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INTRODUCTION

Clear cell renal cell carcinoma (ccRCC) is the most common subtype of
kidney tumors, accounting for most deaths from genitourinary cancers [1-3].
While most ccRCC cases are localized diseases, at least one-fifth of patients
are present with metastasis at diagnosis [4]. This is attributed to the typical
lack of symptoms of the primary ccRCC and nowadays, most kidney cancer
cases are detected incidentally during abdominal imagining regarding
unspecific symptoms [1,5]. The possibility to detect disease using liquid
biopsy-based molecular biomarker tests followed by imaging could enhance
early diagnosis and facilitate patients’ follow-up and prognosis.

The potential disease biomarkers sources include tumor tissue (biopsy or
surgical resection specimens) and bodily fluids, e.g., blood, urine. However,
biopsies are less appropriate due to hazardous and painful procedures,
subjective evaluation by a pathologist, the need for representative and
sufficient quality tissue, and robust limitations on sampling frequency. The
last two are extremely important for ccRCC characterized by high
heterogeneity highly overlooked in the single biopsy studies [6-9]. While that
heterogeneity may be captured better in body fluids, particularly urine,
reflecting a broader spectrum of (epi)genetic alterations from various tumor
foci and even micrometastatic spots. Most importantly, concerning the
noninvasive nature of sample collection, urine can be obtained frequently and,
due to the easily available repeatability and comparability, allow the detection
of cancer at an early stage and follow the real-time state of the disease
progression.

A recent study revealed that clonal expansion of ccRCC tumors is dilatory.
A long time (up to 50 years) is required from the initial genetic alteration to
the clinical manifestation of cancer [6]. While hardly any change is evident in
corresponding histologically normal renal tissue, alterations in DNA
methylation have already accumulated in such non-cancerous renal tissues
[10], suggesting their suitability for early diagnosis of the disease. DNA
methylation is the most widely studied epigenetic phenomenon, modulating
gene expression and relating to various renal cancer clinical subgroups [11].
In addition, in comparison with genetic alterations, DNA methylation changes
are more pronounced and frequent in kidney cancer [12]. Moreover,
epigenetic marks can be easily detected in the body fluids such as urine by
conventional and inexpensive PCR methods. Thus, it may serve as non-
invasive biomarkers that could provide clinicians with rapid, objective, and
accurate tools for the detection and follow-up of renal tumors.
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Despite relatively high mortality rates from kidney cancer and the potential
of DNA methylation as molecular marks of this disease, no diagnostic or
prognostic RCC-specific epigenetic biomarkers have reached the clinic yet.
Meanwhile, DNA methylation-based tests for other urological cancers
(prostate, bladder) have been commercially available for a long time [13].
Currently, only seven studies shed an effort to analyze DNA methylation in
urine samples of kidney cancer patients [14-20]. However, most previously
published studies used a candidate gene approach and were tiny scale, thereby
producing results with questionable clinical significance. Navigation toward
clinical utility is challenging, requiring representative and large patient series,
thorough screening, and sufficient validations to identify the most promising
biomarkers. Yet DNA methylation is a perspective source of renal cancer
biomarkers and is worth these efforts.

Aim and tasks

The present study aimed to establish aberrantly methylated genes in renal
clear cell carcinoma tissues and evaluate their diagnostic and prognostic value
and applicability as non-invasive urine-based disease biomarkers.

In order to achieve this aim, the following tasks have been carried out:

1. To establish genome-wide DNA methylation and global mRNA
expression profile of cancerous ccRCC and paired non-cancerous
renal tissues (NRT) to determine ccRCC-specific DNA methylation
alterations and deregulated molecular pathways;

2. To evaluate methylation differences at the regulatory regions of
selected protein-coding genes, namely ZNF677, FBN2, PCDHS,
TFAP2B, TACI, FLRT2, ADAMTS19, BMP7, SIM1, and SFRPI in
the ccRCC and NRT samples to evaluate their diagnostic and
prognostic value in the renal tissue samples;

3. To analyze the mRNA expression levels of the selected genes,
particularly ZNF677, FBN2, PCDHS, TFAP2B, TACI, and FLRT?
in the ccRCC and NRT samples to evaluate associations with DNA
methylation status and patients clinical-pathological parameters;

4. To validate methylation differences at the regulatory regions of
selected genes, particularly ZNF677, FBN2, PCDHS, TFAP2B,
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TACI, and FLRT? in the urine samples of the patients diagnosed
with ccRCC and asymptomatic controls, to evaluate the biomarkers
applicability for non-invasive cancer detection and prognosis.

Scientific novelty and practical value of the study

The current study described for the first time the DNA methylation and
gene expression profile in the Lithuania cohort of kidney cancer cases using
either genome-wide and gene-targeted approaches. The obtained results
deepened the understanding of DNA methylation role and deregulated
signaling pathways in localized ccRCC tumors.

Genome-wide DNA methylation profiling utilizing microarrays allowed
identifying a set of novel presumable DNA methylation biomarkers, having
moderate to high diagnostic and/or prognostic potential. Moreover, identified
DNA methylation alterations at the regulatory regions of selected genes
appeared to be amenable for non-invasive detection in the urine samples of
ccRCC patients. Thus, the results showed the promising potential of the
chosen genes as candidates for further development of non-invasive tools for
kidney cancer patients testing.

The methylation of most biomarkers investigated herein in the case of
ccRCC has been analyzed for the first time in both tissue and urine samples
and showed encouraging results due to their association with at least one
clinical-pathological parameter. According to obtained results, the
transcription factor encoding the zing finger protein 677 (ZNF677) gene is the
most promising due to its significant association between promoter
methylation and gene expression and correlation with numerous clinical-
pathological factors parameters as well as patient survival. In addition, its
combination with Protocadherin 8 (PCDHS) for the urine test showed a
moderate diagnostic and magnificent prognostic value. Although additional
validation is required, the obtained results seem to be rather promising. They
may stimulate the further establishment of a new molecular test for kidney
cancer detection and follow-up, improving the statistics of that malignancy.

17



Defending statements

1.

Changes in the DNA methylation and mRNA expression of protein-
coding genes are abundant in the case of ccRCC and dysregulate the
particular biological and molecular processes directly related to
cancer development and progression.

The methylation of protein-coding genes ZNF677, FBN2, PCDHS,
TFAP2B, TACI, FLRT2, ADAMTS19, BMP7, SIMI, and SFRPI are
highly specific for ccRCC tissue, and a combination of ZNF677,
FBN2, PCDHS, TFAP2B, TACI & SFRPI produced high sensitivity
for ccRCCand has potential to be used as a tool for cancer
diagnostics.

The methylation of investigated genes, especially ZNF677 and
PCDHS, were significantly related to the most important prognostic
factors of ccRCC (tumor size, stage, grade, necrosis) and recognized
as potential prognostic ccRCC biomarkers. The methylation status of
ZNF677 and FBN2 and many combinations of two-four genes in
ccRCC tissue samples significantly predict patient's overall survival
and has the potential to be used as a tool for disease prognosis.

The methylated status of ZNF677 in the ccRCC tissues is directly
related to the significantly lower expression, which itself associated
with numerous adverse clinical-pathological parameters and shorter
patient's overall survival, making ZNF677 an extremely promising
biomarker of ccRCC.

The methylation level of ZNF677, FBN2, PCDHS, TFAP2B, TACI,
and FLRT? are significantly higher in the urine samples of ccRCC
patients compared to asymptomatic controls and multimarker panel
consisting of ZNF677 & PCDHS, either with or without FBN2 or
FLRT?2 produced moderate sensitivity and specificity for ccRCC and
has potential to be used as a tool for non-invasive cancer diagnostics.

The methylation status of PCDHS or panel consisting of ZNF677 &
PCDHS in the urine samples independently predicts ccRCC patients'
overall survival and has the potential to be used as a tool for non-
invasive prediction of cancer prognosis.
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1. LITERATURE OVERVIEW
1.1.Kidney cancer

Kidney (or renal) cancer takes 14th place according to the incidence in both
sexes worldwide and is among the top ten most common cancers in males
[according to 2020 data from Cancer Today, Global Cancer Observatory,
International Agency for Research on Cancer; https://gco.iarc.ft/]. In the year
2020, 431 288 new kidney cancer cases were diagnosed, accounting for about

2.2% of all cancers. The highest incidence rate of kidney cancer is determined
in Australia, South America, and Central and Eastern Europe (Fig. 1.1). In
Lithuania, 814 new kidney cancer cases were diagnosed in 2020, accounting
for ~5% of all cancers.

‘.‘.:'

Age-standardized rate (World)
per 100 000:

I Not applicable
No data

Fig 1.1. In 2020, estimated age-standardized incidence rates (World) of
kidney cancer in both sexes.

Lithuania characterizes the highest incidence rate globally and takes 5th place
according to the mortality rate (Fig. 1.2) [according to 2020 data from Cancer
Today, Global Cancer Observatory, International Agency for Research on
Cancer; https://gco.iarc.fr/]. However, the annually established (during 2006-
2015) number of new cases and deaths is relatively stable and confirms the

tendency of higher morbidity in men (Fig. 1.3) [according to Cancer Registry,
National Cancer Institute, Lithuania; http://www.nvi.lt]. Furthermore, while
most of these patients will present with localized disease, 25-40% of those

treated with curative intent will develop the distant disease, and 20-25% of
patients will present with metastatic disease at diagnosis [4]. This caused the
significant health burden of that malignancy and raised the urgent need to
diagnose the condition early and accurately and predict its further course.
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Fig 1.2. The top ten countries according to age-standardized incidence rates
(World) of kidney cancer estimated in 2020. Data compiled from International
Agency for Research on Cancer; https://gco.iarc.ft/].
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Fig 1.3. Trends of kidney cancer incidence (A) and mortality (B) amounts in
Lithuania during 2006-2015. Data compiled from Cancer Registry, National
Cancer Institute (Lithuania; http://www.nvi.lt).
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1.1.1. Kidney anatomy and function

The kidney is a paired bean-shaped organ lying in the abdominal cavity
behind the peritoneum. In adults, each kidney weighs about 100-200 g and has
dimensions equal to 10.9-11.2 cm in length and 3.2-3.4 cm in thickness, with
the left kidney being slightly larger than the right one [21]. On the medial
surface of the kidney is the hilum through which the renal artery, vein,
lymphatics, nerves, and ureter join to the inner regions of the kidney. From
the outside, the kidney is enveloped with a tough fibrous layer called the renal
capsule, surrounded by a mass of fatty tissue called the perirenal fat,
mitigating excess movement of the kidneys and an additional coat called
Gerota fascia [22].

The inner structure of the kidney is composed of two main areas: the outer
cortex and the inner medulla, which comprises outer and inner zones. The
medulla consists of several renal pyramids that arise from the
cortical/medullary border and form the renal papilla at the apex. The renal
pyramids are the primary functional unit of the kidney where concentrated
urine is produced. Each renal papilla is associated with a minor calyx which
collects urine from the pyramids. Several minor calyces merge to form a major
calyx which passes to the renal pelvis. The renal pelvis is a funnel-shaped
structure draining urine into the ureter connecting the kidney to the bladder
where the urine is stored.

The urine is formed in the nephrons, which are the kidneys' basic structural
and functional units. Each kidney contains about 1 million nephrons, each of
which starts with the Bowman’s capsule consisting of squamous epithelial
cells surrounding the glomerular capillaries and located at the renal cortex.
The blood arrived by the afferent arteriole is filtered at the glomerulus, and
the formed filtrate immediately enters the proximal tubule, extended from the
Bowman’s capsule. The proximal tubule is lined with cuboidal epithelial cells,
characterized by the well-developed villi and microvilli at the apical
membrane and abundance of the mitochondria, providing the high-capacity
reabsorption (Fig. 1.4). About 60-70% of the fluid, containing sodium ions,
glucose, amino acids, and anions, is passively reabsorbed from the proximal
tubule and back to the blood circulation [22]. The proximal tubule consists of
the convoluted segment located in the cortex and the straight segment leading
into the medulla. At this segment, epithelial cells lose their microvilli and are
characterized by the lower density of mitochondria. Further proximal tubule
transit to the loop of Henle lined with the more squamous epithelial cells,
absorbing about 20-25% of the total filtrate. Once the tubule returns to the
cortex, it becomes the distal convoluted tubule, having few microvilli and
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slightly lower amounts of mitochondria. Approximately 5—7% of the total
filtrate is further reabsorbed at these tubules. All distal tubules converge and
form collecting tubules, opening into the calyces, where concentrated urine is
drained [21].

The area among the nephron capsule, tubules, and vascular network in the
kidney is called the renal interstitium, which is filled with the extracellular
matrix, interstitial fluids, and various types of cells, including dendritic cells,
macrophages, lymphocytes, lymphatic endothelial cells, and miscellaneous
fibroblasts [23,24]. The renal interstitium is distributed unevenly along the
kidney and accounts for approximately 8% of the total parenchyma in the
cortex, while up to 40% in the inner medulla [25,26]. Renal interstitium not
only supports the tubular epithelium but also performs the physiologic
endocrine function by producing erythropoietin and renin [27]. Erythropoietin
is indispensable for hematopoiesis, and even 90% of this hormone in adults is
produced by renal interstitial fibroblasts [28]. Renin is an enzyme produced
by juxtaglomerular epithelioid appearance cells located near afferent arteriole.
This protein is a key regulator of the renin-angiotensin-aldosterone hormone
system, essential for the body's blood pressure and fluid balance regulation
[29].
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Fig 1.4. The simplified schematic structure of the human kidney. (Adapted
from [30]).

1.1.2. Renal tissue carcinogenesis

About 25 different cell types in total are found in the renal parenchyma
[31], reflecting the intricacy of kidney structure and function and leading to
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the great diversity of renal cancers. Thus, renal cancer is not a single disease
but comprises various cancer types developed in the kidney. Each cancer type
is caused by different mutations, leading to different histology and the clinical
course of the disease [5]. Renal cell carcinoma (RCC) originating from the
epithelium of nephron tubules is the most common type of kidney cancer,
accounting for 90% of all cases, and is the most lethal cancer of the urinary
system [1,2].

According to the tissue histology and type of renal cells getting affected,
the World Health Organization (WHO) classification describes the 16
different subtypes of RCC [32]. The three major subtypes of RCC are clear
cell (also named as conventional) RCC (ccRCC), representing the most
common form (70-80%), papillary RCC (pRCC) accounting for 10-15%, and
chromophobe RCC (chRCC) accounting for 5% of RCC. In contrast, the
remaining subtypes are very rare (each with <1% total incidence) [3].
Papillary and chromophobe subtypes are also called non-clear cell RCC. They
strongly differ in tumor progression and behavior compared with ccRCC
because of distinct genetic mutations and alterations in various signaling
pathways [33]. Clinically, the most notable difference is disease prognosis,
which is the worst for ccRCC with a 5-years survival rate of about 55-60%,
compared to 70-90% for pRCC and 80-95% for chRCC [12].

Despite the rapidly improving molecular characterization of normal kidney
cells and renal malignancies, the particular cell type from which each RCC
subtypes arise remains elusive. However, it is well known that chRCC comes
from the cells of the distal convoluted tubule of the nephron; meanwhile, both
pRCC and ccRCC originate in the epithelium of the proximal convoluted
tubule (Fig. 1.5 A) [34,35]. Although derived from the same part of the
nephron, it is believed that pRCC arises from kidney progenitor cells, while
ccRCC is from the mature renal tubular cells [36, 37].

The nephron epithelial cells are usually mitotically quiescent, but in the
case of kidney injury, they show a remarkable potential to regenerate and re-
establish a functional epithelial barrier [35]. Although it is unclear whether
this regenerative process is initiated by progenitor cells or by dedifferentiated
epithelial cells, it is believed that the program used during epithelial
regeneration may act in oncogenic transformation as well [35,37,38].
Additional support for the role of renal regeneration in tumor initiation,
promotion, and progression stems from the observation that many of the
established RCC risk factors put a strain on kidney function and might invoke
kidney damage and repair programs [3].

According to the historical data, during the response to kidney injury,
matured tubular epithelial cells can regress into mesenchymal one, the process
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called epithelial-mesenchymal transition (EMT) [39-41]. During EMT,
epithelial cells lose their intercellular junctions and barrier integrity, acquiring
a mesenchymal phenotype characterized by increased motility [42,43].
However, kidney tubular epithelial cells rarely conduct an entire EMT
program and, in most cases, express both epithelial and mesenchymal
markers, known as partial EMT [44]. During such a process, epithelial cells
obtain stem cell-like characteristics, playing a vital role in the initial steps
toward renal cancerogenesis (Fig. 1.5 A) [43,45,46]. Furthermore, dramatic
metabolic rearrangement, resulting in a decreased level of ATP synthesis due
to dysregulated fatty acids oxidation, leading to intracellular lipid
accumulation, is observed in these cells [44,47]. In addition, these cells secret
various growth factors, cytokines, chemokines, followed by inflammatory
cells' recruitment, causing chronic inflammation and further EMT progression
[47,48]. Finally, such epithelial cells may enter the path of oncogenic
transformation if they harbor relevant genetic predisposition and accumulate
additional genetic alterations, causing uncontrolled cell growth and tumor
development.
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Fig 1.5. The putative origin of ccRCC. A — ¢ccRCC originate from proximal
tubule epithelial cells which after injury undergo a partial EMT, possibly
playing a key role in the initial steps toward renal tissue fibrosis and
development of ccRCC (partly adapted according to [35,44]); B — putative
nature and timing of key oncogenic events in ccRCC, depicting the
evolutionary trajectories of tumors in patients (adapted according to [6]).

The recent studies indicate that sporadic ccRCC is initiated by loss of 3p,
harboring von Hippel-Lindau (VHL) tumor suppressor gene (in detail
described later), seemingly arising in childhood or adolescence. Decades later,
the point mutation in the remaining VHL copy occurred; however, cancer still
remains undetectable for another 10-30 years (Fig. 1.5 B) [6]. Then, additional
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mutations of other drivers, such as PBRMI, SETD2, BAP1, TERT, PI3K, and
many others, occur. Given the greater diversity of genes, these additional
driver mutations are considerably less rate-limiting, and once happens, a
substantial clonal expansion is induced, and at this stage, the developing tumor
has a sufficient population size to be diagnosed.

While various organs have well-defined premalignant lesions, the
corresponding histological alterations in the renal tissue are poorly described.
This is mainly due to the lack of practical screening approaches for renal
tumors [49]. Nevertheless, in the two studies examining kidney tissue for the
dysplastic changes, preneoplastic alterations were identified mainly in the
cortex, which was similar to RCC [50,51]. The dysplastic changes in the
tubular epithelium encompass increased nuclear size and pleomorphic
vesicular nucleus along with interstitium fibrosis, erythrocyte extravasation,
and lymphoplasmacytic infiltration. However, to demonstrate the progression
of renal dysplasia into invasive carcinoma histologically is complicated due
to the intricated biopsy sampling of the tubular system. Still, it was shown in
the experimental models [52], and it appears that dysplasia is also a
premalignant lesion in the human kidney.

Clear cell RCC is usually a unifocal and unilateral tumor, while
multifocality and bilaterality are observed in only 2-7% and 1-2% of sporadic
cases, respectively [53]. The tumors of ccRCC are usually golden yellow due
to the accumulation of lipids and glycogen in the cancer cells, emphasizing
the metabolic rearrangement of this tumor subtype [35,54]. In addition, the
areas of hemorrhage, fibrosis, necrosis, and cystic degeneration are also
observed and give a variegated appearance of the tumor [54]. Histologically
ccRCC is characterized by epithelial cells with clear cytoplasm and well-
demarcated cell membrane, scattered within a highly vascularized stroma.
These tumors may also contain cells with granular eosinophilic cytoplasm,
still displaying high levels of lipids and glycogen [54]. Ultrastructurally,
ccRCC cells show tubular differentiation with long microvilli seen in renal
proximal tubule epithelial cells as well.

1.1.3. Renal cell carcinoma diagnosis, staging, and prognosis

Many renal masses remain asymptomatic until the late disease stages, and
most diagnoses result from incidental findings due to extensive use of non-
invasive imaging investigating various non-specific symptoms [55,56].
Clinically renal cell carcinoma is associated with a classic triad of flank pain,
hematuria, and palpable abdominal mass. Still, these signs are rare (6-10%)
and correlate with aggressive histology and advanced disease [57, 58].
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Diagnosis is usually strongly suspected by imaging studies, such as
ultrasonography (US), abdominal computed tomography (CT), or magnetic
resonance tomography (MRT), performed for other medical reasons
[55,56,59]. However, due to the high diagnostic accuracy of abdominal
imaging, renal tumor biopsy is unnecessary in patients with a contrast-
enhancing renal mass for prescribed partial or radical nephrectomy. Thus, the
risk of patients' overtreating remains, especially in renal masses smaller than
1 cm (26%), while the sensitivity of US is extremely low in that condition
[60]. Furthermore, although the sensitivity and specificity of CT and MRT
reach 100% and > 90%, respectively, none of these methods can distinguish
benign renal lesions from neoplastic [61,62].

The exact treatment strategy must be appointed when the renal cancer is
confirmed, depending on tumor histology and stage [63,64]. The use of the
current Tumour Node Metastasis (TNM) classification is recommended for
tumor staging and treatment decisions making [65,66]. The TNM
classification system is based on three major parameters: T (tumor) describes
the size of the primary tumor; N (node) refers to the degree of tumor invasion
into regional tissues (venous, renal capsule, adrenal gland); M (metastasis)
shows the status of distant metastasis (Table 1.1).

Without tumor histology and stage, tumor grade contributes to RCC
prognosis as well. In 1982 Fuhrman et al. proposed a four-grade system based
upon the simultaneous assessment of cancerous cells' nuclear size, shape, and
nucleolar prominence [67]. Although the Fuhrman grading system has been
in international use for many years and has proven prognostic utility, it has
numerous limitations. For example, grading in the Fuhrman system is based
upon the highest-grade area, even if focal, where minute foci of higher-grade
tumor or tumor adjacent to the necrotic zone would be taken into account [68].
These problems likely contribute to intra- and inter-observer variability in the
evaluation of tumor grade [69-73]. Due to these limitations, today’s Fuhrman
grading system becomes inapplicable.

The new WHO/ISUP (International Society of Urologic Pathologists)
grading system has been introduced following the conclusions of the 2012
ISUP Vancouver conference and is recommended for use by the WHO [74-
76]. It is also a four-grade system considered according to nucleolar
prominence (used to determine grades 1-3) and the presence of highly atypical
“pleomorphic” cells and/or sarcomatoid or rhabdoid morphology (defining
grade 4) (Table 1.2). Compared to the Fuhrman system, WHO/ISUP is easier
to apply and provides superior prognostic information in cases of ccRCC [77].

26



Table 1.1. Currently used Tumor, Node, Metastasis staging system (TNM)
for classification and staging of renal cancer (adapted from [65,78]).
T — primary tumor

TX Primary tumor cannot be evaluated

TO No indications of the primary tumor

T1 Tumour < 7 cm or less in greatest dimension, limited to the
kidney

Tla | Tumour <4 cm or less

T1b | Tumour >4 cm but<7 cm
T2 Tumor > 7 cm in greatest dimension, limited to the kidney

T2a | Tumour >7 cm but < 10 cm

T2b | Tumours > 10 cm, limited to the kidney
T3 Tumour extends into major veins or perinephric tissues but not
into the ipsilateral adrenal gland and not beyond Gerota fascia
Tumor extends into the renal vein or its segmental branches, or
T3a | tumor invades perirenal and/or renal sinus fat (peripelvic fat)
or pelvicalyceal system but not beyond Gerota fascia
T3b | Tumor grossly extends into the vena cava below the diaphragm
Tumor grossly extends into vena cava above the diaphragm or

T3c invades the wall of the vena cava
T4 Tumour invades beyond Gerota fascia (including contiguous
extension into the ipsilateral adrenal gland)
T — regional lymph nodes
NX Regional lymph nodes cannot be evaluated
NO No regional lymph node metastasis

N1 Metastasis in regional lymph node(s)
M - distant metastasis
MO No distant metastasis

M1 Distant metastasis
pTNM staging

T N M

Stage 1 1 0 0
Stage 11 2 0 0
Stage 3 0 0
111 lor2or3 1 0
Stage 4 Oorl 0
1A% lor2or3or4 Oorl 1

Recently it has been proposed that tumor-associated necrosis (TAN)
should be involved in the WHO/ISUP grading system. Some studies have
shown that the presence or absence of necrosis influences outcome predictions
[79-81]. TAN is usually microscopic well-demarcated foci within a tumor
[81]. There are several different interpretations of TAN pathogenesis, and
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suggested mechanisms include an immune reaction, tumor outgrowth of blood
supply, vascular immaturity, hypoxia, or increased density of small vessels
[33,75,79,82,83]. As tumor necrosis has prognostic significance for ccRCC,
independent of tumor stage and grade [33,75,83], its evaluation is valuable.

Table 1.2. The WHO/ISUP grading system for renal cell carcinoma (ccRCC
and pRCC subtypes) (adapted from [68]).

Grade Description

1 Tumor cell nucleoli absent or undistinguished and basophilic
Tumor cell nucleoli conspicuous, eosinophilic at 400x

2 magnification and visible but not prominent at 100x
magnification

3 Tumor cell nucleoli conspicuous and eosinophilic at 100x
magnification
Tumors showing extreme nuclear pleomorphism, tumour giant

4 cells and/or the presence of any proportion of tumour showing
sarcomatoid and/or rhabdoid dedifferentiation.

Other factor associated with disease prognosis includes RCC subtype.
Clear cell RCC has a worse prognosis than papillary or chromophobe RCC
and is more likely to present at an advanced stage or with existing metastases
[84-86]. Furthermore, the presence of sarcomatoid or rhabdoid appearance
cells is associated with a poor outcome and distant metastasis [75,87,88]. This
appearance may be presented at any RCC tumors but is most commonly seen
in ccRCC and is classified as WHO/ISUP grade 4 [74,89]. Although such
differentiation is rare and observed in approximately 5% of cases, they are
related to very aggressive tumors [75,90,91].

As prognostic factors are not accurate when used alone, parameters have
been combined in multivariable prognostic models and recommended by EAU
guidelines for postoperative follow-up [78]. Such prognostic models for
localized RCC encompass tumor stage, size, grade and necrosis (SSIGN) [92]
or tumor stage, grade and Eastern Cooperative Oncology Group (ECOG)
Performance Status score as in the University of California Integrated Staging
System (UISS) [93] as well as several other models. However, despite the
inclusion into guidelines, their use in routine clinical practice is not
recommended [94].

1.1.4. Renal cell carcinoma progression and treatment
The clinical course of renal cell carcinoma is heterogeneous, ranging from

indolent tumors (or cystic lesions) requiring no interventions to highly
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aggressive metastatic RCC required medical management. The gold standard
for patients with surgically resectable RCC is surgical excision by either
partial or radical nephrectomy without adjuvant therapy. Meanwhile, for
metastatic RCC, systemic treatment with targeted agents or immune
checkpoints inhibitors is applied [3].

Surgical treatment of localized RCC depends on the clinical stage of the
tumor and the general conditions (performance status) of the patients. For
patients with T1 stage tumors and/or in the case of conditions impairing renal
function (kidney stones, hypertension, diabetes Mellitus, von Hippel-Lindau
syndrome, and others), partial nephrectomy, offering lower renal functional
impairment compared to radical one, is assigned [95,96]. The five-year
survival rate for these patients reached 95% [22]. For the larger tumors with
higher stage or in the case of multiple small renal tumors, radical nephrectomy
can be considered [3]. The five-year survival rate of such cases varies from
approximately 60% to 90% [3].

Active surveillance is an acceptable option in the presence of slow-
growing and less than 2 cm tumors or in the case of elderly patients with
comorbidities for whom surgical resection is inapplicable [78,97,98]. Active
surveillance is defined as the initial monitoring of tumor size by serial
abdominal imaging (US, CT, or MRI) with delayed intervention reserved for
tumors showing clinical progression (growth to >3-4 ¢m or by >0.4-0.5 cm
per year [99]) during follow-up. Results from the multi-institutional study
observed that active surveillance is not inferior to primary intervention [100].
Other treatment options for inoperable tumors are ablative therapy
(destruction of viable tumor tissue with no disturbance of healthy area),
including most commonly applied cryoablation and radiofrequency ablation
[3,78].

Approximately 20-30% of RCC patients have metastases at diagnosis,
while an additional 20-30% will develop the metastatic disease during follow-
up, even if radical surgery has been initially performed [101]. The treatment
of metastatic RCC is more complicated because of the cancer cells' resistance
to conventional chemotherapy and radiotherapy [102]. Available
interventions encompass tyrosine kinase inhibitors targeting VEGF signaling
axis, mTOR, cytokines such as interferon-o, interleukin-2, and immune
checkpoints (PD-1, PDL-1, or CTLA4) inhibitors [103-110]. In the case of an
operable tumor along with systemic therapy, cytoreductive nephrectomy
(removal of the primary tumor) can be applied as well and demonstrates better
outcomes [111]. Although all these interventions may improve overall
survival, complete remission is rare [112].
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The deaths are typically the result of metastatic RCC with a five-year
survival rate of approximately 20% [3,112]. Among patients to whom
metastatic disease develops after partial or radical nephrectomy, it occurs
within five years in about 90% of cases [101]. Local recurrence is relatively
rare, while sites for distant metastases (M1) most frequently include the lung
parenchyma (50-60%), bone (30—40%), liver (30—40%), and brain (5%)
[113]. Considering the moderate frequency of the disease recurrence and the
changing treatment of such cases, prognostic biomarkers that could lead the
way for personalized treatment decisions are needed.

1.1.5. Etiology of renal cell carcinoma

Renal cell carcinoma is a complicated and aggressive malignancy
generally developing as a sporadic disease but may be caused by familial
factors as well. The evaluation of RCC risk factors is complex because
incidental cancer detection by imagining performed for the other reasons
might artificially influence the association between RCC and specific risk
factors [114]. The potential risk factors comprise of both unmodifiable, like
age, gender, genetic predisposition, and modifiable lifestyle factors, mainly
smoking, alcohol consumption, and metabolic syndrome-related properties,
including obesity and hypertension (reviewed in [115, 116]).

Age. Age at diagnosis of cancer is a well-recognized prognostic factor.
Sporadic RCC is generally a disease of older adults, and most cases are
diagnosed between age 65 and 74 years old [117]. The incidence rate rises
steadily from around age 40 to 44 and more steeply from around age 65-69
years old [https://www.cancerresearchuk.org]. Only 3.4—7.5% of these tumors

occur in adults <40 years of age and are characterized by a better prognosis
[118]. However, the superior prognosis may be influenced by the better
tolerance of treatment and the fact that papillary RCC, characterized by the
less aggressive course of the disease, is more common in these age groups
than older individuals [118].

Gender. Like most neoplasms, renal cell carcinoma is more common in
men, accounting for about two-third of global cases and deaths [119]. The
incidence ratio 2:1 is stable by age over time, and a part of this tendency may
be explained by the greater rate of modifiable risk factors, such as smoking,
hypertension, and obesity among men [115]. Moreover, the worse clinical
feature and prognosis of the course of the disease was observed among the
males [120]. This part can be explained by the fact that men are being
diagnosed at a more advanced stage of the disease than women (56%
diagnosed at stage pT2-4 compared to 29% of women) [121,122]. In
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Lithuania, 48% of men and 38% of women were diagnosed with pT2-4 stage
renal cancer in 2015 (Cancer Registry, National Cancer Institute;
http://www.nvi.lt). Besides, males tend to have a larger tumor size, higher

tumor grade, and higher incidence of regional or metastatic spread [121,122].
However, while comparing the same stage and grade tumors, the male still has
the poorer prognosis [123] what suggests that there is an influence of sex
hormones on RCC development and progression and a positive correlation
between the expression of androgen receptors and the poorer prognosis was
described [124,125].

Smoking and alcohol consumption. Smoking is largely the most
significant modifiable risk factor of RCC. Tabacco smoke includes a mix of
carcinogens, such as polycyclic aromatic hydrocarbons, B-naphthylamine, and
nicotine, which are metabolized during filtration in the nephrons. The formed
metabolites promote inflammation and DNA damage paving the way for
carcinogenesis [115]. According to extensive retrospective analysis, former
and current smokers had a >1.5-fold increased risk for RCC [126]. Moreover,
cigarette smoking after disease diagnosis has been related to poorer prognosis
(shorter overall and disease-free survival) as well [127]. Interestingly, some
studies observed that moderate alcohol consumption is associated with
reducing RCC risk [128-130]. Although the mechanism is not well
understood, one of the hypotheses is that alcohol consumption would prevent
insulin resistance [131], the main feature of obesity — another risk factor of
RCC.

Obesity. A consistent association between increased body mass index and
risk of RCC was found in several studies [132,133]. While the precise
pathogenesis is unclear, it is well known that obesity contributes to tumor
development at least in several respects. Specifically, obesity promotes the
insensitivity to insulin and insulin-like growth factors; promote the production
of inflammatory cytokines (e.g., tumor necrosis factor-a, interleukins-6/8/10);
and reduce the level of adiponectin, which in harmony facilitate cell
proliferation, over-production of DNA damaging free radicals and
uncontrolled tumor growth [115,116,134]. For example, one study found that
adding roughly 5 kg in body weight increases RCC risk by 25% in men and
35% in women [135]. Interestingly despite the contribution to increased RCC
risk, obesity seems to be a favorable prognostic factor that might be partially
explained by its mediated suppression of cachexia [116,136]. Besides,
according to the meta-analysis, regular physical activity reduced RCC risk by
22% [137].

Hypertension. There is evidence that hypertension is an independent risk
factor of RCC [132,135,138]. Hypertension damages the renal glomerulus and
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tubular apparatus, possibly through chronic hypoxia and ROS-mediated lipid
peroxidation, making the kidney more susceptible to carcinogens
[115,116,139]. Besides, some angiogenic and other growth factors involved
in hypertension may also participate in renal carcinogenesis by promoting cell
proliferation and progression [116]. A history of hypertension was associated
with a 67% increased risk of RCC [138]. In addition, it is observed that the
risk of RCC further increased with time after hypertension diagnosis and
poorly controlled hypertension [140]. However, hypertensive patients may
also be more likely to get cross-sectional imagining and identify incidental
renal tumors [114]. Thus, further studies are needed to unravel the association
between hypertension and renal cancer.

Genetic susceptibility. While most renal cancer cases are sporadic, an
inherited predisposition exists as well. The general features of inherited renal
cell carcinoma are early-onset (<40 years of age), family history of renal
cancer, and bilateral and/or multifocal renal tumors [141]. The most widely
described genetic predisposition is Von Hippel-Lindau (VHL) disease caused
by a mutation in gene VHL (in detail described below). VHL is an autosomal
dominant inherited multisystem disorder characterized by developing various
tumors, including ccRCC [141]. Renal cancer develops in 25-45% of VHL
patients occurring in 20-40 years of age with a penetrance of 70% by the age
of 60 [142]. It has been estimated that up to 600 tumors may develop in a
single kidney of a VHL patient [143]. Some reports have described BAPI
(described below) mutation in the germline of individuals with early-onset,
bilateral and multifocal ccRCC as well [144,145]. Other conditions related to
the RCC development includes hereditary papillary renal carcinoma (caused
by MET proto-oncogene mutation) [146], Birt-Hogg-Dube syndrome (caused
by FLCN mutation) [147], hereditary leiomyomatosis and renal cell
carcinoma (caused by a mutation in Krebs cycle enzyme FH) [148] and
succinate dehydrogenase (SDH)-deficient renal cancer (caused by a mutation
in another Krebs cycle enzyme SDH) [149]. The clinician needs to recognize
whether a patient has an inherited or sporadic form of renal cancer, which will
impact patient management [141].

Various other modifiable environmental and occupational risk factors have
also been implicated, but mechanisms underlying the link of these factors and
RCC development in most cases remain unclear. Without the above mention
hypertension, various other comorbidities, including kidney stones [150], type
2 diabetes [151], and liver (viral hepatitis) as well as chronic kidney diseases
[135,152], have an impact on cancer development as well. Besides,
epidemiological data suggest that analgesic use increases the risk of RCC
[153]. Renal cell carcinoma is generally not considered an occupational
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disease; however, the elevated risk has been linked to some agents, and the
most notable is industrial solvent trichloroethylene [154].

Further studies are required in order to understand the mechanisms behind
certain risk factors of renal cancer. However, overall evidence confirms that
the best way to reduce the risk is to maintain a healthy weight and avoid
smoking [155]. Besides, cancer prevention strategies are indispensable to
sensitize public awareness for potentially preventable risk factors.

1.2. Genetic features of renal clear cell carcinoma

While a small part of ccRCC is inherited, most cases are sporadic, and
more than 90% have characteristic cytogenetic abnormalities that involve
conventional loss of genetic material from the chromosome arm 3p, along with
loss of 14q (46%) and gains of 5q (60%) and 7q (40%) [156-159]. Although
frequent somatic copy number alterations comprising other large
chromosomal regions [156,157] are also observed in these tumors, their role
in ccRCC is less elucidated. Meanwhile, the loss of 3p is the most widely
studied and nearly universal phenomenon, constituting an early genetic event
in ccRCC [160,161].

1.2.1. The role of 3p loss in renal clear cell carcinoma

The chromosome arm 3p harbor four genes commonly mutated in the case
of ccRCC, particularly VHL (von-Hippel-Lindau), SETD2 (SET domain-
containing 2), BAPI (BRCA1-associated protein 1), and PBRM1 (Polybromo
1) [156,162-164]. A mutation of PBRM] is observed in > 40% of ccRCC
cases, while BAP1, and SETD2, are mutated in roughly 10-15% of ccRCC. In
contrast, the biallelic inactivation by mutation, homozygous deletion, or DNA
methylation of VHL is determined in at least 90% of ccRCC [156,165-167].
Therefore, it is considered as a critical driver (epi)genetic alteration in ccRCC.

Function loss of VHL disturbed the key regulatory system used in cells
under low oxygen conditions (hypoxia). VHL encoding protein pVHL is a
member of a ubiquitin ligase complex, containing four additional proteins
(elongins B, and C, Cul2, and Rbx1) [168]. In the case of well-oxygenated
conditions (normoxia), this complex binds directly to the constitutively
expressed hypoxia-inducible factor HIFa and targets it for proteasomal
degradation through dioxygenase EGLN-mediated hydroxylation [35,168].
However, under low oxygen conditions, HIFa, is no longer hydroxylated and
thus is not targeted for degradation by pVHL. Instate of this, HIFo dimerizes
to HIF and forms a transcriptional complex, activating the expression of 100-

33



200 genes. These genes promote cell adaptation to hypoxia through metabolic
reprogramming (acute response) and angiogenesis (long-term response)
[169,170]. In the ccRCC tumors lacking functional pVHL, the HIFa is
constantly active even under normoxia, resulting in tumor angiogenesis,
metabolic reprogramming, cell proliferation, EMT induction, and so on (Fig.
1.6) [3,35,46].
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Fig. 1.6. The arrangement of frequently in ccRCC mutated gene on
chromosome 3p and VHL-HIFa signaling cascade. At normoxia, the EGLN
catalyzes the hydroxylation of HIFa transcription factors. Hydroxylated HIFa
is recognized by the pVHL, conducting ubiquitination of HIFa leading to
proteasomal degradation. Under hypoxia, HIFa is no longer hydroxylated and
form the complex with HIF in the nucleus to induce the expression of genes
required for cell adaptation to hypoxia. In ccRCCs, lacking VHL,
hydroxylated HIFa is no longer destined for proteasomal degradation and
translocate to the nucleus, initiating expression angiogenesis, cell
proliferation, transformation, and metastasis-related genes. In the case of
mutated PBRM1I, this hypoxic response is even enhanced. (Adapted from

[35D.

Among the HIFa induced genes, the endothelial growth factor (VEGF)
family genes are the most widely studied. The VEGF-A protein, a member of
the VEGF family, activates the VEGF receptor 2 (VEGFR?2), located on the
endothelial cells, which causes the process of angiogenesis, ensuring the
supply of oxygen and nutrients to the tumor cells explaining the highly
vascular ccRCC tumors phenotype [171,172]. The VEGFR2 is expressed on
the cancer cells as well, and its activation leads to the induction of ERK1/2,
AKT, MAPK, and Src kinases, which through a cascade of phosphorylation
events, drive further tumor development and metastasis [171]. Besides, HIFa
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induces expression of various other growth factors (PDGF, EGF, IGF, TGF-
o), who thought interaction with appropriate tyrosine kinase receptors further
enhance tumor growth and progression [173]. Moreover, HIFa may induce
activation of nuclear factor kappa B (NF-«B) that regulate expression of
EMT-related transcription factors, particularly ZEB2 and SNAII1, which
thought repression of epithelial marker E-cadherin (CDHI), contribute to
EMT initiation [174]. Furthermore, HIFa may directly induce these
transcription factors and enhance EMT [175,176], playing an essential role in
ccRCC development.

Activation of HIFa also leads to the rapid reorganization of the central
metabolic pathways in ccRCC, including the reduction of oxidative
phosphorylation and increment of aerobic glycolysis (“Warburg effect”), fatty
acid, and glycogen synthesis leading to lipids and glycogen accumulation
[177-179]. Such metabolic shifts are observed in many cancer cells and confer
the capacity to meet bioenergetic demands such as uncontrolled proliferation
and the acquisition of other hallmark traits of cancer, described by Hanahan
and Weinberg [180,181]. However, renal cancer is one of the most studied and
perhaps the exemplar of malignancies characterized by metabolic
reprograming [182,183] and is labeled a metabolic disease [184-186].
Specifically, increased levels of HIFa lead to the induction of glucose
transporters (GLUT-1) that even enhanced the Warburg effect in ccRCC cells
[187]. In addition, altered levels of various enzymes directly or indirectly
participating in the TCA (tricarboxylic acid) cycle are also observed in ccRCC
[182,183,188,189]. Together these metabolic alterations promote the
accumulation of various oncometabolite, which, mainly via epigenetic
dysregulation, further enhance kidney tissue carcinogenesis [190-194].

Independently of HIFa, pVHL also assists the regulation of the WNT/pB-
catenin signaling pathway, playing an essential role in kidney development,
injury repair, and tumorigenesis [195,196]. In the presence of WNT activating
ligands, WNT binds to its receptor complex (Frizzled receptor and LRPs),
which prevents p-catenin from degradation. This ensures [-catenin
translocation to the nucleus, where its promotes transcription of various genes,
including (proto)oncogenes MYC and CCNDI (cyclin D), stimulating
tumourigenesis [197]. Meanwhile, in the absence of WNT ligands, B-catenin
is phosphorylated by glycogen synthase kinase-f (GSK-P) and targeted for
degradation through further ubiquitylation by the complex of Jade family
protein JADE-1 and pVHL [195]. Thus, in the absence of pVHL, B-catenin
can’t be targeted for degradation, which also promotes renal cancer
progression.
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Although mutated VHL deregulates various pathways related to the ccRCC
development, VHL loss alone cannot induce renal epithelium cancerogenesis
[198], and additional genetic or epigenetic events are needed. As it is
mentioned previously, the most prevalent genetic event is the mutations in
tumor suppressor genes, namely PBRM 1, SETD2, and BAPI.

PBRM]1 (encoding a component of the SWI/SNF-B chromatin remodeling
complex) is a frequently mutated gene in ccRCC (40%), and it is likely to be
a tumor suppressor through the involvement in the cellular senescence,
genome stability, and coordination of DNA repair [199-201]. PBRM1 protein
contributes to the controlling of DNA accessibility for transcription and
regulates the expression of various genes, for example, encoding cell adhesion
and cell signaling molecules [201-204]. Besides the role in transcriptional
regulation, PBRMI1 prevents tumorigenesis by promoting centromeric
cohesion and genome stability [201]. Most PBRM 1 mutations are inactivating,
and loss of its expression promotes ccRCC cell proliferation and migration
[162] and enhances the HIFa-response [205]. Thus, PBRMI is likely to play
essential roles in frequently dysregulated cancer pathways and maintain
genomic integrity, which is a barrier to tumorigenicity [206].

SETD?2 encodes histone methyltransferase acting as tumor suppressor gene
[207,208]. As in the case of PBRM1, SETD2 controls cellular senescence and
participates in the maintenance of genome integrity through nucleosome
stabilization, suppression of replication stress, and the coordination of DNA
repair [209-213]. Specifically, SETD2 trimethylates the histone H3K36,
leading to the open heterochromatin formation and reduction of DNA
methylation [214-216]. Meanwhile, mutated SETD?2 is associated with
increased genome instability, possibly through decreased DNA methylation at
non-promoter regions [214-216].

BAPI encodes the deubiquitinating enzyme associated with multiple
protein complexes included BRCA1 (breast cancer type 1 susceptibility
protein) and BRAD1 (BRCA1 associated RING domain protein 1), regulating
DNA damage response, cell cycle, and apoptosis [217-219]. In addition,
BAP1 also contributes to chromosome stability by binding the proteins
essential for spindle assembly [220]. Interestingly, BAP1 does not promote
tumorigenesis by accelerating cell growth but allows a slow and tolerant G1/S
cell cycle checkpoint, leading to slower but uncontrolled tumor growth
[163,221].

Almost all mutations involving PBRM1, SETD2, and BAPI are found in a
subset of VHL-inactivated cells [157], and according to the recently proposed
model, PBRM1 is the second driver event in renal tumorigenesis after the loss
of VHL [222]. Meanwhile, SETD2 and BAPI mutations are likely to occur in
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the pre-existing VHL and/or PBRM1 mutated clones and contribute to tumor
progression [157]. This is confirmed by the subsequent studies, demonstrating
the association of mutated SETD2 and BAPI but not VHL and PBRM1 with
worse survival of ccRCC patients, suggesting that VHL and PBRMI are
implicated in the tumor initiation. At the same time, SETD2 and BAPI
contribute to further disease progression [223,224,225].

1.2.2. Other common genetic alterations and affected pathways

A comprehensive molecular analysis of primary ccRCC samples, as a part
of The Cancer Genome Atlas (TCGA) project, revealed an infrequent number
of somatic mutations in these tumors, with the nine most prevalent genes,
including above mentioned VHL, PBRM1, SETD2, BAPI and five additional,
namely KDM5C, PTEN, MTOR, TP53 and PIK3CA [156]. While some later
studies emphasized a few other genetic alterations in the genes related to
chromatin remodeling complexes, PI3K-mTOR signaling, p53, and cell cycle
signaling pathways [157, 223].

Clear cell renal carcinoma is exceptional from other cancers according to
the widespread mutations in chromatin remodeling genes established in 69%
of ccRCC with the predominance of SWI/SNF complex members [157,223].
Without previously described mutations in PBRM1, SETD2, and BAPI,
inactivation of KDM5C and KDMG6A encoding lysine-specific histone
demethylases were also observed in 13% of ccRCC cases [223]. KDM5C is
one of the HIFa target genes and is considered a tumor suppressor since its
overexpression suppressed the global gene transcription and retarded tumor
growth [226,227]. These lysin demethylases also contribute to
heterochromatin maintenance. The ccRCC tumors harboring mutated KDM5C
are characterized by heterochromatin disruption, genomic instability, and poor
disease prognosis [228]. Considering the wide variety of other mutated
chromatin remodeling genes (e.g., ARIDIA, SMARCA4, MLL3, ASXLI,
EP300, CREBBP), it is becoming evident that chromatin modifications and
epigenetic reprogramming have great importance in renal tissue
carcinogenesis.

The phosphoinositide 3-kinase (PI3K) and mechanistic target of rapamycin
(mTOR) signaling pathway is activated by various lesions and affects cell
growth, proliferation, migration, metabolism, and survival [156,157,229].
Due to the widely observed gain of chromosome 5q, harboring the FGFR4
(fibroblast growth factor receptor 4) gene, encoding PI3K inducing receptor,
this pathway is altered in up to 78% of ccRCC [157]. Among the principal
players of this pathway, MTOR is the most commonly mutated gene observed
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in 6-7% of cases [156,223], and patients carrying this mutation display a better
response from rapalogs (mTOR-targeted) treatment [230], widely used for
metastatic ccRCC. Catalytic subunit of PI3K encoding gene PIK3CA is
mutated in 3-5% of ccRCC, while mutation of tumor suppressor gene PTEN,
the most critical negative regulator of PI3K, observed in 2-4% of cases
[156,157,229]. Patients with PTEN-mutant tumors were more prone to distant
metastasis and recurrence of disease with worse survival [231,232].

Various genetic alterations in genes involved in cell cycle control were
observed in 40% of ccRCC [157]. These alterations comprise gain of
oncogene MYC (23%), deletion of tumor suppressor gene CDKN2A (cyclin-
dependent kinase inhibitor 2A; 16%), and mutations in several other genes
with the most prevalent of TP53 (up to 3%) correlating with decreased
survival in ccRCC [157,223].

1.2.3. Cancer evolution and tumor heterogeneity

The recent studies analyzing multiregional and sequential tumor samples
by genome-wide mutation analyses provided much higher frequencies of
driver mutations in ccRCC tumors, suggesting high heterogeneity of such
tumors, which is overlooked in the single biopsy studies [6-9,233].
Furthermore, those studies underlined the loss of chromosome 3p and VHL as
a trunk initiating event in ccRCC and that these tumors often display branched
evolution. Branched evolution means that the different regions of the tumors
display significant variations in their mutational signature, and even 73-75%
of driver alterations were found to be subclonal [7]. Moreover, parallel
evolution has been observed whereby genomically distinct but functionally
equivalent alterations occur within the different tumor regions. In addition,
several studies noted the convergence of genetic characteristics [234-236].
According to this, mutations in genes occur at different time points but lead to
a similar overall genomic and phenotypic profile.

In the recent study, Turajilic et al. [8,9] described seven distinct
evolutionary subtypes of ccRCC, characterized by the different degrees of
intratumor heterogeneity (ITH) and genomic instability (GI). The lowest ITH
and GI was established in the subtype consisted of the VHL as a lone
mutational driver, displaying limited branching and a monoclonal structure.
Intermediate ITH was determined in five other subtypes, characterized by
moderate to high GI. The first subtype consists of tumors with multiple clonal
drivers (=2 clonal mutations in BAPI, PBRM1, SETD2, or PTEN). A second
subtype comprises cases with BAP1 as a lone mutational driver in addition to
VHL. The third subtype consisted of VHL-wild type tumors with sarcomatoid
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differentiation. The fourth and fifth subtypes were PBRM1 — PI3K and
PBRMI1 — SCNA (somatic copy number alterations), characterized by the
early PBRM1 mutation followed by activation of PI3K-mTOR pathway or
subclonal SCNAs, respectively, enriched for lower grade tumors. And the
final evolutionary subtype, namely PBRM1 — SETD? driven, is characterized
by extremely high ITH (about ten clones per tumor), frequent parallel
evolution events, and advanced disease stage.

From the clinical perspective, such a variety of evolutionary subtypes may
contribute to the distinct course of the disease and heterogenous clinical
outcomes observed in ccRCC patients [57,58]. For example, Turajilic et al.
[8,9] established that tumors with low ITH and high GI were more likely to
progress rapidly and widely, suggesting the presence of occult metastases at
diagnosis. In contrast, heterogeneous tumors with or without high GI were
more likely to have an attenuated progression pattern, often with solitary
metastasis. Particularly, multiple clonal drivers, VHL-wild-type and BAPI
driven evolutionary subtypes, were attributed to rapidly progressing tumors,
while PBRMI1 — SETD2 and PBRMI — PI3K were characterized by
attenuated progression. In addition, VHL mono-driver tumors were presented
at an early stage (mean tumor size 45 mm), suggesting they may be an early
evolutionary ancestor for the more complex subtypes.

The analysis of metastatic ccRCC showed that metastatic sites are more
homogenous and harbor fewer driver somatic alterations than the primary
tumor. Only 5.4% of driver events were found to be de novo in metastases [9].
Hence, most genetic alterations accumulate in the primary tumor, serving as a
substrate for selecting metastasis-competent subclones.

To sum up, in clinical practice, such heterogeneity and a wide variety of
evolutionary subtypes complicate precision medicine because tumor biopsies
may not represent the overall spectrum of genetic alterations required for
selecting treatment regimens. Moreover, such tumor heterogeneity may
explain the difficulties in the validation of new oncology biomarkers. Thus,
other sources to fulfill these objectives are needed.

1.3. Aberrant DNA methylation and renal clear cell carcinoma

Epigenetic modifications are reversible and heritable changes in gene
expression without alterations in the primary DNA sequence. Epigenetic
phenomena encompass histone modifications, DNA methylation, and non-
coding RNA. DNA methylation in mammalian cells is characterized by the
addition of a methyl group (-CH3) at the carbon-5 position of cytosine
residues in the context of CpG dinucleotides through the action of DNA
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methyltransferase (DNMTs) enzymes, forming 5-methylcytosine (SmC). It is
the most widely studied epigenetic mechanism, responsible for the various
biological processes, including normal development of mammals,
differentiation, and regulation of gene expression [237]. There are
approximately 28 million CpG sites in the genome, but these are not evenly
distributed. About a half of CpG dinucleotides tend to concentrate into short
CpG-rich regions, called CpG islands, located near gene transcription start site
and span the promoters or other regulatory sequences (e.g., enhancers). Such
CpG island-associated genes are either actively transcribed or poised for
transcription [238]. While another part of CpGs are scattered individually
within repetitive genome sequences [238]. Promoter CpG islands in normal
cells generally remain unmethylated/hypomethylated and are associated with
active gene expression during differentiation. On the contrary, CpGs within
repetitive sequences are hypermethylated and associated with the repression
of such regions and maintenance of genome stability [237].

The presence of methyl groups in specific DNA regions is carried out by
DNMTs (DNMTI1, DNMT3A, and DNMT3B), which are frequently
overexpressed in various malignancies [239]. The expression of DNMTs is
also promoted by HIFla [240], which is relevant for ccRCC. Proteins
containing methyl-CpG binding domains (MeCP2, MBD2, and MBD?3) or
C2H2 zinc fingers (e.g., ZBTB4, ZBTB33, ZBTB38) recognize methylated
DNA and determine its transcriptional silencing [238]. For example, MBDs
recruit histone deacetylases (related to transcriptional repression) to the
methylated promoter, which induces chromatin condensation, making the
DNA inaccessible for transcription leading to gene silencing [239].
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Fig. 1.7. The schematic pattern of DNA methylation in the normal and cancer
cells. (Adapted from [237]). The white circles represent unmethylated CpG
sites, while red circles — methylated CpG.
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Normal epigenetic processes, including genome-wide changes in DNA
methylation patterns, are disrupted during the initiation and progression of
cancer [241,242]. Hypermethylation of the CpG islands is a common event in
various cancer types, including kidney cancer, and is often associated with the
silencing of tumor suppressor genes and their regulated signaling pathways
(Fig. 1.7) [237,243]. Besides, enrichment of aberrant enhancers methylation
is related to transcriptional alterations as well and, in the case of RCC, has
important clinical significance [244]. On the contrary, DNA methylation in
repetitive regions of various cancers is decreased and leads to genomic
instability and activation of oncogenes [245].

The importance of epigenetic aberrations for ccRCC development is aptly
illustrated by the common genomic alterations in genes encoding histones and
chromatin modifiers, influencing DNA methylation changes. Among the most
frequent RCC subtypes, ccRCC is characterized by the most prevalent DNA
hypermethylation events with more than 200 hypermethylated CpG islands
[156,223]. Aberrations in DNA methylation occur early during cancer
development and, in the case of ccRCC, are observable even in the
precancerous stage [10,246] with increasing promoter hypermethylation
frequencies in higher stage and grade tumors [156]. Hence, DNA methylation
could be precious clinical cancer biomarkers for early disease diagnosis and
prognosis, considering the relatively infrequent number of somatic mutations
and asymptomatic course of the disease (Fig. 1.8).
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Fig. 1.8. The need and applicability of DNA methylation biomarkers in cancer
detection, diagnosis, and prognosis. (Adapted from [247]).

DNA methylation has several additional superiorities over other
commonly used biomarkers. For example, compared to mRNA or protein-
based biomarkers, DNA methylation is much more stable. It can withstand
harsh conditions for an extended period of time. In addition, DNA can be
amplified and thus increase sensitivity, allowing the detection of such
biomarkers on limited amounts and quality samples. Moreover, as a single
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biopsy of ccRCC does not reflect the whole spectrum of (epi)genetic
alterations [9], the applicability of DNA methylation-based biomarkers to a
wide variety of clinical samples, particularly body fluids, bypasses the tumor
heterogeneity-caused difficulties to validate new oncology biomarkers.
Finally, DNA methylation is easily detectable in body fluids by conventional
and inexpensive qualitative or quantitative PCR methods. All these features
make DNA methylation particularly attractive for searching ccRCC
biomarkers with the ability to use in clinical practice.

1.3.1. Frequently methylated genes and dysregulated pathways

Until today, most DNA methylation studies of ccRCC have focused on the
selection of candidate biomarkers. These studies described plenty of
hypermethylated genes affecting various cancer hallmarks, including cell
cycle regulation (CDKN2A/P16, CDKN2A/P16, RASSFI), apoptosis
(DAPK1, APAF1), invasion and metabolism (GSTPI, CDOI). In addition to
cancer hallmarks, several signaling pathways important for ccRCC
development are affected by DNA methylation, such as VHL-HIF and
angiogenesis, cell adhesion, and EMT as well as WNT/B-catenin signaling
pathway. These pathways form a complex network contributing to RCC
cancerogenesis [248].

Dysregulation of the VHL-HIF signaling pathway in ccRCC is observed
not only due to genetic alterations (described above), but promoter
methylation-mediated inactivation of VHL occurs in up to 30% of cases as
well (Table 1.3). In addition, other tumor angiogenesis regulating gene
GREM1, encoding gremlin 1, which directly binds to the VEGF receptor, is
frequently methylated in ccRCC. The inactivation of GREM1 is interpreted by
immature and unstable tumor vasculature formation, which facilitates an
escape of tumor cells into the circulation leading to the development of cancer
metastasis [249]. By contrast, TIMP3 encoding tissue inhibitor of
metalloproteinase 3 blocks the binding of VEGF to VEGFR2 and inhibits
angiogenesis [250], and is frequently methylated in RCC. Besides, it also
inhibits matrix metalloproteinases (MMPs), a crucial mediator of cancer EMT
influencing invasiveness and metastasis by proteolysis of extracellular matrix
[250,251]; therefore, inactivation of TIMP3 enable metastatic spread as well.

Epithelial-mesenchymal transition related to both cancer initiation and
progression to metastatic disease is also widely deregulated by DNA
methylation events. CDHI encoding E-cadherin, required to preserve renal
epithelial morphology [291], is frequently inactivated by methylation in
ccRCC (Table 1.3). Protocadherins family member PCDHS, encoding
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adhesion protein, necessary for the maintenance of epithelial phenotype as
well [292], is also frequently silenced by methylation in ccRCC (58-68%) and
correlated with poor patients survival [293]. EMT signaling might be further
enhanced by promoter methylation of FBN2 (fibrillin 2), considered the most
common epigenetic mark in RCC [293]. Fibrillin-2 is an extracellular matrix
protein, interrupting EMT induction by sequestration of transforming growth
factor-p (TGF-B), a well-known inducer of EMT; thus, methylation of FBN2
increased RCC tumorigenicity [270]. Another TGF-B superfamily protein,
BMPs (bone morphogenic proteins), are characterized by the suppression of
EMT [294], and their expression in RCC is also reduced by promoter
methylation. Other genes involved in cell adhesion, invasion, and EMT are
also frequently methylated in RCC (Table 1.3).

Table 1.3. Promoter methylation frequencies of commonly studied genes by
targeted approach in primary RCC (mostly ccRCC) tumors.

Signaling Genes Methylation Type of References
pathway frequency* biomarker
VHL 4-31% D [14,252-263]
a?llg(l;g_el;llgis GREM1 20-55% Pg [256,164-266]
TIMP3 19-71% D [14,15,253,267, 269]
CSTo6 0-46% Pg [264,265]
FBN2 21-34% - [270,271]
EMT, cell CDHI 11-83% D [15,253,267]
adhesion, PCDHS 58-68% Pg [270,272]
motility and LADI 27-35% Pg [256,265]
invasion NEFH 28-63% Pg [256,265,273]
BMP2 48-83% Pg [265,274]
NEURL 41-47% Pg [256,265]
WNT SFRP1 19-68% D and Pg | [256,264,275-277]
signaling DKK1/3 50-52% D and Pg | [275,278]
o [14,15,253,254,267,
Pl4 0-69% D 279]
o [14,15,253-255,
Cell cycle, Pi6 0-72% D 267,268,279-281]
rowth, o [14,15,253,254,267,
oroliferation | RASSFIA | 23-97% | DandPg | 568 505 55s)
and RARB 2-53% D [15,253,267,268]
apoptosis PTGS2 10-96% D [267,279]
APC 5-29% D [14,15,253,267,268]
DAPK] 8-64% Pg [279,286-289]
APAF1 41-100% Pg [286-289]
Metabolism CDOI1 38—40% Pg [256,290]

*Only studies that analyzed >20 RCC tissue samples and genes with a
methylation frequency of >15% are included. D — diagnostic, Pg — prognostic.

43



The WNT/B-catenin signaling pathway is frequently disturbed in ccRCC
by promoter methylation of various pathway inhibitors that increase the
tumorigenicity of renal cells as well [295]. Two classes of inhibitors protein
regulate the WNT/B-catenin pathway, including secreted frizzled-related
proteins (SFRPs), which bind directly to WNT and suppress downstream
signaling, and the Dickkopf-related proteins (DKK) as well as insulin-like
growth factor binding proteins (IGFBP), which bind to other receptor complex
component (Frizzled receptor and LRPs) [296]. Frequent promoter
methylation of these proteins encoding genes is observed in RCC, and analysis
of TCGA data identified SFRPI methylation as a marker of poor patient
survival [293].

Through decades of reports have suggested the described methylated genes
in RCC as the candidates for diagnostic and prognostic biomarkers, no marker
has reached the clinic yet. Meanwhile, DNA methylation-based tests for the
diagnosis and/or prognosis of other urological cancers such as prostate
(ConfirmMDx) and bladder (AssureMDx) cancer [13] are commercially
available long before and even have been included in EAU (European
Association of Urology) Guidelines. Considering the highest mortality rate of
renal cancer among all urinary system neoplasms, this stimulates the search
for novel biomarkers with better performance.

1.3.2. Methylome of ccRCC and identification of novel biomarkers

Most of the above-described studies based their biomarkers selection
procedure on literature reporting on methylated biomarkers in several other
cancer types, whereas only a few studies based their biomarkers selection on
genome-wide DNA methylation or RNR expression data, thereby focusing on
the identification of cancer type-specific candidate biomarkers. The advent of
high throughput technologies encompassing the whole genome has enabled
genome-wide analysis of DNA modifications and led to new insights into
epigenomic profiles of ccRCC.

The TCGA project analysis of DNA methylation profile in ¢cRCC
revealed three distinct clusters that were characterized by different DNA
methylation levels, including clusters with high, intermediate, and low
methylation levels, determined using a total of 1288 differentially methylated
genes [157]. Another independent study also observed a similar methylation
pattern, oriented to promoter methylome of small renal masses (< 4 cm
tumors) [297]. In contrast, other studies based on promoter CpGs methylation
revealed only two clusters with high and low methylation levels [298,59]. The
cluster with high methylation was also characterized by a higher number of
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somatic mutations, especially SETD2 and BAP1, and other genetic alterations,
like loss of 3p, 9p, 14q, etc. [157, 223]. Increased hypermethylation was also
associated with various adverse clinical-pathological parameters and
increased probability of metastasis, and decreased patient survival
[59,157,223,298].

Table 1.4. Several novel putative DNA methylation biomarkers of renal cell
carcinoma identified by genome-wide methylation analysis and validated in
at least one cohort.

Selection + Gene Tvpe of
validation Gene name P Ref.
symbol biomarker
methods
ZNF278 Zinc finger protein 278 Pg
*HM450 + Family with sequence
PSQ FAMI554 similarity 155, member A Pg [299]
DPP6 Dipeptidyl peptidase like 6 Pg
*HIMA50 + ZNF492 GZln(; ﬁnger prlofieln 49% Pg 3001
PSQ GPRI49 pro em-c?jg ed receptor Pg
*Microarrays HOXA45 Homeobox AS NA [301]
+BSQ MSH?2 MutS homolog 2 NA
SLC3442 Solute carrier family 34 NA
member 2
TM6SF1 Transmembrane 6 superfamily NA
member 1
COLIA42 Collagen type I alpha 2 chain NA
Ovo like transcriptional
2(1;4}517{; OVOLI repressor 1 s [271]
TMPRSS?2 Transmembrane serine NA
protease 2
DLECI DLECI1 C'llla and ﬂggella NA
associated protein
SST Somatostatin NA
BMP4 Bone morphogenetic protein 4 NA
GRIKI Glutamate 10notropic rgceptor NA
kainate type subunit 1
CHODL Chondrolectin NA
B}SH(\Q/I/ZI?SE / BCAN Brevican NA [297]
ZNF177 Zinc finger protein 177 NA
QMSP ECrp
ATP2A3 ATPase sarcoplasmic NA
reticulum Ca2+ transporting 3
OXRI Oxidation resistance 1 NA

*Studies included ccRCC subtype only. HM450/HM27 — Illumina Infinium
HumanMethylation 450/27K BeadChip; COBRA — Combined Bisulfite
Restriction Analysis; QMSP — quantitative methylation-specific PCR; PSQ —
pyrosequencing; BSQ — bisulfite sequencing; Pg — prognostic; NA — not
available.
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According to another TCGA data analysis, different DNA methylation
subgroups were found in the tumors with the same clinical stage and grade
and vice versa; tumors with distinct stages and grades may share the same
DNA methylation characteristics [11]. The study revealed that DNA
methylation status represents a more elaborate classification analysis for RCC
than clinical-pathological parameters. DNA methylation profiles can help
understand the etiology of RCC. Most importantly, they demonstrated
clinically applicable biomarkers for use in the early stages of kidney cancer
detection and/or prognosis.

Genome-wide DNA methylation studies have produced a considerable
amount of novel candidate ccRCC biomarkers (Table 1.4) and significantly
increased the knowledge of epigenetic changes in renal cell carcinoma.
However, most of the recently published studies used relatively small and
heterogeneous (comprising various cancer subtypes) RCC sample cohorts for
the validation of putative biomarkers or lack this analysis step at all, and only
a few reports stated the selected genes as prognostic markers with a lack of
diagnostic ones. Therefore further attempts are needed in order to choose
novel diagnostic and/or prognostic DNA methylation biomarkers for ccRCC.

1.3.3. DNA methylation biomarkers in urine

To date, “liquid biopsy” is emerging as a revolutionary tool in cancer care,
allowing analysis of genetic material, such as proteins, tumor cells, or cell-
free DNA shed from primary or metastatic tumors into bodily fluids for non-
invasive cancer detection or prognosis. Renal cell carcinoma-derived
methylated DNA is easily detectable in body fluids, such as urine [14-19],
serum [15,275,302,303] or plasma [304,305]. This potentially allows for the
development of non-invasive molecular tests, which alone or in combination
with imagining, could transform clinical management by enabling early
detection of renal cancer and reducing unnecessary kidney biopsies and
nephrectomies [20].

For urological cancers, including renal cancer, urine is, in many situations,
the preferred “liquid biopsy” source containing both exfoliated tumor cells
and cell-free tumor DNA and can be obtained easily, non-invasively, and
repeatedly [306]. Furthermore, as ccRCC is considered to be a heterogeneous
malignancy with high intra-tumor and inter-tumor heterogeneity that
complicates diagnosis and prediction of the course of the disease, DNA
methylation in urine bypasses this situation, providing a better reflection of
tumor heterogeneity compared to the tissue sample. In addition, due to the
easily available repeatability of the sample acquisition, urine-based
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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. Despite these advantages, no clinically validated non-

invasive DNA methylation biomarkers exist for RCC detection.

Table 1.5. Urinary DNA methylation biomarkers for the detection of RCC.

The size of investigated
cohorts Method | Biomarker | DSe, % | DSp, % | Ref.
Cancer Control
VHL 12 100
50 Pli6 8 100
(35 ccRCC, Pi4 18 100
6 pRCC, 12 (healthy MSP APC 16 100 [14]
2 chRCC, individuals) RASSFIA 50 100
7 other TIMP3 52 100
(sub)types) Panel of all 90 100
biomarkers
APC 38 96
Pl4 31 100
CDHI 38 95
26 RCC GSTPI 15 100
(23 ccRCC, 91 (various MGMT 8 100
1 pRCC, discases) QMSP Pl6 35 100 [15]
1 chRCC, RARB2 31 91
1 other type) RASSFIA 65 89
TIMP3 46 91
Panel of all 38 )
biomarkers
GDF15 5 100
19 RCC (not 20 (not HSPA2 11 100
specified) specified) QMSP TMEFF2 11 100 [16]
VIM 5 100
TCF21 28 100
50 RCC (not | 48 (healthy PCDHI7 10 100
specified) | individuals) | V5P | Panelof [17]
both 32 100
biomarkers
15 RCC (not | 15 (healthy
specified) individuals) PSQ TCF2L 7 100 [18]
57/86 .
331/{1(? é (healthy | QMSP Ng‘gg‘f?;iA 83/63 | 53/67 | [19]
individuals)

RCC —renal cell carcinoma; ccRCC — clear cell RCC; pRCC — papillary RCC;
chRCC - chromophobe RCC; MSP — methylation-specific PCR; QMSP —
quantitative MSP; PSQ — pyrosequencing. *Stated as a prognostic biomarker.
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Six studies analyzed urinary DNA methylation biomarkers for renal cell
carcinoma detection encompassing 17 different biomarkers (Table 1.5). The
sensitivities (proportion of patients with RCC positive for biomarker) of single
biomarkers vary between 5% and 83%; however, specificities (probability of
negative test results in individuals without cancer) were generally high,
reaching >90% in most cases. Two first studies by Battagli ef al. [14] and
Hoque et al. [15] analyzed methylated DNA of well-known tumor suppressor
genes and the methylations frequencies of APC, P14, P16, and RASSF1A were
considerably higher in the latter study, while specificities were less varied. As
discussed by Larsen et al. [306], the varying sensitivity is most probably
affected by the variability in the pathology as larger tumors will shed more
material than smaller ones and studies having a higher proportion of advanced
cancers, achieving higher sensitivity. TCF21 is another biomarker tested in
more than one study; both of them achieved 100% of specificity, but the
sensitivity varied from 28% to 79 %.

In order to overcome the low sensitivities of a single biomarker test,
methylation of various gene panels has been evaluated in three studies. The
best performing combination consisting of VHL, P16, P14, APC, and TIMP3
achieved a sensitivity of 90 % and specificity of 100%. A similar sensitivity
(88%) was reported by combining nine biomarkers, particularly 4PC, P14,
CDHI1, GSTPI1, MGMT, P16, RARB, RASSF1A4, TIMP3, with no indication of
specificity. In contrast, a panel of TCF21 and PCDH17 reached a sensitivity
of 32% only.

To date, only one study has identified prognostic ccRCC biomarkers in
urine. Outeiro-Pinho ef al. [19] found that methylation of the mir-30a gene in
the urine sediments remarkably discriminated patients with metastasis from
those without metastatic disease with 80% of sensitivity and 71% of
specificity. Besides, this is the only study that included a considerable amount
(>200 of samples) of homogenous (ccRCC only) cases, while other studies
conducted their analysis in much smaller (<50 of samples) and heterogeneous
cohorts. Thus, despite high diagnostic parameters observed for gene panels,
none of them are commercially available to date, and further thorough studies
are needed in this field.
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2. STUDY COHORTS AND METHODS
2.1. Patients and samples

Approval from the Lithuanian Bioethics Committee (Nr.
158200-18/12-1077-585) was obtained, and all patients gave informed
consent for participation.

Retrospectively recruited patient cohorts were available for this study.
Human kidney tissue samples from 123 patients primarily diagnosed with
ccRCC who underwent partial or radical nephrectomy without any
neoadjuvant therapy at the Urology Centre of Vilnius University Hospital
“Santaros Klinikos” (Lithuania) were collected between 2013 and 2016.
Noncancerous renal tissue (NRT) samples were available from 51 ccRCC
patients as a control group and were collected as described previously [307].
From that sample collection, 11 pairs of ccRCC and morphologically normal
tissue were used for DNA methylation microarray analysis, 4 pairs of ccRCC
and NRT for mRNA expression microarray analysis, while 123 ¢cRCC and
45 NRT for the validation. All tissues were sampled and evaluated by an
expert pathologist at the National Center of Pathology (NCP). 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, and nuclear differentiation was
graded according to the Fuhrman [67] and World Health
Organization/International Society of Urological Pathology [75] grading
systems. The overall survival data were available for 87% of patients
(107/123) with a median follow-up time of 59 months (range, 1-79 months).
Follow-up data for all the cases involved in the study were updated in
February 2020.

Urine sediments from voided urine samples were available for all ccRCC
patients (N=123) and from an additional 92 age- and sex-matched
asymptomatic volunteers named as asymptomatic control (ASC).

All collected demographic and clinical-pathological data of the study
subgroups are provided in Table S1.

2.2.Sample preparation for nucleic acid extraction

Renal tissue samples were homogenized using liquid nitrogen and
cryoPREP™ CP02 Impactor with tissue TUBE TT1 (Covaris, Woburn, MA,
USA).
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Urine samples were centrifuged at 1000 rpm for 15 min at 4 °C (Hettich
Universal 320R Centrifuge, DJB Labcare, Buckinghamshire, United
Kingdom) at NCP; then sediments were washed twice with 1x PBS and
resuspended in the same buffer for storage at -80 °C until use. Just before the
lysis step, about 1.5-2.0 mL of thawed urine sediment samples were washed
with 1x PBS one more time and concentrated to <100 pL of total sample
volume.

2.3.DNA extraction and bisulfite conversion

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 NacCl (all from Carl Roth) for urine samples. DNA was extracted
following the standard phenol-chloroform purification and ethanol
precipitation protocol.

The concentration and purity of the isolated DNA were evaluated by
NanoDrop™ 2000 spectrophotometer (Thermo Scientific™, Thermo Fisher
Scientific, Wilmington, DE, USA). DNA integrity of the samples selected for
genome-wide DNA methylation profiling was checked electrophoretically
(Fig. 2.1 A).

For targeted DNA methylation analysis, 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.

2.4.RNA extraction

Total RNA from homogenized tissue powder was isolated with mirVana
Kit (Ambion, Thermo Fisher Scientific, Foster City, CA, USA) according to
the manufacturer’s recommendations. Briefly, tissue samples were treated
with 500 pL Lysis/ Binding Buffer for 10 min on ice and 50 pL of miRNA
Homogenate (for possible miRNA assays) for an additional 10 min. Total
RNA was extracted with 500 uL of acid-phenol: chloroform and purified
using the supplied Filter Cartridges. For the elution of total RNA, 100 pL of
preheated (95 °C) Elution Solution was used.

50



The concentration and purity of the isolated total RNA were measured
spectrophotometrically with NanoDrop 2000 (Thermo Scientific™).
Additionally, the RNA integrity of the samples selected for global mRNA
expression analysis was checked electrophoretically.

2.5.Genome-wide DNA methylation profiling
2.5.1. DNA methylation microarrays

The genome-wide DNA methylation profiling of 11 paired ccRCC and
NRT samples with thorough clinical-pathological data was performed in order
to identify potential ccRCC biomarkers. The samples were processed using
the two-color Human DNA Methylation 1x244K Microarrays (Gene
Expression  Omnibus, GEO, accession identifier GSE166734;
https://www.ncbi.nlm.nih.gov/geo/) according to the manufacturer’s protocol
G4170-90012 v2.3 (Agilent Technologies, Santa Clara, CA, USA). Briefly, 5
ug of purified DNA in 1XPBS was sonicated into fragments of 150-1000 bp
in size using Covaris M220 focused-ultrasonicator (Woburn, Massachusetts,
USA) (Fig. 2.1 A).

For the methylated DNA immunoprecipitation (IP-DNA), 200 uL (~4 pg)
of the sonicated sample was mixed with 50 puL of the prepared magnetic beads
(DynaBeads Pan Mouse IgG, Invitrogen™, Thermo Fisher Scientific,
Carlsbad, CA, USA) labeled with 5-methylcytosine (5-mC) monoclonal
antibody 33D3 (Diagenode) and 250 uL of 2xIP buffer, and gently mixed for
18 hours at speed 40 in Stuart tube rotator SB3 (Cole-Parmer, Vernon Hills,
IL, USA) at 4 °C. IP-DNA and untreated reference DNA (Ref-DNA) were
purified with phenol-chloroform (Carl Roth) using MaXtract High-Density
gel-filled tubes (Qiagen, Valencia, CA, USA).

After purification IP-DNA and Ref-DNA were labeled by Cy5 and Cy3
(Fig. 2.1 B) using SureTag DNA Labeling kit followed by manufacturer’s
protocol (Agilent Technologies). The yields of samples and the specific
activity of the dyes were evaluated spectrophotometrically. [P-DNA and Ref-
DNA of the same sample were mixed and hybridized onto Human DNA
Methylation 1x244K microarrays (Fig. 2.1 C), design ID023795 (Agilent
Technologies), for 40 hours at 65 °C in a rotating hybridization oven (Agilent
Technologies). After hybridization, microarrays were washed in a buffer

system and scanned with Agilent G4900DA SureScan microarray scanner
(Agilent Technologies) (Fig. 2.1 D-F).
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Feature Extraction software v10.7.3.1 (Agilent Technologies) was used for
data extraction from microarray TIFF images. The obtained data were further
subjected to quality control, pre-processing, and differential analysis.

Sonicated DNA Genomic DNA precipi DNA Human DNA Methylation
A C
_— DNA (IP-DNA) (Ref-DNA) 1x244K microarray
SM | Il IV | Il _ll_IV ” — l‘
lagnetic bea VooV
g‘smc Ab AN
{‘J)'\\‘?.” 2, AR
x%)\l} "5mC %“M‘
K\ Ve
1000 pb %& L “
WA "G
NWA AP
500 pb 6‘
¥ =
X .
Labeling |\ il w ® Y " Labeling
with Cy5 | with Cy3
A buffer system for = Agilent G4900DA SureScan F A fragment of a microarray
microarrays washil scanner system TIFF image file

Fig. 2.1. The particular steps of DNA methylation analysis by means of
microarrays. A — genomic DNA and sonicated DNA analysis in 3% agarose
gel; B — immunoprecipitated methylated DNA and reference DNA samples
after labeling; C —microarray slide placed on the hybridization chamber; D —
microarray washing in the buffer system after hybridization; E — microarray
scanner system Agilent G4900DA SureScan (Agilent Technologies); F — a
magnified fragment of a microarray TIFF image file. Abbreviations: SM —
DNA size marker GeneRuler 50 bp DNA Ladder (#SM0373, Thermo
Scientific); bp — base pair; I-IV — renal tissue DNA samples; SmC — 5-
methylcytosine; Ab — antibody; Cy5/3 — cyanine 5/3 dye.

2.5.2. Microarray data processing and analysis

All calculations were performed with GeneSpring GX v14.9 software
(Agilent Technologies), and all microarray datasets were normalized using the
same procedure. 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 signal was filtered on expression (20.0—
100.0th) percentile in the raw data, and all samples have values within the
range. Normalized log ration (Cy5/Cy3) representing IP-DNA/Ref-DNA was
used for further calculations. 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
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corrected for multiple testing using false discovery rate (FDR). As the
stringent filtering, i.e., absolute FC > 1.5 and corrected P-value <0.050, did
not yield any significant probes, no multiple testing correction was used.
Methylation levels of the particular probes were considered as different if the
absolute FC value was >1.5 and the non-adjusted P-value was <0.050 for
different group comparisons.

2.6.Global gene expression profiling

Global gene expression profiling of 8 renal tissues samples from 4 ccRCC
cases and paired NRT samples was performed onto SurePrint G3 Human Gene
Expression (v2) 8x60 K microarrays (design ID 072363) according to the
manufacturer’s protocol G4140-90040 Version 6.9.1 (Agilent Technologies,
Santa Clara, CA, USA). The data obtained are publicly available on GEO
database (GEO accession identifier GSE168845). Sample processing (100 ng
of input RNA) was performed according to One-Color Microarray-Based
Gene Expression Analysis Low Input Quick Amp Labeling, version 6.5, a
protocol using spike RNA (RNA Spike-In kit) and Low Input Quick Amp
Labeling Kit, One-Color (Agilent Technologies). Prepared samples were
hybridized at 65 °C for 17 hours. Then, slides were washed using the Gene
Expression Wash Buffer Kit and scanned with Agilent G4900DA SureScan
microarray scanner (Agilent Technologies).

Raw signal intensities from the obtained TIFF images were extracted and
evaluated with Feature Extraction software v10.7.3 and further analyzed using
GeneSpring GX v12.6.0 (Agilent Technologies). Probes with saturated, non-
uniform, and outlier signal values were removed before further preprocessing.
Probes having raw signal values of < 20 were filtered out. Probe annotations
were extracted from eArray platform according to the corresponding
microarray design identifier. Fold change (FC) values were estimated, and a
paired t-test was used for comparing the two groups. Differences in gene
expression levels were considered significant if absolute FC was >2.0 and
P<0.050.

2.7.Gene set enrichment analysis

Gene ontology (GO) and molecular pathways analysis was
performed using publicly available GSEA (gene set enrichment analysis) tool
and MSigDB v5.2 (Molecular Signatures Database;
http://software.broadinstitute.org/gsea). The results were considered
significant when the FDR q value was <0.050.
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2.8. Targeted methylation analysis by methylation-specific PCR

Bisulfite-modified DNA served as a template for methylation-specific
PCR (MSP). The MSP primers for unmethylated and methylated DNA were
designed to overlap with the location of the microarray probes (if available)
or at least next to that probe using Methyl Primer Express® Software v1.0
(Applied Biosystems™, Thermo Fisher Scientific, Carlsbad, CA, USA) and
ordered from Metabion (Martinsried, Germany) (Table S2). The reaction mix
of MSP (25 pl in total) consisted of 1x PCR Gold Buffer, 2.5 mM MgCl2, 0.4
mM of each dNTP, 1.25 U AmpliTaq Gold® 360 DNA Polymerase (Applied
Biosystems™, Thermo Scientific™), 1 uL of 360 GC Enhancer, 1 uM of each
primer, and ~10 ng of the bisulfite-treated DNA. Thermocycling conditions
were optimized before the study and 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 (Table S2).

uc MC T094 T130 T135 T136 T144 T225 T243 T246 T281 NTC
sMmmMmumMmumMmuymMmumMmuvmMuvumMmuUumMuIumMU MU MUMU
L;

190 — - - -— - - -— - - - ZNF677

147

uc MC T094 T130 T135 T136 T144 T225 T243 T246 T281 NTC
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uc MC TO06 TO09 TO15 TO16 TO023 TO031 TO039 T165 T292 NTC
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uc MC TO015 TO16 T023 TO031 TO039 NO06 NO09 NO16 NO023 NTC
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Fig. 2.2. An example of methylation-specific PCR results for several genes.
The specific gene is indicated on the right. SM — DNA size marker with
fragment lengths (in bp) on the left, UC — unmethylated control, MC —
methylated control samples, TOO0/NOOO — samples of renal tumors/non-
cancerous tissues, NTC — no template control, M/U — amplification products
with primers specific for methylated/unmethylated DNA.
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For each primer pair, methylated control (in vitro fully methylated human
leukocyte DNA, MC), unmethylated control (human leukocyte DNA, UC)
and no-template control (NTC) were included in all MSP assays.
Amplification products were analyzed in 3% agarose gels with 1X TAE bufter
and visualized under UV light after ethidium bromide staining (Carl Roth
GmbH, Co., KG). An example of MSP analysis results is provided in Fig. 2.2.
The individual biomarker was considered as methylated if the amplification
product in the sample with primers, specific for methylated DNA, was
detected. A biomarker was considered as unmethylated if the amplification
product in the sample with primers, specific only for unmethylated DNA, was
detected, and there was no amplification product with the primers specific for
the methylated DNA. Likewise, the panel of biomarkers was considered as
methylated if at least one gene in the particular panel was methylated, and the
panel was considered as unmethylated if all genes in the particular panel were
unmethylated.

2.9. Quantitative methylation-specific PCR

Quantitative MSP (qMSP) primers specific for methylated DNA for genes
ZNF677, FBN2, PCDHS, TFAP2B, TACI, and FLRT2 were designed using
Methyl Primer Express® Software v1.0 (Applied Biosystems™, Thermo
Fisher Scientific, Carlsbad, CA, USA) and ordered from Metabion
(Martinsried, Germany) (Table S3). All primers and/or probes overlap at least
a fragment of the MSP primers’ sequence (Table S4). The primers for ACTB,
which do not overlap with CpG dinucleotides, were selected from the previous
study [308] and used in each run to normalize the DNA input.

Each qMSP reaction was performed in triplicates for each set of primers in
separate wells. The reaction mix (20 pl in total) consisted of 1xTagMan®
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
gPCR System (Applied Biosystems™),

The results were generated using QuantStudio Real-Time PCR Software
(Thermo Scientific) (Fig. 2.3). Only runs wherein MCs provided a positive
signal, and the NTC gave no amplification product were considered 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 according to Formula 1.
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Methylation level, % =

100%
2(Cq of X insample — Cq of ACTB in sample)—(Cq of X in MC — Cq of ACTB in MC)

Formula 1. The formula is used for calculating the methylation level of the
particular gene (X). The methylation level is expressed in percentage. Cq —
cycle of quantification value, MC — methylated (positive) DNA standard
(control sample).
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Fig. 2.3. An example of quantitative methylation-specific PCR amplification
curves. Methylation of the gene ZNF677 was analyzed using ACTB as an
endogenous control in the urine sample (R031T). The baseline-subtracted
fluorescence signal is provided in logarithmic scale in relative fluorescence
units (RFU). MC — methylated control.

2.10. Gene expression analysis by RT-qPCR

For gene expression analysis by RT-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, FLRT?
and endogenous control HPRTI was evaluated using TagMan® Gene
Expression Assays (Hs00737026 _ml1, Hs00266592 ml, Hs00159910 ml,
Hs01560931 m1, Hs00243225 m1, Hs00544171 _s1 and Hs02800695 ml,
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 uL. of TagMan® assay, and 2 uL. of RT
reaction product. Amplification was performed using ViiA7 qPCR System
(Applied Biosystems™) under the following thermal cycling conditions: 40
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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 logarithmic scale were used for the analysis of the results,
performed with GenEx v6.0.1 software (MultiD Analyses AB, Goéteburg,
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.

2.11. Statistical analysis

Statistical analyses were performed using STATISTICA™ v8.0 (StatSoft,
Tulsa, OK, USA), MedCalc® v14.0 software (MedCalc Software, Ostend,
Belgium) and GraphPad Prism v8 software (GraphPad Software, La Jolla, CA,
USA). All quantitative variables were tested for normality (Shapiro-Wilk,
Kolmogorov-Smirnov, and Lilliefors tests), and because of abnormal
distribution, the nonparametric Wilcoxon—-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 multimarker panel analysis in the tissue samples by qualitative MSP,
the particular panel of genes was considered as methylated if at least one gene
was methylated. The panel was considered as unmethylated if all genes in that
panel were unmethylated.

For the gMSP 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 and specificity, 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 with the log-rank test were
used to calculate survival estimates. The univariate and multivariate Cox
proportional hazards modeling was performed to estimate the hazard ratio
(HR) of death with 95% confidence intervals (CI). Differences and
associations were considered statistically significant at P < 0.050.
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3. RESULTS

The present study of DNA methylation biomarkers for renal clear cell
carcinoma consisted of three stages (Fig. 3.1). During the first screening stage,
genome-wide DNA methylation and global mRNA expression analysis were
done. According to obtained data and available literature on genes presumably
contributing to cancer development and progression, ten protein-coding genes
as potential biomarkers for ccRCC were selected for the next step of the study.
The second validation stage consists of targeted DNA methylation analysis of
these genes in the cancerous and non-cancerous renal tissue (NRT) samples
and the comparison of methylation frequencies with clinical-pathological
parameters of the patients [309,310]. At this step, six genes were selected for
further mRNA expression analysis in the renal tissue samples. The third stage
encompassed DNA methylation intensity analysis of these six genes in the
urine sediments of patients with ccRCC and asymptomatic controls (ASC) and
the evaluation of the potential of such genes for the non-invasive diagnosis
and prognosis of ccRCC [309].

» Screening (Tissue)
Genome-wide DNA methylation profiling

| = 11 ccRCC and paired NRT samples
| = Human DNA methylation 1x244K microarrays

Global gene expression profiling

= 4 ccRCC and paired NRT samples
= Human Gene Expression 8x60K microarrays

» Validation #1 (Tissue)
Targeted DNA methylation analysis #1

123 ccRCC and 45 NRT samples
10 selected genes analysed by MSP

Targeted gene expression analysis

123 ccRCC and 45 NRT samples
= 6 selected genes analysed by RT-gPCR

» Validation #2 (Urine)

Targeted DNA methylation analysis #2

= 123 ccRCC and 92 ASC samples
= 6 selected genes analysed by gMSP

Fig. 3.1. The workflow for the search of novel DNA methylation biomarkers
for kidney cancer. Abbreviations: ccRCC — clear cell renal cell carcinoma;
NRT — non-tumor renal tissue; ASC — asymptomatic controls; MSP —
methylation-specific PCR; qMSP — quantitative MSP; RT-qPCR — reverse
transcription-quantitative PCR.
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3.1. Genome-wide DNA methylation and gene expression
profiling

In order to identify potential DNA methylation biomarkers of ccRCC and
to determine the amount of DNA methylation changes in cancerous renal
tissues compared to NRT, initially, the genome-wide DNA methylation
profile was analyzed in 11 pairs of ccRCC and NRT samples.

Among ccRCC, four samples were of an early pTla stage, 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 (Table S5), and 192 (52%) were
hypomethylated. Hierarchical clustering analysis revealed two main clusters
of ccRCC, one with high methylation levels and another with low, which is
more similar to NRT ones (Fig. 3.2).
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Fig. 3.2. 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 statistically
significant methylation differences (FC > 1.5; P < 0.050) between cancerous
and non-cancerous tissues are included in the heatmap. The color scale
indicates relative methylation level normalized by reference sample (genomic
DNA), where -1 indicates hypomethylated while 1 hypermethylated status of
the probe. Abbreviations: pT — pathological stage; WHO/ISUP — World health
organization/International Society of Urological Pathology; G — grade; yr —
years. NA — not applicable.
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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 methylation 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, including 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 comparison of pT3-4 to pT1 revealed
methylation differences (FC > 1.5; P < 0.050) in only eight genes. A
considerable part of deregulated genes in the separate tumor stages was
observed in the ccRCC vs. NRT comparison group as well (Table S5, 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 different age groups; however, only one of the genes
overlapped with methylation changes determined in the ccRCC vs. NRT
comparison group (Table S6).
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M ccRCC (pT3-4) Relatlve gene expressuon Down-regulated in Hypermethylated in
ccRCC vs. NRT ccRCC vs. NRT
B NRT 25 25 N =1957; FC22.0 N=425FC215

Fig 3.3. Global gene expression analysis in renal tissues and comparison with
DNA methylation. A — The expression profile of genes that were differentially
expressed (N = 3942, FC > 2, P < 0.050) in the cancerous renal tissues
(ccRCC) and non-cancerous (NRT) samples; B — Venn diagram of the down-
regulated and hypermethylated genes of the same samples set.

Global gene expression analysis in 4 pairs of ccRCC (pT3-4 stage) and
NRT samples, which have been used in methylation analysis, was also
conducted. Microarray-based transcriptome analysis identified 3942 genes
that were significantly deregulated (P < 0.050) with fold change (FC) value of
>2 in 4 ccRCC samples while compared to NRT and half of these genes (N =
1957) were down-regulated (Fig. 3.3 A). While compared with DNA
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methylation data of the same samples, 54 genes in total were simultaneously
down-regulated and hypermethylated in the ccRCC tissues (Fig. 3.3 B, Table
S7).

3.1.1. Functional term enrichment analysis of differentially methylated and expressed
genes

In order to gain a better insight into the molecular mechanism that occurs
during renal tissue carcinogenesis and ccRCC progression, gene set
enrichment analysis (GSEA) of all aberrantly methylated and differentially
expressed genes was performed.

Firstly, the Biological Process category of gene ontology (GO) terms was
analyzed to elucidate the molecular mechanisms that occur during kidney
carcinogenesis. Enrichment of the gene groups related to cell differentiation,
cell fate commitment, epithelium development, cell population proliferation,
cell migration, regulation of chromatin organization, gene expression, and
transcription was identified, while differentially methylated genes were
analyzed (Fig. S2). Among differentially expressed genes, the gene sets
involved in various processes related to kidney development and regulation of
the immune system process were commonly detected (Table S8).

To further clarify biological pathways involved in ccRCC development,
Hallmark gene sets were identified. According to the collection of Hallmark
pathways, gene sets involved in cell cycle regulation and DNA repair were
among the most significantly enriched in ccRCC samples compared to NRT
cases (Fig. 3.4. A). The increase of methylation levels was the most significant
among the genes involved in epithelial-mesenchymal transition (EMT),
however, observed in the pT1 stage tumors only. Among the differentially
expressed genes, similar pathways were determined as well (Fig. 3.4 B). In
addition, the upregulated genes were the most significantly and commonly
involved in interferon-gamma response, inflammatory response, G2M
checkpoint, and many others; meanwhile, downregulated genes were involved
in oxidative phosphorylation, fatty acids metabolism, KRAS signaling, and
others.

To sum up, GO biological process and Hallmark pathways analysis
revealed that during ccRCC development and progression, deregulation in
molecular processes commonly involved in cancer development was enriched.
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Fig. 3.4. Gene set enrichment analysis of differentially methylated and
expressed genes identified in genome-wide methylation and global gene
expression profiling, respectively. A — functional gene sets (hallmark
pathways) for all identified differentially methylated genes; Only genes with
significant methylation differences with fold change values >1.5 were
included. B — functional gene sets (hallmark pathways) for all identified
differentially expressed genes; Only genes with significant expression
differences with fold change values >2.0 were included. The color intensities
indicate the level of false discovery rate (FDR) adjusted P-values (g-values).
Abbreviations: ccRCC — clear cell renal cell carcinoma; NRT —non-cancerous
renal tissues; pT — pathological tumor stage; EMT — epithelial-mesenchymal
transition. 1 — hypermethylation or up-regulation; | — hypomethylation or

down-regulation.
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3.1.2. The selection of genes for targeted methylation analysis

Based on methylation differences according to the renal tissue histology
and/or tumor stage, as well as with regard to global gene expression analysis
and the number of particular gene-associated probes showing significant
methylation differences, nine genes ZNF677, FBN2, PCDHS, TFAP2B,
TACI, FLRT2, ADAMTSI19, BMP7, and SIMI were selected for further
targeted DNA methylation analysis (Table 3.1, Fig. 3.5). These genes were
selected due to their putative contribution to the cancer hallmarks (according
to GSEA analysis and literature data) and technical feasibility for targeted
methylation-specific PCR analysis as well. In addition, the SFRPI was
selected as a well-known methylated biomarker of ccRCC.

Table 3.1. Genes selected for methylation analysis.

DNA methylation
Chromo Cancer differences
mRNA
Gene Gene name -somal hallmark or (probes, N (FO)) expre-
symbol location signaling ccRCC | pT1 pT3-4 ssli)on
(strand) pathways Vs. Vs. Vs.
NRT NRT NRT
INF677 zinc finger 19q13.42 | Transcriptional 1 1 2 down
protein 677 () regulation (1.6) (1.6) (1.6) (10.0)
FBN2 fibrillin 2 5q(2_ ;'3 Invasion, EMT (188) (280) (188) na
PCDHS protocadherin 8 13%_1)4‘3 Cell Ei}ﬁswn’ (147) (270) (13 6) na
. Transcriptional
transcription 6pl2.3 . 1 1 1 down
TEAPZB | . tor AP-2 beta ) Wgﬁ‘fg‘l‘;ﬁ’mg (1.6) | (1.6) | (1.5 | (349.5)
TACT tachykinin 7q921.3 Cell motility, 1 0 5 down
precursor 1 ) inflammation (1.5) (1.7) (7.7)
fibronectin
leucine rich 14q31.3 Cell adhesion, 2 2 2
FLRT2 transmembrane (+) invasion (1.7) (1.7) (1.7) na
protein 2
m t':l?lDAMti da Cell adhesion,
ADAMTS | R OPEDIES 1 5q23.3 migration, 4 3 3 down
19 thrombospondin +) E;ol;i’ezﬁle(;ril; (1.6) (1.6) (1.6) 2.1
type 1 motif 19 £108
Bone
BMP7 morphogenetic 20q(1_§v.31 Invasion, EMT (125) (125) (11 6) (2(7)“311)1
protein 7 ) ) ) )
SIM1 tf;ﬁg:zg{;gj 6q16.3 Tumor 3 3 5 down
factor 1 (-) metastasis (1.7) (1.7) (1.7) (18.5)
Secreted
SFRPI frizzled related 8p 1_1)'21 WNT signalling na na na ?7%\21‘;
protein 1 )

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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Fig. 3.5. Volcano plots of DNA methylation profiling in renal tissues.
Methylation differences between A — ccRCC and NRT; B — pT1 stage tumors
and NRT; C — pT3-4 stage tumors and NRT; Dark blue colored squares
indicate hypomethylated and dark red — hypermethylated probes with fold
change > 1.5 and P < 0.050. Yellow labeled squares indicate microarray
probes of the genes selected for further validation analysis. Abbreviations:
ccRCC — clear cell renal cell carcinoma; NRT — non-cancerous renal tissues;
pT — pathological tumor stage.

3.2. Targeted DNA methylation analysis of the selected genes in
the renal tissue samples

DNA methylation status of ZNF677, FBN2, PCDHS, TFAP2B, TACI,
FLRT2, ADAMTS19, BMP7, SIM1, and SFRPI was analyzed qualitatively at
regulatory regions of the genes in 123 ¢ccRCC and 45 NRT samples.

Methylation of all selected genes was significantly more common in
cancerous renal tissues as compared to NRT (P < 0.050; Fig. 3.6). Methylation
of ZNF677, FBN2, PCDHS, TFAP2B, TACI, FLRT2, ADAMTSI19, and
SFRP1 was detected in at least one-third of ccRCC samples or even more
frequently (from 33.3% to 60.2%), while less common methylation events
were observed in BMP7 and SIM1 (20.3% and 18%). In addition, ZNF677,
FBN2, PCDHS, ADAMTS19, BMP7, SIM1, and SFRP1 were highly tumor-
specific, whereas low methylation frequency of TFAP2B, TACI, and FLRT?2,
ranging from 2 % to 11%, was observed in NRT samples as well.

3.2.1. The diagnostic potential of selected genes

Diagnostic test selectivity parameters were calculated in order to evaluate
the ability of the biomarkers to distinguish ccRCC and NRT samples. The
separate biomarkers had high specificity (>88.9%); however, sensitivity was
low to moderate, with the highest value for 7AC/ equal to 60% (Table 3.2).
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The biomarkers were also analyzed for their diagnostic performance in various
combinations. Panels of two-five biomarkers showed even better
characteristics, which in most cases exceeded the respective values of the
individual assays. Multimarker panel consisting of ZNF677, FBN2, PCDHS,
TACI & SFRPI either with or without TFAP2B was characterized with the
best diagnostic potential and reached 83.7-85.4% of sensitivity and 95.8—
97.8% of specificity.
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Fig. 3.6. Methylation frequencies of the selected genes in renal tissues. The
results were obtained by qualitative methylation-specific PCR (MSP).
Abbreviations: ccRCC — clear cell renal cell carcinoma, NRT — noncancerous
renal tissues. Significant P-values are in bold.

Table 3.2 The diagnostic test performance characteristics of the analyzed
methylation biomarkers in renal tissues.

Biomarkers DSe, % DSp, % AUC

ZNF677 333 100.0 0.67

FBN2 48.4 100.0 0.74

PCDHS8 39.8 100.0 0.70

TFAP2B 423 97.8 0.70

TACI 60.2 97.8 0.79

FLRT? 44.7 88.9 0.67

ADAMTS19 374 100.0 0.69

BMP7 20.3 100.0 0.60

SIM1 17.9 100.0 0.59

SFRPI 423 100.0 0.71

FBN2 & TACI 70.7 97.8 0.84

FBN2, TACI & SFRPI 77.2 97.8 0.88

ZNF677, FBN2, TACI & SFRPI 82.1 97.8 0.90

ZNF677, FBN2, PCDHS, TAC1 & SFRP1 83.7 97.8 0.91
ZNF677, FBN2, PCDHS, TACI,

TFAP2B & SFRP1 85.4 93.6 0.91

DSe — diagnostic sensitivity; DSp — diagnostic specificity; AUC — area under
the curve.
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3.2.2. Association of selected genes with demographic and clinical-pathological
parameters

Aberrant methylation of the genes was further analyzed according to the
demographic patients’ characteristics, including sex and age.
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Fig. 3.7. Methylation frequencies of selected genes in renal tumor tissues
according to demographic and clinical-pathological variables. A -
Methylation frequencies according to patients’ sex; B — methylation status
association with patients’ age and C — tumor size. Methylation frequencies
according to tumor: D — stage; E — WHO/ISUP grade; F — Fuhrman grade; G
— intravascular invasion; H — necrosis. The box depicts the 25th and 75th
percentiles; the line inside the box reflects the median; the plus sign depicts
the mean; the whiskers marked the 10-90% range, and data values out of that
range are shown as dots. Abbreviations: M — methylated, U — unmethylated
gene status; WHO/ISUP — World health organization/International Society of
Urological Pathology, G — grade. Significant P-values are in bold.
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Higher methylation frequency of all investigated genes, except TFAP2B,
was observed in males, compared to females, and for ZNF677, FBN2,
PCDHS8, ADAMTS19, and BMP7, this tendency was statistically significant (P
< 0.050; Fig. 3.7 A). Besides, the methylated status of 7AC/ was related to
the older patients (66 vs. 59 yr., P =0.013; Fig. 3.7 B).

Aberrant methylation of the genes was further analyzed according to
clinical-pathological patients’ characteristics. Methylated status of ZNF677,
PCDHS, TACI, FLRT2, ADAMTS19, BMP7, and SIMI1 was significantly
associated with larger tumors (P < 0.050; Fig. 3.7 C). Furthermore,
methylation frequencies of all of the genes, except SFRPI, showed an
increasing tendency according to the tumor stage; however, the observed
association was statistically significant only for ZNF677 and PCDHS (P =
0.023 and P = 0.043 respectively; Fig. 3.7 D). Methylation frequency of all
genes was also elevated in tumors with higher WHO/ISUP grade and for
PCDHS, ADAMTS19 and BMP7 this tendency was significant (P = 0.004, P =
0.012 and P = 0.011 respectively; Fig. 3.7 E). Moreover, almost all genes,
except FBN2, were more commonly methylated in tumors with higher
Fuhrman grade, but only for ADAMTS19, this association was statistically
significant (P = 0.013; Fig. 3.7 F) as in the case of intravascular tumor
invasion (P = 0.019; Fig. 3.7 G) as well. Lastly, frequent methylation of
ZNF677 and BMP7 was related to the presence of tumor necrosis (P = 0.007
and P = 0.038, respectively; Fig. 3.7 H).

3.2.3. Prognostic value of selected gene methylation in ccRCC tissues

For the investigation of the prognostic value of selected putative ccRCC
biomarkers, the patient's overall survival (OS) as an endpoint was used.

Aberrant methylation of all genes except TFAP2B and SIMI was more
frequent in the case of death than survived patients, and for FBN2, this
difference was significant (P < 0.050; Fig. S3). Further Kaplan-Meier curves
survival analysis was done, and significantly shorter OS for ccRCC patients
with a methylated status of ZNF677 and FBN2 (P = 0.023 and P = 0.019,
respectively; Fig. 3.8 A, B) was revealed. Although no associations with OS
were observed for another single gene (P > 0.050; Fig. 3.8 C-J), various
combinations of the biomarkers were significantly associated with the poorer
overall survival of ccRCC patients (Fig. 3.8 K-T).

Univariate Cox proportional hazard analysis confirmed the association of
the methylated status of single genes ZNF677 and FBN2 (P <0.050; HR: 2.61,
95% CI: 1.10-6.17 and HR: 2.96, 95% CI: 1.14-7.66 respectively) and various
panels of two-four genes (P < 0.050; HR from 2.39 to 4.29) with overall
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survival (Table S9), that even outperform the prognostic value of some
demographic and clinical pathological variables. Among the latter, patients’
age (HR: 1.09, 95% CI: 1.04-1.14), gender (male vs. female, HR: 2.73, 95%
CI: 1.06-7.08), tumor size (HR: 1.01, 95% CI: 1.00-1.02), tumor stage (pT3-
4 vs. pT1-2, HR: 5.12, 95% CI: 1.72-15.24), WHO/ISUP grade (G3 vs. G1-2,
HR: 3.04, 95% CI: 1.28-7.24), fat invasion (yes vs. no, HR: 4.83, 95% CI:
1.87-12.48), and necrosis (yes vs. no, HR: 4.97, 95% CI: 2.10-11.76) showed

an independent prognostic value of overall survival (P < 0.050; Table S9).

A oo ZNFETT B FBN2 Cio0.  PODHE Dy, Ttz E TACT
= 90 F 90 ® 90 ¥ 90 2 90
© © © [ ©
> -u = - u -3 -u = - u 2 -u
2801 T 1 2801 U 2801 U ESOAM 280 0
@ 70{ HR:3.13 @ 701 HR: 2.82 @ 70{ HR: 1.73 @ 70{ HR: 0.68 @ 70{ HR: 1.43
60 P =0.023 60 P =0.019 60 P =0.234 50 P =0.382 60 P =0.419
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time to death, mo Time to death, mo Time to death, mo Time to death, mo Time to death, mo
F G H | J
100 FLRT2 00—, ADAMTS19 100 BMP7 100 SiM1 100 SFRP1
£ 90 F 90 g 290
[ © o ©
z - u 2z - U 2 2 -u
= 801 =~ v = 801 T~ M = 8 =5 801 =~ v
@ 70{ HR: 1.74 3 70{ HR: 1.82 37 @ 70{ HR: 1.92
60 P =.0'22.0 . , 60 P =0.194 60 6 60 P =0.142
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time to death, mo Time to death, mo Time to death, mo

Time to death, mo

Time to death, mo

K L M O  2ZNF677, PCDH8 &

100-2ZNF677 & SFRP1 L 0 ZNF677 & BMP7 100 PCDH8 & FLRT2 100 FLRT?
= 90 = 90 = 90 R g0
g g g g
Z 80 Z 80 2 80 Z 80
@ 70 @ 70 @ 70 370

60+ 60

0 20 40 60 80

1 60+
0 20 40 60 80 0

20 40 60 80
Time to death, mo

Time to death, mo

Time to death, mo

+ 60+
0 20 40 60 80 0
Time to death, mo

20 40 60 80
Time to death, mo
P ZNF677, BMP7 & Q

PCDH8, SFRP1 & R
SIM1

FBN2, SFRP1 & ZNF677, PCDHS, T ZNF677, PCDHS8,
100 BMP7 100 ADAMTS19 100 LRT2 & BMP7 100 LRT2 & SIM1
* 90 = 90 90 * 90 = 90
[ [ © [ ©
> - U > - U > > - U > - U
2801 Y z8o{ =l 280 2801 P z801 = Y
@ 70{ HR:2.37 @ 701 HR:3.10 @ 70{ HR:4.27 @ 701 HR:3.05 & 701 HR:3.01
601 P =.°'°4.2 . , 604 P _.0'03.1 . , 601 P =.°'°3.2 ) , 60 P =0.033 P =0.036
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time to death, mo

1 T T v J 60+
0 20 40 60 80 0
Time to death, mo

20 40 60 80
Time to death, mo Time to death, mo
Fig. 3.8. The relationship between methylation status of selected genes and
overall survival. Kaplan-Meier survival curves according to the gene
methylation status of A-J — single gene and K-T — various combinations of
two-four genes. For the gene combinations, only panels showing the
significant association with the patient's overall survival in the univariate Cox
analysis are depicted. Abbreviations: M/U — methylated/unmethylated gene

status; HR — hazard ratio (when gene or panel is methylated). Significant P-
values are in bold.
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In the backward multivariate analysis, FBN2 showed a better prognostic
value than ZNF677 (Table S9). Meanwhile among panels of two, three or four

genes, the best prognostic potential was established for ZNF677 & BMP7 (M
vs. U, HR: 3.27, 95% CI: 1.38-7.78), ZNF677, PCDHS & FLRT2 (M vs. U,
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HR: 3.18, 95% CI: 1.07-9.45) and ZNF677, PCDHS, FLRT2 & BMP7 (M vs.
U, HR: 3.08, 95% CI: 1.04-9.15) respectively. However, while adjusting for
demographic and clinical-pathological variables, no single gene nor the
combination of genes retained an independent prognostic value (Table S9).

3.2.4. mRNA expression analysis of selected genes and association with promoter
methylation and clinical-pathological parameters

Based on promoter methylation frequencies and with regard to correlations
with clinical-pathological variables as well as prognostic value, genes
ZNF677, FBN2, PCDHS, TFAP2B, and TACI and FLRT2 were selected for
mRNA expression analysis.
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Fig. 3.9. Transcriptional expression analysis of the selected genes. A—F —
relative expression levels of genes according to renal histology; G-L — a
relative expression of genes according to methylation status; M—P — a relative
expression of genes according to clinical-pathological parameters of ccRCC
patients. The box depicts the 25th and 75th percentiles; the line inside the box
reflects the median; the plus sign depicts the mean; the whiskers marked the
10-90% range, and data values out of that range are shown as dots.
Abbreviations: FC — fold change; ccRCC — clear cell renal cell carcinoma;
NRT — noncancerous renal tissues; ISUP —International Society of Urological
Pathology; pT — pathological tumor stage. Significant P-values are in bold.
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Transcriptional expression of ZNF677, FBN2, and FLRT2 was detected in
all ccRCC and NRT samples, while mRNA of TFAP2B, TACI, and PCDHS
was observed in a part of ccRCC and NRT samples (118, 112, 91 and 45, 45,
26, respectively). Expression levels of ZNF677, TFAP2B, TACI, and FLRT?
were significantly lower in ccRCC tissues as compared to NRT samples (all
P < 0.050), while higher expression of PCDHS8 was found in ¢ccRCC (P <
0.050), and no significant differences was observed for FBN2 (Fig. 3.9 A-F).
Lower expression levels of ZNF677 in ccRCC tissues were significantly
associated with methylated promoter status (P < 0.001), meanwhile no such
correlation was observed for the other selected genes (Fig. 3.9 G-L).

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. 3.9 M). The
lower expression level of TACI and FLRT2 was also related to larger (> 45
mm) tumor size and the presence of tumor necrosis, respectively (P = 0.035
and P =0.006; Fig. 3.9 N, O). 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; Fig. 3.9 P).
In addition, Kaplan-Meier survival analysis and log-rank test results suggested
that patients with low expression of ZNF'677 had significantly shorter overall
survival than patients with high expression of ZNF677 (P = 0.021; Fig. S4).

3.3. Targeted DNA methylation analysis of the selected genes in
urine sediments

In urine samples, quantitative DNA methylation analysis of ZNF677,
FBN2, PCDHS8, TFAP2B, TACI, and FLRT2 was performed by the gMSP
method. For the qualitative interpretation of the results, the threshold,
calculated according to ROC curve analysis and based on the Youden index
for the selection of optimal cut-off value, was applied.

The average methylation levels and hypermethylation frequencies of all
genes were significantly higher in the urine of ccRCC cases as compared to
the ASC group (P < 0.050; Fig. 3.10 A, B). However, DNA methylation of
the genes in the urine sediments was not significantly associated with the
methylation status in the tissue samples (data not shown). As expected, DNA
methylation intensity was significantly lower in randomly selected 20 ccRCC
patients' urine samples than in paired ccRCC tissues (all P < 0.050; Fig. S5).
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Fig. 3.10. DNA methylation analysis in urine sediments. A — Methylation
levels and B — methylation frequencies of selected genes in urine sediments
of patients diagnosed with clear cell renal cell carcinoma (ccRCC) and
asymptomatic control (ASC) cases. ROC curve analysis for C — single gene
and D — a combination of two-three genes in discriminating patients with
ccRCC and ASC. Abbreviations: ROC — receiver Operating Characteristic;
AUC — area under the curve; Se — sensitivity; Sp — specificity. Significant P-
values are in bold.

0.784 764 75.0 <0.001

3.3.1. The potential of selected genes for non-invasive diagnosis of ccRCC

The power of selected urine biomarkers methylation intensities to
discriminate ccRCC cases from asymptomatic controls was analyzed by the
ROC curve method.

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 with 67.5% of sensitivity and
72.8% of specificity (all P < 0.050; Fig. 3.10 C). As expected, panels of two-
six genes had a better ability to discriminate between ccRCC and ASC (all P
< 0.001; Table S10). The highest diagnostic power (AUC=0.78) were
observed for the panels, consisting of two — ZNF677 & PCDHS (sensitivity —
78%; specificity — 69%) and three — ZNF677, PCDH8 & FBN?2 (sensitivity —
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68%; specificity — 80%) or ZNF677, PCDHS & FLRT2 (sensitivity — 78%;
specificity — 75%) genes (all P <0.001; Fig. 3.10 D).

3.3.2. Association of selected genes methylation in the urine samples with clinical-
pathological parameters

Aberrant methylation of selected genes in the urine samples was further
analyzed according to demographic and clinical-pathological characteristics.

In contrast to the results obtained in tissue samples, no associations
between methylation of selected genes and patients' gender were observed
(data not shown). However, methylation intensities of all genes, but FLRT2,
in urine sediments were significantly correlated with patients’ age (all P <
0.050; Fig. 3.11 A), however, no such correlation was observed in the
asymptomatic control group (data not shown).
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Fig. 3.11. The association of selected genes methylation in urine sediments
with clinical-pathological parameters. A — the association of methylation
intensity with patient's age; B — the association of methylation frequencies
with pathological tumor stage. C — the association of methylation levels with
tumor fat invasion. Significant P-values are in bold.

Among clinical-pathological characteristics, higher methylation
frequencies of all genes were detected in pT3-4 stage tumors as compared to
the pT1-2 stage; however, only for PCDHS, this difference was significant (P
=0.002; Fig. 3.11 B). Meanwhile, higher methylation frequencies of PCDHS
and TAC1I were observed in the urine samples from patients diagnosed with
locally advanced ccRCC, particularly characterized by the fat invasion (P =
0.018 and P = 0.042 respectively; Fig. 3.11 C). However, no significant
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associations were detected between other clinical-pathological parameters and
genes methylation intensity or frequency in urine sediments (Table S11).

3.3.3. The potential of selected genes for non-invasive prognosis of ccRCC

To investigate the prognostic value of the newly identified genes showing
tumor-specific methylation in the urine sediments, the overall survival
analysis was performed.

Aberrant methylation of all genes in the urine samples was more frequent
in the case of death, while compared to survived patients, but only for PCDHS,
this tendency was significant (P = 0.005; Fig. S6). Kaplan-Meier survival
curves also revealed significant associations between the methylated status of
PCDHS and shorter patients' overall survival (P = 0.024; Fig. 3.12 A).
Meanwhile, no other single gene showed significant results (data not shown).
However, the prognostic value of PCDHS considerably increased in
combination with ZNF677 (both P = 0.022; Fig. 3.12 B), while no other
combinations showed better results (Fig. S7).
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Fig. 3.12. The relationship between methylation status of investigated genes
in urine sediments samples and patient's overall survival. Kaplan-Meier
survival curves according to the methylation status of A — PCDHS alone or B
— panel of ZNF677 & PCDHS. Abbreviations: M/U -
methylated/unmethylated gene (panel) status; HR — hazard ratio (when gene
or panel of genes are methylated). Significant P values are in bold.

Univariate Cox proportional hazard analysis confirmed the association of
the methylated status of PCDHS and the combination of ZNF677 & PCDHS
with shorter overall survival (Table 3.3). 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
adjustment according to the most important prognostic factors of ccRCC,
including patients’ age, gender, tumors stage, size, grade, and necrosis, was
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done (Table 3.3). Besides, the prognostic value of other combinations of
biomarkers was also rather promising (Fig S7, Table S12). Altogether, this
indicates the potential to develop a molecular test for predicting ccRCC
progression based solely on DNA methylation biomarkers.

Table 3.3. Univariate and multivariate Cox proportional hazard analysis of
overall survival according to molecular and/or clinicopathologic variables
while analyzing the urine samples.

UNIVARIATE ANALYSIS
Covariates HR [95% CI] P-value | Model P-value
PCDHS8 (M vs U) 4.58 [1.07 - 19.54] 0.041 0.013
ZNF677 & PCDHS8 (M vs. U) 7.38 [1.00 - 54.46] 0.051 0.008
Age, years (cont.) 1.0911.04 - 1.14] <0.001 <0.001
Gender (male vs. female) 2.73 [1.06 - 7.08] 0.038 0.029
Stage (pT3-4 vs. pT1-2) 5.12[1.73 - 15.16] 0.003 <0.001
Tumor size (cont.) 1.01[1.00 - 1.02] 0.036 0.063
WHO/ISUP grade (G=3 vs. GX2) 3.04 [1.28 - 7.21] 0.012 0.012
Necrosis (yes vs. n0) 4.97[2.11-11.71] <0.001 <0.001
MULTIVARIATE ANALYSIS
MODEL 1
PCDHS8 (M vs U) 5.70 [1.16 - 28.12] 0.033
Age, years (cont.) 1.10[1.04 - 1.16] 0.001
Gender (male vs. female) 2.7210.99 - 7.45] 0.053
Stage (pT3-4 vs. pT1-2) 1.76 [0.51 - 6.08] 0.372 <0.001
Tumor size (cont.) 1.02 [1.00 - 1.03] 0.044
WHO/ISUP grade (G=3 vs. G2) 0.69[0.22 - 2.18] 0.527
Necrosis (yes vs. no) 4.73 [1.45 - 15.46] 0.010
MODEL 2
ZNF677 & PCDH8 (M vs. U) 12.47[1.47-105.58] | 0.021
Age, years (cont.) 1.10[1.04 - 1.16] <0.001
Gender (male vs. female) 3.42[1.26 - 9.30] 0.016
Stage (pT3-4 vs. pT1-2) 1.93[0.58 - 6.43] 0.285 <0.001
Tumor size (cont.) 1.01[1.00 - 1.03] 0.123
WHO/ISUP grade (G=3 vs. GX2) 0.9210.31-2.70] 0.874
Necrosis (yes vs. no) 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.

To sum up, the newly identified genes, especially ZNF677 and PCDHS,
showed promising potential for the non-invasive diagnosis and prognosis of
ccRCC patients, however further studies with the larger patient cohorts and
comprehensive follow-up data are mandatory to prove this potential.
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4. DISCUSSION

Renal cell carcinoma (RCC) originating from the epithelium of nephron
tubules is the most common type of kidney cancer, accounting for 90% with
clear cell RCC (ccRCC) as the leading subtype representing the most
aggressive and lethal cancer of the urinary system [1-3]. While the majority
of patients will present with localized disease, more than a quarter of those
will develop the distant disease, while at least one-fifth of patients will present
with metastatic disease at diagnosis [4] that presumably caused the significant
health burden of RCC. This is attributed to the typical lack of symptoms of
the primary RCC, and currently, the majority of patients are diagnosed
incidentally due to extensive use of radiology imaging for investigation of
various non-specific symptoms [1,5]. For patients with surgically resectable
RCC, the standard of care is surgical excision. However, none of the
imagining methods are able to distinguish benign renal lesions from
neoplastic, and as a consequence, some of the patients suffer from overtreating
[60-62,311]. Thus, there is a vital need for new molecular biomarkers which
would provide valuable information about disease presence, aggressiveness,
and prognosis, as well as assist in treatment decision making.

As changes in the DNA methylation occur at the very beginning of renal
tissue cancerogenesis and are often related to clinical-pathological parameters
[10,312], they might be helpful not only to early detection of kidney cancer
but prognosis prediction as well. Moreover, DNA methylation can be easily
detected in the body fluids such as urine by conventional and inexpensive
qualitative or quantitative PCR methods. Thus, it may serve as non-invasive
biomarkers that could provide clinicians with rapid, objective, and accurate
tools for disease detection and follow-up. However, despite the efforts made
[271,297,299-301], no DNA methylation biomarker has reached the clinic yet.
Therefore further investigations are needed.

4.1.Identification of novel DNA methylation biomarkers for
renal clear cell carcinoma

Up to now, genome-wide DNA methylation studies have produced a
considerable amount of novel candidate ccRCC biomarkers and significantly
increased the knowledge of epigenetic changes in renal cell carcinoma.
However, most of the recently published studies used relatively small and
heterogeneous RCC sample cohorts for the validation of putative biomarkers
or lacked this analysis step at all. Therefore further attempts are needed in
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order to select novel diagnostic and/or prognostic DNA methylation
biomarkers for ccRCC.

In the current study, human DNA methylation microarrays were used for
screening of diagnostic and prognostic DNA methylation biomarkers in a
small set of ccRCC and paired NRT samples. In agreement with other studies
[59,298], two clusters of ccRCC samples with high and low methylation levels
have been identified. Compared to previous studies [297,299,300], more
common methylation events in ccRCC samples as compared to NRT were
detected in the current study. Deregulated genes were significantly enriched
in various pathways commonly contributing to cancer development. Several
previously reported genes, such as PCDHS [272], GPRI149 [300], FBN2
[270], CHODL [297], FAM155A4, DPP6 [299], GREM]1 [266] was also found
as hypermethylated in the present study. However, the majority of identified
differentially methylated genes have never been analyzed in the case of renal
cancer. Interestingly, none of the most widely studied hypermethylated genes
in kidney cancer, like VHL, TIMP3, SFRPI1, P14, P16, RASSFI1A, RARB,
APC, DAPK1, SFRP1 was detected in any of the comparison groups.

While the design of the microarray used in the present study covered
various CpGs, regardless of their association to the gene regulatory elements,
for the further gene-targeted DNA methylation validation, we focused on
promoter or enhancer associated significantly methylated probes and their
related genes. As DNA methylation at these sites usually influences the
regulation of gene expression and most likely has a clinical value [13]. As a
comparison between DNA methylation profile and transcriptome was made,
only 54 genes showed simultaneously occurred hypermethylation and
downregulation. However, it is worth mentioning that only four samples were
examined for the transcriptome in the current study and presumably did not
fully reflect DNA methylation impact on gene expression. Thus further gene
selection as potential ccRCC biomarkers was based not only on that mRNA
expression data, but their possible role in cancer development was evaluated
as well.

Among the large number of differentially methylated genes identified in
the present study, ten protein-coding genes, particularly ZNF677, FBN2,
PCDHS, TFAP2B, TACI, FLRT2, ADAMTS19, BMP7, SIMI, and SFRPI,
were selected for further validation in 123 ¢ccRCC, and 45 non-cancerous renal
tissue samples. Hypermethylation of FBN2, PCDHS and SFRP1 in the case of
renal cancer are known from the previous studies [270,272,293,313], while
the remaining genes were investigated for the first time. Hypermethylation of
all ten genes was highly (from 89% to 100%) ccRCC-specific, but sensitivity
was low to moderate. However, a multimarker panel consisting of ZNF677,
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FBN2, PCDHS8, TACI & SFRPI ceither with or without TFAP2B was
characterized with even 83.7-85.4% of sensitivity and 95.8-97.8% of
specificity.

Our study further assisted in the identification of new genes and pathways
possibly involved in renal carcinogenesis.

One of the most promising genes, ZNF677 (zinc finger protein 677),
encodes the transcription factor belonging to the zinc finger protein family,
which has a wide variety of functions in human diseases, including cancers
[314]. ZNF677 may function as a tumor suppressor regulating transcription of
many genes, and its overexpression in cancer cells was related to the inhibition
of cell proliferation, migration, invasion, tumorigenic potential, and induction
of cell-cycle arrest and apoptosis; while down-regulation has an opposite
effect [315,316]. More specifically, it is observed that ZNF677 induces GO—
G1 phase arrest, inhibits Akt phosphorylation, and activates p53 signaling,
partially through transcriptionally repressing its targets, e.g., CDKN3 [316].
Down-regulation of ZNF677 due to promoter methylation previously was
found in the lung [315], thyroid [316], and oral cancer tissues [317], but no
studies exist on renal cancer. This study has linked for the first time the
hypermethylation of ZNF677 in ccRCC with transcriptional downregulation
and various adverse clinicopathological features of the tumors, including
larger size, higher stage, necrosis, as well as shorter patient survival,
confirming its considerable contribution to the tumor development and
progression.

Another investigated gene, FBN2, encodes extracellular matrix
glycoprotein fibrillin-2, a key component of human microfibrils, regulating
TGF-p bioavailability by sequestering their at the extracellular matrix (ECM)
[318]. In the case of renal cancer, loss of fibrillin-2 may contribute to a
malignant phenotype by the dysregulation of the signaling pathways regulated
by TGF-p, as well as give angiogenic and metastatic advantages to RCC [270].
Specifically, deficiency of fibrillin-2 causes aberrant latent TGF-f activation
[59], which in turn may promote cell transformation, proliferation, and
migration, possibly by induction of epithelial-mesenchymal transition (EMT)
contributing to RCC development [174,270]. Although hypermethylation of
FBN2 lacks significant associations with any clinical-pathological parameters
in the present study, its methylated status has been related to shorter patient
survival, while no such link was found previously [293]. Thus, further studies
are required in order to clarify the clinical significance of this gene in ccRCC.

PCDHS (Protocadherin-8) encodes a transmembrane protein belonging to
the protocadherins, the largest subgroup of the cadherin superfamily,
participating in cell adhesion, proliferation, differentiation, and migration
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processes [319]. The significance of PCDHS in tumorigenesis is controversial.
Some studies reported PCDHS as a tumor suppressor, inhibiting cell
proliferation, migration, and inducing apoptosis and thus are frequently
inactivated by promoter methylation in various types of carcinomas [320-
322]. However, other studies showed that PCDHS might have metastasis-
enhancing properties, and its overexpression remarkably promoted cell
invasion and migration, possibly through encouraging various ECM receptor
interaction pathways [323,324]. Interestingly, in the present study, we find
both hypermethylation and up-regulation of PCDHS in ccRCC tissues;
however, its overexpression was not linked with promoter methylation status;
thus, further studies are needed to explain this phenomenon. Nevertheless,
hypermethylation of PCDHS was significantly related to the larger tumors,
higher tumor stage, and differentiation grade, confirming the previous
observations [272] and its relation to ccRCC development and progression.

Gene TFAP2B (transcription factor AP-2 beta) encodes a member of the
AP-2 family of transcription factors, specifically AP-2. AP-2 proteins
stimulate cell proliferation and suppress the terminal differentiation of various
cell types. Specifically, TFAP2B is indispensable for kidney development by
participating in the differentiation and function of normal renal tubular
epithelia [325,326] and takes a role in tumors differentiation as well [327,328],
possibly by promoting the WNT/B-catenin pathway [329]. The modulation of
TFAP2B in tumorigenesis may be both inhibitory or promoting, depending on
the specific tissues and stages of cancer progression [330]. Nuclear TFAP2B
expression was linked with the small localized and low malignant phenotype
of RCC tumors, possibly due to its induction of p21 expression, which inhibits
cell transition from G1 to S phase [331]. In addition, upregulated TFAP2B
inhibits VEGFR2 expression; meanwhile, loss of TFAP2B enhances VEGFR2
expression [332], widely contributing to the angiogenesis and progression of
ccRCC tumors [171,172]. In this study, considerably reduced expression of
TFAP2B was found in ccRCC tissues, which nicely confirms the previous
observation [333]. Relatively high methylation frequency of 7TFAP2B has
been established as well, and regardless of the absence of the associations with
clinical-pathological features, this gene still represents a promising novel
biomarker for ccRCC.

TACI (tachykinin-1) encodes a secreted protein tachykinin, a member of
the neuropeptide family, which may influence cell secretion, motility,
inflammatory reactions as well as inhibits cell proliferation in the normal cell
[334]. Therefore, TAC! is considered a tumor-suppressor gene. The inclusion
of this gene in the validation set was based on the previously observed
association with the immune response [335]. For example, proteins encoded
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by TACI regulate the maturation of T-cells and recruitment of macrophages
in the inflammatory tissues, which is highly observed in immunogenic ccRCC
tumors [336,337]. Although, the exact function of TACI in tissue
cancerogenesis is unclear. Previously hypermethylation of 7ACI was
observed in various types of carcinomas, including lung cancer [338], colon
cancer [339], head and neck cancer [340], pancreatic cancer [341], esophageal
cancer [342], breast cancer [343], and was associated with disease prognosis.
In the present study, hypermethylation of TAC! in ccRCC tissues was the most
frequent (60%) among all genes investigated and, together with decreased
expression, was related to the larger tumors. Thus, due to frequent
hypermethylation, TACI represents a promising diagnostic biomarker of
ccRCC.

FLRT2 (Fibronectin leucine-rich transmembrane protein 2) encodes a
glycosylated transmembrane protein with extracellular leucine-rich repeats
domain acting as both adhesion and signaling molecule [344]. FLRT2 acts as
an adhesion protein interacting with ECM-localized fibronectin in either a
repulsive or adhesive manner [345], suggesting its possible link with tumor
metastasis. In the case of breast cancer, down-regulation of FLRT2 due to
promoter methylation increased cell proliferation and migration, while
overexpression had the opposite effect [346], indicating FLRT?2 as a potential
tumor suppressor. The present study showed down-regulation and frequent
hypermethylation of FLRT?2 in ccRCC tissues for the first time. The down-
regulation was related to tumor necrosis, while hypermethylation with larger
tumor size, confirming its possible tumor-suppressive activity.

ADAMTSI19 (ADAM metallopeptidase with thrombospondin type 1 motif
19) encodes a member of the ADAMTS secreted metalloproteinases family,
which can cleave or interact with a wide range of extracellular matrix (ECM)
components or regulatory factors, affecting cell adhesion, migration,
proliferation, and angiogenesis [347]. Although the exact biological function
of ADAMTSI19 remains uncharacterized, due to its close relation to
ADAMTSI17, it is speculated that ADAMTS19 may participate in the
biogenesis of ECM fibrillin microfibrils [348]. Thus downregulation of
ADAMTSI19 may be associated with the loss of tissue integrity and allowing
tumor progression. This is the first study reporting ADAMTS19 promoter
methylation in ccRCC that linked it with various adverse clinical-pathological
parameters, including larger tumor size, intravascular invasion, and a higher
tumor grade, confirming its relation with tumor development and progression.

BMP7 (bone morphogenetic protein 7) is a member of the TGF
superfamily growth and differentiation factor possibly stored bound to fibrillin
in ECM [349,350]. Kidney tissues are the major sources for BMP7 in adults
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and may contribute to the maintaining of structure and function of renal tissues
and have an anti-inflammatory effect; meanwhile, its loss leads to the
development of kidney injuries and neoplasia [351,352]. It is observed that
BMP7 inhibits differentiation and epithelial-to-mesenchymal transition
(EMT) of the kidney proximal tubular epithelial cells by reducing the
production of EMT inductor TGF-B [349,351,353]. Thus downregulation of
this gene may stimulate cancer development and progression by promoting
EMT, which contributes to ccRCC development [174]. Indeed, the decreased
expression of BMP7 was found in RCC [353,354]; however, the promoter
methylation has not been investigated so far. The present study related the
methylated status of BMP7 with larger tumors, higher WHO/ISUP grade, and
tumor necrosis, supplementing its relation to the tumor progression.

SIM1 (single-minded family bHLH transcription factor 1) encodes a
transcription factor involved in the developmental processes [355], but its role
in cancerogenesis remains unclear. There is a link between SIM1 and human
obesity [356], and the methylation of obesity-related genes previously was
linked with poorer RCC prognosis [357]. To date, the DNA methylation of
SIM1 has been described in several cancers, including breast [358], lung [359],
and cervical [360], and was related to tumor metastasis; however, no data exist
on RCC. In the present study, SIMI was rarely methylated in ccRCC tissues
but was associated with larger tumors; however, its role in ccRCC
development and progression remains to be elucidated in the future.

SFRP1 (Secreted frizzled-related protein 1) is the frizzled protein family
member acting as the inhibitor of the WNT signaling pathway [361]. It is well
known that the active WNT pathway promotes cell proliferation, survival, and
invasion, thereby contributing to RCC pathogenesis [197,361]. Thus, SFRPI
serves as a tumor suppressor gene, which down-regulation increases ccRCC
cells' growth by releasing WNT signaling [264,361]. Although SFRP1 showed
no evidence of differential methylation in microarray-based screening, the
inclusion of this gene in the validation set was based on the previous widely
conducted studies on its methylation in renal cancer [361]. The methylation
frequencies of SFRPI varied among these studies [264,293,313] and were
higher in our study. Although methylation of SFRPI lacks associations with
clinical-pathological characteristics, it augments the diagnostic/prognostic
value in combination with other genes.

To sum up, the selected genes are involved in various cellular processes
and all together contribute to cell proliferation, differentiation, apoptosis
inhibition, epithelial-mesenchymal transition, migration, invasion, and
metastasis (Fig. 4.1). It is also nicely reflected by the fact that methylated
status of even seven out of ten genes analyzed, particularly ZNF677, PCDHS,
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TACI, FLRT2, ADAMTS19, BMP7, and SIM1, was significantly related to
larger tumor size, defined as a relevant prognostic parameter in numerous
studies [362-364]. However, only a few genes showed significant associations
with other highly predictive clinical-pathological parameters, such as tumor
stage (ZNF677 and PCDHS), WHO/ISUP grade (PCDHS, ADAMTS19, and
BMP7), Fuhrman grade, intravascular tumor invasion (4DAMTS19), and
tumor necrosis (ZNF677 and BMP7). Considering this, it is improbable that a
single gene will be applied directly in the clinic and replace the clinical-
pathological factors. On the other hand, the panels of biomarkers are generally
recommended to improve the accuracy of diagnostic and/or prognostic tests;
e.g., three genes DNA methylation test are used for other urological cancers
such as prostate and bladder for a long time [13].
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Fig. 4.1. The putative role of the selected genes methylation and/or
downregulation in the ccRCC development and progression.

The superiority of gene combinations over a single biomarker was aptly
reflected by survival analysis. Kaplan-Meier survival curves revealed a
significant association of the methylated status of only two single genes,
particularly ZNF677 and FBN2, with patient's overall survival; although no
associations with OS were observed for another single gene, various
combinations of two-four biomarkers were significantly associated with the
poorer overall survival of ccRCC patients. The multivariate Cox regression
analysis revealed the panels of ZNF677 & BMP7 and ZNF677, PCDHS &
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FLRT? as the two best prognostic multimarker panels. However, none of them
retained an independent prognostic value while adjustment according to
demographic and clinical-pathological variables was done. Although the
previous study presents a relatively high independent prognostic value of four
biomarkers panel methylation in ccRCC tissues [265], tumor necrosis, an
important prognostic factor for kidney cancer, was not considered in this
study; in addition, the liquid biopsies that are particularly useful for timely
cancer detection and follow-up were not analyzed.

4.2. The applicability of selected biomarkers for non-invasive
ccRCC detection and prognosis

The histopathological assessment of tumor biopsy tissue and surgical
resection specimens is the gold standard for the diagnosis of kidney cancers.
However, such an approach has some important disadvantages, including the
subjective evaluation by a pathologist, the need for tissue that is of a certain
quality and representative of the tumor, and constraints on sampling frequency
[306]. Considering these limitations, there is an urgent need to develop non-
invasive methods that could provide clinicians with rapid, objective, and
accurate routines for the detection of kidney cancer.

Among the ten genes analyzed in the ccRCC tissue samples, six genes with
both the highest methylation frequencies and the most promising prognostic
values, particularly ZNF677, FBN2, PCDHS, TFAP2B, TACI, and FLRT2,
were selected for further methylation analysis in the urine samples from 123
ccRCC patients and 92 cancer-free (asymptomatic controls) individuals.

The current study revealed for the first time significantly higher
methylation levels of all selected genes in the urine sediments of ccRCC
patients, compared to asymptomatic controls with sensitivity between 36.6
and 71.5 %; that is higher than most of the previously reported urine-based
epigenetic biomarkers ([reviewed in [306]). The highest AUC value equal to
0.71 was identified for PCDHS with 68% sensitivity and 73% specificity. The
multi-marker panels of two-four biomarkers showed even better
characteristics; 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 [17]. The specificity of that
biomarker panels was also high and ranged between 69% and 80%. Although
some previous studies established urine-based biomarker panels with better
diagnostic characteristics [14,15,18], they used a considerably lower number
(<50) of quite heterogeneous samples; used classic tumor suppressor genes,
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that applicability to ccRCC detection are very questionable; finally, the
aforementioned studies lack the results verification in the validation cohort.

Survival analysis revealed that the methylated promoter status of PCDHS
in the urine sediments was a significant predictor of ccRCC patients' overall
survival. Moreover, the panel of ZNF677 & PCDHS showed even better
prognostic power, and in the multivariate analysis, together with patients’ age,
gender, and tumor necrosis, retained an independent prognostic value for OS.
There is only one report presenting urine-based prognostic DNA methylation
biomarker of c¢ccRCC thus far. Outeiro-Pinho et al. [19] described an
association between higher levels of methylated urinary miR-30a and disease-
specific survival in the multivariable analysis. However, no such associations
were found in the independent study cohort, which perfectly reflects the
necessity of validating such results. To sum up, the present study suggests the
possibility of predicting ccRCC progression based on only two urinary
biomarkers, namely ZNF677 & PCDHS, but further validation steps are
crucial to transfer such panel to the clinical practice.

The inconsistency of the biomarkers methylation pattern in the tissue and
urine samples is quite confusing and has been possibly occurred for several
reasons. Firstly, in the present study, urine sediments were used for biomarker
analysis, thus contaminating urinary bladder cells may have had an impact on
the results [365]. Secondly, as renal tumors are highly heterogeneous, regional
tissue samples of the tumor may not reflect that heterogeneity [9], while the
analysis of body fluids may reflect a broader spectrum of (epi)genetic
alterations. Thirdly, while DNA methylation may significantly vary between
the regions in the same CpG island [266], and 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 [366]
might also cause these variations. However, considering the ability of these
biomarkers to discriminate patients with ccRCC from asymptomatic controls,
it is very likely that such methylation differences mainly come from cancerous
renal cells. To be more guaranteed, further DNA methylation investigations
on the cell-free urine samples would be desirable.

4.3. The limitations of the selected biomarkers and study design

Along with the significant impact of the study in the search for novel
ccRCC biomarkers, the investigation has important shortcomings as well.

The biomarkers selection was based on the genome-wide DNA
methylation profile of only 11 pairs of ccRCC and NRT samples, producing
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numerous methylation differences with only a small handful of them analyzed
in more detail. Thus, it is obvious that there are more clinically significant
biomarkers waiting for further investigations. In addition, the specificity of
selected biomarkers for precisely kidney cancer was not established in the
present study; thus, further cross-validations, at least in other urological
cancers, are highly desirable. Moreover, the candidate DNA methylation
biomarkers ideally should be differently expressed, particularly
downregulated [13], which has not been confirmed for two of the biomarkers
(FBN2 and PCDHS&) analyzed, while downregulation of other biomarkers has
not been directly linked with DNA methylation, except ZNF677. Thus further
investigations are needed to select precisely those CpGs, that would be
especially clinically significant. The lack of knowledge about the exact
biological function and role in carcinogenesis of ccRCC of the particular
biomarkers is another major obstacle to their use in clinical settings; thus,
further functional investigations would be desirable.

Among the study design limitations, the relatively small number of
samples tested and lack of validation are the main downsides. Thus,
considering the relatively short follow-up and a low number of deaths in the
study cohort, the results of the multivariate analysis should be viewed with
some reservation. In addition, only a patient’s death as an endpoint was used
for the survival analysis that has a lower power as compared to disease-free
survival [367], for example. However, such data was not available in the
present study. Nonetheless, the novelty of using DNA methylation biomarkers
with presumable diagnostic and prognostic value in ccRCC, susceptible for
non-invasive urine-based detection, will undoubtedly stimulate the design of
validation studies in more extensive series with more detailed monitoring data.

Despite these limitations, this study makes a valuable contribution to the
field of searching ccRCC-specific DNA methylation biomarkers. The
methylation status of most biomarkers in the case of ccRCC has been
investigated for the first time, and some of them showed auspicious results
due to their association with numerous clinical-pathological parameters and
patients' overall survival. Furthermore, some biomarkers, especially ZNF677
and PCDHS, have a significant potential to serve for non-invasive urine-based
ccRCC diagnostics and follow-up. However, navigation toward clinical utility
is challenging, requiring representative, large, and preferably multiregional
patient series as well as sufficient validations. Thus, further comprehensive
verification of the current results on a large number of clinical samples is
mandatory; considering the large mortality rates among patients diagnosed
with ccRCC, it’s very likely that provided genes will attract researchers'
attention and may stimulate these validation studies.

84



CONCLUSIONS

. Microarray-based DNA methylation and gene expression profiling
revealed significant methylation differences (FC > 1.5) in 367 genes and
significant alterations (FC > 2.0) in mRNA expression of 3942 genes
comparing ccRCC and NRT samples. Deregulated genes were commonly
enriched among biological and molecular processes related to cancer
development and progression.

. Methylation frequencies of ZNF677, FBN2, PCDHS, TFAP2B, TACI,
FLRT2, SFRP1, ADAMTS19, BMP7, and SIM1 was significantly higher
in ccRCC tissue samples as compared to NRT and reached 18-60%. The
combined sensitivity for ccRCC of ZNF677, FBN2, PCDHS, TFAP2B,
TACI & SFRP1 was 85.4%, while specificity - 95.6%.

. Hypermethylation of most (7 out of 10) genes was significantly related to
at least one clinical-pathological parameter, including larger tumor size,
higher stage, grade, intravascular invasion, and necrosis. Moreover, the
methylated status of ZNF677, FBN2, and various two-four gene panels in
ccRCC tissues showed significant associations with shorter patients OS.

. The lower expression levels of ZNF677, TFAP2B, TACI, and FLRT2 and
a higher level of PCDHS is characteristic for ccRCC tissues compared to
NRT. The downregulation of ZNF677 was significantly related to
methylated promoter status, numerous clinical-pathological tumors
parameters, and patients' OS.

. Significantly higher methylation levels of ZNF677, FBN2, PCDHS,
TFAP2B, TACI, and FLRT?2 was detected in ccRCC patients urine samples
compared to ASC, and a panel of ZNF677 & PCDHS, either with or
without FBN2 or FLRT2, produced moderate to high sensitivities and
specificities equal to 69-78% and 69-80% respectively.

. Methylated status of PCDHS8 was related to higher tumor stage and fat

invasion and independently predicts patient's OS with HR: 5.7, which
considerably increased in combination with ZNF677 (HR: 12.5).
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SUPPLEMENTARY MATERIAL

Table S1. Demographic and clinical-pathological characteristics of the patients with clear cell renal cell carcinoma (ccRCC) and

asymptomatic controls (ASCs).
Parameter Genome-wide DNA Global gene DNA Methylation analysis using Survival analysis**
methylation analysis expression analysis MSP or qMSP
Group ccRCC NRT ccRCC NRT ccRCC* NRT* ASC Survived Dead
composition | (N=11) (N=11) (N=4) (N=4) (N=123) (N=45) (N=92) (N=86) (N=21)
Age, years
Mean £SD, 614 614 62+4 62+4 63+12 63+15 60+9 61+12 72+9
[min; max] [55; 66] [55; 66] [57; 66] [57; 66] [21; 85] [21; 85] [27; 82] [21; 84] [50; 85]
Gender
Male 6 (55%) | 6(55%) 3 (75%) 3 (75%) 64 (52%) | 20 (44%) | 49 (53%) | 40(47%) | 15(71%)
Female 5(45%) | 5(45%) 1 (25%) 1 (25%) 59 (48%) | 25 (56%) | 43 (47%) | 46 (53%) 6 (29%)
Stage
pTl1 4 (36%) na na na 52 (42%) na na 44 (51%) 4 (19%)
pT2 - na na na 5 (4%) na na 5 (6%) na
pT3 4 (36%) na 1 (25%) na 61 (50%) na na 36 (42%) | 15 (71%)
pT4 3 (28%) na 3 (75%) na 5 (4%) na na 1 (1%) 2 (10%)
Tumor size, mm
Mean £SD, 48429 na 80+23 na 57+£29 na na 51+£27 64+£29
[min; max] [20; 95] [45; 95] [20; 180] [20; 1801 | [25; 130]
WHO/ISUP grade
1 na na na na 6 (5%) na na 4 (5%) na
2 6 (55%) na na na 71 (58%) na na 57 (66%) 9 (43%)
3 5 (45%) na 4 (100%) na 46 (37%) na na 25 (29%) | 12 (57%)




Table S1. Continued.

Parameter Genome-wide DNA Global gene DNA Methylation analysis using Survival analysis**
methylation analysis expression analysis MSP or qMSP
Group ccRCC NRT ccRCC NRT ccRCC* NRT* ASC Survived Dead
composition | (N=11) (N=11) (N=4) (N=4) (N=123) (N=45) (N=92) (N=86) (N=21)
Fuhrman grade
1 na na na na 4 (3%) na na na na
2 4 (36%) na na na 46 (37%) na na 3 (3%) 8 (38%)
3 6 (55%) na 3 (75%) na 64 (52%) na na 35(41%) | 10 (48%)
4 1 (9%) na 1 (25%) na 6 (5%) na na 45 (53%) 3 (14%)
Unknown na na na na 3 (3%) na na 3 (3%) na
Intravascular invasion
No 6 (55%) na 1 (25%) na 83 (67%) na na 66 (77%) | 12 (57%)
Yes 5 (45%) na 3 (75%) na 40 (33%) na na 20 (23%) 9 (43%)
Fat invasion
No 7 (64%) na 2 (50%) na 73 (59%) na na 59 (69%) 7 (33%)
Yes 4 (36%) na 2 (50%) na 50 (41%) na na 27 31%) | 14 (67%)
Tumor necrosis
No 8 (72%) na 2 (50%) na 94 (76%) na na 73 (85%) | 10 (48%)
Yes 3 (28%) na 2 (50%) na 29 (24%) na na 13 (15%) | 11 (52%)

ccRCC — clear cell renal cell carcinoma; NRT — non-cancerous renal tissues; ASC — asymptomatic control; MSP — methylation-
specific PCR; qMSP — quantitative MSP; WHO/ISUP — World Health Organisation/Internation Society of Urological Pathology;
pT — pathological tumor stage; na — not applicable.

* — tissue samples were also included in gene expression analysis.

** — survival data last updated in February 2020 was used for the analysis.
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Table S2. Primers used for methylation-specific PCR analysis (MSP) and amplification conditions.

Primer Ambolicon Amplicon Primer | Number
Assay type Primer/probe sequence (5‘—3¢) sizI:a nt location annealing | of MSP
P ’ from TSS t°C cycles
M.F TCGCGGGTTATAGGTTTITAC
J— M-R AATCCGAAATAAACGCAAATCTC 156 7414230 >3 4
U-F GTTTTGTGGGTTATAGGTTTITATG o 11233 o
UR TTTAATCCAAAATAAACACAAATCTCT
M-F TITAATATTCGTTTTCGGAGCG
FEN2 M-R CCGAACGATACACGTTACATAA 182 +206/+388 >3 4
UF | GTAGTTTTITAATATTTGTTTTTGGAGTG
192 +199/4391 58
UR ACCCCAAACAATACACATTACATAA
M-F TTTAGAGTTCGTTGGAGGTTC
PCDHS M-R CCTCAAATACGATCCGAAAAAC 146 3074196 >3 4
U-F GTTTTTAGAGTTTGTTGGAGGTTT o 44199 o
UR CAACCTCAAATACAATCCAAAAAAC
M-F TTCGAAGATTTTAAGAGTGGGC
TEAPIB M-R AAACGCTACCTATAAACGCTCG %0 1414741504 >3 15
U-F GTTTTGAAGATTTTAAGAGTGGGT y 41241500 w5
UR CCAAACACTACCTATAAACACTCA
M-F GGTATTGAGTAGGCGAAAGAGC 3 1o s
A M-R GCGAACACTTACTACGACGAAC 15
U-F TAAGGTATTGAGTAGGTGAAAGAGT - 013 o
UR CACAAACACTTACTACAACAAACAAT -
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Table S2. Continued.

Primer Amplicon Amplicon Primer | Number
Assay Primer/probe sequence (5‘—3¢) . location annealing | of MSP
type size, nt from TSS t°C cycles
M-F TAGTATTTGGAGCGAGTTTTGC
FLRT? MR CACTTTCTCTTAACTTCGACCG 277 a2l 63 15
U-F GTAGTATTTGGAGTGAGTTTTGTGT 279 43/4300 63
U-R CCACTTTCTCTTAACTTCAACCA
M-F AAAGGGTTTGGGTAAATTCGTC 157 _9/+148 58
ADAMTS19 M-R AAATATAAATCAAACGCATCTCGC 36
U-F TAAAGGGTTTGGGTAAATTTGTTG 160 +10/+150 58
U-R ACAAATATAAATCAAACACATCTCAC
M-F GTTTTTTAAGTTTTGCGGTGCG
o MR GCCGCTCGATCACTTACTAC 16l 275/+436 61 15
U-F GTTGTTTTTTAAGTTTTGTGGTGT 165 4972/1437 61
U-R CACCACTCAATCACTTACTACA
M-F GTGAAGTAGAAGACGTTTCGC
<l MR AAATTAACAAATAACGCGCTCG 130 ] +320/+450 62 34
U-F TAGGTGAAGTAGAAGATGTTTTGT 135 4317/4452 62
U-R CCAAATTAACAAATAACACACTCAC
M-F TCGCGTTTGGTTTTAGTAAATC 156 _149/+7 58
SFRPI M-R AATACGCGAAACTCCTACGAC 36
U-F GAGTTGTGTTTGGTTTTAGTAAATT 161 -152/49 53
U-R AAAATACACAAAACTCCTACAACC

M-F/R — methylated forward/ reverse; U-F/R — unmethylated forward/ reverse; nt — nucleotides.
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Table S3. Primers used for quantitative methylation-specific PCR analysis (qMSP).

Primer . Amplicon Ampli.con
Assay type Primer/probe sequence (5‘—3¢) size. nt location
’ from TSS
M-F GGCGTTTTCGGGTGAGTTTTC
ZNF677 M-R CAAAACGACCCCAAAACCCG 96 +29/+125
M-P FAM-GAAACGTAAAAACCTATAACCCGCGAAACG-BHQ-1
M-F TGACGGTTTTGGAGTCGTTC
FBN2 M-R TAACGCAATAAACGACGAAACG 102 +331/+433
M-P FAM-CGACAACCCCGAACGATACACGTTACA-BHQ-1
M-F TAGAGTGAGGGCGGGTTC
PCDHS M-R CTCTTTACGAACCCTATACGAA 91 +25/+116
M-P FAM-CGAACCTCCAACGAACTCTAAAAACGCG-BHQ-1
M-F CGGGATAGTTTTTGAAAGTTCG 1380/
TFAP2B M-R TACCTATAAACGCTCGTCCG 118 1498
M-P FAM-GAGTCGTTTCGAAGATTTTAAGAGTGGGCG-BHQ-1
M-F GAGCGATTAGCGTGCGTTC
TACI M-R AAATAACCCGAACAACCGCGA 107 +46/+153
M-P FAM-TTGTTCGTCGTAGTAAGTGTTCGCGC-BHQ-1
M-F AGTTTTTAGATTTACGTCGGGC
FLRT? M-R GAACAACTCGAAACCGAACG 92 +17/+109
M-P FAM-GCGAGTTTTGCGTTCGTTTTCGCG-BHQ-1
M-F TGGTGATGGAGGAGGTTTAGTAAGT
ACTB M-R AACCAATAAAACCTACTCCTCCCTTAA 133 -1629/-1497
M-P FAM-ACCACCACCCAACACACAATAACAAACACA-BHQ-1

M-F/R/P — methylated forward/reverse/probe; nt — nucleotides.
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Table S4. The analyzed sequences of fully methylated DNA (after modification by bisulfite) and MSP as well as QMSP primers and
probes arrangement on there. Light gray depicts MSP primers, dark gray — QMSP primers, and turquoise — QMSP probes.

Amplicon location

Assay Analyzed sequence from TSS
GGCGTTTTCGGGTGAGTTTTCGTTTTTCGGGTTTAAGTTTGIRGIMITCGCGGGTTATAG

ZNF677 GTTTTTACEEIIEGTTGTCGGGTTTTGGGGTCGTTTTGTAGGTTAAAATTTCGAATTTG +74/+230
TTTATTTTTTTCGCGGCGTGGTTTTAAGACGTTTTTAGTTTCGTCGTTTCGAGAGGGTT +29/+125
TAGAGATTTGCGTTTATTTCGGATT
TTTAATATTCGTTTTCGGAGCGTACGGGAATTCGTCGAGTTTTGCGTGTAGGTTTTTT

FeN2 | TTTTTTTIGAGGTTTATATTTTTTGAAATTTTACGTTAGGGTTTTTGTAATTTTTTTTTT +206/+388
CGTTCGTITGACGGTTTTGGAGTCGTTCGGGGTTTTAGGTCGGTTA IGIAACEIGIATGE +331/+433

G GTTGTATTTTCGTCGCGTTTCGTCGTTTATTGCGTTA
TAGAGTGAGGGCGGGTTC TTTAGAGTTCGTTGGAGGTTC.GAGTTGTTAT +50/+196

PCDHS8 | TCGTAGATTTTTITCGTATAGGGTTCGTAAAGAGCGTGATTTCGAGAGTTTGAGATTG

ACGTTCGATTTGGAAATTAGAGAAGATTTTTTTAGTTTTTCGGATCGTATTTGAGG iE=Aaie
CGGGATAGTTTTTGAAAGTTCGGCGTAGAGICGH TTCGAAGATTTTAAGAGTGGGCE 1414741504
TFAP2B | ATTTATAGGCGCGGTCGGTAAGTTTTTGGGGGATTCGGGTTCGGACGAGCGTTTATA ERTEET
GGTAGCGTTT
GGTATTGAGTAGGCGAAAGAGCGCGTTCGGATTTTTTTTTCGGCGGTAGTTATCGAG TG
TACI | AGTGCGGAGCGATTAGCGTGCGTTCGGAGGAATTAGAGAAATTTAGTATTTCGCGGG
ABIGTTCGTCGTAGTAAGTGTTCGCBBGGTGTTGGTCGCGGTTGTTCGGGTTATTT e e
AGTTTTTAGATTTACGTCGGGCGGGCGTAGTATTTGG C
BE86TAGCGTCGTACGTTCGGTTTCGAGTTGTTCGTATATACGCGTCGGAGGAGAGT
FLRT2 | TCGTTTAGTTTTTTCGTCGAGTTTCGGGATTTTTTAAATTCGAGGAGTTTCGGCGTCG +44/+321
CGGGGTAGTTTTTTGTCGTTTTTTTCGTTCGTTGTATTTTTTTTGGGGTTCGTTGGTTT +17/+109
GGCGAAGCGGAGAGGGGGAGGCGGAGGAGGAGAGAAGGCGGGGGTCGCGGCGGTC
GAAGTTAAGAGAAAGTG

TSS — transcription start site; MSP — methylation-specific PCR; QMSP — quantitative MSP.
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Table S5. The list of 175 hypermethylated genes in ccRCC tissue samples, while compared to adjacent non-cancerous tissue and
their methylation levels in group comparisons. FC and P values are given for the most hypermethylated probe per gene.

Hypermethylated probes
No. Gene symbol ccRCC vs. NRT pT1 vs. NRT T3-4 vs. NRT
N FC P-value* N FC P-value N FC P-value
1 MIR124-2 12 1.8 0.016 11 1.8 0.010 12 2.0 <0.001
2 FBN2 8 1.8 0.018 8 2.0 0.017 8 1.8 0.006
3 HCNI1 2 1.8 0.015 3 1.9 0.006 2 1.7 0.001
4 NETO!I 13 1.8 0.017 14 2.0 0.009 10 1.8 0.004
5 11-Mar 2 1.8 0.016 2 1.9 0.002 2 1.7 0.003
6 GALNTL6 4 1.8 0.018 2 1.6 0.007 4 1.8 0.005
7 SNAPI9I 4 1.8 0.020 2 1.7 0.014 4 1.8 0.010
8 IRX2 5 1.7 0.016 6 1.7 0.018 6 1.7 0.009
9 CHODL 4 1.7 0.018 4 1.8 0.006 4 1.7 0.008
10 ELAVL2 7 1.7 0.016 9 2.1 0.005 2 1.6 0.002
11 ADAMTS20 4 1.7 0.017 4 1.6 0.010 5 1.8 0.003
12 NXPH1 15 1.7 0.018 19 1.9 0.006 5 1.6 0.010
13 HTR2C 3 1.7 0.024 4 1.8 0.021 2 1.6 0.019
14 PENK 4 1.7 0.018 5 1.7 0.004 4 1.7 0.002
15 KCNA4 4 1.7 0.017 4 1.7 0.004 4 1.6 0.007
16 SYTI10 3 1.7 0.020 3 1.7 0.005 4 1.8 0.010
17 CAI10 4 1.7 0.019 3 1.6 0.005 5 1.9 0.003
18 A2BP1 3 1.7 0.016 2 1.6 <0.001 3 1.8 0.003
19 PCDHS$ 4 1.7 0.021 7 2.0 0.003 3 1.6 0.022
20 SIM1 3 1.7 0.018 3 1.7 0.002 5 1.7 0.009
21 CDHS 4 1.7 0.016 4 1.8 0.001 4 1.7 0.002
22 KCNC2 5 1.7 0.024 2 1.6 0.011 5 1.8 0.009
23 FLRT2 2 1.7 0.018 2 1.7 0.003 2 1.7 0.009
24 STMN?2 2 1.7 0.016 1 1.7 0.004 4 1.7 <0.001
25 PHACTRI 4 1.7 0.019 4 1.7 0.002 4 1.7 0.017




Table S5. Continued.

Hypermethylated probes
No. Gene symbol ccRCC vs. NRT pT1 vs. NRT T3-4 ys. NRT
N FC P-value* N FC P-value N FC P-value

26 ANKSIB 1 1.7 0.016 3 1.6 0.009 1 1.7 0.002
27 ISL1 4 1.6 0.024 2 1.6 0.030 6 1.7 0.011
28 ONECUT2 2 1.6 0.021 3 1.9 0.005 - - -
29 MIRI137 3 1.6 0.034 1 1.5 0.044 3 1.6 0.019
30 FOXGI 4 1.6 0.018 7 1.8 0.008 1 1.5 0.009
31 SYTi4 1 1.6 0.020 2 1.7 0.005 - - -
32 ACTAI 4 1.6 0.019 3 1.7 0.008 2 1.6 0.012
33 KCTDI 2 1.6 0.024 5 1.7 0.016 - - -
34 TFAP2C 4 1.6 0.016 5 1.7 0.014 2 1.6 0.003
35 NPTX2 3 1.6 0.018 7 1.8 0.005 1 1.6 0.010
36 ZICI 4 1.6 0.022 7 2.0 0.022 - - -
37 SRRM4 4 1.6 0.016 3 1.7 <0.001 3 1.6 0.001
38 ZIC3 2 1.6 0.025 3 1.7 0.009 - - -
39 HS3ST341 3 1.6 0.016 4 1.6 0.001 3 1.6 0.002
40 GALNTI3 2 1.6 0.019 1 1.7 0.012 1 1.7 0.007
41 POU4F2 5 1.6 0.018 8 1.7 0.037 2 1.6 0.006
42 KCNAI 3 1.6 0.021 2 1.5 0.043 5 1.6 0.008
43 TBX18 2 1.6 0.019 2 1.6 0.017 4 1.6 0.010
44 NKX2-1 1 1.6 0.016 1 1.6 0.002 1 1.6 0.004
45 SoXxi7 2 1.6 0.017 3 1.6 0.025 5 1.6 0.007
46 PCDH7 5 1.6 0.017 8 1.8 0.012 3 1.6 0.006
47 CBLNI 2 1.6 0.021 2 1.6 0.045 2 1.5 0.008
48 DPP6 6 1.6 0.018 4 1.7 0.015 8 1.7 0.003
49 USP44 4 1.6 0.019 2 1.6 0.029 6 1.7 0.006
50 TBX20 8 1.6 0.016 8 1.8 0.008 9 1.7 0.001
51 FERD3L 7 1.6 0.018 1 1.6 0.009 7 1.6 0.002
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Table S5. Continued.

Hypermethylated probes
No. Gene symbol ccRCC vs. NRT pT1 vs. NRT T3-4 ys. NRT
N FC P-value* N FC P-value N FC P-value

52 KLF14 4 1.6 0.022 9 1.9 0.014 2 1.5 0.029
53 TRPC6 4 1.6 0.023 4 1.6 0.019 7 1.6 0.016
54 DPP10 3 1.6 0.016 2 1.7 0.003 4 1.6 0.003
55 HTRIA 6 1.6 0.018 7 1.8 0.013 6 1.6 0.010
56 SOX11 2 1.6 0.018 5 1.7 0.012 2 1.6 0.002
57 MIR935 1 1.6 0.016 2 1.8 0.003 2 1.6 <0.001
58 TRIM64 1 1.6 0.023 2 1.7 0.018 - - -
59 NCAM2 2 1.6 0.018 2 1.5 0.015 2 1.6 0.004
60 ZNF677 1 1.6 0.016 1 1.6 0.006 2 1.6 0.002
61 ST8SIA3 3 1.6 0.016 6 1.7 0.007 1 1.5 0.004
62 TFAP2B 1 1.6 0.022 1 1.6 0.042 1 1.5 0.015
63 GREM1 1 1.6 0.023 1 1.6 0.019 1 1.6 0.016
64 IRX1 3 1.6 0.018 7 1.6 0.037 2 1.5 0.006
65 BRUNOL4 3 1.6 0.020 4 1.6 0.009 3 1.6 0.011
66 SIX6 2 1.6 0.019 3 1.7 0.012 2 1.5 0.010
67 CLVS2 2 1.6 0.041 - - - 3 1.8 0.011
68 ADCY2 1 1.6 0.021 1 1.6 0.015 1 1.5 0.015
69 FEZF1 1 1.6 0.019 1 1.7 0.024 - - -
70 ZIC4 2 1.6 0.017 5 1.6 0.041 2 1.6 0.002
71 CPEBI 1 1.6 0.025 6 1.9 0.004 - - -
72 ADAMTS19 4 1.6 0.022 3 1.6 0.003 3 1.6 0.012
73 TMEM132C 2 1.6 0.019 3 1.6 0.029 3 1.6 0.007
74 TLX3 3 1.6 0.020 10 1.7 0.010 1 1.6 0.008
75 GPRI149 2 1.6 0.019 - - - 2 1.7 0.007
76 NEURODG6 1 1.6 0.019 2 1.6 0.019 1 1.5 0.009
77 LHXS 2 1.6 0.021 2 1.6 0.015 2 1.6 0.012
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Table S5. Continued.

Hypermethylated probes
No. Gene symbol ccRCC vs. NRT pT1 vs. NRT T3-4 vs. NRT
N FC P-value* N FC P-value N FC P-value

78 FZDI10 2 1.6 0.018 4 1.6 0.019 3 1.6 0.006
79 DCHS2 2 1.6 0.020 2 1.6 0.007 2 1.6 0.012
80 Vywe2 1 1.6 0.024 2 1.7 0.007 1 1.6 0.018
81 LOC200726 1 1.6 0.016 - - - 2 1.6 <0.001
82 TCERGIL 1 1.6 0.017 1 1.7 0.005 - - -
83 SLITRK3 1 1.6 0.028 1 1.7 0.016 1 1.5 0.032
84 FAMI1234 1 1.6 0.020 3 1.8 0.012 - - -
85 VSTM24 2 1.6 0.018 1 1.5 0.007 2 1.7 0.003
86 FOXBI 1 1.6 0.017 5 1.7 0.013 - - -
87 DBX1 2 1.6 0.016 4 1.7 0.011 4 1.6 0.003
88 GSX1 3 1.6 0.016 7 1.8 0.019 2 1.5 0.002
89 orpP 2 1.6 0.016 3 1.6 0.014 2 1.5 0.003
90 CYP4X1 2 1.6 0.019 - - - 2 1.7 0.001
91 RIMS?2 1 1.6 0.024 1 1.6 0.002 1 1.5 0.022
92 RGS22 1 1.6 0.018 1 1.6 0.014 1 1.6 0.006
93 ABCC9 1 1.6 0.022 1 1.6 0.009 1 1.5 0.019
94 TCHH 3 1.6 0.018 2 1.6 0.011 4 1.6 0.008
95 MDGA2 1 1.6 0.036 1 1.5 0.037 1 1.6 0.023
96 PCDH19 1 1.6 0.036 - - - 1 1.7 0.017
97 FOXAI 1 1.6 0.016 3 1.7 0.005 1 1.6 0.004
98 CYYRI 1 1.6 0.017 - - - 1 1.6 0.003
99 MCHR2 1 1.6 0.019 - - - 1 1.6 0.001
100 D4S234F 1 1.5 0.016 1 1.5 0.031 - - -
101 PCDH17 4 1.5 0.017 10 1.7 0.018 1 1.5 0.009
102 ADRA2A 3 1.5 0.024 4 1.7 0.030 - - -
103 AVPRIA 1 1.5 0.018 - - - 1 1.5 0.006




Table S5. Continued.

Hypermethylated probes
No. Gene symbol ccRCC vs. NRT pT1 vs. NRT T3-4 vs. NRT
N FC P-value* N FC P-value N FC P-value

104 GRIN34 1 1.5 0.020 2 1.7 0.008 1 1.5 0.006
105 TRIM64B 1 1.5 0.021 3 1.7 0.014 - - -
106 BEND4 1 1.5 0.017 2 1.6 0.029 - - -
107 GFIl 2 1.5 0.017 1 1.5 0.035 2 1.5 0.003
108 PRRX1 1 1.5 0.026 - - - 3 1.6 0.009
109 FOXD3 1 1.5 0.016 7 1.6 0.016 - - -
110 GAS7 1 1.5 0.018 1 1.6 0.017 2 1.6 0.006
111 ANKRD30B 1 1.5 0.020 2 1.6 0.027 - -
112 PROX1 1 1.5 0.017 3 1.6 0.004 - - -
113 RIMS4 1 1.5 0.028 1 1.7 0.015 - - -
114 ZNF98 1 1.5 0.018 1 1.6 0.016 2 1.5 0.008
115 SOX1 2 1.5 0.019 2 1.7 0.013 2 1.5 0.009
116 TWISTI 5 1.5 0.020 3 1.6 0.015 8 1.6 0.010
117 CALNI 4 1.5 0.024 2 1.5 0.003 5 1.6 0.014
118 ULBPI 2 1.5 0.020 - - - 4 1.6 0.011
119 C200rf56 2 1.5 0.017 3 1.7 0.023 1 1.6 0.002
120 TIAM1 1 1.5 0.018 - - - 1 1.5 0.004
121 RASAL3 1 1.5 0.017 1 1.6 0.001 1 1.5 0.008
122 orx2 1 1.5 0.028 2 1.8 0.016 - - -
123 OPRK1 1 1.5 0.023 - - - 2 1.5 0.016
124 MIRI1247 1 1.5 0.028 1 1.6 0.010 - - -
125 ALXI 1 1.5 0.019 1 1.5 0.018 3 1.5 0.007
126 FOoxi2 1 1.5 0.016 2 1.8 <0.001 1 1.5 0.002
127 FLJ42875 1 1.5 0.016 - - - 4 1.6 <0.001
128 HTRIB 1 1.5 0.022 - - - 1 1.6 0.008
129 GRIA2 2 1.5 0.018 2 1.6 0.020 1 1.5 0.030
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Table S5. Continued.

Hypermethylated probes
No. Gene symbol ccRCC vs. NRT pT1 vs. NRT T3-4 vs. NRT
N FC P-value* N FC P-value N FC P-value

130 LOC389333 1 1.5 0.023 - - - 1 1.6 0.008
131 NPY 2 1.5 0.016 3 1.6 0.006 - - -
132 GRHL2 1 1.5 0.020 1 1.5 0.013 1 1.5 0.010
133 IKZF1 1 1.5 0.024 2 1.6 0.018 - - -
134 TACI1 1 1.5 0.037 - - - 5 1.7 0.009
135 PRDM13 1 1.5 0.016 1 1.6 0.005 1 1.6 0.001
136 POU4F3 1 1.5 0.021 3 1.7 0.007 4 1.6 0.014
137 CACNAIB 1 1.5 0.023 3 1.7 0.016 - - -
138 TMEM215 1 1.5 0.021 - - - 2 1.6 0.004
139 WBSCR17 1 1.5 0.021 1 1.6 0.018 2 1.5 0.008
140 EBF1 1 1.5 0.017 2 1.6 0.007 - - -
141 ELAVL4 1 1.5 0.016 1 1.7 0.003 - - -
142 ZNF732 1 1.5 0.030 - - - 1 1.7 0.004
143 RGS20 2 1.5 0.019 3 1.6 0.014 2 1.5 0.013
144 TMEM108 2 1.5 0.019 - - - 3 1.6 0.005
145 CNGA3 1 1.5 0.017 2 1.5 0.005 1 1.5 0.005
146 NPY2R 1 1.5 0.019 - - - 2 1.5 0.006
147 NHLH2 1 1.5 0.017 3 1.7 0.002 - - -
148 CHRM?2 1 1.5 0.017 1 1.5 0.012 3 1.6 0.003
149 GABRA2 1 1.5 0.022 1 1.7 0.009 - - -
150 PIWILI 1 1.5 0.017 1 1.5 0.003 1 1.6 0.005
151 FOXEI 1 1.5 0.027 2 1.7 0.006 - - -
152 BMP7 2 1.5 0.020 2 1.5 0.005 1 1.6 0.008
153 CACNB2 1 1.5 0.021 - - - 1 1.6 0.008
154 CLIC6 1 1.5 0.020 1 1.6 0.006 2 1.5 0.012
155 DLX6AS 1 1.5 0.017 - - - 2 1.6 0.012
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Table S5. Continued.

Hypermethylated probes
No. Gene symbol ccRCC vs. NRT pT1 vs. NRT T3-4 vs. NRT
N FC P-value* N FC P-value N FC P-value

156 SP8 1 1.5 0.025 1 1.6 0.012 1 1.6 0.009
157 IRX4 1 1.5 0.019 2 1.6 0.005 2 1.5 0.001
158 psiTPTE22 1 1.5 0.017 1 1.6 0.048 - - -
159 DMRT?2 1 1.5 0.019 2 1.7 0.003 - - -
160 HAND2 1 1.5 0.021 1 1.8 0.003 - - -
161 BARHL2 2 1.5 0.022 5 1.8 0.033 - - -
162 KCNH7 1 1.5 0.019 - - - 1 1.5 0.007
163 PCSK1 1 1.5 0.017 - - - 1 1.6 0.002
164 CSMD3 1 1.5 0.016 1 1.6 0.002 - - -
165 FAM1554 1 1.5 0.019 2 1.7 0.003 - - -
166 DSC3 1 1.5 0.018 1 1.6 0.018 - - -
167 SLC645 1 1.5 0.017 2 1.6 0.022 2 1.6 <0.001
168 VGLL2 1 1.5 0.016 1 1.6 0.004 1 1.5 0.002
169 PAX1 2 1.5 0.016 1 1.6 0.012 2 1.6 0.003
170 PLDS 1 1.5 0.017 - - - 4 1.6 0.018
171 OLIG3 1 1.5 0.017 7 1.6 0.009 - - -
172 PCDHI11X 1 1.5 0.016 1 1.7 0.013 - - -
173 INSM1 1 1.5 0.016 1 1.5 0.021 - - -
174 ACAN 1 1.5 0.016 - - - 1 1.6 0.002
175 CRMPI 1 1.5 0.024 - - - 4 1.6 0.013

ccRCC — clear cell renal cell carcinoma; NRT — non-cancerous renal tissues; pT — pathological stage; N — number of probes; FC —
fold change. * Corrected (with Benjamini-Hochberg multiple testing correction) P-value.
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Table S6. The amount of differentially methylated genes in various comparison groups.

Differentially methylated genes, N (%)

Genes overlapped with entities
(N=367) in ccRCC vs. NRT

Condition Comparison groups T O,
Total | 1 | 1} Total | 1 !
TUMORS (N=11)
Gender Male (N=6) vs. Female (N=5) 273 (100%) 9 (3%) 264 (97%) 0
Age > 60 yr. (N=6) vs. <60 yr. (N=5) | 278 (100%) | 275 (99%) 3 (1%) 0 0 0
Tumor size >4 cm (N=4) vs. <4 cm (N=7) 124 (100%) | 122 (98%) 2 (2%) 15 15 0
Fuhrman grade G>3 (N=7)vs. G<3 (N=4) 31 (100%) 29 (93%) 2 (7%) 3 3 0
WHO/ISUP grade G=3 (N=5)vs. G<3 (N=6) 76 (100%) 74 (97%) 2 (3%) 10 10 0
Iv. invasion Yes (N=5) vs. No (N=6) 15 (100%) 8 (53%) 7 (47%) 0 1
Fat invasion Yes (N=4) vs. No (N=7) 11 (100%) 4 (36%) 7 (64%) 0 0 0
Tumor necrosis Yes (N=3) vs. No (N=8) 39 (100%) 18 (46%) 21 (54%) 0 0 0
NON-TUMORS (N=11)
Gender Male (N=6) vs. Female (N=5) 1 (100%) 1 (100%) 0 0 0 0
Age > 60 yr. (N=6) vs. <60 yr. (N=5) | 22 (100%) 19 (86%) 3 (14%) 0 0 0

WHO/ISUP — World Health Organisation/Internation Society of Urological Pathology; G — grade; yr. — years.
1 — hypermethylated; | — hypomethylated.
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Table S7. The list of simultaneously down-regulated and hypermethylated genes in 4 ccRCC tissue samples while compared with

paired NRT cases.
Down-regulated Down-regulated Down-regulated
Gene expression Gene expression Gene expression

FC p-level FC p-level FC p-level

ESRPI 11.7 0.003 KCNA4 10.3 <0.001 BMP4 3.0 0.015
CHRM?2 2.5 0.018 KREMENI 2.0 0.043 RASLIIB 52.4 <0.001
AVPRIA 2.6 0.008 IRX? 25.9 0.023 TFAP24 6.8 0.033
ABCCS 3.6 0.025 CRHBP 42.1 0.012 NPY5R 4.1 0.006
FMN2 8.7 0.029 CYP4X1 3.1 0.015 PDZRN3 7.7 0.005
IRX1 688.1 <0.001 TBCIDI 3.1 0.002 SORCSI 2.1 0.035
SIM1 18.5 0.015 BMP7 7.3 0.013 MDGA2 2.6 0.011
TACI 7.7 0.003 UNC5D 22.8 0.001 RNF150 10.2 0.007
KIAA1217 2.2 0.014 GDNF 10.0 0.006 TCF21 18.3 0.020
CAI0 44.2 0.024 TFCP2L1 24.5 0.007 ADAMTSI16 16.8 0.003
ADAMTS19 2.1 0.030 SLIT2 24 0.043 VWA5BI 16.9 <0.001
SHISA2 6.3 0.039 oVvoL2 223 0.038 ZNF577 43 0.015
FAMS83B 71.0 <0.001 TFAP2B 349.5 <0.001 SH3YLI 3.2 0.021
ZNF677 10.0 0.015 ITGAS8 2.5 0.040 CACNB?2 7.9 0.038
CDH3 6.2 0.023 CDOI1 34 0.003 SIM?2 13.4 0.007
RASSF10 12.4 0.011 HECWI 6.3 0.037 PODXL 8.6 0.010
MRAP2 19.1 0.007 SLC2644 11.6 0.006 NTRK3 13.0 0.048
DACHI 19.1 0.014 GSTM3 25.7 <0.001 FKBPIB 3.9 0.025

FC — fold change.
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Table S8. The list of top 50 most significant Gene Ontology (GO) Biological processes terms for all of the significantly deregulated
enes in ccRCC tissues.

Genes, FDR Genes, FDR
Gene set name Gene set name
N g-value N g-value
Down-regulated genes
Regulation of immune system process 352 2.04e-146 Regulation of cell cell adhesion 119 1.19e-57
Defense response 359 8.54e-136 Mononuclear cell differentiation 115 4.82e-57
Immune effector process 292 2.18e-122 Regulation of defense response 147 2.29e-56
Positive regulation of immune system process 251 2.24e-110 Negative regulation of immune system process 111 2.99e-54
Regulation of immune response 243 3.9¢-109 Positive regulation of cytokine production 114 4.55e-53
Lymphocyte activation 200 5.5e-97 Cell cell adhesion 160 7.16e-52
Response to cytokine 247 1.61e-94 Apoptotic process 247 4.74e-51
Innate immune response 226 5.14e-94 Activation of immune response 125 6.16e-50
Cytokine mediated signaling pathway 197 6.82e-88 Leukocyte proliferation 94 1.47e-49
T cell activation 153 3.44¢-86 Cell population proliferation 246 1.54e-49
Regulation of cell activation 169 6.87¢-82 Positive regulation of leukocyte cell cell adhesion 82 6.79¢-49
Biological adhesion 246 7.05e-73 Immune response regulating signaling pathway 117 2.97e-48
Positive regulation of immune response 173 3.19e-72 Myeloid leukocyte mediated immunity 121 6.74e-48
Leukocyte mediated immunity 184 2.27e-70 Positive regulation of cell cell adhesion 87 1.21e-47
Immune system development 194 7.08e-69 Positive regulation of cell adhesion 106 2.51e-47
Regulation of lymphocyte activation 139 1.33e-68 Regulation of leukocyte differentiation 87 3.17e-47
Cytokine production 176 2.95e-68 Regulation of immune effector process 110 7.92e-47
Inflammatory response 168 3.97e-66 Regulation of leukocyte proliferation 81 9.66e-47
Leukocyte differentiation 139 8.28e-66 Locomotion 239 3.89e-45
Cell activation involved in immune response 161 5.63e-65 Cell migration 207 4.93e-43
Myeloid leukocyte activation 151 1.64e-62 Positive regulation of gene expression 163 3.15e-42
Regulation of cell adhesion 159 1.7e-62 Positive regulation of intracellular signal transduction 156 1.26e-41
Leukocyte cell cell adhesion 114 5.43e-62 Leukocyte migration 108 2.74e-41
Adaptive immune response 152 2.76e-60 Regulation of cell death 204 3.65e-39
Regulation of intracellular signal transduction 249 9.83e-59 T cell differentiation 74 6.44e-39
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Table S8. Continued.

Genes, FDR Genes, FDR
Gene set name Gene set name
N q-value N q-value
Up-regulated genes
Regulation of immune system process 352 2.04e-146 Myeloid leukocyte activation 151 1.64e-62
Cell activation 337 5.63e-146 Regulation of cell adhesion 159 1.7e-62
Defense response 359 8.54e-136 Regulation of response to stress 224 2.76e-62
Immune effector process 292 2.18e-122 Leukocyte cell cell adhesion 114 5.43e-62
Positive regulation of immune system 251 2 246-110 Positive regulation of multicellular organismal 220 1.18¢-60
process process
Regulation of immune response 243 3.9¢-109 Adaptive immune response 152 2.76e-60
Response to biotic stimulus 306 3.9e-108 Regulation of intracellular signal transduction 249 9.83e-59
Defense response to other organism 257 6.38e-101 Regulation of cell cell adhesion 119 1.19¢-57
Lymphocyte activation 200 5.5e-97 Mononuclear cell differentiation 115 4.82e-57
Response to cytokine 247 1.61e-94 Regulation of defense response 147 2.29¢-56
Innate immune response 226 5.14e-94 Negative regulation of immune system process 111 2.99¢-54
Cytokine mediated signaling pathway 197 6.82¢-88 Positive regulation of cytokine production 114 4.55e-53
T-cell activation 153 3.44¢-86 Positive regulation of signaling 234 1.1e-52
Regulation of cell activation 169 6.87e-82 Positive regulation of cell activation 109 3.6e-52
Biological adhesion 246 7.05e-73 Cell cell adhesion 160 7.16e-52
Positive regulation of immune response 173 3.19e-72 Apoptotic process 247 4.74e-51
Leukocyte mediated immunity 184 2.27e-70 Activation of immune response 125 6.16e-50
Immune system development 194 7.08e-69 Leukocyte proliferation 94 1.47¢e-49
Regulation of lymphocyte activation 139 1.33e-68 Cell population proliferation 246 1.54e-49
Cytokine production 176 2.95¢-68 Secretion 207 3.62¢-49
Inflammatory response 168 3.97e-66 Positive regulation of leukocyte cell cell adhesion 82 6.79¢e-49
Leukocyte differentiation 139 8.28e-66 Immune response regulating signaling pathway 117 2.97e-48
Cell activation involved in immune response 161 5.63e-65 Positive regulation of molecular function 227 6.42¢-48
Regulation of T-cell activation 111 1.06e-64 Myeloid leukocyte mediated immunity 121 6.74¢-48
Regulation of response to external stimulus 191 2.72¢-63 Positive regulation of cell cell adhesion 87 1.21e-47
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Table S9. Univariate and multivariate Cox proportional hazard analysis of overall survival according to molecular and/or
clinicopathologic variables in ccRCC tissues samples.

MULTIVARIATE ANALYSIS (backward)

Variables UNIVARIATE ANALYSIS Separetely Altogether
P-value HR [95% CI] P-value HR [95% CI] P-value HR [95% CI]
e 2 ZNF677 (M vs. U) 0.029 2.61[1.10-6.17] -
O & FBN2 (M vs. U) 0.026 2.96[1.14 - 7.66] 0.026 2.96[1.15-17.62] -
- ZNF677 & FBN2 (M vs. U) 0.047 2.78 [1.02 - 7.58] -
% ZNF677 & SFRPI (M vs. U) 0.048 2.76 [1.01 - 7.51] -
:" ZNF677 & BMP7 (M vs. U) 0.008 3.28[1.38 - 7.78] 0.008 3.27[1.38 - 7.78] -
E ZNF677 & SIM1 (M vs. U) 0.026 2.69[1.13 - 6.37] -
PCDHS8 & FLRT2 (M vs. U) 0.044 2.82[1.04 - 7.68] -
ZNF677, FBN2 & BMP7 (M vs. U) 0.047 2.78 [1.02 - 7.58] -
E ZNF677, PCDH8 & FLRT2 (M vs. U) 0.038 3.18 [1.07 - 9.45] 0.038 3.18 [1.07 - 9.45] -
0 ZNF677, BMP7 & SIM1 (M vs. U) 0.050 2.39[1.01 - 5.67] -
§ PCDHS, SFRPI1 & BMP7 (M vs. U) 0.042 3.11[1.05-9.18] -
ﬁ FBN2, SFRPI & ADAMTS19 (M vs. U) 0.050 4.29[1.00 - 18.3] -
PCDHS, FLRT2 & BMP7 (M vs. U) 0.051  2.73[1.00 - 7.44] -
=) 2 ZNF677, PCDHS, FLRT2 & BMP7 (M vs. U) 0.044 3.08 [1.04 -9.15] 0.044 3.08 [1.04 -9.15] -
2 % ZNF677, PCDH8 & FLRT2, SIMI1 (M vs. U) 0.046 3.03[1.02 - 9.00] -
—_ Age, years (cont.) <0.001 1.09[1.04 - 1.14] <0.001 1.10[1.04 - 1.16] <0.001 1.10[1.04 - 1.16]
= .§ Gender (male vs. female) 0.038 2.73 [1.06 - 7.08] -
_; %‘) Tumor size (cont.) 0.036 1.01 [1.00 - 1.02] 0.004 1.02[1.01 - 1.03] 0.004 1.02[1.01 - 1.03]
‘% § Stage (pT3-4 vs. pT1-2) 0.003 5.12[1.72 -15.24] -
5 & Fuhrman grade (G>3 vs. GX2) 0.433 1.42 [0.59 - 3.44] -
£E WHO/ISUP grade (G=3 vs. G<2) 0.012  3.04[1.28 - 7.24] .
I~ £ Fat invasion (yes vs. no) 0.001 4.83 [1.87 -12.48] -
° Necrosis (yes vs. no) <0.001 4.97[2.10-11.76] | <0.001 4.97[2.10-11.8] 0.010 3.22[1.32 - 7.84]
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Table S10. The diagnostic test performance characteristics of the analyzed methylation biomarkers in urine samples (Receiver
Operating Characteristic (ROC) analysis).

Biomarker | AUC | Pvalue | DSp,% | DSe% | PPV,% | NPV,% | ACC,%
Single biomarker
ZNF677 0.697 <0.001 95.7 43.9 95.9 42.2 59.4
FBN2 0.644 <0.001 92.4 36.6 91.8 38.4 53.3
PCDHS 0.709 <0.001 72.8 67.5 84.9 48.7 69.1
TFAP2B 0.597 0.015 53.3 67.5 77.1 41.2 63.2
TACI 0.642 0.001 62.0 71.5 81.4 48.3 68.7
FLRT2 0.672 <0.001 89.2 46.3 90.9 41.6 59.2
Panel of two biomarkers
ZNF677& FBN2 0.736 <0.001 88.0 58.5 92.0 47.6 67.4
ZNF677 & PCDH8 0.778 <0.001 68.5 78.1 85.2 57.2 75.2
ZNF677 & TFAP2B 0.720 <0.001 96.7 423 96.8 41.8 58.6
ZNF677 & TACI 0.732 <0.001 62.0 77.2 82.6 53.8 72.7
ZNF677 & FLRT?2 0.736 <0.001 85.9 60.2 90.9 48.0 67.9
FBN2 & PCDHS8 0.728 <0.001 71.7 70.7 85.4 51.2 71.0
FBN2 & TFAP2B 0.659 <0.001 94.6 30.1 92.8 36.7 494
FBN2 & TACI 0.696 <0.001 64.1 72.4 82.5 49.9 69.9
FBN2 & FLRT? 0.714 <0.001 84.8 58.5 90.0 46.7 66.4
PCDHS8 & TFAP2B 0.690 <0.001 63.0 72.4 82.0 49.4 69.6
PCDHS8 & TACI 0.685 <0.001 56.5 80.5 81.2 55.4 73.3
PCDHS8 & FLRT?2 0.750 <0.001 78.3 68.3 88.0 51.4 71.3
TFAP2B & TACI 0.604 0.008 40.2 79.7 75.5 44.9 67.8
TFAP2B & FLRT?2 0.674 <0.001 81.5 47.2 85.6 39.8 57.5
TAC & FLRT2 0.713 <0.001 59.8 78.9 82.1 54.8 73.1
Panel of three biomarkers
ZNF677, FBN2 & PCDHS 0.778 <0.001 80.4 68.3 89.1 52.1 71.9
ZNF677, FBN2 & TFAP2B 0.726 <0.001 88.0 58.5 92.0 47.6 67.4
ZNF677, FBN2 & TACI 0.754 <0.001 81.5 62.6 88.8 48.3 68.3
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Table S10. Continued.

Biomarker AUC P-value DSp, % DSe, % PPV, % NPV, % | ACC, %

Panel of three biomarkers
ZNF677, FBN2 & FLRT?2 0.752 <0.001 81.5 67.5 89.5 51.8 71.7
ZNF677, PCDHS8 & TFAP2B 0.762 <0.001 80.4 64.2 88.5 49.1 69.1
ZNF677, PCDHS & TACI 0.740 <0.001 60.9 79.7 82.6 56.2 74.0
ZNF677, PCDHS8 & FLRT2 0.784 <0.001 75.0 76.4 87.7 57.7 76.0
ZNF677, TEFAP2B & TACI 0.723 <0.001 85.9 49.6 89.1 42.2 60.5
ZNF677, TFAP2B & FLRT? 0.734 <0.001 88.0 55.3 91.5 45.8 65.1
ZNF677, TACI & FLRT2 0.750 <0.001 80.4 61.0 87.9 46.9 66.8
FBN2, PCDH8 & TFAP2B 0.712 <0.001 79.4 56.9 86.5 44.1 63.6
FBN2, PCDHS8 & TACI1 0.710 <0.001 56.5 80.5 81.2 55.4 73.3
FBN2, PCDHS8 & FLRT2 0.759 <0.001 75.0 74.0 87.4 55.3 74.3
FBN2, TEFAP2B & TACI 0.674 <0.001 81.5 48.0 85.8 40.2 58.0
FBN2, TFAP2B & FLRT2 0.711 <0.001 82.6 52.9 87.6 429 61.8
FBN2, TACI & FLRT2 0.738 <0.001 58.7 82.1 82.3 58.4 75.1
PCDHS, TFAP2B & TACI 0.668 <0.001 52.2 79.7 79.5 52.4 71.4
PCDHS, TFAP2B & FLRT2 0.733 <0.001 77.2 62.6 86.5 46.9 67.0
PCDHS, TAC1 & FLRT?2 0.735 <0.001 57.6 83.7 82.2 60.3 75.9
TFAP2B, TACI & FLRT2 0.675 <0.001 77.2 52.0 84.2 40.8 59.6

Panel of four biomarkers
ZNF677, FBN2, PCDHS & TFAP2B 0.754 <0.001 81.5 69.9 89.8 53.7 73.4
ZNF677, FBN2, PCDHS8 & TAC1 0.753 <0.001 82.6 61.8 89.2 48.1 68.0
ZNF677, FBN2, PCDH8 & FLRT? 0.715 <0.001 81.5 66.7 89.4 51.2 71.1
ZNF677, FBN2, TFAP2B & TACI 0.757 <0.001 81.5 62.6 88.8 48.3 68.3
ZNF677, FBN2, TFAP2B & FLRT? 0.750 <0.001 81.5 69.1 89.7 53.1 72.8
ZNF677, FBN2, TACI & FLRT2 0.759 <0.001 78.3 67.5 87.9 50.8 70.7
ZNF677, PCDHS, TFAP2B & TACI1 0.729 <0.001 58.7 79.7 81.8 55.3 73.4
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Table S10. Continued.

Biomarker | AUC | P-value | DSp,% | DSe,% | PPV,% | NPV,% | ACC, %
Panel of four biomarkers
ZNF677, PCDHS, TFAP2B & FLRT2 0.767 <0.001 76.1 68.3 87.0 50.7 70.6
ZNF677, PCDHS, TACI & FLRT? 0.754 <0.001 80.4 61.8 88.1 474 67.4
ZNF677, TEAP2B, TACI & FLRT? 0.741 <0.001 80.4 60.2 87.8 46.4 66.2
FBN2, PCDHS, TFAP2B & TACI 0.696 <0.001 533 81.3 80.2 55.0 72.9
FBN2, PCDHS, TFAP2B & FLRT2 0.743 <0.001 75.0 65.9 86.0 48.5 68.6
FBN2, PCDHS, TACI & FLRT2 0.746 <0.001 56.5 84.6 81.9 61.1 76.1
FBN2, TFAP2B, TACI & FLRT? 0.717 <0.001 76.1 61.8 85.8 46.0 66.1
PCDHS, TFAP2B, TACI & FLRT2 0.716 <0.001 75.0 62.6 85.4 46.2 66.3
Panel of five biomarkers
ZNFG677, FBN2, PCDHS, TFAP2B & TACI 0.748 <0.001 82.6 61.0 88.5 47.2 67.5
ZNF677, FBN2, PCDHS, TFAP2B & FLRT2 0.715 <0.001 81.5 65.0 89.1 50.0 70.0
ZNF677, FBN2, PCDHS,TACI & FLRT? 0.727 <0.001 79.4 66.7 88.3 50.5 70.5
ZNF677, FBN2, TEAP2B,TACI & FLRT2 0.761 <0.001 783 67.5 87.9 50.8 70.7
ZNF677, PCDHS, TFAP2B, TACI & FLRT2 0.743 <0.001 80.4 61.0 87.9 46.9 66.8
FBN2, PCDHS, TFAP2B,TACI & FLRT2 0.730 <0.001 772 61.8 86.3 46.4 66.4
Panel of all six biomarkers
ZNF677, FBN2, PCDHS, TFAP2B, TACI & FLRT2 | 0726 | <0.001 | 794 | 667 | 883 | 505 | 705

AUC — area under the curve; PPV — positive predictive value; NPV — negative predictive value; ROC — Receiver Operating
Characteristic. DSp — diagnostic specificity; DSe — diagnostic sensitivity; ACC — accuracy; Significant P-values are in bold.
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Table S11. Associations of biomarkers methylation in ccRCC patients urine sediments samples with clinical-pathological patients'

characteristics.
Continuous methylation data

Variable ZNF677 FBN2 PCDHS TFAP2B TACI FLRT?2
Zad 0.31 0.62 0.84 -0.25 1.33 -0.10
Stage (pT3-4 vs. pT1) P-value 0.758 0.537 0.400 0.805 0.182 0.921
Tumor size. mm Rs -0.14 0.11 0.04 -0.04 0.18 -0.11
> P-value 0.186 0.318 0.721 0.687 0.089 0.311
Zad -1.01 1.12 -0.64 0.04 -0.80 -0.75

WHO/ISUP grade (G23 vs. G=2) P-value 0.311 0.264 0.523 0.964 0.423 0.456
Intravascular invasion Zad 0.25 1.48 1.49 0.07 1.52 -0.41
(Yes vs. No) P-value 0.801 0.139 0.136 0.947 0.129 0.681
Fat invasion (Yes vs. No) Zad 0.44 0.19 0.78 0.40 1.82 -0.31
P-value 0.659 0.850 0.437 0.689 0.069 0.757
Necrosis (Yes vs. No) Zad -1.06 0.01 -1.23 0.65 0.34 0.42
P-value 0.289 0.996 0.218 0.519 0.731 0.676

Dichotomous methylation data

Tumor size. mm Zad -0.19 1.40 1.18 0.14 1.57 -0.15

’ P-value 0.852 0.160 0.239 0.886 0.117 0.877

G>3 34.8% 41.3% 69.6% 67.4% 71.8% 45.7%

WHO/ISUP grade G2 49.4% 32.5% 66.2% 67.5% 71.4% 46.8%
P-value 0.135 0.338 0.843 1.00 1.00 1.00

Yes 42.5% 45.0% 75.0% 77.5% 75.0% 45.0%

Intravascular invasion No 44.6% 31.3% 63.9% 62.7% 69.9% 47.0%
P-value 0.849 0.162 0.304 0.107 0.671 0.850

Yes 41.4% 34.5% 69.0% 75.9% 72.4% 51.7%

Necrosis No 44.7% 36.2% 67.0% 64.9% 71.3% 44.7%
P-value 0.832 1.00 1.00 0.365 1.00 0.530

WHO/ISUP — World Health Organisation/Internation Society of Urological Pathology; Zad — Mann-Whitney's Z adjusted parameter.

Significant P-values are in bold.
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Table S12. Univariate and multivariate Cox proportional hazard analysis of
overall survival according to molecular and/or clinicopathologic variables in
ccRCC patients urine sediments samples.

UNIVARIATE ANALYSIS
Covariates HR[95% CI| | P-value | iodel
P-value
Biomarkers
FBN2 & PCDHS8 (M vs. U) 4.16[0.97 - 17.73] 0.055 0.021
ZNF677, FBN2 & PCDH8 (M vs. U) 3.34[0.99 - 11.27] 0.053 0.027
FBN2, PCDHS8 & FLRT2 (M vs. U) 4.18[0.98 - 17.81] 0.055 0.020
FBN2, PCDHS, TAC1 & FLRT2 (M vs. U) >1000 0.960 0.004
MULTIVARIATE ANALYSIS
Biomarkers with clinical-pathological variables
FBN2 & PCDH8 (M vs. U) 4.86[0.98 - 23.96] 0.053
Age, years (cont.) 1.10[1.04 - 1.17] 0.001
Gender (male vs. female) 3.01[1.11-8.17] 0.031
Stage (pT3-4 vs. pT1-2) 1.87[0.54 - 6.42] 0.323 <0.001
Tumor size (cont.) 1.02 [1.00 - 1.03] 0.037
WHO/ISUP grade (G=3 vs. G<2) 0.66 [0.21 - 2.09] 0.481
Necrosis (yes vs. no) 4.31[1.33-13.93] 0.015
ZNF677, FBN2 & PCDHS8 (M vs. U) 2.66[0.72 - 9.83] 0.143
Age, years (cont.) 1.11[1.05-1.17] <0.001
Gender (male vs. female) 2.47[0.92 - 6.67] 0.075
Stage (pT3-4 vs. pT1-2) 2.35[0.72 - 7.69] 0.160 <0.001
Tumor size (cont.) 1.02 [1.00 - 1.03] 0.037
WHO/ISUP grade (G=3 vs. G=2) 0.76 [0.25 - 2.27] 0.621
Necrosis (yes vs. no) 3.58[1.25 - 10.28] 0.018
FBN2, PCDH8 & FLRT2 (M vs. U) 2.94[0.62 - 13.93] 0.177
Age, years (cont.) 1.09 [1.03 - 1.15] 0.002
Gender (male vs. female) 2.46 [0.90 - 6.69] 0.080
Stage (pT3-4 vs. pT1-2) 2.97[0.95-9.30] 0.063 <0.001
Tumor size (cont.) 1.02 [1.00 - 1.03] 0.033
WHO/ISUP grade (G=3 vs. G2) 0.77 [0.25 - 2.38] 0.648
Necrosis (yes vs. no) 3.2511.09 - 9.69] 0.036

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.
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Fig S1. Venn diagrams of the genes with significantly different methylation levels
according to renal tissue histology and tumor stages. A — hypermethylated genes; B —
hypomethylated genes. pT — pathological stage.
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Fig. S2. Gene set enrichment analysis of differentially methylated genes identified in
genome-wide methylation profiling. Gene ontology (biological process) analysis for
A — hypomethylated and B — hypermethylated genes. Only genes with significant
methylation differences with fold change values >1.5 were included. The color
intensities indicate the level of false discovery rate (FDR) adjusted P-values (q-
values). Abbreviations: ccRCC — clear cell renal cell carcinoma; NRT — non-
cancerous renal tissues; pT — pathological tumor stage.
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Fig S3. Methylation frequencies of the selected genes in the ccRCC tissue samples
according to the patient's survival status. Significant P-values are in bold.
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Fig S4. The relationship between expression of selected genes and patients' overall
survival. Kaplan-Meier survival curves according to expression status (Low/High) of
A — ZNF677, B — FBN2, C — PCDHS8, D — TFAP2B, E — TACI, F — FLRT2.
Abbreviation: HR — hazard ratio. Significant P-values are in bold.
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Fig. S5. The comparison of DNA methylation intensities in ccRCC patient's tissue
and urine samples. The results were obtained by quantitative methylation-specific
PCR. ccRCC — clear cell renal cell carcinoma. Significant P-values are in bold.

100+ P=0.005

—

904
804
704
60- P=£29
50
40+
30+
204
101

P=0.127 P='%l92

P=0.218
[

P=0.116 = Dead

1 Alive

Methylation frequency, %

0-ZNF677 FBN2 PCDH8 TFAP2B TAC1 FLRT2

Fig S6. Methylation frequencies of the selected genes in the urine samples of ccRCC
patients according to their survival status. Significant P-values are in bold.
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Fig. S7. The relationship between methylation status of investigated genes in urine
sediments samples and patients' overall survival. (A-D) — Kaplan-Meier survival
curves according to the methylation status of panels, consisting of two-four
biomarkers. Abbreviations: M/U — methylated/unmethylated gene status, HR —hazard
ratio (when the panel is methylated). Significant P-values are in bold.
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