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Abstract

Objective Clear cell renal cell carcinoma (ccRCC) is the most common type of kidney tumor characterized by the highest
mortality rate of the genitourinary cancers, and, therefore, new diagnostic and/or prognostic biomarkers are urgently needed.
Methods Based on genome-wide DNA methylation profiling in 11 pairs of ccRCC and non-cancerous renal tissues (NRT),
the methylation at regulatory regions of ZNF677, FBN2, PCDHS8, TFAP2B, TACI, and FLRT2 was analyzed in 168 renal
tissues and 307 urine samples using qualitative and quantitative methylation-specific PCR (MSP).

Results Significantly higher methylation frequencies for all genes were found in ccRCC tissues compared to NRT (33-60%
vs. 0—11%). The best diagnostic performance demonstrated a panel of ZNF677, FBN2, PCDHS, TFAP2B & TAC1 with 82%
sensitivity and 96% specificity. Hypermethylation of ZNF677 and PCDHS in the tissue samples was significantly related
to numerous adverse clinicopathologic parameters. For the urine-based ccRCC detection, the highest diagnostic power
(AUC=0.78) was observed for a panel of ZNF677 & PCDHS (with or without FBN2 or FLRT?2) with 69-78% sensitivity
and 69-80% specificity, albeit with lower values in the validation cohort. Besides, methylation of PCDHS was significantly
related to higher tumor stage and fat invasion in the study and validation cohorts. Moreover, PCDHS8 was strongly predictive
for OS (HR, 5.7; 95% CI 1.16-28.12), and its prognostic power considerably increased in combination with ZNF677 (HR,
12.5;95% CI 1.47-105.58).

Conclusion In summary, our study revealed novel, potentially promising DNA methylation biomarkers of ccRCC with the
possibility to be applied for non-invasive urine-based ccRCC detection and follow-up.

Keywords Clear cell renal cell carcinoma - DNA methylation - Non-invasive biomarkers - Diagnostic biomarkers -
Prognostic biomarkers
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Introduction

Renal cell carcinoma (RCC) is the most frequent type of
renal neoplasm, accounting for 85-90% of all renal malig-
nancies, and is the most lethal cancer of the urinary system
(Kabaria et al. 2016; Siegel et al. 2015). RCC encompasses
a heterogeneous group of cancers derived from renal tubu-
lar epithelial cells with the major subtypes of clear cell
RCC (ccRCC), which arises from the proximal convoluted
tubule, and comprise 70-80% of all RCC cases (Chow
et al. 2010). ccRCC is characterized by the predominance
of metastatic disease (~90%) as well as accounts for the
majority of deaths from kidney cancer (Chow et al. 2010).

Clinically most of the RCC cases are asymptomatic and
nowadays discovered incidentally due to extensive use of
abdominal computed tomography (CT), ultrasound (US),
and magnetic resonance tomography (MRT) for other med-
ical reasons (Jayson and Sanders 1998; Rossi et al. 2018).
The critical point for the successful treatment of cancer is
an early diagnosis. Meanwhile, 30% of RCC patients have
metastases at the time of diagnosis, while an additional
30-50% will develop metastases during follow-up, even
if radical surgery has been initially performed (Capitanio
et al. 2019). If metastases are present at diagnosis, the
probability of 5-year survival may be as low as 10-15%,
while among patients with local disease, the 5-years sur-
vival rate reaches 95% (Hsieh et al. 2017a). Therefore,
it is evident that there is an urgent need to develop new
molecular biomarkers for the early diagnosis of ccRCC
and to identify patients at high risk of progression.

Normal epigenetic processes, including genome-wide
changes in the DNA methylation pattern, are disrupted
during the initiation and progression of cancer (McMahon
et al. 2017). Hypermethylation of the CpG islands is a
common event in various cancer types, including kidney
cancer, and is often associated with the transcriptional
silencing of tumor-suppressor genes and downstream
signaling pathways (Lasseigne and Brooks 2018). During
renal cell carcinogenesis, mutations in genes responsible
for epigenetic regulation are observed and lead to abun-
dant changes in DNA methylation (The Cancer Genome
Atlas Research Network, 2013). Because aberrant DNA
methylation is one of the earliest observable molecular
changes in cancer, these alterations could be valuable clin-
ical biomarkers for disease diagnosis and/or prognosis.
However, despite their potential, no accurate diagnostic or
prognostic RCC DNA methylation biomarker has reached
the clinic so far.

In urological tumors, especially in the case of RCC,
tumor-derived methylated DNA can be easily detectable in
the urine samples, which allows the development of non-
invasive molecular tests (Larsen et al. 2019). Furthermore,
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ccRCC is considered to be a heterogeneous malignancy
with high intra-tumor and inter-tumor heterogeneity (Ger-
linger et al. 2014; Larsen et al. 2019; Hsieh et al. 2017b),
that complicates diagnosis and prediction of the course of
the disease. DNA methylation in urine bypasses this situ-
ation, providing a better reflection of tumor heterogeneity
than the tissue sample. In addition, due to the easily avail-
able repeatability of the sample acquisition, urine-based
biomarkers can be checked periodically in patients at risk,
allowing the detection of small tumors at an early stage
or following the real-time state of the cancer progression.

In this study, a set of DNA methylation biomarkers,
specifically ZNF677, FBN2, PCDHS, TFAP2B, TACI, and
FLRT2, were investigated in the renal tissues as well as urine
samples of patients diagnosed with ccRCC and showed valu-
able clinical utility as well as the promising potential for
non-invasive ccRCC detection and prognosis.

Results
Genome-wide DNA methylation analysis

To identify potential DNA methylation biomarkers of
ccRCC and to determine the amount of DNA methylation
changes in cancerous renal tissues compared to NRT, the
genome-wide DNA methylation profile was analyzed in
11 pairs of ccRCC and NRT samples. Among ccRCC, four
samples were an early pT1la, while the remaining were of
advanced pT3-4 stages. The comparison of cancerous and
non-cancerous renal tissue samples revealed significant
methylation differences (fold change (FC)>1.5; P <0.050)
in 766 probes, reflecting 367 genes in total. About a half
of differently methylated genes, particularly 175 (48%),
were hypermethylated (Supplementary Table S1), and
192 (52%) were hypomethylated. Hierarchical clustering
analysis discriminates NRT samples from the ccRCC one
(Fig. 1). Comparison of the cases of different tumor stages
with NRT revealed the most abundant DNA methylation
differences in pT1 tumors. DNA methylation changes in
pT1 tumors occurred in 1940 genes (FC > 1.5; P <0.050)
in total, of which 406 (21%) were hypermethylated, and
1526 (79%) were hypomethylated, including eight genes
with concurrent changes observed according to different
microarray probes. In the pT3-4 tumor stage, DNA meth-
ylation differences were less common and observed in
323 genes (FC > 1.5; P <0.050), of which 210 (65%) were
hypermethylated and 112 (35%) hypomethylated, includ-
ing one overlapped gene. It is worth noting that these
diversities between stages can be explained by a small
number of samples being compared. However, the com-
parison of pT3-4 to pT1 revealed methylation differences
(FC>1.5; P<0.050) in only eight genes. A considerable
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Conditions:
Tumor size
Fuhrman grade
WHO/ISUP grade
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Fig.1 Genome-wide DNA methylation analysis in cancerous and
non-cancerous renal tissues. Heat map for hierarchical clustering
analysis of 11 pairs of clear cell renal cell carcinoma (ccRCC) and
non-cancerous renal tissue (NRT) samples from 11 patients. Only
probes indicating significantly differential methylation (FC>1.5;
P <0.050) between cancerous and non-cancerous tissues are included

part of deregulated genes in the separate tumor stages
was observed in the ccRCC vs. NRT comparison group as
well (Supplementary Table S1; Fig. S1). Relatively scarce
methylation differences were found when comparisons
according to other clinical-pathological parameters were
made. On the contrary, abundant methylation differences
were observed among males and females as well as differ-
ent age groups; however, only one of the genes overlapped

Table 1 Genes selected for methylation analysis
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in the heatmap. The color scale indicates relative methylation level
normalized by reference sample (genomic DNA), where — 1 indi-
cates hypomethylated while 1 hypermethylated status of the probe.
pT pathological stage, WHO/ISUP World health organization/Inter-
national Society of Urological Pathology, G grade, yr years, NA not
applicable

with methylation changes determined in the ccRCC vs.
NRT comparison group (Supplementary Table S2).
Based on methylation differences according to the renal
tissue histology and/or tumor stage, as well as concerning
the number of particular gene-associated probes showing
significant methylation differences, six genes ZNF677,
FBN2, PCDHS, TFAP2B, TACI, and FLRT?2, were selected
for further detailed analysis (Table 1). These genes were
selected due to their putative contribution to the cancer

Gene symbol Gene name Chromosomal  Cancer hallmark or signaling DNA methylation differences (probes, N (FC))
location pathways
(strand) ccRCC vs. NRT pT1 vs. NRT pT3-4 vs. NRT
ZNF677 Zinc finger protein 677 19q13.42 (-) Transcriptional regulation 1(1.6) 1(1.6) 2 (1.6)
FBN2 Fibrillin 2 5q23.3 (-) Invasion, EMT 8(1.8) 8(2.0) 8(1.8)
PCDHS Protocadherin 8 13q14.3 (-) Cell adhesion, EMT 4 (1.7) 7 (2.0) 3(1.6)
TFAP2B Transcription factor AP-2 6pl2.3 (+) Transcriptional regulation, 1(1.6) 1(1.6) 1(1.5)
beta WNT signaling
TACI Tachykinin precursor 1 7q21.3 (+) Cell motility, inflammation 1(1.5) 0 5.7
FLRT2 Fibronectin leucine rich trans- 14q31.3 (+) Cell adhesion, invasion 2 (1.7) 2 (1.7) 2(1.7)

membrane protein 2

FC fold change, ccRCC clear cell renal cell carcinoma, NRT non-cancerous renal tissues, pT pathological stage, EMT epithelial-mesenchymal

transition, WNT Wingless and Int-1
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hallmarks (according to literature data) and technical feasi-
bility for targeted methylation-specific PCR analysis as well.

Targeted DNA methylation analysis in renal tissue
samples and clinical-pathological features

DNA methylation status of ZNF677, FBN2, PCDHS,
TFAP2B, TACI, and FLRT2 was analyzed qualitatively at
regulatory regions of the genes in 123 ccRCC and 45 NRT
samples using MSP. DNA methylation of all genes was
detected at least in one-third of ccRCC samples or even more
frequently (from 33.3 to 60.2%) and was significantly more
common in cancerous renal tissues as compared to NRT
(all P<0.010; Fig. 2A). Furthermore, quantitative analysis
showed that methylation levels of all biomarkers were sig-
nificantly higher in randomly selected 20 ccRCC than 10
NRT samples (all P <0.050; Supplementary Fig. S2).
Diagnostic test selectivity parameters were calculated to
evaluate the ability of the biomarkers to distinguish ccRCC
and NRT samples (Supplementary Table S3). The sepa-
rate biomarkers had high specificity (> 88.9%) and posi-
tive predictive values (>90.4%) for diagnosing ccRCC.
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Fig.2 DNA Methylation frequencies of the selected genes accord-
ing to the renal histology and clinical-pathological parameters. A
Methylation frequencies in ccRCC and NRT samples; methylation
frequencies according to B patients' gender, C tumor stage, D tumor
size, E tumor WHO/ISUP grade, and F tumor necrosis. The box
extends from the 25th to 75th percentiles; the line in the box is plot-
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The biomarkers were also analyzed in all possible com-
binations of 2—6 genes, and the panel of five biomarkers,
particularly ZNF677, FBN2, PCDHS, TFAP2B & TACI,
was characterized with the best diagnostic potential and
reached 82.1% of sensitivity and 95.6% of specificity (Sup-
plementary Table S3).

Aberrant methylation of the genes was further analyzed
according to the demographic and clinical-pathological
patient's characteristics. Higher methylation frequencies
of all investigated genes, except TFAP2B, were observed
in males compared to females, and for ZNF677, FBN2,
and PCDHS, this occurrence was statistically significant
(P <0.050; Fig. 2B). DNA methylation frequencies in
all genes showed an increasing tendency according to
the tumor stage, and in the case of ZNF677 and PCDHS,
the observed association was statistically significant
(P=0.023 and P=0.043, respectively; Fig. 2C). Further-
more, the methylated status of ZNF677, PCDHS, TACI,
and FLRT?2 was statistically significantly associated with
larger tumors (P < 0.050; Fig. 2D). Moreover, the meth-
ylation frequencies of all genes were also elevated in the
higher-grade tumors, and for PCDHS, this tendency was
significant (P =0.004, Fig. 2E). In addition, frequent
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ted at median; the plus sign depicts the mean; the whiskers represent
the 10-90% range; data values outside the range are marked as dots.
ccRCC clear cell renal cell carcinoma, NRT non-cancerous renal tis-
sues, WHO/ISUP World Health Organisation/International Society of
Urological Pathology, pT pathological tumor stage. Significant P val-
ues are in bold
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methylation of ZNF677 was related to the presence of
tumor necrosis (P =0.007; Fig. 2F).
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Fig.3 The relationship between methylation status of selected genes
and overall survival. Kaplan-Meier survival curves according to the
gene methylation status of A ZNF677, B FBN2, and C-I various
combinations of two-four biomarkers. For the gene combinations,

DNA methylation and overall survival

To investigate the performance of the biomarkers in predict-
ing the progression of ccRCC, overall survival analysis by
the Kaplan—Meier curves test was initially performed. The
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only panels showing the significant association with the patient's
overall survival are depicted. M/U methylated/unmethylated gene sta-
tus, HR hazard ratio (when gene or panel is methylated). Significant P
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analysis showed significantly lower overall survival rates
in ccRCC cases with a methylated status of ZNF677 and
FBN2 (P=0.023 and P=0.019, respectively; Fig. 3A, B).
Although no associations were observed for other single bio-
markers (P> 0.050; Supplementary Fig. S3), various combi-
nations of the biomarkers were significantly associated with
the poorer overall survival of ccRCC patients (P <0.050;
Fig. 3C-I).

Univariate Cox proportional hazard analysis confirmed
the association of the methylated status of single biomark-
ers ZNF677, FBN2, and panels of two-four biomarkers
with overall survival (model's P <0.050; Supplementary
Table S4) that even outperform the prognostic value of some
demographic and clinical-pathological variables. In the mul-
tivariate analysis, forward entering of covariates revealed
that the methylation status of ZNF677 alone or in a panel
with FLRT2 (with or without PCDHS) together with tumor
size better predicted overall survival than the clinicopatho-
logic variable alone (model's P <0.050; Supplementary
Table S4). Besides, ZNF677 & FLRT?2 also had the same
effect in combination with tumor stage and fat invasion (both
model's P<0.001).

Gene expression analysis in renal tissue samples

Expression levels of ZNF677, TFAP2B, TACI, and FLRT2
were significantly lower in ccRCC tissues as compared to
NRT samples (all P <0.050). No statistically significant
differences in mRNA level were observed for FBN2; mean-
while, significantly higher expression of PCDHS8 was found
in ccRCC as compared to NRT (Fig. 4A-F). Lower expres-
sion levels of ZNF677 in ccRCC tissues were significantly
associated with methylated promoter status (P <0.001),
while no such correlation was observed for the other selected
genes (Supplementary Fig. S4).

In comparison with clinical-pathological parameters,
down-regulated ZNF677 was significantly correlated with
the higher tumor stage, Fuhrman and WHO/ISUP grade,
larger (> 45 mm) tumor size, presence of tumor vascular and
fat invasions as well as necrosis (all P <0.050; Fig. 4G). The
lower expression level of FLRT2 and TAC1 was also related
to the presence of tumor necrosis and larger (>45 mm)
tumor size, respectively (P=0.006 and P=0.035; Supple-
mentary Fig. S4). On the contrary, a higher mRNA level of
FBN2 was significantly associated with larger tumors, higher
WHO/ISUP grade, and tumor necrosis (P =0.003, P=0.020,
and P=0.001 respectively; Supplementary Fig. S4).

In addition, Kaplan—-Meier survival analysis and log-
rank test results suggested that patients with low expression
of ZNF677 had significantly shorter overall survival than
patients with high expression of ZNF677 (P =0.021; Sup-
plementary Fig. S5).
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DNA methylation analysis in the urine samples

In urine samples, quantitative DNA methylation analysis of
ZNF677, FBN2, PCDHS, TFAP2B, TACI, and FLRT2 was
performed by the qMSP method. The average methylation
levels of all genes were significantly higher in the urine of
ccRCC cases as compared to the ASC group in both study
and validation cohorts (P <0.050; Fig. 5A, B). As expected,
DNA methylation intensity was significantly lower in ran-
domly selected 20 ccRCC patients' urine samples than in
paired ccRCC tissues (all P <0.050; Supplementary Fig.
S6).

The power of selected urine biomarkers methylation
intensities to discriminate ccRCC cases from asymptomatic
controls was analyzed by the ROC curve method. In the
study cohort, the area under the curve (AUC) value for all
genes was 0.60 or higher, with the highest value for PCDHS,
which was 0.71 (all P <0.050; Fig. 5C). In the validation
cohort, AUC values ranged from 0.59 to 0.65 with the
highest value identified for PCDHS8 as well (all P <0.050;
Fig. 5D). Moreover, panels of two-six biomarkers had a
better ability to discriminate between ccRCC and ASC (all
P <0.050; Fig. SE-F; Supplementary Table S5). In the study
cohort, the highest AUC value (0.78) and diagnostic power
were observed for the panels, consisting of two—ZNF677 &
PCDHS and three—ZNF677, PCDHS & FBN2 or ZNF677,
PCDHS8 & FLRT2 biomarkers (all P <0.001; Fig. 5E).
Although the diagnostic parameters of multi-marker panels
were lower in the validation cohort (Fig. SF; Supplementary
Table S5), significantly smaller tumors in this patients group
were detected.

Prognostic value of the investigated biomarkers
in the urine samples

Aberrant methylation of all genes in the urine samples was
further analyzed according to the clinical-pathological char-
acteristics of the disease. A statistically significant higher
methylation frequency of PCDHS8, TFAP2B, and TAC1
was detected in the urine samples from patients diagnosed
with locally advanced ccRCC, particularly characterized by
the fat invasion (P =0.018, 0.050 and 0.042 respectively;
Supplementary Table S6) in the study cohort. Moreover,
the methylated status of PCDHS8 was more common in
the case of a higher tumor stage (P=0.002; Supplemen-
tary Table S6). In the validation cohort, PCDHS sustained
significant association with tumor stage and fat invasion
(P=0.042, and P=0.042, respectively) and additionally
correlated to the larger tumor size (P=0.007; Supplemen-
tary Table S6).

Aberrant methylation of all genes was more frequent in
the urine samples of the deceased cases, but only for PCDHS8
was this tendency significant (P =0.005; Supplementary



Journal of Cancer Research and Clinical Oncology (2022) 148:361-375 367
Cc
ZNF677 (FC =1.9) FBN2 (FC =1.3) PCDH8 (FC =2.2)
6- P<0.001 16n 20817 100- P=0.028
. 1
gEE" . 5512_ gE 801
28 . 28 2a
oI oI oL 60- .
[Cle] ] . . (Ol (Ol e *
¢ 8 . 8N ; 28 401 -
SE° L SE 4 . 3E : i
€9 4. + 9 T @ g 207
NRT ccRCC NRT ccRCC NRT ccRCC
D _ E _ F _
FLRT2 (FC=24) TFAP2B (FC = 270.3) TAC1 (FC = 13.6)
P=0.001
<0.

1201 R 250- P<0.001 10001 [P<0.001_
5 S o 5 800 '
S 401 S g 2907 S 150 .

(%] Q % Q . ¢ 7] Qa
OB . oI s o T .
S0 304 &9 150+ . S e .
oo . & B s 5 100+
2 N 20- 2 XN 1004 g :
5O T o + : "GO
o E o £ 3 E 501 : :
© S 101 » X g 50+ © 9 %
_l;& 0 L I. 1 T
NRT ccRCC NRT ccRCC NRT ccRCC
G ZNF677
FC=1.6 FC=1.8 FC=1.6 FC=1.8 FC=1.6 FC=1.6 FC=20
P=0.002 P<0.001 P=0.008 P<0.001 P=0.005 P=0.008 P<0.001
6 1 1 r 1 r 1 T 1 1 1
8 E . . . . . . .
@ 44
g% : : : : . . .
3 : . . : : : :
g . . . . . . .
o9 -|— T . . . .
() . o
> 2 2_ 3o ogee —T— o _IA_ . _T_ & —T— : _T_
1o g + T + T + T | T + T + T +
o 8 + + + + " + EE—I
Y IR =~ = -~ B e i;‘ =l
L] L) 1 L) L) ) T T 1 1 1 L) 1 T
1-2 34 <45 >45 1-2 34 1-2 3 No Yes No Yes No Yes
Tumor Tumor Fuhrman | WHO/ISUP | Vascular Fat Tumor
pT stage size, mm grade grade invasion invasion necrosis

Fig.4 Transcriptional expression analysis of the selected genes.
A-F Relative expression levels of ZNF677, FBN2, PCDHS8, FLRT?2,
TFAP2B, and TACI. G A relative expression of ZNF677 according
to the clinical-pathological parameters of ccRCC patients. The box
extends from the 25th to 75th percentiles; the line in the box is plot-

ted at median; the plus sign depicts the mean; the whiskers represent
the 10-90% range. FC fold change, ccRCC clear cell renal cell car-
cinoma, NRT non-cancerous renal tissues, WHO/ISUP World Health
Organisation/International Society of Urological Pathology, pT patho-
logical tumor stage. Significant P values are in bold
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Fig.5 DNA methylation
analysis in urine samples of
study and validation cohorts.

A, B The gens ZNF677, FBN2,
PCDHS, TFAP2B, TACI, and
FLRT?2 methylation levels in the
urine of patients diagnosed with
c¢cRCC and asymptomatic con-
trols. C, D ROC curve analysis
for single biomarkers and E, F
the combination of biomarkers
in discriminating patients with
ccRCC and ASC. ccRCC clear
cell renal cell carcinoma, ASC
asymptomatic controls, ROC
receiver operating characteris-
tic, AUC area under the curve,
DSe diagnostic sensitivity, DSp
diagnostic specificity. Signifi-
cant P values are in bold

Fig.6 The relationship between
methylation status of investi-
gated genes in urine samples
and patient's overall survival
(study cohort). A, B Kaplan—
Meier survival curves accord-
ing to the methylation status

of PCDHS alone or panel of
ZNF677 & PCDHS8. M/U meth-
ylated/unmethylated gene status,
HR hazard ratio (when gene or
gene panel is methylated). Sig-
nificant P values are in bold
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Table 2 Univariate and multivariate Cox regression models assessing the prognostic potential of clinical and molecular variables in the urine

samples (Study cohort)

Covariates Univariate analysis

Multivariate analysis

Model 1 (P <0.001) Model 2 (P <0.001)

HR [95% CI] P-value HR [95% CI] P-value HR [95% CI] P-value

PCDH8 (M vs U) 4.58 [1.07-19.54] 0.041 5.70[1.16-28.12] 0.033 - -

ZNF677 & PCDHS8 (M vs. U) 7.38 [1.00-54.46] 0.051 - - 12.47 [1.47-105.58] 0.021
Age, years (cont.) 1.09 [1.04-1.14] <0.001 1.10[1.04-1.16] 0.001 1.10 [1.04-1.16] <0.001
Gender (male vs. female) 2.73 [1.056-7.08] 0.038  2.72[0.99-7.45] 0.053 3.42 [1.26-9.30] 0.016
Stage (pT3-4 vs. pT1-2) 5.12 [1.73-15.16] 0.003  1.76 [0.51-6.08] 0.372 1.93 [0.58-6.43] 0.285
Tumor size (cont.) 1.01 [1.00-1.02] 0.036  1.02 [1.00-1.03] 0.044 1.01 [1.00-1.03] 0.123
WHO/ISUP grade (G=3 vs. GL2) 3.04 [1.28-7.21] 0.012  0.69 [0.22-2.18] 0.527 0.92 [0.31-2.70] 0.874
Necrosis (yes vs. no) 497 [2.11-11.71] <0.001 4.73[1.45-15.46] 0.010 4.67 [1.64-13.26] 0.004

M/U methylated/unmethylated status, cont. continuous variable, WHO/ISUP World Health Organisation/Internation Society of Urological
Pathology, pT pathological tumor stage, G grade, HR hazard ratio, CI confidence interval

Significant P values are in bold

Fig. S7). Kaplan—Meier curves and univariate Cox pro-
portional hazard analysis revealed significant associations
between the methylated status of PCDHS8 and shorter
patient's overall survival (P <0.050; Fig. 6A, Table 2). The
prognostic value of PCDHS even increased in combination
with ZNF677 (P <0.050; Fig. 6B). Moreover, multivariate
analysis revealed the methylation status of PCDHS alone or
panel of ZNF677 & PCDHS is an independent predictor for
ccRCC patients OS with HR, 5.7 (95% CI 1.16-28.12) and
HR, 12.5 (95% CI 1.47-105.58) respectively, while adjust-
ing according to the most important prognostic factors of
ccRCC, including patients' age, gender, tumors stage, size,
grade and necrosis (Table 2). Besides, the prognostic value
of other combinations of biomarkers was also rather promis-
ing (Supplementary Fig. S8, Table S7).

Discussion

Malignant kidney tumors account for 2% of the global can-
cer burden, and their incidence is on the rise (Turajlic et al.
2018a). Renal cell carcinoma (RCC), particularly ccRCC,
is the most common type of kidney tumor and is character-
ized by the highest mortality rate of genitourinary cancers
(Kabaria et al. 2016; Siegel et al. 2015). While currently, due
to the widespread use of cross-sectional imaging, most RCC
cases are detected incidentally at an early stage; more than a
quarter of the cases will develop distant metastatic disease
responsible for the major health burden of RCC (Capitanio
et al. 2019). Another significant problem is the increase of
overtreatment of patients with non-life-threatening benign
renal masses, especially in the case of small renal tumors
(Sohlberg et al. 2019). Thus, it is a vital need for new non-
invasive biomarkers, which in combination with imagining

data, could provide valuable information about the presence
of the disease, its aggressiveness, and possible prognosis.

Using a microarray-based methylation detection platform,
our study for the first time identified frequent (33-60%)
methylation of ZNF677, TFAP2B, TACI, and FLRT2 in
ccRCC tissues with 89-100% of specificity that was also
supported by significantly decreased expression of these
genes in ccRCC tissues. Hypermethylation of PCDHS8 and
FBN2, known from the previous studies (Lin et al. 2014;
Morris et al. 2011), was also identified in the current study
and showed 100% specificity for ccRCC. The best perform-
ing multi-marker combination for ccRCC tissue samples
with 82% of sensitivity and 96% of specificity was demon-
strated for the five biomarker panel ZNF677, FBN2, PCDHS,
TFAP2B & TACI, that significantly exceeded the diagnos-
tic power of the previously reported methylated gene panel
(Costa et al. 2011). Although some studies provided gene
panels with stronger diagnostic power (Battagli et al. 2003;
Pires-Luis et al. 2017), considerably lower numbers and het-
erogeneous samples were included in these analyses.

The investigated genes were recognized as potential prog-
nostic ccRCC biomarkers as well. The methylated status and
decreased expression of ZNF677 were related to the vast
majority of adverse parameters related to the disease prog-
nosis (Warren and Harrison 2018), including tumor stage,
grade, necrosis, intravascular and fat invasion, thus pre-
sented as an extremely valuable biomarker for ccRCC. While
paralleling to the previous report (Lin et al. 2014), frequent
methylation of PCDHS was related to the higher tumor stage
and WHO/ISUP grade. Moreover, methylation of ZNF677,
PCDHS8, FLRT2, and TACI was significantly associated
with the larger tumor size, a relevant prognostic parameter
of renal cancer (Williamson et al. 2019; Li et al. 2021). Sur-
vival analysis revealed methylation of ZNF677 and FBN2
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as an independent predictor of ccRCC patient's OS in the
univariate model; meanwhile, no association between the
FBNZ2 methylation and patient survival was previously found
(Ricketts et al. 2014). Besides, multivariate models revealed
that ZNF677 alone or in combination with FLRT2 (with or
without PCDHS) augmented the prognostic value of tumor
size. Moreover, ZNF677 & FLRT2 enhanced the prognostic
value of tumor stage and fat invasion—a strong prognostic
factor in ccRCC (Bedke et al. 2009). Although van Vlodrop
et al. (2017) previously proposed four-gene methylation as a
valuable prognostic biomarker for ccRCC, their performance
in urine samples has not been assessed yet.

Urine samples are the preferred source of biomarkers
for non-invasive detection and/or prognosis of urological
cancers. The current study revealed for the first time signifi-
cantly higher methylation levels of ZNF677, FBN2, PCDHS,
TFAP2B, TACI, and FLRT?2 in the urine samples of ccRCC
patients in both study and validation cohorts with sensitivi-
ties higher than most of the previously reported urine-based
epigenetic biomarkers (reviewed in Kubiliute and Jarmalaite
2021). The highest diagnostic power (AUC =0.78) was
observed for a panel of ZNF677 & PCDHS, either with or
without FBN2 or FLRT?2, with 69-78% of sensitivity, which
considerably outperformed the value of the previously
reported two-biomarkers panel (Costa et al. 2011). At the
same time, the specificity of our biomarker panel was also
high and ranged between 69 and 80%, depending on the bio-
marker combination. Though some previous studies estab-
lished urine-based biomarker panels with better diagnostic
characteristics (Battagli et al. 2003; Hoque et al. 2004), they
used a considerably lower number of quite heterogeneous
samples and lacked validation. Although the performance
of our biomarkers in the validation cohort was of lower sig-
nificance, it should be highlighted that this group consisted
of patients with significantly smaller tumors of potentially
lower aggressiveness. On the other hand, the combination
of ZNF677, PCDH8 & FLRT?2 still were able to detect six
out of ten ccRCC in urine samples and correctly classified
eight out of each ten suspects. Thus, this inexpensive and
simple test method has the potential to detect ccRCC even
in the situation of small renal tumors, which can be missed
by routine diagnostic methods (Rossi et al. 2018).

The rising amount of incidentally detected ccRCC intro-
duced an important clinical challenge owing to the risk of
patients overdiagnosis and overtreatment (Sohlberg et al.
2019). Thus, the ability to predict the possible course of the
disease before the radical treatment might reduce this risk.
Our study demonstrated that methylation of PCDHS in urine
samples significantly relates to tumor stage and fat invasion
in both study and validation cohorts, indicating its prognos-
tic potential. This finding was confirmed in multivariate Cox
analysis, where PCDHS, together with the patient's age, gen-
der, and tumor necrosis, retained an independent prognostic
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value for OS (HR: 5.7), which was considerably enhanced by
the combination with ZNF677 (HR: 12.5). To the best of our
knowledge, there is only one report presenting urine-based
prognostic DNA methylation biomarker of ccRCC (Outeiro-
Pinho et al. 2020), and the current study nicely supplements
this field of investigations. To sum up, the present study sug-
gests the possibility of predicting ccRCC progression based
on only one-two urinary biomarkers that may reduce the risk
of patients mistreatment.

The biological function of selected genes may improve
the understanding of ccRCC development and progression.
ZNF677 (Zinc finger protein 677) encodes the transcrip-
tion factor and possibly functions as a tumor suppressor,
whereas its overexpression inhibits cell proliferation, migra-
tion, invasion, induction of cell cycle arrest, and apopto-
sis (Heller et al. 2015; Li et al. 2018). Another set of three
genes, specifically PCDHS8, FLRT2, and FBN2, encodes the
proteins related to cell migration. Protocadherin-8 PCDH8
(Protocadherin-8) belongs to the protocadherin family and
plays multiple roles in cell adhesion, proliferation, differ-
entiation, and migration by both inhibiting (Yu et al. 2008)
or promoting (Lin et al. 2018) such processes depending on
specific tissue. FLRT2 (Fibronectin leucine-rich transmem-
brane protein 2) encodes glycosylated membrane protein
interacting with fibronectin in either a repulsive or adhe-
sive manner (Flintoff et al. 2014), and its down-regulation
due to promoter methylation increases cell proliferation
and migration (Bae et al. 2017). FBN2 (fibrillin-2) is an
extracellular matrix glycoprotein that regulates TGF-f bio-
availability, which can both suppress and promote cancer
development (Neuzillet et al. 2015; van Loon et al. 2020). In
the case of renal cancer, loss of fibrillin-2 may contribute to
a malignant phenotype by giving angiogenic and metastatic
advantages (Morris et al. 2011). The most down-regulated
gene, TFAP2B (transcription factor AP-2 beta), stimulates
cell proliferation, suppresses terminal differentiation, and is
indispensable for kidney development (Moser et al. 1997;
Eckert et al. 2005). It is worth mentioning that in contrast to
other genes, the analyzed TFAP2B sequence encompasses
the enhancer region instead of the promoter, of which meth-
ylation in the case of RCC has important clinical signifi-
cance as well (Hu et al. 2014). However, neither expres-
sion nor methylation of TFAP2B had any associations with
clinical-pathological parameters. Another gene with the
markedly reduced expression — TAC/ encodes four prod-
ucts of the neuropeptides family, influencing cell secretion,
motility, and inflammatory reactions as well as inhibiting
cell proliferation (Rameshwar and Gascon 1996); therefore,
it is considered a tumor-suppressor gene that was the most
frequently methylated in ccRCC in the current study.

While the main tendency of ZNF677, PCDHS, and FLRT2
as the most promising ccRCC biomarkers in both tissue and
urine samples has been confirmed, still existing inconsistencies
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among sample types are quite confusing. In the present study,
urine sediments were used for biomarker analysis, and contam-
inating urinary bladder cells may have had an impact on the
results (Lu and Li 2017). On the other hand, as renal tumors
are highly heterogeneous, regional tissue samples of the tumor
may not reflect that heterogeneity (Turajlic et al. 2018b), while
the analysis of body fluids may reflect a wider spectrum of
(epi)genetic alterations. Besides, DNA methylation may signif-
icantly vary between the regions in the same CpG island (van
Vlodrop et al. 2010). As the PCR primers for tissue and urine
analysis are not fully overlapped, this can cause differences in
methylation results between these two sources of samples as
well. Finally, the differences in the sensitivity and specificity
of MSP and QMSP methods (Danitinaité et al. 2019) might
also cause these variations. However, considering the ability of
investigated biomarkers to discriminate patients with ccRCC
from asymptomatic controls in both patient's cohorts, we feel
confident about the ccRCC-specificity of these urinary bio-
markers. Nevertheless, further biomarkers cross-validations,
at least in the case of other urological cancers, are highly
desirable to prove their applicability for non-invasive precise
ccRCC detection and prognosis.

Along with the significant impact of the study in the
search for novel ccRCC biomarkers, the investigation has
important shortcomings as well. First of all, further biomark-
ers validation in the independent larger cohort with thorough
follow-up data is mandatory to prove their clinical signifi-
cance, especially considering the relatively small number of
samples tested and even smaller in the time-to-event analysis
in the current study. In addition, death as an endpoint was
used for the survival analysis that has a lower prognostic
power as compared to disease-free survival (Sauerbrei et al.
2018), which was not available in the present study. None-
theless, the novelty of using DNA methylation biomarkers
with presumable diagnostic and prognostic value, suscep-
tible for non-invasive urine-based detection, doubtless will
stimulate the design of validation studies in larger and inde-
pendent series.

Conclusions

To sum up, our study demonstrated the ccRCC-specific aber-
rant methylation of ZNF677, PCDHS, FLRT2, FBN2, TACI,
and TFAP2B amenable for urine-based detection. DNA
methylation status of particular genes as an independent
variable or in combination with other variables supposedly
can predict the overall survival of ccRCC patients. We sug-
gest this novel DNA methylation biomarkers have a signifi-
cant potential to serve for non-invasive urine-based ccRCC
diagnostics and follow-up.

Materials and methods
Tissue and urine samples

Retrospectively recruited patients as the main study cohort
were available for this research. Human kidney tissue sam-
ples from 123 patients primarily diagnosed with ccRCC
who underwent partial or radical nephrectomy without any
neoadjuvant therapy at the Urology Centre of Vilnius Uni-
versity Hospital "Santaros Klinikos" (Lithuania) were col-
lected between 2013 and 2016. Non-cancerous renal tissue
(NRT) samples were available from 51 ccRCC patients
as a control group and collected as previously described
(Maleckaite et al. 2019). A small amount of samples were
immediately snap-frozen and stored at — 80 °C. From that
sample collection, 11 pairs of ccRCC and morphologically
normal tissue were used for microarray analysis, while 123
ccRCC and 45 NRT were for validation (Supplementary
Table S8). All tissues were sampled and evaluated by an
expert pathologist, and the presence of cancerous cells
within the particular sample was determined by a histo-
pathologist. Positive surgical margins were obtained in
11 patients, while the remaining cases were negative for
surgical margin status. Tumors were categorized based on
pathological stage and histological subtype, as described
previously (Sobin et al. 2009; Lopez-Beltran et al. 2006),
while nuclear differentiation was graded according to
the Fuhrman (Fuhrman et al. 1982) and World Health
Organization/International Society of Urological Pathol-
ogy (Delahunt et al. 2013) grading systems. To reduce
confounding factors affecting the analyses, patients had
to fulfill the following criteria: (1) patients older than
18 years old; (2) clinically and pathologically approved
T1-T4 stage without previous treatment; and (3) histologic
pure clear cell RCC without sarcomatoid differentiation.

According to the pathological stage (pT) category,
approximately half of the tumors, 46% (57/123), were an
organ-confined pT1-2 stage, whereas 50% (61/123) of
tumors had signs of invasion, with 57 tumors extending into
the renal vein or perirenal and/or renal sinus fat (pT3a) and
4 grossly extending into the vena cava below the diaphragm
(pT3b). In addition, 4% (5/123) of the tumors invade beyond
Gerota fascia (pT4). For none of the cases were distant
metastases diagnosed. The overall survival data were avail-
able for 107 of 123 patients with a median follow-up time of
59 months (range 1-79 months). All collected demographic
and clinical-pathological data of the investigated cohort are
provided in Supplementary Table S8.

Preoperatively voided urine samples were available for
all ccRCC patients (study cohort; N=123). A prospectively
collected validation cohort composed of 92 ccRCC patients
diagnosed with ccRCC from 2019 July to 2021 April at the
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Oncourology department of the National Cancer Institute
(Vilnius, Lithuania) was included in the analysis as well.
Collected demographic and clinical-pathological data of that
validation cohort are provided in Supplementary Table S8.
An additional voided urine sample from 92 age- and sex-
matched asymptomatic volunteers was used as asymptomatic
control (ASC) group. All urine samples were processed
according to the standard protocol as previously reported
(Daniunaite et al. 2014).

The study was conducted following the Declaration of
Helsinki. Approval from the Lithuanian Bioethics Commit-
tee was obtained before initiating the study and later for the
microarray analysis, and all patients gave informed consent
for participation.

Genome-wide DNA methylation profiling

For the initial screening, the genome-wide DNA methyla-
tion profiling (GEO accession identifier GSE166734) of 11
paired ccRCC and NRT samples with thorough clinical-
pathological data was performed to identify potential ccRCC
biomarkers. The samples were processed using the two-color
Human DNA Methylation 1 X244 K Microarrays according
to the manufacturer's protocol (Agilent Technologies, Santa
Clara, CA, USA), as described previously (Daniunaite et al.
2015). Saturated, non-uniform, and outlier probe signals
were treated as compromised, and probes undetected in at
least one sample were removed from the analysis. The sig-
nals were filtered on expression (20.0-100.0™) percentile in
the raw data, and all samples had values within the range.
Probe annotations were uploaded from the SureDesign
platform (https://earray.chem.agilent.com/suredesign). For
group comparison, fold change (FC) values were estimated,
and a paired (if applicable) or unpaired t-test was applied.
The resulting P values were corrected for multiple testing
using false discovery rate (FDR). Analysis was performed
with GeneSpring GX v14.9 software (Agilent Technologies).

DNA purification and bisulfite conversion

Renal tissue samples were homogenized using liquid nitro-
gen and cryoPREP™ CPO02 Impactor with tissue TUBE TT1
(Covaris, Woburn, MA, USA). Homogenized tissue powder
and/or urine sediments were treated for up to 18 h at 55 °C
with 10-25 pl of proteinase K (Thermo Scientific™, Thermo
Fisher Scientific, Wilmington, DE, USA) and 500 pl of lysis
buffer, consisting of 50 mM Tris—HCI pH 8.5, 1 mM EDTA,
0.5% Tween-20 (all from Carl Roth, Karlsruhe, Germany)
for tissue samples, and 10 mM Tris—-HCI pH 8.0, 1% SDS,
75 mM NaCl (all from Carl Roth) for urine samples. DNA
was extracted following the standard phenol-chloroform
purification and ethanol precipitation protocol.
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For DNA methylation analysis using qualitative or quan-
titative methylation-specific PCR (MSP or qMSP, respec-
tively), up to 400 ng of purified DNA were modified with
bisulfite, using EZ DNA Methylation™ Kit (Zymo Research,
Irvine, CA, USA) according to the manufacturer's protocol,
except that the initial incubation of samples was performed
at 42 °C for 15 min as better results compared to 37 °C were
observed.

Qualitative methylation-specific PCR

The MSP primers for unmethylated and methylated DNA for
genes ZNF677, FBN2, PCDHS, TFAP2B, TACI, and FLRT2,
were designed to overlap with the location of the microar-
ray probes (if available) or at least next to that probe using
Methyl Primer Express® Software v1.0 (Applied Biosys-
tems™, Thermo Fisher Scientific, Carlsbad, CA, USA) and
ordered from Metabion (Martinsried, Germany) (Supple-
mentary Table S9). The reaction mix of MSP (25 pl in total)
consisted of 1 X PCR Gold Buffer, 2.5 mM MgCl2, 0.4 mM
of each dNTP, 1.25 U AmpliTaq Gold® 360 DNA Polymer-
ase (Applied Biosystems™, Thermo Scientific™), 1 pL of
360 GC Enhancer, 1 pM of each primer, and ~ 10 ng of the
bisulfite-treated DNA. Thermocycling conditions consisted
of 10 min at 95 °C, 35-38 cycles of 45 s at 95 °C, primer
annealing for 45 s at 58-65 °C (Supplementary Table S9)
and elongation for 45 s at 72 °C, followed by 5-10 min at
72 °C. For each primer pair, methylated control (in vitro
fully methylated human leukocyte DNA, MC), unmethylated
control (human leukocyte DNA, UC), and no-template con-
trol (NTC) was included in all MSP assays. Amplification
products were analyzed in 3% agarose gels with 1X TAE
buffer and visualized under UV light after ethidium bromide
staining (Carl Roth GmbH, Co., KG). An example of MSP
analysis results is provided in Supplementary Fig. S9. The
individual biomarker was considered as methylated if the
amplification product in the sample with primers specific
for methylated DNA was detected. Meanwhile, the panel of
biomarkers was considered methylated if at least one gene
in the particular panel was methylated.

Quantitative methylation-specific PCR

The qMSP primers and probes specific for methylated DNA
for genes ZNF677, FBN2, PCDHS8, TRAP2B, TACI, and
FLRT?2, were designed using Methyl Primer Express® Soft-
ware v1.0 (Applied Biosystems™, Thermo Fisher Scientific,
Carlsbad, CA, USA) and ordered from Metabion (Martin-
sried, Germany) (Supplementary Table S10). All primers
and/or probes overlap at least a fragment of the MSP prim-
ers' sequence (Supplementary Table S11). The primers for
ACTB, which are not overlapping with CpG dinucleotides,
were selected from the previous study (Lehmann et al. 2002)
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and were used in each run for normalization of the DNA
input. The gMSP was performed in triplicates for each set of
primers in separate wells. The reaction mix (20 pl in total)
consisted of 1 ><TaqMan® Universal Master Mix II, no UNG
(Applied Biosystems™), 300 nM of each primer, 50 nM of
the probe, and ~ 10 ng of 20 bisulfite-converted DNA. All
assays were carried out under the following conditions:
95 °C for 10 min followed by 50 cycles of 95 °C for 15 s
and 60 °C for 1 min, using the ViiA7 qPCR System (Applied
Biosystems™). Only runs wherein MCs provided a positive
signal, and the NTC gave no amplification product were con-
sidered as valid. The background-based threshold algorithm
was applied for the estimation of the cycle of quantification
(Cq) value. The methylation level of a particular gene was
estimated based on the AACq algorithm and expressed as a
percentage of the MC (Bakavicius et al. 2019).

RNA extraction and cDNA synthesis

Total RNA was extracted from the analyzed tissue samples
by MirVana™ miRNA Isolation Kit (Ambion®, Thermo
Fisher Scientific, Foster City, CA, USA) following the
manufacturer's protocol and used for targeted gene expres-
sion analysis by means of quantitative PCR (qPCR). Briefly,
homogenized tissue powder was treated with 500 pL Lysis/
Binding Buffer for 10 min on ice and 50 pL of miRNA
Homogenate Additive for an additional 10 min. The total
RNA was extracted with 500 pL of acid-phenol: chloro-
form and purified with supplied Filter Cartridges. To eluate
purified RNA, 100 pL of 95 °C Elution Solution was used.
Samples were used immediately or stored at — 40 °C until
further use.

Transcriptional gene expression analysis

For qPCR, up to 100 ng of the RNA were reverse transcribed
(RT) using Maxima First Strand cDNA Synthesis Kit with
ds DNase according to the recommended protocol (Thermo
Fisher Scientific). Expression of the genes ZNF677, FBN2,
PCDHS, TFAP2B, TAC1, FLRT2 and endogenous control
HPRTI was evaluated using TagMan® Gene Expression
Assays (Hs00737026_m1, Hs00266592_m1, Hs00159910_
ml, Hs01560931_m1, Hs00243225_m1, Hs00544171_s1
and Hs02800695_m1, respectively; Applied Biosystems™)
in duplicates per gene. The reaction mix (20 pL in total)
consisted of 1x TagMan® Universal Master Mix II, no UNG
(Applied 20 Biosystems™), 0.6 pL of TagMan® assay, and
2 pL of RT reaction product. Amplification was performed
using ViiA7 qPCR System (Applied Biosystems™) under
the following thermal cycling conditions: 40 cycles of 95 °C
for 15 s and 60 °C for 1 min. NTCs (No-template control)
were included in each qPCR run. Relative gene expression
values (normalized to HPRTI) in a linear scale were used

for the analysis of the results, performed with GenEx v6.0.1
software (MultiD Analyses AB, Goteburg, Sweden). For
survival analysis, gene expression levels were categorized
as "high" or "low" if the log-transformed values were above
or below the mean value of all samples for a particular gene,
respectively.

Statistical analysis

Design and analysis of this study were performed accord-
ing to reporting recommendations for tumor marker prog-
nostic studies (ReMARK) and diagnostic accuracy studies
(STARD) guidelines (Sauerbrei et al. 2018; Bossuyt et al.
2015). Statistical analyses were performed using STATIS-
TICA™ v8.0 (StatSoft, Tulsa, OK, USA) and MedCalc®
v14.0 software (MedCalc Software, Ostend, Belgium).
All quantitative variables were tested for normality (Shap-
iro—Wilk, Kolmogorov—Smirnov, and Lilliefors tests), and
because of abnormal distribution, the nonparametric Wil-
coxon—-Mann—Whitney test was applied to compare variables
between two groups. Meanwhile, the 2-sided Fisher's exact
test was applied for the comparison of categorical variables.

For the qMSP data analysis in the urine samples, the
ability of biomarkers to distinguish ccRCC and ASC was
evaluated by performing receiver operating characteristic
(ROC) curve analysis and estimating the area under the
curve (AUC) values. The diagnostic test's performance
parameters—sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV)—were obtained
from the ROC curve analysis and based on the Youden index
for the selection of optimal cut-off value. This cut-off value
ensured perfect categorization of the samples as positive and
negative for the methylation test. For various combinations
of biomarkers, logistic regression analysis was applied.

For time-event analysis, Kaplan—-Meier curves were used
to calculate survival estimates. The univariate and multivari-
ate Cox proportional hazards modeling was performed to
estimate the hazard ratio (HR) of death with 95% confidence
intervals (CI).
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