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Abstract: CDH13 is an atypical member of the cadherin family and is closely related to the clinicopathological fac-
tors and prognosis of many types of cancer. However, the role of CDH13 in clear cell renal cell carcinoma (ccRCC)
remains unknown. Therefore, we comprehensively analyzed the expression level, diagnostic efficacy, clinical sig-
nificance, prognostic value, immune infiltration, methylation status, genetic alteration, and biological functions of
CDH13 in ccRCC patients. The results showed that CDH13 was significantly upregulated in ccRCC and strongly
correlated with better survival, lower cancer stages, and lower tumor grades of ccRCC patients. Additionally, the im-
mune infiltration analysis indicated that CDH13 might play a crucial role in regulating the tumor microenvironment
of ccRCC. The results of methylation analysis showed that the epigenetic status of CDH13 was altered, and the
prognosis of ccRCC patients was related not only to DNA methylation but also to m6A modification of CDH13. Finally,
the results based on clinical samples further elucidated the expression pattern of CDH13 in ccRCC. In conclusion,
CDH13 might be a novel prognostic biomarker and therapeutic target for patients with ccRCC. And our study pro-
vides new insights into the potential molecular changes and strategies for the treatment of ccRCC.
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Introduction and metastasis after surgery, and the progno-
sis is poor [11, 12]. Currently, effective and reli-
able biomarkers are not known other than
imaging for the early diagnosis of RCC [13-15].
Moreover, renal tumor biopsy is limited by sam-
pling error and potential complications [16, 17].
Therefore, reliable biomarkers for early diagno-
sis, risk stratification, and clinical management
need to be urgently identified and developed to
improve the prognosis of ccRCC patients.

Renal cell carcinoma (RCC) is a common malig-
nancy of the urinary system and represents
around 2-3% of all cancers, just after prostate
cancer and bladder cancer [1-3]. Clear cell
renal cell carcinoma (ccRCC) is the main patho-
logical type of RCC, accounting for 70-85% of
all RCCs [4, 5]. Early-stage kidney cancer is
usually asymptomatic, and more than 50% of
RCCs are detected incidentally by non-invasive

imaging while investigating various non-specific
symptoms and other abdominal diseases [6-8].
As it is invasive and insensitive to radiotherapy
and chemotherapy, surgery is the primary strat-
egy for treating patients with localized RCC and
locally advanced RCC [9, 10]. However, 20-30%
of RCC patients experience tumor recurrence

CDH13 is an atypical member of the cadherin
superfamily located on human chromosome
16924, which is a recognized region of onco-
genic modification for several types of cancer
[18, 19]. Due to the absence of transmembrane
domains and intracellular structures, which are
generally present in classical cadherin, CDH13
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is also known as Truncated cadherin (T-cad-
herin) [20, 21]. Classical cadherin is mainly dis-
tributed at the site of intercellular contact,
whereas CDH13 is distributed throughout the
cell surface [19, 21, 22]. And this unique struc-
ture and distribution suggest that CDH13 not
only acts as an intercellular adhesion molecule,
but also might act as a signaling receptor
involved in the regulation of cellular signaling
pathways [23, 24]. With continuous research-
es, current studies have confirmed that CDH13
plays a critical role in tumor neovascularization,
apoptosis, cell cycle, and cell proliferation [22,
25]. The abnormal expression of CDH13 is also
closely related to the development of various
malignancies, clinicopathological factors, and
the prognosis of cancer patients [26-28]. Lin et
al. performed immunohistochemical staining to
determine the expression level of CDH13 in
113 bladder cancer and 37 normal tissue spec-
imens [26]. The results showed that the expres-
sion level of CDH13 in the bladder cancer tis-
sues was lower than that in the normal tissues.
Also, CDH13 was closely related to clinicopath-
ological factors, such as the stage and grade of
bladder tumors and tumor recurrence, which
might be used as a biomarker for predicting the
malignancy of bladder cancer [26]. In addition,
Wang et al. found that the expression level of
CDH13 in oral squamous cell carcinoma tis-
sues was significantly lower than that in the
normal tissues and was strongly correlated
with the clinicopathological features and the
prognosis of patients with oral squamous cell
carcinoma [27]. Further mechanistic studies
showed that CDH13 might affect cell prolifera-
tion through the PISK/AKT/mTOR signaling
pathway [27]. In a study on pancreatic cancer,
CDH13 was found to be significantly downregu-
lated in pancreatic cancer tissues and cell lines
[28]. And the overexpression of CDH13 was
shown to inhibit the activation of the Wnt/[3-
catenin signaling pathway by regulating epithe-
lial-mesenchymal transition (EMT), thus influ-
encing the proliferation, migration, and invasion
of cancer cells [28].

However, the expression level and prognostic
value of CDH13 in ccRCC are not known, and
the relationship between CDH13 and the clini-
copathological features of ccRCC patients has
not been investigated. Additionally, the clinical
value and the mechanism of action of CDH13
in ccRCC remain unclear. Therefore, in this
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study, the expression level, diagnostic efficacy,
prognostic value, immune infiltration, methyla-
tion status, genetic alteration, and function
enrichment of CDH13 in ccRCC were compre-
hensively analyzed by applying bioinformatics.
Furthermore, the results of the bioinformatic
analysis were also validated by using clinical
specimens to comprehensively determine the
clinical role of CDH13 as a prognostic biomark-
er and a potential therapeutic target in ccRCC
patients.

Materials and methods
Pan-cancer analysis of CDH13

Oncomine (www.oncomine.org) is a public and
comprehensive oncogene data-mining plat-
form, which includes results of transcriptional
expression from 20 common neoplasm micro-
arrays [29]. In this analysis, the Oncomine
database was used to analyze the expression
level of CDH13 in different types of cancer.

GEPIA (http://gepia.cancer-pku.cn/index.html)
is an interactive online database, developed by
Peking University and contains information on
tumor and normal tissues from The Cancer
Genome Atlas (TCGA) and the Genotype-Tissue
Expression project (GTEx) [30]. In this study,
the GEPIA database was used to determine the
expression level of CDH13 in 33 types of can-
cer for validating the results from the Onco-
mine database.

Analysis of the expression of CDH13 at the
mRNA level

The RNA sequencing (RNA-seq) data of 533
ccRCC tissues and 72 normal kidney tissues
with the corresponding clinicopathological fea-
tures and survival data were downloaded from
The Cancer Genome Atlas (TCGA) database
[31]. In this study, we analyzed the expression
level of the CDH13 mRNA in ccRCC tissues and
normal tissues. We also investigated the level
of CDH13 mRNA expression in 72 tumor sam-
ples, and 72 paired normal samples based on
the TCGA-KIRC dataset.

Gene expression profiles of GSE53757 and
GSE40435, obtained from the GPL570 plat-
form (Affymetrix Human Genome U133 Plus
2.0 Array) and GPL10558 (lllumina HumanHT-
12 V4.0 Expression Beadchip), were download-
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ed from the Gene Expression Omnibus (GEO)
database, including 144 and 202 samples,
respectively [32, 33]. In this study, the expres-
sion level of the CDH13 mRNA in 72 and 101
paired samples from GSE53757 and GSE404-
35 was analyzed to further verify the results of
the expression of the CDH13 mRNA obtained
from the TCGA-KIRC dataset.

Analysis of the expression of CDH13 at the
protein level

The Clinical Proteomic Tumor Analysis Consor-
tium (CPTAC) (https://proteomics.cancer.gov/
programs/cptac), launched in 2011, provides
new insights into cancer, based on proteome
and proteogenomics [34]. In this study, the
CPTAC dataset was used to investigate the
expression level of the CDH13 protein in nor-
mal and tumor tissues.

The Human Protein Atlas (HPA) (http://www.
proteinatlas.org/) is a free online platform that
provides protein expression data of 26,941
antibodies targeting 17,165 unique proteins
[35]. We used the HPA database to visualize
the immunohistochemistry images of CDH13 in
ccRCC tissues and normal kidney tissues to
verify the results of protein expression obtained
from the CPTAC database.

The AlphaFold Protein Structure Database
(https://alphafold.ebi.ac.uk/) is an Al system
that provides open access to information for
predicting the structures of proteins that are a
part of the human proteome [36]. We used
this database to predict the 3D structure of
T-cadherin.

Clinicopathological analysis of CDH13

The University of Alabama Cancer database
(UALCAN) (http://ualcan.path.uab.edu/index.
html) is a publicly available web resource plat-
form and includes RNA sequence data and
clinicopathological data from the TCGA data-
base [37]. We used the UALCAN database to
determine the relationship between the expres-
sion level of the CDH13 mRNA and clinicopath-
ological features of ccRCC patients. Besides,
the association between the CDH13 mRNA
expression level and the clinicopathological
features of ccRCC patients was further ana-
lyzed from the TCGA-KIRC dataset using logistic
regression.

4522

The CPTAC database was also used to validate
the association of CDH13 and the clinicopatho-
logical features in ccRCC patients at the protein
level.

Analysis of the diagnostic value of CDH13

Receiver operating characteristic (ROC) curves
were plotted to assess the diagnostic perfor-
mance of CDH13 for diagnosing ccRCC, and
the area under curve (AUC) values were calcu-
lated to evaluate the validity; AUC values of 0.7-
0.9 and > 0.9 are generally considered to indi-
cate good and excellent diagnostic ability,
respectively.

Analysis of the prognostic value of CDH13

The Kaplan-Meier survival curves were plotted,
and the log-rank test was conducted to esti-
mate the prognostic value of CDH13 in ccRCC
patients from the TCGA-KIRC dataset. The pri-
mary endpoints of the survival analysis were
overall survival (OS) and progression free sur-
vival (PFS) in ccRCC patients. Based on the
median value of the expression of CDH13, the
ccRCC patients were split into the high-expres-
sion and low-expression cohorts, respectively.
Moreover, the univariate and multivariate anal-
yses were conducted using Cox regression to
assess the influence on the survival of ccRCC
patients within age, gender, T stage, N stage, M
stage, AJCC stage, histology grade, and CDH13
expression to further determine the indepen-
dent predictors of OS and PFS of ccRCC
patients.

Based on the results of the Cox logistic regres-
sion analysis, the prognostic predictors were
used to construct the nomograms of one-year,
three-year, and five-year OS and PFS. The con-
cordance index (C-index) was calculated based
on 1,000 bootstrap resamples, and the calibra-
tion curves were used to evaluate and visualize
the predictive accuracy of the nomogram. All
test results were considered to be statistically
significant at P < 0.05.

Immune infiltration analysis

The Tumor Immune Estimation Resource
(TIMER) (https://cistrome.shinyapps.io/timer/)
database was initially used to determine the
correlation between the expression level of
CDH13 and the abundance of six types of
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immune cells (B cells, CD8+ T cells, CD4+ T
cells, macrophages, neutrophils, and dendritic
cells) and six types of immune checkpoints
(HAVCR2, CD274, CTLA4, PDCD1, LAG3, and
PDCD1LG2) in ccRCC [38]. Then, the Kaplan-
Meier plots and the Cox proportional models
were used to determine the prognostic value of
immune cells and the expression of CDH13 via
the survival module in the TIMER database.
Finally, using this database, we determined the
correlation between the expression level of
CDH13 and the levels of gene markers of
immune cells.

The ssGSEA was used to quantify the infiltra-
tion level of 24 types of immune cells and
determine the correlation between the expres-
sion level of CDH13 and immune infiltration
[39, 40]. The Wilcoxon rank sum test was con-
ducted to evaluate the difference in immune
cells between the CDH13-high and CDH13-low
cohorts.

The Tumor and Immune System Interaction
Database (TISIDB) (http://cis.hku.hk/TISIDB/)
was used to perform Spearman’s correlation
analysis between the expression of CDH13 and
tumor lymphocyte infiltration, immunoinhibi-
tors, immunostimulators, and the major histo-
compatibility complex [41].

Analysis of the methylation of CDH13

Initially, we evaluated the expression levels of
23 types of m6A regulators in tumor and nor-
mal tissues, including seven writers (METTL3,
METTL14, RBM15B, RBM15, VIRMA, WTAP,
CBLL1, and ZC3H13), two erasers (FTO and
ALKBHb5), and 11 readers (YTHDF1, YTHDF2,
YTHDF3, YTHDC1, YTHDC2, HNRNPC, HNRN-
PA2B1, IGF2BP1, IGF2BP2, IGF2BP3, LRPPRC,
FMR1, and ELAVL1) based on the TCGA-KIRC
dataset. Then, we performed a correlation
analysis of CDH13 and 23 m6A regulators.
Next, we calculated the risk scores based on
the parameters selected from CDH13 and 23
MO6A regulators using the LASSO regression.
Subsequently, the patients were classified into
high-risk and low-risk groups by the median risk
score value, and the survival analysis was per-
formed to assess the prognostic value. The
ROC curves were also used for analyzing the
sensitivity and specificity and evaluating the
accuracy of the models.
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The TCGA-KIRC Methylation 450 K data were
downloaded from UCSC Xena (http://xena.
ucsc.edu/) [42]. We obtained CDH13 promoter
methylation data of 319 ccRCC patients with
survival data. And the data were used for con-
ducting expression, correlation, and survival
analyses. The intersection was determined be-
tween differentially expressed regions, nega-
tively correlated regions, and significantly prog-
nostic regions by plotting a Venn diagram to
determine the core methylation regions of
CDH13.

Genetic alteration analysis

The cBio Cancer Genomics Portal (cBioPortal)
(http://www.cbioportal.org/) is an open-access
platform for the interactive exploration of mul-
tiple cancer genomics data [43]. Based on the
TCGA-KIRC dataset, the cBioPortal database
was used to comprehensively analyze and visu-
alize genetic mutations, putative copy-number
alterations, and mRNA expression using a
z-score threshold of +2.0 (RNA Seq V2 RSEM).
We also constructed Kaplan-Meier plots to
assess the prognostic value of the genetic
alteration of CDH13 in ccRCC patients.

Protein-protein interaction (PPI) network analy-
Sis

The Search Tool for the Retrieval of Interact-
ing Genes/Proteins (STRING) (https://string-db.
org/) is an online analytical platform for con-
structing and visualizing protein-protein inter-
action networks [44]. We built a PPI network of
CDH13 for predicting its functional partners.

Metascape (https://metascape.org/) is a com-
prehensive analysis web resource for gene
annotation and enrichment analysis [45]. We
used this database to validate the protein-pro-
tein interaction network and investigate the
Molecular Complex Detection (MCODE) compo-
nents by identifying CDH13 and its correlated
genes.

Functional enrichment analysis

We performed the Gene Ontology (GO) analysis
and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis of CDH13
and its correlated genes to elucidate the poten-
tial functions of CDH13 in ccRCC.
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Quantitative reverse transcriptase polymerase
chain reaction (QRT-PCR)

The ethics committee of the First Hospital of
Shanxi Medical University approved the use of
human tissues for detecting the expression
level of CDH13 in normal kidney tissues and
ccRCC tissues in this study. All samples were
collected from the Department of Urology, First
Hospital of Shanxi Medical University, after
radical nephrectomy. The pathological exami-
nation was performed by the Department of
Pathology, First Hospital of Shanxi Medical
University. We obtained written informed con-
sent from all patients.

Total RNA from clinical tissue samples was ex-
tracted using TransZol Up (TransGen Biotech,
China), and cDNA was synthesized by reverse
transcription (TransGen Biotech, China) follow-
ing the manufacturer’s instructions. We per-
formed gRT-PCR using Roche Lightcycler 96,
following the protocols of the manufacturer,
and GAPDH was used as an endogenous con-
trol for normalization. The primer sequences for
CDH13 and GAPDH are provided in Table S1.

Western blot assay

Proteins were isolated from clinical tissue sam-
ples using the RIPA buffer (Boster, China), and
the concentration of total protein was quanti-
tated using a BCA kit (Boster, China). Then, the
protein samples were separated using SDS-
PAGE gels (Meilunbio, China) and transferred
onto PVDF membranes (Boster, China). After
blocking using 10% skimmed milk powder, the
membranes were incubated overnight at 4°C
with the anti-CDH13 antibody (1:1000; Abcam,
USA) or the anti-GAPDH antibody (1:1000;
Boster, China). After washing thrice with TBST,
the membranes were incubated with a second-
ary antibody (1:2000, Boster, China) at room
temperature for 2 h. Finally, the signal was
visualized using an enhanced chemilumines-
cence kit (Boster, China) and analyzed using
the Image J software.

Immunohistochemistry (IHC)

The tissues were initially embedded in paraffin.
Then they were cut into sections, deparaf-
finized, and hydrated. Following antigen retriev-
al, the samples were blocked by endogenous
peroxidases. The slides were immunostained
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using anti-CDH13 antibodies (1:100, ABclonal
Technology, China) and a secondary antibody
(ZSGB-BIO, China). Then, the histological sec-
tions were stained with DAB and counter-
stained with hematoxylin to detect the protein
expression level of CDH13. Next, the Image-Pro
Plus software (version 6.0) was used to analyze
the immunohistochemistry images, and the
integral optical density (I0OD)/Area was evaluat-
ed to quantify the expression level of CDH13.

Statistical analysis

We conducted Student’s t-tests and paired
Student’s t-tests to compare the differences
between groups. Kruskal-Wallis H-test and
Dunn’s test were conducted to evaluate the
relationships between the clinicopathological
features and the expression of CDH13. The
hazard ratios (HRs) with 95% confidence inter-
vals (Cls) from Kaplan-Meier curves and the
P-values from log-rank tests were used for the
survival analysis. The univariate and multivari-
ate Cox regression analyses were performed to
identify the independent prognostic predictors.
Pearson’'s and Spearman’s correlation tests
were conducted to determine the correlation.
The statistical analysis was conducted using
SPSS 26.0 and the R software (version 3.6.1).
The figures were constructed using the R soft-
ware (version 3.6.1) and the corresponding
online databases. The results of all tests were
considered to be statistically significant at P <
0.05. The flow diagram of this study is present-
ed in Figure 1.

Results

The expression level of CDH13 in patients with
different types of cancer

Initially, the expression level of the CDH13
mMmRNA was compared between 20 common
cancer tissues and the corresponding normal
tissues using the Oncomine database. The
transcriptional expression of CDH13 was con-
siderably lower in normal kidney tissues than in
cancer tissues (Figure 2A). We also used the
GEPIA database to further analyze the expres-
sion level of CDH13 in 33 types of cancer,
including ccRCC. The expression of the CDH13
MmRNA was considerably higher in the cancer
tissues than in the normal kidney tissues,
which was similar to the results obtained from
the Oncomine database (Figure 2B).
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Figure 1. The flowchart of this study.

The expression level of the CDH13 mRNA in
CcCRCC patients

In this analysis, we measured the expression
level of the CDH13 mRNA based on the TCGA-
KIRC dataset. The results suggested that the
expression of the CDH13 mRNA was signifi-
cantly higher in ccRCC tissues compared to
that in the normal tissues (Figure 3A, 3B). The
analysis of the expression of the CDH13 mRNA
from GSE53757 and GSE404 35 indicated simi-
lar overexpression patterns in the ccRCC sam-
ples compared to that in the normal tissues
(Figure 3C, 3D). These results further validated
the findings of the analysis performed using the
TCGA-KIRC dataset.

The expression level of the CDH13 protein in
patients with ccRCC

Besides analyzing the expression of the CDH13
MmRNA, we also analyzed the expression of
CDH13 at the protein level using the CPTAC
database and the HPA database. The protein
level of CDH13 in 84 normal tissues was signifi-
cantly lower than that in 110 ccRCC samples
from the CPTAC database (P < 0.001) (Figure
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3E). A higher level of expression of the CDH13
protein was also found in the ccRCC tissues
than that in the normal tissues, as visualized
by the representative immunohistochemical
images from the HPA database (Figure 3F). The
3D structure of T-cadherin predicted by the
AlphaFold database is shown in Figure 3G.

To summarize, these results indicated that
CDH13 is upregulated in ccRCC at the tran-
scriptional and translational levels.

Relationship between the expression level of
CDH13 and the clinicopathological features of
CcCcRCC patients

To determine the relationship between the ex-
pression of the CDH13 mRNA and the clinico-
pathological features of ccRCC patients, the
characteristics of the ccRCC patients from the
TCGA-KIRC dataset were analyzed (Figure S1).
The level of expression of the CDH13 mRNA
was significantly correlated with the T stage, M
stage, AJCC stage, and histologic grade (Table
1). Based on the UALCAN database, CDH13
was found to be strongly associated with the
ccRCC stages and tumor grades at the mRNA
level (Figure S2 and Table S2). The results of
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the logistic regression analysis indicated that
the expression level of the CDH13 mRNA was
positively correlated with the T stage, M stage,
AJCC stage, and histology grade (Table 2). The
results from the CPTAC database showed that
the expression level of the CDH13 protein was
also closely related to the cancer stages and
tumor grades (Figure S2 and Table S2). Similar
to the results from the UALCAN database, the
ccRCC patients with Stage 1 and Grade 1 were
found to have the highest level of CDH13 pro-
tein expression. The results also indicated that
the expression of CDH13 did not differ signifi-
cantly with gender and age in ccRCC patients at
the mRNA and protein levels (Figure S2 and
Table S2).
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To summarize, these results showed that
CDH13 might be associated with tumor devel-
opment and progression in ccRCC patients.

The diagnostic efficacy of CDH13 in the diag-
nosis of ccRCC

In this analysis, the ROC curves and AUC values
were used to evaluate the diagnostic perfor-
mance of CDH13 for diagnosing ccRCC. Based
on the ROC analysis of the data on the ccRCC
patients from the TCGA-KIRC dataset, the AUC
value of CDH13 was 0.822 (95% Cl: 0.784-
0.861), which indicated that CDH13 had a good
diagnostic ability (Figure 4A). Based on the
ROC analysis of the data on the ccRCC patients
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Table 1. The association between the mRNA expression
of CDH13 and the clinicopathological features of ccRCC

patients from TCGA-KIRC dataset

CDH13 in ccRCC

The prognostic value of CDH13 in
ccRCC patients

Clinicopathological

Low expression High expression

To determine the prognostic value

features of CDH13 of CDH13 p value of CDH13 in ccRCC patients, the
Kaplan-Meier survival curves were

N 269 270 plotted and log-rank tests were con-

Age, mean + SD 60.94+11.93 60.32+12.27 0.553 ducted initially to perform the surviv-

Gender, n (%) 0.252 al analysis based on the data from
Female 86 (16%) 100 (18.6%) TCGA-KIRC. The results showed that
Male 183 (34%) 170 (31.5%) the elevated expression level of the

Tstage, (%) 0003 ated with higher 06 (R 053

o 0 related wi igher 1 0.53,
i Ha e 0ee 5% Cf: 039072, P < 0.001) and
’ ) higher PFS (HR: 0.65, 95% CI: 0.47-
T3 101 (18.7%) 78 (14.5%) 0.89, P=0.007) (Figure 5A, 5B).
T4 8 (1.5%) 3(0.6%)

N stage, n (%) 0.110 To further validate these results, we
NO 123 (47.9%) 118 (45.9%) constructed Cox regression models
N1 12 (4.7%) 4 (1.6%) by _performing univariate and multi-

M stage, n (%) 0.002 Valrlat(-? analyses. The rgsults of the

. . univariate Cox regression analysis
MO 201 (39.7%) 227 (44.9%) indicated that the pT stage, pN sta-
M1 52 (10.3%) 26 (5.1%) ge, pM stage, AJCC stage, histology

AJCC stage, n (%) <0.001 grade, and CDH13 were closely relat-
Stage | 114 (21.3%) 158 (29.5%) ed to OS and PFS of ccRCC patients
Stage Il 33 (6.2%) 26 (4.9%) (Tables 3 and 4). The results of the
Stage Il 67 (12.5%) 56 (10.4%) multivariate Cox regression analysis
Stage IV 54 (10.1%) 28 (5.2%) showed that t.he CDH13 expres§|on

Histologic grade, n (%) <0.001 level was an independent preghctor

’ of OS and PFS of ccRCC patients.
G1 5(0.9%) 9 (1.7%) Based on these results of Cox logis-
G2 90 (16.9%) 145 (27.3%) tic regression analyses, the prognos-
G3 116 (21.8%) 91 (17.1%) tic predictors were used to construct
G4 52 (9.8%) 23 (4.3%) the nomograms of one-year, three-

Laterality, n (%) 0.391 year, and five-year OS and PFS.
Left 131 (24.3%) 121 (22.5%) These nomograms were used to
Right 137 (25.5%) 149 (27.7%) q:a”tétgg"e'yt_p”:d"(;lt:_;he p;%g”gg)s

o of cc patients (Figure 5C, .

0s eyent,n(é) <0001 The C-indices of the predicted OS
Alive 158 (29.3%)  208(38.6%) and PFS were 0.757 (0.732-0.783)
Dead 111(20.6%)  62(11.5%) and 0.806 (0.782-0.830), respec-

PFS event, n (%) 0.004 tively. The calibration plots showed
Alive 173 (32.1%) 205 (38%) good consistency between the pre-
Dead 96 (17.8%) 65 (12.1%) diction and observation of OS and

from GSE53757 and GSE40435, the AUC value
was 0.923 (95% CI: 0.875-0.972) and 0.956
(95% CI: 0.927-0.985), respectively, which indi-
cated an excellent diagnostic ability of CDH13
(Figure 4B, 4C). These results were similar to
those obtained by analyzing the data from the
TCGA-KIRC dataset.

The results of the ROC analysis thus indicated
the diagnostic value of CDH13 in ccRCC.

4528

PFS (Figure 5E, 5F).

To summarize, CDH13 might be a prognos-
tic biomarker for predicting the prognosis of
ccRCC patients.

Correlation between CDH13 and immune infil-
tration in ccRCC patients

We used the TIMER database, ssGSEA, and the
TISIDB database to analyze the correlation bet-
ween the CDH13 expression level and immune

Am J Cancer Res 2022;12(10):4520-4544
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Table 2. The association between CDH13 expression and
clinicopathological features in the ccRCC patients from TCGA-

KIRC dataset based on logistic regression

of this analysis indicated that the
expression level of CDH13 was
significantly correlated with some

immunoinhibitors, especially KDR,

Clinicopathological features OR 95% Cl p value . . .
Age (< 65 vs > 65) 1007 07191412  0.966 immunostimulators, especially EN-

g - ' ’ ) ’ TPD1, and the major histocompati-
Gender (Male Vs Female) 0.799 0.559-1.140 0.216 b|||ty CompleX, eSpeCia”y HLA-E
Laterality (Right vs Left) 1177 0.839-1.654 0.345 (Figure S5 and Tables S5, S6, S7,
T stage (T1-T2 vs T3-T4) 1.590 1.114-2.274 0.011 S8).
N stage (NO vs N1) 2.878 0.972-10.522 0.074 T ) th "

0 summarize, these results con-
M stage (MO vs M1 2.259 1.372-3.800 0.002 . ’
AICC gt ( L lll) v 1803 19692571  0.001 firmed that CDH13 strongly affects
stage (Hl vs lIl-IV) ' e ' the immune infiltration in ccRCC.

Histologic grade (G1-G2 vs G3-G4) 2.389 1.688-3.396 < 0.001

infiltration in ccRCC. The results based on the
TIMER database indicated that CDH13 was
strongly correlated with the infiltration of CD8+
T cells, CD4+ T cells, macrophages, neutro-
phils, and dendritic cells (Figure S3A). Addi-
tionally, the expression level of CDH13 showed
a significantly positive correlation with five
types of immune checkpoints in ccRCC, includ-
ing PDCD1, CD274, PDCD1LG2, CTLA4, and
LAG3 (Figure S3B). Additionally, the Kaplan-
Meier plots constructed using the TIMER data-
base indicated that the infiltration of six types
of immune cells was not correlated with the OS
of the ccRCC patients (Figure S3C). The Cox
proportional hazard model showed that macro-
phages, neutrophils, and CDH13 expression
levels were the prognostic biomarkers in the
ccRCC patients (Table S3). The TIMER data-
base was used to evaluate the correlation
between the CDH13 expression and the level of
gene markers for immune cells. The expression
of CDH13 was significantly correlated with the
abundance of gene markers for immune cells
(Table S4).

The results based on the ssGSEA showed that
the expression level of CDH13 in most immune
cells differed between the CDH13-high and
CDH13-low cohorts (Figure S4A). Additionally,
the expression level of CDH13 was correlated
with the enrichment of CD56bright NK cells,
mast cells, NK cells, and pDC (Figure S4B and
S4Q).

The TISIDB database was used to perform
Spearman’s correlation between the CDH13
expression level and tumor lymphocyte, im-
munoinhibitors, immunostimulators, and the
major histocompatibility complex. The results
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Methylation analysis of CDH13

We investigated the expression levels of 23
MO6A regulators. The expression levels of writ-
ers, erasers, and readers differed considerably
between normal kidney tissues and ccRCC tis-
sues (Figure 6A-C). The results of the correla-
tion analysis suggested that the expression
level of CDH13 was significantly correlated with
the expression levels of METTL14, RBM15B,
VIRMA, ZC3H13, FTO, YTHDF2, YTHDC1, and
HNRNPC (Figure 6D). We also performed a
LASSO regression analysis with 10-fold cross-
validation to identify the prognostic factors that
were significantly correlated with the prognosis
of ccRCC patients based on CDH13 and 23
mO6A regulators (Figure 6E, 6F). We construct-
ed the prognostic model and calculated the risk
scores for each ccRCC patient based on 11
genes (Figure 6G, 6H). The results of the sur-
vival analysis indicated that the patients in
high-risk groups had worse OS (Figure 6l). The
AUC value calculated based on the ROC curve
was high, which indicated the prognostic accu-
racy of the model (Figure 6J).

We also analyzed the methylation of CpG
islands in the promoter regions of CDH13 using
the DNA methylation data from 319 ccRCC
patients in the TCGA-KIRC dataset. The results
showed that most of the CpG islands (29/50)
were significantly hypermethylated in normal
tissues (Figure 7A). The correlation analysis
indicated that the methylation status of 22
regions was negatively associated with the
expression of the CDH13 mRNA (Figure 7B)
and the survival analysis showed that the level
of methylation of 15 CpG islands was correlat-
ed with OS of the ccRCC patients (Figure 7C).
The results showed that cg03474070 was the
core methylation region of CDH13 (Figure 7D).
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Figure 4. ROC curves of CDH13 for diagnosing ccRCC. A. TCGA-KIRC dataset. B. GEO-GSE53757. C. GEO-GSE40435.

These results highlighted the epigenetic pat-
terns of CDH13 and the association between
the methylation of CDH13 and the prognosis of
ccRCC patients.

Genetic alterations of CDH13 in patients with
ccRCC

The cBioPortal database was used to deter-
mine the genetic alteration rate of CDH13 in
ccRCC and further analyze their correlation
with the clinical outcome of ccRCC patients.
The rate of genetic alteration in CDH13 was
found to be 4% based on the analysis of the
data of 512 ccRCC patients from the TCGA-
KIRC dataset (Figure 8A). The types of muta-
tions included amplification, deep deletion,
MRNA high, and missense mutation. The re-
sults of the Kaplan-Meier plots indicated that
the OS and DSS of the ccRCC patients without
CDH13 mutations were significantly worse
(Figure 8B, 8C).

The cBioPortal online tool was also used to
analyze the well-recognized hypermutated
genes, including VHL, PBRM1, SETD2, BAP1,
and MTOR, in the ccRCC patients. The results
showed that the alteration rate of VHL differed
between the CDH13-high and CDH13-low
cohorts (Figure S6). This difference was also
observed in the PBRM1, SETD2, BAP1, and
MTOR genes (Figure S6).

These results indicated that the clinical out-
come of the ccRCC patients was affected by
the expression and the genetic mutations of
CDH13.
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Protein-protein interaction network of CDH13

The correlation analysis showed the top 25
genes that were positively and negatively cor-
related with CDH13 in ccRCC (Figure S7A). The
correlation circle showed the correlation bet-
ween the expression level of CDH13 and the
expression of the top 10 positively and nega-
tively correlated genes (Figure S7B). Next, we
built a PPl network of CDH13 and predicted
the functional partners of CDH13 using the
STRING and Metascape databases. The re-
sults from the STRING database showed that
the top 10 proteins were catenin beta-1
(CTNNBL1), catenin delta-1 (CTNND1), junction
plakoglobin (JUP), catenin alpha-1 (CTNNA1),
cadherin-11 (CDH11), cadherin-17 (CDH17),
cadherin-8 (CDHS8), cadherin-9 (CDH9), cad-
herin-10 (CDH10), and cadherin-5 (CDH5)
(Figure 9). The results from the Metascape
database also revealed the PPl network and
the MCODE components identified in CDH13
and its correlated genes. The biological func-
tion was closely associated with focal adhe-
sion, the PI3K/Akt signaling pathway (MCODE
1), the Notch signaling pathway, positive regu-
lation of the Notch signaling pathway (MCODE
2), activin binding, type | transforming growth
factor beta receptor binding, and the activity of
the transforming growth factor beta-activated
receptor (MCODE 3) (Figure S8).

GO and KEGG enrichment analyses of CDH13
The results of the GO and KEGG enrichment

analyses of CDH13 and its correlated genes
showed that in ccRCC, CDH13 was mainly
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Figure 5. The survival analysis of CDH13 in ccRCC patients from TCGA-KIRC dataset. A. The Kaplan-Meier survival
curve comparing the high and low expression of CDH13 in overall survival (0S). B. The Kaplan-Meier survival curve
comparing the high and low expression of CDH13 in progression free survival (PFS). C. Nomogram for the predic-
tion of OS in ccRCC patients. D. Nomogram for the prediction of PFS in ccRCC patients. E. Calibration plot of the
nomogram for prediction of OS in ccRCC patients. F. Calibration plot of the nomogram for prediction of PFS in ccRCC

patients.
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Table 3. Univariate and multivariate cox logistic regression analysis of OS in ccRCC patients based on

TCGA-KIRC cohort

Univariate analysis

Multivariate analysis

Clinicopathological features

HR 95% ClI p value HR 95% Cl p value

Age

Age > 65 vs Age < 65 1.363 0.906-2.051 0.137 1.534 0.996-2.363 0.052
Gender

Male vs Female 1.059 0.698-1.609 0.787 1.105 0.717-1.704 0.651
pT stage

T3-T4 vs T1-T2 3.061 2.016-4.647 <0.001 1.506 0.662-3.428 0.329
pN stage

N1 vs NO 3.064 1.582-5.934 0.001 1.495 0.747-2.992 0.256
pM stage

M1 vs MO 4.188 2.721-6.448 0.001 2.769 1.638-4.678 <0.001
AJCC stage

M-IV vs I-I 3.472 2.243-5.373 <0.001 1.224 0.475-3.152 0.676
Histology grade

G3-G4 vs G1-G2 2.612 1.651-4.138 <0.001 1.629 0.997-2.662 0.052
CDH13

High vs Low 0.404 0.259-0.631 < 0.001 0.529 0.333-0.841 0.007

Table 4. Univariate and multivariate cox logistic regression analysis of PFS in ccRCC patients based

on TCGA-KIRC cohort

Univariate analysis

Multivariate analysis

Clinicopathological features

HR 95% ClI p value HR 95% ClI p value

Age

Age > 65 vs Age < 65 0.862 0.553-1.343 0.511 0.987 0.609-1.599 0.957
Gender

Male vs Female 1.178 0.760-1.824 0.464 1.271 0.794-2.034 0.317
pT stage

T3-T4 vs T1-T2 4.122 2.638-6.441 <0.001 1.007 0.497-2.039 0.984
pN stage

N1 vs NO 3.604 1.851-7.017 <0.001 1.256 0.631-2.500 0.516
pM stage

M1 vs MO 8.847 5.667-13.814 < 0.001 4.232 2.513-7.126 <0.001
AJCC stage

M-IV vs I-1 6.734  4.030-11.251 <0.001 3.484 1.434-8.461 0.006
Histology grade

G3-G4 vs G1-G2 2.747 1.702-4.434 <0.001 1.742 1.043-2.909 0.034
CDH13

High vs Low 0.399 0.192-0.833 0.014 0.792 0.646-0.971 0.025

enriched in the development of the glomerulus
(Biological process), membrane microdomain
(Cellular component), transmembrane receptor
protein kinase activity (Molecular function),
and the Ras signaling pathway (KEGG pathway)
(Figure 10).
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The qRT-PCR, Western blot assay, and IHC

To confirm the mRNA expression level of
CDH13, we conducted gRT-PCR in 40 paired
ccRCC tissues and adjacent normal kidney tis-
sues. The results showed that the CDH13
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Figure 6. A. The expression levels of seven writers in the tumor tissues and normal tissues. B. The expression
levels of two erasers in the tumor tissues and normal tissues. C. The expression levels of eleven readers in the
tumor tissues and normal tissues. D. Correlation heatmap of CDH13 and 23 m6A regulators in ccRCC. E, F. LASSO
coefficients profiles of COH13 and 23 m6A regulators and LASSO regression with 10 fold cross-validation obtained
eleven prognostic genes using minimum lambda value. G. Coefficients of selected genes and the risk score formula.
H. The distribution of the risk score and the survival status of each patient. I. The Kaplan-Meier curve of the ccRCC
patients in high-risk and low-risk groups (OS). J. The ROC curve of the prognostic model (***P < 0.001, **P < 0.01,

*P < 0.05).

mRNA expression was significantly higher in
the ccRCC tissues than in the normal kidney
tissues (Figure 11A). The results of the West-
ern blot assays were also similar, indicating
that the expression of the CDH13 protein was
upregulated in the ccRCC tissues (Figure 11B).
Moreover, immunohistochemical staining was
performed to determine the expression level of
CDH13 in the low-grade ccRCC tissues, the
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high-grade ccRCC tissues, and normal kidney
tissues. The expression level of CDH13 was sig-
nificantly lower in the normal kidney tissues
than that in the ccRCC tissues (Figure 11C,
11D). The expression level of CDH13 was con-
siderably higher in the low-grade ccRCC tissues
than that in the high-grade ccRCC tissues.
These results based on immunohistochemical
staining confirmed the expression patterns of
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Figure 7. A. Heatmap of the methylation levels of CpG sites of CDH13 in TCGA-KIRC. B. Correlation heatmap of the
CDH13 mRNA expression and the methylation status of CpG regions in TCGA-KIRC. C. Forrest plot of survival analy-
sis of CpG islands. D. Venn diagram identifying the core methylation regions of CDH13.

CDH13 that were determined using the other
databases.

Discussion

CDH13 is an atypical member of the cadherin
family and strongly influences the maintenance
of cell structure, regulation of cell growth,
angiogenesis, cell recognition, cell adhesion,
and intercellular signaling [19, 20, 22]. In this
study, we comprehensively investigated the
level of expression, diagnostic efficacy, prog-
nostic value, immune infiltration, methylation
status, genetic alteration, and function enrich-
ment of CDH13 in ccRCC patients. It has been
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demonstrated by previous studies that the
expression level of CDH13 was found to de-
crease in various malignancies, such as pan-
creatic cancer [28], colorectal adenocarcinoma
[46], prostate cancer [47], and lung cancer
[48]. In this study, we found that the expression
level of CDH13 increased at the mRNA and pro-
tein levels in ccRCC patients, which was differ-
ent from the level of expression of CDH13 in
other types of cancer, suggesting a distinctive
expression pattern in patients with ccRCC. The
analysis of the clinical samples showed that the
expression of the CDH13 mRNA increased sig-
nificantly in the ccRCC tissues relative to that in
matched normal tissues. Similarly, the results
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Figure 8. Genetic alterations of CDH13 in patients with ccRCC and association with OS and DSS of ccRCC patients (cBioPortal). A. Alteration frequency of CDH13
in ccRCC patients. B. Kaplan-Meier survival curve of genetic alteration of CDH13 and overall survival (0S). C. Kaplan-Meier survival curve of genetic alteration of
CDH13 and disease specific survival (DSS).
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Gene symbol Annotation Score
CTNNB1 Catenin beta-1 0.939
CTNND1 Catenin delta-1 0.937

JUP Junction plakoglobin 0.928
CTNNA1 Catenin alpha-1 0.927
CDH11 Cadherin-11 0.923
CDH17 Cadherin-17 0.922
CDH8 Cadherin-8 0.921
CDH9 Cadherin-9 0.920
CDH10 Cadherin-10 0.919
CDH5 Cadherin-5 0.916

Figure 9. Protein-protein interaction network of CDH13 and their co-expression scores (STRING).

of the Western blot analysis showed that the
expression level of the CDH13 protein was
upregulated in the ccRCC tissues. The results
of immunohistochemical staining also showed
that the expression level of CDH13 was signifi-
cantly lower in the normal kidney tissues than
that in the ccRCC tissues. Overall, the results
based on the clinical samples confirmed the
unique expression pattern of CDH13 recorded
in the bioinformatic analysis.

The abnormal expression of CDH13 was also
closely related to the clinicopathological fac-
tors of several cancer patients. Similarly, the
upregulated level of CDH13 was strongly corre-
lated with lower tumor grades and stages of
ccRCC, which indicated that CDH13 might
strongly influence tumor development and pro-
gression in ccRCC. The results of the immuno-
histochemical staining assay confirmed that
the expression level of CDH13 was consider-
ably higher in the low-grade ccRCC tissues than
that in the high-grade ccRCC tissues. The
results of the diagnostic analysis showed that
CDH13 performed extremely well in the diag-
nosis of ccRCC. Thus, CDH13 might help clini-
cians in the pathological diagnosis of kidney
tumors and metastatic tumors. It might com-
plement preoperative imaging and the postop-
erative pathological diagnostic models used
currently. Hence, CDH13 might provide person-
alized diagnostic solutions for ccRCC patients.

Several studies have reported that CDH13 is
closely associated with angiogenesis and the
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ability of cancer cell lines to proliferate and
migrate, which is crucial for cancer proliferation
and metastasis [25, 49, 50]. Wang et al. con-
ducted an in vitro study and found that the
methylation of the promoter region of CDH13
restored the angiogenic, invasive, and migrato-
ry abilities of tumors [51]. Furthermore, the
treatment of cancer cells with histone deacety-
lase inhibitors or demethylating agents could
reactivate CDH13 expression and lead to tumor
metastasis [51]. This might be related to the
overexpression of CDH13 in endothelial cells,
where CDH13 might stimulate the migration of
endothelial cells and promote angiogenesis via
vascular endothelial growth factor under pa-
thological conditions [52]. In an in vivo study,
CDH13 was found to promote tumor angiogen-
esis in a mouse model for cancer, where the
deficiency of T-cadherin reduced tumor growth
by limiting tumor angiogenesis [50]. Thus, the
CDH13 gene strongly influences tumor develop-
ment through multiple pathways and mecha-
nisms. However, the prognostic value of CDH13
in ccRCC patients needs to be elucidated. We
further investigated the prognostic value of
CDH13 in ccRCC. The results of survival analy-
ses indicated that an increase in the CDH13
level was correlated with better OS and PFS,
partially because the ccRCC patients with high-
er levels of CDH13 had lower tumor grades and
stages. Additionally, we constructed CDH13-
based nomograms to develop an accurate
method to predict the prognosis of ccRCC
patients. We found that CDH13 might be an
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Figure 10. GO annotation and KEGG pathway enrichment analysis of CDH13 and its correlated genes in ccRCC. A.
BP: Biological Process. B. CC: Cellular component. C. MF: Molecular funtion. D. Kyoto encyclopedia of genes and

genomes (KEGG) pathways.

independent prognostic biomarker for ccRCC.
Therefore, CDH13, along with other prognostic
indicators, such as tumor stage, pathological
grade, and lymph node metastasis, might help
to predict the clinical outcome of ccRCC
patients more accurately.

The tumor microenvironment (TME) has been
studied extensively because it can promote
tumor progression through multiple compo-
nents, such as by enhancing proliferation,
immune escape, and anti-apoptosis [53, 54].
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Also, as potential targets for cancer therapy,
tumor-infiltrating immune cells (TICs) are close-
ly associated with the development of malig-
nancies [55, 56]. Some patients with advanced
ccRCC also benefit from immunotherapy [57,
58]. Therefore, we determined the correlation
between CDH13 and immune cells, immune
checkpoints, tumor lymphocyte infiltration, im-
munoinhibitors, immunostimulators, and major
histocompatibility complex. The results show-
ed that the expression of CDH13 was signifi-
cantly correlated with the infiltration of CD8+ T
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Figure 11. CDH13 was upregulated in the ccRCC patients. A. Relative mRNA expression of CDH13 in the ccRCC tis-
sues and adjacent normal kidney tissues. B. Western blot assay showed the protein expression level of CDH13 in
the ccRCC tissues and adjacent normal kidney tissues. C. The typical immunohistochemistry images of CDH13 in
the normal kidney tissues and ccRCC tissues. D. The expression level of CDH13 (I0D/Area) based on the immuno-

histochemistry images (***P < 0.001, **P < 0.01).

cells, CD4+ T cells, macrophages, neutrophils,
dendritic cells, NK cells, mast cells, and pDCs.
Additionally, the expression level of CDH13
showed a significant positive correlation with
five immune checkpoints in ccRCC. The expres-
sion level of CDH13 was also significantly cor-
related with some immunosuppressive agents,
immunostimulators, and major histocompati-
bility complexes. These results indicated that
CDH13 might greatly contribute to the immune
infiltration of ccRCC and influence the progno-
sis of ccRCC patients by converting anti-tumor
cells into cancer cells and affecting the im-
mune components of the TME.

The m6A modification is a novel regulatory
mechanism for controlling gene expression in
eukaryotic cells [59, 60]. The m6A modification
is a reversible epigenetic modification, which is
not only found in the mRNA but also in non-cod-
ing RNA; thus, it can modify RNA molecules [61,
62]. The mBA modification is present in almost
all types of RNAs and dynamically regulates
many physiological and pathological process-
es, including tumorigenesis [61, 63]. Therefore,
in this study, we elucidated the relationship
between m6A regulators and CDH13 and their
prognostic value in ccRCC. The results indicat-
ed that the expression level of CDH13 was sig-
nificantly correlated with the expression levels
of METTL14, RBM15B, VIRMA, ZC3H13, FTO,
YTHDF2, YTHDC1, and HNRNPC1. These m6A
writers, erasers, and readers and the dynamic
balance between the deposition and removal
of m6A modifiers are important for maintaining
appropriate m6A levels and gene expression in
tissues and cells throughout the body. Their
aberrant expression in ccRCC and close rela-
tionship with CDH13 might partially explain the
unusual CDH13 expression pattern in ccRCC
patients. Moreover, based on the 11 genes,
including CDH13 and 10 m6A regulators, we
constructed the prognostic model, which was
significantly correlated with the prognosis of
ccRCC patients. The methylation of the promot-
er region also strongly influenced the anoma-
lous expression of CDH13 in patients with mul-
tiple cancers. The promoter of CDH13 is GC-
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rich and has CpG islands that are prone to
methylation and the subsequent loss of gene
functionality. A meta-analysis was conducted
with 13 studies to determine the diagnostic
ability of the methylation of CpG islands in the
promoter regions of CDH13 in non-small cell
lung cancer patients [64]. The pooled data
showed that the methylation status of the
CDH13 promoter was strongly associated with
lung adenocarcinoma. The methylation status
of CDH13 might be a diagnostic biomarker for
the diagnosis of lung adenocarcinoma. Kontic
et al. quantified the CpG methylation of CDH13
in the tumor tissues and normal lung tissues of
65 patients with non-small cell lung carcinoma
by performing bisulfite pyrosequencing [65].
The results showed that the methylation of
CDH13 was significantly higher in tumor tis-
sues compared to that in normal lung tissues.
Further analysis showed that the hypermethyl-
ation of CDH13 was correlated with the histol-
ogy of the patients. Yuan et al. determined the
methylation status of CDH13 in peripheral
blood mononuclear cells by performing methyl-
ation-specific polymerase chain reactions [66].
The results showed that the methylation fre-
quency of the CDH13 promoter was significant-
ly higher in hepatocellular carcinoma patients
than that in normal controls and patients with
chronic hepatitis B. Additionally, the methyla-
tion of the CDH13 promoter was found to be
an independent predictor of the prognosis of
hepatocellular carcinoma and was associated
with an increase in the risk among these
patients. Based on the findings of the previous
studies, we also analyzed the methylation of
CpG islands in the promoter regions of CDH13
using the DNA methylation data of 319 ccRCC
patients in the TCGA-KIRC dataset. The results
indicated that cg03474070 was the core meth-
ylation region of CDH13, which was negatively
associated with the expression level of the
CDH13 mRNA and was also correlated with the
OS of ccRCC patients. However, these results
need to be confirmed by performing bisulfite
pyrosequencing or methylation-specific poly-
merase chain reaction. Overall, the results of
this study highlighted the epigenetic patterns
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of CDH13 and the association of the prognosis
of ccRCC patients with DNA methylation and
m6A modification of CDH1.3.

Some studies have shown that the inactivation
of the VHL gene is the predominant genetic
alteration in ccRCC [67]. The inactivation of
VHL was found in up to 91% of the patients
with sporadic ccRCC due to methylation or
mutation [68]. VHL targets hypoxia-inducible
factors (HIF) for ubiquitin-mediated degrada-
tion through oxygen and iron-sensing mecha-
nism, which in turn can disrupt important me-
tabolic cascade reactions [69]. Under hypoxic
conditions, prolyl hydroxylase cannot hydroxyl-
ate HIF-a. Mutated VHL cannot bind to HIF-a
[70]. Thus, hypoxic conditions and mutations of
VHL might reduce the degradation of HIF-«,
thus, causing its accumulation. The accumu-
lated HIF-a can regulate gene expression by
binding to the hypoxia-responsive element in
gene promoters. It affects several physiological
processes, such as cell proliferation, angiogen-
esis, and apoptosis [69, 71]. However, previous
studies did not investigate the genetic altera-
tion rate of CDH13 in ccRCC patients. Thus,
this study was the first to investigate the genet-
ic alteration of CDH13 in ccRCC. The results
showed that various CDH13 mutations were
present in 4% of ccRCC patients. The results of
the survival analysis suggested that the ccRCC
patients without CDH13 mutations had worse
OS and DSS. Overall, these results suggested
that the clinical outcomes of ccRCC patients
are influenced by the expression level and
genetic mutations of CDH13.

To conduct the PPI analysis, we constructed a
PPI network of CDH13 and predicted its func-
tional partners. The results showed that most
of the functional partners of the CDH13 gene
were members of the cadherin family. The
results of the functional enrichment analysis
further confirmed that CDH13 is involved
in glomerular development, transmembrane
receptor protein kinase activity, focal adhesion,
and multiple important signaling pathways in
ccRCC. Thus, as an atypical member of the
cadherin family, CDH13 strongly affects the
maintenance of cell structure, regulation of
cell growth, angiogenesis, cell recognition, cell
adhesion, and intercellular signaling.

Our study had some limitations. First, we
showed that CDH13 has a distinctive expres-
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sion pattern in ccRCC; however, we did not
determine the specific mechanism and the
cause of this unusual expression pattern.
Second, we did not investigate the exact mech-
anism of action of CDH13 in ccRCC, and further
studies are needed to elucidate it. Finally, most
findings of this study were based on bioinfor-
matic analysis. Therefore, more studies with a
larger clinical sample size are needed to sup-
port the results of this study.

In conclusion, in this study, we showed that
CDH13 was upregulated in ccRCC tissues, and
the expression level of CDH13 was closely
associated with the clinicopathological charac-
teristics, poor prognosis, and TME in ccRCC
patients. Therefore, CDH13 might be a novel
prognostic biomarker and therapeutic target
for ccRCC patients. Our findings not only eluci-
dated the molecular changes in ccRCC but also
laid the foundation for further studies on the
role of CDH13 in ccRCC.
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Table S1. The primers designed for this study

Gene Sequence Product

CDH13 F: 5’-TGTCCCAAGACAAAAGAGGTCC-3’ 100 bp
R: 5’-ACTATCGACTACCTTGCCAACAT-3’

GAPDH F: 5-GTCCACCACCCTGTTGCTGTA-3’ 111 bp

R: 5’-ACCCACTCCTCCACCTTTGA-3’

pT stage pN stage pM stage AJCC stage Histology grade CDH13

Figure S1. The sankey plot of the clinicopathological characteristics of ccRCC patients from TCGA-KIRC datasets.
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Figure S2. Association of mMRNA and protein expression level of CDH13 and clinicopathological features in ccRCC
patients (UALCAN and CPTAC). A. Association of CDH13 mRNA expression and ccRCC stages. B. CDH13 and tumor
grades. C. CDH13 and gender of patiens. D. CDH13 and age of patients. E. Association of CDH13 protein expression
and ccRCC stages. F. CDH13 and tumor grades. G. CDH13 and gender of patiens. H. CDH13 and age of patients.

Table S2. Association of the expression level of CDH13 and clinicopathological features in ccRCC
patients (UALCAN and CPTAC)

Expression level Comparison Statistical significance

mMRNA level Normal-vs-Stage 1 < 1E-12

Normal-vs-Stage 2 6.149E-08
Normal-vs-Stage 3 <1E-12

Normal-vs-Stage 4 2.218E-09

Stage 1-vs-Stage 2 2.604E-01

Stage 1-vs-Stage 3 9.283E-03

Stage 1-vs-Stage 4 1.594E-05

Stage 2-vs-Stage 3 6.088E-01

Stage 2-vs-Stage 4 7.262E-02

Stage 3-vs-Stage 4 5.536E-02

Normal-vs-Grade 1 3.060E-03

Normal-vs-Grade 2 1.624E-12

Normal-vs-Grade 3 1.624E-12

Normal-vs-Grade 4 1.469E-06

Grade 1-vs-Grade 2 1.617E-01

Grade 1-vs-Grade 3 4.542E-02

Grade 1-vs-Grade 4 1.694E-02

Grade 2-vs-Grade 3 1.524E-05

Grade 2-vs-Grade 4 1.970E-09

Grade 3-vs-Grade 4 4.356E-03

Normal-vs-Male 1.624E-12
Normal-vs-Female <1E-12

Male-vs-Female 7.873E-01

Normal-vs-Age (21-40 Yrs) 2.442E-04
Normal-vs-Age (41-60 Yrs) < 1E-12
Normal-vs-Age (61-80 Yrs) <1E-12

Normal-vs-Age (81-100 Yrs) 1.027E-04

Age (21-40 Yrs)-vs-Age (41-60 Yrs) 9.419E-01

Age (21-40 Yrs)-vs-Age (61-80 Yrs) 6.279E-01

Age (21-40 Yrs)-vs-Age (81-100 Yrs) 2.430E-01

Age (41-60 Yrs)-vs-Age (61-80 Yrs) 2.365E-01

Age (41-60 Yrs)-vs-Age (81-100 Yrs) 4.116E-02

Age (61-80 Yrs)-vs-Age (81-100 Yrs) 2.526E-01

Protein level Normal-vs-Stage 1 2.263E-21

Normal-vs-Stage 2 3.918E-06

Normal-vs-Stage 3 5.139E-12

Normal-vs-Stage 4 4.322E-05

Stage 1-vs-Stage 2 9.645E-03

Stage 1-vs-Stage 3 2.965E-01

Stage 1-vs-Stage 4 3.185E-02

Stage 2-vs-Stage 3 1.198E-01
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Stage 2-vs-Stage 4
Stage 3-vs-Stage 4
Normal-vs-Grade 1
Normal-vs-Grade 2
Normal-vs-Grade 3
Normal-vs-Grade 4
Grade 1-vs-Grade 2
Grade 1-vs-Grade 3
Grade 1-vs-Grade 4
Grade 2-vs-Grade 3
Grade 2-vs-Grade 4
Grade 3-vs-Grade 4
Normal-vs-Male
Normal-vs-Female
Male-vs-Female
Normal-vs-Age (21-40 Yrs)
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Table S3. The cox proportianal hazard model of six tumor-infiltrating immune cells and CDH13 in
ccRCC patients (TIMER)

Factors HR 95% Cl p value
B- cell 0.290 0.015-5.638 0.414
CDS8- T cell 0.365 0.081-1.650 0.190
CDA4- T cell 1.392 0.109-17.780 0.799
Macrophage 0.080 0.009-0.750 0.027
Neutrophil 51.223 1.540-1704.069 0.028
Dendritic 2.717 0.563-13.113 0.213
CDH13 0.733 0.647-0.830 <0.001

Table S4. The correlation between between CDH13 expression and gene markers of immune cells in
patients with ccRCC (TIMER)

Correlation adjusted by none Correlation adjusted by tumor purity
Immune cells Gene markers
r p value r p value
B cell CDb19 -0.151 4.74E-04 -0.162 4.71E-04
CD79A -0.134 1.86E-03 -0.162 4.69E-04
KRT20 -0.214 5.87E-07 -0.239 2.07E-07
CD8+ T cell CD8A -0.026 5.56E-01 -0.035 4.49E-01
CD8B -0.064 1.41E-01 -0.079 8.98E-02
Dendritic cell CDhiC 0.203 2.21E-06 0.195 2.53E-05
HLA-DPA1 0.117 6.72E-03 0.105 2.39E-02
HLA-DPB1 0.063 1.49E-01 0.039 4.07E-01
HLA-DQB1 0.112 9.87E-03 0.108 2.03E-02
HLA-DRA 0.08 6.41E-02 0.054 2.44E-01
ITGAX -0.153 4.10E-04 -0.167 3.23E-04
NRP1 0.759 7.28E-101 0.766 4.64E-90
M1 Macrophage IRF5 -0.265 5.01E-10 -0.287 3.30E-10
NOS2 0.575 3.74E-48 0.57 5.00E-41
PTGS2 0.179 3.23E-05 0.186 6.11E-05
M2 Macrophage ARG1 0.072 9.63E-02 0.064 1.67E-01
CD163 0.217 4.44E-07 0.169 2.72E-04
MRC1 0.473 4.03E-31 0.446 6.12E-24
MS4A4A 0.198 4.28E-06 0.166 3.56E-04
VSIG4 0.039 3.63E-01 -0.031 5.12E-01
Monocyte CD86 0.031 4.72E-01 -0.006 8.90E-01
CSF1R 0.132 2.34E-03 0.094 4.31E-02
Natural cell killer KIR2DL1 0.334 2.19E-15 0.325 8.69E-13
KIR2DL3 0.257 1.67E-09 0.229 6.58E-07
KIR2DL4 0.062 1.50E-01 0.038 4.15E-01
KIR2DS4 0.258 1.45E-09 0.25 5.59E-08
KIR3DL1 0.351 6.82E-17 0.341 5.54E-14
KIR3DL2 0.198 4.23E-06 0.199 1.61E-05
KIR3DL3 0.056 1.97E-01 0.057 2.24E-01
Neutrophils CCR7 0.08 6.41E-02 0.051 2.78E-01
CEACAMS8 0.093 3.24E-02 0.096 3.96E-02
FUT4 0.32 3.53E-14 0.298 6.39E-11
ITGAM 0.063 1.46E-01 0.034 4.65E-01
T cell (general) CD2 -0.035 4.24E-01 -0.055 2.36E-01
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Figure S4. A. The infiltration level of 24 types of immune cells in ccRCC. B. The correlation between CDH13 expres-
sion and the infiltration level of immune cells in ccRCC. C. The correlation between CDH13 expression and the
infiltration level of NK CD56bright cells, mast cells, NK cells, and pDC in ccRCC.
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Figure S5. A. Spearman correlation between CDH13 expression and tumor lymphocyte infiltration in ccRCC patients.
B. CDH13 expression and immunoinhibitors. C. CDH13 and immunostimulators. D. CDH13 and major histocompat-
ibility complex (TISIDB).
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Table S5. The correlation between CDH13 expression and tumor infiltrating lymphocytes in patients
with ccRCC (TISIDB)

Factors r p value
Activated CD8 T cell (Act_CD8) -0.281 4.99e-11
Central memory CD8 T cell (Tcm_CD8) -0.081 0.0627
Effector memory CD8 T cell (Tem_CD8) 0.092 0.0344
Activated CD4 T cell (Act_CD4) -0.218 3.89e-07
Central memory CD4 T cell (Tcm_CD4) -0.01 0.818
Effector memory CD4 T cell (Tem_CD4) 0.184 1.9e-05
T follicular helper cell (Tfh) -0.058 0.181
Gamma delta T cell (Tgd) 0.029 0.502
Type 1 T helper cell (Th1) -0.001 0.984
Type 17 T helper cell (Th17) -0.175 4.69e-05
Type 2 T helper cell (Th2) 0.265 5.45e-10
Regulatory T cell (Treg) 0.074 0.0879
Activated B cell (Act_B) -0.158 0.000244
Immature B cell (Imm_B) -0.085 0.0503
Memory B cell (Mem_B) -0.095 0.0286
natural killer cell (NK) 0.242 1.68e-08
CD56bright natural killer cell (CD56bright) -0.244 1.29e-08
CD56dim natural killer cell (CD56dim) 0.044 0.31
Myeloid derived suppressor cell (MDSC) -0.197 4.59e-06
Natural killer T cell (NKT) 0.044 0.314
Activated dendtritic cell (Act_DC) -0.34 8.39e-06
Plasmacytoid dendtritic cell (pDC) 0.005 0.899
Immature dendtritic cell (iDC) -0.004 0.926
Macrophage (Macrophage) 0.048 0.263
Eosinophi (Eosinophil) 0.23 8.79e-08
Mast (Mast) 0.125 0.00384
Monocyte (Monocyte) 0.046 0.284
Neutrophil (Neutrophil) 0.261 9.98e-10

Table S6. The correlation between CDH13 expression and immunostimulators in patients with ccRCC
(TISIDB)

Factors r p value
C10orf54 0.294 5.48e-12
CD27 -0.217 4.46e-07
CD276 0.117 0.00701
CD28 -0.11 0.0113
CD40 0.074 0.0874
CD40LG -0.013 0.771
CD48 -0.094 0.0297
CD70 -0.108 0.013
CD80 -0.154 0.000347
CD86 -0.129 0.00274
CXCL12 0.166 0.000123
CXCR4 0.193 6.97e-06
ENTPD1 0.53 < 2.2e-16
HHLA2 0.14 0.00122
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ICOS -0.178 3.6e-05
ICOSLG 0.02 0.65
IL2RA -0.011 0.8
IL6 -0.024 0.587
IL6R 0.175 4.79e-05
KLRC1 -0.121 0.00511
KLRK1 -0.107 0.0132
LTA -0.201 2.94e-06
MICB -0.047 0.274
NT5E 0.377 1.41e-15
PVR -0.077 0.0768
RAET1E 0.543 <2.2e-16
TMEM173 0.324 2.28e-14
TMIGD2 -0.127 0.00326
TNFRSF13B - -
TNFRSF13C - -
TNFRSF14 -0.155 0.000322
TNFRSF17 -0.227 1.21e-07
TNFRSF18 -0.256 2.29e-09
TNFRSF25 -0.108 0.0125
TNFRSF4 0.459 < 2.2e-16
TNFRSF8 0.003 0.946
TNFRSF9 -0.173 6.05e-05
TNFSF13 -0.096 0.0264
TNFSF13B -0.137 0.00158
TNFSF14 -0.28 5.6e-11
TNFSF15 0.139 0.00132
TNFSF18 - -
TNFSF4 0.008 0.852
TNFSF9 -0.188 1.27e-05
ULBP1 0.028 0.522

Table S7. The correlation between CDH13 expression and immunoinhibitors in patients with ccRCC
(TISIDB)

Factors r p value
ADORA2A 0.316 9.57e-14
BTLA -0.218 0.00302
CD160 -0.021 0.622
CD244 -0.108 0.0124
CD274 -0.037 0.388
CD96 -0.312 0.00218
CSF1R -0.059 0.173
CTLA4 -0.247 8.65e-09
HAVCR2 -0.032 0.465
IDO1 0.278 7.67e-11
IL10 -0.122 0.00474
ILAORB -0.075 0.0831
KDR 0.779 <2.2e-16
KIR2DL1 - -
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KIR2DL3
LAG3
LGALS9
PDCD1
PDCD1LG2
PVRL2
TGFB1
TGFBR1
TIGIT
VTCN1

CDH13 in ccRCC

-0.257
-0.125
-0.246
0.144
0.039
0.206
-0.019
-0.173
-0.18

1.89e-09
0.00375
9.85e-09
0.000866
0.37
1.72e-06
0.656
5.9e-05
2.86e-05

Table S8. The correlation between CDH13 expression and major histocompatibility complex in pa-

tients with ccRCC (TISIDB)

Factors r p value
B2M -0.042 0.328
HLA-A -0.186 1.52e-05
HLA-B -0.094 0.0293
HLA-C -0.077 0.0739
HLA-DMA -0.149 0.000558
HLA-DMB -0.152 0.000433
HLA-DOA -0.095 0.0277
HLA-DOB -0.233 2.17e-07
HLA-DPA1 -0.041 0.345
HLA-DPB1 -0.087 0.0439
HLA-DQAL1 -0.075 0.0835
HLA-DQA2 -0.055 0.208
HLA-DQB1 -0.015 0.735
HLA-DRA -0.087 0.0454
HLA-DRB1 -0.074 0.087
HLA-E 0.57 < 2.2e-16
HLA-F -0.097 0.025
HLA-G -0.056 0.197
TAPL -0.15 0.000528
TAP2 0.164 0.000148
TAPBP -0.266 1.38e-07
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Profiled in Mutations

VHL 43%
PBRM1 30%
SETD2 19%
BAP1 19%
MTOR 8%

B

Profiled in Mutations

VHL 57%
PBRM1 40%
SETD2 22%
BAP1 16%
MTOR 6%

Genetic Alteration

Profiled in Mutations
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Figure S6. A. VHL, PBRM1, SETD2, BAP1, and MTOR genomic alterations in CDH13-high expression subgroup. B. VHL, PBRM1, SETD2, BAP1, and MTOR genomic
alterations in CDH13-low expression subgroup.
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Figure S7. A. Correlation heatmap for the top 25 positively and negatively correlated genes with CDH13 in ccRCC. B. Correlation circle for the top 10 positively and
negatively correlated genes with CDH13 in ccRCC.
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Figure S8. Protein-protein interaction network and the MCODE components identified in COH13 and its correlated
genes (Metascape).
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