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Abstract 

Background:  Renal cell carcinoma (RCC) is the fourteenth most common cancer worldwide, accounting for approxi-
mately 4% of all cancers. More than 70% of RCC are clear cell RCC (ccRCC). To date, no reliable biomarkers for the 
detection of ccRCC have been identified. The aim of this study was to identify blood-based DNA methylation (DNAm) 
markers for the early detection and treatment of ccRCC.

Results:  To identify ccRCC-associated DNAm markers, we performed targeted bisulfite sequencing (TB-seq) and an 
epigenome-wide association study (EWAS) using whole blood-derived DNA from 50 ccRCC patients and 50 healthy 
controls in the discovery phase. EWAS was performed using a linear regression model. The analysis was adjusted for 
age, sex, and the estimated cell-type composition. In the replication phase, the accuracy of the identified ccRCC-
associated CpGs was verified in 48 independent ccRCC patients and 48 healthy controls. We identified six ccRCC-asso-
ciated hypomethylated CpGs in PCBD2/MTND4P12 in the discovery phase (p < 1.75 × 10−8); four were reproducible 
in the replication phase (p < 2.96 × 10−8). The sum of the DNAm levels at the six CpGs was a valid indicator of ccRCC 
both in the discovery phase (area under the receiver operating characteristic curve [AUC-ROC] = 0.922) and in the 
replication phase (AUC-ROC = 0.871). Moreover, the results of cis-expression quantitative methylation analysis sug-
gested that the DNAm levels of the ccRCC-associated CpGs affect the gene expression of transcription factor 7 (TCF7) 
and voltage-dependent anion-selective channel 1 (VDAC1), which are involved in cancer progression.

Conclusions:  In this study, we identified six ccRCC-associated CpGs in PCBD2/MTND4P12 by EWAS using blood-
based DNA. We found that the DNAm levels of the six CpGs in PCBD2/MTND4P12 may be a potential biomarker for 
early ccRCC detection, but the value as a biomarker needs to be investigated in future studies.

Keywords:  Clear cell renal cell carcinoma, DNA methylation biomarker, Targeted bisulfite sequencing, Epigenome-
wide association study, Whole blood-based
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Background
Renal cell carcinoma (RCC) involves the development 
of malignant cells in the renal parenchyma. Accounting 
for 4% of all cancers and 80% of kidney cancers, RCC 
is the fourteenth most common cancer worldwide [1]. 
The majority of RCCs are found incidentally during 
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health checkups and examinations for other diseases, 
such as hypertension, diabetes mellitus, and obesity. 
The incidence ratio of RCC in males to females is 1.7–
2.0:1 [2]. More than 70% of RCC diagnoses are classi-
fied as clear cell RCC (ccRCC) [3]. The overall 5-year 
survival rate for early stage RCC is approximately 93%, 
while patients with metastatic RCC have a 5-year sur-
vival rate of only 12% [4]. Thus, diagnosis of RCC at an 
early stage is critical for patient survival. However, since 
there are no major symptoms and no effective biomark-
ers in the early stages of RCC, early detection relies on 
computed tomography scans and ultrasonography.

Eleven germline mutations (in BAP1, FLCN, FH, 
MET, PTEN, SDHB, SDHC, SDHD, TSC1, TSC2, and 
VHL) are known to confer an inherited predisposition 
to develop RCC [5, 6]. Although 18 RCC-associated 
single nucleotide polymorphisms have been identified 
in genome-wide association studies and meta-analy-
ses [7–12], only 3–5% of all RCCs can be explained by 
genetic background, and those with a genetic predis-
position develop RCC at a young age. In contrast, most 
RCCs develop with increasing frequency after the age 
of 50 and are often attributable to non-genetic fac-
tors such as smoking, alcohol consumption, and obe-
sity. In recent years, it has become clear that different 
histologically defined RCC subtypes (e.g., ccRCC and 
CpG island methylator phenotype-RCC (CIMP-RCC)) 
exhibit characteristic mutations, chromosomal copy 
number variations, and mRNA, miRNA, and lncRNA 
expression patterns [13, 14].

Biomarker tests must be simple and minimally invasive. 
From this perspective, those using whole blood or plasma 
collected during medical examinations are some of the 
most suitable. DNA methylation (DNAm), a regulator 
of gene expression, has attracted attention as a potential 
biomarker for various diseases, including cancer [15]. 
Although several DNAm biomarkers associated with 
RCC have been identified by microarray DNAm analy-
sis using renal tissue-derived DNA [16–18], there have 
been few reports on blood-derived DNAm biomarkers. 
For comprehensive DNAm analysis and epigenome-wide 
association studies (EWAS), microarrays are widely used 
because of their high throughput and low cost. Most of 
the DNAm data summarized in The Cancer Genome 
Atlas (TCGA) [19] and EWAS Data Hub [20] are derived 
from microarray analyses. However, the number of CpG 
sites (CpGs) that can be detected by microarray analy-
sis (such as using the Infinium MethylationEPIC micro-
array [21]) is only 3–3.5% of the CpGs in the whole 
genome, indicating that novel DNAm biomarkers may 
be hidden in other CpGs and not detected on microar-
rays. Therefore, we have explored environmental expo-
sure- and disease-associated DNAm biomarkers using 

sequencing-based methods [22–25] that cover a large 
number of CpGs.

In this study, in order to identify whole blood-based 
novel DNAm biomarkers for the detection of ccRCC, 
as a major type of RCC, we conducted targeted bisulfite 
sequencing (TB-seq), which is less expensive than whole-
genome bisulfite sequencing (WGBS). We used whole 
blood DNA from ccRCC patients and matched healthy 
controls and performed EWAS for ccRCC. Further-
more, to validate the accuracy of the identified whole 
blood DNAm biomarkers for ccRCC, DNAm analysis 
and EWAS were performed using whole blood DNA 
in another independent group of ccRCC patients and 
controls.

Results
Characteristics of the participants
The overall study design is shown in Fig. 1. The charac-
teristics of individuals in this study are shown in Table 1. 
In the discovery phase, significant differences (p < 0.05) 
were observed between the ccRCC and control groups in 
hemoglobin A1c (HbA1c), total cholesterol (TC), and the 
number of individuals with dyslipidemia or diabetes. In 
contrast, the replication phase showed significant differ-
ences (p < 0.05) between the ccRCC and control groups 
in mean estimated glomerular filtration rate (eGFR), 
HbA1c, high-density lipoprotein cholesterol (HDL), and 
the number of individuals with chronic kidney disease. 
Among the participants in this study, ccRCC patients 
in the discovery phase had undergone surgery at the 
National Cancer Center (NCC) hospital; thus, pathologi-
cal information such as cancer stage and tumor size was 
available. However, pathological information was difficult 
to obtain for 25% of the ccRCC patients in the replication 
phase because they had undergone surgery at other hos-
pitals (Table 1). The mean tumor size ± SD for each can-
cer stage in the discovery group was as follows: stage I, 
3.8 ± 1.2 cm; stage II, 7.9 ± 0.8 cm; stage III, 7.2 ± 3.3 cm; 
stage IV, 7.7 ± 3.7 cm.

Epigenome‑wide association study
To identify differentially methylated CpGs associated 
with ccRCC, we performed epigenome-wide association 
analysis using a linear regression model. The model was 
well corrected for sex, age, and cell type composition, 
with an inflation factor (λ value) of 1.030 (95% confidence 
interval (CI): 1.027–1.033) (Fig. 2a).

In the discovery phase, the results of the EWAS 
showed 11 CpGs with p-values below the sugges-
tive threshold (p < 1.00 × 10−6), and six of them were 
below the significance threshold (p < 1.59 × 10−8). The 
six CpGs were located on both the PCBD2 (pterin-4 
alpha-carbinolamine dehydratase 2) and MTND4P12 
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(mitochondrially encoded NADH: ubiquinone oxidore-
ductase core subunit 4 pseudogene 12) genes on chro-
mosome 5 (Fig. 2b and Additional file 1: Table S1). The 
region of Chr5:134923256–134928594 around the six 
ccRCC-associated DNAm markers was densely popu-
lated with DNase I hypersensitive sites (DHS), transcrip-
tion factor binding sites (TFBS), and CCCTC-binding 
factor (CTCF) binding sites (Fig. 2c). The six CpGs were 
approximately 10% less methylated in the ccRCC groups 
than in the Tohoku Medical Megabank (TMM) groups 
(healthy controls), suggesting that these CpGs are 
ccRCC-associated (Fig.  3a). The reference interval (RI), 
defined as the variation in DNAm levels among individ-
uals [22], in the TMM groups was greater than 30% for 
all six CpGs, indicating that the CpGs varied in DNAm 
levels among individuals (Additional file 1: Table S1). In 
addition, in order to determine whether the results of 
this EWAS were affected by participant characteristics 
that showed significant differences (p < 0.05; HbA1c, TC, 
dyslipidemia, and diabetes), an EWAS was conducted 
with these characteristics added to the correction term. 
The results showed that the six ccRCC-related CpGs 
on the PCBD2/MTNT4P12 gene were still associated 
with ccRCC after correction (p < 0.05; Additional  file  1: 
Table S2).

In the replication phase, the p-value resulting from 
the EWAS for ccRCC was not fully corrected for sex, 
age, and cell-type composition, and the λ value was 

calculated to be 1.109 (95% CI: 1.104–1.112), indicat-
ing a slight inflation (Additional  file  2: Fig. S1a). The 
EWAS results showed the same six CpGs in PCBD2/
MTND4P12 below the suggestive threshold; four of 
the six CpGs were below the significance threshold (p 
< 3.42 × 10−8) (Additional  file  1: Table  S3 and Addi-
tional file 2: Fig. S1b). As with the discovery phase, the 
six CpGs were approximately 10% less methylated in 
the ccRCC groups than in the TMM groups (Fig.  3b), 
and the RI was greater than 30% (Additional  file  1: 
Table  S3). In addition, in order to determine whether 
the results of this EWAS were affected by participant 
characteristics that showed significant differences (p 
< 0.05; eGFR, HbA1c, HDL, and chronic kidney dis-
ease), an EWAS was conducted with these characteris-
tics added to the correction term. The results showed 
that the six ccRCC-related CpGs on the PCBD2/
MTNT4P12 gene were still associated with ccRCC after 
correction (p < 0.05; Additional file 1: Table S4).

To examine the trends between DNAm levels and 
cancer stage in the ccRCC-associated DNAm mark-
ers, we performed the Jonckheere–Terpstra trend 
test. There was a significant difference in DNAm lev-
els among the control group and all stages of ccRCC 
(Additional file 2: Figs. S2 and S3). However, there was 
no trend among cancer stages both in the discovery and 
replication phases.

Fig. 1  Study workflow. In the discovery phase, we compared the differences in DNAm levels in blood-derived DNA of 50 ccRCC patients and 50 
TMM controls, and identified CpGs with altered DNAm levels associated with ccRCC (left column). To confirm the accuracy of the ccRCC-associated 
CpGs found in the discovery phase, we compared the difference in DNAm levels between another 48 ccRCC patients and 48 TMM controls in the 
replication phase (right column). DNAm, DNA methylation; ccRCC, clear cell renal cell carcinoma; TMM, Tohoku Medical Megabank
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cis‑Expression quantitative trait methylation (cis‑eQTM) 
analysis
In the blood-based multi-omics database iMETHYL, we 
found that there were 56 annotated genes located in the 
range of one million base pairs upstream or downstream 
from PCBD2/MTND4P12. The genes whose expres-
sion levels were associated with the DNAm levels of 
the six CpGs in PCBD2/MTND4P12 were examined by 
cis-eQTM analysis; T cell-specific transcription factor 7 
(TCF7) and voltage-dependent anion-selective channel 
protein 1 (VDAC1) were found to be significantly related 

(Table  2). TCF7 and VDAC1 were located 0.8 and 0.9 
million base pairs upstream from PCBD2/MTND4P12, 
respectively. The results of eQTM showed that hyper-
methylation of the CpG located at 134927085 on chro-
mosome 5 was significantly associated with the increased 
gene expression of TCF7, and hypermethylation of the 
CpG located at 134927106 on chromosome 5 was asso-
ciated with the decreased gene expression of VDAC1 
(Table 2). In other words, hypomethylation of the CpGs 
in ccRCC was associated with decreased gene expres-
sion of TCF7 and increased gene expression of VDAC1. 

Table 1  Characteristics of participants in the study

ccRCC​ clear cell renal cell carcinoma, TMM healthy controls, BMI body mass index, eGFR estimated glomerular filtration rate from serum creatinine, SBP systolic blood 
pressure, DBP diastolic blood pressure, HbA1c hemoglobin A1c, HDL high-density lipoprotein cholesterol, LDL low-density lipoprotein cholesterol, TG triglyceride, 
TC total cholesterol, SD standard deviation, N.A. not available. Chronic kidney disease is defined as an eGFR < 60 mL/min/1.73 m2. Hypertension was defined as (1) 
blood pressure > 140/90 mmHg, (2) currently receiving medical treatment for hypertension, or (3) taking antihypertensive drugs. Dyslipidemia is defined as (1) LDL 
cholesterol ≥140 mg/dL, (2) HDL cholesterol < 40 mg/dL, (3) triglycerides ≥ 150 mg/dL, or (4) currently receiving medical treatment for dyslipidemia. Diabetes is 
defined as (1) casual blood glucose level of ≥ 200 mg/dL, (2) HbA1c level of ≥ 6.5%, or (3) currently receiving medical treatment for diabetes. A statistically significant 
difference is defined as P < 0.05 (paired t-test or Pearson’s chi-square test). aThe exact cancer stage is unknown because the ccRCC patient underwent surgery outside 
of the NCC Hospital

Discovery phase Replication phase

ccRCC​ TMM p-value ccRCC​ TMM p-value

Participants 50 50 – 48 48 –

Male, N (%) 38 (76.0) 38 (76.0) – 37 (77.1) 37 (77.1) –

Age (in years, mean ± SD) 61.1 ± 12.3 61.0 ± 12.4 0.974 64.1 ± 10.7 64.5 ± 10.4 0.855

BMI (kg/m2, mean ± SD) 23.8 ± 3.7 24.6 ± 4.5 0.328 23.8 ± 3.2 23.3 ± 3.0 0.431

eGFR (mL/min/1.73 m2, mean ± SD) 72.5 ± 18.9 79.2 ± 21.1 0.100 62.3 ± 16.7 74.3 ± 16.3 5.73.E-04
SBP (mmHg, mean ± SD) 128.0 ± 16.3 132.5 ± 16.7 0.173 132.6 ± 21.7 134.0 ± 17.8 0.727

DBP (mmHg, mean ± SD) 74.6 ± 11.6 79.0 ± 11.3 0.059 73.7 ± 12.7 76.6 ± 10.9 0.231

HbA1c (%, mean ± SD) 6.2 ± 0.9 5.4 ± 0.5 4.14.E-05 6.1 ± 1.2 5.6 ± 0.5 0.045
HDL (mmol/L, mean ± SD) 50.2 ± 23.0 54.3 ± 15.3 0.480 47.4 ± 14.6 61.9 ± 17.3 0.006
LDL (mmol/L, mean ± SD) 111.0 ± 35.1 119.5 ± 26.3 0.666 135.4 ± 27.2 114.3 ± 27.4 0.161

TC (mmol/L, mean ± SD) 182.6 ± 44.2 201.8 ± 30.4 0.020 195.5 ± 41.9 203.9 ± 40.6 0.366

TG (mmol/L, mean ± SD) 110.0 ± 60.9 128.7 ± 84.0 0.226 156.3 ± 96.8 134.8 ± 70.6 0.318

Smoking status

  Current smoker, N (%) 13 (26.0) 7 (14.0) 0.134 11 (22.9) 8 (16.7) 0.442

  Former smoker, N (%) 19 (38.0) 27 (54.0) 0.108 19 (39.6) 20 (41.7) 0.835

  Nonsmoker, N (%) 17 (34.0) 16 (32.0) 0.832 18 (37.5) 20 (41.7) 0.676

Alcohol drinking status

  Currently drinking, N (%) 24 (48.0) 33 (66.7) 0.663 23 (47.9) 30 (62.5) 0.633

Comorbidities, N (%)

  Chronic kidney disease 15 (30.0) 10 (20.0) 0.224 19 (39.6) 10 (20.8) 0.045
  Hypertension 29 (58.0) 25 (50.0) 0.422 23 (47.9) 20 (41.7) 0.477

  Dyslipidemia 10 (20.0) 22 (44.0) 0.025 16 (33.3) 17 (35.4) 0.279

  Diabetes mellitus 13 (26.0) 9 (18.0) 5.03.E-03 10 (20.8) 11 (22.9) 0.191

Pathological ccRCC stage, N (%)

  Stage I 17 (34.0) – – 24 (50.0) – –

  Stage II 2 (4.0) – – 2 (4.2) – –

  Stage III 16 (32.0) – – 7 (14.6) – –

  Stage IV 15 (30.0) – – 3 (6.3) – –

  N.A. 0 (0.0) – – 12 (25.0)a – –
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Meanwhile, cis-eQTM analysis showed that the DNAm 
levels of the six CpGs had little effect on the gene expres-
sion levels of PCBD2/MTND4P12 (Additional  file  1: 
Table S5).

Area under the receiver operating curve (AUC‑ROC) 
analysis
To investigate whether the six identified CpGs are 
effective DNAm biomarkers for ccRCC detection, we 
conducted ROC curve analyses using the DNAm level 

of each of the six CpGs and the sum of their DNAm 
levels. In the discovery phase, the DNAm level of each 
of the six CpGs was high enough to detect ccRCC, but 
the sum of the DNAm levels of the six CpGs showed 
the best ccRCC detection (AUC-ROC = 0.922) (Table 3 
and Fig.  4a). Additionally, the ccRCC detection abil-
ity was slightly lower in the replication phase than 
in the discovery phase when considering the sum 
of the DNAm levels of the six CpGs, but it was high 
enough to be reliable (AUC-ROC = 0.871) (Table 3 and 
Fig. 4b).

Fig. 2  Summary of the results of EWAS in the discovery phase. a Quantile-quantile (QQ) plot. Observed (y-axis) versus expected (x-axis) p-values 
using a linear regression model. The λ value (inflation factor) was estimated from the median of the observed versus expected p-values. b 
Manhattan plot. Negative logarithm of the p-values (-log10(p-value)) versus chromosomal positions. Genome-wide significance threshold (red line): 
Bonferroni corrected p < 1.59 × 10−8. Suggestive threshold (blue line): p < 1.00 × 10−6. c Locus zoom plot of the DNAm levels and genetic regulatory 
elements in PCBD2/MTND4P12 gene. The region of Chr5:134923256-134928594 around the six ccRCC-associated DNAm markers (the region 
squared by the magenta line) was populated with DNase I hypersensitive sites (DHS), transcription factor binding sites, CCCTC binding factors 
binding sites. CTCF, CCCTC-binding factor; DHS, DNase I high sensitivity site; TF, transcription factor binding site; EWAS, epigenome-wide association 
study; DNAm, DNA methylation
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Discussion
Early detection of ccRCC using minimally invasive 
screening is very important for patient treatment and 
survival. In the present study, we identified six CpGs 
located within PCBD2/MTND4P12 for the first time as 
whole blood DNAm biomarkers associated with ccRCC 
using TB-seq and EWAS. Our results not only contrib-
ute to the early detection and treatment of ccRCC, but 
also demonstrate the effectiveness of sequencing-based 
DNAm analysis in the search for novel cancer-related 
DNAm biomarkers.

The DNA region containing the ccRCC-associated 
CpGs identified in this study has not previously been 
identified as possessing ccRCC-associated CpGs because 
it is not used in common commercial DNAm microar-
rays. Furthermore, because there are multiple regions in 
the human genome that are highly homologous to the 
PCBD2/MTND4P12 region, it was difficult to design 
PCR primers specific to this region. However, by utiliz-
ing specific probes that can hybridize to the PCBD2/
MTND4P12 region, TB-seq analysis was able to avoid 
the problem that conventional PCR could not amplify 
this region. Most of the previously reported genome-
wide DNAm analyses were performed using microarray 
technology. Microarray analysis can detect the DNAm 
levels of CpGs that are loaded on the microarray but 
cannot detect those that are not loaded. In other words, 
it is difficult to consider the results of DNAm analy-
sis including the DNAm levels of CpGs that are located 
around microarray-loaded CpGs but are not loaded 
on the microarrays. Only 0.8% of previously reported 
DNAm biomarkers for cancer have been validated, and 
the high number of false positives for DNAm biomark-
ers identified by microarray analysis is problematic [15]. 
In contrast, sequencing-based analysis can detect DNAm 
markers as “regions,” which heightens the discriminatory 

Fig. 3  Box plots with jitter of the DNAm level. Comparison of DNAm levels of six ccRCC-associated CpGs between ccRCC patients and TMM 
controls in the a discovery phase and b replication phase. p-values were obtained using two-tailed Student’s tests (p < 0.05). DNAm, DNA 
methylation; ccRCC, clear cell renal cell carcinoma; TMM, Tohoku Medical Megabank

Table 2  Identification of cis-eQTM for PCBD2/MTND4P12 using 
the iMETHYL database

ß value indicates the degree of influence on gene expression. A negative 
value has a repressive effect on gene expression, while a positive value has a 
promotive effect. Values in bold are below the Bonferroni-corrected p-value: p 
< 0.05/56 = 8.93 × 10−4. Chr chromosome, cis-eQTM cis-expression quantitative 
trait methylation

Chr Position Cell type Gene 
symbol

ß-value p-value

5 134927085 CD4+ T lym-
phocyte

TCF7 0.0048 2.09 × 10−4

5 134927106 CD4+ T lym-
phocyte

VDAC1 -0.0032 2.93 × 10−4
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power of the biomarker compared with that of a sin-
gle CpG site. Future applications of sequencing-based 
DNAm analysis and EWAS to ccRCC as well as various 
other diseases will allow the identification of new DNAm 
markers for the early detection of these diseases.

The genomic structure of the region where the six 
ccRCC-associated CpGs are located includes TFBS 
and CTCF-binding sites, suggesting that changes in 
the DNAm level in this region would affect chromatin 
structure, which in turn could affect gene expression in 
the vicinity. In fact, the eQTM results of the iMETHYL 

database revealed that the DNAm levels of PCBD2/
MTND4P12 affect the gene expression of VDAC1 and 
TCF7, which are located 0.8 to 0.9 million base pairs 
upstream. Located on the plasma and outer mitochon-
drial membranes, VDAC proteins are associated with 
the transport of adenine nucleotides [26], calcium ions 
[27], and several metabolites [28] into and out of mito-
chondria and cells. Under normal apoptotic stimuli, 
VDAC1 interacts with the pro-apoptotic protein Bax 
and other VDAC molecules to oligomerize and inhibit 
apoptosis by promoting the release of cytochrome c 

Table 3  Comparison of ccRCC detection performance of DNAm levels using AUC-ROC

AUC-ROC area under the receiver operating characteristic curve, 95% CI 95% confidence interval, Sens sensitivity, Spec specificity, ccRCC​ clear cell renal cell carcinoma, 
DNAm DNA methylation

Position AUC-ROC 95% CI Cutoff (%) Sens Spec

Discovery phase 134927030 0.877 0.812–0.942 36.6 0.84 0.76

134927034 0.880 0.817–0.944 36.1 0.88 0.72

134927079 0.907 0.850–0.964 41.7 0.82 0.84

134927085 0.909 0.851–0.967 49.5 0.86 0.88

134927103 0.908 0.852–0.964 54.6 0.84 0.84

134927106 0.894 0.836–0.953 53.3 0.86 0.78

Sum of six CpGs 0.922 0.871–0.973 283.4 0.82 0.92

Replication phase 134927030 0.834 0.753–0.915 43.8 0.70 0.90

134927034 0.849 0.771–0.926 42.2 0.70 0.88

134927079 0.850 0.776–0.925 45.9 0.60 0.98

134927085 0.847 0.768–0.925 47.7 0.72 0.90

134927103 0.855 0.775–0.934 51.5 0.72 0.96

134927106 0.856 0.778–0.934 48.5 0.77 0.83

Sum of six CpGs 0.871 0.800–0.941 285.9 0.68 0.94

Fig. 4  Receiver operating characteristic (ROC) curve plots for sum of DNAm levels of six ccRCC-associated CpGs. a Sum of DNAm levels of the six 
CpGs of PCBD2/MTND4P12 in ccRCC patients compared with that of TMM controls in the discovery phase. The area under the curve (AUC) is 0.922 
(95% CI: 0.871–0.973). b Sum of DNAm levels of the six CpGs in PCBD2/MTND4P12 in ccRCC patients compared with that of TMM controls in the 
replication phase. The AUC is 0.871 (95% CI: 0.800–0.941). CI, confidence interval; DNAm, DNA methylation; ccRCC, clear cell renal cell carcinoma; 
TMM, Tohoku Medical Megabank
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from the mitochondria to the cytosol. Overexpression 
of VDAC1 has been observed in several cancer cell 
lines and is thought to be a significant contributing 
factor in mitochondrial abnormalities in cancer cells, 
including ccRCC [29–31]. The present study supports 
these results. However, this study did not directly 
examine the upregulation of VDAC1 gene expression 
in the blood cells of ccRCC patients, which should be 
examined in the future.

Meanwhile, TCF7, another eQTM gene identified in 
this study, encodes the transcription factor T cell fac-
tor-1 (TCF1), which has both DNA binding and histone 
deacetylase (HDAC) activities and plays an impor-
tant role in the development of multiple lymphoid 
lineages, including innate lymphoid cells and T cells. 
TCF1 (TCF7) is involved in the fate of CD8-positive 
T cells together with the transcription factor LEF1 
[32, 33]. Although overexpression of TCF1 (TCF7) has 
been reported in tumor tissues of several cancer types, 
including ccRCC [34–36], the expression profile of the 
TCF1 (TCF7) gene in the blood cells of cancer patients 
has been rarely reported and details are currently 
unknown. Although a data-driven eQTM analysis, this 
study provides new insights into TCF1 (TCF7), as, to 
the best of our knowledge, it is the first to show that the 
hypomethylation of six CpGs in PCBD2/MTND4P12 is 
associated with reduced TCF1 (TCF7) gene expression 
(Table  2 and Additional Data  1: Table  S5). However, 
since we did not analyze expression of the TCF1 (TCF7) 
gene in the blood cells of ccRCC patients in this study, 
such an analysis will be necessary in the future.

The main limitation of the present study was its 
focus on Japanese patients. Whether the ccRCC-asso-
ciated CpGs are also detectable in other ethnic groups 
is unclear, and verification of the effectiveness of the 
identified ccRCC-associated DNAm markers in other 
ethnic groups is necessary. Furthermore, this study 
investigated ccRCC only; therefore, it is not possible to 
distinguish whether the identified ccRCC-associated 
CpGs are ccRCC-specific or common to other cancers. 
To clarify this, sequencing-based DNAm analysis and 
EWAS should be conducted on other cancer types. 
Although this study identified a blood-based DNAm 
marker for the detection of ccRCC, changes in the 
DNAm levels of blood cells do not explain the etiol-
ogy of ccRCC. Therefore, further studies are needed 
to reveal why hypomethylation of PCBD2/MTND4P12 
occurs in the blood cell DNA of ccRCC patients.

Conclusions
We identified six hypomethylated CpGs in PCBD2/
MTND4P12 as DNAm biomarkers for ccRCC by EWAS. 
Furthermore, we found that the sum of the DNAm levels 

of these six CpGs provided a more accurate detection of 
ccRCC. The identified CpGs are novel DNAm biomark-
ers and may prove useful in the diagnosis of ccRCC. The 
findings of this study provide insights into new options 
for the early detection and treatment of ccRCC and the 
development of ccRCC therapeutics.

Methods
Ethics
The present study was approved by the Ethics Commit-
tees of the National Cancer Center (Tokyo, Japan), Keio 
University, and Iwate Medical University (Approval ID: 
HG H25-19). All experiments were performed in accord-
ance with the approval guidelines. All participants pro-
vided written informed consent.

Study participants and sample collection
The study was divided into two phases: discovery and 
replication. In the discovery phase, the whole-blood-
derived DNA of 50 ccRCC patients was provided by the 
NCC (Tokyo, Japan), and that of 50 sex- and age-matched 
healthy controls was provided by the Tohoku Medi-
cal Megabank Community-Based Cohort Study (TMM 
CommCohort) [37]. In the replication phase, the whole-
blood-derived DNA from 48 individuals (independent 
of the discovery phase) was provided by the NCC and 
TMM CommCohort for the ccRCC and control sam-
ples, respectively. All blood samples were collected in 
EDTA blood collection tubes, and blood-derived DNA 
was purified using the Gentra Puregene Blood Kit for the 
NCC samples and QIAGEN Autopure LS for the TMM 
CommCohort samples. ccRCC was diagnosed by imaging 
(MRI or CT), as well as microscopic and gross observa-
tions by a skilled pathologist. In both phases, the ccRCC 
and TMM group samples were age-matched within 
±2 years, and body mass index (BMI) was matched 
whenever possible. Individual health checkups and a self-
reported questionnaire were used to define smoking sta-
tus, alcohol consumption status, and prevalent diseases 
(i.e., chronic kidney disease, hypertension, dyslipidemia, 
and diabetes). Significance tests on participant character-
istics were performed using paired t-tests for numerical 
values such as laboratory values, and chi-square tests for 
the number of people such as with disease prevalence.

Preparation of sequencing libraries and TB‑seq
Aliquots of genomic DNA (gDNA; 1 μg), eluted in 50 μL 
of TE buffer, were sheared into 150–200 bp fragments 
using a Covaris LE220 Focused-ultrasonicator (Thermo-
Fisher Scientific, Waltham, MA, USA). Sequencing 
libraries for TB-seq were prepared using Agilent Sure-
Select Human Methyl-Seq Capture Library and Reagent 
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Kits on an Agilent Bravo automated library preparation 
system (Agilent Technologies, Santa Clara, CA, USA) 
according to the manufacturer’s instructions. In the rep-
lication phase, we used an Agilent SureSelect Human 
Methyl-Seq Custom Capture Kit with customized probes 
(i.e., the common DNA methylation variations (CDMV) 
[22] probe set). Bisulfite treatment for all sequencing 
libraries was performed using an EZ DNA Methylation-
Gold Kit (Zymo Research, Irvine, CA, USA). The pooled 
17-pM libraries were spiked with 20% PhiX Control v3 
(Illumina Inc., San Diego, CA, USA) and subjected to 
paired-end sequencing (2 × 125 bp) on a HiSeq 2500 sys-
tem (Illumina).

DNA methylation profiling in targeted CpGs
Raw sequencing data were converted to FASTQ format 
using Illumina bcl2fastq2 Conversion software v2.20. The 
sequencing quality of the raw data was assessed using 
FastQC software v0.11.5, adapters were trimmed using 
Trim Galore software v0.4.2, and short reads (< 20 bp) 
were removed. The remaining reads were aligned to the 
Genome Reference Consortium Human Reference 38 
(GRCh38) build, downloaded from the UCSC Genome 
Browser website [38], using Novoalign software v3.6.5. 
The aligned data were processed using bioinformatics 
tools, as previously reported [25]. Methylated CpGs were 
detected by NovoMethyl software v1.4, and the methyla-
tion levels in targeted CpGs were calculated as beta val-
ues using R software v3.3.1.

Epigenome‑wide association study
EWAS was performed using a linear regression model to 
identify differentially methylated CpGs associated with 
ccRCC. The analysis was adjusted for age, sex, and the 
estimated cell-type composition. Cell-type composition 
was estimated using the estimateCellCounts.R function 
in the minfi Bioconductor package [39, 40] with modifi-
cations. Specifically, instead of using the Illumina Infin-
ium HumanMethylation450 data on sorted blood cell 
populations implemented in the FlowSorted.Blood.450 k 
package in Bioconductor, we referred to the DNAm data 
from six sorted leukocyte populations (B cells, CD4+ T 
lymphocytes, CD8+ T lymphocytes, monocytes, NK 
cells, and neutrophils) from the whole-genome bisulfite 
sequencing of 12 individuals [22, 23] and selected the top 
50 CpGs showing hypermethylated and hypomethylated 
CpGs in each cell type for further analysis. All analy-
ses were conducted under the same conditions in both 
phases, and the genome-wide suggestive threshold was 
defined as p < 1.00 × 10−6; however, the Bonferroni-cor-
rected significance threshold was set to p < 1.59 × 10−8 
(0.05/3145479) in the discovery phase and p < 3.42 
× 10−8 (0.05/1460699) in the replication phase. The 

statistical analysis scripts used in this study are available 
on our GitHub website (https://​github.​com/H-​Ohmomo/​
ccRCC_​EWASs​cript_​20220​323).

The predictive accuracy of the identified CpGs as 
whole-blood-based DNAm biomarkers for ccRCC was 
evaluated by plotting receiver operating characteristic 
(ROC) curves. Specificity, sensitivity, and the area under 
the curve (AUC) were calculated based on DNAm levels 
using ROCR [41] and pROC [42] packages.

To examine trends between DNAm levels of signifi-
cantly different methylated CpGs for ccRCC and the 
ccRCC cancer stage, we performed a Jonckheere–Terp-
stra trend test using the DescTools package [43] in R. A 
statistically significant difference was defined as Ptrend 
< 0.05.

Quantitative trait methylation analysis
To evaluate the relationships between ccRCC-associated 
CpGs and gene expression, we conducted cis-eQTM 
analyses with a simple linear regression model using 
the iMETHYL database [44]. The expression levels 
[log10(FPKM + 0.1)] of each protein-coding gene were 
specified as dependent variables, and the DNAm levels of 
each ccRCC-associated CpG site were specified as inde-
pendent variables. The neighborhood (cis) was defined as 
the area within 1 million base pairs upstream or down-
stream of the ccRCC-related CpGs.
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cell renal cell carcinoma; TSS, transcription start site; TMM, controls; CR, 
call rate; CI, confidence interval; RI, reference interval; coef, coefficient; SE, 
standard error; RSQ, R-squared. Table S4. Significant differentially methyl-
ated CpGs for ccRCC adjusted by age, sex, cell-type composition, HbA1c, 
total cholesterol, dyslipidemia, and diabetes in the replication phase. Chr, 
chromosome; ccRCC, clear cell renal cell carcinoma; CR, call rate; RI, refer-
ence interval; coef, coefficient; SE, standard error; RSQ, r-squared; HbA1c, 
hemoglobin A1c. Table S5. Results of blood-based cis-eQTM analysis (p < 
0.05) for PCBD2/MTND4P12 using the iMETHYL database.

Additional file 2: Supplementary Figure S1. Summary of the results 
of EWAS in the replication phase. A, Observed (y-axis) versus expected 
(x-axis) p-values using a linear regression model. The λ value (inflation 
factor) was estimated from the median of the observed versus expected 
p-values. B, Manhattan plot. Negative logarithm of the p-values (-log10(p-
value)) versus chromosomal positions. Genome-wide significance thresh-
old (red line): Bonferroni corrected p < 3.42 × 10-8. Suggestive threshold 
(blue line): p < 1.00 × 10-6. EWAS, epigenome-wide association study. 
Supplementary Figure S2. Comparison of the DNAm level of each of the 
six CpGs and the sum of their DNAm levels between healthy controls and 
ccRCC cancer stages in the discovery phase. A, Chromosome (Chr) 5, posi-
tion 134927030; B, Chr 5, position 134927034; C, Chr5, position 134927079; 
D, Chr5, position 134927085; E, Chr5, position 134927103; F, Chr5, position 
134927106; G, sum of DNAm levels in the six CpGs. Ptrend values were 
obtained using the Jonckheere–Terpstra trend test. ccRCC, clear cell renal 
cell carcinoma; DNAm, DNA methylation. Supplementary Figure S3. 
Comparison of the DNAm level of each of the six CpGs and the sum of 
their DNAm levels between healthy controls and ccRCC cancer stages in 
the replication phase. A, Chromosome (Chr) 5, position 134927030; B, Chr 
5, position 134927034; C, Chr 5, position 134927079; D, Chr 5, position 
134927085; E, Chr 5, position 134927103; F, Chr 5, position 134927106; G, 
sum of DNAm levels in the six CpGs. Ptrend values were obtained using 
the Jonckheere–Terpstra trend test. ccRCC, clear cell renal cell carcinoma; 
DNAm, DNA methylation.
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