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Abstract
Purpose: Renal cell carcinoma (RCC) is becoming more common as a urinary system malignancy. There is a growing
body of evidence supporting an important role of DNA methylation alteration involved in the initiation of RCC, but the
current �ndings are inconsistent and controversial. Thus, we performed this systematic review and meta-analysis to
comprehensively assess the associations between methylation status of tumour suppressor genes and the incidence
risk of RCC.

Methods: This study has been registered on PROSPERO (CRD42019130782) and was reported according to the PRISMA
guidelines. We systematically searched the PubMed, EMBASE and CNKI databases for relevant studies. The effect
estimates were summarized using random-effect models.

Results: A total of 21 case-control studies containing 1,912 participants were included. Overall, abnormal
hypermethylation of RASSF1A was associated with a signi�cantly increased risk of RCC (OR, 6.612, 95% CI: 1.926-
22.697, P = 0.003), especially in the American populations (OR, 18.429, 95% CI: 3.072-110.536, P = 0.001). An increased
RCC risk was also associated with hypermethylation of SFRP1 and GSTP1 (OR, 3.995, 95% CI: 1.607-9.934, P = 0.003;
OR, 4.508, 95% CI: 1.004-20.239, P = 0.049; respectively); however, the results for SFRP1 and GSTP1 were non-conclusive
due to the limited number of studies included and the inconsistency across sensitivity analyses. There was no obvious
association for the other genes.  

Conclusion: This study demonstrated a statistically and robustly positive association of aberrant hypermethylation of
RASSF1A with an increased risk of developing RCC, indicating a potentially useful biomarker to predict the RCC
incidence risk.  

1. Introduction
According to the data from GLOBOCAN 2018, a total of approximately 431,288 kidney cancer patients were newly
diagnosed and 179,368 deaths from the disease in 2020 worldwide.(1, 2) More importantly, unlike most other tumours,
the incidence of kidney cancer has shown a signi�cant upward trend around the world: from 1990 to 2013, the incidence
has increased by 36% and 34% in developed and developing countries, respectively.(3, 4) In the United States, the
incidence of the disease has been increasing at an annual growth rate of about 2 ~ 3%; while the growth rate in China
was much higher than that in the United States.(2, 5) In China, the estimated incidence and mortality of kidney cancer
reached 73,587 and 43,196 in 2020, respectively.(2)

Renal cell carcinoma (RCC) accounts for approximately 90% of kidney carcinogenesis, which is by far one of the most
common types of urinary system malignancies and poses considerable risks to human health.(3) The disease is
histopathologically diverse, comprising several main subtypes, including clear cell RCC (ccRCC, 75–80%), papillary RCC
(pRCC, 10–15%), and chromophobe RCC (chRCC, 5%), and other unusual forms, such as collecting duct carcinoma (< 
1%), constitute the remainder. Early-stage renal cell tumours usually maintain silent growth and form until the point
where clinical manifestations that are often non-speci�c and misattributed emerge, resulting in a batch of patients that
are found at a more advanced stage where metastases and dissemination have already arisen at diagnosis confounded
by the lack of novel techniques for earlier detection.(3, 6)

With the advent of the molecular medicine epoch, aberrant epigenetic alterations, a hallmark of cancer, have been widely
conceived as a chief component of renal tumourigenesis. DNA methylation, a covalent chemical modi�cation, functions
as a regulator of gene expression. The list of tumour suppressor genes (TSGs) hampered by hypermethylation of
promoter regions, especially those associated with partial or complete transcriptional silencing, has recently increased,
which provides an opportunity for us to gain insight into the widespread role of gene methylation in RCC.(7, 8) TSGs are
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genes that protect cells from uncontrolled growth fostering tumour development. It is far beyond dispute that the loss or
abatement of their effects will result in transcriptional repression and silencing in malignant tumours, including RCC.(9)
Given these circumstances, it is a particularly important point to consider that aberrant gene methylation is valuable in
RCC progression and diagnoses. Recently, a substantial volume of published studies has attempted to evaluate the
epigenetic alteration in RCC, but the �ndings are inconsistent and controversial. Consequently, we endeavoured to
initiate a general meta-analysis with eligible literature for the sake of integrated illumination of the relationship between
abnormal DNA methylation and the potential risk of RCC.

2. Material And Methods
2.1 Retrieval strategy

This study was registered on PROSPERO (CRD42019130782)(10) and was reported according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (the PRISMA checklist is provided as Appendix
A).(11) A thorough search was systematically conducted utilizing the databases of PubMed, EMBASE and CNKI for
relevant studies published prior to January 8, 2020. The details of the corresponding combination of MeSH Terms and
free words used in the search are provided in Supplementary Information. When studies did not report su�cient data to
calculate the effect estimates, we contacted authors for supplement relevant data. Finally, in a manually manner, the
reference lists of included studies were scrutinized for potentially relevant studies.
2.2 Inclusion criteria of eligible studies

Studies included in the meta-analysis met the following inclusion criteria: (1) original researches focused on the
associations between aberrant gene methylation and RCC risk; (2) case-control or cohort studies; (3) reported su�cient
data to calculate relative risk ratios (RR) or odds ratios (ORs) and corresponding 95% con�dential intervals (CIs); (4)
studies derived samples from tissues of patients and controls; (5) when the results from the same cohort were reported
more than once, the latest dataset with a longer follow-up period were included; and (6) there were no restrictions on
language.
2.3 Exclusion criteria

The exclusion criteria included the following: (1) mechanism studies, e.g. animal model studies, and studies using cell
lines; (2) reviews, meta-analyses, and conference abstracts; (4) the samples of studies were obtained from benign
tumours, such as oncocytoma (a subtype of kidney neoplasm); (5) studies specializing in Wilm’s tumour (kidney tumour
of paediatric patients); and (6) studies with a sample size of less than 10.

2.4 Literature screening

According to the predesigned retrieval protocol, literatures were independently screened by two investigators (YPL and
LM). Discrepancies were solved through consultation by another reviewer (YXZ). Primarily, we looked through each
available study whose title and abstracts were in accordance with the retrieval terms. If the title and abstract �t the
criteria, we continued to intensively read them in full. Then, we collected and classi�ed genes investigated at least three
studies that focused on the relationship between methylation level and RCC risk. Eventually, eligible studies focused on
RASSF1A (n = 14), SFRP1 (n = 5), TIMP3 (n = 5), APC (n = 4), CDH1 (n = 4), GSTP1 (n = 3), MGMT (n = 3), RARβ2 (n = 3)
and p16 (n = 3) were included in the �nal meta-analysis.

2.5 Data extraction and quality assessment
Relevant data were extracted independently by two co-authors (YPL and LM) using a predesigned standardized data
extraction tool. These data comprised �rst author, publication year, country, sample type, sample size, pathological
subtypes, and methods of methylation detection. The quality of individual studies was assessed with the Newcastle-
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Ottawa Quality Assessment Scale (NOS), which consists of three components, including selection, comparability and
exposure biases.(12)

2.6 Statistical analysis
All statistical analyses were conducted with the Comprehensive Meta Analysis software (Version 2.0.1; Biostat,
Englewood, NJ, USA). The summarized effect estimates were reported as pooled ORs with corresponding 95% CIs. The
I2 and Q-tests were used to evaluate the between-study heterogeneity, and I2 and P-values were reported. If the OR was
greater than 1.00 and the P-value was less than 0.05, abnormal methylation signi�cantly increased the incidence risk of
RCC. Given various populations and methods of methylation assessment involved in these original researches, we
preferentially adopted random-effect models to summarize the effect estimates in a conservative manner; while �xed-
effect models were used for sensitivity analyses. Potential publication bias was evaluated by the two-sided Egger’s
regression test and Begg’s test, and was further examined through observing symmetry of the funnel plots. Additionally,
to be conservative, we rigorously used the Duval and Tweedie’s trim-and-�ll method to control for the potential bias.

2.7 Sensitivity analysis
We performed extensive sensitivity analyses to assess the robustness of the results. We summarized the effect
estimates using �xed-effect models and assessed the consistency of the summarized results between �xed and
random-effect models. Then, a sensitivity analysis was implemented by omitting each included study to determine
whether it had an impact on the results. Furthermore, to investigate whether the potential residual confounders could
affect the signi�cant outcome, we calculated the E-value analysis.(13) Theoretically, a larger E-value demonstrates a
more robust and stable result. Furthermore, as regards RASSF1A and SFRP1, several post hoc sensitivity analyses,
including meta-regression on sample size and cumulative meta-analyses on publication year, quality assessment score
and sample size, were performed to validate the statistical stability of our results. Speci�cally, as regards RASSF1A,
additional sensitivity analyses, strati�ed subgroup analyses by countries, pathological subtypes and clinical stages
were also performed.

3. Results
3.1 Study identi�cation and quality assessment

The detailed systematic search procedure based on the retrieval strategy was shown in Fig. 1. A total of 21 case-control
studies involving 1,912 participants (1201 cases and 711 cancer-free controls) were �nally included in this present
meta-analysis.(14–34) All these articles were published from 2001 to 2018. The sample size ranged from 20 to 291,
with a median of 83 subjects. Overall, the study quality was high with 71% (15/21) studies categorized as high quality
(≥ 7 NOS score). The main characteristics of included studies were provided in Table 1 and the detailed quality scores
of domains of included studies were shown in Table S1 in the Supplementary Information. 
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Table 1
Characteristics of case-control studies included in this meta-analysis.

Study Publication
Year

Country No.
of
Case

No. of
Control

Pathological
Subtypes

Genes Methylation
detection
method

Quality
Score
(NOS)

Yoon JH 2001 America 32 10 RCC RASSF1A MSP 6

Dreijerink
K

2001 America 43 29 ccRCC RASSF1A MSP 5

Morrissey
C

2001 United
Kingdom

211 80 ccRCC,
pRCC

RASSF1A MSP 7

Cairns P 2003 America 47 10 RCC RASSF1A MSP 4

Gonzalgo
ML

2004 America 30 22 ccRCC,
pRCC

RASSF1A QMSP 8

Loginov VI 2004 Russia 53 30 RCC RASSF1A MSR 7

Tokinaga
K

2004 Japan 50 39 ccRCC RASSF1A COBR 7

Dulaimi E 2004 America 92 10 ccRCC,
pRCC,
chRCC,
Collecting
duct, RCC
unclassi�ed,
TCC renal
pelvis

RASSF1A,
TIMP3,
APC,
CDH1,
GSTP1,
MGMT,
RARβ2,
p16

MSP 8

Duan JM 2007 China 26 26 Unasserted RASSF1A MSP 7

Peters I 2007 Germany 45 45 ccRCC RASSF1A COBRA 6

Costa VL 2007 Portugal 75 62 ccRCC,
pRCC,
chRCC

RASSF1A,
TIMP3,
CDH1,
APC,
GSTP1,
MGMT,
RARβ2,
p16

QMSP 7

Gumz ML 2007 America 10 10 ccRCC SFRP1 MSP 6

Awakura Y 2008 Japan 65 22 ccRCC,
pRCC

SFRP1 MSP 8

Zhang JY 2008 China 12 12 RCC RASSF1A MSP 6

Onay H 2008 Turkey 21 21 RCC RASSF1A,
TIMP3,
APC,
MGMT,
RARβ2,
p16

MSP 8

Yin FC 2010 Germany 32 15 pRCC SFRP1 QMSP 8

Zheng FF 2010 China 53 53 RCC TIMP3 MSP 8



Page 6/15

Study Publication
Year

Country No.
of
Case

No. of
Control

Pathological
Subtypes

Genes Methylation
detection
method

Quality
Score
(NOS)

Ellinger J 2010 China 66 30 RCC RASSF1A,
TIMP3,
APC,
CDH1,
GSTP1

MSP 9

Atschekzei
F

2012 China 20 3 RCC SFRP1 MSP 7

Liu B 2012 Germany 96 120 RCC CDH1 Pyrosequencing 8

Yin FC 2018 China 122 62 ccRCC SFRP1 MSP 8

 
3.2 Association between aberrant gene methylation and RCC risk

The associations between the methylation status of all nine TSGs and the risk of RCC were shown in Fig. 2. Overall,
RASSF1A hypermethylation contributed signi�cantly to an increased risk of RCC (OR, 6.612, 95% CI: 1.926–22.697, P = 
0.003) with an obvious between-study heterogeneity (I2 = 78.11%, P < 0.001), however subgroup analyses by
pathological subtypes showed no statistically signi�cant associations for ccRCC or pRCC (Fig. 3). Notably, subgroup
analyses by countries showed this positive association was restricted to American populations (OR, 18.429, 95% CI:
3.072-110.536, P = 0.001) but not Asian or European populations. SFRP1 hypermethylation also contributed to an
signi�cantly increased risk of RCC (OR, 3.995, 95% CI: 1.607–9.934, P = 0.003) with an obvious between-study
heterogeneity (I2 = 85.26%, P < 0.001). GSTP1 hypermethylation had a marginally signi�cant association with an
increased RCC risk (OR, 4.508, 95% CI: 1.004–20.239, P = 0.049) with no heterogeneity across studies (I2 = 0.00%, P = 
0.815). Meanwhile, the associations for other remaining genes did not reach statistical signi�cance.

3.3 Sensitivity analysis
Sensitivity analyses using �xed effect models showed no materially changed results with the exception of SFRP1
(Table 2). The E-value sensitivity analysis for point estimates and lower CI limits also denoted robust results for
RASSF1A and SFRP1, but not for GSTP1 (Table 3). Additional analyses by omitting the included studies one by one
demonstrated a relative robustness of the results of our present meta-analysis (Figure S1). Finally, cumulative meta-
analysis of publication year, quality assessment score and sample size also validated our robust results (Figure S2 and
S3).
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Table 2
Sensitivity analyses using �xed effect models.

Genes Models Pooled ORs and 95% CIs P-value

for between models*Point estimate Lower limit Upper limit

RASSF1A Fixed 7.593 4.395 13.116 0.841

Random 6.612 1.926 22.697

SFRP1 Fixed 1.391 1.251 1.545 0.024

Random 3.995 1.607 9.934

TIMP3 Fixed 1.260 0.631 2.517 0.308

Random 2.896 0.685 12.240

APC Fixed 2.052 0.837 5.031 1.000

Random 2.052 0.837 5.031

CDH1 Fixed 2.121 1.151 3.908 0.825

Random 2.745 0.303 24.873

GSTP1 Fixed 4.508 1.004 20.239 1.000

Random 4.508 1.004 20.239

MGMT Fixed 0.769 0.240 2.467 0.913

Random 0.679 0.099 4.650

RARβ2 Fixed 1.232 0.296 5.126 1.000

Random 1.232 0.296 5.126

p16 Fixed 1.968 0.669 5.787 1.000

Random 1.968 0.669 5.787

 
Table 3

E-value analyses for pooled effect estimates.
Genes Pooled OR, 95%CI E-value for

Point estimate Lower CI limit

RASSF1A 6.612 (1.926–22.697) 12.7035 3.2615

SFRP1 3.995 (1.607–9.934) 7.454 2.5946

GSTP1 4.508 (1.004–20.239) 8.4847 1.0674

 
3.4 Publication bias exploration

Overall, there was no obvious evidence of overt publication bias by using funnel plots (Figure S4), Begg’s test or Egger’s
test (Table S2). For SFRP1, however, there seemed to be a obvious publication bias based on Egger’s test (P = 0.006). We
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conservatively tacked extra virtual studies using the Duval and Tweedie’s trim-and-�ll method, and found no signi�cant
change of the results, suggesting there was no publication bias in this study and the present results were very robust.
For SFRP1, similarly, the pooled OR after trim-and-�ll adjustment did not reach statistical signi�cance (OR, 1.478, 95% CI:
0.631–3.462), implicating a potential publication bias.

4. Discussion
Our present study comprehensively clari�ed the associations of a total of nine TSGs methylation status with the risk of
RCC. Speci�cally, eight of them (except RASSF1A) were summarized using meta-analysis for the �rst time. Overall, our
data demonstrated that abnormal RASSF1A and SFRP1 hypermethylation signi�cantly increased the risk of RCC and
that the association between aberrant GSTP1 hypermethylation and RCC risk was marginally signi�cant. However, the
associations for TIMP3, APC, CDH1, MGMT, RARβ2 and p16 did not reach statistical signi�cance.

With respect to RASSF1A, our results were in accordance with the �ndings from two previous meta-analyses.(35, 36) It is
noteworthy that a signi�cantly increased risk of RCC related with RASSF1A hypermethylation was observed only in the
American subpopulation. In view of the histopathological subtypes, this positive association diminished to a borderline
signi�cance for pRCC and non-signi�cance for ccRCC. All these results from subgroup analyses are needed to be
validated in future studies. With respect to SFRP1 and GSTP1, sensitivity analyses suggested that no con�rm
conclusion could be drawn, even though the primary analyses showed a trend of positive association.

In recent reports, TSGs were reported to play vital roles in the epigenetic inactivation by hypermethylation. For example,
epigenetic silencing of the longer isoform of Ras-association domain family (RASSF1A), a tumour suppressor gene
located at 3p21.3, is speci�cally associated with cancer.(16) The multifaceted functions of RASSF1A involve cell cycle
control, microtubule stabilization, cellular adhesion, motility and regulation of apoptosis.(22) Hypermethylation of the
CpG Island in the RASSF1A promoter observed in RCC patients leads to transcriptional downregulation of its mRNA.(15)
In addition, RASSF1A methylation, which is rarer in normal tissues than in tumour tissues, provides high speci�city and
often gives rise to advanced tumour stage and grade, metastasis, poor tumour differentiation and adverse survival.(8,
37) SFRP1 lies at 8p11.2 as an inhibitor of Wnt signalling and acts as a tumour suppressor involved in the control of
cellular growth and neovascularization.(38, 39) A tumorigenic role of methylation-induced epigenetic silencing has been
con�rmed as the most likely mechanism responsible for the common event of SFRP1 repression in RCC.(24, 25, 40)
GSTP1, on chromosome 11q13-qter, occupies a vital position in cell survival and proliferation in growth-limiting
conditions, mediating MEK/ERK–dependent cell cycle progression and preventing cell cycle arrest.(41) A consequence
of decreased expression of GSTP1 by hypermethylation may render cells vulnerable to apoptosis as well as genome
damage and may be involved in early tumourigenesis.(42) Of all the factors, observing a tendency for in-depth
explorations in our knowledge of epigenetic mechanisms, the essentiality of aberrant DNA methylation, has been further
highlighted, which affects the initiation and progression of kidney cancers.

Aberrant methylation of TSGs might be a relatively early event in renal tumourigenesis that is mostly observed in
tumours of the lowest pathological stages and grades as well as tumours < 3 cm in diameter.(21) Therefore, the earlier
test of hypermethylation of speci�c TSGs among renal tumours can be conducive to clinical application related to
differential diagnosis, targeted treatment and evaluating molecular prognosis, which can be used to interfere with the
carcinogenesis of RCC aimed at reversing silence or their downstream inactivation of certain genes. In addition, precise
timing of gene hypermethylation of individuals might help clinicians predict the behaviour or pathological stage of
developing tumours. Therefore, accurately extended examinations are indispensable in addressing the problem of
harbouring suspicious masses in patients’ kidneys. It is necessary for further studies to provide insight into the disease
through larger scale studies to dissect out the role of methylated genes and con�rm the feasibility of our hypothesis.
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Our study established a basic foundation for progress in a stationary �eld and will aid in �nding more effective
therapies for RCC.

As an advantage of this present meta-analysis, we performed extensive sensitivity analyses. To date, the E-value
analysis in meta-analyses has not been utilized widely. With the intention to produce evidence for causality, it is
suggested to calculate the E-value for both the observed association estimate and the limit of the con�dence interval
closest to the null value. If the association is not strong, the E-value will be quite small. The robustness to unmeasured
confounding as well as the evidence for causality thus might be weak but does not imply evidence is absent. As a
consequence, our study was proven to be relatively robust and was unlikely to be affected by potential unmeasured
confounders. Other sensitivity analyses, including �xed-effect models, omitting each individual study, meta-regression
analyses, and cumulative meta-analyses, also showed a consistency between results, suggesting robust results in our
study.

This present study had some limitations. Firstly, the existing heterogeneity across studies was obvious. We performed
meta-regression and subgroup analyses to explore potential sources of the heterogeneity and only found the sample
size of individual studies may be a possible source of the heterogeneity across studies for SFRP1 (Figure S5). In
addition, we cannot overlook the divers methods used to determine the methylation status in tumour tissue samples. In
these included studies, the DNA methylation status was mostly examined by MSP, COBRA and QMSP. Their natural
sensitivity and speci�city may give rise to latent heterogeneity. It was no wonder that the between-study heterogeneity
was obvious given various detection methods. In addition, not all methylation in tumour cells contributes to gene
silencing, and the presence of expression is largely dependent on the degree of methylation in the cell lines. Another
limitation is residual confounders in original studies, even though the E-value analyses showed limited evidence for
unmeasured confounding biases in this meta-analysis. Given the limited number of eligible studies for each individual
gene and obvious heterogeneity across studies due to various detection methods, future researches with large sample
size are required.

5. Conclusions
This present meta-analysis revealed a statistically and robustly signi�cant association of aberrant hypermethylation of
RASSF1A with the risk of developing RCC, indicating a potentially useful biomarker to predict the incidence risk of RCC.
For the other TSGs, no �rm conclusion could be drawn. Admittedly, our �ndings should be a�rmed by future well-
designed studies with larger sample sizes.
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ccRCC, clear cell renal cell carcinoma; chRCCs, chromophobe renal cell carcinoma; CI, 95% con�dential interval; COBRA,
combined bisul�te restriction analysis; MSP, Methylation-speci�c polymerase chain reaction; MSRA, PCR-based
methylation-sensitive restriction enzyme analysis; OR, odds ratio; 95% pRCC, papillary renal cell carcinoma; QMSP,
quantitative methylation-speci�c polymerase chain reaction; RCC, Renal cell carcinoma; TSG, tumor suppressor gene.
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Figures

Figure 1

Flow chart of literature search and selection.
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Figure 2

Forest plots of the associations between TSGs methylation and RCC risk.
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Figure 3

Subgroup analyses for the associations of RASSF1A methylation and RCC risk by (A) Population regions, (B)
Pathological subtypes or (C) Clinical stages of cases.
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