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Kidney renal clear cell carcinoma (KIRC) is the most commonmalignant kidney tumor as its

characterization of highly metastatic potential. Patients with KIRC are associated with poor

clinical outcomes with limited treatment options. Up to date, the underlying molecular

mechanisms of KIRC pathogenesis and progression are still poorly understood. Instead,

particular features of Cancer-Associated Fibroblasts (CAFs) are highly associated with

adverse outcomes of patients with KIRC, while the precise regulatory mechanisms at the

epigenetic level of KIRC in governing CAFs remain poorly defined. Therefore, explore the

correlations between epigenetic regulation and CAFs infiltration may help us better

understand the molecular mechanisms behind KIRC progression, which may improve

clinical outcomes and patients quality of life. In the present study, we identified a set of

clinically relevant CAFs-related methylation-driven genes, NAT8, TINAG, and SLC17A1 in

KIRC. Our comprehensive in silico analysis revealed that the expression levels of NAT8,

TINAG, and SLC17A1 are highly associated with outcomes of patients with KIRC.

Meanwhile, their methylation levels are highly correlates with the severity of KIRC. We

suggest that the biomarkers might contribute to CAFs infiltration in KIRC. Taken together,

our study provides a set of promising biomarkers which could predict the progression and

prognosis of KIRC. Our findings could have potential prognosis and therapeutic

significance in the progression of KIRC.

Keywords: kidney renal clear cell carcinoma, cancer-associated fibroblasts, epigenetic regulation, DNA
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INTRODUCTION

The global incidence of kidney cancer is increasing. Approximately 400,000 new cases of kidney
cancer are diagnosed worldwide in 2018 (Bray et al., 2018; Hoefflin et al., 2020). KIRC is the most
prevalent type of kidney cancer with an increasing prevalence (Frew and Moch, 2015). Among
kidney cancers, KIRC is the leading cause of cancer-related death, mainly due to its highly metastatic
potential and high relapse rate (Kaelin, 2009; Jemal et al., 2011; Jonasch et al., 2012). Meanwhile,
KIRC is relatively resistant to traditional chemotherapy and radiotherapy (Jonasch et al., 2012).
Therapeutic options for patients with metastatic KIRC are limited, and the prognosis remains dismal.
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Up to now, there is a lack of biomarkers for diagnosis/prognosis
prediction and drug targets for therapeutic intervention of KIRC.
The overall prognosis of patients with KIRC is still limited,
indicating the need for the improvement of therapeutic
strategies directed at potential molecular targets (Li et al.,
2017). Thus, it is essential and meaningful to identify reliable
new biomarkers for better understand the prognosis and
progression of KIRC, and further develop novel therapeutic
strategies against KIRC.

Recent studies have emphasized the role of the tumor
microenvironment or stromal infiltrates in tumor
progression and response to various therapies of tumors.
Stromal cell infiltration plays a crucial role in tumorigenesis,
progression, metastasis, and clinical outcomes. Cancer-
associated fibroblasts (CAFs) are of outstanding importance
in tumor stromal infiltration. CAFs are the predominant and
critical component in the tumor stromal, and their primary
function is to provide a microenvironment for promoting
tumor cell characteristics associated with increased
aggressiveness. Cancer is associated with CAFs at all stages
of cancer progression, including initiation, growth, and
metastasis of tumor, and they are considered as a niche
response to tissue damage caused by cancer cells. CAFs
produce various tumor-associated components and play a
role in regulating tumor extracellular matrix, tumor cell
metabolism, and immune infiltration of the tumor
microenvironment (Kalluri, 2016; Curtis et al., 2019). CAFs
were proposed to have a protumor effect in kidney cancer. The
study by Xu et al. showed that CAFs were involved in tumor
progression by influencing cell proliferation, migration, and
drug resistance in kidney tumors (Xu et al., 2015; Errarte et al.,
2020). In particular, the symbiotic correlation between tumor
cells and CAFs was proposed in KIRC, and CAFs seem to be
involved in the initial phases of KIRC progression (Bakhtyar
et al., 2013; López, 2013; Errarte et al., 2020). However, resulting
from a lack of proper experimental models to study CAFs in
KIRC, the role of CAFs in KIRC remains to be further explored.

DNA methylation is one of the widely studied epigenetic
modifications (Egger et al., 2004; Feinberg, 2007; Bock and
Lengauer, 2008) and plays crucial roles in tumorigenesis and
progression across tumors. Furthermore, variation of DNA
methylation status has been demonstrated to be associated
with clinical features of patients with tumor (Morris and
Maher, 2010; Morris and Latif, 2017). Previous studies have
proposed that DNA methylation status contributes to
progression and clinical outcomes of patients with kidney
cancers suggesting that DNA methylation has the potential to
be prognostic biomarkers and therapeutic targets for KIRC
(Ellinger et al., 2011; Ricketts et al., 2014; Eggers et al., 2012;
Patrício et al., 2013; Xiao et al., 2013; He et al., 2013). The aberrant
DNA methylations have been shown as independent prognostic
markers for kidney cancers (Yamada et al., 2006; Morris et al.,
2010; Atschekzei et al., 2012; Van Vlodrop et al., 2017). DNA
methylation status was proposed to have the potential to improve
outcomes of patients with KIRC as well as diagnosis, prognosis,
and clinical treatment of KIRC (Evelönn et al., 2019; Angulo et al.,
2021). DNAmethylation studies relevant to KIRC to date are still

limited. No study has reported DNAmethylation in CAFs-related
genes as prognostic markers for patients with KIRC.

In the present study, we sought to investigate the potential role
of CAFs-related DNA methylation genes in clinical outcomes of
patients with KIRC. The CAFs-related DNA methylation genes
were screened using database-based bioinformatic analysis, and
their associations with clinical features were evaluated.

METHODOLOGY

Dataset Download and Processing
The gene expression, DNA methylation and relevant clinical
datasets for human KIRC samples were generated by The
Cancer Genome Atlas (TCGA). The RNA expression dataset
was obtained from Xena UCSC, containing 530 cases (Goldman
et al., 2018). The gene expression dataset of normal kidney tissues
was downloaded from GTEx database (The Genotype-Tissue
Expression project). The DNA methylation dataset was
obtained from TCGA database and arranged using R language.

Gene Ontology Analysis
GO analysis was conducted according to differentially expressed
genes using the R package clusterprofiler in R language. The GO
terms included three categories: Biological process (BP), cellular
component (CC) and molecular function (MF).

Stromal and Immune Infiltration
Assessment
The stromal and immune infiltrations were evaluated by
MCPCounter. Using MCPCounter R package in R, the stromal
and immune cell infiltration levels of KIRC samples were
calculated.

Eight immune cells and two stromal cells were quantified in
human KIRC samples.

Correlation Analysis
To examine the correlation between DNA methylation status of
relevant genes and their RNA expression, we performed
correlation analysis using datasets from TCGA database.
Spearman’s correlation coefficient were performed to assess
the strength of the relationship between two variables. The
analysis was carried out using R language.

Survival Analysis
To examine the clinical significance of DNAmethylation status of
relevant genes and their RNA expression in KIRC, survival
analysis was carried out. For transcriptional regulatory
mechanism at epigenetic level, hypermethylation should be
accompanied by a reduction of its gene expression.
Conversely, hypomethylation should overlap with upregulation
of its gene expression. We combined gene expression levels and
their methylation status, and then the joint Kaplan-Meier survival
analysis of methylation and expression was conducted. Kaplan-
Meier analysis was performed and compared using the logrank
test. A value of p < 0.05 was used to indicate statistical
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significance. Bioinformatic analyses and statistical analyses were
conducted using R language. Survival and survminer packages
were used for Kaplan–Meier curves in R language. Survival

package was used for computing survival analyses. Survminer
package was used for summarizing and visualizing the results of
survival analyses.

FIGURE 1 | Functional annotation of differentially expressed genes between KIRC tumor and normal tissues. (A)Heat map of differentially expressed gene analysis.

The ordinate represents the differentially expressed genes while the normal and tumor samples is represented in the abscissa. The blue color indicates lower expression,

and the red color indicates higher expression. (B) The GO analysis of differentially expressed genes between normal and tumor tissues.
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Methylation-Driven Gene Screening
The correlations between DNA methylation status of relevant
genes and their RNA expression levels were assessed using
Spearman’s correlation coefficient. |r | > 0.3 and p < 0.05
served as the screening threshold.

Statistical Analysis
Group comparisons in bioinformatic analysis were carried out by
Wilcox test and Kruskal-Wallis test. We performed survival
analysis using Kaplan-Meier method with the logrank test.
Spearman’s correlation test was performed to examine the
correlation coefficients in the study. A value of p < 0.05 was
used to indicate statistical significance.

RESULTS

Evaluation of Clinical Relevance of CAFs in
KIRC
To clarify the biological functions of differentially expressed
genes (Figure 1A) between normal and tumor tissues of
KIRC, differential gene analysis was carried out using datasets
from GTEx and TCGA databases. The corresponding
relationship table between tumor samples and normal samples
was downloaded from the differential analysis section of GEPIA
database (http://gepia.cancer-pku.cn/help.html). The TCGA
tumor samples, TCGA paired adjacent normal samples and
GTEX normal samples were arranged and used for the

analysis. Then gene ontology (GO) analysis was performed.
The R package clusterprofiler was used for the analysis (Yu
et al., 2012). As shown in Figure 1B, we observed that the
tumor microenvironment-related terms (such as cell adhesion
and extracellular matrix related terms) were significantly
enriched in categories Biological process (BP), Cellular
Component (CC) and Molecular Function (MF), respectively.
These results suggested that tumor microenvironment changes
might contribute to KIRC tumorigenesis. The importance of
tumor microenvironment sets the basis for our following
CAFs relevant study in KIRC. To specifically study the role of
CAFs in KIRC, we firstly evaluated the infiltration level of CAFs
in KIRC using MCPCounter (Becht et al., 2016). As shown in
Figure 2A, the quantification of the abundance of eight immune
cells and two stromal cells was performed using KIRC
transcriptomic dataset downloaded from the TCGA database.
In order to explore the importance of CAFs in KIRC, we
performed a series of analyses to examine the relationship
between CAFs and clinical features of KIRC. To investigate
the correlation between CAFs and survival of patients with
KIRC. We then examined the association between CAFs and
the survival conditions of patients using Kaplan-Meier survival
analysis. The survival analysis showed that the infiltration of
CAFs was significantly negatively correlated with the overall
survival of KIRC patients (Figure 2B, logrank test). We next
investigated the relationship between CAFs and histologic grade.
As shown in Figure 2C, a trend of positive correlation was
observed between CAFs infiltration level and the histologic

FIGURE 2 | The relationship between CAFs infiltration level and clinical features of patients with KIRC. (A) The evaluation of immune and stromal infiltration levels of

KIRC based on MCPCounter algorithm. (B) Kaplan-Meier survival analysis according to infiltration level of CAFs in KIRC. (C) Association between CAFs infiltration level

and KIRC histologic grade. (D) Association between CAFs infiltration level and KIRC pathological T grade.
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grade. Higher infiltration level of CAFs was accompanied by a
relative higher tumor histologic grade than lower CAFs
infiltration level. Furthermore, we examined the correlation
between CAFs infiltration level and tumor stage. The result
showed that CAFs infiltration level had a significant positive
correlation with tumor T stage, referring to the size and extent of

the primary tumor (Figure 2D). Meanwhile, the CAFs infiltration
in KIRC was also evaluated using XCell (Aran et al., 2017).
Similar outcomes were obtained. We observed a negative
correlation between CAFs and survival of patients in Kaplan-
Meier analysis (Supplementary Figure S1A), as well as positive
correlations between CAFs and tumor histologic grade/tumor T

FIGURE 3 | Screening of CAFs related methylation-driven genes. (A) Heat map of differentially methylated gene analysis. The ordinate represents the differentially

methylated genes while the normal and tumor samples is represented in the abscissa. The blue color indicates lower methylation levels, and the red color indicates higher

methylation levels. (B) Flowchart of CAFs related methylation-driven genes screening (top). Spearman’s correlation between RNA expression level of CAFs related

methylation-driven genes and their methylation status (bottom). (C) Spearman’s correlation between CAFs infiltration level and methylation status of CAFs related

methylation-driven genes. (D) Spearman’s correlation between CAFs infiltration level and RNA expression of CAFs related methylation-driven genes.
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FIGURE 4 | Survival analysis of CAFs related methylation-driven genes in KIRC. (A) Kaplan-Meier survival analysis according to methylation status of CAFs related

methylation-driven genes. (B) Kaplan-Meier survival analysis according to RNA expression of CAFs related methylation-driven genes. (C) Kaplan-Meier survival analysis

of methylation status combine with RNA expression of CAFs related methylation-driven genes.
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stage (Supplementary Figures S1B,C). Taken together, these
findings suggest that increased CAFs infiltration was
associated with aggressive clinical features of KIRC. All in all,
results demonstrate that CAFs were involved in the progression
and development of KIRC. Therefore, CAFs have potential
clinical implication for diagnosis, prognosis, and treatment
of KIRC.

Identification of CAFs-Related
Methylation-Driven Genes in KIRC
To investigate the influence of DNA methylation on CAFs, we
firstly identified differentially methylated genes in KIRC
(Figure 3A) (|logFC | > 0.2, p < 0.05). Through the
correlation analysis between methylation status and CAFs
infiltration level, we screened the CAFs-related methylated
genes. We then examine the correlations between the
methylation level of CAFs-related methylated genes and their
mRNA expression levels. According to a cutoff value of r > 0.3,
p < 0.05. We identified nine CAFs-related methylation-driven
genes (Figure 3B). Furthermore, the correlation between CAFs
infiltration level and the methylation levels, as well as mRNA
expression levels of CAFs-related methylation-driven genes, were
shown in Figures 3C,D. We observed positive correlations
between CAFs infiltration level and methylation status of
PDZK1IP1, NAT8, TINAG, SLC17A1, and GGT1.
Methylation status of HTR2B, TMEM173, C10orf55, and
ITGA5 were negatively correlated with CAFs infiltration level.
The correlations between CAFs infiltration level and RNA
expression levels of CAFs-related methylation-driven genes
were examined. In contrast, RNA expression levels of
PDZK1IP1, NAT8, TINAG, SLC17A1, and GGT1 were
demonstrated to exhibit negative correlations with CAFs
infiltration level. RNA expression levels of HTR2B, TMEM173,
C10orf55 and ITGA5 were positively correlated with CAFs
infiltration level. Overall, we identified a set of CAFs-related
methylation-driven genes that might contribute to the tumor
microenvironment via regulating CAFs infiltration.

Survival Significance of CAFs-Related
Methylation-Driven Genes
To investigate the role of CAFs-related methylation-driven genes
on the survival of patients with KIRC, Kaplan-Meier survival
analysis was performed using DNA methylation status of CAFs-
related methylation-driven genes. Survival in high methylation
and low methylation group was compared using the log-rank test
to determine whether the difference was significant. As shown in
Figure 4A, we observed significant differences in survivals
according to the methylation status of NAT8, TINAG,
SLC17A1, HTR2B, TMEM173, C10orf55, SLC17A1, and
GGT1. The hypermethylation status of NAT8, TINAG,
SLC17A1, and C10orf55 were accompanied by worse survival
conditions of patients with KIRC. In contrast, we observed that
the hypomethylation status of HTR2B, TMEM173, and ITGA5
were accompanied by worse survival conditions of patients with
KIRC. We then examined the correlations between RNA

expression of CAFs-related methylation-driven genes and
survival of patients. As shown in Figure 4B, expression levels
of PDZK1IP1, NAT8, TINAG, SLC17A1, GGT1, and HT2B were
significantly positively associated with survival of patients with
KIRC. Furthermore, we integrated the DNA methylation dataset
with RNA expression profiling. We then assessed the correlation
between methylation status/RNA expression of CAFs-related
methylation-driven genes and survival of patients. Patients
with hypermethylation status and low expression levels of
NAT8, TINAG, and SLC17A1 demonstrated a significantly
shorter survival compared with those with hypomethylation
status and high expression levels (Figure 4C). These results
suggest that NAT8, TINAG and SLC17A1 RNA expression
levels and DNA methylation status are associated with the
survival of patients with KIRC.

Clinical Significance of CAFs-Related
Methylation-Driven Genes
To further illustrate the clinical role of NAT8, TINAG and
SLC17A1, we assessed the correlations between NAT8, TINAG
and SLC17A1, and clinical features. We observed that the DNA
methylation levels of NAT8, TINAG and SLC17A1 were
significantly associated with histologic grade and T stage of
KIRC. The DNA methylation levels of NAT8, TINAG and
SLC17A1were significantly higher in high-grade than in the
low-grade of tumors (Figure 5A). A similar trend of
correlation was observed in the T stage. As shown in
Figure 5B, DNA methylation levels of NAT8, TINAG and
SLC17A1 was accompanied by an increasing tumor T stage.
We then examined the correlations between RNA expression
levels of NAT8, TINAG and SLC17A1, and clinical features. In
contrast, an opposite trend was observed for the analysis. RNA
expression levels of NAT8, TINAG, and SLC17A1 were
negatively correlated with histologic grade and the T stage of
KIRC. Decreasing RNA expression levels of NAT8, TINAG, and
SLC17A1 were associated with lower tumor grade of KIRC
(Figure 5C). Meanwhile, a higher tumor T stage was
accompanied by reductions of RNA expression levels of
NAT8, TINAG, and SLC17A1 (Figure 5D). Taken together,
We identified three clinically relevant CAFs-related
methylation-driven genes containing NAT8, TINAG and
SLC17A1. NAT8, TINAG, and SLC17A1 RNA expression
levels and DNA methylation status are correlated with the
histologic grade and T stage of patients with KIRC. We
proposed that manipulation the expression of NAT8, TINAG
and SLC17A1 at epigenetic level might contribute to CAFs-
mediated KIRC severity.

DISCUSSION

In the present study, we evaluated the infiltration level of CAFs in
KIRC based on a databased bioinformatic analysis. We observed
the high correlations between CAFs and clinical features in KIRC.
By correlating the methylation-driven genes in KIRC, the specific
CAFs related methylation-driven genes were identified.
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FIGURE 5 | Association between clinical features and NAT8, TINAG, and SLC17A1. (A) Association between KIRC histologic grade and methylation status of

NAT8, TINAG, and SLC17A1. (B) Association between KIRC pathological T grade and methylation status of NAT8, TINAG, and SLC17A1. (C) Association between

KIRC histologic grade and RNA expression levels of NAT8, TINAG, and SLC17A1. (D) Association between KIRC pathological T grade and RNA expression levels of

NAT8, TINAG, and SLC17A1.
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Furthermore, we identified three clinically relevant CAFs-related
methylation-driven genes, NAT8, TINAG, and SLC17A1. The
RNA expression and methylation status of NAT8, TINAG, and
SLC17A1were highly involved in clinical features of KIRC.

NAT8 belongs to the GCN5-related N-acetyltransferase
superfamily (Chambers et al., 2010) that transfer the acetyl
group of acetyl-coenzyme A to an acceptor substrate (Dyda
et al., 2000). It has been demonstrated that NAT8 was
associated with kidney disease (Luo et al., 2021; Juhanson
et al., 2008). NAT8 is specifically and almost exclusively
expressed in the kidney and liver (Supplementary Figure

S2A) (dataset from The Human Protein Atlas) (Uhlén et al.,
2015). It has been proposed that NAT8 might contribute to
kidney injury via influencing acetylation pathways (Chambers
et al., 2010). To date, there have been relatively few studies
relevant to the biological function of NAT8 in KIRC. In
particular, no relevant study identified the biological role of
NAT8 in CAFs-mediated tumor microenvironment alteration.
In the present study, we identified the significant correlation
between NAT8 expression and CAFs infiltration level, and its
clinical importance in KIRC.

TINAG encodes an extracellular matrix protein that is
expressed in tubular basement membranes. Mutation of the
TINAG gene is involved in nephronophthisis via influencing
cell survival (Xie et al., 2011). Consistent with the previous study,
we observed that TINAG is highly enriched in the kidney at both
RNA and protein levels (Supplementary Figure S2B; Kanwar
et al., 1999). TINAG can interact with extracellular matrix
proteins (Kalfa et al., 1994; Kumar et al., 1997; Kanwar et al.,
1999). It is able to regulate the adhesion of epithelial cells from
kidney tubules suggesting that TINAG is crucial for
communication between the cell and extracellular
microenvironment (Kalfa et al., 1994; Yoshioka et al., 2002).
Our knowledge of the role of TINAG is still incomplete.
Particularly, the understanding of its biological function in the
tumor microenvironment of KIRC is still vague. This study
identified the clinical significance of the TINAG RNA
expression pattern and its DNA methylation in KIRC.

SLC17A1 is the solute carrier family 17 member 1 which is
expressed on the apical membrane of renal tubular cells. As the
first identified member family SLC17 phosphate transporter
family, SLC17A1 is proposed to mediate sodium and inorganic
phosphate co-transport and believed to be the voltage-driven
organic anions transporter which is highly involved in renal
insufficiency (Busch et al., 1996; Hollis-Moffatt et al., 2012;
Iharada et al., 2010). However, the role of SLC17A1 in the
tumor microenvironment is still unknown.

Various therapeutic strategies concentrating on the tumor
microenvironment are being developed and implemented in
recent years. Indeed, the clinical trials are already showing
promising results in KIRC (Nunes-Xavier et al., 2019). Starting
from the importance of CAFs in the tumor microenvironment,
the analyses of our study explored the potential biomarkers
involving CAFs infiltration. In particular, we identified a set of
clinically relevant CAFs-related methylation-driven genes. We

are not only aim to explore the biomarkers for CAFs infiltration
but also more interested in its regulation at the epigenetic level. In
conclusion, our study offers a layer of CAFs regulation at the
epigenetic level that can change tumor microenvironment, also
may provide a therapeutic strategy to affect CAFs infiltration via
manipulating clinical relevant CAFs-related methylation-driven
genes in KIRC.

We performed the whole analysis based on TCGA dataset,
therefore, the limitations of TCGA database should be taken
into account. A limitation of the study is the relatively small
amount of the cohort of KIRC dataset in TCGA database.
Another limitation is that the TCGA used the Illumina 450 k
BeadChip array which interrogates only about 450,000 CpG
dinucleotides which only partially contains the CpGs in human
genome. The incomplete coverage of the data would
significantly restrict the relevant epigenetic analysis and a big
amount of information of modified genes are missed when we
combined the gene expression dataset and DNA methylation
dataset. This might result in an analysis bias. Therefore, an
improvement is urgently needed to develop analysis strategy to
better use the datasets.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

YY and JQ designed the study and wrote the manuscript. JQ, YY,
and JL performed the bioinformatics analysis. JQ, YY, JL, and YR
analyzed and interpreted the data. JL and YR revised the
manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This research was supported by Research Start-up Foundation
Shenzhen University (SZU) and Natural Science Foundation of
Shenzhen University General Hospital (No. SUGH2020QD011,
SUGH2020QD021), the Sanming Project of Medicine in
Shenzhen (No. SZSM201612021) and The Science Technology
and Innovation Committee of Shenzhen Municipality
(20200814071107001).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2021.736156/
full#supplementary-material

Frontiers in Genetics | www.frontiersin.org September 2021 | Volume 12 | Article 7361569

You et al. Characterization of KIRC Epigenetic Biomarkers

https://www.frontiersin.org/articles/10.3389/fgene.2021.736156/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.736156/full#supplementary-material
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


REFERENCES

Angulo, J. C., Manini, C., López, J. I., Pueyo, A., Colás, B., and Ropero, S. (2021).

The Role of Epigenetics in the Progression of clear Cell Renal Cell Carcinoma

and the Basis for Future Epigenetic Treatments. Cancers 13, 2071. doi:10.3390/

cancers13092071

Aran, D., Hu, Z., and Butte, A. J. (2017). xCell: Digitally Portraying the Tissue

Cellular Heterogeneity Landscape. Genome Biol. 18. 220. doi:10.1186/s13059-

017-1349-1

Atschekzei, F., Hennenlotter, J., Jänisch, S., Großhennig, A., Tränkenschuh, W.,

Waalkes, S., et al. (2012). SFRP1CpG Island Methylation Locus Is Associated

with Renal Cell Cancer Susceptibility and Disease Recurrence. Epigenetics 7,

447–457. doi:10.4161/epi.19614

Bakhtyar, N., Wong, N., Kapoor, A., Cutz, J.-C., Hill, B., Ghert, M., et al. (2013).

Clear Cell Renal Cell Carcinoma Induces Fibroblast-Mediated Production of

Stromal Periostin. Eur. J. Cancer 49, 3537–3546. doi:10.1016/j.ejca.2013.06.032

Becht, E., Giraldo, N. A., Lacroix, L., Buttard, B., Elarouci, N., Petitprez, F., et al.

(2016). Estimating the Population Abundance of Tissue-Infiltrating Immune

and Stromal Cell Populations Using Gene Expression. Genome Biol. 17, 1–20.

doi:10.1186/s13059-016-1070-5

Bock, C., and Lengauer, T. (2008). Computational Epigenetics. Bioinformatics 24,

1–10. doi:10.1093/bioinformatics/btm546

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.

(2018). Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and

Mortality Worldwide for 36 Cancers in 185 Countries. CA: A Cancer

J. Clinicians 68, 394–424. doi:10.3322/caac.21492

Busch, A. E., Schuster, A., Waldegger, S., Wagner, C. A., Zempel, G., Broer, S., et al.

(1996). Expression of a Renal Type I Sodium/phosphate Transporter (NaPi-1)

Induces a Conductance in Xenopus Oocytes Permeable for Organic and

Inorganic Anions. Proc. the Natl. Acad. Sci. 93, 5347–5351. doi:10.1073/

pnas.93.11.5347

Chambers, J. C., Zhang, W., Lord, G. M., Van Der Harst, P., Lawlor, D. A., Sehmi,

J. S., et al. (2010). Genetic Loci Influencing Kidney Function and Chronic

Kidney Disease. Nat. Genet. 42, 373–375. doi:10.1038/ng.566

Curtis, M., Kenny, H. A., Ashcroft, B., Mukherjee, A., Johnson, A., Zhang, Y., et al.

(2019). Fibroblasts Mobilize Tumor Cell Glycogen to Promote Proliferation

and Metastasis. Cel Metab. 29, 141–155. doi:10.1016/j.cmet.2018.08.007

Dyda, F., Klein, D. C., and Hickman, A. B. (2000). GCN5-related

N-Acetyltransferases: A Structural Overview. Annu. Rev. Biophys. Biomol.

Struct. 29, 81–103. doi:10.1146/annurev.biophys.29.1.81

Egger, G., Liang, G., Aparicio, A., and Jones, P. A. (2004). Epigenetics in Human

Disease and Prospects for Epigenetic Therapy. Nature 429, 457–463.

doi:10.1038/nature02625

Ellinger, J., Holl, D., Nuhn, P., Kahl, P., Haseke, N., Staehler, M., et al. (2011). DNA

Hypermethylation in Papillary Renal Cell Carcinoma. BJU Int. 107, 664–669.

doi:10.1111/j.1464-410X.2010.09468.x

Errarte, P., Larrinaga, G., and López, J. I. (2020). The Role of Cancer-Associated

Fibroblasts in Renal Cell Carcinoma. An Example of Tumor Modulation

through Tumor/non-Tumor Cell Interactions. J. Adv. Res. 21, 103–108.

doi:10.1016/j.jare.2019.09.004

Evelönn, E. A., Landfors, M., Haider, Z., Köhn, L., Ljungberg, B., Roos, G., et al.

(2019). DNAMethylation Associates with Survival in Non-metastatic clear Cell

Renal Cell Carcinoma. BMC Cancer 19. 65. doi:10.1186/s12885-019-5291-3

Feinberg, A. P. (2007). Phenotypic Plasticity and the Epigenetics of Human

Disease. Nature 447, 433–440. doi:10.1038/nature05919

Frew, I. J., and Moch, H. (2015). A Clearer View of the Molecular Complexity of

clear Cell Renal Cell Carcinoma. Annu. Rev. Pathol. Mech. Dis. 10, 263–289.

doi:10.1146/annurev-pathol-012414-040306

Goldman, M., Craft, B., Hastie, M., Repečka, K., Kamath, A., McDade, F., et al.

(2018). The UCSC Xena Platform for Public and Private Cancer Genomics Data

Visualization and Interpretation. bioRxiv, 326470. doi:10.1101/326470

He, W., Li, X., Xu, S., Ai, J., Gong, Y., Gregg, J. L., et al. (2013). Aberrant

Methylation and Loss of CADM2 Tumor Suppressor Expression Is

Associated with Human Renal Cell Carcinoma Tumor Progression.

Biochem. Biophysical Res. Commun. 435, 526–532. doi:10.1016/

j.bbrc.2013.04.074

Hoefflin, R., Harlander, S., Schäfer, S., Metzger, P., Kuo, F., Schönenberger, D., et al.

(2020). HIF-1α and HIF-2α Differently Regulate Tumour Development and

Inflammation of clear Cell Renal Cell Carcinoma in Mice. Nat. Commun. 11.

4111, doi:10.1038/s41467-020-17873-3

Hollis-Moffatt, J. E., Phipps-Green, A. J., Chapman, B., Jones, G. T., van Rij, A.,

Gow, P. J., et al. (2012). The Renal Urate Transporter SLC17A1 Locus:

Confirmation of Association with Gout. Arthritis Res. Ther. 14, R92.

doi:10.1186/ar3816

Iharada, M., Miyaji, T., Fujimoto, T., Hiasa, M., Anzai, N., Omote, H., et al. (2010).

Type 1 Sodium-dependent Phosphate Transporter (SLC17A1 Protein) Is a Cl−-

dependent Urate Exporter. J. Biol. Chem. 285, 26107–26113. doi:10.1074/

jbc.M110.122721

Jemal, A., Bray, F., Center, M. M., Ferlay, J., Ward, E., and Forman, D. (2011).

Global Cancer Statistics. CA: A Cancer J. Clinicians 61, 69–90. doi:10.3322/

caac.20107

Jonasch, E., Futreal, P. A., Davis, I. J., Bailey, S. T., Kim, W. Y., Brugarolas, J., et al.

(2012). State of the Science: An Update on Renal Cell Carcinoma. Mol. Cancer

Res. 10, 859–880. doi:10.1158/1541-7786.MCR-12-0117

Juhanson, P., Kepp, K., Org, E., Veldre, G., Kelgo, P., Rosenberg, M., et al. (2008).

N-acetyltransferase 8, a Positional Candidate for Blood Pressure and Renal

Regulation: Resequencing, Association and In Silico Study. BMCMed. Genet. 9.

25. doi:10.1186/1471-2350-9-25

Kaelin, W. G. (2009). Treatment of Kidney Cancer, Cancer, 115, 2262–2272.

doi:10.1002/cncr.24232

Kalfa, T. A., Thull, J. D., Butkowski, R. J., and Charonis, A. S. (1994).

Tubulointerstitial Nephritis Antigen Interacts with Laminin and Type IV

Collagen and Promotes Cell Adhesion. J. Biol. Chem. 269, 1654–1659.

doi:10.1016/s0021-9258(17)42077-1

Kalluri, R. (2016). The Biology and Function of Fibroblasts in Cancer. Nat. Rev.

Cancer 16, 582–598. doi:10.1038/nrc.2016.73

Kanwar, Y. S., Kumar, A., Yang, Q., Tian, Y., Wada, J., Kashihara, N., et al. (1999).

Tubulointerstitial Nephritis Antigen: An Extracellular Matrix Protein that

Selectively Regulates Tubulogenesis vs. Glomerulogenesis during

Mammalian Renal Development. Proc. the Natl. Acad. Sci. 96, 11323–11328.

doi:10.1073/pnas.96.20.11323

Kuczyk, M., Steffens, S., Grosshennig, A., Becker, J. U., Hennenlotter, J., Stenzl, A.,

et al. (2012). Prognostic and Diagnostic Relevance of Hypermethylated in

Cancer 1 (HIC1) CpG Island Methylation in Renal Cell Carcinoma. Int.

J. Oncol. 40, 1650–1658. doi:10.3892/ijo.2012.1367

Kumar, A., Ota, K., Wada, J., Wallner, E. I., Charonis, A. S., Carone, F. A., et al.

(1997). Developmental Regulation and Partial-Length Cloning of

Tubulointerstitial Nephritis Antigen of Murine Metanephros. Kidney Int. 52,

620–627. doi:10.1038/ki.1997.375

Li, J.-K., Chen, C., Liu, J.-Y., Shi, J.-Z., Liu, S.-P., Liu, B., et al. (2017). Long

Noncoding RNA MRCCAT1 Promotes Metastasis of clear Cell Renal Cell

Carcinoma via Inhibiting NPR3 and Activating P38-MAPK Signaling. Mol.

Cancer 16. 111. doi:10.1186/s12943-017-0681-0

López, J. I. (2013). Renal Tumors with clear Cells. A Review. Pathol. - Res. Pract.

209, 137–146. doi:10.1016/j.prp.2013.01.007

Luo, S., Surapaneni, A., Zheng, Z., Rhee, E. P., Coresh, J., Hung, A. M., et al. (2021).

NAT8Variants, N-Acetylated Amino Acids, and Progression of CKD. Cjasn 16,

37–47. doi:10.2215/CJN.08600520

Morris, M. R., and Latif, F. (2017). The Epigenetic Landscape of Renal Cancer.Nat.

Rev. Nephrol. 13, 47–60. doi:10.1038/nrneph.2016.168

Morris, M. R., and Maher, E. R. (2010). Epigenetics of Renal Cell Carcinoma: The

Path towards New Diagnostics and Therapeutics. Genome Med. 2, 59.

doi:10.1186/gm180

Morris, M. R., Ricketts, C., Gentle, D., Abdulrahman, M., Clarke, N., Brown, M.,

et al. (2010). Identification of Candidate Tumour Suppressor Genes Frequently

Methylated in Renal Cell Carcinoma. Oncogene 29, 2104–2117. doi:10.1038/

onc.2009.493

Nunes-Xavier, C. E., Angulo, J. C., Pulido, R., and López, J. I. (2019). A Critical

Insight into the Clinical Translation of PD-1/PD-L1 Blockade Therapy in Clear

Cell Renal Cell Carcinoma. Curr. Urol. Rep. 20. 1. doi:10.1007/s11934-019-

0866-8

Patrício, P., Ramalho-Carvalho, J., Costa-Pinheiro, P., Almeida, M., Barros-Silva,

J. D., Vieira, J., et al. (2013). Deregulation of PAX 2 Expression in Renal Cell

Frontiers in Genetics | www.frontiersin.org September 2021 | Volume 12 | Article 73615610

You et al. Characterization of KIRC Epigenetic Biomarkers

https://doi.org/10.3390/cancers13092071
https://doi.org/10.3390/cancers13092071
https://doi.org/10.1186/s13059-017-1349-1
https://doi.org/10.1186/s13059-017-1349-1
https://doi.org/10.4161/epi.19614
https://doi.org/10.1016/j.ejca.2013.06.032
https://doi.org/10.1186/s13059-016-1070-5
https://doi.org/10.1093/bioinformatics/btm546
https://doi.org/10.3322/caac.21492
https://doi.org/10.1073/pnas.93.11.5347
https://doi.org/10.1073/pnas.93.11.5347
https://doi.org/10.1038/ng.566
https://doi.org/10.1016/j.cmet.2018.08.007
https://doi.org/10.1146/annurev.biophys.29.1.81
https://doi.org/10.1038/nature02625
https://doi.org/10.1111/j.1464-410X.2010.09468.x
https://doi.org/10.1016/j.jare.2019.09.004
https://doi.org/10.1186/s12885-019-5291-3
https://doi.org/10.1038/nature05919
https://doi.org/10.1146/annurev-pathol-012414-040306
https://doi.org/10.1101/326470
https://doi.org/10.1016/j.bbrc.2013.04.074
https://doi.org/10.1016/j.bbrc.2013.04.074
https://doi.org/10.1038/s41467-020-17873-3
https://doi.org/10.1186/ar3816
https://doi.org/10.1074/jbc.M110.122721
https://doi.org/10.1074/jbc.M110.122721
https://doi.org/10.3322/caac.20107
https://doi.org/10.3322/caac.20107
https://doi.org/10.1158/1541-7786.MCR-12-0117
https://doi.org/10.1186/1471-2350-9-25
https://doi.org/10.1002/cncr.24232
https://doi.org/10.1016/s0021-9258(17)42077-1
https://doi.org/10.1038/nrc.2016.73
https://doi.org/10.1073/pnas.96.20.11323
https://doi.org/10.3892/ijo.2012.1367
https://doi.org/10.1038/ki.1997.375
https://doi.org/10.1186/s12943-017-0681-0
https://doi.org/10.1016/j.prp.2013.01.007
https://doi.org/10.2215/CJN.08600520
https://doi.org/10.1038/nrneph.2016.168
https://doi.org/10.1186/gm180
https://doi.org/10.1038/onc.2009.493
https://doi.org/10.1038/onc.2009.493
https://doi.org/10.1007/s11934-019-0866-8
https://doi.org/10.1007/s11934-019-0866-8
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Tumours: Mechanisms and Potential Use in Differential Diagnosis. J. Cel. Mol.

Med. 17, 1048–1058. doi:10.1111/jcmm.12090

Ricketts, C. J., Hill, V. K., and Linehan, W. M. (2014). Tumor-specific

Hypermethylation of Epigenetic Biomarkers, Including SFRP1, Predicts for

Poorer Survival in Patients from the TCGA Kidney Renal clear Cell Carcinoma

(KIRC) Project. PLoS One 9, e85621. doi:10.1371/journal.pone.0085621

Uhlén, M., Fagerberg, L., Hallström, B. M., Lindskog, C., Oksvold, P., Mardinoglu,

A., et al. (2015). Tissue-based Map of the Human Proteome. Science 347,

1260419. doi:10.1126/science.1260419

Van Vlodrop, I. J. H., Joosten, S. C., De Meyer, T., Smits, K. M., Van Neste, L.,

Melotte, V., et al. (2017). A Four-Gene Promoter Methylation Marker Panel

Consisting of GREM1, NEURL, LAD1, and NEFH Predicts Survival of clear

Cell Renal Cell Cancer Patients. Clin. Cancer Res. 23, 2006–2018. doi:10.1158/

1078-0432.CCR-16-1236

Xiao, W., Wang, J., Li, H., Guan, W., Xia, D., Yu, G., et al. (2013). Fibulin-1 Is

Down-Regulated through Promoter Hypermethylation and Suppresses Renal

Cell Carcinoma Progression. J. Urol. 190, 291–301. doi:10.1016/

j.juro.2013.01.098

Xie, P., Kondeti, V. K., Lin, S., Haruna, Y., Raparia, K., and Kanwar, Y. S. (2011).

Role of Extracellular Matrix Renal Tubulo-Interstitial Nephritis Antigen

(TINag) in Cell Survival Utilizing Integrin αvβ3/Focal Adhesion Kinase

(FAK)/Phosphatidylinositol 3-Kinase (PI3K)/Protein Kinase B-Serine/

Threonine Kinase (AKT) Signaling Pathway. J. Biol. Chem. 286,

34131–34146. doi:10.1074/jbc.M111.241778

Xu, Y., Lu, Y., Song, J., Dong, B., Kong, W., Xue, W., et al. (2015). Cancer-

associated Fibroblasts Promote Renal Cell Carcinoma Progression. Tumor Biol.

36, 3483–3488. doi:10.1007/s13277-014-2984-8

Yamada, D., Kikuchi, S., Williams, Y. N., Sakurai-Yageta, M., Masuda, M.,

Maruyama, T., et al. (2006). Promoter Hypermethylation of the Potential

Tumor suppressorDAL-1/4.1Bgene in Renal clear Cell Carcinoma. Int.

J. Cancer 118, 916–923. doi:10.1002/ijc.21450

Yoshioka, K., Takemura, T., and Hattori, S. (2002). Tubulointerstitial Nephritis

Antigen: Primary Structure, Expression and Role in Health and Disease.

Nephron 90, 1–7. doi:10.1159/000046307

Yu, G., Wang, L.-G., Han, Y., and He, Q.-Y. (2012). ClusterProfiler: An R Package

for Comparing Biological Themes Among Gene Clusters. OMICS: A J. Integr.

Biol. 16, 284–287. doi:10.1089/omi.2011.0118

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 You, Ren, Liu and Qu. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org September 2021 | Volume 12 | Article 73615611

You et al. Characterization of KIRC Epigenetic Biomarkers

https://doi.org/10.1111/jcmm.12090
https://doi.org/10.1371/journal.pone.0085621
https://doi.org/10.1126/science.1260419
https://doi.org/10.1158/1078-0432.CCR-16-1236
https://doi.org/10.1158/1078-0432.CCR-16-1236
https://doi.org/10.1016/j.juro.2013.01.098
https://doi.org/10.1016/j.juro.2013.01.098
https://doi.org/10.1074/jbc.M111.241778
https://doi.org/10.1007/s13277-014-2984-8
https://doi.org/10.1002/ijc.21450
https://doi.org/10.1159/000046307
https://doi.org/10.1089/omi.2011.0118
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Promising Epigenetic Biomarkers Associated With Cancer-Associated-Fibroblasts for Progression of Kidney Renal Clear Cell Ca ...
	Introduction
	Methodology
	Dataset Download and Processing
	Gene Ontology Analysis
	Stromal and Immune Infiltration Assessment
	Correlation Analysis
	Survival Analysis
	Methylation-Driven Gene Screening
	Statistical Analysis

	Results
	Evaluation of Clinical Relevance of CAFs in KIRC
	Identification of CAFs-Related Methylation-Driven Genes in KIRC
	Survival Significance of CAFs-Related Methylation-Driven Genes
	Clinical Significance of CAFs-Related Methylation-Driven Genes

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


