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Abstract: About 40% of clear cell renal cell carcinoma (ccRCC) cases carry the pbrm1 mutation inactivating BAF180
subunit of the SWI/SNF chromatin remodeling complex (CRC). Here we show that the majority of transcriptomic
changes appear at the stage | of ccRCC development. By contrast, the stage Il ccRCC exhibits hyperactivation of
DNA replication demonstrated by the overexpression of several genes, e.g., RRM1 and RRM2 genes encoding sub-
units of ribonucleotide reductase (RNR) complex. We found that the degree of RRM1 and RRM2 upregulation in
ccRCC patients depends on pbrm1 mutation. We show that the BAF180 protein product of the PBRM1 gene directly
binds to RRM1 and RRM2 loci. The BAF180 binding regions are targeted by regulatory proteins previously reported
as SWI/SNF CRC interacting partners. BAF180 binding to RRMs loci correlates with enrichment of H3K27me3 in
case of RRM1 and H3K14Ac on RRM2, indicating the existence of differential regulatory mechanism controlling
expression of these genes. We found that the strong overexpression of RRM2 in ccRCC patient samples correlates
with T cell infiltration. Surprisingly, the majority of tumor infiltrating lymphocytes (TILs) consisted of CD4* T cells.
Furthermore, we show that exhausted CD4* T cells induced the expression of the RRM2 gene in the primary ccRCC
cell line. Collectively, our results provide the link between PBRM1 loss, RRM2 expression and T cell infiltration,
which may lead to the establishment of new treatment of this disease.
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Introduction encoding BAF180 subunit of SWI/SNF (SWI-
TCH/Sucrose Non-Fermenting) chromatin re-
Renal cancers (RCCs) represent 2-3% of all modeling complex (CRC). SWI/SNF CRC is

malignancies in adults [1, 2]. Approximately
75% of all RCC cases are classified as clear cell
renal cell carcinoma (ccRCC) [3-5]. ccRCC is
characterized by strong metabolic alterations
leading to glycogen and fatty acids accumula-
tion in cancer cells [3, 6].

reported to be frequently mutated and/or
affected in various cancer types [9, 10] includ-
ing ccRCC [7]. The transcript profiling study
identified several key genes involved in ccRCC
metastasis, e.g., Ribonucleotide Reductase M2
(RRM2) [11], which is a subunit of ribonucleo-
Approximately 90% of ccRCC cases carry the tide reductase (RNR) complex. The RNR com-
VHL (Von Hippel Lindau) mutations [7, 8], while plex is also frequently mutated in various can-
40% carry mutations inactivating PBRM1 gene cer types [11].
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Table 1. Sequences of primers used for qRT-PCR

the guided workflow or advanc-

Primer Forward Reverse

ed guided protocol with 1.45

UBIQUITIN ATTTGGGTCGCGGTTCTTG

BAF180  TGATGGCCAACAAGTACCAA

TGCCTTGACATTCTCGATGGT
RRM1 CACCAGCAAAGATGAGGTTGC ~ GGGGCGATGGCGTTTATTTG
RRM2 CACGGAGCCGAAAACTAAAGC  TCTGCCTTCTTATACATCTGCCA
RRM2B  CCTTGCGATGGATAGCAGATAGA AGTCCTGGCATAAGACCTCTC
AGATCAAAGACTCCGGCTCA

fold change. All normal kidney
cortex samples were normalized
and treated as normal (control
sample), and all ccRCC samples
as cancer sample.

RNR is an enzyme catalyzing the reduction of
ribonucleotides (NDPs) to deoxyribonucleotides
(dNDPs) to maintain optimal level of dNTPs,
which are further used for DNA replication or
repair [12, 13]. The mammalian RNR holoen-
zyme consists of RRM1-large catalytic subunit
and a small subunit, essential for catalysis of
the reaction-RRM2 or RRM2B homodimer,
respectively [12, 14]. The aberration in RNR
subunits leads to the nucleotide imbalance,
replication stress and genome instability as
well as increased mutation rates thus promotes
carcinogenesis [15-17]. RRM2 inhibition in RCC
lines results in the cancer cells’ growth arrest
via attenuation of the dNTPs pool [18].

Here, we show that the most of global transcrip-
tomic changes appear at the early stage of the
ccRCC development, while the stage Il ccRCC
exhibits upregulation of DNA replication-related
genes, including RRM1 and RRM2 coding for
subunits of the RNR complex. Moreover, we
demonstrate that RRM1 and RRM2 promoter
regions are directly targeted by the BAF180
subunit of SWI/SNF CRC, and the RRM1 and
RRM?2 expression depends on the presence of
functional BAF180. Consequently, the RRM2
overaccumulation was observed in some
ccRCC cells in patient samples. This overaccu-
mulation correlated with T cell infiltration.
Furthermore, the increased RRM2 protein level
was observed in the primary ccRCC cell line co-
cultivated with persistently activated CD4* T
cells which undergo exhaustion. Collectively,
our results give a new insight into BAF180 func-
tion and the effects of PBRM1 mutation on
ccRCC development and treatment.

Materials and methods
Transcript profiling

The microarray datasets obtained from Gene
Omnibus Database (GEO), GSE6344 [19], and
GEO (GSE36895) [20] were reanalyzed using
GeneSpring GX software (Agilent) according to
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Statistical analysis

Statistical analyzes were performed using
GraphPad Prism 5.0 software. Shapiro-Wilk
normality test, paired ttest, Chi-square,
Pearson correlation, Mann-Whitney rank test
for independent samples were used. P value
<0.05 was considered as statistically signifi-
cant. Cox Proportional Hazard regression was
used to estimate the relationship between the
gene expression and survival rate using the
SurvExpress platform. Two risk groups were
generated using the prognostic index median.
The Log-rank test was used to evaluate the
equality of survival curves [21].

Cell culture

Human A498 and 786-0 ccRCC cell lines were
authenticated at Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell
Cultures. A498 and 786-0 were cultured in
RPMI 1640 (Biowest) or RPMI 1640 ATCC-
modified (Gibco), respectively. Cells were cul-
tured without antibiotics in a humidified atmo-
sphere with 5% CO, at 37°C.

RNA isolation and RT-qPCR analysis

Total RNA from fresh cancer and healthy tissue
was purified using ReliaPrep™ Kit (Promega). 1
pg of total RNA was used for cDNA synthesis.
Reverse transcription was performed with
Transcriptor First Strand cDNA Synthesis Kit
(Roche). For the RT-gPCR iQ™ SYBR® Green
Supermix (Bio-Rad) was used, and data were
calculated using the 22T method with ubiqui-
tin (UBC) as internal control. Primers used in
this study are summarized in Table 1.

Western blot analysis

A total protein extracts from snap-frozen tumor
and healthy tissues or 10° cells of 786-0 pri-
mary renal cancer cell line were subjected to
Western blot analysis with anti-PBRM/BAF180
(1:1000, CST, #91894) antibody diluted in 5%
bovine fetal albumin and anti-RRM2 (1:1000,
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Table 2. Sequences of primers used for chromatin immuno-

precipitation

was treated with RNase (125 pg/
mL, Thermo Scientific) for 15 min

Primer  Sequence forward

Sequence reverse

on ice, followed by centrifugation

RRM1-3 TCTCGAACTCCTGACCTCGT

CCAGGCTCCCTGTGAAGTAA
RRM1-4 GAGGGCAGTGAGAAACCAAC  CCTTGTGGAGGTAGGATGGA
RRM1-5 GCTCTGATTTGCGTCAGGAT GGAGGAAAGGCGGTTAATTT

(10 min, 13,800 RPM, 4°C). The
collected supernatant was diluted
four times with wash buffer. Such
prepared chromatin was incubated

RRM1-6 AGCGGGCTCTAGGTGCTAC  AGACTGACAGGCGACGTGTA O/N at 4°C with the following anti-
RRM2-3 TGCTCAGTTTGCAATTAAAACAA ACCCTTGCCTTAAGAATTGC bodies: anti-PBRM1/BAF180 (CST,
RRM2-4 GCCATGTCCCGTAGTTTGAA  AAGCGACCAGGCTTCTTACA #91894), anti-H3 (Abcam, abi7-
RRM2-6 AGCCTGGGTAGGGGCAAG GACACGGAGGGAGAGCATAG 91), anti-H3K27me3 (CST, #9733)

CST, #65939) diluted in 5% non-fat dry milk.
The proteins were extracted using urea buffer
and separated by SDS-PAGE gel electrophore-
sis (the acrylamide concentration was 10% in
resolving gel and 5% in stacking gel). The goat
anti-rabbit (1:10000 CST, #7074) conjugated
with HRP was used as a secondary antibody.
The Western blot signal was visualized using
the WesternBright™ Quantum detection kit
(Advansta). For loading control, the stain-free
method (0.5% TCE) was used.

Immunohistochemistry

Immunohistochemistry (IHC) analysis was per-
formed on 4-um tissue sections from paraffin
embedded tumor samples using the EnVision
FLEX+ kit (Dako, Glostrup, Denmark) according
to the protocol. Anti-PBRM/BAF180 (CST,
#91894) in dilution 1:50, anti-RRM2 (CST,
#65939, 1:200), anti-CD8 (CST, #85336,
1:200) and anti-CD4 (Abcam, ab133616,
1:500) were used as primary antibodies. The
IHC reaction was developed with sub-
strate-3,3’-diaminobenzidine  tetrahydrochlo-
ride (Dako). One minute hematoxylin counter-
staining was performed for nuclear contrast.
The intensity and percentage of staining cells
were calculated using the H-score method.

Chromatin immunoprecipitation (ChIP)

Chromatin was immunoprecipitated from
3x108 A498 cells crosslinked with 1 mM Bis-
(sulfosuccinimidyl) glutarate and 1% formalde-
hyde according to the protocol [22] with some
modifications. Briefly, isolated chromatin was
broken into 100-500 bp fragments by sonica-
tion (Bioruptor UCD-200) for five cycles (the
30 s on/30 s off, 320 W, 4°C). Between each
cycle of sonication, samples were incubated on
ice for 5 min. After sonication, each sample
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and anti-H3K14Ac (Millipore, O7-
353) and as a mock control Normal
Rabbit IgG (CST, #2729). The recovery ratio of
immunoprecipitated DNA relative to IgG DNA
was measured by qPCR and calculated using
288t method [23]. Primers used for ChlP-qPCR
analysis are listed in Table 2.

CD4* T cell isolation, activation and co-culture

CD4* T cells were isolated from healthy donor
whole blood samples and activated polyclon-
ally for 12 days, according to [24]. Briefly, the
ficoll method for mononuclear blood cell isola-
tion was employed. Subsequently, the Dyna-
beads™ Regulatory CD4*/CD25* Cell Kit (In-
vitrogen, 11363D) and the Activation/Expres-
sion Kit (Miltenyi Biotec) were used for isolation
and activation of CD4* T cells. Further, CD4* T
cells were cultured in AIM V™™ medium (Gibco)
with 10 U/ml interleukin-2 (R&D Systems) for
12 days in standard conditions. After 12 days,
polyclonally activated CD4* T cells were subse-
quently restimulated polyclonally for the next 3
days and co-cultured with 786-0 cells in RPMI
1640 medium without supplementation with
exogenous IL-2. 786-0 cells were seeded onto
a T-75 bottle near confluency one day before
co-culture start. After 3 days of co-culture, can-
cer cells were separated from T cells and col-
lected for further analysis. The 786-0 cells cul-
tured without CD4* T cells were used as a con-
trol cell line.

ccRCC patient characteristics

We retrospectively analyzed snap frozen
and formalin-fixed, paraffin-embedded sam-
ples from 20 patients diagnosed with ccRCC
between January 2013 and December 2016
in the Maria Sklodowska-Curie National Re-
search Institute of Oncology in Warsaw. The
detailed patients’ characteristic is described in
Table 3.
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Table 3. Patient characteristics

Characteristics n (%)
Gender

Female 8 (40%)

Male 12 (60%)
Age

<60 4 (20%)

>60 16 (80%)
Fuhrman grade®

G1 0 (0%)

G2 9 (45%)

G3 11 (55%)

G4 0 (0%)
pT category®

pT1 9 (45%)

pT2 2 (10%)

pT3 7 (35%)

pT4 1
Metastasis

no metastasis 12 (60%)

Metastasis 8 (40%)

Female 3 (37.5% of total metastasis)

Male 5 (66.5% of total metastasis)

a, based on Fuhrman grade classification; b, according to
pTNM classification.

Results

Stage | and stage Il ccRCC exhibit common
and differential transcriptomic changes

The reanalysis of GSE6344 datasets repre-
senting stage | ccRCC and stage Il ccRCC indi-
cated that 3700 genes were misregulated in
ccRCC samples comparing to healthy control.
1577 differentially expressed genes were spe-
cific to stage |, while 445 genes were specific
to ccRCC stage Il. Both ccRCC stages shared
1678 common differentially expressed genes
(Figure 1A), indicating that main transcriptomic
changes in ccRCC appear already at the very
beginning of the disease. In-depth analysis
revealed that 1602 genes were downregulated
in both stages, although 693 were specific to
stage | and 185 genes were stage |l specific.
724 downregulated genes were common for
both stages. The Gene Ontology (GO) analysis
indicated that downregulated genes in stage |
are related to metabolic processes, cell differ-
entiation, development, and morphogenesis.
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Interestingly, among genes specifically down-
regulated in stage Il, only one GO class (cellular
response to oxygen-containing compound) was
enriched (Figure 1B). A total of 2098 genes
were upregulated in both stages, of which 937
genes were commonly overexpressed in both
stages, while 901 were characteristic for stage
| and 260 were specific for stage Il of ccRCC.
Among genes overexpressed specifically in the
stage |, the GO classes related mainly to gen-
eral processes were enriched (Figure 1C).
Interestingly, among genes specifically upregu-
lated in ccRCC stage Il only one GO category,
DNA replication, was found. Following genes
RRM1, KIAAO101, BARD1, ATR, CDK1, FEN1,
MCM6, RTFDC1, RRM2, MCMZ2, DONSON,
ORC5, DTL, PCNA, and JUN were assigned to
the aforementioned category (Figure 1C).
Interestingly, the expression of RRM1 and
RRM2 genes encoding main subunits of the
RNR enzyme was strongly upregulated in the
stage Il ccRCC.

The expression of RRM1, RRM2, and RRM2B
genes is affected in ccRCC

The VHL, BAP1, and PBRM1 genes are listed as
the most frequently mutated in ccRCC [25].
Thus, to verify the results coming from our glob-
al analyses using datasets corresponding to
particular patients, we reanalyzed GSE36895
datasets representing 29 ccRCC and 24 nor-
mal kidney cortex samples with known VHL,
BAP1, and PBRM1 mutation status [20]. In this
analysis, we focused on RRM1, RRM2, and
RRM2B genes encoding subunits of the RNR
complex responsible for maintaining the pro-
per level of dNTPs. This analysis indicated sta-
tistically significant overexpression of RRM1,
RRM2, and RRM2B genes in cancer samples
comparing to healthy tissues (Figure 2A-C),
however, the significance for RRM2B gene was
lower than for other RRM genes. Consistently,
the analysis performed on TCGA datasets using
Ualcan (http://ualcan.path.uab.edu/) [25] indi-
cated that the RRM2 gene is the most signifi-
cantly overexpressed RRM family gene in
ccRCC samples comparing to the normal kid-
ney. Further analysis revealed that RRM1 and
RRM2 overexpression is independent on
Fuhrman grade (FG) (Figure 2D, 2E). By con-
trast, the RRM2B gene was slightly overex-
pressed only in samples corresponding to
FG1-2 (Figure 2F). Of note, FG is related to the
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Figure 1. ccRCC exhibits characteristic transcriptomic changes. (A) Genes commonly and differentially deregulated
in stage | and stage Il ccRCC. (B) Genes and processes downregulated and (C) upregulated in ccRCC stage | and

stage Il

stage of the disease and prognosis for patients
[26]. The overexpression of RRM1 and RRM2
genes was independent on the patients’ gen-
der (Figure 2G, 2H). The RRM2B overexpres-
sion is gender indivisible (Figure 2I). We
observed the statistically significant RRM2B
overexpression when the FG and gender were
combined, although the statistical power was
lower than in the case of other RRMs (Figure
2C).

Moreover, RRM1, RRM2, and RRM2B ex-
pression profiles relevantly correlated with
patients’ survival rates (Figure 3A). The surviv-
al analysis indicated that ccRCC patients with
strong RRM2 overexpression had lower surviv-
al rates (Figure 3B). Additionally, the expres-
sion profiling of all RRM genes indicated the
strongest overexpression of the RRM2 gene in
almost all tumor samples comparing to normal
tissues (Figure 3C). Thus, this observation
strongly suggests that RRM2 overexpression
may be crucial for ccRCC development and
progression.
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BAF180 directly regulates expression of RRM1
and RRM2 genes

PBRM1 gene encoding BAF180 protein is com-
monly mutated in ccRCC. BAF180 is a subunit
of SWI/SNF CRC which is known as a global
regulator of transcription. Indeed, the analysis
of GSE36895 datasets indicated that RRM1
and RRM2 expression depends on the pres-
ence of PBRM1 mutations inactivating the
BAF180 subunit of SWI/SNF CRC. The highest
expression of RRM1 was found only in cancer
cells without mutated PBRM1 (Figure 4A).

Cognately to RRM1, the expression level of
RRM?2 in ccRCC increased far more when no
mutations in PBRM1 were detected (Figure
4B). Thus, we analyzed eight ccRCC patient
samples for the presence of BAF180 protein
(detected by Western blot using anti-BAF180
antibody). We detected a complete lack of
BAF180 in three tumor samples (patient #1, 5,
and 6). In one sample, we could detect only
traces of BAF180 (patient #3). In four tumor

Am J Cancer Res 2021;11(12):5965-5978
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Figure 2. RRM family genes are deregulated in ccRCC. Comparison of (A) RRM1, (B) RRM2 and (C) RRM2B genes
expression in ccRCC samples vs healthy kidney tissue. Comparative analysis of (D) RRM1, (E) RRM2 and (F) RRM2B
expression dependent on ccRCC Fuhrman grade. Analysis of (G) RRM1, (H) RRM2 and (I) RRM2B expression regard-
ing patients gender. P value <0.05 was considered as statistically significant, "P<0.05, ""P<0.001, **P<0.0001.

samples (patient #2, 4, 7, 8) we detected the
presence of BAF180 protein, however the pro-
tein levels substantially differed between test-
ed samples (Figure 4C). Subsequently, we
analyzed the transcript levels of RRMs and
PBRM1 (BAF180) genes (Figure 4D) in these
particular samples. The tumor samples were
characterized by various levels of PBRM1 tran-
script, which in some cases did not corelate to
the BAF180 protein level. The likely explanation
of this phenomenon could be the presence of
mutations in the PBRM1 gene, which might
affect or prevent the detection of BAF180 pro-
tein by anti-BAF180 antibodies. Thus, we could
not exclude the existence of mutated BAF180
protein with partially retained function or even
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gain-of-function BAF180 in analyzed samples
assessed as BAF180-depleted.

On the other hand, the high PBRM1 transcript
level was correlating with the increased expres-
sion level of RRM genes. In samples with a
lower abundance of PBRM1 transcript, the
transcript levels of all tested RRM genes were
significantly decreased in comparison to sam-
ples characterized by PBRM1 transcript accu-
mulation. Collectively, this observation provid-
ed the hint that the functional BAF180 protein
may be involved in the control of RRMs expres-
sion (Figure 4D).

Therefore, we decided to check the ability of
BAF180 to bind the RRM1 and RRM2 promoter

Am J Cancer Res 2021;11(12):5965-5978
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Figure 3. Deregulation of RRM expression correlates with patient characteristics and survival prediction. A. Survival
analysis of ccRCC patient depending on RRM1, RRM2 and RRM2B expression status, P=0.0002071; HR=1.9 [95%
Cl 1.35-2.66]. B. Expression of RRM1, RRM2 and RRM2B genes differentially correlates with mortality risk. A and
B. Based on TCGA KIRC database. C. The expression level of RRM1, RRM2 and RRM2B differs between particular
normal and corresponding tumor patient samples. P value <0.05 was considered as statistically significant.

regions directly, using the chromatin immuno-
precipitation (ChlP) approach. As the A498,
786-0 and CAKI-1 cell lines express the wild-
type BAF180 protein, we chose the A498 cell
line for the chromatin immunoprecipitation
analysis. The ChIP-gPCR analysis revealed
BAF180 binding to the promoter region of the
RRM1 gene in position ~-810 bp, ~-300 bp,
and ~-40 bp upstream of the first transcription
start site (TSS1) (Figure 5A). The BAF180 bind-
ing to RRM1 locus at the position ~-300 bp
upstream of TSS1 correlated with enhanced
nucleosome occupancy (Figure 5B) demon-
strated by the enrichment of DNA fragments in
ChIP with antibodies specifically recognizing
histone 3 (H3). Furthermore, the analysis of
the occupancy of the RRM1 promoter region by
H3 with trimethylated lysine 27 (H3K27me3)
revealed enrichment around the TSS1/TSS2
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region, while the acetylated H3 (H3K14Ac) was
not detected (Figure 5C), together indicating
the possible regulatory events appearing on
the RRM1 locus (Figure 5D).

The binding of BAF180 was observed in the
promoter region of RRM2 gene ~-610 bp from
the first TSS and ~+140 bp downstream of
TSS1 in a place where alternative RRM2 TSS2
was recognized (Figure 5E). The analysis of H3
positioning on the RRM2 locus revealed the
~3.5-fold enrichment at the position ~-850 bp
from TSS1 and discrete enrichment (~1.5-fold)
around the +150 bp downstream of TSS1. Of
note, no significant enrichment in the position
around -610 bp upstream of TSS1, represent-
ing one of the BAF180-target regions at the
RRM2 promoter (Figure 5F) was observed.
Consistently, we found ~3-fold enrichment of

Am J Cancer Res 2021;11(12):5965-5978
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Figure 4. The presence of pbrm1 mutation inactivating BAF180 subunit of SWI/SNF CRC correlates with the expres-
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ence of wild type PBRM1 is associated with stronger RRM2 expression. C. ccRCC is frequently characterized by the
significant decrease or loss of BAF180 protein. P: patient, N: normal tissue, T: tumor. D. The RRMs genes expression
levels correlate with the expression of PBRM1 gene encoding BAF180 protein. The ubiquitin was used as an internal
control. The data is normalized to normal, healthy tissue in each tumor-normal tissue pair.

H3K14Ac in the position ~-610 bp from TSS1, scription factors were reported as direct part-
while the enrichment of H3K27me3 was not ners of SWI/SNF CRCs [10, 27, 28]. Together,
found at the RRM2 promoter region (Figure our results indicate the existence of potentially
5G). distinct regulatory mechanisms controlling the
expression of RRM1 and RRM2 genes (Figure
The precise investigation of RRM1 and RRM2 5D, 5H).
promoter regions for the presence of cis-re-
gulatory elements using the Transfac database The RRM2 expression correlates with tumor
indicated that the TSS1/TSS2 position on the infiltrating lymphocyte abundance
RRM1 promoter region may be targeted by
HDAC1, HDAC2, EP300, BRCA1, and MYC The IHC analysis for RRM2 protein abundance
regulatory proteins (Figure 5D), while the RRM2 in patient samples revealed the strong, ecto-
promoter region corresponding to BAF180 tar- pic RRM2 expression in some cancer cells.
get domains around TSS1/TSS2 may be poten- Surprisingly, we observed the high TILs infiltra-
tially recognized by HDAC1, HDAC2, EP300, tion nearby these cells (Figure 6A). To identify
BRCA1, E2F6 proteins. Additionally, the MYC which T cell class infiltrates the tumor in ccRCC
transcription factor targeted the RRM2 promot- patient samples, we performed IHC analysis
er region next to the second BAF180 target site using anti-CD8 and anti-CD4 antibodies.
(Figure 5H). Interestingly, the detected tran- Interestingly, the CD4* T cell abundance was
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Figure 5. BAF180 binds to RRM1 and RRM2 promoter regions. The ChIP analysis for (A) BAF180 abundance, (B)
histone H3 positioning and (C) histone marks H3K27me3, H3K14Ac on RRM1 gene promoter region. (D) The sche-
matic overview of chromatin status on RRM1 promoter region. The binding of (E) BAF180, (F) histone H3 positioning
and (G) histone marks H3K27me3, H3K14Ac on the RRM2 gene promoter region. (H) The schematic representation
of chromatin status on the RRM2 promoter region. Black numbers correspond to the amplicon used in analyses. In
(A-C, E-G) the values represent the middle of amplicon. The numbers in bracket represent number of amplicons for
RRM1 -810 bp (3),-600 bp (4), -300 bp (5), -40 bp (6); for RRM2-850 bp (3), -610 bp (4), 140 (6). The experiments
were performed in three independent replicates. Asterisks indicate the statistically significant enrichment P<0.005.

significantly higher than that of CD8* T cells tion of CD4* T cells for 12 days and subsequent

(Figure 6B and 6C). The expression of CD4,
known for being a marker of CD4* T cells posi-
tively correlated with RRM2 protein presence in
ccRCC samples. According to [24], RRM2 was
downregulated in exhausted CD4* T cells, sug-
gesting that RRM2 elevated expression in
ccRCC samples was originated in cancer cells
but not in CD4* T cells (Figure 6D). We previ-
ously found that persistent, polyclonal activa-
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restimulation for 3 days in the presence of
786-0 cancer cells accelerated the exhaustion
of CD4* T cells [24]. Here, we show the strong
elevation of RRM2 protein level in 786-0 cells
co-cultured with persistently activated CD4* T
cells undergoing exhaustion, in comparison to
786-0 cells grown without T cells, suggesting
CD4* T cell-dependent induction of RRM2
expression in cancer cells (Figure 6E). By con-
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Figure 6. RRM2 expression correlates with CD4* T cell infiltration in ccRCC samples. A. Strong staining for RRM2 is
observed in single cells in the tumor area, and correlates with lymphocyte infiltration. The red arrow indicates TIL
presence. B. The TILs in ccRCC are dominantly CD4* but not CD8*. C. The percent of CD4" TILs is statistically much
higher than that of CD8* TILs in patient samples; P<0.0001. D. CD4 expression level positively correlates with RRM2
expression in ccRCC samples; P<0.05. E. The RRM2 level increased in 786-0 ccRCC cells due to their co-cultivation

with persistently activated CD4* T cells.

trast, the level of BAF180 in 786-0 cells was
not affected by their co-cultivation with CD4* T
cells (Figure 6E).

Discussion

The ccRCC is one of the most unpredictable
cancer types. The transcript profiling analysis
revealed that the most pronounced global tran-
scriptomic changes, including, i.e., metabolism,
kinase activity, RNA splicing, appear in the very
early phase (stage I) of the ccRCC develop-
ment. The proliferative potential and DNA repli-
cation efficiency of cancer cells (stage Il)
increase via upregulation of RNR encoding
genes (RRM1, RRM2, RRM2B), which is in line
with the significant association of the RRM2
expression level with overall survival and recur-
rence-free survival rates in ccRCC patients
[11]. The analysis of transcriptomic changes
revealed the significant overexpression of
RRM1 in ccRCC tissues independently on FG
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and gender. A similar effect was observed for
RRM2, although the RRM2 level was even high-
er in more advanced ccRCC (FG3-4).

Interestingly, it was proven that the additional
RNR subunit, the RRM2B protein, which may
substitute the RRM2 in the RNR enzyme, is
upregulated predominantly in low grade ccRCC
(FG1-2). Moreover, the main factor affecting
the survival curves of ccRCC patients was the
RRM2 gene overexpression. Patients with
RRM?2 overexpression have a statistically sig-
nificant decrease of survival rate consistent
with previous findings that RRM2 overexpres-
sion may be associated with higher tumor
grade. The comprehensive transcriptomic anal-
ysis of RRM1, RRM2, and RRM2B expression
in ccRCC and corresponding healthy tissue indi-
cated the RRM2 as a main RNR enzyme sub-
unit that is strongly overexpressed in this can-
cer type. Interestingly, the RRM2B gene is
amplified in various cancer types resulting in its
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overexpression and poor patient prognosis
[29]. In ccRCC samples, the overexpression of
RRM2B is weak. In the TCGA dataset, in high
grade tumors, the downregulation of RRM2B
can be observed, in fact indicating that RRM2B
may not be crucial in ccRCC development, in
contrast to other cancer types. RRM2B is
required for proper kidney function and its
mutation in the mice model leads to renal fail-
ure [30].

Additionally, the deletion of RRM2B in mice
caused defects in mitochondrial metabolism in
renal tubules [31]. The kidney is physiologically
hypoxic [32], and RRM2B together with RRM1
in RNR is capable to maintain the activity in
hypoxic conditions as RRM2B is identified as a
hypoxia-specific RNR subunit [33]. This all
together may likely explain why in ccRCC, the
RRM2B is neither amplified nor overexpressed
as it occurs in other cancer types. Kidneys are
more suitable for hypoxic conditions, and there-
fore RRM2B is crucial for their proper function,
however, for ccRCC development, the RRM2
seems to be more relevant.

Furthermore, the comparative analysis reveal-
ed that expression levels of both RRM1 and
RRM2 genes depend on mutation in the
PBRM1 gene encoding the BAF180 subunit of
the SWI/SNF chromatin remodeling complex.
Counterintuitive, the presence of WT form of
BAF180 correlated with higher RRM1 and
RRM?2 overexpression, although it may be
explained in the context of current literature
data by the occurrence of SWI/SNF complex
de-regulation in ccRCC and other cancer types
[7, 25, 34-36].

We found direct binding of BAF180 to RRM1
and RRM2 promoter regions. Interestingly, the
strongest binding of BAF180 to the RRM1 pro-
moter region correlated with H3 occupancy
and enhanced trimethylated H3K27me3
around TSS1/TSS2. Thus, we cannot exclude
that the observed expression of RRM1 in
ccRCC may result from the utilization of an
alternative transcription start site (TSS2). Of
note, the BAF180 target site in the RRM1 pro-
moter covers the target regions for various
transcription factors, which have been report-
ed as the interacting partners for SWI/SNF
CRCs.
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BAF180 directly binds the RRM2 gene promot-
er region ~-610 bp before TSS1 and close to
TSS2. In the human RRM2 gene, there are
two alternative TSS that generate alternative
RRM?2 transcripts. Oppositely to RRM1, the
BAF180 binding on RRM2 locus correlated with
H3 and H3K14Ac enrichment around the -610
bp from TSS1 position suggesting the open
chromatin status in this region and serving as
an attractive explanation of observed high
RRM2 expression. The BAF180 binding regions
were reported to be targeted also by the follow-
ing transcription factors-known partners of
SWI/SNF CRCs. Collectively, our results indi-
cate the existence of differential regulatory
functions for BAF180 on RRM1 and RRM2 loci,
however, the exact mechanism of BAF180
action on these Joci still needs to be
elucidated.

RNR enzyme is involved in dNTPs production
for DNA replication, which is accelerated in can-
cer cells. The precise and balanced inhibition of
RNR subunits by targeted therapy may sensi-
tize the cancer cells for other treatment strate-
gies by reducing their proliferation rate. RRM2
is recognized now as a poor prognosis marker
in various cancer types like oral squamous cell
carcinoma [37], lung adenocarcinoma [38],
liver cancer [39] and is overexpressed in triple
negative breast cancer cells [40]. Currently, the
combined therapy of RRM2 suppression with
other anticancer drugs is under investigation
[41].

In recent years, the blocking of immune check-
points with antibody against PD-1/PD-L1 (pro-
grammed death-1 receptor and its ligand)
immunotherapy has been introduced for
advanced ccRCC treatment [42]. Although this
treatment was well tolerated and the majority
of patients responded, a certain group of
PD-1/PD-L1 treated ccRCC patients did not
respond, reflecting primary resistance or devel-
oped secondary resistance during treatment.
Factors contributing to immunotherapy resis-
tance include, among others, mutation rates
and tumor microenvironment (TME) [43]. In the
mouse model for melanoma, the loss of pbrm1
sensitized cancer cells for CD8* T cell-mediated
Killing [44]. Furthermore, the PBRM1 loss in
ccRCC caused the alteration in tumor gene
expression landscape, potentially influencing
the immunotherapy responsiveness [45]. The
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Figure 7. The regulation of RRM2 expression by BAF180 and SWI/SNF com-

plex dependent on exhausting CD4* T cells.

exact role of PBRM1 mutation in immunothera-
py response is still disputable, although avail-
able data indicated that PBRM1 loss is associ-
ated with non-immunogenic tumor phenotype
[46].

On the other hand, deficiency in BAF180 was
correlated with reduction of CD4* T cell number
both in human and mouse ccRCC [47]. That
observation is in consistency with our findings
that wild type BAF180 is associated with a
higher level of RRM2. RRM2 expression in turn,
correlates with expression of CD4 and tumor
infiltration by CD4* T cells. Moreover, the pres-
ence of exhausting CD4* T cells promotes an
increased level of RRM2 protein in the 786-0
cell line, suggesting that CD4* TILs undergoing
exhaustion may modulate TME and cancer
gene transcription profile, possibly leading to
immune evasion and acceleration of prolifera-
tion (Figure 7).

Therefore, the study presented here on the
molecular regulation of RRM expression in
ccRCC may serve as a solid basis for the devel-
opment of new anticancer therapy targeting the
RRM2 subunit of the RNR complex in combina-
tion with immunotherapy.
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