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CpG-island methylator phenotype (CIMP)-positive clear cell renal cell carcinomas (RCCs) are characterized by accumulation of DNA

hypermethylation of CpG islands, clinicopathological aggressiveness and poor patient outcome. The aim of this study was to clarify

the molecular pathways participating in CIMP-positive renal carcinogenesis. Genome (whole-exome and copy number), transcrip-

tome and proteome (two-dimensional image converted analysis of liquid chromatography-mass spectrometry) analyses were per-

formed using tissue specimens of 87 CIMP-negative and 14 CIMP-positive clear cell RCCs and corresponding specimens of non-

cancerous renal cortex. Genes encoding microtubule-associated proteins, such as DNAH2, DNAH5, DNAH10, RP1 and HAUS8,

showed a 10% or higher incidence of genetic aberrations (non-synonymous single-nucleotide mutations and insertions/deletions)

in CIMP-positive RCCs, whereas CIMP-negative RCCs lacked distinct genetic characteristics. MetaCore pathway analysis of CIMP-

positive RCCs revealed that alterations of mRNA or protein expression were significantly accumulated in six pathways, all participat-

ing in the spindle checkpoint, including the “The metaphase checkpoint (p 5 1.427 3 1026),” “Role of Anaphase Promoting Com-

plex in cell cycle regulation (p 5 7.444 3 1026)” and “Spindle assembly and chromosome separation (p 5 9.260 3 1026)”

pathways. Quantitative RT-PCR analysis revealed that mRNA expression levels for genes included in such pathways, i.e., AURKA,

AURKB, BIRC5, BUB1, CDC20, NEK2 and SPC25, were significantly higher in CIMP-positive than in CIMP-negative RCCs. All CIMP-

positive RCCs showed overexpression of Aurora kinases, AURKA and AURKB, and this overexpression was mainly attributable to

increased copy number. These data suggest that abnormalities of the spindle checkpoint pathway participate in CIMP-positive renal

carcinogenesis, and that AURKA and AURKB may be potential therapeutic targets in more aggressive CIMP-positive RCCs.
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Not only genetic, but also epigenetic events appear to accu-
mulate during carcinogenesis, and both types of event in
association with each other reflect the clinicopathological
diversity of cancers.1,2 DNA methylation alterations are
among the most consistent epigenetic changes in human can-
cers.3,4 In well-studied cancers5 such as colorectal cancer6

and stomach cancer,7 a distinct phenotype, which is signifi-
cantly correlated with clinicopathological characteristics and
involves accumulation of DNA hypermethylation of CpG
islands, is defined as the CpG island methylator phenotype
(CIMP).

Clear cell renal cell carcinoma (RCC) is derived from the
proximal tubule, and is the most common histological sub-
type of kidney cancer in adults.8 It has been shown that
DNA methylation alterations play a significant role in renal
carcinogenesis.9,10 Although Morris and Maher previously
reported that the relevance of the CIMP-positive phenotype
to RCCs had not yet been clearly defined,11 we first identified
CIMP-positive clear cell RCCs based on genome-wide DNA
methylation (methylome) analysis12 and showed that DNA
hypermethylation of CpG islands in the FAM150A, GRM6,
ZNF540, ZFP42, ZNF154, RIMS4, PCDHAC1, KHDRBS2,
ASCL2, KCNQ1, PRAC, WNT3A, TRH, FAM78A, ZNF671,
SLC13A5 and NKX6-2 genes was the hallmark of CIMP in
RCCs.13

CIMP-positive clear cell RCCs are clinicopathologically
aggressive tumors: they have a larger diameter, show more
frequent vascular involvement, infiltrating growth, and renal
pelvis invasion, and also have higher histological grades and
pathological TNM stages than CIMP-negative RCCs.13 Dur-
ing the follow-up period after nephrectomy, the cancer-free
and overall survival rates of patients with CIMP-positive clear
cell RCCs have been shown to be significantly lower than
those of patients with CIMP-negative clear cell RCCs.13

Therefore, the molecular pathways responsible for generating
CIMP-positive clear cell RCCs should be clarified, and thera-
peutic targets for affected patients should be identified.

Multilayer-omics analysis, involving genome, methylome,
transcriptome and proteome analyses of the same tissue
specimens, can be a powerful tool for revealing pathways that
play a significant role in carcinogenesis.14 In order to clarify
the molecular pathways involved in CIMP-positive renal car-
cinogenesis and to identify therapeutic targets for CIMP-
positive clear cell RCCs, we performed genome (whole-exome

and copy number), transcriptome and proteome analyses in
87 CIMP-negative and 14 CIMP-positive clear cell RCCs.

Material and Methods
Tissue samples and methylome analysis

In our previous study, CIMP in the initial cohort was defined
by unsupervised hierarchical clustering (Euclidean distance,
Ward’s method) based on single-CpG resolution methylome
analysis using the Infinium HumanMethylation27 Bead Array
(Illumina, San Diego, CA).13 As the initial cohort, we used
87 paired samples of non-cancerous renal cortex tissue (N)
and tumorous tissue (T) obtained from 87 patients with
CIMP-negative clear cell RCCs and 14 paired samples of N
and T obtained from 14 patients with CIMP-positive clear
cell RCCs, giving a total of 101 paired samples of N and T.
These patients did not receive preoperative treatment and
underwent nephrectomy at the National Cancer Center Hos-
pital, Tokyo, Japan. Histological diagnosis was made in
accordance with the World Health Organization classifica-
tion.15 All the tumors were graded on the basis of previously
described criteria16 and classified according to the pathologi-
cal Tumor-Node-Metastasis (TNM) classification.17 Clinico-
pathological parameters of CIMP-negative and CIMP-positive
patients are summarized in Table 1.

In our previous study, we quantitatively evaluated the
DNA methylation levels of 299 CpG sites on the 17 RCC-
specific CIMP marker genes and established diagnostic crite-
ria for reproducible diagnosis of CIMP-positive RCCs using
receiver operating characteristic curve analysis.18 Using these
criteria, we additionally identified five CIMP-positive RCCs
from the second cohort (n5 100).18 Five CIMP-positive
RCCs from the second cohort were also included in this
study and their clinicopathological parameters are summar-
ized in Table 1.

All patients included in this study provided written
informed consent. This study was approved by the Ethics
Committee of the National Cancer Center, Tokyo, and was
performed in accordance with the Declaration of Helsinki.

Exome analysis

Whole exome analysis of genomic DNA was performed for
the 101 paired samples from the initial cohort and the five
paired samples from the second cohort using SureSelect
Human All Exon 50 Mb (Agilent Technologies, Santa Clara,

What’s new?

CpG-island methylator phenotype (CIMP)-positive clear cell renal cell carcinomas (RCCs) are characterized by an accumulation

of DNA hypermethylation of CpG islands, clinicopathological aggressiveness, and poor patient outcome. The molecular path-

ways responsible for generating CIMP-positive clear cell RCCs, however, remain unclear. Based on an integrated multilayer

omics approach including genome, transcriptome, and proteome analyses, here the authors show that abnormalities in the

spindle checkpoint pathway participate in CIMP-positive renal carcinogenesis. The results also suggest the aurora kinases

AURKA and AURKB as potential therapeutic targets in more aggressive CIMP-positive RCCs.
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CA) and the Illumina HiSeq 2000 platform. Somatic non-
synonymous single-nucleotide mutations and insertions/dele-
tions (indels) were called as described previously.19,20 Effects
of amino acid substitutions on protein function due to
single-nucleotide non-synonymous mutations have been esti-
mated using the Sorting Intolerant from Tolerant (SIFT)
(http://sift.jcvi.org)21 and Polymorphism Phenotyping (Poly-
Phen)-2 (http://genetics.bwh.harvard.edu/pph2/),22 and those
due to indels have been estimated using SIFT.23 All data
from exome analysis will be submitted to the Genome Medi-
cine Database of Japan (GeMDBJ, https://gemdbj.nibio.go.jp/

dgdb/). Data from whole-exome analysis of 66 RCCs
included in the initial cohort have been published in another
article19 not focusing on CIMP.

Sanger sequencing

To verify the non-synonymous single-nucleotide mutations
and indels of genes showing an incidence of genetic aberra-
tion of 10% or more in CIMP-negative and CIMP-positive
RCCs in the initial cohort by exome analysis, the target sites
and the flanking sequences of each patient’s DNA template
were amplified individually with specific primers designed

Table 1. Clinicopathological parameters of the examined CpG island methylator phenotype (CIMP)-negative and CIMP-positive clear cell renal
cell carcinomas (RCCs)

Initial cohort Second cohort

Clinicopathological parameters
CIMP-negative
RCCs (n 5 87)

CIMP-positive
RCCs (n = 14)

CIMP-positive
RCCs (n 5 5)

Age 62.20 6 10.24 67.36 6 11.06 62.20 6 7.92

Sex Male 60 11 3

Female 27 3 2

Tumor diameter (cm) 5.21 6 3.19 8.75 6 2.85 8.26 6 3.91

Predominant histological grades1 G1 46 1 0

G2 33 4 1

G3 7 7 2

G4 1 2 2

Highest histological grades2 G1 7 0 0

G2 41 1 0

G3 24 4 1

G4 15 9 4

Vascular involvement Negative 51 1 0

Positive 36 13 5

Renal vein tumor thrombi Negative 66 5 0

Positive 21 9 5

Predominant growth pattern1 Expansive 81 7 3

Infiltrative 6 7 2

Most aggressive growth pattern2 Expansive 55 4 3

Infiltrative 32 10 2

Tumor necrosis Negative 68 2 1

Positive 19 12 4

Invasion to renal pelvis Negative 80 10 3

Positive 7 4 2

Pathological TNM stage Stage I 47 0 0

Stage II 1 1 0

Stage III 23 9 4

Stage IV 16 4 1

1If the tumor showed heterogeneity, findings in the predominant area were described
2If the tumor showed heterogeneity, the most aggressive features of the tumor were described.
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using Primer6.0. The PCR products were then sequenced
with an ABI 3730 DNA Analyzer using the BigDye Termina-
tor v1.1 Cycle Sequencing kit (Life Technologies, Carlsbad,
CA).

Single-nucleotide polymorphism (SNP) microarray analysis

SNP microarray analysis of genomic DNA was performed for
the 101 paired samples from the initial cohort and the 5
paired samples from the second cohort using the
HumanOmni1-Quad BeadChip system (Illumina) as
described previously.19 Copy number data had been obtained
using Allele-Specific Copy Number Analysis of Tumors
(ASCAT) (http://heim.ifi.uio.no/bioinf/Projects/ASCAT/)24

and Global Parameter Hidden Markov Model (GPHMM)
(http://bioinformatics.ustc.edu.cn/gphmm/)25 software. All
data from SNP microarray analysis will be submitted to
GeMDBJ. Data from SNP microarray analysis of 66 RCCs
included in the initial cohort have been published in another
article19 not focusing on CIMP.

Expression microarray analysis

The 95 paired samples of N and T from the initial cohort,
from which total RNA samples were available, were subjected
to expression microarray analysis. Total RNA was isolated
using TRIzol reagent (Life Technologies). Two hundred-
nanogram aliquots of total RNA were used for the produc-
tion of fluorescent complementary RNA, and all samples
were hybridized to the SurePrint G3 Human Gene Expres-
sion 8 3 60K microarray (Agilent Technologies). The signal
values were extracted using the Feature Extraction software
(Agilent Technologies). The expression level (E value) of each
gene was expressed as the log2-signal intensity. If the average
ET was significantly higher than the average EN (Welch t test,
p < 0.05), and DE (ET 2EN) was 2 or more, the mRNA
expression of the gene was considered to be elevated in T
samples relative to N samples. If the average ET was signifi-
cantly lower than the average EN (Welch t test, p < 0.05),
and the DE (ET 2EN) was 22 or less, the mRNA expression
of the gene was considered to be reduced in T samples rela-
tive to N samples. All data from expression microarray analy-
sis will be submitted to GeMDBJ.

Two-dimensional image converted analysis of liquid

chromatography-mass spectrometry (2DICAL)

The 42 paired samples of N and T from the initial cohort,
for which protein samples were available, were subjected to
2DICAL analysis.26 One milligram of frozen tissue was
digested using trypsin with 1% sodium deoxycholate, and the
digested peptides were extracted in aqueous phase according
to the phase transfer surfactant protocol.27 The extracted
peptide samples were dried and dissolved in 0.1% formic acid
to the final concentration of 150 ng/ml, and analyzed in
duplicate by nanoflow high-performance liquid chromatogra-
phy (NanoFrontier nLC, Hitachi High-technologies, Tokyo,
Japan) connected to an electrospray ionization quadrupole

time-of-flight mass spectrometer (TripleTof 5600, AB Sciex,
Framingham, MA). Mass spectrum peaks were detected, nor-
malized, and quantified using our 2DICAL software pack-
age.26 If the ratio of the expression level of T to the
corresponding N (PT/N) was 2 or more, the protein expres-
sion of the gene was considered to be elevated in the T sam-
ple relative to the N sample. If the PT/N was 0.5 or less, the
protein expression of the gene was considered to be reduced
in the T sample relative to the N sample. All data from
2DICAL analysis will be submitted to GeMDBJ.

Pathway analysis

MetaCore pathway analysis (http://www.genego.com) by
GeneGo was performed among genes showing elevated (p <
0.05 and DE [ET 2 EN] of 2 or more) or reduced (p < 0.05
and DE [ET 2 EN] of 22 or less) mRNA expression only in
CIMP-negative RCCs or genes showing a 50% or higher inci-
dence of elevated (PT/N of 2 or more) or reduced (PT/N of
0.5 or less) protein expression only in CIMP-negative RCCs.
MetaCore pathway analysis was also performed among genes
showing elevated or reduced mRNA expression only in
CIMP-positive RCCs in the initial cohort or genes showing a
50% or more incidence of elevated or reduced protein expres-
sion only in CIMP-positive RCCs in the initial cohort.

Quantitative RT-PCR analysis

The 88 paired samples of N and T from the initial cohort,
from which additional total RNA samples were available even
after the expression microarray analysis, and the five paired
samples of N and T from the second cohort were subjected
to quantitative RT-PCR analysis. cDNA was reverse-
transcribed from total RNA using random primers and
Superscript III RNase H2Reverse Transcriptase (Life Tech-
nologies). Levels of expression of mRNA for the AURKA,
AURKB, AURKC, BIRC5, BUB1, CDC20, NEK2 and SPC25
genes were analyzed using custom TaqMan Expression
Assays on the 7500 Fast Real-Time PCR System (Life Tech-
nologies) employing the relative standard curve method. The
probes and PCR primer sets employed are summarized in
Supporting Information Table S1. Experiments were per-
formed in triplicate, and the mean value for the three experi-
ments was used as the CT value. All CT values were
normalized to that of GAPDH in the same sample. If the
ratio of the expression level of T to that of the corresponding
N (CTT/N) was 4 or more, the mRNA expression of the gene
was considered to be elevated in the T sample relative to the
N sample. If the CTT/N was 0.25 or less, the mRNA expres-
sion of the gene was considered to be reduced in the T sam-
ple relative to the N sample.

Cell culture

The KMRC-2 renal cancer cell line was maintained in Dul-
becco’s Modified Eagle Medium-high glucose (Sigma-Aldrich,
Ontario, Canada), and the renal cancer cell lines 769-P and
786-O were maintained in RPMI-1640 (Sigma-Aldrich), both
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supplemented with 10% fetal bovine serum, under 95% air
and 5% CO2 at 378C.

Transfection with small interfering RNA (siRNA)

Cells were seeded in a 96-well plate at a concentration of
1 3 104 cells/well. When cells had reached about 60% con-
fluence, the medium was replaced with Opti-MEMVR I
Reduced Serum Medium (Life Technologies). The cells were
then transfected with either the Silence Select Negative Con-
trol #1 siRNA, AURKA miRNA or AURKB miRNA (Life
Technologies) using LipofectamineTM RNAiMAX reagent
(Life Technologies) in accordance with the manufacturer’s
protocol. At 72 h after transfection, the expression level of
mRNA for AURKA and AURKB was determined by quantita-
tive real-time RT-PCR analysis. Transfected cells were then
subjected to the MTS cell viability assay, cytotoxicity assay
and cell apoptosis assay.

MTS cell viability assay

Cells transfected with control, AURKA and AURKB siRNAs
were treated with CellTiter 96VR Aqueous One Solution Rea-
gent (Promega, Madison, WI) in accordance with the manu-
facturer’s protocol. After 1 h, proliferation of the cells was
measured by absorbance at 490 nm using an UltraMark
Microplate Imaging System (Bio Rad, Hercules, CA). Results
were presented as the mean6 standard deviation of triplicate
determinations.

Cytotoxicity assay

0.1% CellToxTM Green Dye (Promega) was added to the
media of cells transfected with control AURKA and AURKB
siRNAs, in accordance with the manufacturer’s protocol.
After a 72-h incubation, changes in membrane integrity
resulting from cell death were monitored by measurement of
fluorescence at excitation/emission wavelengths of 485 nm/
535 nm using an ARVO-X3 microplate reader (Perkin Elmer,
Waltham, MA). Results were presented as the mean6

standard deviation for six determinations.

Cell apoptosis assay

Cells transfected with control, AURKA and AURKB siRNAs
were treated with a Caspase-GloVR 3/7 assay kit (Promega), in
accordance with the manufacturer’s protocol. After a 1-h
incubation, the luminescent signal was measured on an
ARVO-X3 microplate reader (Perkin Elmer). Results were
presented as the mean6 standard deviation of triplicate
determinations.

Treatment with an inhibitor

Cells were seeded in a 96-well plate at a concentration of
3 3 103 cells/well and treated with VX-680 (0–3,000 nM, a
pan Aurora Kinase inhibitor).28 After a 72-h incubation,
MTS assay was performed as described above. The viability
of the untreated cells (negative controls) was considered to
be 100%. The results were expressed as a percentage of

absorbance relative to the negative control cells by subtract-
ing the background absorbance of the non-cell control well.
Relative viability5 (experimental absorbance2 background
absorbance)/(absorbance of untreated controls2 background
absorbance) 3 100%. Each data point represents the mean6

standard deviation for six determinations.

Statistics
Differences in the incidences of genetic aberrations and the
incidences of overexpression or reduced expression of protein
levels between sample groups were examined using Fisher’s
exact test and two-sample test for equality of proportions, at
a significance level of p < 0.05. Based on expression microar-
ray analysis and quantitative RT-PCR analysis, differences in
mRNA expression levels between sample groups were exam-
ined using Welch’s t test and Mann-Whitney U test, with a p
values of less than 0.05 being considered as significant. For
analysis of the expression microarray data obtained using
42,405 probes, Bonferroni correction was performed. Based
on MetaCore pathway analysis, alterations in mRNA and
protein expression were considered to be accumulated in
pathways for which the p value was less than 0.05 in each of
the CIMP-negative and CIMP-positive RCCs.

Results
Genetic aberrations in CIMP-negative and CIMP-positive

clear cell RCCs

Average coverages in the whole-exome analysis for each sam-
ple are shown in Supporting Information Table S2 and the
mean of the average coverage for the samples as a whole was
124.0. Somatic non-synonymous single-nucleotide mutations
and indels of 3,828 and 537 genes were detected among the
101 clear cell RCCs, respectively. In total, 3,455 genes showed
genetic aberrations (non-synonymous single-nucleotide muta-
tions and/or indels) in RCCs in the initial cohort (Supporting
Information Table S2). Genetic aberrations in the second
cohort are summarized in Supporting Information Table S3.
In Supporting Information Table S4, genetic aberrations in
the both cohorts are summarized along with the previously
described incidences of such aberrations in RCCs in the
COSMIC database (http://cancer.sanger.ac.uk/cancergenome/
projects/cosmic/). Among these genes, 666 (marked with the
superscript “c” in Supporting Information Table S4) showed
novel genetic aberrations only in our cohort, and not in the
COSMIC data. On the other hand, aberrations of none of the
3,662 genes listed in Supporting Information Table S4
showed a difference in incidence of 10% or more between
our cohort and the COSMIC data; the genetic aberration pro-
files in our cohort were generally consistent with those for
the COSMIC data. Supporting Information Table S5 com-
pares in more detail the genetic aberration profiles of the
well-known VHL29 and PBRM130 genes in the initial cohort
with those in the COSMIC data. Multiple non-synonymous
single-nucleotide mutations and/or indels were again shared
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between our cohort and the COSMIC data, thus confirming
the reliability of our whole-exome analysis.

The total number of genes showing genetic aberrations
(non-synonymous single-nucleotide mutations and/or indels)
in CIMP-negative (n5 87) and CIMP-positive RCCs (n5 19
in both cohorts) was 2,894 and 1,037, respectively. The aver-
age number of genes showing genetic aberrations per case
in CIMP-positive RCCs (59.536 43.49) was significantly
higher than that in CIMP-negative RCCs (40.386 16.13,
p5 1.57 3 1023, Student’s t-test): 46 genes showed signifi-
cant differences in the incidence of genetic aberrations
between CIMP-negative and CIMP-positive RCCs (p< 0.05,
marked by superscript “a” in Supporting Information Table
S4), and 3,393 genes showed genetic aberrations only in
CIMP-negative RCCs or only in CIMP-positive RCCs
(marked by superscript “b” in Supporting Information Table
S4). Seventy-six genes showed a genetic aberration incidence
of 10% or more in CIMP-positive RCCs (n5 19), whereas
only four genes did so in CIMP-negative RCCs (n5 87)
(Tables 2 and 3). Genes encoding microtubule-associated
proteins, such as DNAH2, DNAH5, DNAH10,31 RP132 and
HAUS8,33,34 those involved in histone modification, such as
NCOA1,35 those involved in cell adhesion, such as CELSR1,
CELSR2,36 CTNND1,37 LAMC238 and TJP1,39 and tumor-
related genes such as BAP140 and ATM,41 were frequently
mutated in CIMP-positive RCCs (Table 3). As shown in
Tables 2 and 3, 235 genetic aberrations (173 non-
synonymous single-nucleotide mutations and 62 indels)
revealed by whole-exome analysis in the initial cohort were
all successfully verified by Sanger sequencing. Representative

electrophoretograms for Sanger sequencing are shown as
Supporting Information Figure S1. Effects of amino acid
substitutions due to genetic aberrations on protein function
estimated using SIFT and PolyPhen-2 software are shown
in Tables 2 and 3. The incidence of copy number loss (1 or
less) and gain (3 or more) of the listed genes, detected
using ASCAT and GPHMM software, is indicated in Tables
2 and 3.

Alterations of mRNA expression in CIMP-negative and

CIMP-positive clear cell RCCs

Supporting Information Table S6 summarizes 1,920 genes
that showed elevated (p < 0.05 and DE [ET 2 EN] of 2 or
more) or reduced (p < 0.05 and DE [ET 2 EN] of 22 or less)
levels of mRNA expression among the 95 clear cell RCCs
examined (regardless of CIMP) along with the previously
described levels of mRNA expression in RCCs in the GEO
database (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE6344). For 847 out of 1,244 genes for which data
were available in the GEO database, significantly elevated or
reduced expression in T samples of our cohort was validated
in the GEO data (Supporting Information Table S6), indicat-
ing that the mRNA expression profiles in the T samples in
our cohort were generally consistent with those in the GEO
database.

Supporting Information Table S7(a) summarizes details of
297 and 215 genes that showed elevated (p < 0.05 and DE
[ET 2 EN] of 2 or more) and reduced (p < 0.05 and DE
[ET 2 EN] of 22 or less) levels of mRNA expression only in
CIMP-negative RCCs (n5 81), respectively, whereas

Table 2. Genes showing an incidence of genetic aberration of 10% or more in CpG island methylator phenotype (CIMP)-negative clear cell
renal cell carcinomas (RCCs)

No. tumors in which genetic aberrations, non-
synonymous single nucleotide mutation (SNV),
or insertion/deletion (indel), were detected (%) Analysis in CIMP-negative RCCs

CIMP-positive
Predicted protein function1

Copy
number

aberration2

(%)

CIMP-negative
RCCs (n 5 87)

RCCs in the initial
and second

cohorts (n 5 19) Median (IQR) for SNV

Gene name Ref seq ID SNV Indel Total SNV Indel Total SIFT PolyPhen-2 SIFT for Indels Loss Gain

VHL 7,428 28 11 39 (45) 3 10 13 (68) 0.02 (0.08) 0.99 (0.14) Damaging 77 9.2

PBRM13 55,193 15 12 26 (30) 2 7 9 (47) 0.01 (0.14) 0.72 (0.60) Damaging 75.9 6.9

TTN3 7,273 10 2 11 (13) 2 1 3 (16) NA NA Neutral 0 28.7

KDM5C 8,242 5 4 9 (10) 1 2 3 (16) 0.07 (0.36) 0.73 (0.26) Damaging 50.6 27.6

1Median and interquartile range (IQR) for SIFT score and PolyPhen-2 scores among all detected mutations of each gene (A SIFT score of <0.05
means “damaging” [Ref. 21]. PolyPhen-2 scores of >0.85 and 0.15 to 0.85 mean “probably damaging” and “possibly damaging,” respectively [Ref.
22]).
2The incidence of loss (copy number of 1 or less) or gain (copy number of 3 or more) detected using ASCAT or GPHMM in CIMP-negative RCCs.
3SNV and indel were simultaneously detected in some cases.
Abbreviations: NA: not available using SIFT or PolyPhen-2.
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Table 3. Genes showing an incidence of genetic aberration of 10% or more in CpG island methylator phenotype (CIMP)-positive clear cell
renal cell carcinomas (RCCs)

No. tumor in which genetic aberrations, SNV or
indel, were detected (%) Analysis in CIMP-positive RCCs

CIMP-positive
Predicted protein function1

Copy
number

aberration2

(%)

CIMP-negative
RCCs (n 5 87)

RCCs in the initial
and second

cohorts (n 5 19) Median (IQR) for SNV

Gene name Ref seq ID SNV Indel Total SNV Indel Total SIFT PolyPhen-2 SIFT for Indels Loss Gain

VHL 7,428 28 11 39 (45) 3 10 13 (68) 0.00 (0.00) 1.00 (0.00) Damaging 47.4 31.6

PBRM13 55,193 15 12 26 (30) 2 7 9 (47) 0.50 (0.50) 0.87 (0.13) Damaging 36.8 31.6

BAP1 8,314 2 1 3 (3) 3 1 4 (21) 0.00 (0.01) 1.00 (0.50) Damaging 47.4 31.6

KDM5C 8,242 5 4 9 (10) 1 2 3 (16) 0.00 (NA) 1.00 (NA) Damaging 26.3 31.6

BIRC6 57,448 2 1 3 (3) 3 0 3 (16) 0.04 (0.04) NA – 0 73.7

TTN3 7,273 10 2 11 (13) 2 1 3 (16) NA NA Neutral 0 73.7

MTOR 2,475 5 0 5 (6) 3 0 3 (16) 0.00 (0.00) 1.00 (0.00) – 5.3 52.6

DNAH2 14,6754 0 1 1 (1) 3 0 3 (16) 0.57 (0.43) 0.03 (0.01) – 0 68.4

FAM111B 374,393 0 0 0 (0) 2 1 3 (16) 0.21 (0.13) 0.53 (0.23) Damaging 0 57.9

RYR2 6,262 4 0 4 (5) 3 0 3 (16) 0.13 (0.13) 0.99 (0.01) – 0 68.4

SETD2 29,072 2 6 8 (9) 1 1 2 (11) NA NA Damaging 42.1 26.3

CUBN 8,029 4 0 4 (5) 1 1 2 (11) 0.73 (NA) 0.00 (NA) Damaging 5.3 57.9

SPTA1 6,708 3 1 4 (5) 1 1 2 (11) NA NA Damaging 0 68.4

WDFY3 23,001 2 1 3 (3) 2 0 2 (11) 0.01 (0.01) 0.98 (0.00) – 0 36.8

NCOA1 8,648 2 0 2 (2) 2 0 2 (11) 0.00 (0.00) 0.97 (0.01) – 0 73.7

PLCE1 51,196 2 0 2 (2) 2 0 2 (11) 0.03 (0.05) 1.00 (0.00) – 15.8 52.6

ANKRD26 22,852 1 0 1 (1) 2 0 2 (11) 0.58 (0.18) 0.04 (0.04) – 5.3 57.9

DNAH5 1,767 1 0 1 (1) 2 0 2 (11) 0.67 (0.29) 0.08 (0.08) – 0 73.7

FOXN2 3,344 1 0 1 (1) 1 1 2 (11) 0.08 (NA) 0.26 (NA) Neutral 0 73.7

LRBA 987 1 0 1 (1) 2 0 2 (11) 0.56 (0.29) 0.48 (0.46) – 0 42.1

MIS18BP1 55,320 1 0 1 (1) 1 1 2 (11) 0.18 (NA) 0.46 (NA) Damaging 26.3 36.8

PARP8 79,668 0 0 0 (0) 2 0 2 (11) 0.07 (0.02) 0.03 (0.03) – 0 78.9

RP1 6,101 1 0 1 (1) 2 0 2 (11) 0.04 (0.03) 0.53 (0.32) – 5.3 68.4

ATM 472 0 0 0 (0) 1 1 2 (11) 0.00 (NA) 1.00 (NA) NA 10.5 47.4

B4GALNT3 283,358 0 0 0 (0) 2 0 2 (11) 0.60 (0.20) 0.00 (0.00) – 0 84.2

TICRR 90,381 0 0 0 (0) 2 0 2 (11) 0.10 (0.55) 0.74 (0.35) – 5.3 42.1

CABIN1 23,523 0 0 0 (0) 2 0 2 (11) 0.02 (0.02) 0.81 (0.14) – 0 63.2

CD6 923 0 0 0 (0) 2 0 2 (11) 0.29 (0.29) 0.49 (0.49) – 0 57.9

CELSR1 9,620 0 0 0 (0) 2 0 2 (11) 0.01 (0.01) 0.85 (0.14) – 0 63.2

CELSR2 1,952 0 0 0 (0) 2 0 2 (11) 0.26 (0.20) 0.02 (0.02) – 5.3 73.7

CNNM4 26,504 0 0 0 (0) 2 0 2 (11) 0.46 (0.46) 0.50 (0.50) – 0 78.9

CTNND1 1,500 0 0 0 (0) 2 0 2 (11) 0.05 (0.05) NA – 0 63.2

DNAH10 196,385 0 0 0 (0) 2 0 2 (11) 0.38 (0.33) NA – 0 84.2

EIF4G3 8,672 0 0 0 (0) 2 0 2 (11) 0.22 (0.22) 0.45 (0.45) – 15.8 47.4

EPHA6 285,220 0 0 0 (0) 2 0 2 (11) 0.00 (0.00) NA – 5.3 63.2

FAM194A 131,831 0 0 0 (0) 2 0 2 (11) 0.00 (0.00) 0.66 (0.34) – 5.3 68.4

FHAD1 114,827 0 0 0 (0) 1 1 2 (11) 0.19 (NA) NA Damaging 5.3 57.9
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Table 3. Genes showing an incidence of genetic aberration of 10% or more in CpG island methylator phenotype (CIMP)-positive clear cell
renal cell carcinomas (RCCs) (Continued)

No. tumor in which genetic aberrations, SNV or
indel, were detected (%) Analysis in CIMP-positive RCCs

CIMP-positive
Predicted protein function1

Copy
number

aberration2

(%)

CIMP-negative
RCCs (n 5 87)

RCCs in the initial
and second

cohorts (n 5 19) Median (IQR) for SNV

Gene name Ref seq ID SNV Indel Total SNV Indel Total SIFT PolyPhen-2 SIFT for Indels Loss Gain

HAUS8 93,323 0 0 0 (0) 2 0 2 (11) 0.01 (0.01) 0.98 (0.01) – 0 68.4

HIP1 3,092 0 0 0 (0) 2 0 2 (11) 0.02 (0.00) 0.99 (0.00) – 0 84.2

LAMC2 3,918 0 0 0 (0) 2 0 2 (11) 0.31 (0.31) 0.50 (0.50) – 0 68.4

MED13L 23,389 0 0 0 (0) 2 0 2 (11) 0.02 (0.02) 0.99 (0.00) – 0 84.2

PCDHGB3 56,102 0 0 0 (0) 2 0 2 (11) NA NA – 0 89.5

POLR2A 5,430 0 0 0 (0) 2 0 2 (11) 0.39 (0.14) 0.93 (0.05) – 0 68.4

SLC25A12 8,604 0 0 0 (0) 2 0 2 (11) 0.25 (0.25) 0.50 (0.50) – 0 73.7

TJP1 7,082 0 0 0 (0) 2 0 2 (11) 0.04 (0.04) 0.49 (0.48) – 10.5 52.6

TNFSF11 8,600 0 0 0 (0) 1 1 2 (11) 0.60 (NA) 0.00 (NA) Damaging 15.8 47.4

ZZZ3 26,009 0 0 0 (0) 2 0 2 (11) 0.02 (0.01) 0.45 (0.44) – 5.3 57.9

KIF26B 55,083 2 0 2 (2) 2 0 2 (11) 0.27 (0.27) 0.09 (NA) – 0 68.4

CHST9 83,539 1 0 1 (1) 2 0 2 (11) 0.07 (0.06) 0.85 (0.15) – 15.8 31.6

DIDO1 11,083 2 0 2 (2) 1 1 2 (11) 1.00 (NA) 0.00 (NA) Damaging 0 78.9

QPCTL 54,814 0 0 0 (0) 1 1 2 (11) 0.00 (NA) 0.99 (NA) Damaging 0 68.4

AMBRA1 55,626 0 0 0 (0) 2 0 2 (11) 0.01 (0.01) 0.87 (0.14) – 0 63.2

C20orf26 26,074 0 0 0 (0) 2 0 2 (11) 0.28 (0.27) 0.86 (0.14) – 10.5 63.2

DOPEY2 9,980 0 0 0 (0) 2 0 2 (11) 0.13 (NA) 1.00 (0.00) – 5.3 57.9

KIAA1429 25,962 0 0 0 (0) 2 0 2 (11) 0.12 (0.12) 1.00 (NA) – 0 73.7

RHEB 6,009 0 0 0 (0) 2 0 2 (11) 0.01 (0.01) 1.00 (0.00) – 0 84.2

SORL1 6,653 0 0 0 (0) 2 0 2 (11) 0.03 (0.02) 0.97 (0.03) – 10.5 57.9

STOX1 219,736 0 0 0 (0) 2 0 2 (11) 0.39 (0.19) 0.99 (0) – 10.5 47.4

TIGD5 84,948 0 0 0 (0) 2 0 2 (11) 0.16 (0.13) 0.96 (0.03) – 0 68.4

ZSCAN1 284,312 0 0 0 (0) 2 0 2 (11) 0.18 (0.06) 0.51 (0.48) – 0 68.4

ACTL6B 51,412 0 0 0 (0) 2 0 2 (11) 0.54 (0.46) NA – 0 73.7

OGFR 11,054 0 0 0 (0) 2 0 2 (11) 0.48 (0.26) 0.43 (0.43) – 0 78.9

OR5F1 338,674 0 0 0 (0) 2 0 2 (11) 0.52 (0.48) 0.01 (0.01) – 0 63.2

MUC16 94,025 4 0 4 (5) 2 0 2 (11) 0.00 (0.00) 0.02 (0.02) – 0 68.4

GPR98 84,059 2 0 2 (2) 1 1 2 (11) 0.18 (NA) 0.05 (NA) Damaging 0 84.2

GREB1 9,687 2 0 2 (2) 1 1 2 (11) 0.00 (NA) 1.00 (NA) Damaging 0 73.7

MORF4L2 9,643 1 0 1 (1) 1 1 2 (11) 0.00 (NA) 0.02 (NA) Damaging 36.8 31.6

SI 6,476 2 0 2 (2) 0 2 2 (11) – – Damaging 5.3 68.4

SZT2 23,334 1 0 1 (1) 1 1 2 (11) 0.03 (NA) 0.00 (NA) NA 5.3 63.2

ABCA9 10,350 1 0 1 (1) 2 0 2 (11) 0.65 (0.36) 0.39 (0.2) – 0 68.4

TET3 200,424 1 0 1 (1) 2 0 2 (11) 0.16 (0.15) 0.00 (NA) – 0 73.7

AKNAD1 254,268 0 0 0 (0) 2 0 2 (11) 0.38 (0.38) 0.9 (0.1) – 5.3 57.9

ECE1 1,889 0 0 0 (0) 1 1 2 (11) 0.00 (NA) 1.00 (NA) Damaging 15.8 52.6

EGF 1,950 0 0 0 (0) 2 0 2 (11) 0.32 (NA) 0.08 (NA) – 0 36.8
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Supporting Information Table S7(b) summarizes details of
288 and 400 genes that showed elevated and reduced levels
of mRNA expression only in CIMP-positive RCCs (n5 14),
respectively. As shown in Supporting Information Table S7,
697 genes showed statistically significant differences in DE
values between CIMP-negative and CIMP-positive RCCs
(p< 0.05, underlined).

Alterations of protein expression in CIMP-negative and

CIMP-positive clear cell RCCs

Supporting Information Table S8 summarizes 200 genes that
showed elevation (average PT/N of 2 or more) and reduction
(average PT/N of 0.5 or less) of protein expression among all
the clear cell RCCs examined (n5 42, regardless of CIMP),
along with the previously described Protein Atlas data
(http://www.proteinatlas.org/cancer). Possibly due to differen-
ces in the analytical procedures employed, the protein expres-
sion profiles in our cohort were not completely consistent
with those in the Protein Atlas database.

Supporting Information Table S9(a) summarizes details of
11 and 69 genes that showed elevation (PT/N of 2 or more) and
reduction (PT/N of 0.5 or less) of protein expression at an inci-
dence of 50% or more only in CIMP-negative RCCs (n5 36),
respectively, whereas Supporting Information Table S9(b) sum-
marizes details of 109 and 76 genes that showed elevation and
reduction of protein expression at an incidence of 50% or more
only in CIMP-positive RCCs (n5 6), respectively. As shown in
Supporting Information Table S9, 95 genes showed statistically
significant differences in the incidence of elevated or reduced
protein expression between CIMP-negative and CIMP-positive
RCCs (p< 0.05, underlined).

With regard to the representative proteins ANXA2 and
MSH2 included in Supporting Information Table S9(b),
which showed elevated and reduced protein expression,

respectively, in T samples compared to N samples by
2DICAL analysis, immunohistochemical examinations were
performed on tissue specimens (Supporting Information
Methods). Representative photos of the immunohistochemis-
try are shown in Supporting Information Figure S2: elevated
protein expression of ANXA2 and reduced protein expression
of MSH2 in T samples relative to N samples were immuno-
histochemically verified, thus indicating the reliability of our
2DICAL analysis.

Pathway analysis

MetaCore pathway analysis using GeneGo was performed for
589 genes showing significantly elevated (p < 0.05 and DE
[ET 2 EN] of 2 or more, 297 genes in Supporting Information
Table S7[a]) and significantly reduced (p < 0.05 and DE
[ET 2 EN] of 22 or less, 215 genes in Supporting Information
Table S7[a]) mRNA expression only in CIMP-negative RCCs,
and elevation (PT/N of 2 or more, 11 genes in Supporting
Information Table S9[a]) or reduction (PT/N of 0.5 or less, 69
genes in Supporting Information Table S9[a]) of protein
expression at an incidence of 50% or more only in CIMP-
negative RCCs. Alterations of mRNA and protein expression
were significantly accumulated in 18 GeneGo pathways
(p< 0.05) in CIMP-negative RCCs (Table 4).

MetaCore pathway analysis using GeneGo was also per-
formed for 865 genes showing significantly elevated (p <

0.05 and DE [ET 2 EN] of 2 or more, 288 genes in Supporting
Information Table S7[b]) and significantly reduced (p < 0.05
and DE [ET 2 EN] of 22 or less, 400 genes in Supporting
Information Table S7[b]) expression of mRNA only in
CIMP-positive RCCs in the initial cohort, and elevation
(PT/N of 2 or more, 109 genes in Supporting Information
Table S9[b]) and reduction (PT/N of 0.5 or less, 76 genes in
Supporting Information Table S9[b]) of protein expression at

Table 3. Genes showing an incidence of genetic aberration of 10% or more in CpG island methylator phenotype (CIMP)-positive clear cell
renal cell carcinomas (RCCs) (Continued)

No. tumor in which genetic aberrations, SNV or
indel, were detected (%) Analysis in CIMP-positive RCCs

CIMP-positive
Predicted protein function1

Copy
number

aberration2

(%)

CIMP-negative
RCCs (n 5 87)

RCCs in the initial
and second

cohorts (n 5 19) Median (IQR) for SNV

Gene name Ref seq ID SNV Indel Total SNV Indel Total SIFT PolyPhen-2 SIFT for Indels Loss Gain

F8 2,157 0 0 0 (0) 2 0 2 (11) 0.11 (0.1) 0.5 (0.45) – 31.6 36.8

KALRN 8,997 0 0 0 (0) 2 0 2 (11) 0.21 (0.21) 0.64 (0.36) – 5.3 73.7

1Median and interquartile range (IQR) for SIFT score and PolyPhen-2 scores among all detected mutations of each gene (A SIFT score of <0.05
means “damaging” [Ref. 21]. PolyPhen-2 scores of >0.85 and 0.15 to 0.85 mean “probably damaging” and “possibly damaging,” respectively [Ref.
22]).
2The incidence of loss (copy number of 1 or less) or gain (copy number of 3 or more) detected using ASCAT or GPHMM in CIMP positive RCCs.
3SNV and indel were simultaneously detected in some cases.
Abbreviations: NA: not available using SIFT or PolyPhen-2; -: SNVs or indels of the gene were not detected.
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an incidence of 50% or more only in CIMP-positive RCCs in
the initial cohort. Alterations of mRNA and protein expres-
sion were significantly accumulated in 47 GeneGo pathways
(p< 0.05) in CIMP-positive RCCs (Table 5). Six pathways
shown in Table 5, including the top four pathways in CIMP-
positive RCCs, were all involved in the spindle checkpoint
for cell cycle regulation: “Cell cycle_The metaphase check-
point (p5 1.427 3 1026),” “Cell cycle_Role of Anaphase
Promoting Complex in cell cycle regulation (p5 7.444 3

1026),” “Cell cycle_Spindle assembly and chromosome sepa-
ration (p5 9.260 3 1026),” “Cell cycle_Initiation of mitosis
(p5 1.940 3 1025),” “Cell cycle_Role of Nek in cell cycle
regulation (p5 8.299 3 1024)” and “Cell cycle_Role of Skp,
Cullin, F-box containing complex in cell cycle regulation
(p5 3.003 3 1022).”

MetaCore pathway analysis was also performed using 434
genes included in Supporting Information Table S7(b) for
which the levels of mRNA expression differed significantly
between CIMP-negative and CIMP-positive RCCs (under-
lined in Supporting Information Table S7[b]), and 74 genes
included in Supporting Information Table S9(b) for which
the incidence of protein over- or under-expression differed

significantly between CIMP-negative and CIMP-positive
RCCs (underlined in Supporting Information Table S9[b]).
The aberrations of these 508 genes showing statistically sig-
nificant differences between CIMP-negative and CIMP-
positive RCCs were again significantly accumulated in the
above six signaling pathways, all participating in the spindle
checkpoint (Supporting Information Table S10).

Table 6 lists the genes that showed overexpression at the
mRNA or protein level and were involved in the above six
pathways participating in the spindle checkpoint. These
affected genes in the top pathway, “Cell cycle_The metaphase
checkpoint (p5 1.427 3 1026),” are also shown schemati-
cally in Figure 1.

Quantitative RT-PCR analysis

Levels of mRNA expression for eight genes included in the
top pathway, “Cell cycle_The metaphase checkpoint
(p5 1.427 3 1026, Table 5 and Fig. 1)”, i.e., AURKA
(Aurora-A),42 AURKB (Aurora-B),43 AURKC (Aurora-C),44

BIRC5,45 BUB1,46 CDC20,47 NEK248 and SPC25,48 were quan-
titatively evaluated by RT-PCR analysis and added to Table
6. Levels of mRNA expression for the AURKA, AURKB,
BIRC5, BUB1, CDC20, NEK2 and SPC25 genes in CIMP-
positive RCCs in the initial cohort (n5 14) were significantly
higher than in CIMP-negative RCCs (n5 74) (p5 2.447 3

1024, 7.803 3 1024, 6.077 3 1024, 5.250 3 1025, 1.706 3

1024, 2.922 3 1024 and 2.152 3 1022, respectively, Mann-
Whitney U test, Fig. 2a). Quantitative RT-PCR analyses again
revealed overexpression of mRNA for the AURKA, AURKB,
BIRC5, BUB1, CDC20, NEK2 and SPC25 genes in the 5
CIMP-positive RCCs in the second cohort (Supporting Infor-
mation Table S11). CIMP-positive RCCs from the initial and
second cohorts again showed significantly higher levels of
mRNA expression for the AURKA, AURKB, BIRC5, BUB1,
CDC20, NEK2 and SPC25 genes relative to CIMP-negative
RCCs (Supporting Information Fig. S3).

Knockdown experiments

Based on the DNA methylation levels of RCC-specific CIMP
marker genes and the levels of mRNA expression for AURKA
and AURKB, the RCC cell line KMRC-2 was considered to
be a CIMP-negative model, whereas 769-P and 786-O were
CIMP-positive model RCC cell lines. mRNA levels of
AURKA and AURKB were successfully reduced after transfec-
tion with siRNA (Fig. 2b). Knockdown of AURKA and
AURKB in CIMP-positive 769-P and 786-O resulted in a
reduction of cell viability revealed by MTS assay, whereas no
such reduction of viability was observed in CIMP-negative
KMRC-2 (Fig. 2b). Moreover, a cytotoxicity assay revealed an
increase of cell death, and an apoptosis assay revealed activa-
tion of caspase-3 and caspase-7 after knockdown of AURKB
in 786-O (Fig. 2b).

Table 4. Statistically significant GeneGo pathway maps revealed by
MetaCore pathway analysis in CpG island methylator phenotype
(CIMP)-negative clear cell renal cell carcinomas (RCCs)

Pathway p

Development_Transcription regulation
of granulocyte development

8.627 3 1026

Pyruvate metabolism 2.974 3 1024

Glycolysis and gluconeogenesis (short map) 2.974 3 1024

Development_Gastrin in
differentiation of the gastric mucosa

8.375 3 1024

Triacylglycerol metabolism p.1 3.003 3 1023

(L)-Arginine metabolism 5.905 3 1023

Transcription_Transcription
regulation of aminoacid metabolism

6.635 3 1023

Fructose metabolism 7.818 3 1023

Cell adhesion_ECM remodeling 8.740 3 1023

Cell adhesion_Gap junctions 1.122 3 1022

Beta-alanine metabolism 1.206 3 1022

HBV signaling via protein
kinases leading to HCC

1.346 3 1022

Glycolysis and gluconeogenesis p. 2 1.493 3 1022

Development_BMP7 in
brown adipocyte differentiation

1.569 3 1022

G-protein signaling_RAC1 in cellular process 1.709 3 1022

Glycolysis and gluconeogenesis p. 1 2.144 3 1022

Immune response_MIF – the
neuroendocrine-macrophage connector

2.144 3 1022

Gamma-aminobutyrate (GABA)
biosynthesis and metabolism

2.794 3 1022
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Table 5. Statistically significant GeneGo pathway maps revealed by MetaCore pathway analysis in CpG island methylator phenotype (CIMP)-
positive clear cell renal cell carcinomas (RCCs)

Pathway p

Cell cycle_The metaphase checkpoint1 1.427 3 1026

Cell cycle_Role of Anaphase-Promoting Complex in cell cycle regulation1 7.444 3 1026

Cell cycle_Spindle assembly and chromosome separation1 9.260 3 1026

Cell cycle_Initiation of mitosis1 1.940 3 1025

Development_Regulation of cytoskeleton proteins in oligodendrocyte differentiation and myelination 5.005 3 1025

Cytoskeleton remodeling_Keratin filaments 5.199 3 1025

Development_Slit-Robo signaling 3.601 3 1024

Cytoskeleton remodeling_Reverse signaling by ephrin B 4.098 3 1024

LRRK2 in neurons in Parkinson’s disease 5.236 3 1024

Cell cycle_Role of Nek in cell cycle regulation1 8.299 3 1024

Transport_HDL-mediated reverse cholesterol transport 1.577 3 1023

Cell adhesion_Histamine H1 receptor signaling in the interruption of cell barrier integrity 1.715 3 1023

Cell cycle_Role of 14-3-3 proteins in cell cycle regulation 1.943 3 1023

Reproduction_Progesterone-mediated oocyte maturation 2.328 3 1023

Proteolysis_Role of Parkin in the Ubiquitin-Proteasomal Pathway 2.512 3 1023

Chemotaxis_Inhibitory action of lipoxins on IL-8- and Leukotriene B4-induced neutrophil migration 2.729 3 1023

Cell adhesion_Endothelial cell contacts by junctional mechanisms 3.174 3 1023

Impaired inhibitory action of lipoxins on neutrophil migration in CF 3.839 3 1023

Cell cycle_Nucleocytoplasmic transport of CDK/Cyclins 3.872 3 1023

Cell adhesion_Gap junctions 4.793 3 1023

Regulation of CFTR activity (normal and CF) 5.533 3 1023

Transport_Macropinocytosis regulation by growth factors 5.857 3 1023

Cytoskeleton remodeling_Thyroliberin in cytoskeleton remodeling 6.283 3 1023

Cytoskeleton remodeling_Cytoskeleton remodeling 6.314 3 1023

Phenylalanine metabolism 6.542 3 1023

Immune response_T regulatory cell-mediated modulation of antigen-presenting cell functions 6.836 3 1023

Phenylalanine metabolism 7.278 3 1023

Cell adhesion_ECM remodeling 7.323 3 1023

Blood coagulation_GPCRs in platelet aggregation 8.910 3 1023

Apoptosis and survival_TNF-alpha-induced Caspase-8 signaling 1.308 3 1022

Neurophysiological process_Receptor-mediated axon growth repulsion 1.480 3 1022

Tyrosine metabolism p.2 (melanin) 1.518 3 1022

Neurophysiological process_ACM regulation of nerve impulse 1.570 3 1022

Cell adhesion_Chemokines and adhesion 2.797 3 1022

Nicotine signaling in cholinergic neurons 2.965 3 1022

Cell cycle_Role of Skp, Cullin, F-box containing complex in cell cycle regulation1 3.003 3 1022

Mitochondrial dysfunction in neurodegenerative diseases 3.022 3 1022

Oxidative stress_Role of Sirtuin1 and PGC1-alpha in activation of antioxidant defense system 3.155 3 1022

NF-AT signaling in cardiac hypertrophy 3.866 3 1022

Cytoskeleton remodeling_TGF, WNT and cytoskeletal remodeling 3.886 3 1022

Aberrant B-Raf signaling in melanoma progression 4.014 3 1022

Signal transduction_Activin A signaling regulation 4.188 3 1022

Immune response_IL-33 signaling pathway 4.485 3 1022

Development_Transcription factors in segregation of hepatocytic lineage 4.628 3 1022
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Treatment with an inhibitor

MTS assay revealed that treatment of CIMP-positive 769-P
and 786-O cells with Aurora Kinase inhibitor VX-680
resulted in a dose-dependent reduction of cell viability,
with IC50 values of 1.85 lM and 2.08 lM, respectively
(Fig. 2c).

Discussion
We had previously identified CIMP-positive clear cell RCCs
characterized by accumulation of DNA hypermethylation of
CpG islands using methylome analysis.13 In order to clarify
molecular pathways participating in the generation of
CIMP-positive clear cell RCCs and to identify therapeutic
targets for patients with CIMP-positive RCCs showing a
poorer outcome, multi-layer omics analysis, i.e., genome,
transcriptome and proteome analyses, were performed using
tissue specimens of CIMP-negative and CIMP-positive
RCCs and corresponding samples of non-cancerous renal
cortex.

In CIMP-negative clear cell RCCs, the number of genes
showing an incidence of somatic mutations of 10% or more
was only four (Table 2). The incidences of somatic mutations
of the four genes in CIMP-negative RCCs did not differ sig-
nificantly from those of the same genes in CIMP-positive
RCCs. These data indicated that CIMP-negative RCCs lacked
distinct genetic characteristics.

On the other hand, CIMP-positive clear cell RCCs
showed aberrations of tumor-related genes such as BAP140

and ATM.41 Whether or not aberrations of genes involved
in histone modification, such as NCOA1,35 participate in the
acquisition of epigenetic characteristics in CIMP-positive
RCCs warrants further examination. Aberrations of genes
involved in cell adhesion, such as CELSR1, CELSR2,36

CTNND1,37 LAMC238 and TJP1,39 may affect the invasive-
ness and metastatic potential of CIMP-positive RCCs
(CIMP-positive RCCs show invasive growth and distant
metastasis more frequently than CIMP-negative RCCs13).
Moreover, genetic aberrations of microtubule-associated
proteins, such as DNAH2, DNAH5, DNAH10,31 RP132 and
HAUS8,33,34 may be correlated with dysregulation of the
spindle checkpoint in CIMP-positive RCCs. DNAH2,
DNAH5 and DNAH10 encode the heavy chains of axonal
dynein.31 In mice, mutations of the axonal dynein gene Left-
right dynein (LRD) result in abnormal segregation of sister
chromatids,49 suggesting that axonal dynein may be

involved in the movement of chromosomes and positioning
of the mitotic spindles for cell division. RP1 belongs to the
EB1 family, which has been shown to play an important
role in the regulation of microtubule dynamics and chromo-
some segregation.32 HAUS8 is phosphorylated by Aurora-A
and is required for maintenance of spindle integrity and
chromosomal stability in human cells.33,34 SIFT21,23 and
PolyPhen-222 scores have suggested that many of the
amino acid substitutions due to genetic aberrations listed in
Table 3 could potentially affect protein functions in CIMP-
positive RCCs.

We also performed MetaCore pathway analysis of
genes showing frequent aberrations of the transcriptome
(expression microarray) and/or proteome (2DICAL) to
reveal the molecular pathways significantly participating in
renal carcinogenesis. Even though 589 genes had shown
significant alterations of mRNA and/or protein expression,
MetaCore software analysis revealed that such abnormal-
ities were accumulated in only 18 pathways in CIMP-
negative RCCs (Table 4). CIMP-negative RCCs lacked not
only distinct genetic characteristics but also distinct
expression characteristics at both the mRNA and protein
levels.

On the other hand, in CIMP-positive RCCs in the initial
cohort, MetaCore pathway analysis revealed that abnormal-
ities of the transcriptome and proteome layers were accumu-
lated in 47 molecular pathways. Among them, six pathways
including the top four were involved in the spindle check-
point for cell cycle regulation (Table 5). Overexpression of
mRNAs for the genes included in the top pathway “Cell
cycle_The metaphase checkpoint (p5 1.427 3 1026, Fig. 1)”,
i.e., AURKA,42 AURKB,43 BIRC5,45 BUB1,46 CDC20,47

NEK248 and SPC25,48 was confirmed using quantitative RT-
PCR analysis in the same tissue specimens of CIMP-positive
RCCs relative to CIMP-negative RCCs. mRNA or protein
overexpression of the 27 genes involved in the above six
pathways participating in the spindle checkpoint (Table 5
and Fig. 1), as well as their copy number alterations, are
summarized in Table 6. All 14 CIMP-positive RCCs in the
initial cohort (100%) possessed multiple abnormalities of
these genes participating in the spindle checkpoint. Overex-
pression of mRNA for the AURKA, AURKB, BIRC5, BUB1,
CDC20, NEK2 and SPC25 genes was confirmed even in the
5 CIMP-positive RCCs of the second cohort (Supporting
Information Table S11 and Supporting Information

Table 5. Statistically significant GeneGo pathway maps revealed by MetaCore pathway analysis in CpG island methylator phenotype (CIMP)-
positive clear cell renal cell carcinomas (RCCs) (Continued)

Pathway p

Cytoskeleton remodeling_Fibronectin-binding integrins in cell motility 4.910 3 1022

Histidine-glutamate-glutamine and proline metabolism 4.934 3 1022

Development_Regulation of endothelial progenitor cell differentiation from adult stem cells 4.986 3 1022

1Pathways involved in the spindle checkpoint for cell cycle regulation.
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Fig. S3). These data suggest that dysregulation of the spin-
dle checkpoint plays a key role in CIMP-positive renal
carcinogenesis.

It is well known that AURKA (Aurora-A) and AURKB
(Aurora-B) are key kinases in the spindle checkpoint.42,43

All 14 CIMP-positive RCCs (100%) showed overexpression
of AURKA and AURKB (Table 6). ASCAT24 and GPHMM25

analyses based on SNP microarray data revealed that over-
expression of the AURKA and AURKB genes was associated
with increased copy number (3 or more) in 10 (71%) out of
14 CIMP-positive RCCs (Table 6), indicating that such
overexpression was mainly attributable to increased copy
number in CIMP-positive RCCs. All 5 CIMP-positive RCCs
in the second cohort again showed increased copy numbers

of the AURKA or AURKB genes (Supporting Information
Table S11).

AURKA and AURKB could be possible therapeutic targets
in CIMP-positive RCCs. Several Aurora kinase inhibitors
have already been developed, and are undergoing clinical tri-
als in patients with malignant tumors such as hematological
malignancies.50 Since CIMP-positive RCCs have a poorer
outcome, CIMP diagnosis may be applicable for clinical prog-
nostication. In addition, our CIMP diagnostic approach for
clear cell RCCs may be useful as a diagnostic adjunct for per-
sonalized medicine. If CIMP diagnosis reveals CIMP negativ-
ity in tissue specimens from surgically resected materials,
then the risk of recurrence and metastasis would be consid-
ered low, and the patient would not require adjuvant therapy.

Figure 1. The top pathway “Cell cycle_The metaphase checkpoint” (p 5 1.427 3 1026 in Table 5) illustrated schematically using MetaCore

software. mRNA overexpression (red solid circles) in tumor tissue (T) samples relative to non-cancerous renal cortex (N) samples detected

by expression microarray analysis (DE [ET 2 EN] of 2 or more) and/or quantitative reverse transcription-PCR (CTT/N of 4 or more), protein

overexpression (blue solid circles) in T samples relative to N samples detected by two-dimensional image converted analysis of liquid

chromatography-mass spectrometry (PT/N was 2 or more) and increased copy number (red clear circles) by single nucleotide polymorphism

microarray analysis of the AURKA, AURKB, AURKC, BIRC5, BUB1, CBX3, CDC20, CASC5, CENPE, CENPH, NDC80, MAD2L1, NEK2, PLK1, SPC24

and SPC25 genes. The number of cases with CpG island methylator phenotype (CIMP)-positive clear cell renal cell carcinomas (RCCs,

n 5 14) showing such aberrations is indicated within each circle.
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On the other hand, if surgically resected materials were
shown to be CIMP-positive, the risk of recurrence and
metastasis would be considered high, and Aurora kinase

inhibitors might be effective in this situation. Moreover, adju-
vant therapy using Aurora kinase inhibitors would be advisa-
ble immediately after nephrectomy in patients with CIMP-

Figure 2. (a) Levels of mRNA expression for eight genes included in the top pathway “Cell cycle_The metaphase checkpoint” (p 5 1.427 3

1026 in Table 5) evaluated by quantitative reverse transcription-PCR analysis. Average levels of mRNA expression for AURKA, AURKB, BIRC5,

BUB1, CDC20, NEK2 and SPC25 in CpG island methylator phenotype (CIMP)-positive renal cell carcinomas (RCCs) (n 5 14) were significantly

higher than those in CIMP-negative RCCs (n 5 74) (P 5 2.447 3 1024, 7.803 3 1024, 6.077 3 1024, 5.250 3 1025, 1.706 3 1024, 2.922

3 1024 and 2.152 3 1022, respectively, Mann-Whitney U test). 2, CIMP-negative RCCs; 1, CIMP-positive RCCs. Error bars, standard error.

p values of <0.05 are underlined. (b) Knockdown experiments. Quantitative RT-PCR (a), MTS cell viability assay (b), cytotoxicity assay (c)

and apoptosis assay (d) using renal cancer cell lines. CNTL, control siRNA; AURKA, AURKA siRNA; AURKB, AURKB siRNA. Based on the DNA

methylation levels of RCC-specific CIMP marker genes and the levels of mRNA expression for AURKA and AURKB, the RCC cell line KMRC-2

was considered to be a CIMP-negative model (CIMP [2]), whereas 769-P and 786-O were CIMP-positive model (CIMP [1]) RCC cell lines. (b)

Knockdown of AURKA and AURKB in 769-P and 786-O resulted in reduced cell viability, whereas such reduced viability was not observed in

KMRC-2. (c) Knockdown of AURKB in 786-O resulted in increased cell death. (d) Knockdown of AURKB in 786-O resulted in increased activa-

tion of caspase-3 and caspase-7. (c) Treatment with the Aurora kinase inhibitor VX-680. MTS assay revealed that treatment of CIMP-positive

cells with VX-680 reduced their viability, with IC50 values of 2.08 lM and 1.85 lM for 786-O and 769-P, respectively.
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positive RCCs. Although the present data from knockdown
experiments and VX-680 treatment in CIMP-positive RCC
cell lines suggest the validity of adjuvant therapy for CIMP-

positive RCCs using Aurora kinase inhibitors, further preclin-
ical examinations and clinical trials will be needed before this
can be considered.

Figure 2. (Continued)
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