sensitive manner.

In summary, our results provide a foundation for under-
standing molecular mechanisms of resistance to antiangio-
genic agents and an experimental framework to further dissect
the pathways.
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