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A B S T R A C T   

Patients diagnosed with clear cell renal cell carcinoma (ccRCC) have poor prognosis for recurrence and 
approximately 30–40% of them will later develop metastases. For this reason, the appropriate diagnosis and the 
more detailed molecular characterisation of the primary tumour, including its susceptibility to metastasis, are 
crucial to select the proper adjuvant therapy by which the most prosperous outcome can be achieved. Nowadays, 
clinicopathological variables are used for classification of the tumours. Apart from these, molecular biomarkers 
are also necessary to improve risk classification, which would be the most beneficial amongst modern adjuvant 
therapies. As a potential molecular biomarker, to follow the transcriptional kinetics in ccRCC patients (n=30), we 
analysed epigenetic changes (γH2A.X, H3K4me3, and H3K9me3) and the alterations in the level of RNA poly-
merase II (RNAPII) by immunohistochemical staining on dissected tissue sections. The variabilities between the 
tumorous and non-tumorous parts of the tissue were detected using quantitative image analysis by monitoring 30 
cells from different positions of either the tumorous or the non-tumorous part of the tissue sections. Data ob-
tained from the analyses were used to identify potential prognostic features and to associate them with the 
progression. These markers might have a value to predict patient outcomes based on their individual cellular 
background. These results also support that detection of any alteration in the level of H3K4me3, H3K9me3, and 
γH2A.X can account for valuable information for presuming the progression of ccRCC and the clinical benefits to 
select the most efficient personalised therapy.   

Introduction 

Among the various types of renal cell carcinoma (RCC), clear cell 
renal cell carcinoma (ccRCC) is the most frequently occurred subtype, 
accounting for approximately 70–80% of all cases, and it has the sixth 
highest mortality rate in Europe and US [1]. According to the WHO 
database, RCC is considered one of the most common epithelial cancers 
worldwide, with 430,000 newly diagnosed and 180,000 death cases in 
2020. The mortality rate and severeness of the disease are highly related 
to late-stage diagnoses as only 10% of the patients developed typical 
symptoms, like haematuria, backache, or abdominal mass [2]. The 
current WHO classification distinguishes 14 RCC subsets, including clear 
cell RCC, papillary RCC, and chromophobe RCC, as the most frequent 
subtypes based on morphological and histopathological characteristics 
[3–5]. Due to the lack of molecular biomarkers, RCC classification is 

difficult, and the adequate identification of stages requires reliable tools. 
Additionally, it is also important to develop proper tools for predicting 
clinical outcomes to improve the standard treatment guidelines for RCC 
patients. In modern diagnostics, novel methods include prognostic 
modelling which relies on DNA-, RNA-, and protein-based biomarkers, 
to predict the possible behaviour of the tumour [6,7]. For patients 
diagnosed with high-risk tumour, adjuvant therapeutic inventions are 
crucial, while for patients diagnosed with low-risk cancer, over-
treatment can be dangerous [8–10]. Applying large-scale genomic and 
proteomic analyses, the establishment of biomarkers with diagnostic 
quality is feasible, and alterations associated with RCC can be identified 
[11]. These techniques also have the potential to reveal novel thera-
peutic targets which can be implicated into unprecedented diagnostic 
and therapeutic strategies. However, to describe the overall perfor-
mance of the tumour progression, an individual biomarker does not 
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provide valuable data in terms of sensitivity and specificity [12–14]. 
In the progression of ccRCC, mutations of the Von Hippel-Lindau 

Tumor Supressor (VHL) tumour suppressor gene are one of the main 
drivers [15,16]. Additionally, mutations of the Polybromo 1 (PBRM1), 
BRCA1 Associated Protein 1 (BAP1), and SET domain containing 2 (SETD2) 
are also found to be associated with ccRCC but with a lower frequency 
[17,18]. This genetic heterogeneity observed in ccRCC leads to diffi-
culties in achieving a prosperous treatment and promotes recurrence. 
These mutations in PBRM1, SETD2, and BAP1 genes are strongly asso-
ciated with epigenetic changes since the proteins produced from these 
genes are responsible for modulating the chromatin structural changes 
[18,19]. The PBRM1 gene encodes the bromodomain-containing protein 
BAF180, which is a subunit of the Polybromo- and BRG1-associated 
factors containing complex (PBAF) SWItching defective/Sucrose 
Non-Fermenting (SWI/SNF) chromatin remodelling complex. BAP1 en-
codes the histone deubiquitinating enzyme BRCA1-Associated Protein 1, 
while SETD2 encodes a methyltransferase that is specifically trimethy-
lates at lysine 36 of histone H3 (H3K36me3) [20]. The loss of these genes 
leads to abnormal epigenetic alterations, providing new opportunities 
for the diagnostic application of these proteins and for developing novel 
therapeutic strategies in ccRCC. Some drugs, targeting the epigenetic 
system, are currently under investigation; however, strategies that 
combine therapies targeting the epigenetic machinery with conven-
tional therapies are still in progress [21–23]. 

Here, we provide an overview of the epigenetic landscape of 30 
patients diagnosed with ccRCC by using immunohistochemical profiling 
and automated quantification of the γH2A.X, H3K4me3, H3K9me3, and 
RNAPII level in tumorous and non-tumorous parts of the tissue. In this 
report, we highlight that the pattern of these marks is dependent on the 
tumour stages and grades. Therefore, our results establish the prognostic 
value of γH2A.X, H3K4me3, H3K9me3, and RNAPII patterns in ccRCC. 

Materials and methods 

Selection of the cohort 

A total of 30 patients, who underwent radical or partial nephrectomy 
at the University of Szeged, were selected for further investigation. This 
study was conducted with the permission of the Regional and Institu-
tional Human Medical Biological Research Ethics Committee, University 
of Szeged (No. 188/2019-SZTE). All patients gave his/her written 
informed consent for the publication of all data and images. A histopa-
thologist evaluated all the cases for the histological subtype, tumour 
stage, and ISUP grade. Haematoxylin and eosin staining was performed 
on each section to confirm the tumour content of the renal tissues. After 
surgery, tissue samples were dissected from both the tumorous and 
normal parts of the tissues, then they were flash frozen, and deposited in 
the Biobank of Pathology, University of Szeged. All the samples were 
stored at − 80◦C till further processing. 

Preparations of the normal and tumorous tissues 

For immunofluorescence staining, the tissues were embedded in 
Shandon Cryomatrix gel (Thermo Fisher Scientific), and 5 µm sections 
were prepared on Superfrost Ultra Plus slides by cryostat (Cryostar 
NX50). 

Immunostaining of frozen tissues 

The tissues were fixed for 10 minutes using acetone, and then washed 
3 times with PBS solution. Subsequently, the tissues were permeabilized 
with 0.3% Triton-X-100/PBS for 20 minutes at 25◦C. Alternatively, for 
permeabilization 0.3% Na-DOC/0.3% Triton-X-100/PBS was used for 20 
minutes at 25◦C. Then sections were blocked with 5% BSA/0.3% Triton 
X-100/PBS for 1 hour. Samples were incubated with primary antibodies 
diluted in 1% BSA/PBST: anti-γH2A.X (Millipore 05-636) in 1:100, anti- 
H3K9me3 (Abcam ab8898) in 1:100, anti-H3K4me3 (Abcam ab8580) in 
1:300, and RNAPII (1BP7G5 IGBMC) in 1:250 dilution. After washing 

Table 1 
The components of the cohort  

Code Sample ID number Gender Age Tumour size (mm) Stadium Metastasis Grade PBRM1 (CNV) BAP1 (CNV) SETD2 (CNV) VHL (CNV) 

#1 T1207 female 62 75 pT3a adrenal gland High N N N N 
#2 T1257 male 50 52 pT1b not detected Low L N N N 
#3 T1337 female 61 30 pT1a not detected Low N N N N 
#4 T1434 female 60 125 pT3a not detected High N N N L 
#5 T1441 male 66 62 pT3a not detected High H N H L 
#6 T1447 female 59 45 pT1b not detected Low N N N H 
#7 T1453 male 78 60 pT3a not detected Low N N N N 
#8 T1526 male 73 44 pT1b not detected High N N N N 
#9 T1528 male 59 48 pT3a not detected Low N N N N 
#10 T1531 female 66 95 pT3a not detected Low N N N N 
#11 T1533 male 67 49 pT3a not detected High N N N N 
#12 T1538 female 40 42 pT3a not detected Low H N N N 
#13 T1622 female 62 112 pT3a not detected High N H N N 
#14 T1625 male 62 39 pT3a not detected Low N N N N 
#15 T1652 female 71 125 pT3a adrenal gland High N H H H 
#16 T1725 female 40 51 pT1b not detected Low N N N N 
#17 T1731 female 68 25 pT1a not detected Low N N N N 
#18 T1742 female 55 32 pT1a not detected Low N H N N 
#19 T1761 male 77 34 pT1a not detected High N N N N 
#20 T747 male 68 90 pT3a not detected High L N N N 
#21 T788 female 68 72 pT3a bone marrow High N H H H 
#22 T790 male 61 65 pT3a not detected High N N N N 
#23 T795 male 57 50 pT3a not detected High L N N N 
#24 T803 female 51 35 pT3a not detected Low L N N N 
#25 T808 female 63 33 pT1a not detected High N H N H 
#26 T815 male 68 40 pT1a not detected High N N N N 
#27 T823 male 55 30 pT1a not detected Low N N N N 
#28 T827 male 78 56 pT1b not detected High N N N N 
#29 T888 male 39 72 pT2a not detected High N H N N 
#30 T904 male 78 39 pT1a not detected High N N N N  
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steps, the following secondary antibodies were used: GAR Alexa 555 
(Invitrogen, A21429) in 1:100, and GAM Alexa 488 (Molecular Probes, 
A11029) in 1:500 dilution. Finally, cells were mounted with DAPI- 
containing ProLong Gold antifade reagent (Life technologies). Samples 
were visualised with Olympus FluoView FV10i confocal microscopy. 
The same exposition time was used for every image capturing. Images 
were quantified with ImageJ software. 

Image analysis of the confocal pictures 

For ImageJ analysis, 10-10 cells from 3 different parts of each tissue 
section were selected. The selection was established on the haematox-
ylin and eosin staining-based separation of the tumorous and non- 
tumorous tissue section which was defined by expert pathologists. 
During the analysis, the size of the nuclei of each cell and their mean 

grey/intensity values were recorded and added to the database. The 
CTCF values (Corrected Cell Fluorescence) were calculated accordingly: 
integrated density–(nuclear area * average background intensity). The 
calculated values were visualized by box plots in Sigma Plot 12.5, and 
the significance of each sample was calculated by independent samples 
t-test in IBM SPSS Statistics 27.0. 

Haematoxylin and eosin staining 

Tissues were stained with haematoxylin dye, supplemented with 
aluminium potassium sulphate dodecahydrate (Sigma-Aldrich). 
Following washing with distilled water, sections were stained with 1 g/l 
eosin-B solution (Sigma-Aldrich). Then samples were washed twice with 
distilled water. Next, the tissues were washed with isopropyl-alcohol 
and distilled water, then the sections were mounted. Finally, the slides 

Fig. 1. Adjustment of fixation and permeabilization steps of immunohistochemistry method on normal and tumorous tissue section parts from patients with clear cell 
renal cell carcinoma (ccRCC). A) Fixation with acetone or formaldehyde, B) Permeabilization with solely Triton X-100 or the combinatorial usage of Triton X-100 and 
Na-DOC. DAPI (blue) was used to visualize the nuclei. Scale bars represent 30 µm. 
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were scanned with 3DHISTECH Pannoramic Midi digital slide scanner 
for monitoring histoarchitectural changes. 

CNV (copy number variation) measurement 

CNV values were determined by RT-qPCR reactions performed on 
Thermo Scientific PIKO 96-well Thermal Cycler (Thermo Fischer Sci-
entific) platform using SYBR Green chemistry (Promega, GoTaq qPCR 
Master Mix) as it is described in Ujfaludi et al. 2022 (manuscript 
accepted in POR). 

Statistical analysis for correlation study 

Pearson correlation was executed to verify the strength of a linear 
association between the examined markers. For this, first mean value 
was calculated from the CTCF values of each specimen, then the mean 
value of the tumorous part was divided with the mean value of the non- 
tumorous part of each tissue section in case of each marker. Subse-
quently, using IBM SPSS Statistics 27.0, these values were applied for 
determination of the Pearson correlation coefficient (referred to as ‘r’) 
between the examined markers. 

Results 

Selection and classification of the cohort 

The age distribution of the 30 candidates selected for the current 
study was between 39 to 78 years, with an average age of 62. 14 tissue 
sections were derived from females, and 16 were dissected from male 
patients, representing an almost 1:1 gender ratio. According to the 
haematoxylin-eosin staining of the dissected tissue, patients were cate-
gorized based on either tumour stage (stadium pT1-3) or grade (low 

[ISUP grade 1+2] or high [ISUP grade 3+4]) by an expert pathologist. In 
3 patients, metastases were also detected in the bone marrow or in the 
adrenal gland. The patients selected for this study were also charac-
terised in order to test their von Hippel-Lindau Tumor Supressor (VHL), 
Polybromo 1 (PBRM1), BRCA1-Associated Protein 1 (BAP1), and SET 
domain containing 2 (SETD2) status. We detected pathological mutation 
of the VHL gene in approximately one third of the samples. Although in 
most cases, the copy number variation of these genes was close to the 
control, in some cases they were found to be haploid: (I) PBRM1 in three, 
(II) SETD2 in four, and (III-IV) BAP1 and VHL in five patients. The 
detailed clinical and genetic parameters are represented in Table 1. All 
the 30 patients were further analysed for H3K4me3, H3K9me3, 
H2AXS139P (referred to as γH2A.X), and RNA polymerase II (RNAPII) 
levels. 

First, the reliability and specificity of the antibodies against 
H3K4me3, H3K9me3, γH2A.X, and RNAPII on frozen material were 
optimised by setting the immunostaining procedure on slices derived 
from ccRCC and the surrounding non-tumorous parts of the tissue 
(Fig. 1). As expected, strong nuclear expression of the RNAPII protein 
was observed in all the conditions we tested, underlying the specificity 
of the antibody used for this study [24]. Intriguingly, the widely used 
formaldehyde fixation resulted in both nuclear and cytoplasmic RNAPII 
positivity in the non-tumorous parts and loss of signal in the ccRCC re-
gions (Fig. 1A). To achieve comparable staining efficiency from the 
different tissue parts, we tried acetone fixation which appeared to be 
applicable for further investigations (Fig. 1A). Moreover, we also tested 
different permeabilization methods, but it did not affect the staining 
efficiency (Fig. 1B). 

Fig. 2. Immunofluorescent spectra of H3K4me3 detected in normal and ccRCC tumorous tissue parts. A) N represents non-tumorous tissue parts, while T corresponds 
to ccRCC sections. Representative images of H3K4me3 staining in peritumoral (left) and tumour tissues (right) from ccRCC patients. For the better visualization of the 
changes in H3K4me3 level, one cell is represented in a magnified resolution in each specimen. Scale bars represent 30 µm and 1.5 µm, respectively. B) The observed 
alterations in the quantification of relative fluorescence intensity (CTCF) of H3K4me3 level between the tumorous and non-tumorous tissue parts obtained from 
automated image acquisition (n=30) were illustrated in box plots and evaluated based on independent samples t-test, ***P < 0.001. 
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Global levels of H3K4me3, RNAPII, and H3K9me3 show altered patterns 
in ccRCC 

To reveal whether H3K4me3 level, a widely applied euchromatic 
mark, correlates with the progression of ccRCC, immunohistochemistry 
staining was performed on the dissected tissues from all the 30 patients 
who were classified according to stages (1–4) and grades (low and high). 
To perform comparable immunohistochemical detection on non- 
tumorous and ccRCC parts, following microtome dissection of the tis-
sues, the segments obtained from either the tumour mass or the sur-
rounding normal part of the tissue were placed on the same microscopic 
slide as it is shown in Supplementary Fig. 1. Subsequently, in case of 
each patient, the staining protocol was performed simultaneously on the 
non-tumorous and tumorous tissue parts. Regardless of tumour grades, 
the H3K4me3 level significantly increased in 50% of the cohort, while 
we detected less H3K4me3 in 5 tumorous specimens (Fig. 2 and Sup-
plementary Fig. 2). Although the H3K4me3 level generally altered in 
63% of the samples, we did not find any correlation with cancer pro-
gression considering the patients’ tumour stages and grades (Table 1). 
We also monitored the H3K4me3 status and the cancer survival rate, and 
we found that the alteration of this PTM resulted in better survivability 
(Supplementary Fig. 3). Based on these, we believe this marker pre-
sumably has a prognostic value which has to be further validated on an 
extended clinical cohort. 

To study whether the alteration in the euchromatic H3K4me3 level 
correlates with the transcriptional profile changes of these patients, we 
performed co-immunofluorescence staining with H3K4me3 and RNAPII 
antibodies. Henceforth, the RNAPII levels of the tumorous and adjacent 
normal tissue parts were analysed in all the examined ccRCC patients 
simultaneously with H3K4me3. These results revealed a significantly 
strong correlation between the alteration of H3K4me3 and RNAPII 
levels, which presumes a transcriptomic profile change in these tumours 

(Fig. 3 and Supplementary Fig. 4). In 14 samples increased levels, while 
in 3 specimens a decreased level of RNAPII was detected in the tumorous 
part compared to the corresponding adjacent normal tissue part. The 
elevated level of RNAPII mainly concerns high grade ccRCC in these 
patients (10 versus 4 samples). 

We hypothesized that the increased RNAPII binding and the elevated 
level of H3K4me3 might contribute to an imbalance in the euchroma-
tic–heterochromatic milieu of these cells. To decipher this issue, 
H3K9me3 heterochromatic mark was selected and detected by the same 
immunostaining procedure described before. We observed altered 
H3K9me3 level in 20 patients: decreased in 11 cases, while increased in 
9 samples (Fig. 4 and Supplementary Fig. 5). 

Higher rate of DNA damage is detected in ccRCC 

As mentioned previously, ccRCC is characterised as an aggressive 
tumour type, in which high genomic mutation frequency is peculiar 
[25]. It also affects certain tumour suppressor genes, including VHL and 
TP53, which play a significant role in DNA repair [26]. However, the 
severity of DNA damage and the maintenance of genome stability in 
ccRCC have yet to be characterised. Since the metastatic capability of 
the tumour is notably influenced by the type of DNA damage and mu-
tation frequency, we explored the possible alterations in the 
ccRCC-related DNA repair process. To follow the DNA repair foci for-
mation in primary ccRCC tumours, we applied immunostaining with an 
antibody against one of the initial DDR factors, γH2A.X (Fig. 5 and 
Supplementary Fig. 6). We observed increased γH2A.X levels in 50% of 
the specimens irrespectively of tumour grading, which underlined our 
hypothesis that persistent DNA damage occurs in these cells, which is 
presumably one of the driving forces of the metastatic progression in 
ccRCC cells. Additionally, in ccRCC patients, we revealed significant 
correlations between γH2A.X and H3K4me3 or H3K9me3, which support 

Fig. 3. Immunofluorescent spectra of RNAPII detected in normal and ccRCC tumorous tissue parts. A) N represents non-tumorous tissue parts, while T corresponds to 
ccRCC sections. Representative images of RNAPII staining in peritumoral (left) and tumour tissues (right) from ccRCC patients. For the better visualization of the 
changes in RNAPII level, one cell is represented in a magnified resolution in each specimen. Scale bars represent 30 µm and 1.5 µm, respectively. B) The observed 
alterations in the quantification of relative fluorescence intensity (CTCF) of RNAPII level between the tumorous and non-tumorous tissue parts obtained from 
automated image acquisition (n=30) were illustrated in box plots and evaluated based on independent samples t-test, ***P < 0.001. 
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Fig. 4. Immunofluorescent spectra of H3K9me3 detected in normal and ccRCC tumorous tissue parts. A) N represents non-tumorous tissue parts, while T corresponds 
to ccRCC sections. Representative images of H3K9me3 staining in peritumoral (left) and tumour tissues (right) from ccRCC patients. For the better visualization of the 
changes in H3K9me3 level, one cell is represented in a magnified resolution in each specimen. Scale bars represent 30 µm and 1.5 µm, respectively. B) The observed 
alterations in the quantification of relative fluorescence intensity (CTCF) of H3K9me3 level between the tumorous and non-tumorous tissue parts obtained from 
automated image acquisition (n=30) were illustrated in box plots and evaluated based on independent samples t-test, ***P < 0.001. 

Fig. 5. Immunofluorescent spectrum of γH2A.X (H2AXS139P) detected in normal and ccRCC tumorous tissue parts. A) N represents non-tumorous tissue parts, while 
T corresponds to ccRCC sections. Representative images of γH2A.X staining in peritumoral (left) and tumour tissues (right) from ccRCC patients. For the better 
visualization of the changes in γH2A.X level, one cell is represented in a magnified resolution in each specimen. Scale bars represent 30 µm and 1.5 µm, respectively. 
B) The observed alterations in the quantification of relative fluorescence intensity (CTCF) of γH2A.X level between the tumorous and non-tumorous tissue parts 
obtained from automated image acquisition (n=30) were illustrated in box plots and evaluated based on independent samples t-test, ***P < 0.001. 
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the assumption that chromatin structural changes, occurred in the 
tumorous regions, associate with persistent DNA damage which is more 
prevalent in tumorous regions than in the adjacent non-tumorous parts 
(Fig. 6). 

Discussion 

ccRCC is considered a highly invasive tumour type, associated with 
poor prognosis and high chance of recurrence [27]. To diagnose these 
patients, a classical pathological scoring system is still widely used to 
predict the prognosis of ccRCC; however, it mainly relies on anatomical 
information and has no biological characteristics [28]. Additionally, 
mutations have been recently used to characterise the status of VHL, 
PBRM1, SETD2, and BAP1 genes [17,19]. On the other hand, due to the 
alteration in histone post-translational modifications (PTMs), chromatin 
structural changes have been associated with carcinogenesis and turned 
to be potential key regulators of cancer-related pathways [29,30]. 
Dysregulation in histone PTMs can be originated from the malfunction 
of either PTM writers or erasers and also from the genome-wide tran-
scriptional reprogramming occurring during tumorigenesis. Addition-
ally, DNA methylation can be used to characterise epigenetic changes in 
ccRCC, and the methylome dataset can be applied to predispose prog-
nostic signatures [31]. This emphasizes the biological and diagnostic 
relevance of the epigenetic marks used to characterise ccRCC tumours 
regarding their invasiveness and response to the applied therapy. In this 
study, we characterised tumorous and adjacent normal tissues dissected 
from 30 patients diagnosed with ccRCC, and we validated the signatures 
of H3K4me3, and RNAPII associated with actively transcribed genomic 
regions. Although previous studies described an increased level of 
H3K4me3 during ccRCC progression, they found a decrease in the level 
of this PTM at later stages of ccRCC [32]. In contrast to this finding, we 
detected a synergistic elevation both in H3K4me3 and RNAPII level 
which confirms the reliability of our data. Our findings are further 
supported by the fact that extensive transcriptional reprogramming and 
overactivation occur during tumour progression in various types of 
cancer. The present study also establishes a strong correlation between 
H3K4me3 and RNAPII marks. Finally, the sample processing and auto-
mated analysis we applied in our experimental setup also minimise the 
appearance of experimental bias. Our data is in accordance with a 

previous study that established a correlation between the level of 
H3K4me3 and later tumour stages, indicating the prognostic implication 
of this marker [33]. In accordance with this, our study also supports the 
idea that global histone modifications, including H3K4me3, are also 
altered during ccRCC progression. 

As it was mentioned before, the altered DNA methylation pattern is 
also a hallmark of cancerous malformations, i.e. DNA hypermethylation 
contributes to heterochromatinization which leads to the appearance of 
H3K9me3 mark at the given genomic locus, which then recruits Het-
erochromatic Protein 1 (HP1), resulting in constitutive heterochromatin 
formation [34]. We also found that the alteration in the global level of 
H3K9me3 corresponding with changes in the level of H3K4me3 and 
RNAPII was correlated with the presence of ccRCC. This finding is in 
accordance with already published data which demonstrated that pa-
tients diagnosed with ccRCC exhibited low level of 
heterochromatin-related H3K9 mono- and di-methylations as well as 
increased level of euchromatin-related H3K9ac and H3K18ac [35–37]. 
Taken together, these data reveal that the global level of different his-
tone modifications is altered in unfavourably localized ccRCC. The 
correlation between histone methylation and acetylation presumes 
epigenetic confusion in ccRCC cells due to aberrant activity and/or 
expression of histone-modifying enzymes. These findings are further 
supported by our previous study, in which we demonstrated that the 
PBRM1, BAP1, and SETD2 expression levels were completely altered in 
patients developing ccRCC (accepted manuscript at POR), and it was 
also published that Jumonji histone demethylases are also dysregulated 
in ccRCC patients [38]. Despite the correlation between histone 
methylation and acetylation, these modifications may have different 
relevance to ccRCC stages [39]. Thus, epigenetic alterations may 
represent a novel therapeutic potential: Histone Deacetylase (HDAC) 
inhibitors show an antineoplastic effect on ccRCC patients as valproic 
acid inhibits the growth of RCC tumours and vorinostat increases the 
anticancer activity of the novel therapeutic drugs [40]. Additionally, the 
globally altered histone methylation levels detected in ccRCC can be 
restored with histone demethylase inhibitors, such as Lysine-specific 
histone demethylase 1 (LSD1) [41]. We believe that our study has the 
potential in combining clinicopathological variables with methylation 
signatures, by which the current risk classification of non-metastatic 
ccRCC can be improved. 

Fig. 6. Bivariate Pearson correlation calculated between H3K4me3, RNAPII, H3K9me3 and γH2A.X is represented, *P < 0.05 and **P < 0.01.  
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Finally, in ccRCC tumour-derived specimens, we observed increased 
γH2A.X level, which is the hallmark of persistence DNA damage [42,43]. 
In correlation with the perpetual presence of γH2A.X, in ccRCC patients 
considerable number of DNA damage or insufficient DNA repair takes 
place. In agreement with this, previous studies revealed that during 
ccRCC progression, the DNA repair mechanism is also malfunctional 
[44]. First, the application of PARP and ATR inhibitors on 
PBRM1-deficient cells, is known to be synthetically lethal [45]. In the 
absence of exogenous DNA damage, PBRM1-defective ccRCC-derived 
cells exhibited elevated levels of replication stress and micronuclei 
formation. It unveils that the loss of PBRM1 during ccRCC progression is 
strongly associated with genome instability [45]. Our findings also 
supported this idea as insufficient DNA repair occurs in these cells, 
which opens the possibility of using PARPi or other chemotherapeutic 
drugs targeting DNA repair in ccRCC-related tumour therapy. Second, a 
large number of differentially expressed DNA repair genes were in silico 
identified, which reflect on the patient outcomes in the development of 
ccRCC [46]. These data also support our findings that the improper 
function of DNA repair genes is probably the consequence of epigenetic 
changes which contribute to an aggravated mutagenic rate in ccRCC and 
largely affect the tumour progression. Hence, these markers can be used 
to predict the clinical benefits and efficacy of the applied therapy. 
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Study design, N.Ö., B.N.B., H.M., L.K., and T.P.; investigation, N.Ö., 
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