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Abstract: Bladder cancer (BC) is one of the most common malignancies of the urological system with heterogeneous
prognosis among patients. This study aimed to identify a novel prognostic model for BC using a joint analysis of DNA
methylation and gene expression. A total of 412 cases with methylation data and 408 with mRNA expression data
of BC patients were retrieved from the TCGA-BLCA Project. The data were preprocessed and the methylation data
were randomly divided into a training set and a test set. Differentially methylated CpG sites were identified and a
sure independence screening (SIS) model for BC survival prediction was built, and then was verified in the test set.
The correlation of methylated CpG loci and associated gene expression was determined in the model. In addition,
the relationship between expression levels of characteristic genes and overall survival rate was analyzed. As a re-
sult, the age, race and TNM staging were not significantly different between the training group and the test group.
A total of 485 hypo-methylated sites and 808 hyper-methylated sites were identified. A SIS model containing 8 CpG
sits was established and verified in the test set. Seven genes mapped by 8 CpG sits had a close relationship with
overall survival of BC patients. Collectively, 8 CpG loci mapping to 7 genes were found to be a reliable and practical

classifier to improve prediction accuracy of prognosis and survival in BC patients.
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Introduction

Bladder cancer (BC) occurring in the tissues of
the urinary bladder is one of the most common
cancers. The number of deaths caused by BC
increased from 114,000 in 1990 to 170,000 in
2010 [1]. There were approximately 81,000
cases and 17,000 deaths from BC in the United
States in 2018, and the average five-year sur-
vival rate of BC patients was 77% [2]. BC with
has a recurrence rate and requires accurate
prognostication and risk assessment for treat-
ment-related decisions. Risk categories using
the American Joint Committee on Cancer/tu-
mor, nodes, and metastases (AJCC/TNM) stag-
ing system is widely used to predict survival
outcomes [3], but it has been shown to be less
accurate. Integrating multiple information plat-
forms is beneficial for prognostic-based patient
stratification and helping patients to follow per-
sonalized medicine and individualized therapy.

Biological markers which are recognized as
molecular factors, can be used in diagnose,

monitoring of disease states, and predict re-
sponses and outcomes. Kim et al. identified a
progression-related gene classifier for non-
muscle-invasive BC (NMIBC) to predict disease
outcome that may help in selecting NMIBC
patients who might benefit from more aggres-
sive therapeutic intervention or surveillance [4,
5]. The long-term validation of this classifier
could be used for clinical prediction of the
development of muscle invasion in NMIBC
patients [6]. Ingelmo-Torres et al. found a 2-
microRNA (miRNA)-based prognostic classifier
for NMIBC [7]. These biomarkers may be novel
potential classifiers for prognosis of NMIBC
patients, but the safety and efficacy of them in
clinical applications have not been rigorously
evaluated.

DNA methylation in BC patients would be an
early event in cancer pathogenesis. For in-
stance, aberrant promoter hypermethylation is
a major mechanism to inhibit the expression of
tumor suppressor genes [8]. Kim et al. identi-
fied three gene (HOXA9, ISL1 and ALDH1A3)
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methylation patterns, which may be used in the
assessment of NMIBC recurrence and progres-
sion [8]. Some genes, such as CDH1, SYNPO2
[9], CDKN2A, ARF [10], GDF15, TMEFF2 and
VIM [11] with abnormal methylation levels were
associated with BC progression. The genome-
wide DNA methylation patterns and the result-
ing aberrant gene expression at two different
types of epigenetic modifications would be a
valuable tool for prognosis of BC and guiding
appropriate management strategies.

In this study, bioinformatics methods were
used to investigate the prognostic value of
methylation biomarkers for the overall survival
of BC patients. Data retrieved from the Cancer
Genome Atlas (TCGA) project was used to build
a prognostic model. In addition, the correlation
between the CpG methylation level of the prog-
nostic model and gene expression level were
analyzed, and the role of the prognostic model
in the development and progression of BC from
was further explained.

Materials and methods

DNA methylation data and mRNA expression
data of BC

The methylation data of BC was available in
the TCGA database (https://portal.gdc.cancer.
gov/) [12]. The data obtained from 412 BC
patients in the TCGA-BLCA Project was used, of
which 21 samples had both the cancer and the
normal tissues. The microarray platform was
the Illlumina Human Methylation 450 (HM450)
arrays.

The mRNA expression data was also obtained
from the TCGA database. There were 408
MRNA expression samples of BC patients
retrieved from the TCGA-BLCA Project. The
HTSeqg-Counts data was downloaded and used
for subsequent analysis.

Data preprocessing

The mRNA expression data and methylation
data were normalized by the DESeq2 package
[13] and the Illumina Methylation Analyzer (IMA)
package [14] of R, respectively. The main step
of normalizing the DESeqg2 function package
was as follows: first, a logarithmic conversion
(log2 or log10) was performed on the reads
matrix and average values of each gene (after
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logarithmic conversion) was taken; then the
logarithmic mean was subtracted from the log-
arithmic matrix to obtain the ratio matrix, and
the median of the logarithmic ratio matrix of
each sample was calculated. Finally, the medi-
an of the logarithm was converted to a true
number, that was, the standardized factor of
each sample, and the initial expression matrix
was divided by this normalization factor. The
function package of lllumina Methylation An-
alyzer (IMA) obtained the B-value representing
the degree of methylation according to the orig-
inal methylation data. The following analysis
was based on the B-value. From 412 samples,
206 of them were randomly selected as a train-
ing set to construct a prognostic model based
on methylation level of CpG sites, and the
remaining 206 were used as a test set to verify
the reliability of the model. Meanwhile, statisti-
cal description was conducted on 412 samples
combined with clinical data, including age, gen-
der, race, and TNM stage.

Differentially methylated CpG site detection

The 21 methylation samples from both the can-
cer tissue and normal tissues of BC patients
were screened for differentially methylated
CpG sites detection. First, the sex chromo-
some-derived probes (chrX, chrY) and the
probes with missing values were filtered out.
Then, the differentially methylated CpG sites
were screened using the limma package [15] in
R by the t-test method. The p-value after t-test
were corrected using the Benjamini & Hoch-
berg method [16], and finally the corrected
p-value (BH_p) were obtained. The threshold of
|AB|>0.4 and BH_p<1 x 107 was used to iden-
tify differentially methylated CpG sites.

Sure independence screening (SIS) and model
building

The univariate Cox regression of the “survival”
Bioconductor package was used to assess the
association between differentially methylated
CpG loci and overall survival in the training set.
The B-value of the methylation level of CpG
sites was used as a continuous variable for cox
regression analysis of single factor. SIS of lasso
penalized regression in SIS package was used
to identify candidate stable and reliable CpG
sites and a model based on the methylation
values of those CpG sites was built to assess
the overall survival of the sample [17].
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Figure 1. Flow chart describing the study design.

Model verification

The model classifier obtained from the training
set was applied to calculate the scores of each
sample in the training set and the test set. The
training set was divided into two groups based
on the scores and the Kaplan-Meier survival
curves were drawn. The log-rank tests were
used to compare the survival between the two
groups. The same analysis was also carried out
for BC samples in the testing set to validate the
reliability of the model.

Correlation analysis between CpG loci and as-
sociated gene expression

The characteristic CpGs loci of the model clas-
sifier were mapped to genes. Then the correla-
tion between methylation levels of the CpG loci
and expression levels of genes was analyzed.
Furthermore, the relationship between expres-
sion levels of characteristic genes and overall
survival rate was also explored through survival
analysis.

Statistical analysis

Kaplan-Meier method was used to estimate
the overall survival rate of different groups, and
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log-rank was used to test the significance of the
difference in survival rate between different
groups, with P<0.05 as the significance thresh-
old. Statistical analysis was carried out by R
3.5.2 software.

Results
Data characteristics

The pipeline of the study is shown in Figure 1.
The clinical data of 412 BC patients, including
age, gender, race, and TNM staging are shown
in Table 1. The result of chi-square test revealed
that age, race and TNM staging were not signifi-
cantly different between the training group and
the test group (P>0.05) but that of gender was
P=0.0187.

Identification of differentially methylated CpG
sites

Genome-wide differential methylation analysis
was conducted on both tumor and adjacent
non-tumor tissues of 21 BC patients. As a
result, 1293 differentially methylated CpGs
were obtained with the thresholds of |AB|>0.4
and BH_p<1 x 107, including 485 hypo-methyl-
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Table 1. Demographic and clinical characteristic of bladder cancer patients in sets

Characteristic Training set (n=206) Validation set (n=206) Chi-square test (P)
Age 0.7985
Range 38-90 35-90
Median years 71 68
Gender, n (%) 0.0187
Male 141 (68.5) 163 (79.1)
Female 65 (31.5) 43 (20.9)
Race, n (%)
White 166 (80.6) 161 (78.2) 0.4882
Asian 22 (10.7) 22 (10.7)
Black or African American 8(3.8) 15 (7.3)
No reported 10 (4.9) 8(3.8)
TNM stage, n (%) 0.3658
Early (I-11) 67(32.5) 66 (32.0)
Advance (IlI-IV) 139 (67.5) 138 (67.0)
Not reported 0(0.0) 2 (1.0)

ated sites and 808 hyper-methylated sites
(Figure 2A and 2B).

Construction of SIS model

Using univariate Cox regression, the associa-
tion between differentially methylated CpG
sites and overall survival of BC patients in the
training set, found 11 CpG sites were identified
(P<0.05, Table 2; Figure 2C), including cg18-
693395, ¢g10040329, ¢gl12421755, cg232-
44488, ¢g23900203, cg11827910, cg0569-
7849, cg16886987, cgl6787600, cg2001-
4398, cg09671258. Allocation of those CpG
sites to genes is provided in Table 3. Figure 2C
illustrates the methylation level of those 11
CpG sites in normal and tumor bladder tissues.
In addition, 8 CpG sites were identified as the
model characteristic quantities through SIS
analysis. The final predictive model consisted
of the methylation levels and the multivariate
weights of the eight CpG sites: SCOr€ . iation =
0.08595633 x ¢g12421755, . .. + 0.1160-
8698 x ¢g18693395,, ..+ 0.11535279 x cg2-
3244488, + 0.07405796 x cg239002-
03,,,, + 0.41573496 x ¢g05697849

0.35073355 x ¢g16886987
575295 x g20014398
209671258

ELAVLA

+ 0.38-

RIPPLY3

- 0.31391318 x

PAX6
LHX4"

Verification of SIS model

We used 0.35 as the threshold for model scor-
ing and divided the training samples into the
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low-risk and the high-risk group, which was
determined by Kaplan-Meier survival analysis
and log-rank test according to the highest x2
value. Figure 3 displayed that a hazard ratio of
4.72 for the high-risk group and the low-risk
group was obtained in the training set (P=5.82
x 10%). Similarly, the test set also divided
patients into two groups using the same scor-
ing, and the risk of death in the high-risk group
was 1.93 times higher than that in the low-risk
group (P=0.015).

The close correlation analysis of CoG methyla-
tion, gene expression and prognosis

The expression data were available in 202
cases of training set. The correlation analysis
between expression level of seven CpG sits-
mapped genes and methylation levels was per-
formed. It was observed that the methylation
levels of CpG sites in PTGDR, TWIST1 and
ELAVL4 were negatively correlated with their
expression levels, while the methylation levels
of CpG sites in ONECUT1, RIPPLY3, PAX6 and
LHX4 were positively correlated with their
expression levels (Figure 4A-G, left panel).
Moreover, the relationship between the expres-
sion levels of these seven genes and the overall
survival of BC patients was further analyzed.
The highly expressed ELAVL4, RIPPLY3, and
LHX4 were significantly associated with a
shorter survival of patients, while highly
expressed PAX6 was associated with a longer
survival of patients (Figure 4A-G, right panel).
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Figure 2. The eight-CpG-based prognosis classifier. A. Circos plot of epigenome-wide DNA methylation CpG sites.
Results are presented as p values ordered by genomic position, the t-test in the differential methylation analysis
(orange and blue symbols) and the univariate Cox regression analysis of the training set (green and red symbols).
B. Volcano plot comparing CpG methylation for BC tumor and non-tumor tissues. A total of 1293 CpG sites had an
absolute value of differential methylation (|AB|) of >0.4 and t test p value (BH_p) of <1 x 107 (blue dots). C. Heat-
map showing methylation levels of 11 CpG sites in tumor tissues and normal tissues.

Table 2. The coefficient of association in the

Cox-regression analysis

coef exp (coef)

cg18693395 -0.9905 0.3714
¢cg10040329 -1.4568 0.233
cg12421755 -0.5975 0.5502
cg23244488 -0.8879 0.4115
€g23900203 -1.1659 0.3116
cg11827910 -0.9216 0.3979
cg05697849 -0.9481 0.3875
cg16886987 -0.6672 0.5131
cg16787600 -0.8699 0.419
€cg20014398 -0.8807 0.4145
cg09671258 -1.0853 0.3378
6589

Discussion

Cancer is a complicated and multifaceted dis-
ease involving multiple regulatory network [18].
Integrating many biomarkers into an aggregat-
ed model could increase the prognostic value
compared to a single biomarker [19]. Bioma-
rkers have been discovered in bladder cancer
[20, 21], However, few people apply the TCGA
dataset to investigate biomarkers in different
omics. In this study, a BC prognostic classifier
model that included 8 CpG loci was built, and
the model was validated using a test set. The
results showed that certain prognostic features
were significantly associated with overall sur-
vival in patients with BC, and patients with high-
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Table 3. CpGs that significantly associated with BC overall survival in univariate Cox-regression analy-

sis and their corresponding genes

CpGs Gene symbol Gene name
cg18693395 PTGDR prostaglandin D2 receptor
cg10040329 RFX4 regulatory factor X4
cg12421755 ONECUT1 one cut domain, family member 1
€g23244488 NA NA
€g23900203 NA NA
cg11827910 PAX6 paired box 6
cg05697849 ELAVL4A ELAV like RNA binding protein
cg16886987 DSCR6 ripply transcriptional repressor 3
cg16787600 SORCS3 sortilin related VPS10 domain containing receptor 3
€g20014398 PAX6 paired box 6
cg09671258 LHX4 LIM homeobox 4
5 -~ Low-risk B =& Low-risk
HR=4.72, P=5.82x10® —+— High-risk HR=1.93, P=0.015  —+— High-risk
z -
3 2 g S-
: :
® ©
=] T T T T ° _l T T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000

overall survival(day)

overall survival(day)

Figure 3. Kaplan-Meier survival analysis of training set (A) and test set (B). Patients were divided into two groups
by the risk score obtained through the Sure independence screening (SIS) model. P values were calculated using

log-rank test, and HR indicates hazard ratio.

er prognostic scores tended to have poorer
clinical outcomes.

Kandimalla et al. found that the methylation of
TBX2, TBX3, GATA2, and ZIC4 could be consid-
ered to predict pTa-specific progression in blad-
der cancer [22]. Another study revealed that
the methylation of GRIA1 was strongly related
to bladder cancer and could be recognized as a
potential noninvasive biomarker for basal-like
bladder cancer [23]. An additional study vali-
dated the methylation of HOXA9, PCDH17,
POU4F2, and ONECUT2 as urinary biomarkers
for the detection of bladder cancer in Chinese
patients with hematuria [24]. These studies
paid attention to the discovery of noninvasive
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diagnostic biomarkers and establishment of
combined models for the detection of bladder
cancer. In this study, we investigated differen-
tially methylated genes between bladder can-
cer and normal tissues and to assess their rel-
evance as prognostic biomarkers. According to
the previous studies, seven genes mapped by
the CpG loci in prognostic classifier model were
associated with BC or other types of cancers.

The methylation levels of CpG sites in ONECUT1,
RIPPLY3, PAX6 and LHX4 were positively corre-
lated with their expression levels. There was
no relationship between transcription factor
ONECUT1 (HNF6) and BC, while down-regulat-
ed ONECUT1 was correlated with pancreatic

Int J Clin Exp Med 2020;13(9):6585-6595
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Figure 4. Correlation analysis and survival analysis of characteristic CpG loci and corresponding gene expression. Left panels show correlation of PTGDR (A), ONE-
CUT1 (B), TWIST1 (C), and ELAVL4 (D) RIPPLY3 (E), PAX6 (F) and LHX4 and (G) expression (X-axis) with CpG sites methylation (Y-axis). Right panels show Kaplan-
Meier survival plots of gene expression from the TCGA-BLCA Project. HR indicates hazard ratio. Patients were categorized into high-risk and low-risk groups based
on the gene’s expression value by an optimum cutoff point according to the highest x? value.
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development and pancreatic cancer progres-
sion [25]. ONECUT1 was positively related to
tumor suppressor p53 regulating lung cancer
cell plasticity [26]. RIPPLY3 is a transcriptional
corepressor that negatively regulates the tran-
scriptional activity of TBX1 which is involved in
parathyroid tumorigenesis [27]. Previous study
indicated that the methylation level of PAX6-
promoters was increased in early BC and may
represent a biomarker for the disease [28].
Frequent CpG hypermethylation of LHX4 was
discovered in tumor samples [29]. While, the
methylation levels of PTGDR, TWIST1 and
ELAVL4 were negatively correlated with gene
expression levels. Thomas et al. validated that
methylation of eight genes including PTGDR
that may be promising markers for early BC
detection [30]. Hypermethylated TWIST1 was
identified as a prognostic factor for BC [31, 32].
It was found that ELAVL4 was associated with
small cell lung cancer [33] and neuroblastoma
[34]. These results suggest the correlation
between methylation levels of seven genes and
BC progression.

In addition to CpG methylation, the mRNA lev-
els of ELAVL4, RIPPLY3, LHX4 and PAX6 were
found to be significantly related to the progno-
sis of BC patients. LHX4 which functions as a
potential tumor suppressor was overexpressed
in tumors of soft tissue or muscle tissue, such
as in human hepatocellular carcinoma [35] and
colorectal cancer [36]. The transcription factor
PAX6 is a tumor suppressor that is overex-
pressed in cancers [37, 38]. Our results indi-
cate the reliability of 8 CpG loci as a prognostic
molecular classifiers for BC patients.

However, the relationship between gene expre-
ssion levels and patient survival was not par-
ticularly significant. Three genes of ONECUT1,
PTGDR, and TWIST1 had no significant charac-
teristics from the survival curve, which may be
due to the absence of gender-related differenc-
es in the grouping process. Besides, this study
analyzed the effects of gene methylation levels
and gene expression levels on the prognosis of
bladder cancer from the statistical analyses. It
was interesting to note that most of the meth-
ylation’s effect might function beyond just
affecting expression, but may also be related to
gene function [39]; investigation of which will
require further functional experiments.

In conclusion, 8 CpG loci mapping to 7 genes
could be a reliable and practical classifier to
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improve the prediction accuracy of prognosis
and survival. This SIS model may be a novel
prediction tool for appropriate clinical adjuvant
trials. Further external validation, including con-
sideration of age, BC stage and other clinical
characteristics to incorporate into the prognos-
tic classifiers for routine clinical practice will be
conducted.
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