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Background: Clear cell renal cell carcinoma (ccRCC) is the most common subtype of 
kidney tumors, accounting for the majority of deaths from genitourinary cancers. The 
currently used nomograms for predicting patient outcomes are based on clinical- 
pathological characteristics only; however, a significant number of ccRCC survivors with 
similar radiological and histological features still demonstrate a different clinical course of 
the disease. This study aimed at the identification of novel DNA methylation biomarkers for 
the monitoring of patients with ccRCC.
Methods: Gene expression profiling by SurePrint G3 Human GE 8×60K Microarrays was 
performed in 4 ccRCC tissues and adjacent non-cancerous renal tissue (NRT) samples. Four 
down-regulated genes were selected for further DNA methylation status analysis in 123 
ccRCC and 45 NRT samples using methylation-specific PCR (MSP).
Results: DNA methylation changes of ADAMTS19, BMP7, SIM1, and SFRP1 were cancer- 
specific with significantly (P<0.050) higher methylation frequency (37%, 20%, 18%, and 
42%, respectively) in tumor tissues. The methylated status of at least one gene was sig-
nificantly related to various clinical-pathological parameters, including tumor size, Fuhrman 
and WHO/ISUP grades, intravascular invasion, and necrosis. Moreover, the methylated 
status of multimarker panel ADAMTS19, BMP7 & SFRP1 was predictive for poorer overall 
survival (HR, 4.11; 95% CI, 1.22–13.86).
Conclusion: In conclusion, DNA methylation of the three-gene panel consisting of 
ADAMTS19, BMP7 & SFRP1 supposedly predicts the outcome of patients diagnosed with 
ccRCC and possibly might be used to enrich the current prognostic tools.
Keywords: clear cell renal cell carcinoma, DNA methylation, prognostic biomarkers

Introduction
Renal cell carcinoma (RCC) ranks among the top 10 cancers in the world for both 
sexes and is the 6th most frequently diagnosed cancer in men and the 10th in 
women.1 Clear cell RCC (ccRCC) is the most common subtype (70–80%) which 
arises from the proximal convoluted tubule and is characterized by inferior meta-
static-free survival and cancer-specific survival rates, as well as accounting for the 
majority of deaths from kidney cancer.2

The incidence of RCC in the modern era of medicine is increasing, mainly due 
to the extensive use of non-invasive imaging techniques for various non-specific 
symptoms or other abdominal diseases.3 While the vast majority of RCC cases are 
localized diseases, 25–40% of patients treated with curative intent will develop 
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progressive disease, and even 20–30% of patients are 
present with metastasis at diagnosis.3,4 Among patients 
with local disease, the 5-years survival rate reaches 93%, 
but once metastases are present the prognoses are much 
worse and the probability of a 5-year survival may be as 
low as 12%.5 The currently used nomograms for predict-
ing patient outcome and treatment decision making, such 
as the University of California Los Angeles Integrated 
Staging System (UISS) and the Stage Size Grade 
Necrosis (SSIGN), are based on clinicopathological char-
acteristics only.6–8 However, a significant number of RCC 
survivors with similar radiological and histological fea-
tures demonstrate a different clinical course of the 
disease.9 Thus, novel molecular markers and genomic 
classifiers, containing molecular information from the 
RCC genome, are urgently needed, which would provide 
valuable information about disease aggressiveness and 
prognosis, as well as assist in treatment decision making.

Epigenetic modifications, including DNA methylation, are 
responsible for tissue-specific gene expression during normal 
growth and development.10 However, aberrant DNA methyla-
tion also plays an important role in carcinogenesis mainly 
through DNA hypermethylation-caused silencing of tumor 
suppressor genes.11 DNA methylation affects several signaling 
pathways, important for both, normal renal tissue development 
and carcinogenesis, including angiogenesis, cell adhesion, 
epithelial–mesenchymal transition (EMT), as well as WNT/β- 
catenin signaling pathway.12 Besides, alterations in DNA 
methylation occur early during ccRCC development and are 
observable even in the precancerous stages.13,14 In addition, 
increased gene promoter hypermethylation frequencies in 
higher stage and grade renal tumors are also observed, and 
even can be associated with survival outcomes.15,16 Based on 
this, DNA methylation in specific genes can serve for early 
RCC detection and prognosis prediction; however, no such 
RCC-specific biomarker has reached the clinic yet, and further 
studies in this field are needed.

In the present study, global gene expression profiling in 
tissues of ccRCC and paired non-cancerous renal tissues uti-
lizing microarray technology were performed. Comparison of 
gene down-regulation with the previously reported DNA 
hypermethylation profile of the same ccRCC biosamples 
allowed for the selection of four genes for further DNA 
methylation analysis and validation utilizing methylation- 
specific PCR. In this study, the prognostic potential of the 
multimarker panel consisting of ADAMTS19, BMP7 & 
SFRP1 outperformed the prognostic value of clinical vari-
ables, such as tumor stage or tumor necrosis.

Materials and Methods
Patients and Samples
For the study, fresh-frozen cancerous tissue samples were 
collected retrospectively from 123 treatment-naïve ccRCC 
patients, who underwent partial or radical nephrectomy at 
Vilnius University Hospital Santaros Klinikos (Lithuania) 
between 2013 and 2016. Forty-five adjacent non- 
cancerous renal tissue (NRT) samples were available 
from the same cohort of patients as a control group and 
were collected as previously described.17 A small amount 
of samples were immediately put into liquid nitrogen and 
stored at –80 °C. All tissue specimens were evaluated by 
an expert pathologist. Tumors were evaluated and categor-
ized according to the pathological stage and histological 
subtype, as described previously,18,19 while nuclear differ-
entiation was graded according to the Fuhrman20 and 
World Health Organization/International Society of 
Urological Pathology21 grading systems. The clinical 
patient characteristics are summarized in Supplementary 
Table S1. The inclusion and exclusion criteria encompass 
the following: 1) patients of >18 years old; 2) approved 
pT1-pT4 stage treatment-naïve tumor and 3) pure ccRCC 
histology without sarcomatoid differentiation. The median 
follow-up time (available for 107 patients) was 59 months 
(range, 1–79 months), including 21 death cases. The study 
was conducted following the Declaration of Helsinki and 
approved by the Regional Bioethics Committee (No.: 
158200˗18/12˗1077˗585). Written informed consent was 
obtained from all participants.

RNA Purification
Renal tissue samples were put in liquid nitrogen and 
homogenized by cryoPREP™ CP02 Impactor using tissue 
TUBE TT1 (Covaris, Woburn, MA, USA) tubes. Total 
RNA from homogenized tissue powder was extracted 
using mirVana Kit (Ambion, Thermo Fisher Scientific, 
Foster City, CA, USA) according to the protocol pro-
vided by the manufacturer. The quantity of the RNA 
samples was checked spectrophotometrically by the 
NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, 
NC, USA). The integrity of the RNA samples was eval-
uated electrophoretically on the 1% agarose gel using 2 × 
RNA Loading Dye (Thermo Fisher Scientific) according 
to the manufacturer’s recommendations. Only samples 
with high integrity were used for global gene expression 
profiling.
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Global Gene Expression Profiling and 
Gene Selection
Global gene expression profiling (GEO accession identifier 
GSE168845) of 8 renal tissues samples from 4 ccRCC 
cases and paired NRT samples was performed using 
SurePrint G3 Human Gene Expression (v2) 8×60 
K microarrays (design ID 072363; Agilent Technologies). 
Microarray hybridization was performed according to the 
manufacturer’s protocol for One-Color Microarray-Based 
Gene Expression Analysis version 6.9.1 (Agilent 
Technologies). Briefly, 100 ng of purified total RNA was 
labeled and amplified using Low Input Quick Amp 
Labeling Kit, and RNA Spike-In Kit (both from Agilent 
Technologies) reagents. After amplification, RNA was pur-
ified with RNeasy Mini Kit (Qiagen, Valencia, CA, USA) 
and hybridized onto microarray for 17 h at 65 °C in 
a rotating hybridization oven (Agilent Technologies). 
After hybridization, microarrays were washed in the buffer 
system using the Gene Expression Wash Buffer Kit and 
immediately scanned with the SureScan microarray scan-
ner (Agilent Technologies). The quantitative values from 
the obtained images were retrieved using Feature 
Extraction software v10.7.3. GeneSpring GX v12.6.0 
(Agilent Technologies) software was used for data prepro-
cessing and analysis.

Probes with saturated, non-uniform, and outlier signal 
values were filtered out before the further normalization. 
Each sample dataset was log2-transformed and 75- 
percentile normalized without baseline transformation. 
Annotations of each probe were uploaded from the 
eArray platform according to the microarray design. Fold 
change (FC) values were estimated, and a paired t-test was 
used for comparing the two groups. Differences in gene 
expression levels were evaluated as significant when FC 
was ≥2.0 and P < 0.050.

Further, mRNA expression profile was compared with 
DNA methylation data of the same samples, previously 
conducted by our group (NCBI; accession number 
GSE166734), and 54 genes simultaneously downregulated 
and hypermethylated were identified. The gene set enrich-
ment analysis (GSEA) for these genes was conducted with 
the publicly available online GSEA tool and the Molecular 
Signatures Database (MSigDB, v5.2; http://software.broad 
institute.org/gsea), both supported by Broad Institute 
(Cambridge, MA, USA). The collection of Gene 
Ontology: “biological processes” were selected for the 
enrichment analysis. Based on this analysis and available 

literature data on the putative contribution of the particular 
genes to the cancer development and/or progression, four 
genes, ADAMTS19, BMP7, SIM1, and SFRP1, were 
selected for further DNA methylation analysis.

DNA Purification and Bisulfite 
Conversion
Snap-frozen sections of renal tissue samples, ground to 
powder using liquid nitrogen, or leukocytes of healthy 
individuals were treated with 20–25 μL of proteinase 
K (Thermo Scientific™, Thermo Fisher Scientific, 
Wilmington, DE, USA) and 500 μL of lysis buffer, consist-
ing of 1 mM EDTA, 50 mM Tris-HCl pH 8.5, and 0.5% 
Tween-20 (all from Carl Roth, Karlsruhe, Germany) over-
night (up to 18 h) at 55 °C. Afterwards, DNA was isolated 
and purified using the standard phenol-chloroform protocol 
and precipitated with ethanol. The quantity and purity of the 
extracted DNA were measured with NanoDrop™ 2000 
spectrophotometer (Thermo Scientific™).

For DNA methylation analysis using qualitative methyla-
tion-specific PCR (MSP), 400 ng of purified DNA were 
converted with bisulfite, using the EZ DNA Methylation™ 
Kit (Zymo Research, Irvine, CA, USA) according to the 
manufacturer’s protocol. However, different from the proto-
col, the initial step was performed for 15 min at 42 °C. For 
the elution, 40 μL of elution buffer was used. Prepared DNA 
samples were analyzed immediately or stored at −20 °C.

Qualitative Methylation-Specific PCR
The bisulfite-converted DNA was used as the template for 
MSP. The MSP primers for unmethylated and methylated 
DNA for genes ADAMTS19, BMP7, SIM1, and SFRP1 
were designed using Methyl Primer Express® Software 
v1.0 (Applied Biosystems™, Thermo Fisher Scientific, 
Carlsbad, CA, USA), and retrieved from Metabion 
(Martinsried, Germany) (Supplementary Table S2). The 
reaction mix of MSP (25 μL in total) consisted of 1× 
PCR Gold Buffer, 2.5 mM MgCl2, 0.4 mM of each 
dNTP, 1.25 U AmpliTaq Gold® 360 DNA Polymerase 
(Applied Biosystems™, Thermo Scientific™), 1 μL of 
360 GC Enhancer, 1 μM of each primer, and ~10 ng of 
the bisulfite-treated DNA. Before the analysis, the reaction 
conditions were optimized and consisted of 10 min at 95 
°C, 34–36 cycles of 45 s at 95 °C, primer annealing for 45 
s at 58–62°C (Supplementary Table S2), and elongation 
for 45 s at 72 °C, followed by 5–10 min at 72 °C of final 
extension.
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Bisulfite-modified human leukocyte DNA was used as 
unmethylated control (UC). For methylated control (MC), 
human leukocyte DNA was treated by CpG 
Methyltransferase M.SssI (Thermo Scientific™) according 
to the manufacturer’s protocol followed by the bisulfite 
conversion. For each primer pair, UC, MC, and non- 
template control (NTC) were included in all MSP assays. 
Amplification products were analyzed on 3% agarose gel 
with 1X TAE buffer and ethidium bromide (Carl Roth 
GmbH, Co., KG) visualizing under UV light. 
Representative gel electrophoresis images of PCR are pro-
vided in Supplementary Figure S1. The individual biomar-
ker was considered as methylated if the amplification 
product in the sample with primers, specific to methylated 
DNA, was detected. A biomarker was considered 
unmethylated if the amplification product in the sample 
with primers, specific only for unmethylated DNA, was 
detected and there was no amplification product with the 
primers specific for the methylated DNA.

Statistical Analysis
Statistical analyses were performed by MedCalc® v14.0 
software (MedCalc Software, Ostend, Belgium), and 
STATISTICA™ v8.0 (StatSoft, Tulsa, OK, USA). The 
Wilcoxon–Mann–Whitney test was applied to compare 
non-parametric variables between the two groups. 
Meanwhile, for comparison of categorical variables, the 

2-sided Fisher’s exact test was used. The diagnostic per-
formance of biomarkers was evaluated by calculating 
diagnostic test selectivity parameters, including sensitivity, 
specificity, positive predictive value (PPV), and negative 
predictive value (NPV). For multimarker panel analysis, 
the particular panel of genes was considered methylated if 
at least one gene was methylated, and the panel was 
considered unmethylated if all genes in that panel were 
unmethylated. For time-event analysis, Kaplan–Meier 
curves were used to calculate survival estimates. The 
Cox proportional hazards modeling was performed to esti-
mate the hazard ratio (HR) of death with 95% confidence 
intervals (CI). After univariate analysis, Cox proportional 
hazards regression models were used to select variables 
with P values lower than 0.050 for the multivariate 
analysis.

Results
Global Gene Expression Analysis and 
Biomarkers Selection
Microarray-based transcriptome analysis identified 3942 
genes that were significantly deregulated (P < 0.050) with 
fold change (FC) value of ≥2 in 4 ccRCC samples, while 
compared to NRT, and half of these genes (N = 1957) were 
down-regulated (Figure 1A). Compared with our previously 
published DNA methylation data of the same samples 

Figure 1 Global gene expression in renal tissues and comparison with DNA methylation status. (A) Gene expression profile of the genes that were differentially expressed 
(N = 3942, FC ≥ 2, P < 0.050) in the cancerous renal tissues (ccRCC) and non-cancerous (NRT) samples; (B) DNA methylation profile of the genes that were differentially 
methylated (N = 461, FC ≥ 1.5, P < 0.050) in ccRCC and NRT samples; (C) Venn diagram of the down-regulated and hypermethylated genes. 
Abbreviation: FC, fold change.
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(GSE166734), significantly deregulated (P < 0.050) methy-
lation was observed in 1775 probes (F ≥ 1.5) (Figure 1B) 
corresponding to 450 genes of which 425 were hypermethy-
lated in ccRCC tissues. Fifty-four genes in total were simul-
taneously downregulated and hypermethylated in the ccRCC 
tissues (Figure 1C and Supplementary Table S3). According 
to the Gene Ontology biological process enrichment analysis, 
the overlapped genes are involved in various processes 
related to kidney development (Supplementary Table S4). 
According to this analysis and the available literature on 
gene contribution to the cancer hallmarks as well as the 
technical feasibility of targeted methylation-specific PCR 
analysis, four genes, ADAMTS19, BMP7, SIM1, and 
SFRP1, were selected for further investigations (Table 1).

DNA Methylation Analysis and Diagnostic 
Value of the Selected Genes
Compared to the NRT, significantly higher methylation 
frequencies of ADAMTS19, BMP7, SIM1, and SFRP1 
were detected in ccRCC samples, which reached 37.4%, 
20.3%, 17.9%, and 42.3%, respectively, while no methyla-
tion was identified in NRT (Figure 2A). Significantly 
higher methylation frequencies of ADAMTS19 and BMP7 
were observed in male ccRCC tissue samples, while com-
pared to females (P = 0.003 and P = 0.007, respectively; 
Figure 2B).

Diagnostic parameters, including sensitivity, specifi-
city, PPV, and NPV were calculated for single biomarkers, 
as well as for various multi-gene panels to evaluate the 
ability of hypermethylated genes to distinguish ccRCC 
from NRT (Table 2). Individual biomarkers have demon-
strated specificity and PPV of 100% in diagnosing ccRCC 

in both genders, while the highest sensitivity and NPV 
(61.8% and 52.9%, respectively) were reached by the four- 
gene panel.

Prognostic Value of the Investigated 
Biomarkers
Aberrant methylation of these genes was further analyzed 
according to the clinical-pathological characteristics of the 
disease. Methylation frequencies of ADAMTS19, BMP7, 
and SIM1 significantly increased as tumor size increased 
(all P < 0.050; Figure 3A), and the same tendency was 
observed for pT staging (P > 0.050; Figure 3B). Moreover, 
more frequent ADAMTS19 methylation was detected in 
tumors harboring higher Fuhrman and WHO/ISUP grades, 
as well as with vascular invasion (all P < 0.050; 
Figure 3C–E), while increased methylation frequency of 
BMP7 was associated with higher WHO/ISUP grade and 
presence of tumor necrosis (P = 0.011 and P = 0.038, 
respectively; Figure 3D and F).

To investigate the ability of the analyzed biomarkers to 
predict overall survival (OS) after radical therapy, Kaplan- 
Meier curves were depicted. Although no association 
between methylation status of any single biomarker and 
OS was observed (P > 0.050; Figure 4A–D), the combina-
tions of ADAMTS19, BMP7 & SFRP1, as well as 
ADAMTS19, BMP7, SFRP1 & SIM1, when at least one 
gene was methylated, were significant predictors for 
shorter OS (P = 0.020 and P = 0.042, respectively; 
Figure 4E and F, Supplementary Table S5).

Univariate Cox proportional hazard regression analysis 
confirmed the association of methylated status of 
ADAMTS19, BMP7 & SFRP1 with OS (P = 0.029; 

Table 1 Genes Selected for Targeted DNA Methylation Analysis

Gene 
Symbol

Gene Name Chromosomal 
Location 
(Strand)

Cancer Hallmark or 
Signalling Pathways

mRNA 
Expression, 

(FC)

DNA 
Hypermethylation, 

N (FC)

ADAMTS19 ADAM metallopeptidase with 

thrombospondin type 1 motif 19

5q23.3 (+) Cell adhesion, migration, 

proliferation, angiogenesis

DOWN (2.1) 8 (1.8)

BMP7 Bone morphogenetic protein 7 20q13.31 (-) Kidney development, 

invasion, EMT

DOWN (7.3) 3 (1.6)

SIM1 SIM bHLH transcription factor 1 6q16.3 (-) Kidney development, 

tumor metastasis

DOWN 

(18.5)

10 (1.8)

SFRP1 Secreted frizzled related protein 1 8p11.21 (-) WNT signalling DOWN 

(70.4)

na

Abbreviations: FC, fold change; EMT, epithelial–mesenchymal transition; WNT, Wingless and Int-1; N, number of probes; na, not applicable.
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Table 3). Moreover, in the multivariate analysis, only 
patients’ age, tumor necrosis, and methylation status of 
the ADAMTS19, BMP7 & SFRP1 panel retained indepen-
dent prognostic value for OS (Table 3).

Discussion
Renal cell carcinoma (RCC) is the seventh most common 
cancer in developed countries, accounting for roughly 2% 
of global cancer diagnoses and deaths worldwide.5,22 Clear 
cell RCC (ccRCC) is the most common subtype character-
ized by the most aggressive course of the disease among 
RCC, and accounts for the majority of deaths from kidney 
cancer.2 The currently used tools for predicting patient out-
come and treatment decision making are based on clinico-
pathological features; however, despite the high predictive 
capacity,23,24 among patients with similar clinical- 
pathological parameters, there can still be very different 
outcomes.9 Thus, there is a vital need for new molecular 
biomarkers that would provide valuable information about 
disease aggressiveness and prognosis, as well as assist in 
treatment decision making. Since changes in the DNA 
methylation are often related to clinical-pathological 
parameters,15 they might be useful to detect kidney cancer 

patients with more aggressive tumors and possibly poorer 
outcomes. Despite considerable efforts to identify novel 
DNA methylation biomarkers for the diagnosis and/or prog-
nosis of renal cancer,25–29 no marker has yet reached the 
clinic; therefore, further investigations are needed.

The present study allowed us to identify frequent DNA 
methylation of ADAMTS19, BMP7, SIM1, and SFRP1 in 
ccRCCs, with 100% of specificity for the tumors. Survival 
analysis showed that the methylated status of the multi-
marker panel, consisting of three (ADAMTS19, BMP7 & 
SFRP1) or four (ADAMTS19, BMP7, SFRP1 & SIM1) 
genes is associated with poorer OS. Moreover, the multi-
variate analysis revealed the methylation status of the 
three-gene panel ADAMTS19, BMP7 & SFRP1 as an inde-
pendent prognostic factor for OS. Though a similar prog-
nostic value of the three-four gene panel was found 
previously,30 tumor necrosis, an important component of 
the SSIGN score prognostic model,7,31 was not considered 
in this study.

The previous studies related the methylated status of 
SFRP1 to a shorter ccRCC patient overall survival,32,33 

while, in the current study, the gene was informative only 
in combination with other biomarkers. Such inconsistency 

Table 2 The Diagnostic Test Performance Characteristics of the Analyzed Methylation Biomarkers in Renal Tissues (123 ccRCC and 
45 NRT Samples)

Biomarkers Sensitivity, % Specificity, % PPV, % NPV, %

ADAMTS19 37.4 100.0 100.0 40.6

BMP7 20.3 100.0 100.0 35.0

SIM1 17.9 100.0 100.0 34.3
SFRP1 42.3 100.0 100.0 42.6

ADAMTS19 & SFRP1 54.5 100.0 100.0 48.5

ADAMTS19, BMP7 & SFRP1 58.5 100.0 100.0 50.8
ADAMTS19, BMP7, SIM1 & SFRP1 61.8 100.0 100.0 52.9

Abbreviations: ccRCC, clear cell renal cell carcinoma; NRT, non-cancerous renal tissue; PPV, positive predictive value; NPV, negative predictive value.

Figure 2 DNA methylation frequencies of ADAMTS19, BMP7, SIM1, and SFRP1 in renal tissues. (A) Methylation frequencies in ccRCC and NRT samples; (B) methylation 
frequencies in ccRCC tissues according to patients’ gender. Significant P-values are in bold. 
Abbreviations: ccRCC, clear cell renal cell carcinoma; NRT, noncancerous renal tissues.
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possibly comes from different gene locations investigated, 
as observed previously,34 and shows the necessity of data 
validation in various independent cohorts. On the other 
hand, in the light of the high heterogeneity of renal 
tumors,35 the multimarker panels should be more informa-
tive and reliable than a single biomarker. Although several 
reports have investigated genomic profiles in ccRCC and 
indicated their promising clinical importance,36,37 large 
gene panels are of limited clinical use due to the high 
cost and the complicated interpretation of the results. On 
the contrary, the three-gene panel used in this study was 
highly specific to ccRCC and had a prognostic potential 
for the identification of aggressive cases. The small 
amount of markers makes such a panel more convenient 
to use in a clinical context.

Our study assisted in the identification of new genes and 
pathways that are possibly involved in renal carcinogenesis. 
One of the most promising genes, ADAMTS19, encodes 
a member of the ADAMTS secreted metalloproteinases 
family, which can cleave or interact with a wide range of 
extracellular matrix (ECM) components or regulatory fac-
tors, affecting cell adhesion, migration, proliferation, and 
angiogenesis.38 Although the exact biological function of 
ADAMTS19 remains uncharacterized, due to its close rela-
tion to ADAMTS17, it is speculated that ADAMTS19 may 
participate in the biogenesis of ECM fibrillin microfibrils.39 

Thus, downregulation of ADAMTS19 may be associated with 
the loss of tissue integrity, and thus allow tumor progression. 
This is the first study reporting ADAMTS19 promoter methy-
lation in ccRCC that linked it with various adverse clinical- 

Figure 3 DNA methylation frequencies of ADAMTS19, BMP7, SIM1, and SFRP1 in ccRCC according to clinicopathological characteristics of the disease. Methylation 
frequencies according to (A) tumor size, (B) tumor stage, (C) Fuhrman grade, (D) WHO/ISUP grade, (E) tumor intravascular invasion, (F) tumor necrosis. The box depicts 
the 25th and 75th percentiles; the line inside the box reflects the median; the plus sign depicts the mean; the whiskers marked the 10–90% range, and data values out of that 
range are shown as dots. Significant P-values are in bold. 
Abbreviations: pT, pathological stage; WHO/ISUP, World Health Organization/International Society of Urological Pathology; G, grade; M, methylated; U, unmethylated.
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pathological parameters, including larger tumor size, intra-
vascular invasion, and a higher tumor grade, confirming its 
relation with tumor development and progression.

BMP7 is a member of the TGF superfamily growth and 
differentiation factor possibly stored bound to fibrillin in 
ECM.40,41 Kidney tissues are the major sources for BMP7 in 
adults and may contribute to the maintenance of structure and 
function of renal tissues and have an anti-inflammatory effect; 
meanwhile, their loss leads to the development of kidney 
injuries and neoplasia.42,43 It is observed that BMP7 inhibits 
differentiation and epithelial-to-mesenchymal transition 
(EMT) of the kidney proximal tubular epithelial cells, by 
reducing the production of EMT inductor TGF-β1.40,42,44 

Thus, downregulation of this gene may stimulate cancer devel-
opment and progression by promoting EMT, which in turn 
contributes to RCC development.45 Indeed, the decreased 
expression of BMP7 was found in RCC;44,46 however, the 

promoter methylation has not been investigated so far. The 
present study related the methylated status of BMP7 with 
larger tumors, higher WHO/ISUP grade, and tumor necrosis, 
supplementing its relation to the tumor progression.

SFRP1 (secreted frizzled-related protein 1) is a frizzled 
protein family member acting as an inhibitor of the WNT 
signaling pathway.47 It is well known that the active WNT 
pathway promotes cell proliferation, survival, and invasion 
thereby contributing to RCC pathogenesis.47,48 Thereby 
SFRP1 serves as a tumor suppressor gene, which down- 
regulation increases the growth of RCC cells, through releas-
ing WNT signaling.32,47 The loss of SFRP1 due to DNA 
hypermethylation is observed in many tumors and is widely 
studied in renal cancer.47 The methylation frequency of 
SFRP1 varies among the ccRCC studies32,33,49 and was 
higher in our study; and, although lacking associations with 
clinical-pathological characteristics, the biomarker was able 

Figure 4 The association between methylation status of analyzed genes and overall survival. Kaplan–Meier curve analysis of (A) ADAMTS19, (B) BMP7, (C) SIM1, (D) SFRP1, 
(E) a combination of ADAMTS19, BMP7 & SFRP1, and (F) combination of ADAMTS19, BMP7, SFRP1 & SIM1 genes promoter methylation status. For the gene combinations, 
only panels showing the significant association with patients’ overall survival are depicted. The numbers of patients at risk are provided below each graph. Significant P-values 
are in bold. 
Abbreviations: M, methylated; U, unmethylated.
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to augment the prognostic value of the biomarker panel in 
combination with ADAMTS19 and BMP7.

Finally, the SIM1 encoding transcription factor is 
involved in the developmental processes,50 but its role in 
carcinogenesis remains unclear. There is a link between 
SIM1 and human obesity,51 and the methylation of obe-
sity-related genes was previously linked to poorer RCC 
prognosis.52 To date, the DNA methylation of SIM1 has 
been described in several cancers, including breast,53 

lung,54 and cervical,55 and was related to tumor metastasis; 
however, no data exist on RCC. In the present study, SIM1 
was rarely methylated in ccRCC tissues, and was asso-
ciated with larger tumors; however, the methylated status 
of SIM1 had no added value to ccRCC prognosis; thus, 
further studies are needed to prove its clinical significance.

Despite novel data provided on the role of DNA 
methylation in renal cell carcinoma, this study has some 
important shortcomings as well. The most important 
downside is the lack of data validation – thus considering 
the relatively short follow-up and the low number of 
deaths in the study cohort, the results of the multivariate 
analysis should be viewed with some reservation. In addi-
tion, only patient’s death as an endpoint was used for the 
survival analysis that has a lower power as compared to 
disease-free survival.56 Finally, as liquid biopsy is emer-
ging as a revolutionary tool for non-invasive or minimally 

invasive cancer diagnosis and/or prognosis, further studies 
of the particular biomarkers in the blood or urine samples 
would be extremely useful. Thus, external validation of 
selected genes methylation in both tissue and biofluid 
samples is mandatory in order to prove the independent 
prognostic value of novel ccRCC biomarkers and their 
applicability in the clinical settings.

Conclusions
In conclusion, our study demonstrated the ccRCC-specific 
methylation of ADAMTS19, BMP7, SIM1, and SFRP1 and 
the clinical significance of the three-biomarker panel, par-
ticularly ADAMTS19, BMP7 & SFRP1, in predicting over-
all survival. Before clinical application of this biomarker 
panel, a comprehensive verification of a large number of 
clinical samples is mandatory.

Abbreviations
ccRCC, clear cell renal cell carcinoma; CI, confidence 
interval; MC, methylated control; MSP, methylation- 
specific polymerase-chain reaction; NRT, noncancerous 
renal tissue; HR, hazard ratio; PPV, positive predictive 
value; NPV, negative predictive value; UC, unmethylated 
control; WHO/ISUP, World Health Organization/ 
International Society of Urological Pathology; ECM, 
extracellular matrix.

Table 3 Cox Regression Analysis for Investigated Biomarkers and Clinical-Pathological Characteristics of ccRCC (N=107)

Covariates Univariate Analysis Multivariate Analysis

P-value Hazard Ratio [95% 
CI]

P-value Hazard Ratio [95% 
CI]

Model 
P-value

ADAMTS19, BMP7 & SFRP1 0.029 3.37 [1.14–9.98] 0.023 4.11 [1.22–13.86] < 0.001

ADAMTS19, BMP7, SFRP1 & 
SIM1

0.053 2.93 [0.99–8.67] na

Age, years (>63 vs ≤63) 0.002 6.73 [1.98–22.87] 0.003 6.72 [1.90–23.83]

Gender (male vs female) 0.038 2.73 [1.06–7.08] 0.354 1.64 [0.58–4.67]

Tumor size, mm (>45 vs ≤45) 0.235 1.69 [0.71–4.01] na

pT stage (pT3–4 vs pT1–2) 0.003 5.12 [1.72–15.24] 0.232 3.06 [0.49–18.95]

Fuhrman grade (≥3 vs ≤2) 0.433 1.42 [0.59–3.44] na

WHO/ISUP grade (3 vs ≤2) 0.012 3.04 [1.28–7.21] 0.970 1.02 [0.35–2.97]

Intravascular invasion (yes vs no) 0.055 2.34 [0.98–5.55] na

Renal fat invasion (yes vs no) 0.001 4.83 [1.87–12.48] 0.680 1.43 [0.27–7.67]
Tumor necrosis (yes vs no) <0.001 4.97 [2.10–11.76] 0.045 3.42 [1.03–11.32]

Abbreviations: ccRCC, clear cell renal cell carcinoma; G, grade; pT, pathological tumor stage; WHO/ISUP, World health organization/International Society of Urological 
Pathology; CI, confidence interval; na, not applicable.
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