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Abstract: Sunitinib is used as standard treatment for metastatic or unresectable clear cell renal cell carcinoma
(ccRCC). However, ccRCC eventually develops resistance to sunitinib in most cases, and the mechanisms underly-
ing such resistance have not been fully determined. Nuclear receptors (NRs) are a class of transcription factors
that regulate many cellular functions by controlling gene expression, and they also play important roles in tumor
development, proliferation and progression in various types of cancers. In the present study, we aimed to explore
the mechanisms underlying sunitinib resistance in RCC and the potential role of NRs in sunitinib resistance. The
expression profile of NRs was obtained from the Gene Expression Omnibus (GEO) RNAseq database. A total of 138
patients from GSE65615 were examined in this study. From the GEO metadata, we found that the expressions
of three genes, encoding peroxisome proliferator activated receptor alpha (PPAR«), androgen receptor (AR) and
PPARy, were significantly increased in sunitinib-treated samples compared with control samples. RT-PCR analysis
showed that the PPARx expression at the mRNA level was significantly increased in sunitinib-resistant A498, CaKi-1
and 780-0 ccRCC lines compared with their sunitinib-sensitive parental cells. Furthermore, knockdown of PPARa
significantly inhibited cell proliferation in all three sunitinib-resistant ccRCC lines, successfully overcoming the resis-
tance to sunitinib. Our results also showed that nuclear factor kappa B (NF-kB) signaling pathway was activated in
sunitinib-resistant ccRCC lines, indicating that PPARa and NF-kB inhibition could play a synergistic role to modulate
sunitinib resistance and suggesting that PPAR« could be used as a potential target to overcome sunitinib resistance
via the NF-kB pathway.
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Introduction

As the 13th most common cancer worldwide,
renal cell carcinoma (RCC) is responsible for
about 2% of all malignancies in adults, with an
incidence that is increasing by 1.5%-5.9% per
year [1, 2]. In 2017, approximately 63,990 new
cases of renal cancer and 14,440 deaths from
the disease are expected in the United States
[3]. Clear cell RCC (ccRCC) is the most common
histologic type (70%-80%) of RCC [4]. Despite
developments in the diagnosis and treatment
strategies of RCC, one-third of RCC patients
present with metastatic disease at diagnosis
[5]. Metastatic disease is usually resistant to
radiotherapy and chemotherapy, and immuno-
therapy shows limited response rates of 15%-
20% in these cases [6]. Therefore, surgery re-
mains the only effective treatment for RCC.

However, approximately 20%-40% of RCC pa-
tients subjected to surgical nephrectomy will
develop metastasis [7].

Targeted therapies have become increasingly
available in recent years, showing considera-
ble promise for the treatment of ccRCC and
other malignancies. Sunitinib is a small mole-
cule inhibitor of multiple receptor tyrosine ki-
nases, including vascular endothelial growth
factor (VEGF) receptors (VEGFR-1, VEGFR-2 and
VEGFR-3), platelet-derived growth factor recep-
tors (PDGFR-a and PDGFR-[3), fms-related tyro-
sine kinase 3 (FLT3) and stem cell growth factor
receptors (KIT and RET) [8]. Sunitinib functions
by interfering with these cell signaling path-
ways, exhibiting anti-tumor and anti-angiogene-
sis activities. Sunitinib is currently considered
as a standard first-line treatment for metastatic
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ccRCC, resulting in longer overall survival (OS)
and progression-free survival compared with
patients treated with conventional drugs [9-
11]. Approximately 38% of patients with meta-
static RCC treated with sunitinib show signifi-
cant tumor control [12]. However, the prognosis
of non-responding patients remains poor, with
a mean OS of 14.5 months [12]. Furthermore,
despite the efficacy of sunitinib, ccRCC often
develops resistance to sunitinib, and the major-
ity of patients receiving sunitinib for treatment
of advanced ccRCC exhibit progressive disea-
se after 1 year of treatment [7]. Several hypo-
theses have been proposed regarding the
mechanism(s) underlying resistance to suni-
tinib, but the precise pathways remain largely
unexplored [13, 14].

PPARa (peroxisome proliferator activated re-
ceptor alpha) is a nuclear receptor (NR) that is
activated through ligand binding, and it induc-
es the expression of a large number of target
genes. PPARa functions in various pathways,
including the circadian rhythm pathway and
NOTCH1-mediated pathway for nuclear factor
kappa B (NF-kB) activity modulation [15]. Dis-
eases associated with the aberrant expression
and function of PPAR« include fatty liver dis-
ease and alcoholic cardiomyopathy, showing
altered expressions of target genes involved in
cell proliferation and cell differentiation as well
as in immune and inflammation responses. The
function of PPARa has also been linked to vari-
ous cancers. Inhibition of PPAR« activity induc-
es tumor suppression in melanoma [16] and
glioblastoma [17], and increased PPAR« activa-
tion has also been found to lead to progression
of tumor growth in hepatocellular carcinoma
[18] and breast cancer [19]. Previous studies
have also identified PPAR« as a novel therapeu-
tic target for RCC [20, 21]. Mouse xenograft
metabolomics studies have reported an inhibi-
tory effect of PPARa on tumor growth and de-
monstrated that PPARa-mediated inhibition of
tumor growth is comparable to that of suniti-
nib, suggesting that PPAR«x is involved in RCC
tumorigenesis through its effects on repro-
grammed metabolic pathways [15]. A previous
report has found that the expression of PPARx
is correlated with RCC progression, and PPARx
inhibition attenuates RCC cell viability [20].
Furthermore, the specific PPARa antagonist,
GW6471, induces apoptosis and cell cycle
arrest at GO/G1 in RCC cell lines, which is asso-
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ciated with alterations in expressions of cell
cycle regulatory proteins, with a pronounced
dependence on histologic grade of expression
and a synergistic effect with glycolysis inhibi-
tion. Taken together, these studies have estab-
lished that PPARa can be used as a potential
target in treatment of RCC.

In the present study, we aimed to further clarify
the mechanisms underlying resistance to suni-
tinib and the related signaling pathways using
sunitinib-resistant RCC cell lines. In addition,
several potential targets to overcome sunitinib
resistance were identified.

Materials and methods
Gene expression omnibus (GEQ) data

The metadata of a ccRCC patient GEO cohort
were downloaded from the GEO. A total of 138
patients were included in the analysis. The
expressions of 48 NRs at the mRNA level in
mRCC were obtained from GSE65615.

Cell lines and reagents

Three human RCC cell lines (A498, Caki-1 and
786-0) were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA).
Cells were maintained in Dulbecco’s Modified
Eagle’'s Medium (DMEM) supplemented with
10% fetal bovine serum (FBS; Thermo Fisher
Scientific, Grand Island, NY, USA) and 100
units/mL penicillin and streptomycin (Thermo
Fisher Scientific) at 37°C in a humidified incu-
bator containing 5% CO,. The sunitinib-resis-
tant A498, Caki-1 and 786-0 cell lines were
generated in a stepwise manner by exposing
parental cells to increasing doses (1, 3, 5 and
10 pg/mL) of sunitinib. The surviving cells were
subsequently maintained in the conditioned
medium containing 1 yg/mL sunitinib (Sigma-
Aldrich Co., St Louis, MO, USA) to retain the
drug-resistant phenotype. The parental con-
trols were performed in A498, Caki-1 and
786-0 cells with similar passage numbers.

PPARa downregulation and overexpression
constructs

The lentiviral vector system was purchased
from Clontech (Mountain View, CA, USA). The
vector system included the plasmids as fol-
lows: pLV-CMV-GFP, pLVX-UB-GFP, psPAX and
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Table 1. Primer Sequences

tein (GFP). In experiments, A498,
Caki-1 and 786-0 cells were seed-

. Product
Genes Sequences of primers sizes (bp) ed at a confluency of 30%-40% on
GAPDH F: 5TGACTTCAACAGCGACACCCA-3” 121 ]Ehﬁ day bdefore 'lrl‘fec'“o”-_of” thz
R: 5"-CACCCTGTTGCTGTAGCCAAA-3’ ollowing day, cells were infecte
And R tor F: 5-CCCACTTGTGTC GCGAS’ 192 by packaged lentiviral production.
ndrogen Receptor 5+ - - In parallel, non-infected cells we-
R: 5-GCAGCTTCCACATGTGAGAG-3 re simultaneously observed. Cells
PPARa F: 5’-ATCGGCGAGGATAGTTCTGG-3’ 205 were cultured in normal growth
R: 5"-CCTTGTCCCCGCAGATTCTA-3’ medium for 72 h after infection.
PPARY F: 5-GAGCCTTCCAACTCCCTCAT-3’ 231 Subsequently, cells were propagat-
R: 5’-ATGAGACATCCCCACTGCAA-3’ ed in selection medium containing
puromycin.

pMD2G. The sequences for the target siRNAs
against human PPARa (GenBank, NM_00100-
1928.2) and control siRNAs were as follows:
shPPARa-F, 5-gatccTATCTGAAGAGTTCCTGCAA-
GAAATTTCAAGAGAATTTCTTGCAGGAACTCTT-
CAGATATTTTTTg-3’; shPPARx-R, 5-aa-ttcAAAA-
AATATCTGAAGAGTTCCTGCAAGAAATTCTCTTG-
AAATTTCTTGCAGGAACTCTTCAGATAg-3’; control
shRNA-F, 5-gatccGACTTCATAAGGCGCATGCTTC
AAGAGAGCATGCGCCTTATGAAGTCTTTT TTg-3’;
and control shRNA-R, 5-aattcAAAAAAGACTTC-
ATAAGGCGCATGCTCTCTTGAAGCATGCGCCTTAT-
GAAGTCg-3'. The siRNAs were cloned into the
lentiviral vector and named as pLV-CMV-sh-
PPARa and pLV-CMV-sh-control, respectively.
The lentiviral vector for PPARa overexpression,
named pLV-CMV-PPAR«, was constructed by
Genelily (Shanghai, China). The lentiviral vec-
tors containing the PPARa shRNA or PPARx
coding sequence were confirmed by polyme-
rase chain reaction (PCR) and sequencing. The
lentiviral vector containing a non-silencing se-
guence was used as the negative control se-
quence (Con) for lentiviral vector production
and cell infection. Lentiviral vectors were pro-
duced by transient transfection of HEK293
cells according to standard protocols. The HE-
K293 cells was cultured in DMEM supplement-
ed with 10% FBS. When the cells were subcon-
fluent, transfection was performed using 1.8
mL DNA solution containing 10 pg of Lv-sh-
Control, Lv-shPPAR«a or Lv-PPARx, 10 pg of
psPAX and 10 pg of pMD2G. All virus stocks
were produced by Lipofectamine®-mediated
transfection. After 48 h, the cell supernatants
containing viral particles were filtered using
the 0.45-um Steriflip® vacuum filtration system
(EMB Millipore, Billerica, MD, USA) and concen-
trated by ultracentrifugation at 25,000 rpm at
4°C. The titer of the virus was tested based on
the expression level of green fluorescent pro-
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Cell viability assay and IC50 determination

Cells were seeded into 96-well plates for 24 h,
then 10 yL CCK8 (Sigma, USA) reagent was
added into each well, and the mixture was in-
cubated for additional 2 h. The absorbance at
a wavelength of 450 nm was recorded using a
microplate absorbance reader (Tecan, Safire
Il, Switzerland). Data were used to generate
curves of drug effect or cell proliferation rate.

Western blotting analysis

Cells were lysed in RIPA lysis buffer (Solarbio,
Beijing, China) containing 0.1 mM PMSF and
a protease inhibitor (Roche) on ice for 30 min.
Samples were subjected to 12% SDS-PAGE and
then transferred onto nitrocellulose membr-
anes. Blots were incubated with properly dilut-
ed primary antibodies at room temperature
for 2 h, including anti-androgen receptor (AR,
1:2,000, Abcam, Cambridge, UK), anti-PPARx
(1:2,000, Abcam), anti-PPARy (1:3,000, Abc-
am), anti-NF-kB p65 (1:1,000, Abcam) and anti-
GAPDH (1:5,000, Santa Cruz Biotechnology).
After washed with PBST for four times, the
membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies.
The signals were detected with Pierce® ECL
western blotting substrate (Pierce, Rockford,
IL, United States) according to the manufactur-
er's instructions and exposed on x-ray films
(Kodak, Rochester, NY, USA).

Quantitative real-time PCR

Total RNA was extracted from cells with TRIzol
reagent (Invitrogen, Shanghai, China) according
to the manufacturer’s instructions. Purified
RNA (1 ug) was reversely transcribed into cDNA
by Superscript Il reverse transcriptase (Invi-
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Table 2. Correlation between expressions of PPARa, AR and PPARy and

sunitinib treatment

and then incubated
with antibodies aga-

Untreated Untreated Resistant Resistant

inst PPARa and NF-

Gene Mean Std Mean Std tvalue Rawp  AdjustP KB p65 (1:200 each)
AR 4.941 0.509 4.606 0.502 3.5534 5.92E- 5.92E- at room temperature
PPARx  4.017 0.570 3.682  0.281 3.7462 4.05E- 4.05E- for 2 h. Subsequent-
PPARy  4.321 072 3971 0514 2.8509 0.00562 0.00562 ly, sections were wa-

trogen) and random primer oligonucleotides
(Invitrogen). Real-time PCR was performed on
the 7900 HT RealTime PCR System (Applied
Biosystems), and GAPDH was selected as a
housekeeping gene. Table 1 lists the sequenc-
es of the primers used in the study.

NF-KB transcription assay

Cells were seeded into 24-well plates, precul-
tured to 75% confluence and then transfected
with an HIV promoter-driven luciferase cDNA
plasmid as described previously. Luciferase
activity was assessed using a kit from Prome-
ga. The firefly luciferase activity was normaliz-
ed to Renilla luciferase activity. The assay was
repeatedthree times in duplicate.

Renal cancer tumor xenograft in female nude
mice

Athymic BALB/c nude mice (female, 4-week-
old, weight 20 g) were purchased from Shang-
hai Slac Laboratory Animal Corporation (Sh-
anghai, China). Female nude mice were main-
tained under specific pathogen-free conditions
with 12-h light/12-h dark cycle for 3 days. A
xenograft model of human renal cancer was
established in female nude mice through sub-
cutaneously injecting PPARa-overexpression or
PPARa-knockdown sunitinib-resistant  780-0
and parental cells into each mouse. The mice
were randomly divided into six groups. Tre-
atment was started when the tumor reached
about 150 mm3-200 mm?3. Briefly, 20 mg/mL
sunitinib was intraperitoneally injected once
every 2 days. Tumor diameter was measured
using a caliper every 2 days, and the tumor vol-
ume was calculated according to the formula
as follows: length x width x height x 0.5. After
treatment with cisplatin, the tumors were ex-
cised.

Immunohistochemistry

Briefly, 4 um sections of xenografted tumors
were blocked with 10% goat serum for 1 h
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shed with TBST (10
mM Tris pH 7.4, 150
mM NaCl, and 0.1% Tween-20) for three times
(10 min for each), processed by the UltraVision
Quanto Detection System (Termo Scientific)
and counterstained with hematoxylin. Immu-
nohistochemical results of each marker were
quantified with Aperio ImageScope and Spe-
ctrum Software ver. 10.0.

Statistical analyses

Statistical analyses were conducted using
SPSS 21.0. The samples were separated into
sunitinib-resistant and sunitinib-sensitive gr-
oups, and t-tests were used to compare differ-
ences between two groups. All statistical tests
were two-sided. One-way analysis of variance
(ANOVA) was used to compare differences am-
ong more than two groups. P < 0.05 was con-
sidered as statistically significant.

Results

The expressions of PPARa, AR and PPARYy are
increased in ccRCC patients with resistance to
sunitinib

Previous studies have shown an upregulation
of NR-related metabolites and genes in RCC
[12]. To examine the relevance of NRs in su-
nitinib resistance in RCC, we examined the
expressions of 48 NRs at the mRNA level in
sunitinib-resistant and non-resistant ccRCC
patients. The expressions of NR family mem-
bers (llluminaHiSeq) and metadata of an mR-
CC patient cohort were downloaded from the
GEO. A total of 138 patients were included in
the analysis. We used a paired t-test to com-
pare expression data between sunitinib-treat-
ed and untreated mRCC patients. Our analys-
es revealed that the expressions of three ge-
nes, PPARa, AR and PPARYy, were significantly
increased in sunitinib-treated samples com-
pared with untreated samples (all P < 0.05;
Table 2), suggesting that PPARa, AR and PPARy
were up-regulated in sunitinib-treated mRCC
patients compared with untreated mRCC pa-
tients.
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Figure 1. Expressions of AR, PPARa and PPARY in response to sunitinib resistance in ccRCC lines. Western blotting
analysis (A) and RT-PCR (B) were used to examine the expressions of AR, PPARa and PPARYy at the protein and mRNA
levels in sunitinib-resistant or parental cells (A498, CaKi-1 and 786-0). GAPDH was used as loading control. Data
were expressed as the mean £ S.D. P < 0.05 versus control; Students’ t-test. All experiments were performed in
triplicate independently. *P < 0.05, **P < 0.01. C, control; SR, sunitinib resistant.

PPAR« shows increased expression in
sunitinib-resistant RCC cells compared with
sunitinib-sensitive RCC cells

To examine the potential involvement of PPARq,
AR and PPARYy in sunitinib resistance in RCC,
we established three sunitinib-resistant RCC
cell lines using 786-0, A498 and Caki-1 cells.
We next examined the expressions of PPAR«,
AR and PPARYy at the protein (Figure 1A) and
MRNA (Figure 1B) levels in the three sunitinib-
resistant cell lines. The expression of AR at
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both the protein and mRNA levels was de-
creased in sunitinib-resistant CaKi-1 and 786-0
cells compared with their parental lines, while
its expression was increased in sunitinib-resis-
tant A498 cells. The expression of PPARy was
decreased in sunitinib-resistant A498 and Ca-
ki-1 cells compared with their parental lines,
while its expression was slightly increased in
sunitinib-resistant 786-0 cells. However, the
expression of PPARa at the mRNA and protein
levels was increased in all three sunitinib-res-
istant RCC cell lines compared with their paren-
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Figure 2. The expression of PPARa modulates sunitinib resistance in cell lines. A. RT-PCR was used to examine the
expression of PPARa at the mRNA level in sunitinib-resistant or parental cells (A498, CakKi-1 and 786-0). B. Cell vi-
ability of A498, Caki-1 and 780-0 sunitinib-resistant or parental cells with PPARa upregulation or shRNA-mediated
PPARa knockdown treated with sunitinib for 72 h. Sunitinib IC50 was calculated and presented. Data were pre-
sented as means * S.D. of triplicate experiments. *P < 0.05. PPARa-OE, PPARx overexpression.

tal lines. Based on these results, we hypothe-
sized that PPARa might be involved in sunitinib
resistance of ccRCC.

Effects of sunitinib on sunitinib-resistant
ccRCC cell lines with different expression
levels of PPARx

We next evaluated the functional role of PPARx
in ccRCC cell viability. We overexpressed or
downregulated PPARa in A498, CakKi-1 and
786-0 sunitinib-resistant or parental cells (Fi-
gure 2A). Cells were treated with sunitinib for
72 h, and the cell viability was assessed (Figure
2B). In all three parental cell lines (A498, CaKi-
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1 and 786-0), the upregulation of PPARa de-
creased sensitivity to sunitinib compared with
PPARa knockdown lines (Figure 2B). However,
the downregulation of PPARa in sunitinib-sensi-
tive cells had little or no impact on the cell via-
bility compared with control cells, while the
downregulation of PPARa reduced the cell via-
bility in sunitinib-resistant ccRCC lines (Figure
2B). Sunitinib IC50 analysis showed that the
upregulation of PPAR«x decreased the sensitivi-
ty to sunitinib in ccRCC (Figure 2B). These
results suggested that PPAR« played a role in
modulating the sensitivity to sunitinib treat-
ment in ccRCC cells.

Int J Clin Exp Pathol 2018;11(5):2389-2400
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Figure 3. NF-kB p65 is involved in sunitinib resistance. (A) Western blotting analysis of NF-kB p65 expression and (B)
NF-kB activity assay in sunitinib-sensitive or resistant RCC cell lines with PPAR« overexpression or shRNA-mediated
knockdown of PPARa. Cells were cultured with WY14643 or SN50 NF-kB inhibitors at 25 yM for 24 h. GADPH was
used as loading control. *P < 0.05, **P < 0.01. PPARa-OE, PPARx overexpression.

Effects of sunitinib treatment in RCC cell lines
after treatment with NF-kB pathway inhibitors

Our results suggested that PPARax modulated
the sensitivity to sunitinib treatment in ccRCC
cells. A previous study has revealed that upreg-
ulation of PAK1 kinase activity confers a stem-
like phenotype via NF-kB/IL-6 activation in vitro
and in vivo, defining a novel potential mecha-
nism underlying tumor metastasis and suni-
tinib resistance in RCC patients [15]. Therefore,
we next examined whether the NF-kB signal-
ing pathway was involved in PPARa-modulated
response to sunitinib treatment. We found that
both NF-kB p65 expression (Figure 3A) and
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NF-kB transcription activity (Figure 3B) were
significantly increased in sunitinib-resistant
cells compared with sunitinib-sensitive cells.
Furthermore, the upregulation of PPARa in-
duced the expression (Figure 3A) and activity
(Figure 3B) of NF-kB p65, while the downregula-
tion of PPARx led to opposite results. These
findings demonstrated that NF-kB p65 signal-
ing was elevated in response to the develop-
ment of sunitinib resistance in RCC cells, and
PPARa was required for induction of NF-«kB
signaling.

Furthermore, PPARa-overexpressing RCC cells
were treated with WY14643 or SN50 (NF-«kB

Int J Clin Exp Pathol 2018;11(5):2389-2400
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Figure 4. PPARa mediates sunitinib resistance in RCC cell lines via the NF-kB signaling pathway. A. Cell viability of
sunitinib-sensitive or resistant RCC cell lines with PPARa overexpression or shRNA-mediated knockdown of PPARc.
Cells were cultured with 25 yM WY14643 or SN50 (NF-kB inhibitors). Cell viability was then tested following suni-
tinib treatment. B. Sunitinib IC50 was calculated and presented. Data were presented as means + S.D. of triplicate
experiments. *P < 0.05, **P < 0.01. PPARa-OE, PPAR« overexpression.

inhibitors), and we found that the cell viability
was decreased compared with untreated cells
(Figure 4A), suggesting that the inhibited NF-
KB signaling pathway by WY14643 or SN50 in
PPARa-overexpressing cells could reduce the
cell viability and decrease the sensitivity (Figure
4B) to sunitinib in sunitinib-resistant cell lin-
es. These data indicated that inhibition of the
NF-kB signaling pathway resulted in increased
efficacy of sunitinib treatment, and PPARx syn-
ergistically modulated the sunitinib sensitivity
and NF-kB signal inhibition.

PPAR«x inhibits sunitinib-resistant tumor
growth in mice xenograft models

To investigate the potential therapeutic effects
of PPAR«x inhibition in vivo, we established a
mice xenograft model using 786-0 sunitinib-
resistant or parental cells. Various groups of
xenografts in mice were treated with sunitinib,
and then the tumor volume and weight were
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examined. Figure 5A shows that in 786-0
parental cells, downregulation of PPAR« incre-
ased the sensitivity to sunitinib compared with
control cells, while overexpression of PPAR« in
sunitinib-sensitive cells had little impact on
tumor weight. In sunitinib-resistant cells, kno-
ckdown of PPARa enhanced the sunitinib effi-
cacy, and upregulated PPARa expression de-
creased the sensitivity of sunitinib compared
with control cells. Furthermore, the immuno-
chemistry results (Figure 5B) showed that
knockdown of PPAR« inhibited the expression
of NF-kB p65. These data suggested that PP-
ARa-mediated NF-kB signaling could serve as
an important therapeutic checkpoint in the
sunitinib-resistant RCC.

Discussion
The growth of solid neoplasms, such as RCC,

is always accompanied by neovascularization
[22]. ccRCCs are highly vascularized tumors,
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Figure 5. PPARa inhibits sunitinib-resistant tumor growth in mice xenograft models. A. A xenograft model of human
renal cancer was established in female nude mice, and various groups of xenografts in mice were treated with suni-
tinib. Tumor diameter was measured using a caliper every 2 days, and the tumor volume was calculated according
to the formula: length x width x height x 0.5. B. Immunochemical analysis of PPARa and NF-kB p65 expression in
the xenografted tumors. *P < 0.05. PPARa-OE, PPARx overexpression.

which are highly dependent on VEGF-mediated
angiogenesis. Indeed, anti-angiogenic therapy
targeting VEGF offers significant clinical benefit
in metastatic RCC [23]. In addition to sunitinib,
a number of anti-angiogenic therapies target-
ing the VEGF pathway have also shown satis-
factory effects in the treatment of ccRCC [13,
24]. Despite the significant improvement in
metastatic RCC treatment using anti-angiogen-
ic drugs, such as sunitinib and sorafenib, the
duration of therapeutic effect is often short
[13]. Typically, the development of resistance
occurs after a median of 6-15 months of treat-
ment [25]. Resistance to these anti-angioge-
nic tyrosine kinase inhibitors is a major clinical
obstacle in the treatment of metastatic RCC,
highlighting that novel therapeutic approaches
are urgently required for sunitinib-resistant pa-
tients with metastatic RCC [26]. However, the
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molecular mechanism underlying sunitinib-re-
sistance in RCC remains largely unexplored.

Previous studies have shown that sunitinib
exerts its antitumor effect on ccRCC mainly
through the suppression of VEGF/VEGFR-me-
diated tumor angiogenesis in vivo [27]. Sunitinib
resistance is considered to develop as a result
of changes in the tumor microenvironment or
gene expression, which facilitate continuous
tumor growth independently of VEGFR [28].
With the development of resistance to suni-
tinib, new angiogenesis could cause alterations
of energy pathways, increase the glycolysis and
elevate the production of pyruvate and lactate.

Several studies have demonstrated an upregu-
lation of PPARo-related metabolites [13] and
genes [14] in RCC, suggesting that PPAR« inhi-
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bition can be used as a novel therapeutic
approach for advanced RCC. For the first time,
we have shown that the expression of PPAR«
was upregulated in sunitinib-resistant RCC cell
lines.

The role of PPARa has been previously restrict-
ed to lipid and lipoprotein metabolism, glucose
homeostasis and cellular differentiation [15].
PPAR« also regulates fatty acid oxidation (FAO)
through targeted gene expression [29]. A pre-
vious study has indicated that pharmacologi-
cally blocked transport of long-chain fatty acids
into mitochondria results in hepatic steatosis,
severe hypoketonemia, hypoglycemia, and hy-
pertriglyceridemia [30]. In addition, synthetic
antidiabetic thiazolidinediones and lipid-lower-
ing fibrates can functionally activate PPARx
[31]. PPAR« is involved in increasing FAO, and
this activity may enhance the dependence of
cells on glycolysis due to the attenuation of
FAO [10]. Our finding that the expression of
PPARac was increased in sunitinib-resistant
RCC cell lines compared with sunitinib-sensi-
tive RCC cell lines, suggesting that the in-
creased expression of PPARa at the protein
level was associated with sunitinib resistance
in RCC.

It is known that VEGF can induce vascular per-
meability, act as a critical survival factor for
endothelial cells, and promote endothelial pro-
liferation and migration [32]. Although only re-
latively low levels of VEGFR2 (formerly termed
KDR/Flk-1) are detected in adult vasculature, it
can be markedly upregulated by blood vessels
during chronic inflammation, tumor growth, and
wound repair [32]. Endothelial expression of
VEGFR2 closely parallels VEGF expression in
angiogenic responses. As a result, suppression
of the VEGF/VEGFR2 signaling pathway has
been intensely explored as a therapeutic pros-
pect to interfere with formation of new blood
vessels. Another study has identified that VE-
GFR2 is an additional target of PPAR«x activa-
tion in endothelial cells, indicating that the
repressive effects of fibrates on VEGFR2 oc-
cur at the transcriptional level via activation of
PPARa. Since PPARa activators suppress ste-
ady-state VEGFR2 mRNA levels in human endo-
thelial cells, negative control mechanisms will
likely help to better define the therapeutic po-
tential and clinical indications of PPAR activa-
tors in vascular-dependent diseases [33].
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To evaluate whether PPARx is a valuable po-
tential therapeutic target for sunitinib resis-
tance in RCC, we analyzed the efficacy of PPARx
in sunitinib-resistant RCC cell lines with PPAR«
upregulation or downregulation. In our study,
we found that upregulation or downregulation
of PPARx in RCC cell lines sensitive or resist-
ant to sunitinib modulated the efficacy of suni-
tinib in RCC. Knockdown of PPAR« significantly
inhibited the cell proliferation in sunitinib-res-
istant RCC cell lines. We speculated these ef-
fects were associated with PPARa-inhibited
endothelial cell proliferation as well as PPA-
Ra-dependent downregulation of cytochrome
P450, leading to inhibited neoangiogenesis
[34, 35].

NF-kB is a family of transcription factors that
are involved in apoptosis and inflammation [36,
37]. The NF-kB family consists of five genes,
including NF-kB1 (p59/p105), NF-kB2 (p52/
p100), RelA (p65), c-Rel and RelB. Most prior
studies have focused on the p65 subunit when
assessing the association between NF-kB and
tumor development. A previous study has dem-
onstrated that increased NF-kB activity is asso-
ciated with the development and progression
of RCC [38]. Oya et al. have demonstrated the
role of increased NF-kB activation in the devel-
opment of RCC [18]. Some data have indicated
that NF-kB has a dual effect on apoptosis, act-
ing as an inhibitor or an activator depending
on the levels of p65 and cRel subunits [7].
However, it is commonly accepted that the acti-
vation of NF-kB leads to apoptosis resistance.
In our study, treatment by NF-kB inhibitors
resulted in increased apoptosis. Our findings
suggested that inhibition of NF-kB activity pl-
ayed a significant role in the resistance of suni-
tinib treatment.

NF-kB mediates the secretion of pro-inflamma-
tory cytokines (IL-6 and IL-8) in various types of
cancers [39]. More recently, a study has shown
that IL-6 can induce a highly oncogenic, drug-
resistant, stem-like phenotype in cancer cells.
In our study, the expression of NF-kB p65 was
significantly increased in sunitinib-resistant
RCC cell lines compared with sunitinib-sensi-
tive RCC cell lines. According to these results,
both p65 subunits of NF-kB exhibited an in-
creased activation in RCC, confirming that the
p65 subunit was involved in tumor develop-
ment.
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A previous study has revealed that upregula-
tion of PAK1 kinase activity confers a stem-
like phenotype via NF-kB/IL-6 activation in vitro
and in vivo, defining a novel potential mecha-
nism underlying tumor metastasis and suni-
tinib resistance in RCC patients. Arai et al. have
reported the decrease of factors, such as VEGF,
by the inhibition of NF-kB with dexamethaso-
ne administration in RCC cases. These studies
have demonstrated that inhibition of NF-kB
decreases the expression of VEGF [40, 41].
Furthermore, our work established that suni-
tinib-induced upregulation of PPARa activity
and NF-kB activation contributed to the devel-
opment of sunitinib resistance.

In the present study, our findings showed that
sunitinib-induced upregulation of PPAR« activi-
ty and downstream NF-kB activation could be
an important mechanism of sunitinib resis-
tance. These results suggested that PPARx
could be used as a predictive biomarker for
sunitinib response and resistance in RCC tre-
atment, and PPARa-induced overexpression of
NF-kB signaling could substantially promote
resistance to targeted drugs.
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