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Abstract

Rationale: Although sunitinib has been shown to improve the survival rate of advanced renal cell
carcinoma (RCC) patients, poor drug response is a major challenge that reduces patient benefit. It is
important to elucidate the underlying mechanism so that the therapeutic response to sunitinib can be

restored.

Methods: We used an lllumina HumanMethylation 850K microarray to find methylation-differentiated
CpG sites between sunitinib-nonresponsive and -responsive RCC tissues and Sequenom MassARRAY

methylation analysis to verify the methylation chip results. We verified glutaminyl

peptide

cyclotransferase (QPCT) expression in sunitinib-nonresponsive and -responsive RCC tissues via
qRT-PCR, western blot and immunohistochemical assays. Then, cell counting kit 8 (CCK-8), plate colony
formation and flow cytometric assays were used to verify the function of QPCT in RCC sunitinib
resistance after QPCT intervention or overexpression. Chromatin immunoprecipitation (ChIP) was
performed to clarify the upstream regulatory mechanism of QPCT. A human proteome microarray assay
was used to identify downstream proteins that interact with QPCT, and co-immunoprecipitation (co-IP)

and confocal laser microscopy were used to verify the protein chip results.

Results: We found that the degree of methylation in the QPCT promoter region was significantly
different between sunitinib-nonresponsive and -responsive RCC tissues. In the sunitinib-nonresponsive
tissues, the degree of methylation in the QPCT promoter region was significantly reduced, and the
expression of QPCT was upregulated, which correlated with a clinically poor response to sunitinib. A
knockdown of QPCT conferred sunitinib sensitivity traits to RCC cells, whereas an overexpression of
QPCT restored sunitinib resistance in RCC cells. Mechanistically, reducing the methylation degree of the
QPCT promoter region by 5-aza-2'-deoxycytidine (decitabine) in RCC cells could increase the
expression of QPCT and NF-xB (p65) bound to the QPCT promoter region, positively regulating its
expression, while the hypermethylation in the QPCT promoter region could inhibit the binding of NF-xB
(p65). QPCT could bind to HRAS and attenuate the ubiquitination of HRAS, thus increasing its stability

and leading to the activation of the ERK pathway in RCC cells.

Conclusion: QPCT may be a novel predictor of the response to sunitinib therapy in RCC patients and

a potential therapeutic target.
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Background

Renal cell carcinoma (RCC) is the most prevalent
adult kidney malignancy, accounting for 2-3% of
adult malignancies [1], and its incidence has been
increasing in recent decades [2]. RCC is associated
with high rates of mortality and resistance to
chemotherapy and radiotherapy [3]. Treatments such
as interleukin 2 and interferon alpha have no
significant clinical effect, with less than 20% of
patients responding well, and a median survival of
13.3 months; moreover, due to serious side effects, the
patient's quality of life is seriously affected [4, 5].
Patients with early-stage disease can be treated with
surgical resection, but approximately 20-30% of
patients present with metastatic disease at the initial
diagnosis [6-8]. Moreover, up to 20% of RCC patients
suffer from metastatic lesions even if nephrectomy is
performedl’]. Sunitinib is an oral multitarget receptor
tyrosine kinase (RTK) inhibitor that has potent
anti-angiogenic effects and direct anti-tumour
activities [9, 10] due to the inhibition of vascular
endothelial growth factor receptor (VEGFR),
platelet-derived growth factor receptor, stem cell
growth factor receptor, and FMS-like tyrosine kinase 3
[11]. Sunitinib has greatly improved the treatment
prospects of advanced RCC, with a progression-free
survival (PFS) twice that of patients receiving
cytokine therapy [5, 12]. However, approximately
20% of advanced RCC patients are inherently
refractory to sunitinib therapy, and most of the
remaining patients end up with drug resistance and
tumour progression after 6-11 months of therapy [13,
14], resulting in the failure of sunitinib to efficiently
prolong the survival of RCC patients. Several studies
have proposed that the activation of compensatory
signalling pathways cause the acquisition of sunitinib
resistance, but the resistance mechanism remains
unclear. In addition, few prognostic factors have been
validated as predictive biomarkers of sunitinib
response. Thus, it is wurgent to elucidate the
underlying mechanisms of sunitinib resistance and
discover reliable biomarkers that can predict sunitinib
response in RCC patients.

Epigenetics involves changes in gene expression
that are not involved in changes in the DNA sequence
and can be stably inherited during development and
cell proliferation. DNA methylation is an important
means of epigenetic modification. It is catalysed by
DNA methyltransferase (DNMT), where
S-adenosylmethionine (SAM) acts as a methyl donor,
adding a methyl group to the 5-carbon of the cytosine
ring and converting it to 5-methylcytosine (mC),
which often occurs in CpG islands. CpG island
methylation changes are involved in the regulation of

gene expression and affect the structure of
chromosomes. CpG islands are generally located in
the promoter region of genes and contain binding
sites for many transcription factors, and the
methylation of this region prevents certain
transcription factors from binding to them [15-20].
Studies have found that the DNA methylation
changes in several genes, such as RASSF1A [21-23],
VHL [24-26], and EZH?2 [27], are associated with RCC
and that DNA methylation changes could regulate the
expression of these genes, ultimately leading to the
development of RCC. However, there is still a lack of
research on the role of DNA methylation regarding
sunitinib resistance in RCC.

Materials and Methods

RCC patients and clinical samples

RCC patients who underwent surgical resection
before adjuvant therapy in the Changhai Hospital or
Changzheng Hospital (Shanghai, China) from 2006 to
2017 were included in this study. The clinical samples
were stored in the Biobank of Shanghai Changzheng
Hospital. Four pairs of sunitinib-responsive and
nonresponsive RCC tissues were used for the [llumina
Human Methylation 850K Microarray, and the
detailed clinical characteristics of these patients are
provided in Supplementary Table 1. Ten pairs of
sunitinib-responsive and nonresponsive RCC tissues
were used for Sequenom MassARRAY Methylation,
and the detailed clinical characteristics of these
patients are provided in Supplementary Table 2. The
expression of QPCT, IRS1, SKI, PTK2B and NF-kB
(p65) mMmRNA was detected in 16 pairs of
sunitinib-responsive and nonresponsive RCC tissues.
The detailed clinical characteristics of these patients
are provided in Supplementary Table 3. The
expression of QPCT, IRS1 and NF-«kB (p65) protein
was detected in 15 pairs of sunitinib-responsive and
nonresponsive RCC tissues. The detailed clinical
characteristics of these patients are provided in
Supplementary Table 4. To evaluate the correlation
between the QPCT level and sunitinib response,
tumour tissues were collected from the biopsies or
surgical specimens of 156 advanced clear cell RCC
(ccRCC) patients between August 2006 and January
2017. These patients had not received systemic
treatment before biopsy or radical nephrectomy.
Patients in the sunitinib group (n=86) received at least
two cycles of sorafenib therapy, and patients in the
control group (n=70) received no therapy. These
tissues were constructed into a tissue microarray
(Biochip Company Ltd., China), and the QPCT level
was determined by immunohistochemistry. The
detailed clinical characteristics of these patients are
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listed in Supplementary Tables 5 and 8. The response
to sunitinib in the RCC patients was determined by
computed tomography (CT) or magnetic resonance
imaging (MRI), clinical progression or death, and the
use of the Response Evaluation Criteria in Solid
Tumors (RECIST). To study the content of QPCT in
peripheral blood, we selected plasma samples of
sunitinib-responsive and nonresponsive patients from
the Changhai Hospital and Changzheng Hospital.
The detailed clinical characteristics of these patients
are listed in Supplementary Tables 6 and 7.

Illumina HumanMethylation 850K microarray

Nlumina HumanMethylation 850K microarray
profiling and data analysis were performed by
Oebiotech (Shanghai).

Sequenom MassARRAY methylation

Sequenom MassARRAY methylation profiling
and data analysis were performed by CapitalBio
Technology Corporation (Beijing).

Cell Lines and reagents

The human RCC cell lines (OS-RC-2, Caki-2,
Caki-1, A498, 786-O, ACHN, 769-P, and KETR-3) and
HK-2 cells were obtained from the Chinese Academy
of Sciences (Shanghai, China). A498 and ACHN cells
were incubated in Minimum Essential Medium
(MEM) (10-010-CV, Corning, USA) supplemented
with 10% foetal bovine serum (FBS, 16000044, Gibco,
USA), and the other cells were incubated in Roswell
Park Memorial Institute (RPMI) 1640 (10-040-CV,
Corning, USA) containing 10% FBS. Cells were grown
as a monolayer on plastic cell culture dishes at 37°C in
a humidified atmosphere containing 5% CO..
Sunitinib, decitabine, triptolide and SCH772984 were
purchased from Selleck Chemicals (China). MG132
and cycloheximide (CHX) were purchased from
APEXBIO (USA). Lonafarnib and betulinic acid (BetA)
were purchased from TargetMol USA.

Animal studies

The animal studies were approved by the
Institutional Animal Care and Use Committee of the
Second Military Medical University, Shanghai, China.
Male athymic BALB/c nude mice (4 weeks old) were
used. A total of 5x106 Iv-QPCT and 1v-NC 786-O cells
were injected subcutaneously into the left and right
sides of the mice (n=6). When the xenografts grew to
100 mm3, the mice were treated with either saline
(control) or sunitinib (40 mg/kg/day). Xenograft
volumes were evaluated by calliper measurements of
two perpendicular diameters and calculated
individually with the following formula: Volume =
axb2/2 (where a represents the length and b
represents the width). Xenograft samples were

collected for histological evaluation (paraffin section)
or were snap-frozen in liquid nitrogen.

RNA extraction, cDNA preparation and
qRT-PCR

Total RNA was extracted from cells and tissues
using TRIzol reagent (Takara, Japan), according to the
manufacturer’s instructions. Total RNA quality was
assessed using a Nanodrop 2000 and agarose gel
electrophoresis. First-strand ¢cDNA was generated
from 2 pg of total RNA using M-MLV reverse
transcriptase (Invitrogen, CA) with random primers.
qRT-PCR was performed according to the SYBR
Green protocol in a Step One Plus System (Applied
Biosystems, Foster City, CA, USA), and p-actin served
as the endogenous control. The primer sequences

used were as follows: QPCT, 5-AAATTG
CAGAAGGCACCAGT-3¥ (forward) and 5-CTG
AATTCGCTGCATGATGT-3’ (reverse); SKI,

5-TCCTCCTTGTCCTCGCTCTC-3' (forward) and
5-TTGGCTTCCTTGGTGTCCAG-3' (reverse); PTK2B,
5'-GTGGGAGATCCTGAGCTTTG-3' (forward) and
5-TAAAGGACCGGTGGACAGAG-3' (reverse); IRS1,
5-TTGAGAATGTGTGGCTGAGG-3' (forward) and
5'-TCCTTGACCAAATCCAGGTC-3' (reverse);
NF-kB, (p65) 5-AGGCTCCTGTGCGTGTCTCC-3’
(forward) and 5-TCGTCTGTATCTGGCAGGTAC
TGG-3" (reverse), and [-actin, 5-CTGGTGCCTGG
GGCG-3" (forward) and 5-AGCCTCGCCTITTGC
CGA-3" (reverse). Relative mRNA expression levels
were calculated based on the corresponding relative
quantitation (RQ) values and were normalized to
B-actin expression.

Western blot analysis

Total cell and tissue lysates were prepared in 1x
sodium dodecyl sulphate (SDS) buffer. Identical
quantities of protein were separated by SDS gel
electrophoresis and transferred onto nitrocellulose
filter membranes. After incubating with antibodies
specific for QPCT (ab201172, Abcam, CA, USA) and
GAPDH (sc-25778; Santa Cruz, CA, USA), the blots
were incubated with IRDye 800-conjugated goat
anti-rabbit IgG, and bands were detected using an
Odyssey infrared scanner (Li-Cor). GAPDH was used
as the loading control. The other antibodies used for
western blot were against IRS1 (ab52167, Abcam, CA,
USA), NF-«B (p65) (8242, Cell Signalling Technology),
HRAS (ab32417, Abcam, CA, USA), CBL (ab32027,
Abcam, CA, USA), GAB1 (ab59362, Abcam, CA,
USA), NAF1 (ab157106, Abcam, CA, USA), MAPKS
(ab199380, Abcam, CA, USA), MAPK10 (ab126591,
Abcam, CA, USA), FAK (PTK2) (ab40794, Abcam, CA,
USA), p-FAK (ab81298, Abcam, CA, USA), ERK1/2
(4695, Cell Signaling Technology), p-ERK1/2 (4370,
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Cell Signaling Technology), AKT (4691, Cell Signaling
Technology), p-AKT (4060, Cell Signaling
Technology), Stat3 (9139, Cell Signaling Technology),
p-Stat3 (9145, Cell Signaling Technology), and
ubiquitin (3936, Cell Signaling Technology).

siRNA transfection

QPCT siRNA was synthesized by GenePharma
(Shanghai, China), with the following sequences:
5-GCACCAGUAUCUCUGAAAUTT-3  (forward)
and 5-AUUUCAGAGAUACUGGUGCTT-3
(reverse); and 5-CCUCAAUCCCACUGCUAAA
TT-3" (forward) and 5-UUUAGCAGUGGGAUUGA
GGTT-3" (reverse). @A non-silencing siRNA
oligonucleotide that does not recognize any known
mammalian gene  homologue (GenePharma,
Shanghai, China) was used as the negative control,
with the following sequence: 5'-UUCUCCGAACGU
GUCACGUTT-3 (forward) and 5-ACGUGACACGU
UCGGAGAATT-3" (reverse). RCC cells were
transfected with QPCT siRNA (50 nmol/L) or control
siRNA (50 nmol/L) via LipofectamineTM RNAIMAX
Transfection Reagent (InvitrogenTM) according to the
manufacturer's instructions.

Lentiviral packaging and transfection

Lentiviruses encoding human QPCT were
constructed and produced by Obio Technology
(Shanghai). 786-O and A498 cells were infected
following the manufacturer's instructions. After 72 h,
puromycin was added to obtain the stably transfected
cell lines.

Cell counting kit 8 (CCK-8) assay

RCC cells were cultured in different
concentrations of sunitinib (0 uM, 2 uM, 4 pM, 8 uM,
10 uM, 16 uM, 20 uM, and 32 puM). Then, 100 pl of
culture medium containing 10 pl of CCK-8 reagent
(Dojindo Molecular Technologies, Inc., Kumamoto,
Japan) was added to each well for another 2 h of
incubation at 37°C. The absorbance was recorded at
450 nm using a microplate reader (Varioskan Flash;
Thermo Scientific, Waltham, MA, USA). Viability (%)
was calculated based on the optical density (OD)
values. All experiments were independently repeated
in triplicate on separate occasions.

Plate colony formation assay

RCC cells (500 cells) were seeded into
6-well plates with sunitinib (5 uM) and cultured in a
37°C incubator for 10 days until most single colonies
were composed of more than 50 cells. The plates were
washed with phosphate-buffered saline (PBS), fixed
with 4% paraformaldehyde, and stained with crystal
violet. The number of colonies containing more than
50 cells was counted in each well.

Flow cytometric analysis

Cell apoptosis was quantified using flow
cytometric analysis (BD Biosciences, San Jose, CA).
For apoptosis experiments, RCC cells cultured with
sunitinib (5 pM) were collected and washed twice
with ice-cold PBS and then re-suspended in 200 pl of
binding  buffer. = Fluorescein  isothiocyanate
(FITC)-conjugated Annexin V was added at a final
concentration of 0.5 pg/ml and incubated for 20
minutes at room temperature in the dark; then, 1
pg/ml propidium iodide (PI) was added. The samples
were immediately analysed by flow cytometry.

Chromatin immunoprecipitation (ChlP)

We performed ChIP wusing an EZ ChIP
Chromatin Immunoprecipitation Kit for cell line
samples (Millipore) according to the manufacturer’s
instructions. The sequences for Primerl (containing
an NF-xB binding QPCT site) were as follows:
5'-CGTTTGTGGTGGATACAGGAG-3' (forward) and
5'- TTCCAGCCAAAAGAGCTTGAC-3' (reverse). An
anti-NF-xB (p65) (8242, Cell Signaling Technology,
1:100) antibody was used for ChIP.

Plasmid construction

The full-length HRAS mRNA sequence was
obtained from the National Center for Biotechnology
Information (NCBI) website (NM_005343). The
fragment was obtained by gene synthesis and cloned
into a pcDNA3.1 vector (Hanbio Biotechnology Co.,
Ltd., Shanghai).

Human proteome microarray assay

The HuProt microarray assay [28, 29] and data
analysis were performed by Wayen Biotechnologies
Inc., Shanghai according to the following procedure.
The HuProt microarray (CDI Laboratories, Inc.)
comprises 20,240 human full-length proteins with
N-terminal glutathione S-transferase (GST) tags.
Human proteome microarrays (HuProtTM 20 K) were
blocked with blocking buffer (1% BSA and 0.1%
Tween 20 in TBST) for 1 h at room temperature with
gentle agitation. The QPCT protein was labelled with
biotin with an Antibody Array Assay Kit (Full Moon
Biosystems, Sunnyvale, CA) and was then diluted to
0.01 mg/ml in blocking buffer and incubated on the
blocked proteome microarray at room temperature
for 1 h. The microarrays were washed three times for
5 min each with TBST, incubated with
streptavidin-Cy5 at a dilution of 1:1000 (Thermo
Fisher Scientific, USA) for 1 h at room temperature
and subjected to three more 5-min washes. The
microarrays were spun dry at 1500 rpm for 3 min and
subjected to scanning with a GenePix 4000B (Axon
Instruments, Sunnyvale, CA) to visualize and record
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the results. GenePix Pro 6.0 was used for data
analysis. The information of all proteins contained in
the HuProt microarray in the Supplementary Table 9
and the information of proteins that may bind to
QPCT was provided in the Supplementary Table 10.

Co-immunoprecipitation

Co-immunoprecipitation (co-IP) was performed
according to the manufacturer’s instructions (Pierce
Co-Immunoprecipitation Kit, Thermo Scientific).
Antibodies against QPCT (sc-517122, Santa Cruz, 1:50)
and HRAS (ab32417, Abcam, 1:50) were used.

Immunocytochemistry

RCC cells were plated in special laser confocal
culture dishes at 30% confluence and treated with
reagents at different concentrations for 48 h. Then, the
cells were fixed with a 4% paraformaldehyde solution
for 15 minutes at room temperature, permeabilized
with 0.4% Triton X-100 in PBS for 5 minutes, and then
blocked with 1% BSA in PBS for 1 h at 37°C. The
blocked «cells were incubated with anti-QPCT
antibody (PA5-76997, ThermoFisher, 1:50) and
anti-HRAS antibody (LS-C340614/132294, LifeSpan
BioSciences, Inc. 1:100) overnight at 4°C, followed by
incubation with secondary antibody (appropriately
respond to primary antibody in species) labelled with
HRP, incubate at room temperature for for 2 h. The
nuclear staining of cells was conducted using
4,6-diamidino-2-phenylindole (DAPI). Representative
images were acquired using the Leica Microsystem.
DAPI glows blue by UV excitation wavelength
330-380 nm and emission wavelength 420 nm; FITC
glows green by excitation wavelength 465-495 nm and
emission wavelength 515-555 nm; CY3 glows red by
excitation wavelength 510-560 nm and emission
wavelength 590 nm. Nucleus is blue by labeling with
DAPI, HRAS is green by labeling with FITC and
QPCT is red by labeling with CY3. After merging
under the laser confocal microscope, the yellow
fluorescence indicates co-localization of HRAS and
QPCT.

Immunohistochemistry

Specimens were stained with antibodies for
QPCT (ab201172, 1:100) or HRAS (ab97488, 1:100). The
sections were heated at 70°C for 1 h, dewaxed in
xylene, and dehydrated through a gradient
concentration of alcohol. After retrieving and
blocking endogenous peroxidase and nonspecific
staining with 3% H202 and normal bovine serum, the
sections were incubated with primary antibody
overnight at 4°C. The slides were then incubated with
horseradish peroxidase (HRP)-conjugated secondary
antibody for 10 minutes at 37°C. Finally, the sections
were visualized by diaminobenzidine (DAB) solution

and counterstained with haematoxylin. Two
pathologists blinded to the patient outcome
independently scored the staining intensities and
percentages of positive tumour cells.

Data analysis

All statistical analyses in this study were
performed with SPSS 22.0 software (SPSS Inc, USA).
Data are presented as the means+sd. The significance
of the differences between the mean values of two
groups was analysed by a two-tailed Student's t-test.
Spearman correlation analysis was performed to
determine the correlation between two variables. The
Pearson chi-square test was used to analyse the
clinical variables. Kaplan-Meier survival analysis was
utilized to compare RCC patient survival based on
dichotomized QPCT expression by a log-rank test. A
p-value of 0.05 was considered significant.

Results

Methylation levels in the QPCT promoter
region were reduced and QPCT expression
was increased in the sunitinib-nonresponsive
tissues of RCC.

To detect the changes in DNA methylation
responsible for sunitinib resistance, we performed an
Nlumina Human Methylation 850K Microarray
analysis in a set of pre-treated tumour tissues from a
cohort of RCC patients who presented with good or
poor responses to sunitinib therapy (Figure 1A,
Supplementary Table 1). According to the diffscore
and delta-beta values (diffscore was less than -13 or
greater than 13, and the delta-beta value was greater
than 0.17 or less than -0.17), as well as the methylation
difference sites located in the promoter region, 9
genes were screened out (Figure 1B). Then, another
independent set of pre-treated RCC tissues with a
distinct response to sunitinib was used to verify the
microarray results by Sequenom MassARRAY
Methylation. The methylation levels of 4 gene
promoter regions were confirmed to have statistically
significant  differences (Figure 1C and 1D,
Supplementary Figure 1A and B, Supplementary
Table 2). We further validated the expression of 4
genes in the set of pre-treated RCC tissues at the
mRNA level, and the expression of QPCT and IRS1,
but not SKI and PTK2B, was significantly higher in
the sunitinib-nonresponsive group than in the
responsive group (Figure 1E, Supplementary Figure
1C, Supplementary Table 3). We further detected
QPCT and IRS1 protein in the set of pre-treated RCC
tissues. We found that the expression of QPCT, but
not IRS1, was significantly higher in the
sunitinib-nonresponsive group than in the responsive
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group (Figure 1F, Supplementary Figure 1D, RCC (Figure 1G, Supplementary Table 5). Since QPCT
Supplementary Table 4). Then, we used a previously  can be secreted by tumour cells, we detected the
established tissue microarray that included 156 RCC  content of QPCT in plasma in the set of pre-treated
tissue samples to detect the expression of QPCT by = RCC patients who presented with good or poor
immunohistochemistry, confirming that QPCT was  responses to sunitinib therapy.
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RCC. (A) Cluster analysis of the lllumina Human Methylation 850K Microarray in 4 pairs of sunitinib-responsive and nonresponsive RCC tissues (heat map). (B) The nine target
genes screened by the lllumina Human Methylation 850K Microarray (a positive value indicates that the methylation levels of the sunitinib-nonresponsive group were higher than
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(D) CpG sites that had differences between the two groups in the QPCT promoter regions. (E) Expression of QPCT mRNA in 16 pairs of sunitinib-responsive and nonresponsive
RCC tissues. (F) Western blot analysis of QPCT protein in 15 pairs of sunitinib-responsive and nonresponsive RCC tissues. (G) Representative immunohistochemical results of
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We found that the QPCT level was higher in the
plasma of sunitinib-nonresponsive patients than that
in sunitinib-responsive  patients  (Figure 1H,
Supplementary Tables 6 and 7). Then, we examined
the expression of QPCT in RCC cells, which was
higher than that in control HK-2 cells (Supplementary
Figure 1E).

Currently, there is no literature on the role of
QPCT or its DNA methylation changes in the
resistance of RCC to sunitinib. Thus, we focused on
QPCT to discover new knowledge regarding sunitinib
resistance in RCC.

Downregulation of QPCT could promote
sensitivity of RCC cells to sunitinib.

To thoroughly explore the function of QPCT in
sunitinib resistance, we suppressed QPCT expression
utilizing two small interfering RNAs (siRNAs) against
QPCT in the ACHN and OS-RC-2 cell lines
(Supplementary Figure 2A). Compared to the
response of the control group, silencing QPCT led to
decreased half maximal inhibitory concentration
(IC50) values in RCC cells (Figure 2A) as well as a
decreased capacity for cloning when exposed to
sunitinib (Figure 2B). Consistently, flow cytometry
showed that an exposure to sunitinib resulted in an
increased proportion of apoptotic cells among
QPCT-knockdown RCC cells (Figure 2C). Together,
these data indicate that QPCT was required for
sunitinib resistance in vitro.

Overexpression of QPCT could promote
sunitinib resistance in RCC in vitro and in vivo.

Next, we overexpressed QPCT in the 786-O and
A498 cell lines (Supplementary Figure 3A). Compared
with the control group, RCC cells overexpressing
QPCT displayed an increased tolerance to sunitinib
treatment and led to increased IC50 values (Figure
3A). Meanwhile, the capacity for cloning was also
enhanced when exposed to sunitinib (Figure 3B).
Flow cytometry also showed that QPCT
overexpression attenuated sunitinib-induced cell
apoptosis (Figure 3C).

By adding the culture supernatant from RCC
cells stably overexpressing QPCT or adding purified
QPCT cytokines (thQPCT) into the culture medium,
we found that the RCC cells cultured in the
conditioned medium were more resistant to sunitinib
than control cells (Figure 3D and E).

Then, we injected QPCT-overexpressing and
control 786-O cells subcutaneously into the left and
right axils of nude mice. When the volume of the
xenograft reached 100 mm?3, the mice were orally
treated with vehicle or sunitinib (40 mg/kg/day). The
results showed that the xenografts formed from

QPCT-overexpressing RCC cells exhibited worse
responses to sunitinib (Figure 3F).

Collectively, these findings indicate that the
overexpression of QPCT endowed RCC cells with
refractoriness to sunitinib.

Reducing the methylation levels of the QPCT
promoter region by decitabine in RCC cells
could increase the expression of QPCT and
NF-xB (p65) bound to the QPCT promoter
region, positively regulating its expression.

To determine whether methylation changes
affected its expression, we treated the RCC cell lines
with decitabine and detected a decrease in
methylation in the QPCT promoter region by
Sequenom MassARRAY Methylation (Figure 4A and
B). The expression of QPCT was upregulated by qPCR
(Figure 4C) and western blot (Figure 4D).

According to the related literature, NF-kB may
be a transcription factor regulating the expression of
QPCT [30]. Through a ChIP assay, we demonstrated
that NF-«xB (p65) could directly bind to the QPCT
promoter region and that the possible binding site of
NF-«B (p65) was located in the -2042 bp of the ATG
transcriptional start codon. We also found that after
reducing the methylation levels of the QPCT
promoter region by decitabine in RCC cells, the
binding of NF-«xB (p65) to QPCT was increased
(Figure 4E), which indicated that a hypermethylation
of the QPCT promoter region might inhibit the
binding of NF-xB (p65). We found that NF-«kB (p65)
was upregulated in sunitinib-nonresponsive RCC
tissues at both the mRNA (Figure 4F) and protein
levels (Figure 4G). In addition, the inhibition of NF-xB
(p65) by triptolide [31-33] or the activation of NF-kB
(p65) by BetA [34] could prevent or promote the
expression of QPCT (Figure 4H and I), respectively,
which is consistent with the findings of previous
reports.

The above results indicate that the methylation
changes in the QPCT promoter region were
synergistic with NF-xB (p65) in the transcriptional
regulation of QPCT. Hypermethylation inhibited the
binding of NF-kB (p65) to QPCT and suppressed the
expression of QPCT, while hypomethylation
facilitated the binding of NF-kB and promoted the
expression of QPCT.

QPCT could bind with HRAS and promote the
stability of HRAS by reducing its ubiquitination
degradation.

To illuminate the mechanism underlying the
role of QPCT in sunitinib resistance in RCC, we used a
human proteome microarray composed of 20,240
full-length human proteins with N-terminal
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glutathione S-transferase (GST) tags to find QPCT was not only secreted outside RCC cells but
QPCT-interacting proteins. A total of 366 proteins that  also widely distributed in the cytoplasm and nucleus

might interact with QPCT were detected. The  of RCC cells (Supplementary Figure 5A and B).
subcellular localization of QPCT was measured, and
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Figure 2. Downregulation of QPCT could promote the sensitivity of RCC cells to sunitinib. (A) CCK-8 assay of ACHN and OS-RC-2 cells transfected with
si-QPCT], si-QPCT2 or si-NC after sunitinib treatment at the indicated concentrations for 48 h (n=3). The IC50 values are shown in the bottom histogram. (B) Cell clone
formation experiments of ACHN and OS-RC-2 cells transfected with si-QPCT], si-QPCT2 or si-NC after sunitinib (5 yM) treatment for 10 days (n=3). Representative images
(left) and average number of RCC colonies (right) are shown. (C) Flow cytometry analysis of Annexin V-stained ACHN and OS-RC-2 cells transfected with si-QPCT1, si-QPCT2

or si-NC after sunitinib treatment (5 uM) for 48 h (n=3). Representative images (left) and average number of apoptotic cells (right) are shown. Results are presented as the means
+ SD. *p<0.05, **p < 0.01.
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Figure 3. Overexpression of QPCT could promote sunitinib resistance in RCC in vitro and in vivo. (A) CCK-8 assay of QPCT-overexpressing and control 786-O
and A498 cells after sunitinib treatment at the indicated concentrations for 48 h (n=3). The IC50 values are shown in the right histogram. (B) Cell clone formation experiments
of QPCT-overexpressing and control 786-O and A498 cells after sunitinib (5 M) treatment for 10 days (n=3). Representative images (left) and average number of RCC colonies
(right) are shown. (C) Flow cytometry analysis of Annexin V-stained QPCT-overexpressing and control 786-O and A498 cells after sunitinib treatment (5 uM) for 48 h (n=3).
Representative images (left) and average number of apoptotic cells (right) are shown. (D) CCK-8 assay of 769-P and KETR-3 cultured with the supernatants of
QPCT-overexpressing 786-O and A498 cells and control 769-P and KETR-3 cells after sunitinib treatment at the indicated concentrations for 48 h (n=3). The IC50 values are
shown in the right histogram. (E) CCK-8 assay of 769-P and KETR-3 cultured with purified QPCT cytokine (10 uM) and control 769-P and KETR-3 cells after sunitinib treatment
at the indicated concentrations for 48 h (n=3). The IC50 values are shown in the right histogram. (F) Subcutaneous xenograft growth in nude mice under different treatment

conditions (left), anatomical picture of subcutaneous xenografts in nude mice (middle), and growth curve of subcutaneous xenografts (right) are shown. Results are presented as
the means + SD. *p<0.05, **p<0.01.

In the screening of protein chip results by Kyoto  localization of the proteins, 7 target proteins were
Encyclopedia of Genes and Genomes/Gene Ontology  initially screened out: PTK2, HRAS, CBL, GABI,
(KEGG/GO) analysis and analysis of the intracellular =~ NAF1, MAPKS, and MAPK10 (Supplementary Figure
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5C). We verified the chip results by co-IP, and only = QPCT co-localized with HRAS in the cytoplasm by
HRAS was shown to be able to combine with QPCT  immunofluorescence staining and laser confocal
(Figure 5A, Supplementary Figure 5D). Consistently, = microscopy observation (Figure 5B).

Bg KETR- 2 EJR-3 = ETR- = ETR-
A %30 Cpe3, 20 GEE3 50, E5EE7 40 KELE3 10
3 KETR-3 2 2 % 2 40 3 —:E
< 15 )
5 50 - ct FE —I_ =l 230 830 e
T 40 -= Decitabine % 10 —i— _%10 —I— % 20{ ° '%20
£ 30 2 ES 210 =10
B £ |p=0.0015 P p=0.0015 £ 2 p=0.0010 =4 p=0.0023
5 10 E Ctrl Decitabine E Ctrl Decitabine £ Ctrl Decitabine £ Ctrl Decitabine
5
E o — =
g 9 EIR3, = KETR:3, & EIR3., & ETR-3
& 10 €20 Ep&mz £20 Cp513.14 =10 Epéza,y o0 épézs
B2 3 T . ® 2 o
5 358 §O1}]3151si 22%2252627%8 25 {J‘_f ;%15 . % 8 % 15
5] .3 s10 - g1 I + 5 i . 510 %
CRG unt 25 25 2. £s
£ olpe00093 + £ p=0.0319 £ o]p=00179 £ 5 p=0.0020
E Ctrl Decitabine € Ctrl Decitabine & Ctrl Decitabine E Ctrl Decitabine
g
=1 9 S.RC2 T SRC2 2 S.RC2 £ S-RG:2
5 o 0S-RC-2 30, B a5 BBI? Zao, | GE Lao, BBRG
s - Ctrl 2 > S20{ T [ [ :
£ -+ Decitabine 820 iL g 15 E . £20 j—l:_ 830 %—
T 40 5 15 5 § 20
= g 10 510 sl =
H 20 £ |p=00021 £ 5] p=0.0057 2 | p=00006 2" p=0.0053
g 0 E Ctrl Decitabine E 0 Ctrl Decitabine & G Ctrl Decitabine £ g Ctrl Decitabine
G 20 = SRC2 = S-RC2  F S-RG-2
& 1218 58 SRR a0, BT o BdEHR Eu G
. [
0 % 3 EES % 215 5122 %
CpG unit _%20 = .(_%10 E %10 2 %'
210 = -5 2
oSRO2 £ |p=0.0120 Z % p=0.0032 ;: 51p=0.0105
c KETR-3 < -RC- T 0 % 0 o
Cs g £ ° Chl Decitabine £ Ctl Decitabine = ~ Ciil Decitabine
86 o8
2 I
L9 Ss D KETR-3 OS-RC-2
z z 4 Ctrl Decitabine Ctrl Decitabine
£ €
52 £ 2 apcr| | [ —
<] <]
o) T 0
2 Ctrl Decitabine 2 Ctrl Decitabine GARDH -" ‘ | -- |
(] @
B °
] 2 Fs
E == Input .
P == NF-kB+Decitabine @15 _—
- = KETR-3 OS-RC-2 g
O < 10
£ NF-; NF-
Eo10 input RGBT NF-B 196 Input pREABE NF-B 196 2
=] [
52 imerd =5
%% 5. primer’ 8
== <]
(] 0 2 .
0 2 Nonresponsive Responsive
KETR-3 0S-RC-2 s
. ’ ’ ; : . 4
x
G Nonresponsive Responsive  Nonresponsive Responsive Nonresponsive Responsive Nonresponsive Responsive 5
T3
[ o " ; ¢
GAPDH|—--——--__-HW ‘_‘-----‘-- ¥ :)
=
c c = = & &¥
H 2 2 | 2 786-0 2 KETR-3 & &
2 ACHN H 0S-RC-2 2 o 2 A N
¢ 12 » £12 x g6 g8 o
$10 310 5] s 6
< 8 s <4 2
[ T g 4 4
£, Ea £ s
6 S8 5 5 2
a 2 a o a
%o 20 Qo 90 i aci
2 Ctrl Triptolide = Ctrl Triptolide _2 Ctrl Betulinicacid > Ctrl Betulinic acid
ACHN 0S-RC-2 786-0 KETR-3
Triptolide - * - + BetA . + = +

orcr [m———| =T ] orcr [ 0 |
GAPDH-- GAPDH|-— ||-——|

Figure 4. Reducing the methylation levels of the QPCT promoter region by decitabine in RCC cells could increase the expression of QPCT and NF-xB
(p65) bound to the QPCT promoter region, positively regulating its expression. (A) Sequenom MassARRAY Methylation of the QPCT promoter region in KETR-3
and OS-RC-2 cells after decitabine (0.5 yM) treatment for 48 h and control KETR-3 and OS-RC-2 cells (n=5). (B) CpG sites that had differences between the two groups in the
QPCT promoter region (n=5). (C) QPCT mRNA expression in KETR-3 and OS-RC-2 cells after decitabine (0.5 uM) treatment and control KETR-3 and OS-RC-2 cells (n=3). (D)
QPCT protein in KETR-3 and OS-RC-2 cells after decitabine (0.5 uM) treatment and control KETR-3 and OS-RC-2 cells (n=3). (E) qPCR analysis of NF-kB (p65) mRNA in 16
pairs of sunitinib-responsive and nonresponsive RCC tissues. (F) Western blot analysis of NF-KB (p65) protein in 15 pairs of sunitinib-responsive and nonresponsive RCC tissues.
(G) ChIP analysis demonstrated that NF-kB (p65) binds to the QPCT promoter region and increased NF-kB (p65) binding to the QPCT promoter after inhibiting the methylation
levels of QPCT. (H) QPCT mRNA (above) and protein (below) expression in ACHN and OS-RC-2 cells after triptolide (10 nM) treatment for 72 h and control ACHN and
OS-RC-2 cells (n=3). (I) QPCT mRNA (above) and protein (below) expression in 786-O and KETR-3 cells after BetA (5 uM) treatment for 72 h and control 786-O and KETR-3
cells (n=3). Results are presented as the means + SD. *p<0.05, *p<0.01.
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Figure 5. QPCT could bind with HRAS and promote the stability of HRAS by reducing its ubiquitination degradation. (A) Co-immunoprecipitation of QPCT
and HRAS in 786-O and A498 cells. (B) Immunofluorescence analysis of QPCT (red) and HRAS (green) in OS-RC-2 and 786-O cells. Scale bar, 10 um. (C) Representative images
of western blot analysis of QPCT and HRAS in QPCT-overexpressing and control 786-O and A498 cells. (D) Immunohistochemistry of QPCT and HRAS in xenografts. Scale bar,
100 pm. (E) Representative images of western blot analysis of QPCT and HRAS in ACHN and OS-RC-2 cells transfected with sh-QPCT or sh-NC. (F) Western blot analysis of
HRAS in QPCT-overexpressing and control 786-O and A498 cells after cycloheximide (CHX) and sunitinib (5 uM) treatment for various times. (G) Western blot analysis of
HRAS ubiquitination in QPCT-overexpressing and control 786-O and A498 cells after sunitinib (5 UM) treatment for 48 h. GAPDH was used as a loading control. Results are
presented as the means * SD. *p<0.05, **p<0.01.

We found that the expression of HRAS was  (Figure 5D), while the expression of HRAS was
upregulated in RCC cells that stably overexpressed  downregulated when QPCT was knocked down in
QPCT (Figure 5C), as well as in the xenograft tumours ~ RCC cells (Figure 5E, Supplementary Figure 5E). To
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further investigate whether QPCT could inhibit the
degradation of HRAS, a cycloheximide (CHX) chase
experiment was performed. The results of this
experiment demonstrated that the overexpression of
QPCT could increase the stability of HRAS (Figure
5F). Furthermore, the ubiquitination assay revealed
that the overexpression of QPCT could reduce the
sunitinib-induced ubiquitination of HRAS (Figure
5G).

HRAS plays a role in QPCT-mediated sunitinib
resistance by promoting ERK phosphorylation
in RCC cells.

We used a tissue microarray to detect the
expression of HRAS by immunohistochemistry and
found that HRAS was upregulated in the
sunitinib-nonresponsive tissues of RCC (Figure 6A).
The overexpression of HRAS could promote sunitinib
resistance in RCC cells (Figure 6B, Supplementary
Figure 6A), and the inhibition of HRAS by lonafarnib
[35] could restore sunitinib sensitivity in RCC cells
(Figure 6C, Supplementary Figure 6B). By the "rescue
method", inhibiting HRAS eliminated the discrepancy
in sunitinib sensitivity between the
QPCT-overexpressing cells and the control RCC cells
(Figure 6D). Furthermore, the knockdown of QPCT
diminished the distinct difference in sunitinib
response between the HRAS-overexpressing cells and
the control RCC cells (Figure 6E).

Related literature reports found that HRAS was
involved in the activation of multiple signalling
pathways in tumours. Thus, we detected whether any
signalling pathways related to sunitinib resistance
were activated in QPCT-overexpressing RCC cells.
We found that p-ERK was upregulated in
QPCT-overexpressing RCC cells, demonstrating that
the ERK signalling pathway was activated
(Supplementary Figure 6C). There were many reports
confirming that HRAS could activate ERK signalling
pathways [36-39], and we verified that p-ERK was
upregulated when HRAS was overexpressed in RCC
cells (Figure 6F), while p-ERK was downregulated
when HRAS was inhibited in RCC cells (Figure 6G).
These results proved that HRAS could promote
sunitinib resistance in RCC cells by promoting ERK
phosphorylation. When ERK was inhibited by
SCH772984 [40-42], the sensitivity of RCC cells to
sunitinib increased (Supplementary Figure 6D),
indicating that the activation of the ERK pathway
played a role in the resistance to sunitinib in RCC.

High QPCT levels predict poor responses to
sunitinib in RCC patients.
As QPCT was functionally involved in the

response to sunitinib in RCC cells, we further
evaluated whether the expression of QPCT in tumour

tissues was associated with the response to sunitinib
therapy. We measured QPCT levels in 156 RCC
samples from 86 patients receiving sunitinib therapy
and 70 patients receiving no drug therapy after
surgery as a control group (Supplementary Table 8).
We found that sunitinib therapy could prolong the
overall PFS in RCC patients (Figure 7A) and that
patients with low QPCT expression levels in tumour
tissues had a more significant improvement in PFS
after receiving sunitinib than those in the control
group (Figure 7B). However, patients with high QPCT
expression levels showed a poor response to sunitinib
therapy (Figure 7C). Thus, the expression of QPCT
could serve as an independent predictor of the
response to sunitinib in RCC patients.

Discussion

The mechanisms of sunitinib resistance can be
roughly divided into the following: activation of the
angiogenic signalling pathway, changes in the tumour
microenvironment, increase in tumour invasion and
metastasis, and the role of microRNAs and IncRNAs
in the activation of other signal bypasses [43].
Pro-angiogenic factors, such as Ang2, FGF, and
PDGF, are upregulated in most cases of sunitinib
resistance [44, 45]. In fact, anti-angiogenic-induced
hypoxia activates the mTOR pathway and induces
HIF production, which activates the transcription
HRE-containing genes such as VEGF, PDGF, TGF-a,
EPO, MMP-1, EGFR, HGFR/cMET, cyclin D1, and
SDF1 and its receptor CXCR4 [46].

DNA methylation is involved in the regulation
of gene expression and silencing and is closely related
to many diseases and physiological processes,
including tumours [47-50]; it can be used as a
diagnostic and therapeutic marker for many diseases
[51-53]. In our study, we found that the DNA
methylation level was lower in sunitinib-nonres-
ponsive RCC tissues than in sunitinib-responsive
RCC tissues by the Illumina Human Methylation
850K Microarray and Sequenom MassARRAY
Methylation. QPCT mRNA and protein were
significantly higher in the sunitinib-nonresponsive
group than in the sensitive group. In addition, DNA
methylation could synergize with the transcription
factor NF-xB to regulate the expression of QPCT and
played an important role in the resistance of sunitinib
in RCC. Perhaps the degree of DNA methylation in
QPCT could be an indicator for predicting the
sunitinib response in RCC patients. We also detected
QPCT levels in the peripheral blood (plasma) of RCC
patients who were resistant or sensitive to sunitinib
therapy and found that the QPCT level in the
sunitinib-nonresponsive group was significantly
higher, indicating that the plasma content of QPCT
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might also be used as a potential biomarker for
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Figure 6. HRAS plays a role in QPCT-mediated sunitinib resistance by promoting ERK phosphorylation in RCC cells. (A) Representative immunohistochemical
results of HRAS expression in the sunitinib-nonresponsive and sunitinib-responsive tissues of RCC. Scale bar, 100 um (left) and percentages of samples that were nonresponsive
and responsive to sunitinib in different HRAS levels (right). (B) CCK-8 assay of 786-O and A498 cells transfected with plasmid pcDNA3.1-HRAS or control plasmid after sunitinib
treatment at the indicated concentrations for 48 h (n=3). The IC50 values are shown in the right histogram. (C) CCK-8 assay of OS-RC-2 and ACHN cells with lonafarnib (1.9
nM) treatment or control OS-RC-2 and ACHN cells after sunitinib treatment at the indicated concentrations for 48 h (n=3). The IC50 values are shown in the right histogram.
(D) CCK-8 assay of QPCT-overexpressing and control 786-O and A498 cells treated with lonafarnib (1.9 nM) after sunitinib treatment at the indicated concentrations for 48
hours (n=3). The IC50 values are shown in the rightmost histogram. (E) CCK-8 assay of sh-QPCT or sh-NC ACHN and OS-RC-2 cells transfected with plasmid pcDNA3.1-HRAS
or control plasmid after sunitinib treatment at the indicated concentrations for 48 hours (n=3). The IC50 values are shown in the rightmost histogram. (F) Western blot analysis
of p-ERK in HRAS-overexpressing and control 786-O and A498 cells. (G) Western blot analysis of p-ERK in ACHN and OS-RC-2 cells treated with lonafarnib (1.9 nM) and
control ACHN and OS-RC-2 cells. Results are presented as the means + SD. *p<0.05.
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Figure 7. High QPCT levels predict poor responses to sunitinib in RCC patients. (A) Kaplan-Meier analysis of progression-free survival (PFS) in all patients (p=
0.0394). (B) Kaplan-Meier analysis of PFS in patients with a low expression of QPCT (p= 0.0155). (C) Kaplan-Meier analysis of PFS in patients with a high expression of QPCT

(p=0.4629).

The QPCT gene encodes glutamine peptide

cyclotransferase, an enzyme that performs
posttranslational modification on proteins by
converting an  N-terminal  glutamate  to

pyroglutamate. This modification renders the protein
more resistant to protease degradation, making it
more hydrophobic and more prone to aggregation
and neurotoxicity [30]. Limited data are available
about the expression of QPCT in cancer. The analysis
of microarray datasets identified QPCT as highly
expressed in melanoma [54] and thyroid carcinomas
[55-57].

HRAS is a member of the RAS family and has
both activated and non-activated forms. Usually,
HRAS is in the non-activated state, which is
characterized by its combination with GDP. When the
non-activated HRAS is stimulated by certain factors,
the GDP turns into GTP; thus, HRAS changes into its
activated form, promoting the activation of
downstream signalling pathways [58, 59]. Normal or
mutated forms of HRAS are overexpressed in
multiple tumours [60-65]. In our study, we found that
QPCT bound to HRAS and increased the stability of
HRAS by reducing its ubiquitination degradation,
thus activating the ERK signalling pathway and
leading to sunitinib resistance in RCC. Therefore,
QPCT and HRAS might become new targets for the
treatment or reversal of sunitinib resistance in RCC.

In conclusion, we showed that QPCT, which is
regulated by DNA methylation and NF-xB (p65),
promoted sunitinib resistance by reducing the
ubiquitination of HRAS, thus activating the ERK
pathway in RCC.

Abbreviations

RCC: renal cell carcinoma; QPCT: glutaminyl
peptide  cyclotransferase; =~ VEGFR:  vascular
endothelial growth factor receptor; DNMT: DNA
methyltransferases; SAM: S-adenosylmethionine;
NF-xB: nuclear factor-k-gene binding; Decitabine:
5-Aza-2'-deoxycytidine; PFS: progress free survival;

OS: overall survival; PCR: polymerasechain reaction;
IHC: Immunohistochemistry; CCK-8: cell counting kit
8, ChIP: chromatin immunoprecipitation; Co-IP:
co-immunoprecipitation.

Supplementary Material

Supplementary figures and tables.
http:/ /www.thno.org/v09p6175s1.pdf

Acknowledgements

We thank Tiantian Wang for valuable comments
and expert technical support.

Author Contributions

Tangliang Zhao and Yi Bao conducted all
experiments and analyzed the data. Jie Wang., Qiong
Chen and Zhihui Dai provided support with
experimental techniques. Bing Liu provided clinical
samples. Tangliang Zhao and Xinxin Gan collected
clinical data. Tangliang Zhao, Yi Bao and Anbang
Wang wrote the manuscript. Shuhan Sun, Fu Yang
and Linhui Wang contributed to manuscript revision.
Linhui Wang and Fu Yang. conceived the project and
supervised all experiments. All authors read and
approved the final manuscript.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Capitanio U, Montorsi F. Renal cancer. Lancet. 2015; 387: 894.

2. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013. CA Cancer ] Clin.
2013; 63: 11-30.

3. Patil S, Manola J, Elson P, Negrier S, Escudier B, Eisen T, et al. Improvement in
Overall Survival of Patients with Advanced Renal Cell Carcinoma: Prognostic
Factor Trend Analysis from an International Data Set of Clinical Trials. Journal
of Urology. 2012; 188: 2095-100.

4. Motzer RJ, Bacik J, Murphy BA, Russo P, Mazumdar M. Interferon-alfa as a
comparative treatment for clinical trials of new therapies against advanced
renal cell carcinoma. Jclinoncol. 2002; 20: 289-96.

5. Verhagen PC. Re: Sunitinib versus interferon alfa in metastatic renal-cell
carcinoma. European Urology. 2007; 51: 1444-.

6. Ljungberg B, Campbell SC, Choi HY, Jacqmin D, Lee JE, Weikert S, et al. The
epidemiology of renal cell carcinoma. European Urology. 2011; 60: 615-21.

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 21

6189

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ljungberg B, Bensalah K, Canfield S, Dabestani S, Hofmann F, Hora M, et al.
EAU guidelines on renal cell carcinoma: 2014 update. European Urology.
2015; 67: 913-24.

Gupta K, Miller JD, Li JZ, Russell MW, Charbonneau C. Epidemiologic and
socioeconomic burden of metastatic renal cell carcinoma (mRCC): A literature
review ¥ . Cancer Treatment Reviews. 2008; 34: 193-205.

Escudier B, Eisen T, Porta C, Patard JJ, Khoo V, Algaba F, et al. Renal cell
carcinoma: ESMO Clinical Practice Guidelines for diagnosis, treatment and
follow-up. Annals of Oncology Official Journal of the European Society for
Medical Oncology. 2009; 20 Suppl 4: 81.

Christensen JG. A preclinical review of sunitinib, a multitargeted receptor
tyrosine kinase inhibitor with anti-angiogenic and antitumour activities.
Annals of Oncology. 2007; 18: x3-x10.

Faivre S, Demetri G, Sargent W, Raymond E. Molecular basis for sunitinib
efficacy and future clinical development. Nature Reviews Drug Discovery.
2007; 6: 734-45.

Motzer R], Hutson TE, Tomczak P, Michaelson MD, Bukowski RM, Oudard S,
et al. Overall survival and updated results for sunitinib compared with
interferon alfa in patients with metastatic renal cell carcinoma. J Clin Oncol.
2009; 27: 3584-90.

Oudard S, Elaidi RT. Sequential therapy with targeted agents in patients with
advanced renal cell carcinoma: optimizing patient benefit. Cancer Treat Rev.
2012; 38: 981-7.

Molina AM, Lin X, Korytowsky B, Matczak E, Lechuga M]J, Wiltshire R, et al.
Sunitinib objective response in metastatic renal cell carcinoma: analysis of 1059
patients treated on clinical trials. Eur ] Cancer. 2014; 50: 351-8.

Recillas-Targa F. New insights on the role of DNA methylation from a global
view. Frontiers in Bioscience. 2017; 22: 644-68.

El-Osta A, Wolffe AP. DNA Methylation and Histone Deacetylation in the
Control of Gene Expression: Basic Biochemistry to Human Development and
Disease. Gene Expression. 2001; 9: 63-75.

Meng H, Cao Y, Qin J, Song X, Zhang Q, Shi Y, et al. DNA methylation, its
mediators and genome integrity. Int J Biol Sci. 2015; 11: 604-17.

Marchal C, Miotto B. Emerging concept in DNA methylation: role of
transcription factors in shaping DNA methylation patterns. ] Cell Physiol.
2015; 230: 743-51.

Zhong X. Comparative epigenomics: a powerful tool to understand the
evolution of DNA methylation. New Phytol. 2016; 210: 76-80.

Moore LD, Le T, Fan G. DNA methylation and its basic function.
Neuropsychopharmacology. 2013; 38: 23-38.

Peters I, Rehmet K, Wilke N, Kuczyk MA, Hennenlotter J, Eilers T, et al.
RASSF1A promoter methylation and expression analysis in normal and
neoplastic kidney indicates a role in early tumorigenesis. Mol Cancer. 2007; 6:
49.

Huang YQ, Guan H, Liu CH, Liu DC, Xu B, Jiang L, et al. Association between
RASSF1A promoter methylation and renal cell cancer susceptibility: a
meta-analysis. Genet Mol Res. 2016; 15.

Kawai Y, Sakano S, Suehiro Y, Okada T, Korenaga Y, Hara T, et al
Methylation level of the RASSF1A promoter is an independent prognostic
factor for clear-cell renal cell carcinoma. Ann Oncol. 2010; 21: 1612-7.

van Houwelingen KP, van Dijk BA, Hulsbergen-van de Kaa CA, Schouten L],
Gorissen HJ, Schalken JA, et al. Prevalence of von Hippel-Lindau gene
mutations in sporadic renal cell carcinoma: results from The Netherlands
cohort study. BMC Cancer. 2005; 5: 57.

McRonald FE, Morris MR, Gentle D, Winchester L, Baban D, Ragoussis J, et al.
CpG methylation profiling in VHL related and VHL unrelated renal cell
carcinoma. Mol Cancer. 2009; 8: 31.

Mikhaylenko DS, Kurynin RV, Popov AM, Karyakin OB, Enikeev ME, Alyaev
YG, et al. VHL inactivation in sporadic clear cell renal carcinoma. Molecular
Biology. 2011; 42: 64-9.

Avissar-Whiting M, Koestler DC, Houseman EA, Christensen BC, Kelsey KT,
Marsit CJ. Polycomb group genes are targets of aberrant DNA methylation in
renal cell carcinoma. Epigenetics. 2011; 6: 703-9.

Yu X, Petritis B, LaBaer ]. Advancing translational research with
next-generation protein microarrays. Proteomics. 2016; 16: 1238-50.

Shen SM, Ji Y, Zhang C, Dong SS, Yang S, Xiong Z, et al. Nuclear PTEN
safeguards pre-mRNA splicing to link Golgi apparatus for its tumor
suppressive role. Nat Commun. 2018; 9: 2392.

Kehlen A, Haegele M, Menge K, Gans K, Immel UD, Hoang-Vu C, et al. Role
of glutaminyl cyclases in thyroid carcinomas. Endocr Relat Cancer. 2013; 20:
79-90.

He JK, Yu SD, Zhu HJ, Wu JC, Qin ZH. Triptolide inhibits NF-kappaB
activation and reduces injury of donor lung induced by ischemia/reperfusion.
Acta Pharmacol Sin. 2007; 28: 1919-23.

Liu L, Salnikov AV, Bauer N, Aleksandrowicz E, Labsch S, Nwaeburu C, et al.
Triptolide reverses hypoxia-induced epithelial-mesenchymal transition and
stem-like features in pancreatic cancer by NF-kappaB downregulation. Int J
Cancer. 2014; 134: 2489-503.

Jiang N, Dong XP, Zhang SL, You QY, Jiang XT, Zhao XG. Triptolide reverses
the Taxol resistance of lung adenocarcinoma by inhibiting the NF-kappaB
signaling pathway and the expression of NF-kappaB-regulated drug-resistant
genes. Mol Med Rep. 2016; 13: 153-9.

Kasperczyk H, La Ferla-Bruhl K, Westhoff MA, Behrend L, Zwacka RM,
Debatin KM, et al. Betulinic acid as new activator of NF-kappaB: molecular
mechanisms and implications for cancer therapy. Oncogene. 2005; 24: 6945-56.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Liu M, Bryant MS, Chen J, Lee S, Yaremko B, Lipari P, et al. Antitumor activity
of SCH 66336, an orally bioavailable tricyclic inhibitor of farnesyl protein
transferase, in human tumor xenograft models and wap-ras transgenic mice.
Cancer Res. 1998; 58: 4947-56.

Michael JV, Wurtzel JG, Goldfinger LE. Inhibition of Galectin-1 Sensitizes
HRAS-driven Tumor Growth to Rapamycin Treatment. Anticancer Res. 2016;
36: 5053-61.

Lv C, Hong Y, Miao L, Li C, Xu G, Wei S, et al. Wentilactone A as a novel
potential antitumor agent induces apoptosis and G2/M arrest of human lung
carcinoma cells, and is mediated by HRas-GTP accumulation to excessively
activate the Ras/Raf/ERK/p53-p21 pathway. Cell Death Dis. 2013; 4: €952.
Herrero A, Casar B, Colon-Bolea P, Agudo-Ibanez L, Crespo P. Defined
spatiotemporal features of RAS-ERK signals dictate cell fate in MCF-7
mammary epithelial cells. Mol Biol Cell. 2016; 27: 1958-68.

Sen B, Mazumdar T, Peng S, Hale KS, Glisson BS, Johnson FM. Abstract 4095:
Paradoxical activation of the RAF-MEK-ERK pathway in response to nilotinib
induces synthetic lethality with MEK inhibition in head and neck cancer cells.
Cancer Res. 2013: 4095-.

Pal R, Wei N, Song N, Wu S-y, Kim SR, Gavin PG, et al. Abstract 5167:
Stem-like colorectal cancer cell lines show response to the ERK1/2 inhibitor,
SCHY772984, alone and in combination with neratinib. Cancer Res. 2017: 5167-.
Jha S, Morris E], Hruza A, Mansueto MS, Schroeder GK, Arbanas J, et al.
Dissecting Therapeutic Resistance to ERK Inhibition. Mol Cancer Ther. 2016;
15: 548-59.

Morris EJ, Jha S, Restaino CR, Dayananth P, Zhu H, Cooper A, et al. Discovery
of a novel ERK inhibitor with activity in models of acquired resistance to
BRAF and MEK inhibitors. Cancer Discov. 2013; 3: 742-50.

Joosten SC, Hamming L, Soetekouw PM, Aarts MJ, Veeck ], van Engeland M,
et al. Resistance to sunitinib in renal cell carcinoma: From molecular
mechanisms to predictive markers and future perspectives. Biochim Biophys
Acta. 2015; 1855: 1-16.

Fernando NT, Koch M, Rothrock C, Gollogly LK, D'Amore PA, Ryeom S, et al.
Tumor escape from endogenous, extracellular matrix-associated angiogenesis
inhibitors by up-regulation of multiple proangiogenic factors. Clin Cancer Res.
2008; 14: 1529-39.

Oudard S, Geoffrois L, Guillot A, Chevreau C, Deville JL, Falkowski S, et al.
Clinical ~activity of sunitinib rechallenge in metastatic renal cell
carcinoma-Results of the REchallenge with SUnitinib in MEtastatic RCC
(RESUME) Study. Eur ] Cancer. 2016; 62: 28-35.

Nassif E, Thibault C, Vano Y, Fournier L, Mauge L, Verkarre V, et al. Sunitinib
in kidney cancer: 10 years of experience and development. Expert Rev
Anticancer Ther. 2017; 17: 129-42.

Wu Q, Ni X. ROS-Mediated DNA Methylation Pattern Alterations in
Carcinogenesis. Current Drug Targets. 2015; 16: 13-9.

Lasseigne BN, Brooks JD. The Role of DNA Methylation in Renal Cell
Carcinoma. Mol Diagn Ther. 2018; 22: 431-42.

Kulis M, Esteller M. DNA methylation and cancer. Adv Genet. 2010; 70: 27-56.
Pfeifer GP. Defining Driver DNA Methylation Changes in Human Cancer. Int
J Mol Sci. 2018; 19.

Delpu Y, Cordelier P, Cho WC, Torrisani J. DNA methylation and cancer
diagnosis. Int ] Mol Sci. 2013; 14: 15029-58.

Liang G, Weisenberger DJ. DNA methylation aberrancies as a guide for
surveillance and treatment of human cancers. Epigenetics. 2017; 12: 416-32.
Fan S, Chi W. Methods for genome-wide DNA methylation analysis in human
cancer. Brief Funct Genomics. 2016; 15: 432-42.

Gillis JS. Microarray evidence of glutaminyl cyclase gene expression in
melanoma: implications for tumor antigen specific immunotherapy. J Transl
Med. 2006; 4: 27.

Jarzab B, Wiench M, Fujarewicz K, Simek K, Jarzab M, Oczko-Wojciechowska
M, et al. Gene expression profile of papillary thyroid cancer: sources of
variability and diagnostic implications. Cancer Res. 2005; 65: 1587-97.

Fluge O, Bruland O, Akslen LA, Lillehaug JR, Varhaug JE. Gene expression in
poorly differentiated papillary thyroid carcinomas. Thyroid. 2006; 16: 161-75.
Griffith OL, Melck A, Jones SJ, Wiseman SM. Meta-analysis and meta-review
of thyroid cancer gene expression profiling studies identifies important
diagnostic biomarkers. ] Clin Oncol. 2006; 24: 5043-51.

Brunger AT, Milburn MV, Tong L, deVos AM, Jancarik J, Yamaizumi Z, et al.
Crystal structure of an active form of RAS protein, a complex of a GTP analog
and the HRAS p21 catalytic domain. Proc Natl Acad Sci U S A. 1990; 87:
4849-53.

Ahearn IM, Haigis K, Bar-Sagi D, Philips MR. Regulating the regulator:
post-translational modification of RAS. Nat Rev Mol Cell Biol. 2011; 13: 39-51.
Arnault JP, Mateus C, Escudier B, Tomasic G, Wechsler ], Hollville E, et al.
Skin tumors induced by sorafenib; paradoxic RAS-RAF pathway activation
and oncogenic mutations of HRAS, TP53, and TGFBRI1. Clin Cancer Res. 2012;
18:263-72.

Parikh C, Subrahmanyam R, Ren R. Oncogenic NRAS, KRAS, and HRAS
exhibit different leukemogenic potentials in mice. Cancer Res. 2007; 67:
7139-46.

Hafner C, Toll A, Real FX. HRAS mutation mosaicism causing urothelial
cancer and epidermal nevus. N Engl ] Med. 2011; 365: 1940-2.

Topf MC, Wang ZX, Tuluc M, Pribitkin EA. TERT, HRAS, and EIF1AX
Mutations in a Patient with Follicular Adenoma. Thyroid. 2018; 28: 815-7.

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 21

6190

64.

65.

Sugita S, Enokida H, Yoshino H, Miyamoto K, Yonemori M, Sakaguchi T, et al.
HRAS as a potential therapeutic target of salirasib RAS inhibitor in bladder
cancer. Int ] Oncol. 2018; 53: 725-36.

Geyer FC, Li A, Papanastasiou AD, Smith A, Selenica P, Burke KA, et al.
Abstract PD4-13: Estrogen receptor-negative breast adenomyoepitheliomas
are driven by co-occurring HRAS hotspot and PI3K pathway gene mutations:
A genetic and functional analysis. Cancer Res. 2018: PD4-13-PD4-.

http://lwww.thno.org



