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1. Introduction

1.1. Renal cell carcinoma: epidemiology, subtypes, and current treatments

In 2022, kidney cancers ranked 14" (434,419 new cases) and 16" (155,702 deaths) in
terms of the most frequently diagnosed cancers and mortality worldwide, respectively
(Bray et al., 2024). In the United States, it is expected that 81,610 newly-diagnosed kidney
cancer cases and 14,390 deaths from kidney cancer in 2024 will be recorded (Siegel et
al., 2024). In Germany, the incidence rates of kidney cancer were 6.6 (per 100,000
persons) for women and 15.2 for men in 2020; besides, the mortality rate in men (4.2) was
double the mortality rate in women (1.9) (Barnes et al., 2024).

Renal cell carcinoma (RCC) is the predominant subtype of kidney cancer that accounts
for roughly four-fifths of all kidney tumors (Escudier et al., 2019). Well-established risk
factors of RCC include tobacco smoking, obesity, high blood pressure, and acquired cystic
kidney disease (Kabaria et al., 2016). More than half of RCC cases are incidentally
discovered through non-invasive imaging techniques. Currently, there is no effective
screening modality for the early detection of RCC. The 5-year survival rate of RCC patients
with localized disease is around 95%, but fewer than 20% patients with metastatic
diseases survive 5 years (Kalra et al., 2016).

With regard to histologic categorization, RCC can be stratified into clear cell renal cell
carcinoma (ccRCC) representing approximately 80% of all RCC and non-ccRCC including
papillary RCC (app. 15% of all RCC), chromophobe (app. 5%), collecting tube (<2%), and
other rare variants (Young et al., 2024). Each RCC subtype exhibits distinct gross and
microscopic morphology as well as unique alterations at both gene and chromosomal
levels (Linehan & Ricketts, 2019).

For patient with localized RCC disease, partial or radical nephrectomy by open,
laparoscopic, or robot-assisted surgeries is the standard-of-care. On the other hand,
patients with unresectable RCC tumors or metastatic RCC undergo systemic treatments.
RCC, in general, is resistant to chemotherapy (Yagoda et al., 1993). Prior to 2005, doctors
solely relied on two drugs, which were recombinant interleukine-2 (IL-2) and interferon-a
(IFNa), to treat metastatic RCC (Figure 1.1) (Hsieh et al., 2017). Nowadays, vascular
endothelial growth factor (VEGF) -targeted therapies or anti-angiogenic tyrosine kinase

inhibitors (TKIs), mTOR inhibitors, and immune checkpoint blockades (ICBs) form the
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backbone of RCC treatment that has help double the median survival from 15 months
(treated with recombinant cytokines) to >30 months. In December 2023, the FDA
approved the use of belzutifan, a selective HIF2a inhibitor, for patients with advanced
ccRCC pretreated with either anti programmed death receptor-1 (PD-1) or programmed
death-ligand 1 (PD-L1) inhibitor and VEGF/TKI based on the results of LITESPARK-005
study—a phase 3 clinical trial. The standard of care for treatment-naive patients involves
the combination of an PD-1 or PD-L1 drug with either an anti-VEGF/TKI agent or an
intensified ICB with combination of anti-PD-1/ PD-L1 with a cytotoxic T-lymphocyte
associated protein 4 (CTLA-4) inhibitor (Young et al., 2024). For second-line therapy,
subsequent TKls such as cabozantinib, axitinib, pazopanib, and sunitinib are preferred
choices. To estimate prognosis in first-line and second-line treatments, patients can be
assigned into three risk categories (favourable, intermediate, or poor) based on the
International MRCC Database Consortium (IMDC) scoring system, including the following
risk factors: Karnofsky performance status, time from diagnosis to treatment, hemoglobin,
neutrophil count, platelet count, and calcium level (Heng et al., 2009; Ko et al., 2015).

Lenvatinib plus
pembrolizumab
Cabozantinib plus
nivolumab
Tivozanib

Everolimus
Bevacizumab
Pazopanib

Nivolumab plus|
ipilimumab

2005 2007 2012 2023
®

2021

~2004 2006 2009 2015

Cabozantinib
Lenvatinib plus
everolimus

Axitinib plus
avelumab or
pembrolizumab,

Sorafenib Belzutifan

Figure 1.1: Approval timeline for systemic treatments in RCC. The therapeutic options evolve from
dark ages (before 2005) to golden ages as a result of the advent of targeted therapies, including VEGF/TKI-
targeted agents (pink), ICBs (light sea green), and mTOR inhibitors (orange).

1.2. Clear cell renal cell carcinoma

1.2.1. ccRCC histopathology and metastatic sites

ccRCC tumors—the most prominent RCC subtype—have a honeycomb-like architecture
with small groups of polygonal or rounded cancer cells confined to a branching network
of vasculatures. The name “clear cell” derives from the clear cytoplasm of cancer cells

ascribed to the high cytoplasmic concentration of lipid and glycogen.
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In the IMDC cohort, patients with ccRCC presented with a median of 2 metastatic sites,
and some patients demonstrated distinct >5 metastatic sites (Dudani et al., 2021). The
five most frequent metastatic settlements for ccRCC are the lung (70% of 9,252 ccRCC
cases), lymph nodes (45%), bone (32%), liver (18%), and adrenal gland (10%). Critically,
the location of metastasis is strongly associated with patients’ overall survival (OS). In
multivariable Cox regression analyses, pleura, brain, liver, and bone are metastatic sites
that are correlated with the worst OS outcomes. In addition, ccRCC patients with
pancreatic metastasis experience the longest median OS (50.1 months) and a 40% risk
reduction for death (hazard ratio, 0.60 [95% CI, 0.51 to 0.72]; P < .001). Consistently,
Singla and co-workers demonstrated that the presence of pancreatic metastases in
ccRCC patients is a prognostic factor associated with better survival, independent of
IMDC risk stratification (Singla et al., 2020).

1.2.2. ccRCC mutation profile

Large-scale exome sequencing revealed that there are four genes consistently mutated
with frequencies of > 10% with great variations across different ccRCC cohorts comprising
von Hippel-Lindau (VHL) (52.3-82.4% of tumor specimens), Polybromo-1 (PBRM1) (32.9-
46%) SET domain containing-2 (SETDZ2) (11.5-30%), and BRCA1 associated protein-1
(BAP1) (10.1%-19%) (Creighton et al., 2013; Farley et al., 2013; Hsieh et al., 2017;
Nickerson et al., 2008; Varela et al., 2011). VHL is located on cytoband 3p25-26, and
strikingly, PBRM1, SETD2, and BAP1 are all situated in close proximity on cytoband 3p21.
Furthermore, the deletion of loci 3p21 and 3p25 is frequent genomic event in ccRCC.
Specifically, loss of the short arm of chromosome 3 with bands p21-p25 is detected in
94% (226/240) of ccRCC specimens using single nucleotide polymorphism (SNP)
microarray analysis (Sato et al., 2013). In accordance with this, loss of heterozygosity in
the 3p21-p25 region occurs in approximately 90% of ccRCC samples from The Cancer
Genome Atlas (TCGA-KIRC) samples (Creighton et al., 2013). The TRACERx Renal
study links loss of chromosome 3p with the concomitant gain of chromosome 5q
(enhanced mTORC1 and MYC signaling) to chromothripsis, a phenomenon involving the
rearrangements of chromosomal segments from one or a few chromosomes within
circumscribed genomic regions (Mitchell et al., 2018). Moreover, the study extrapolated
that the loss of 3p is an event preceding the introduction of mutations in the second allele
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of VHL, PBRM1, BAP1, and SETDZ2, resulting in the biallelic inactivation of these genes.
Notably, hypermethylation of CpG islands in the VHL promoter region is observed in 7-
8% of ccRCC tumors (Creighton et al., 2013; Sato et al., 2013). In stark contrast,
epigenetic silencing via promoter hypermethylation of PBRM1, BAP1, or SETDZ2 is absent
or an isolated event in ccRCC (lbragimova et al., 2013).

1.2.3. ccRCC immunophenotype

The investigation of gene expression from TCGA cohorts demonstrated that ccRCC is
among the most highly immune-infiltrated solid tumor, especially CD8* T cells, Th1 cells,
Th17 cells, T central memory cells, and T effector memory cells (Senbabaoglu et al.,
2016). The same observation that three-quarters of RCC samples have a high frequency
of intratumoral CD8* T cells was reported by Braun and colleagues (Braun et al., 2020).
Correspondingly, ccRCC has a high degree of immune cytolytic activity, which is
determined by the level of granzyme A (GZMA) and perforin (PRF1) transcripts (Rooney
et al., 2015). The putative underlying cause for increased T-cell infiltration in ccRCC is
high tumor mutational load culminating in the expansion of the neoantigen pool that
fosters antigen-specific T cell infiltration, thus better response to immunotherapy.
However, ccRCC tumors have low tumor mutational burden (TMB) with a median of
1.42 mutations per megabase (mut/Mb; range: 0.035 — 2.77) compared to 14.4 mut/Mb
(range: 8.0-24.9) in melanoma—a well-known immunological hot tumor (de Velasco et
al., 2016; Hodis et al., 2012). In a pan-cancer analysis, 6 out of 30 cancer types, consisting
of endometrial cancer, skin cutaneous melanoma, lung adenocarcinoma, cervical
squamous cell carcinoma, bladder cancer, and colon adenocarcinoma, but not ccRCC,
show a positive association between the level of CD8" T cell infiltration and neoantigen
load (McGrail et al.,, 2021). Besides, when ccRCC tumors from CheckMate009,
CheckMate010, and CheckMate025 datasets are dichotomized into TMB-high (= 10
mut/Mb) and TMB-low subgroups, counterintuitively, there is a higher response rate to
nivolumab (an anti-PD-1 drug) in TMB-low tumors than TMB-high tumors. Moreover, an
analysis using the same datasets does not show any correlation between baseline CD8* T
cell infiltration and improved survival in nivolumab-treated patients (Braun et al., 2020).
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1.3. pVHL and HIF in ccRCC

1.3.1. pVHL and hypoxia pathway in ccRCC

VHL—a tumor suppressor gene—codes for pVHL which is composed of 213 amino acids
with the molecular weight of 30 kDa (Gossage et al., 2015). pVHL19, another isoform with
a molecular weight of 19 kDa, contains less than the original pVHL 53 amino acid residues
stemming from alternate translation-initiation site which the codons from 1 to 53 are
excluded from translation. Both isoforms exhibit tumor suppressor function. pVHL, an E3
ubiquitin ligase, interacts with elongin C, elongin B, cullin 2, and the RING finger protein
RBX1 to form the VCB-CR complex. Under physoxic conditions, the VCB-CR complex
binds alpha subunit of hypoxia-inducible factor (HIF1a and HIF2a), which is hydroxylated
by oxygen-sensing prolyl hydroxylases, and tags them with ubiquitin for proteasomal
decay (Figure 1.2). Hypoxia—a non-physiological low level of oxygen, typically 3-5% of
O2—is a universal characteristic of the majority of tumors facilitating tumor proliferation,
angiogenesis, and metastasis (Muz et al., 2015). For example, the oxygenation level in
non-cancerous kidney cortex is 9.5%; conversely, oxygen concentration in renal tumors
drops to 1.3%. Due to tumor-intrinsic hypoxia and pseudohypoxia resulting from the lack
of pVHL function in sporadic ccRCC patients, HIFa proteins are incessantly abundant.
Consequently, transcriptional complexes between HIFa and HIF1( (or aryl hydrocarbon
receptor nuclear translocator—ARNT) subunits are formed. The heterodimeric complexes
then migrate to the nuclear and bind to hypoxia-response elements (HREs) to instigate
the anomalous transcription of HIF-inducible genes, such as genes involved in
angiogenesis and oxygen supply (VEGF; PDGFB, Platelet-derived growth factor B;
ANGPT2, Angiopoietin 2; and EPO, Erythropoietin), in pro- and anti-apoptosis (BNIP3/3L;
PMAIP1;, MCL1; and NPM1, Nucleophosmin), and in glycolytic pathway (glucose
transporters SLC2A1-GLUT1, as well as SLC2A3-GLUTS3; and 12 essential enzymes for
glycolysis) (Dengler et al., 2014). Indeed, hypoxia, angiogenesis, and glycolysis pathways
are substantially activated in ccRCC tumors relative to normal kidney tissues in a multi-
omics analysis of treatment-naive tumors (Clark et al., 2019). Furthermore, HIFs can exert
their gene-expression regulatory function through upregulating expression of several
microRNAs and histone demethylases.
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Although biallelic inactivation of VHL is a truncal event in ccRCC tumor evolution
(Gerlinger et al., 2014; Mitchell et al., 2018), the loss of VHL alone is inadequate for cell
transformation and ccRCC initiation. Homozygous knockout of VAl in kidney of genetically
engineered mice using various Cre drivers exclusively expressed by specific renal
epithelial cell types, consisting of Pepck, Pax8, and Thp, has failed to produce ccRCC
tumors despite of initial formation of renal cysts (Kapitsinou & Haase, 2008). Mitchell and
colleagues have approximated that there is a time lag of 15 to 30 years from the loss of
both VHL alleles to the first diagnosis of RCC using Bayesian mathematical modeling
(Mitchell et al., 2018).

a—ketoglutarate
succinate

00.° :
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Figure 1.2: The molecular machinery underlying hypoxia response. Under normoxia, oxygen-
dependent prolyl hydroxylase domains (PHDs) hydroxylate specific proline residues within hypoxia inducible
factor a (HIFa) subunits, which in turn can be recognized and decorated with ubiquitin by von Hippel-Lindau
protein (pVHL) for degradation by proteasomes. Under hypoxia, the enzyme activity of PHDs is abrogated,
allowing the dimerization between HIFa and HIFB subunits and the activation of HIF-regulated genes.
Pharmacological inhibition of PHDs has been approved for the treatment of anaemia in patients with chronic
kidney disease. Besides, targeting HIFa has emerged as a novel therapeutic choice for RCC. CUL2, cullin
2; HREs, hypoxia-response elements; RBX1, RING finger protein.

1.3.2. The HIF transcription factor family and its related downstream pathways
HIFs act as transcription factors that consist of a HIFa protein (HIF1a, HIF2a, or HIF3a)

and a constitutively-expressed HIF13 (Gossage et al., 2015). HIF1a can be found in
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almost all tissues of the body. In contrast, HIF2a is restrictedly expressed in endothelial,
lung, renal and hepatic cells, while HIF3a is specific to the heart, lung, skeletal muscle,
and placenta (Duan, 2016). HIF1a, HIF2a, and full-length HIF3a are transcription
activators, whereas HIF-3a4—an alternative spliced variant that is devoid of the oxygen-
dependent degradation domain (ODD) and trans-activation domains—functions as
dominant-negative repressor. The transcriptional repertoires activated by HIF1a or HIF2a
overlap but are not identical (Keith et al., 2012). While HIF1a favorably modulates the
expression of glycolysis-associated genes, HIF2a regulates various genes with diverse
functions, for instances erythropoiesis, cell cycle progression, and growth factor.

Strikingly, c-Myc, a proto-oncogene that stimulates cell cycle progression and
proliferation, is augmented by HIF2q, but is repressed by HIF1a (Gordan et al., 2007).
Though both HIF1a and HIF2a possess PER/ARNT/SIM (PAS)-B domain in their
structures, HIF1a outcompetes HIF2a in binding to SP1, a c-Myc cofactor, via PAS-B
owing to the phosphorylation of HIF2a at threonine-324 residue. The consequence of the
lack of c-Myc/SP1 interaction due to the HIF1a-SP1 binding is the attenuation of c-Myc
transcriptional repression of CDKN1A, CDKN1B (p21 and p27, respectively—cyclin-
dependent kinase inhibitors), MSH2, MSH6 (DNA mismatch repair protein), and NBN
(subunit of DNA double strand break). Moreover, HIF1a dislocates MAX from c-Myc/MAX
complexes, obviating c-Myc/MAX heterodimer binding to target promoters, which in turn
depleting the expression of cell cycle-promoting genes such as CCND2 (G1/S specific
cyclin D2), and E2F1, while elevating the expression of COKN1A, CDKN1B. Conversely,
in the presence of accumulated HIF2a, more c-Myc/MAX complexes are stabilized, thus
triggering the opposite transcriptional effects. HIF2a/c-Myc actuates a successful cell
cycle not only via modulating cyclins and cyclin inhibitor, but also through restricting DNA
damage by inducing the expression of BRAC1 and BARD1—key players in homologous
recombination repair, accordingly less formation of yH2AX—a sensitive indicator of DNA
double strand breaks (Gordan et al., 2008). In agreement with these molecular
mechanistic insights, ccRCC pVHL-deficit tumor growth in both in vitro and in xenograft
nude mice model was accelerated either by overexpression of HIF2a using retroviral
vector or by downregulation of HIF1a using short hairpin (Raval et al., 2005; Shen et al.,
2011). On the other hand, deactivation of HIF2a via knockdown or pharmacological
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inhibition has been shown to suppress ccRCC tumor formation in the aforementioned
models (Cho et al., 2016).

1.3.3. The roles of HIF1a and HIF2a in ccRCC

There’s a propensity for HIF2a expression to occur concurrently with HIF1a deficiency in
a subset of ccRCC clinical samples. Loss of long arm of chromosome 14, which harbors
HIF1A, is observed in 45% samples of TCGA-KIRC cohort (Creighton et al., 2013) and is
associated with significant reduction in OS (Monzon et al., 2011). In the TRACERX renal
population, co-deletion of chromosomes 9p and 14q soars from 35% of cases with only
primary tumors at presentation to 71% of cases with metastatic diseases, supporting that
the collateral loss of 9p and 14q is the primary force of metastasis in ccRCC (Turajlic et
al., 2018). Of note, non-silent mutations of HIF1A, observed at a frequency of less than
1% that is independently validated in two ccRCC cohorts (Creighton et al., 2013; Dalgliesh
et al., 2010), represents another mechanism to diminish HIF1a expression and activity.
Together, these lines of evidence substantiate the tumor-suppressive role of HIF1a and
the oncogenic role of HIF2a. Interestingly, Hoefflin and colleagues highlighted that HIF1a
is necessitated for ccRCC tumor initiation in conditional knock-out Vh/™ Trp53%"1 Rp1 A
mice (Hoefflin et al., 2020). As a result, the HIFa subunits, especially HIF2a, have
emerged as a promising target for new line therapy in ccRCC, which is proven by the
recent FDA approval of belzutifan, a selective HIF2a inhibitor, for patients with advanced
ccRCC. The first interim analysis of LITESPARK-005 study showed that belzutifan is
superior to everolimus concerning progression-free survival (PFS), drug tolerability, and
patients’ quality of life (Choueiri et al., 2024). The estimated percentage of patients who
were alive and had no disease progression at 18 months was 24% (95% ClI, 19.0 to 29.4)
in the belzutifan group and 8.3% (95% 4.9 to 12.7) in the everolimus group. The objective
response rate (ORR), assessed according to Response Evaluation Criteria in Solid
Tumours (RECIST) 1.1, at 25 months was 22.7% (95% CI, 18.6 to 27.3) in the belzutifan
group and 3.5% (95% ClI, 1.9 to 5.9) in the everolimus group.
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1.4. Polypromo-1

1.4.1. PBRM1 protein structure

PBRM1, also known as BAF180, is a specific-subunit of the chromatin remodeling
Polybromo-associated BAFs (PBAFs) complex—a subfamily of SWIltch/Sucrose Non-
Fermentable (SWI/SNF) complexes. The SWI/SNF complexes regulate gene expression
through transiently mobilizing nucleosomes so that the transcriptional machinery can
access the DNA and initiate transcriptional responses. More than one copy of PBRM1
exist in each PBAF complex (Mashtalir et al., 2018). PBRM1 is the last subunit to be
assembled to finalize the PBAF complexes, thus deletion of PBRM1 does not disturb
PBAF complex assembly. PBRM1 is composed of six tandem bromodomains (BDs) that
collaboratively bind nucleosomes decorated with acetylated lysine residues on histone
tails, along with two bromo-adjacent homology (BAH) domains, and a high-mobility group
(HMG) domain. The interaction between specific histones, such as H3K14ac, H3K4me3,
or H4K16ac, and PBRM1 is primarily facilitated by BD2 and BD4, which can be further
enhanced by BD1 and BD5 but reduced by BD3 (Slaughter et al., 2018). Missense
mutations in BD4 of PBRM1 or a PBRM1 variant lacking all six BDs accelerates cell
proliferation, while the loss of both BD1 and BD2 does not give rise to the same effect
(Gao et al., 2017). The BD4 of PBRM1 is also pivotal for the recognition of acetylated
lysine 382 of p53 (Cai et al., 2019). The abolishment of PBRM1-p53 interaction due to
BD4-mutated PBRM1 dampens the transcriptional activation of certain p53-target genes,
especially CDKN1A, which encodes for p21, and thus fails to suppress ccRCC growth in

mouse model.

1.4.2. PBRM1 mutations in ccRCC pathogenesis

PBRM1 mutations are not unique to ccRCC and also frequently occur in gastric
adenocarcinoma or urothelial cancer as well as in other cancer entities at a lower rate
(Mittal & Roberts, 2020). In ccRCC, PBRM1-inactivating mutations are the second most
common event preceded by VHL mutations (Varela et al., 2011). PBRM1 mutation is a
truncal event that drives cancer progression and metastasis, as evidenced by 74% of
ccRCC cases harboring clonal PBRM1 mutations (Turajlic et al., 2018) and 90% (87/97
patients) concordance of PBRM1 mutations between primary and matched metastatic
ccRCC tumors (Eckel-Passow et al., 2017). Remarkably, Turajlic and colleagues



19

employed intra-tumoral multi-region-based sequencing and observed that the PBRM1
mutation and BAP71 mutation are not co-occurrence at the clonal level, but instead co-
exist and are distinctively distributed in subclones with disparate evolutionary trajectories
in the same ccRCC patient (Turajlic et al., 2018).

Kidney-specific genetic ablation of either VAl or Pbrm1 in Pax8-Cre mice does not
engender kidney tumors (Espana-Agusti et al., 2017), while the co-current knock-out of
both VhI"/Pbrm1"" by either Pax8 or Ksp Cre driver induces the formation of low-grade
tumors that moderately resemble human ccRCC tumors in terms of the presence of clear
cytoplasmic (abundant lipid and glycogen) cancer cells, positive staining for carbonic
anhydrase IX (CA9) (ccRCC common marker), CD31 (endothelial marker), and Ki-67
(proliferation maerker), and the abundance of HIF1a and HIF2a, culminating in the
mounting activation of HIF-dependent pathways (Gu et al., 2017; Nargund et al., 2017). It
is noteworthy that co-deletion of both VhI"/Pbrm 1" by either Villin or Sglt2—both express
restrictedly in proximal tubule epithelial cells—Cre driver fails to induce tumors (Gu et al.,
2017), which brings into question of the general belief that the cells of origin in ccRCC are

proximal tubule epithelial cells.

1.4.3. PBRM1 as predictive biomarker in ccRCC

The predictive role of PBRM1 mutation has been immensely investigated in both ICB-
based and VEGF/TKI-based therapies. The IMmotion150 phase 2 clinical trial compared
atezolizumab + bevacizumab and atezolizumab monotherapy with sunitinib in previously
untreated patients with locally advanced or metastatic RCC (McDermott et al., 2018).
Whole exome sequencing (WES) of 201 tumors in this study showed that 44% cases have
PBRM1 alterations. Moreover, in sunitinib-treated groups, patients with mutated PBRM1
experienced PFS advantage, with a 62% risk reduction for death, compared with those
without mutations; this prolonged survival is not observed in either
atezolizumab + bevacizumab or atezolizumab monotherapy group. In the phase 3
JAVELIN Renal 101 trial (N = 733), which compared avelumab + axitinib versus sunitinib
as first-line treatments in RCC patients, investigators examined the effect of BAP1,
PBRM1, MTOR and VHL mutations on PFS (Motzer et al., 2020). Contrary to the findings
of the IMmotion150 trial, PFS is similar within both treatment arms notwithstanding the
PBRM1 mutation status. In the CheckMate 214 cohort, 1082 patients were randomized to
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receive nivolumab plus ipilimumab or sunitinib in RCC as first-line treatment with WES
data available for 481 patients (Motzer et al., 2022). 32% of the genomic-analyzed cases
are PBRM1 mutated. In patients with PBRM1 wild-type (WT), PFS is significantly longer
in the ICB combination group (p=0.04) but not in the sunitinib group. After multiple
hypothesis testing adjustment, neither PFS nor OS differs based on PBRM1 mutation
status. Altogether, at least in the first-line setting, it seems that PBRM1 mutations are
modestly predictive in the anti-VEGF/TKI but not with ICB therapy. A meta-analysis of 9
publications, which used PBRM1 mutated status and PFS to evaluate PBRM1 predictive
potential, concluded that patients with PBRM1 mutations showed survival gains by anti-
VEGF agents in the first-line treatment and by ICBs in the second-line therapy (Ghiglione
et al., 2022).

1.5. Tumor Angiogenesis

1.5.1. Historical perspective

Half a century has passed since Judah Folkman conceptualized angiogenesis as not
merely a by-product of excessive tumor proliferation, but rather an essential driver of
tumor growth (Folkman, 1971). He is the first to coin the term “anti-angiogenesis” and
postulate that the inhibition of angiogenesis would be a powerful approach for cancer
therapy. Subsequently, in the early 1990s, Kim et al. elucidated the critical role of VEGF
in tumor neo-vascularization in vivo; consistently, the suppression of vascular network
formation as well as tumor growth was achieved in vivo by using a VEGFA antibody (Kim
et al., 1993). Later, tumor angiogenesis was recognized by Hanahan and Weinberg as a
distinct hallmark of cancer (Hanahan & Weinberg, 2000). The introduction of bevacizumab
into the first and second line treatments of metastatic colorectal cancer marks a significant
milestone in cancer therapy (Hurwitz et al., 2004 ), thereby sparking interest in developing
a plethora of biologic drugs and TKils targeting diverse angiogenic pathways that were
subsequently approved for use in various cancer types (Kuo et al., 2024).

1.5.2. The “angiogenic switch” and the morphological traits of tumor vasculature

The sprouting and branching of new vessels from the preexisting ones under normal
healthy conditions, namely physiological angiogenesis, happens during embryonic
development but is inactive in adults with the exception of female reproductive cycle and
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wound-healing (Bergers & Benjamin, 2003; Chung et al., 2010). Vascular homeostasis is
in balance due to the precise synchronization between endogenous pro-angiogenic
factors and anti-angiogenic signals (thrombospondin-1, angiostatin, endostatin, canstatin,
and tumstatin). In cancer, there is a pre-vascular phase with the absence of angiogenic
activity. In this stage, tumor mass is relatively small (a few cubic millimeters) and malignant
cells are mostly at their dormant state (Folkman & Kalluri, 2003). When the pro-angiogenic
signals tip over because of metabolic stress (hypoxia, low pH, low glucose and high
reactive oxygen species), mechanical stress, accumulation and activation of oncogenes
(MYC, KRAS, and SRC), and inflammatory responses, the formation of new blood vessels
from the parental capillaries is initiated, also known as “angiogenic switch”, which in turn
instigating the exponential growth of the malignant cells.

Unlike the hierarchically organized vasculature of non-malignant tissues, tumor blood
vessels are characterized by their chaotic and tortuous architecture (Martin et al., 2019;
Morikawa et al., 2002). This disorganized structures often marked by excessive branching,
uneven shapes, and blind ends, results from a constant flux of proangiogenic signaling.
The discontinuous layer of endothelial cell (EC) lining of these vessels, the reduction of
pericyte coverage, the abundant fenestrations, and the anomalous formation of basement
membrane all contribute to irregular perfusion, fluid leakage, and microhemorrhaging
within tumors. Additionally, the compression of vessels caused by mechanical forces from
proliferating cancer cells and their extracellular matrix (ECM) exacerbates vascular
hyperpermeability and drastically reduces blood flow. This poor blood flow aggravates
hypoxic and acidic tumor microenvironment (TME) as well as limits the extravasation of
immune cells especially cytotoxic T lymphocytes (CTLs), and the delivery of therapeutic

agents to the tumor site.

1.5.3. The mechanisms of tumor vascularization

Different mechanisms are exploited by tumor to induce tumor vascularization (Figure 1.3).
First, sprouting angiogenesis is a complex, multi-step process that predominates as the
primary mechanisms of tumor angiogenesis (Hillen & Griffioen, 2007). This process
begins with the activation of ECs by specific growth factors binding to their receptors,
which leads to the localized degradation of the ECM and basement membrane by
activated proteases. In consequence, ECs can proliferate and migrate to the surrounding
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matrix. A single cell at the tip of parent vessel, so called “tip cell”, becomes leading
migratory cell, leading vessel elongation towards a chemotactic gradient and inhibiting
adjacent cells from adopting the same fate through lateral inhibition. The “stalk cells” are
differentiated under the effect of the tip cell, successively proliferate and construct new
blood vessel lumen, which eventually connects with the parental vessel. The newly formed
vascular sprouts then connect with each other through anastomosis, enabling complete
perfusion of the vascular network. Intussusceptive angiogenesis involves the formation of
transluminal tissue pillars within existing blood vessel, which then splits this preexisting
vessel into two new vessels. The process was first discovered in capillary remodeling in
lung (Caduff et al., 1986). Intussusceptive angiogenesis has an advantage over sprouting
in terms of energy efficiency due to negligible requirement for EC proliferation and
migration. Vasculogenesis refers to the de novo formation of blood vessel through the
recruitment of bone-marrow derived endothelial progenitor cells (EPCs) to the tumor site
and the differentiation of these cells into mature ECs. EPCs express specific markers,
including CD34, VEGFR2, CD31, CD146, and CD144 (Chambers et al., 2021). The trans-
differentiation of cancer stem cells into ECs and pericytes, leading to neovascularization,
has been documented in several tumor types. This phenomenon initially observed in
glioblastoma; the researchers even detected somatic mutations in ECs within tumors that
are similar to those carried by the cancer cells themselves, further supporting the idea of
a neoplastic origin for these endothelial-like cells. Vasculogenic mimicry is accomplished
by the organization of cancer cells to form vessel-like structures that proactively help
maintain sufficient supply of nutrients and oxygen for their growth, thus bypassing the
involvement of ECs. Vasculogenic mimicry is principally observed in aggressive tumors
and is associated with poor prognosis in various cancers. Finally, vessel co-option is a
non-angiogenic mechanism by which cancer cells migrate along the basolateral side of
pre-existing blood vessels or invade the tissue area between these vessels, ultimately
gaining access to host vasculature to satisfy their soaring metabolic demands. Vessel co-
option as well as vasculogenic mimicry are contributory factors to the limited success of
anti-angiogenic therapies as they allow tumors to circumvent the requirement for new

blood vessel formation.
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Figure 1.3: Modes of tumor vascularization. (A) Sprouting angiogenesis is primarily induced in response
to VEGFA. Tip endothelial cells (ECs) sense and migrate along VEGFA gradient, while proliferative ECs
called stalk cells form the nascent vascular lumen during sprouting extension. (B) Intussusceptive
angiogenesis refers to the process of forming new blood vessels by splitting a parental vessel into two. (C)
Bone-marrow-derived endothelial progenitor cells (EPCs) are recruited and contributed to vascular de novo
formation. (D) Tumor ECs can be generated from cancer stem cells (CSC) through transdifferentiation and
give rise to new blood vessels. (E) Vasculogenic mimicry is the formation of vasculature network by the
lining of cancer cells that is independence of EC activity. (F) Vessel co-option is the hijacking of pre-existing
tissue blood vessels by tumor to support its rapid growing during expansion and evasion. (Adapted from
(Carmeliet & Jain, 2011)

1.5.4. VEGFA, the anti-angiogenic therapy, and modes of resistance to anti-
angiogenic therapy

VEGFA is the most extensively-investigated pro-angiogenic mediator in cancer. The
VEGF family belongs to the cystine-knot growth-factor superfamily, with eight conserved
cysteine residues that form four sulfide bridges in its structure. VEGFA, VEGFB, VEGFC,
VEGFD, and placental growth factor (PIGF) are five known members of the VEGF group
(Pérez-Gutiérrez & Ferrara, 2023). The secreted homodimers or heterodimers of these
proteins bind to specific tyrosine kinase receptors—VEGFR1, VEGFR2, and VEGFR3—

on the cell surface. The most potent angiogenic stimulator is VEGFA which exists in six
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alternatively spliced isoforms in human (Holmes & Zachary, 2005). VEGFA exerts its main
functions through VEGFR2, alternatively known as the kinase insert domain receptor
(KDR), activation. VEGFA+es is the most produced and biologically significant isoform
owing largely to its ability to bind both cell surface- and ECM- expressed heparan sulfate
proteoglycans (HSPGs); the presentation of VEGFA1ss by HSPGs amplifies signaling
through VEGFR2. Upon VEGFA-VEGFR2 binding, downstream signal transductions are
mediated via the PLCy-MAPK-ERK and PI3K-AKT-mTOR pathways, consequently
promoting EC proliferation, survival, migration, and permeability.

Current strategies for targeting angiogenesis in cancer therapy include several
approaches, monoclonal antibodies targeting VEGFA, or VEGR2 such as bevacizumab
and ramucirumab; decoy receptors referred to as ‘VEGF-trap’—aflibercept; and multi-
target TKils, for example sunitinib, axitinib, and pazopanib, which not only inhibit VEGFRs
but also antagonize PDGFRs, KIT, SRC, RET, TIE2, and MET (Ye, 2016). The original
rationale for the development of these therapies was to eradicate blood vessel formation
and starve malignant cells of nutrients and oxygen. Rather contradictorily, anti-angiogenic
agents can transiently repair and advance vessel remodeling, alluded to as “vessel
normalization”, thereby improving blood perfusion, alleviating interstitial fluid pressure,
enhancing drug delivery, and mitigating immunosuppressive TME by facilitating the
trafficking of CTLs. This notion originally proposed by Rakesh K. Jain (Jain, 2001) and
has been wildly accepted based on ample preclinical and clinical evidence (Martin et al.,
2019). Winkler and colleagues used human glioblastoma xenograft model to demonstrate
that VEGFR2 antibody treatment generates a “normalization window” characterized by
remarkable amelioration of tumor oxygenation, during which radiation therapy is most
effective (Winkler et al., 2004). Within this timeframe, the increased trafficking of pericytes
to the tumor vasculature network is facilitated by the significant expression of angiopoietin-
1 in tumor cells. Additionally, the thickened basement membrane of brain tumor vessels
becomes thinner as a result of increasing activity of matrix metalloproteinases, in turn
elevating degradation of type IV collagen. A phase 1 clinical trial conducted by Willett et
al. examined the pharmacologic effects of bevacizumab on rectal carcinoma vasculature
(Willett et al., 2004). By day 12, tumor vessels begin to normalize and resume normal
functions as detected by no changes in vessel permeability as well as 18-

fluorodeoxyglucose uptake despite the reduction of vascular volume and microvascular
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density, the reduced interstitial fluid pressure, and the enhanced pericyte coverage
evidenced by the augmented fraction of vessels positive for a-smooth muscle. In recurrent
glioblastoma, cediranib—a multi-target TKl—treated patients, only those whom the
increased blood perfusion confirmed by magnetic resonance imaging experienced
improved survival (Sorensen et al., 2012).

Despite the broad application of anti-VEGF drugs in multiple cancers, for instance, RCC,
colorectal cancer, non-small cell lung cancer, and gynecological cancers, patients
experience incremental benefit in terms of OS (Ye, 2016). Furthermore, even though anti-
angiogenesis is predicated on the prerequisite of tumor neovascularization to meet its
heavy demand for oxygen and nutrients, melanoma, pancreatic cancer, and prostate
cancer are resistant to anti-angiogenic agents. Several mechanisms of resistance to the
inhibition of the VEGF/VEGFR axis have been described thus far (De Palma et al., 2017).
The first mechanism involves the upregulation of VEGF-independent pro-angiogenic
circuits. A plethora of factors such as growth factors (fibroblast growth factors (FGFs),
PDGF family, angiopoietins (ANGPTSs), insulin-like growth factor 1 (IGF1), and hepatocyte
growth factor (HGF)), chemokines (CXCR2-binding ligands and CXCL12), cytokines
(interleukin-1B (IL1B), transforming growth factor-B (TGFB), and tumor necrosis factor-a
(TNFa)), proteases, and ECM glycoproteins can directly or indirectly be involved in EC
activation and induction of tumor angiogenesis, thus evading the blockage of VEGF
signaling. Second, therapy-mediated increased secretion of granulocyte colony-
stimulating factor (G-CSF), CXCL12, IL-8, and chemokine ligand 2 (CCL2) promotes the
recruitment of neutrophils/macrophages, and cancer-associated fibroblasts (CAF) that
secrete multiple aforementioned proangiogenic growth factors, which successively
perpetuate tumor vascularization. Third, in spite of the scarcity of oxygen and nutrients,
sustainable tumor growth can be maintained via triggering stress response—for example
increasing autophagy, or reprogramming metabolism of cancer cells. In particular, the
malignant cells augment the fatty acid uptake and lipid drop accumulation that allow ATP
production via fatty acid catabolism. Additionally, tumor cells can activate ‘metabolic
symbiosis’, a procedure whereby the cells in hypoxic areas use anaerobic glycolysis to
generate energy and release lactate, while the better-oxygenated cell close to tumor blood
vessel uptake the excreted lactate for oxidative phosphorylation. The final resistant
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mechanism associates with vessel co-option and vasculogenic mimicry that have been

mentioned above.

1.6. Aims of the thesis

Although anti-angiogenic drugs including anti-VEGF antibodies, TKls and anti-HIF2a
inhibitors now have become an established part of RCC treatment regimens, the response
to these treatments is mostly temporary and ultimately the tumors become resistant.
Previous studies have shown that the loss of PBRM17 in ccRCC is associated with an
enhanced angiogenic signature (Hakimi et al., 2019; McDermott et al., 2018). The exact
molecular mechanisms, such that how PBRM1-loss affects the interaction of ccRCC tumor
cells with the tumor microenvironment and to what extent this explains the clinically
observed resistance, are still enigmas. The objective of this thesis is to explore alternative,
potentially targetable molecular mechanisms—beyond PBRM1 deficiency-enhanced
VHL-loss-induced hypoxia response leading to increased VEGFA expression—that drive
the proangiogenic phenotype in PBRM1-mutated ccRCC. In brief, we employed several
pharmacological compounds to disrupt the interaction of PBRM1 with their targets, and
explored the resulting changes in the transcriptomic profile of ccRCC cells. The findings
were further validated exploiting CRISPR/Cas9-mediated PBRM1-knockout ccRCC cells.
The clinical significance of these results in patients with or without PBRM1-mutated
ccRCC tumors was also evaluated. Besides, the impact of PBRM1-loss on angiogenesis
were investigated by assessing the proliferation, signaling activation, and capillary
formation of endothelial cells cultured in supernatant of PBRM1-deficient cancer cells.
Ultimately, the anti-tumor potential of targeting the newly-identified angiogenic axis in

ccRCC were showcased using an in ovo xenograft model.



2. Material and methods

2.1. Materials

Table 1: Cell lines and primary cells
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endothelial cells

medium (ECPM)

Cell line/|Cell type Culture medium Source
Primary
cell
Caki1 human clear cell renal{90% RPMI 1640 + 10% FBS +|DSMZ
cell carcinoma from|2 mM L-Glutamine + 1%
metastatic site (skin) Pen/Strep (R10+ medium)
7860 human renal cell|90% RPMI 1640 + 10% FBS +|ATCC
carcinoma 2 mM L-Glutamine + 1%
Pen/Strep (R10+ medium)
OSRC2 human clear cell renal|90% RPMI 1640 + 10% FBS +|CLS Cell Lines
cell carcinoma 2 mM L-Glutamine + 1% |Service GmbH
Pen/Strep (R10+ medium)
KMRC1 human clear cell renal{90% RPMI 1640 + 10% FBS +|Japanese Cancer
cell carcinoma 2 mM L-Glutamine + 1% |Research
Pen/Strep (R10+ medium) Resources Bank
NCI-H1048 [human small cell lung|{90% DMEM/F-12, GlutaMAX™
cancer Supplement + 10% FBS + 2
mM  L-Glutamine + 1%
Pen/Strep (R10+ medium)
HUVECs |human umbilical vein|Endothelial cell proliferation |Provitro
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Table 2: Cell culture media and supplements

Item

Source

Roswell Park Memorial Institute (RPMI) 1640 Medium

Gibco - Life Technologies

Dulbecco's Modified Eagle Medium (DMEM)

Gibco - Life Technologies

Penicillin-Streptomycin (10.000 U/ml - 10000 pg/ml))

Gibco - Life Technologies

UltraPure™ DNase/RNase-Free Distilled Water

Gibco - Life Technologies

L-Glutamine (200 mM)

Gibco - Life Technologies

Fetal bovine serum (FBS)

Gibco - Life Technologies

Dulbecco's phosphate-buffered saline (DPBS)

Gibco - Life Technologies

Endothelial cell proliferation medium, FCS

Provitro

Trypsin-EDTA (0.25%), phenol red

Gibco - Life Technologies

Accutase

Invitrogen

Opti-MEM® |, reduced serum medium, no phenol red

Gibco - Life Technologies

10X Medium 199

Sigma-Aldrich

DMEM/F-12, GlutaMAX™ Supplement

Gibco - Life Technologies

Medium 199, Earle's Salts

Gibco - Life Technologies

Medium 199 10X, Earle's Salts, without L-glutamine and | Sigma-Aldrich
sodium bicarbonate

Table 3: Equipment
Item Source
TC20 Automated Cell Counter Bio-Rad
MDF-1156-PE Cryogenic ULT Ultra Low Chest Freezer - [ Sanyo
150°C
ChemiDoc MP Imaging System Bio-Rad Laboratories
Eppendorf Reference ® multichannel pipette 300 Eppendorf
Eppendorf Reference ® pipette (2.5,10,20,100,1000 pl) Eppendorf
Centrifuge 5810R/5415C/5415R/5430R/5424 Eppendorf
PHCbi MCO-170AIC-PE IncuSafe CO2 Incubator PHC Group

MSC-Advantage™ Class Il Biological Safety Cabinets

Thermo Scientific
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HERAfreeze™ HFU T Series -86°C Upright Ultra-Low
Temperature Freezers

Thermo Scientific

Inverted Phase Contrast Microscope ECLIPSE TS100 LED | Nikon

Water bath TW20 Julabo GmbH
Platform rocker, PMR-30 Grant-Bio
Upright BX43 microscope Olympus
Thermomixer comfort Eppendorf

Heraeus HERAcell 240 incubator

Thermo Scientific

Explorer™ Precision Precision Balance EX2202/E Scale

Ohaus

NanoDrop One/Onec Microvolume UV-Vis

Spectrophotometer

Thermo Scientific

Pipette controller, accu-jet® pro

Brand

Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (Tank,
lid with power cables, electrode assembly, gel casting
module, casting stands with gaskets, casting frames, 15-well
combs, glass plates, spacer plates with integrated 1.5 mm

spacers)

Bio-Rad Laboratories

Mini Trans-Blot Modular system (gel holder cassettes, foam

pads, electrode assembly, cooling unit)

Bio-Rad Laboratories

Mini-PROTEAN® Tetra Vertical Electrophoresis Cell

Bio-Rad Laboratories

Power Pac HC Universal Power Supply

Bio-Rad Laboratories

Spark® Multimode Microplate Reader Tecan
Thermocycler Biometra
Vortex Sigma-Aldrich
Table 4: Chemicals and reagents
Item Source
Trypan blue solution 0.4 % Carl Roth
Ethanol Carl Roth
2-Propanol Carl Roth
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70% Ethanol

Merck Millipore

PageRuler™ Prestained Protein Ladder

Thermo Scientific

Glycine Carl Roth
N, N, N,N‘-Tetra-acetylethylenediamine (TEMED) Carl Roth
Bromophenol Blue Carl Roth
1,4-Dithiothreitol (DTT) Carl Roth
Ammonium persulphate Carl Roth
Sodium azide Merck

Sodium chloride Carl Roth
Sodium dodecylsulfate (SDS) Carl Roth
Glycerol Carl Roth
Tris(hydroxymethyl)-aminomethane (TRIS) Carl Roth
TRIS hydrochloride Carl Roth

Tween 20

PanReac AppliChem

Bovine serum albumin (BSA)

Carl Roth

SuperSignal West Pico PLUS Chemiluminescent Substrate

Thermo Scientific

Bacillol AF

Paul Hartmann

ROTIPHORESE®Gel 40 (29:1) Carl Roth
Ponceau S Sigma-Aldrich
Milk powder

ROTI®Histofix (4 % Formaldehyd, pH 7) Carl Roth

Cellmatrix Type I-A (Collagen, Type I, 3 mg/mL, pH 3.0)

Nitta Gelatin Inc.

Matrigel® Basement Membrane Matrix, Phenol Red-free, | Corning
LDEV-free

Methyl cellulose, 4000 centipoises [cpi] Sigma-Aldrich
CellTiter-Glo® 2.0 Cell Viability Assay Promega
RIPA buffer (10X) Cell Signaling
Phenylmethylsulfonyl fluoride (PMSF) Carl Roth

Restore™ Western Blot Stripping Buffer

Thermo Scientific

RLT buffer

Qiagen
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RW1 buffer

Qiagen

RNA Wash buffer

Zymo Research

Table 5: Recombinant proteins, inhibitors, and antibiotics

Secondary antibody Source
Recombinant Human IFNy PeproTech
Recombinant Human TNFa PeproTech
Recombinant Human IL17A PeproTech
Recombinant Human VEGF 165 PeproTech
Recombinant Human CXCLA1 PeproTech
Recombinant Human CXCL2 PeproTech
Recombinant Human CXCL5 PeproTech
Recombinant Human CXCL6 PeproTech
Recombinant Human CXCL8 PeproTech
SB225002 MedChemExpress
Sunitinib MedChemExpress
TWS119 MedChemExpress
AR-A014418 MedChemExpress
LY2090314 MedChemExpress
CXCL5 Antibody R&D
Bevacizumab Roche

Puromycin Cayman Chemical

Table 6: Commercial Kits

Kits Source
Infinium Global Screening Array-24 v3.0 Kit lllumina
Proteome Profiler Human Phospho-Kinase Array Kit R&D
AllPrep DNA/RNA Micro Kit Qiagen
Legendplex Human Proinflammatory Chemokine Panel 1 Biolegend
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Legendplex Human Proinflammatory Chemokine Panel 2 Biolegend

Pierce™ BCA Protein Assay Kits Thermo Scientific

Table 7: Expandable items

Item Source

Cell Counting Slides for TC10/TC20 Cell Counter Bio-rad

Cell culture flasks, with filter (T25, T75) TPP

Cell culture flasks, with filter (T75, T175) Sarstedt

Cell culture plates (6, 24, 96 wells/flat bottom) TPP

Cell culture petri dishes Sarstedt
PEHA-SOFT nitrile white gloves Paul Hartmann
Screw top bottle DURAN® clear glasses DWK Life Sciences
Serological pipettes (2, 5, 10, 25, 50 ml) Sarstedt

Cell scraper Sarstedt
Sterile filters (0.45 and 0.22 ym) Diagonal
Tubes (15 ml, 50 ml) Sarstedt
SafeSeal reaction tube (0.5, 1.5, 2, 5 ml) Sarstedt
Amersham™ Protran® Western-Blotting-Membranes, Cytiva

Nitrocellulose, 0.45 uym pore size

Whatman Blotting paper Whatman

Petri dish, square, with vents Greiner bio-one
Feather disposable scalpels, figure 10 Pmfmedical

Leukopor BSN medical

Sterican® 30G x 1/2" BBraun

Surgical scissor Carl Roth

Spatula Carl Roth

Combitips® advanced (1, 2.5, 5, 10 ml) Eppendorf

Histology cassettes Kartell LABWARE
Biopsy filter paper MEDITE Medical GmbH

Biopsy pads VWR
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Zymo-Spin IICG columns

Zymo Research

Table 8: Buffers

Buffer Composition Concentration
Stacking gel buffer | TRIS (1211 g)| 1M
(Tris pH 6.8) fill up to 1 L with distilled water (adjust
pH to 6.8 with 32% HCI)
Resolving gel buffer [ TRIS (1211 g)| 1M
(Tris pH 8.8) fill up to 1 L with distilled water (adjust
pH to 8.8 with 32% HCI)
10X SDS-PAGE | TRIS (30 g) 250 mM
running buffer Glycine (1449) 1920 mM
SDS (10 g) 1%
fill up to 1 L with distilled water
10X TRIS-Glycine | TRIS (30 g) 250 mM
buffer Glycine (144 g) 1920 mM
fill up to 1 L with distilled water
1X Blotting buffer 10X TRIS-Glycine buffer
2-Propanol 15%
fill up to 2 L with distilled water
10X TBS TRIS (5.6 9) 50 mM
TRIS-HCI (24 g) 150 mM
NaCl (88 g) 1500 mM
fill up to 1 L with distilled water
1X TBST 10X TBS (100 ml)
Tween-20 (500 pl)
fill up to 1 L with distilled water
4X Sample loading | SDS (2 g) 277 mM
dye + DTT TRIS-HCI pH 6.5 (5 ml) 0.2M
Glycerol (8 ml) 4.3 M
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Bromphenol Blue (100 mg)

Warm up to 37°C till SDS dissolves,
then add DTT 1 M (10 ml)

fill up to 25 mL with distilled water

6 mM

04 M

Sterile reconstitution | NaHCO3 (1.1 g)
buffer NaOH 1 M (2 mL)

0.05 N (0.05 M)

HEPES 1 M (10 mL) 200 mM
Ultrapure water (38 mL)
Table 9: Primary antibodies for western blot
Primary antibody Source
p44/42 MAPK (Erk1/2) Antibody #9102 Cell Signaling
(Isotype: Rabbit IgG)
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) mAb #4370 | Cell Signaling
(Isotype: Rabbit 1gG, clone: D13.14.4E)
Akt (pan) mAb #2920 Cell Signaling
(Isotype: Mouse IgG1, clone: 40D4)
Phospho-Akt (Ser473) mAb #4060 Cell Signaling
(Isotype: Rabbit IgG, clone: D9E)
Stat3 mAb #30835 Cell Signaling
(Isotype: Rabbit IgG, clone: D1B2J)
Phospho-Stat3 (Tyr705) XP® mAb #9145 Cell Signaling
(Isotype: Rabbit IgG, clone: D3A7)
c-Jun mAb #9165 Cell Signaling
(Isotype: Rabbit IgG, clone: 60A8)
Phospho-GSK-3p (Ser9) XP® mAb #5558 Cell Signaling
(Isotype: Rabbit IgG, clone: D85E12)
Phospho- GSK-3a/B (Ser21/Ser9) mAb #9331 Cell Signaling

(Isotype: Rabbit IgG, clone: D85E12)

Phospho-c-Jun (Ser63) mAb #2361

Cell Signaling
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(Isotype: Rabbit IgG)
GSK-3a/B mAb #5676 Cell Signaling
(Isotype: Rabbit IgG, clone: D75D3)
GAPDH mAb #2118 Cell Signaling
(Isotype: Rabbit, clone: 14C10)
B-actin mAb # A2228 Sigma-Aldrich
(Isotype: Rabbit, clone: AC-74)

Table 10: Secondary antibodies for western blot

Secondary antibody Source

Peroxidase AffiniPure™ Goat Anti-Rabbit IgG (H+L) | Jackson Immunoresearch
#111-035-003
Peroxidase AffiniPure™ Goat Anti-Mouse 1gG + IgM | Jackson Immunoresearch
(H+L) #115-035-044

Table 11: Software

Software Source
R version 4.3.2/R studio version 2023.09.1+494
LEGENDplex™ Data Analysis Software Suite Biolegend
GraphPad Prism version 10.0 GraphPad Software Inc
ImageJ2 version 2.14.0/1.54f
Image Lab version 6.1 BioRad
2.2. Methods

2.2.1. Cell culture

Adherent cancer cell lines were cultured in RPMI/DMEM medium supplemented with 10%
heat-inactivated FBS, 2 mM L-Glutamine, and 1% Pen/Strep in a humidified incubator with
5% CO, at 37°C. Every three days, the cell flask was rinsed with DPBS and incubated
with 1 mL of 0.25% trypsin-EDTA for 5 min to detach the cells. Next, 4 mL of R10+/D10+
medium was added to neutralize the trypsin solution. The cell suspension was centrifuged
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at 300g for 5 min at RT. A part of the cell pellet was resuspended in prewarmed fresh
medium and transferred into a new tissue culture flask.
HUVECs were cultured in endothelial cell proliferation medium (ECPM+) containing

company-provided supplements in a humidified incubator with 5% CO, at 37°C. The flask

was coated with 0.1% gelatin in DPBS for at least 15 min at 37°C, then the gelatin was
removed. When the cell confluence reached 80%, the cell flask was rinsed with DPBS
and incubated with 1 mL of accutase for 5 min to detach the cells. Next, 4 mL of ECPM+
was added to neutralize the accutase solution. The cell suspension was centrifuged at
200g for 5 min at RT. A part of the cell pellet was resuspended in prewarmed fresh medium
and transferred into a new gelatin-coated culture flask.

To prepare 0.1% gelatin, 0.15 g gelatin was mixed with 150 mL DPBS, and was warmed
up in a water bath to 50°C until obtaining clear solution. The solution was sterilely filtered
using a 0.45 ym pore-size filter before use. DPBS-gelatin can be stored for up to 6 months
at 4°C.

2.2.2. ccRCC conditioned-media collection, HUVEC proliferation and HUVEC
stimulation

1 million 7860 cells or 1.5 million Caki1 cells were plated in T75 flask overnight to allow
cell attachment. The old media was removed and RPMI with glutamine and Pen/Strep (no
FBS) or M199 with 10% FBS and Pen/Strep was added; the former was used for HUVEC
stimulation, while the latter was used for HUVEC proliferation. Cells were incubated for 48
h. Culture supernatants were collected and filtered using a 0.45 ym pore-size filter, then
frozen at —20°C until needed.

To perform ccRCC supernatant stimulation, HUVECs were seeded at 200,000 cells per
well in 6-well plate and allowed to grow to roughly 85% confluence (usually within 3 to 4
days). HUVECs were starved in the endothelial cell proliferation base medium
supplemented with the tested agents, SB225002 0.5 yM, CXCLS5 antibody 5 pg/mL,
sunitinib 100 nM, for 4 h and then stimulated with ccRCC CM containing the corresponding
drugs for 20 min. As a negative control, cells were kept in ECPM base medium without
the addition of drugs.

To conduct HUVEC proliferation, 2000 HUVEC cells were seeded in each well/96-well
flat-bottom plate. The day after, the medium was discarded and replaced with ccRCC CM
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serially diluted in fresh M199 base medium without or with the addition of SB225002 1 uM
in technical duplicates. A similar experimental setup was used for HUVEC proliferation in
undiluted ccRCC CM supplemented without or with either SB225002 1 pM, and/or
sunitinib 0.1 yuM, and/or bevacizumab 100 ug/mL, or VEGFA 25 ng/mL. After 3-day
incubation, 50 pL CellTiter-Glo® 2.0 Reagent was added to each well. The plate was
shaken for 2 min on a shaker and incubated for 10 min at RT in the dark. The plate was
loaded to a microplate reader and the luminescent signal was recorded.

2.2.3. Enzyme-linked Immunosorbent Assay (ELISA)

100,000 7860 cells and 130,000 Caki1 cells were plated per well in 12-well plate overnight
to allow cell attachment. The old media was removed and RPMI with glutamine and
Pen/Strep (no FBS) was added without or with either 250 U/mL IFNy, or 250 U/mL TNFa,
or 100 ng/mL IL17A. Cells were incubated for 48 h. Culture supernatants were collected
and filtered using a 0.45 ym pore-size filter, then frozen at —20°C until needed.

To measure the concentrations of soluble CXCL6 that were secreted by ccRCC cells, we
used the human CXCL6 ELISA kit from R&D following manufacturer’s guidelines
Absorbance was measured at 450 nm as the detection wavelength and 540 nm as the
reference wavelength for the assay using TECAN microplate reader. The intensity of the
color is proportional to the amount of CXCL6 present in the well. The absolute
concentration of CXCL6 was calculated from the standard curve, which was generated
using data reduction method of sigmoidal, 4 parameter logistic in GraphPad Prism.

2.2.4. Multiplex ELISA for soluble-factor measurement

To measure the concentrations of soluble chemokines that were secreted by ccRCC cells,
we used Legendplex (Biolegend), a multiplex flow-cytometry-based immunoassay. The
kits were stabilized at RT for 30 min before starting experiment. The assay buffer, wash
buffer, serial-diluted standards, and mixed beads were prepared according to the
manufacture’s instruction. 10 yL assay buffer and 10 pL standard (from C7 to CO) were
added in standard well in a V-bottom 96 well plate. In sample well, 15 pyL assay buffer and
5 uL supernatant were pipetted to achieve the dilution of 1:2. 10 yL mixed beads were
vortex for one minute before adding to each well. The plate was sealed and covered with
aluminum foil to protect from light, and was shaken at 800 rpm overnight at 4°C. Next day,
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200 pL of wash buffer was added per well and the plate was centrifuged at 1050 g for 5
min. After the centrifugation, the blue bead pellet can be seen. The fluid was discarded in
1 continuous and forceful motion, then the beads were resuspended by tapping against
the plate edge with a pen. 10 pyL detection antibodies were pipetted per well. The plate
was sealed and covered with aluminum foil, and was shaken at 800 rpm for 1 h at RT.
Subsequently, 10 yL SA-PE was added per well without any washing. The plate was again
shaken at 800 rpm for 30 min at RT. The plate was washed 2 times with 200 yL wash
buffer per well. Finally, 150 yL wash buffer was added per well, then the plate was sealed,
wrapped in aluminum foil, and stored at 4°C until acquisition. Samples were read in the
Cytek Aurora. 3000 beads per sample were acquired. The analysis was performed using
the LEGENDplex™ Data Analysis Software Suite.

2.2.5. Western blotting

Cells were washed 1 time with DPBS and 60 uL of RIPA buffer supplemented with 1 nM
PMSF in EtOH per well in 6-well plate. Cell lysate was gently harvested using cell scarper
and centrifuged for 10 min at 14,000g at 4°C. The clear supernatant was transferred into
new tubes.

Protein concentration was measured using BCA Protein Assay kit. 3.33 pL of cell lysate
was diluted in 63.3 pL RIPA buffer, and 30 yL of the diluted lysate was pipetted into a
well/96-well plate. The standards were prepared in triplicates according to manufacture ’'s
protocol. The working solution was prepared by diluting 1 part of BCA reagent B in 50
parts of BCA reagent A. 200 pL of working solution was added to each well (containing
either standard or sample). The plate was sealed with a plastic film and incubated at 37°C
in 1 h. The absorbance was measured at 562 nm wave length in a microplate reader.
Protein amount loaded per lane was calculated to have 10 to 25 ug protein in the final
volume of 26 pl containing loading dye. Next, proteins were denatured at 95°C for 5 min.
Protein ladder and samples were loaded on a 10% SDS PAGE gel. First gels were run at
100 V for 15 min, and then voltage was increased to 140 V for 75 min. A wet blotting
system and blotting buffer containing 15% (v/v) isopropanol were used. Proteins were
transferred onto a 0.45 ym pore size nitrocellulose membrane at 100 V for 1.5 h.
Ponceau S staining was performed to check for bubbles or any blotting problems.
Membranes were then blocked in 5% (w/v) milk powder in TBST for 1 h at RT, and washed
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1 time with TBST before primary antibodies were added. Primary antibody was diluted in
5% (w/v) BSA and 0.02% (w/v) sodium azide. The membranes were incubated overnight
at 4°C. Next day, the membranes were washed 2 times for 5 min each with TBST,
following by the addition of secondary antibody diluted (1:5000 dilution) in 5% (w/v) milk
powder in TBST. After 1 h incubation at RT, the membranes were washed 1 time with
TBST and 1 time with TBS. Chemiluminescent substrate was applied to the membrane
for 1 minute and the chemiluminescent signals were capture using ChemiDoc MP Imaging
System. Signal transduction protein and its corresponding phosphorylated form were
detected in 2 different membranes; if the detection was performed on the same
membrane, the phosphorylated form was detected first, then the membrane was stripped
and with stripping buffer and re-probed with primary antibody binding specifically to total

form. Data analysis was performed using Image Lab software.

2.2.6. Spheroid sprouting assay

At day 1, HUVECs were harvested and counted. Each spheroid contained 500 HUVECs
and each collagen gel (500 pL) should have at least 48 spheroids. To prepare 4 spheroid-
embedded gels, 100,000 HUVECs were resuspended in methocel-ECPM solution with
2,5% FCS, made by mixing 1mL methocel stock solution with 2.75 ml ECPM basal
medium and 1.25 ml ECPM+ (20% methocel stock solution, 55% ECPM basal, 25%
ECPM+). Hanging drops were generated by pipetting 25 L of this mixture per drop on a
12 cm square petri dish lid using multi-channel pipette and attentively turning over plastic
lid. The dishes were incubated overnight at 37°C in the incubator.

The next day, the spheroids were checked for evenly rounded and uniform formation
under microscope. The spheroids were collected with 3.5 mL 10% FBS in PBS for each
petri dish with 10 mL pipette and transferred them into the 15 mL tubes. The plate can be
washed 1 time with 5 mL 10% FBS in PBS. The spheroids were centrifuged at 100g for 5
min at 25°C. The supernatant was aspirated and the pellet was gently overlay with 1 mL
FBS-methocel solution (20% FBS, 80% methocel stock solution). Meanwhile, the following
ice-cold reagents—Cellmatrix Type I-A, M199 10X medium, and sterile reconstitution
buffer—were mixed in this specific order at an 8:1:0.25 ratio to make up the neutralized
collagen solution. Then 1 mL of this collagen solution was fast and carefully combined to
avoid bubbles with the 1 ml spheroid containing methocel solution prepared previously.
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Homogenous mixing of all components was indispensable for a clear matrix formation and
for the homogenous distribution of the spheroids inside the gels. In a prewarmed 24-well
plate, 500 pL of the methocel-spheroid-collagen mixture was dispensed in each well. The
plate was immediately placed in the incubator for rapid polymerization to impede the
sinking of the spheroids to the bottom of the wells. After 30-minute incubation, the collagen
gels were overlaid with 125 yl ccRCC CM or ECPM base medium supplemented with 25
ng/mL VEGFA. After 24h incubation, 500 uL PFA 10% was added to stop the assay. The
plates can be stored for up to 4 weeks at 4°C.

For quantitative analysis, 6 spheroids were randomly picked for each tested condition and
the pictures were taken in phase-contrast microscope at 10X magnification. The pictures
were analyzed using Neurond, a plug-in of Imaged (Yetkin-Arik et al., 2019) to quantify the
cumulative sprout length, defined as the total length of all the sprouts stemming from 1
spheroid, and the number of sprouts.

To prepare methocel stock solution, 1.5 g methyl cellulose powder was autoclaved in a
250 ml glass bottle containing a clean magnetic fish. The autoclaved methyl cellulose was
dissolved in 62.5 mL preheated ECPM basal medium (60°C) for 20 min using the magnetic
stirrer. An equal volume of ECPM basal medium (at RT) was added to the clear solution
and centrifuged at 2000g for 1 h at RT. The finished solution can be stored up to 1 year
at 4°C.

To collect the ccRCC CM for sprouting assay, 50,000 ccRCC cells were plated per well in
12-well plate overnight. Next day, the old medium was removed and RPMI| base medium
was added. The cells were incubated at 37°C for 6 h and the medium was collected and
stored at -20°C.

2.2.7. Chicken chorioallantoic membrane (CAM) assay and drug treatment

Lohmann brown eggs from Lohmann Deutschland hatchery were carefully dry wiped with
paper towels to remove any dirt, feathers and excrement from the eggshells. The survival
rate of the chicken embryos can be considerably reduced by wiping the eggs with 70%
ethanol or any other cleaning solutions, even distilled autoclaved water. The eggs were
placed horizontally in the incubator at 37.8°C, and 60% humidity. Day O of chicken

embryonic development (ED) is defined as the first day of egg incubation.



41

At ED7, the eggs were opened under laminar airflow. The eggs were placed in the plastic
rack with bigger tip (containing air sac) facing upwards. A hole of 2 cm? was introduced
on the eggshell at this bigger tip with a sterile sharp-pointed surgical scissors, which were
cleaned regularly in between with bacillol. Beneath the egg shell is a shell membrane.
This membrane was damped with 500 pl DPBS, then was carefully removed using a
tweezers to expose the CAM underneath. The interrupted blood vessels indicated dead
embryos. All non-fertilized eggs or dead embryos were removed. The window was
covered with parafilm to prevent the embryos from drying and dying in the incubator.

At ED8, tumor cells were harvested and pelleted. The required amount of cancer cells per
egg was 2 to 3 million embedded in 25 yl Matrigel. Due to the high rate of xenograft
rejection and embryo premature death, at least 6 eggs per condition were included for
each experiment. The total amount of needed cells was calculated; the cells was mixed
with the appropriate volume of Matrigel in 15ml tube and was kept on melting ice. Under
the laminar airflow, the parafilm was discarded. The CAM area was gently scratched using
a sterile 30 gauge cannula near the ‘Y bifurcation’ of blood vessels. Small hemorrhages
were expected. The tumor Matrigel mixture were seeded by pipetting directly onto the
scratched area. The eggs were labeled with important information including egg number,
cell line, and treatment. Parafiim was used to seal the egg window. The eggs were
immediately put back to the incubator to allow Matrigel polymerization. 48h post-
engraftment, a 10 mm silicon ring encircled tumor was added, and the embryos were
topically treated with 100 pl of CXCL5 antibody 20 pg/mL or SB225002 20 uM or sunitinib
10 yM or combination of these reagents or DPBS as negative control. Cancer cells were
pretreated with the aforementioned drugs before engraftment at ED8, then they received
the same treatment at ED10.

The experiment was terminated at ED14. The egg window was enlarged and pictures of
tumors were taken at 2X zoom factor using a stereo microscope. Next, the tumor and
surrounded CAM were excised attentively avoiding the detachment of the tumor from the
CAM beneath. Tumor’s width, length, and thickness were measured using a caliper. The
harvested tissues were wrapped in wet filter paper and placed inside a histology cassette
filled with biopsy pad. The tumor cassettes were put in a labeled container with 4%
paraformaldehyde overnight for fixing. Next day, the cassettes were washed 3 times with
distilled water, and stored in 70% EtOH for later immunohistochemistry staining.
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The volumes of the excised tumors were estimated using the following formula:
V = 4/3 x 1 x ((width/2) x (length/2) x (thickness/2)).

2.2.8. Human phospho-kinase array

After HUVECs were stimulated with Caki1 Px459 supernatant (refer methods section
2.2.2), HUVECs were lysed with RIPA buffer and protein concentration was determined
with BCA kit (refer methods section 2.2.5). HUVECs starved in ECPM basal medium was
included as negative control. Phosphorylation status of multiple signal transduction
proteins were determined using Proteome Profiler Human Phospho-Kinase Array Kit
followed the instruction manual. Chemiluminescent signal was detected in ChemiDoc MP
Imaging System under signal accumulation mode. The pictures were taken every 60 sec
in 10 min. Protein Array Analyzer plug-in of ImageJ was employed for data analysis. The
average intensity (pixel density) of duplicate dots was recorded and normalized to the
mean intensity of reference dots. The relative changes in phosphorylated signals were
decided between Caki1-treated and untreated HUVECs.

2.2.9. Clinical cohort

For N = 399 clear cell renal cell carcinoma from TCGA (TCGA-KIRC), PBRM1 mutations,
MRNA expression data (RNASeqV2, RSEM normalized values) of CXCL1, CXCL2,
CXCL3, CXCL5, CXCL6, PPBP, and CXCLS8, as well as clinical information were queried
and downloaded from cBioPortal (https://www.cbioportal.org).

2.2.10. Bulk 3'mRNA sequencing

After 48-h treatment, kidney cancer cells were washed one time with PBS and 350 pl
Qiagen RLT buffer plus 350 pyl 70% EtOH were added to each well in 6-well plate. The
mixture was loaded onto Zymo-Spin [ICG columns and centrifuged for 1 min at 10,000
rom. The flow through liquid was discarded and 350 pl Qiagen RW1 buffer was added.
Centrifugation was repeated and the flow through was discarded. 500 pul Zymo RNA Wash
buffer was added and centrifuged 2 times for 1 min at 10,000 rpm to completely dry the
columns. RNA-free water was pipetted on columns, incubated for 1 min, then centrifuged

for 1 min at 10,000 rpm. The RNA samples were stored at -80°C.
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Size distribution and the integrity of RNA library was determined by the RNA Screen Tape
analysis prior to 3'mRNA-Seq library preparation utilizing the forward QuantSeq 3’ mRNA-
Seq Library Prep Kit for lllumina according to the manufacturer’s protocol by the NGS
Core Facility at the University Hospital Bonn. The pooled libraries were loaded in the
lllumina HiSeq2500 platform for 100 base-pairs, single ended sequencing. The coverage
was 10 million reads on average. Computational analyses were performed using the
R/Bioconductor computing environment. Full genomic sequences for Homo sapiens from
the R package BSgenome.Hsapiens.UCSC.hg38 (Team-TBD, 2023) was employed to
build reference genome using ‘buildindex’ function from the RSubread package (Liao et
al., 2013). FASTAQ files were aligned to previously indexing hg38 reference using ‘align’
function from the same package. The package can quantifiy gene expression at the level
of either exons, exon junctions or genes. The alignment procedure was executed without
trimming and with ‘uniquely mapped reads’ argument set to false, allowing for mismatches
in the initial cycles and multiple location mapping. The ‘featureCounts’ function (Liao et
al., 2014) was used with ‘useMetaFeatures’ argument set to true to get count matrices at
gene level using genomic annotations GRCh38 from the Genome Reference Consortium
release 108.

For differential gene expression (DEG) analysis, package DESeq2 was utilized (Love et
al., 2014). DESeqg2 normalized raw counts using size factors to adjust for differences in
library sizes and library composition, following by fitting generalized linear model for each
gene, and performing Wald-test for statistical significance. Only genes with at least 10
reads in total were included in the analysis. P-value for each gene was corrected for
multiple testing using Benjamini & Hochberg (B&H) method (false discovery rate, FDR).
Genes with adjusted p values <0.05 were considered differentially expressed.

To get mRNA expression values for a particular gene, gene count matrices were
processed in one of two ways. Specifically, the ‘filterByExpr’ function of the edgeR
package (Robinson et al., 2010) was first applied on the count matrices to remove genes
with low counts. Then ‘voom’ function of the limma package (Ritchie et al., 2015) were
employed to generate logz values of read counts per million (log2 CPM) by normalizing
and transforming the raw count data. On the other hand, the count data was first
processed by DESeq2 as described above, followed by 'regularized log' transformation
(‘rlog’ function from the same package) to obtain the logz values of mMRNA expression.
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Volcano plots were acquired using the R package EnhancedVolcano (Blighe et al., 2023).
Heatmaps were generated using the R package ComplexHeatmap (Gu et al., 2016). The
other plots were created using the R package ggplot2 (Wickham, 2016) and statistical
significances were calculated using the R packages ggsignif (Ahlmann-Eltze & Patil, 2022)
and ggpubr (Kassambara, 2023). Gene set enrichment analysis (GSEA) were computed
for the Hallmark gene sets from the Molecular Signatures Database (MSigDB version
7.5.1) (Subramanian et al., 2005) using the R/Bioconductor package clusterProfiler (Yu et

al., 2012). ‘clusterProfiler’ was also used for genome wide annotation of human genes.

2.2.11. Statistical analysis

Statistical analysis was performed using R (Version 4.3.0), R Studio (Version 2023.03.1
1 446), and GraphPad Prism (Version 9.4.0). Continuous variables were summarized by
their medians, interquartile ranges (IQR), and ranges. Categorical variables were
summarized by their percentages. Statistical tests were used including parametric two-
tailed student’s t-test, parametric one-way Analysis of variance (ANOVA), parametric two-
way ANOVA, mixed-effects analysis, Kruskal-Wallis Test, Wilcoxon rank-sum test and log-
rank test with different multiple comparison tests (Dunnett or Sidak) to obtain adjusted p-
values if needed. Significance level of p < 0.05 was used to determine statistical
significance. Statistical tests are specified in corresponding legends of the figures.

The prognostic value of CXCL5 mRNA expression for ccRCC patient outcomes was
assessed by comparing PFS, disease-specific survival (DSS), and OS between CXCL5-
high and CXCL5-low tumors stratified by the median of CXCL5 expression. To evaluate
the survival distribution of ccRCC patients according to the CXCLS5 level of the tumors,
univariable Kaplan-Meier methodology were performed, and significance was determined
using the log-rank test, which were performed using the R package survival and survminer
(Kassambara et al., 2021; Therneau, 2024; Therneau & Grambsch, 2013). Multivariate
Cox regression analyses were conducted to compare the prognostic value of CXCL5
transcriptional expression with baseline patient characteristics (age, sex), the presence of
PBRM1 mutation, and the American Joint Committee on Cancer (AJCC) staging in
relation to PFS and OS. Adjusted hazard ratios (HR) with their 95% confidence intervals

were described.
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3. Results

3.1. Pharmacologically targeted multiple subunits of the mammalian
SWitch/Sucrose Non-Fermentable (SWI/SNF) complexes

SWI/SNF complexes function as chromatin remodelers, which are evolutionary conserved
across Saccharomyces cerevisiae, Drosophila melanogaster, and Homo sapiens (Tang
et al., 2010). Combinatorial assemblies of 15 subunits compose three distinct forms of
SWI/SNF complexes, BRG1-associated factors (BAFs), Polybromo-associated BAFs
(PBAFs), and non-canonical BAFs (ncBAFs) (Figure 3.1.A). These three entities are
distinct not only in terms of composition but also in terms of localization on chromatin and
functions (Michel et al., 2018). Mutations in one or several subunits of the SWI/SNF
complexes are collectively found in nearly 20% across multitudes of cancer types (Shain
& Pollack, 2013). There are five components in SWI/SNF complexes which possess
modules that can interact with acetylated lysine residues on histone, namely
bromodomains (Figure 3.1.B). Specifically, SMARCAZ2 (also known as hBRM—human
Brahma, or BAF190B, or SNF2L2) and SMARCA4 (also known as BRG1—Brahma-
related Gene 1, or BAF190A), which function as helicases and ATPases providing energy
for whole complexes, are core members that exist in all three SWI/SNF complexes. While
BRD9 is a component of ncBAFs, its paralog BRD7 and PBRM1 constitute parts of
PBAFs. Here, we used multiple pharmacological compounds to disrupt the binding of the
SWI/SNF bromodomains, with the focus on PBRM1, to theirs targets and investigated
changes in the transcriptomic profile of ccRCC cells.

All compounds used in this part were provided by Prof. Dr. Stefan Knapp (Institute of
Pharmaceutical Chemistry, Goethe University, Frankfurt, Germany) (Figure 3.2). Detailed
characteristics of the pan-SMARCA/PBRM1 inhibitors and their pharmacological activities
on murine adipocytes were published previously (Wanior et al., 2020); MW96, MW99,
MW264—negative control (Figure 3.2.A), DP23, and DP28 (Figure 3.2.B) in our study
corresponded to compounds 22, 23, 35, R-28, and 32 in Wanior’s article. All previously
mentioned chemical probes inactivated SMARCAZ2/4 and the 5" bromodomain of PBRM1
(PB1(5)), while DP23 and DP28 auxiliary repressed the 2" and 3" bromodomains of
PBRM1 (PB1(2,3)). dBRD9, a BRD9 chemical degrader or proteolysis targeting chimera
(PROTAC) (Figure 3.2.C), was thoroughly studied by Remillard and colleagues
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(Remillard et al., 2017). Structures, pharmacokinetics and survival benefits in AML mouse
models of the BRD7/9 inhibitors (BI-7273, BI-9564, and BI-6354—negative control
(Figure 3.2.D)) were previously described by Martin et al. (Martin et al., 2016).
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Figure 3.1: Schematic structures of mammalian SWI/SNF complexes and protein domains of
SWI/SNF subunits possessing bromodomains. (A) The mammalian SWI/SNF complexes are found in
three non-redundant forms. (B) SMARCA2/4 and BRD7/9 have only one bromodomain in their structure,
while PBRM1 possesses 6 bromodomains. BAF, BRG1/BRM-associated factor; BAH, bromo-adjacent
homology; BD, bromodomain; BRK, Brahma and Kismet domain; DEXDc, DEAD-like helicases superfamily
domain; HAS, helicase SANT-associated domain; HelicaseC, helicase superfamily c-terminal domain;
HMG, high-mobility group; QLQ, QLQ protein interaction domain; SnAC, SNF2 ATP-coupling. Adapted from
(Sadek et al., 2022; Wanior et al., 2021; Zaware & Zhou, 2019).
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Figure 3.2: Chemical structures of agents that suppress diverse SWI/SNF bromodomains including
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Caki-1 cells were incubated with the aforementioned agents in serial dilutions: 1 uyM, 5
MM, and 10 uM for 48 h. Of note, VHL, PBRM1 and HIF1A are intact in Caki1 (Raval et
al., 2005; Tsherniak et al., 2017). The experiment was done by PD. Dr. Niklas Kliumper.
As a first step towards understanding cellular responses to the disruption of bromodomain
binding activity in ccRCC cells, we performed 3’-RNA sequencing on vehicle and drug-
treated Caki1 cells, then conducted clustering and pairwise comparisons for differential
gene expressions (DEGs), which the data was subdivided into the following four
conditions: 1/SMARCAZ2/4_PB1(5) inhibitor, 2/SMARCA2/4_PB1(5)_PB1(2,3) inhibitor,
3/Dual BRD7/9 inhibitor, 4/BRD9 degrader. This transcriptomic-based screening
approach using pharmacological inhibition compounds in human cell culture model is cost-
effective, time-efficient, and feasible to identify the downstream consequences concerning
PBRM1 inactivation. Cell cultures treated with two disparate agents from the same drug-
class clustered together, revealing a close genetic similarity within their group except for
the BRD9 PROTAC (Figure 3.3.A). For pan-SMARCAZ2/4 and PBRM1 groups, control
samples were discriminated from treated samples on the first principal component (PC1)
of principal component analysis (PCA) (Figure 3.3.B). In contrast, there was no clear
separation between untreated/vehicle and treated with BRD7/9 inhibitor or BRD9
degrader.
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Figure 3.3: Caki1 cells treated with the various drugs targeting different bromodomains of
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Caki1 cells treated with negative compounds (negative controls of SMARCAZ2/4_PB1(5)
and dual BRD7/9 inhibitors) showed no differences in comparison with DMSO-treated
cells (Figure 3.4.A). The expression of 91 and 54 genes were significantly (adjusted p-
value < 0.05 after Benjamini-Hochberg (BH) correction) dysregulated in response to
inactivation of SMARCAZ2/4 and PB1(5) by MW96 and MW99, respectively, compared to
their corresponding control (Figure 3.4.B). The largest effect on gene expressions, 476
and 263 genes, was from DP23 and DP28 treatments respectively (Figure 3.4.C). In
regards to BRD9 and/or BRD7 inhibitors, the number of significantly DEGs were as
follows: 119 genes for BI-72373, 31 genes for BI-9564, and 12 genes for dBRD9 (Figure
3.4.D-E). Hierarchical clustering of genes that had p-adjusted values <0.05 and
log2FC|>0.5 showed a high similarity of gene expression profiles between agents from
the same drug class (between MW96 and MW99, and between DP23 and DP28) (Figure
3.5.A-B). The significantly altered genes in SMARCAZ2/4_PB1(5) group included genes
involved in RNA synthesis (C150rf18, C10rf109) and the regulation of gene expression
(HMGA2, FOS—proto-oncogene, TFAP2A, HES1, NR2F2, SETPB1, AKR1C1, AKR1C2,
AKR1C3—aldo-keto reductase superfamily). The greatest degree of differential
expression was noted in SMARCA2/4_PB1(5) PB1(2,3) group (Figure 3.5.B) with
differently expressed genes coding for transcription factors (IER2, ELF3), histones (H4C3,
H4C15), and signaling proteins (RHOC, GPRC5A, SRC—proto-oncogene). Few genes
were differentially expressed when comparing BI-9654 to the control, and dBRD9 to the

control groups (Figure 3.5.C-D).
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Figure 3.4: Gene expression changes upon acute (48 hours) suppression of different SWI/SNF
bromodomains in Caki1 cells. (A-E) Volcano plots depict the DEGs between the specific inhibitor and its
corresponding control. The vertical and horizontal dashed lines exhibit p-adjusted values = 0.05 and logz
fold change of -0.5 and 0.5. The purple dots and red dots represent genes with statistically significant

alterations within and above logz fold change of -0.5 and 0.5, respectively.



52

MW96 MW99
————
oo ————— e e
CXCL6
CXcLs Z-score
2
1
0
i -1
-2
Treatment
M ctrl_mw
[l SMARCA2/4_PB1(5)_inhibitor_MW96
[ SMARCA2/4_PB1(5)_inhibitor_MW99
Treatment
M ctrl
[l SMARCA2/4_PB1(5)_PB1(2,3)_DP23
[l SMARCA2/4_PB1(5)_PB1(2,3)_DP28
C BI-7273 BI-9564 D dBRD9

Treatment

U
RETREG!
NPTX1

Treatment [l Ctrl_BRD7/9_inhibitor [l BRD7/9_inhibitor_BI7273 [l BRD7/9_inhibitor_BI9564 Treatment [l Ctrl [l PROTACs_targeting_BRD

Figure 3.5: Top 50 significantly dysregulated genes in response to the pharmacological inhibition of
the SWI/SNF bromodomains. Heatmaps of DEGs demonstrate hierarchical clustering results of the
comparisons between bromodomain-inactivated drugs and vehicle controls, which rlog gene expression
values of genes with p-adjusted values (FDR) <0.05 and log2FC > 0.5 were centered and scaled to get z-
score. Z-scores are colored according to upregulation (red) or downregulation (blue).

e ———

RNF138

FoS

PDZK1IP1

SLe7Att

AKR1C3

IL7R

NPTX1

AKR1C2

AKRICT

AKRIBI0

RPS3AP7



53

Interestingly, CXCL5 and CXCL6 were uniformly increased gene expression in groups
treated with the pan-SMARCA/PBRM1 inhibitors, but not with the BRD7 and/or BRD9
inhibitors, as shown in Table 12 and Figure 3.5. Both CXCL5 and CXCL6 bind to the
same CXCR2 receptor and belong to chemokine superfamily that plays a predominant
role in mediating leukocyte recruitment to the inflammation sites as well as secondary
lymphoid organs. In addition to the original chemotaxis function, all CXCR2 ligands—
CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8—possess angiogenic
properties that can modulate the migration of human lung microvascular endothelial cells
(HMVEC-L) and induce neovascularization in the corneal micropocket assay (Addison et
al., 2000). Thus, we carefully examined the mRNA expression levels of all chemokines
binding to CXCR2 in our sequencing dataset. Because the gene expression profiles of
DMSO-treated and negative control MW groups were approximately the same (Figure
3.4A), we combined these two groups in performing statistical test to increase statistical
power. As shown in Figure 3.6, PPBP (encoded CXCL7) mRNA was not detected, and
CXCL5 was significantly upregulated in groups in which the activity of pan-
SMARCA/PBRM1 was disrupted, but not in the BRD9 and/or BRD7 treated groups.
Inhibition of PBRM1 also leads to the upregulation of CXCL1 and CXCL8, but this did not
hold true for all the compounds in the pan-SMARCA/PBRM1 inhibitor groups.

Table 12: Inhibition of SMARCA2/4 and PBRM1 induced differentially expression of
CXCL5 and CXCL6 in Caki1 cells

CXCL5 CXCL6
log2 FC P-adjusted log2 FC P-adjusted

SMARCAZ2/4_PB1(5)

MW96 1.0522166 < 0.00001 1.3873594 < 0.001

MW99 1.0522166 < 0.00001 1.3873594 < 0.001
SMARCAZ2/4_PBA1(5)_
PB1(2,3)

DP23 0.4390678757 |0.02373 0.8508951773 |< 0.00001

DP28 0.449205748 |< 0.001 0.693614372 |<0.00001
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Figure 3.6: Pro-angiogenic chemokine profiles at the transcriptomic level of Caki1 cells when
incubated for 48 h with various inhibitors that specifically inactivated disparate bromodomains of
the SWI/SNF complexes. The depicted mRNA expression values are logz values of read counts per million
(log2 CPM) resulted from the normalization and transformation of raw count data using ‘voom’ function of
the ‘limma’ package. Regarding the boxplots, the upper and lower hinges represent the 75th and
25th percentiles, respectively and the middle line denotes median. The whiskers extend in both directions
until reaching the max or min value. Data were analyzed by two-sided t-test using ‘stat_signif’ function of
the ‘ggsignif package in R and *p < 0.05, **p < 0.01, and NS. not significant represent statistical

significances.
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3.2. The association between PBRM1-loss-of-function and CXCL5 in TCGA-KIRC
dataset

Given our results of RNA sequencing and the aforementioned relationship between
PBRM1 mutations and angiogenesis, we investigated the correlation between the
expression of pro-angiogenic CXCR2-binding chemokines and the PBRM71-mutated
status in ccRCC tumors. Therefore, the TCGA-KIRC kidney renal clear cell carcinoma
dataset of PBRM1 mutations, mMRNA expression levels of CXCL1, CXCL2, CXCL3,
CXCL5, CXCL6, PPBP, and CXCLS8, as well as clinical information was downloaded from
cBioPortal. Mutations of PBRM1 were identified in 143 (35.8%) patients out of 399
patients. Transcriptional expressions of CXCL1, CXCL2, CXCL3, and CXCL5 were
significantly elevated in PBRM1-loss tumors (Figure 3.7). In contrast to the observation
from our RNA-seq data, there was no difference in CXCL6 mRNA levels between mutated

and non-mutated PBRM1 groups.
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Figure 3.7: mRNA expression profile of CXCR2-binding chemokines in relation to PBRM1 mutation
status. The depicted mMRNA expression values are RSEM-normalized logz values of 399 ccRCC patients
stratified based on PBRM1 mutation status. In regards to boxplots, the upper and lower hinges represent
the 75" and 25™ percentiles, respectively and the middle line denotes the median. The whiskers extend in
both directions until reaching the max or min value. * denotes p < 0.05, *** denotes p < 0.001, and NS. (not
significant) denotes p > 0.05 as determined by Wilcoxon rank-sum test using ‘stat_signif function of the
‘ggsignif package in R.
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3.3. PBRM1-KO cell lines were hypersensitive to various pro-inflammatory signals
in TME

To begin to study the influence of PBRM1 depletion on the expression of CXCR2-
activating chemokines in ccRCC, we established an unbiased in vitro model using
conventional CRISPR-Cas9 mediated knock-out (KO) to introduce loss-of-function
PBRM1 mutations in Caki1 cell line, which is a well-established cell line for ccRCC
research as these cells were able to form clear cell tumors in immune-incompetent mice
model (Brodaczewska et al., 2016). Two sgRNA pairs, henceforth called PBRM1_1 and
PBRM1_2, were used to circumvent potential off-target effects. ccRCC cells were
transfected with Px459 plasmid that encodes a Cas9 endonuclease, a PBRM1 sgRNA,
and a puromycin resistance cassette for selection. The PBRM1-KO cell line was
established by PD. Dr. Niklas Klumper. The ccRCC cells were exposed to IFNy, TNFa,
and IL17A, which were among the most abundant cytokines in RCC TME (Lee et al.,
2022), and subsequently subjected to bulk RNA sequencing; cell-cultured supernatant
were also harvested for ELISA and multiplex bead-based immunoassay.

Successful KO of PBRM1 in Caki1 cells was validated using RNA-seq and Western blot
(WB) (Figure 3.8.A-B). In RNA-seq analysis, PBRM1-KO cells generated by two different
sgRNA were clustered together regardless of treatment (IFNy or TNFa), indicating a close
genetic similarity between PBRM1_1 and PBRM1_2 defective cells (Figure 3.8.C). In
PCA, there was a clear separation between PBRM1 KO vs. WT on PC1 and PBRM1_1
vs. PBRM1_2 on PC2 (Figure 3.8.D). The number of significantly upregulated genes (log2
FC > 0 and p-adjusted < 0.05) due to PBRM1 deletion in normal cultured condition or in
response to either IFNy or TNFa was as follows: 1607, 1360, and 1167 genes (Figure
3.8.E). Expression of 1396, 991, and 1025 genes was significantly downregulated (log:
FC > 0 and p-adjusted < 0.05) in response to inactivation of PBRM1 compared to PBRM1-
WT in the absence or presence of either IFNy or TNFa, respectively. As shown in Venn
diagrams (Figure 3.8.F), a significant number of DEGs (628 commonly up-regulated and
411 commonly down-regulated due to PBRM1 abrogation) were shared among the
untreated, and treated with either IFNy or TNFa conditions. In all three aforementioned
treatments, the top upregulated genes were SLC16A9 (Monocarboxylate transporter 9),
ALDH1A3 (Aldehyde dehydrogenase 1 family, member A3), NMU (Neuromedin U),
MELTF (Melanotransferrin), IGFBP7 (Insulin Like Growth Factor Binding Protein 7),
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FGFR1 (Fibroblast Growth Factor Receptor 1), and TSPANS (Tetraspanin 5) (Figure
3.8.G). The top downregulated genes were PDLIM1 (DZ and LIM domain protein 1),
VAMPS8 (Vesicle-associated membrane protein 8), CHST11 (Carbohydrate
sulfotransferase 11), ADRBZ2 (B. adrenoreceptor), and DENNDZ2A (DENN Domain-
Containing Protein 2A).

Importantly, consistent with the RNA-seq result of pharmacological inhibition of PBRM1 in
previous section, CXCLS transcripts were at least five-fold higher in PBRM1-KO cells
relative to PBRM1-WT cells, regardless of stimulation. We further examined closely the
transcriptional expression of all CXCR2-binding chemokines (Figure 3.9.A). Transcripts
of PPBP was undetectable in this experiment which is similar to the RNA-seq result of
biochemical inactivation of PBRM1 activity. Under normal cultured condition, PBRM1-KO
generally increased the mRNA expression of all CXCR2 ligands, although only CXCL5
and CXCL8 reached statistical significance. Furthermore, except for CXCL2, transcription
of other CXCR2 ligands was suppressed in both PBRM7-KO and WT cells in response to
IFNy treatment. In contrast, TNFa treatment dramatically increased the expression of all
CXCR2-activating chemokines not only in PBRM1-loss cells but also in control cells, while
the observed pattern of PBRM1-deficient cells expressing higher mRNA levels of these

chemokines was still preserved.
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Figure 3.8: Differential Gene Expression analysis of PBRM1 KO vs. WT Caki1 cells in response to
pro-inflammatory signals. PBRM71-KO ccRCC cells were generated using CRISPR-Cas9 and two
different sgRNA (PBRM1_1 and PBRM1_2). Mock cells were transfected with Px459 backbone only.
PBRM1-KO Caki1 cells were confirmed at the protein level through Western blot (A) and at the mRNA level
via RNA-seq (B). (C) Clustering heatmaps were generated by calculating the Euclidean distances between
PBRM1- KO and WT samples which were unstimulated or stimulated with 250 U/mL IFNy or 250 U/mL
TNFa. (D) PCA plots using the results from DESeq2 analysis followed by rlog transformation exhibit the
extent of intra-group homogeneity and the prominent source of data variability. (E) Volcano plots of all DEGs
between PBRM1-KO and PBRM1-WT cells. The vertical and horizontal dashed lines exhibit p-adjusted
value = 0.05 and logz FC = 0.5. The purple dots and red dots represent genes with statistically significant
alterations within and above logz FC of -0.5 and 0.5, respectively. (F) Venn diagrams showing the overlaps
of mRNAs that are significantly activated (left, blue) or suppressed (right, green) (FDR < 0.05) by PBRM1
depletion in three cultured conditions: unstimulated or stimulated with either IFNy or TNFa. (G) Heatmaps
of top 50 DEGs demonstrate hierarchical clustering results of the comparisons between PBRM1-KO and
PBRM1-WT, which rlog gene expression values of genes with FDR <0.05 and log2FC >1 or <1 were
centered and scaled to get z-score. Z-scores are colored according to upregulation (red) or downregulation
(blue).

To corroborate what we observed in Caki1 cells can be generalized for ccRCC, we
performed PBRM1 knock-out using CRISPR/Cas9 in 7860 cells, which is a ccRCC cell
line that contains loss-of-function mutations in VHL and HIF1A. The abolishment of
PBRM?1 expression in 7860 cells were validated utilizing WB (Figure 3.9.B). A fade band
of PBRM1 in PBRM1_2 cells was worthy of note, which can be explained by polyclonal
knock-out approach leading to the existence of PBRM1 WT or heterozygous-deleted cells
in the PBRM1_2 population. Next, to confirm whether there is a positive correlation
between the protein levels and the observed elevated mRNA levels of CXCR2 ligands in
PBRM1-KO cells as well as the transcriptional hyperactivation of these chemokines
following TNFa and IL17A treatments, we quantified secreted CXCL chemokines in
ccRCC supernatant using the LEGENDplex human proinflammatory chemokine panel 1
and 2, and the R&D human CXCL6 ELISA kit. There was high concordance between
transcript levels and protein amounts of CXCR2 ligands in ccRCC cells. Particularly,
PBRM1-KO cells of both Caki1 and 7860 had significantly higher production of CXCL1,
CXCL5, and CXCL6 (only for Caki1) at baseline compared to PBRM1-intact cells (Figure
3.9.C). Similarly, CXCL2 and CXCL8 were more highly secreted at baseline by PBRM1_2
but not PBRM1_1 cells than the Px459 control cells in both Caki1 and 7860. Both TNFa
and IL17A induced the release of pro-angiogenic chemokines, with the more robust
induction of these chemokines production still detected in PBRM1-loss Caki1 and 7860
cells. For example, secretion of CXCL5 was increased 24-fold and 32-fold in Caki1 Px459
cells after TNFa and IL17A stimulation, respectively; and the Caki1 PBRM1_1 cells
released twice as much CXCL5 as the control cells in response to IL17A. Generally, IL17A
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was more potent than TNFa in stimulating the secretion of CXCR2-binding chemokines
by ccRCC cells. Of note, there was a discrepancy in the amount of CXCR2 ligands
secreted by Caki1 vs. 7860, which 7860 cells produced more CXCL1, CXCLS5, and
CXCLS8 at baseline as well as following the exposure to TNFa and IL17A. As hypoxia-
regulated expression of CXCL chemokines has been extensively reported (Korbecki et
al., 2021), as well as pVHL and HIF1A are undetectable in 7860, the disparity between
two cell lines might be attributed to hypoxia signaling.
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Figure 3.9: PBRM1-KO cells are hypersensitive to pro-inflammatory signals. (A) Caki1 cells were
untreated or treated with human recombinant 250 U/mL IFNy or 250 U/mL TNFa and transcriptomic changes
of CXCR2-binding ligands were evaluated by RNA-seq (Each dot depicts log2-transformed value). A two-
sample t-test was performed for statistical significance, *p < 0.05, **p < 0.01, ***p < 0.001. (B) PBRM1-KO
7860 cells were confirmed at the protein level through Western blot. (C) Profile of CXCR2-activating
chemokines secreted by Caki1 and 7860 cells. ccRCC cells were exposed to either 250 U/mL TNFa or 100
ng/mL IL-17A and incubated for 48 hours. Graphs demonstrate mean protein concentration £ SD from three
independent experiments. Data were analyzed by two-way ANOVA/mixed-effects analysis plus Dunnett's
multiple comparison test and statistical significances are depicted: *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001.

3.4. The prognostic significance of CXCL5 expression in TCGA-KIRC dataset

As we observed that CXCL5 was significantly released by PBRM1-deficient ccRCC cells,
we asked whether CXCLS level can predict the prognosis of ccRCC tumors. We
dichotomized the TCGA-KIRC data into CXCLS5 high and low groups using the median of
CXCL5 mRNA expression. Clinical characteristics at baseline of this cohort were detailed
in Table 13. Remarkably, PBRM1-mutated samples accounted for up to half of the
CXCL5-high population, whereas PBRM1-mutated samples constituted less than one-
third of CXCL5-low samples (Chi square p < 0.001). Interestingly, male patients were twice
as likely to have high levels of CXCL5 mRNA than female patients, while there was
approximately an equal number of male and female patients in CXCL5-low group (Chi
square p < 0.001). CXCL5-high expression was associated with shortened PFS, DSS,
and OS (Figure 3.10), with 85% 12-month survival rate and a median OS of 65 months
(95% CI, 53 to NR) compared with 95% 12-month survival and median OS not reached
(95% ClI, 93 to NR) for CXCL5-low tumors. In multivariable Cox regression co-adjusted
for age, sex, PBRM1 mutation status, and the AJCC staging, CXCL5-high expression led
to an 81% risk augmentation for death compared with CXCL5-low tumors (hazard ratio,

1.81[95% ClI, 1.23 to 2.67], p = 0.002; Table 14).
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Table 13: Baseline characteristics of the TCGA-KIRC cohort

Characteristic CXCL5 High, n = 200" CXCL5Low,n =199’ p-value?
PBRM1 Mutation <0.001
No mutation 108 (54%) 148 (74%)
Mutated 92 (46%) 51 (26%)
Age 0.2
Median (IQR) 61 (52, 72) 59 (52, 68)
Range 33, 90 32, 88
Sex <0.001
Female 50 (25%) 97 (49%)
Male 150 (75%) 102 (51%)
AJCC staging 0.2
STAGE | 94 (47%) 105 (53%)
STAGE Il 18 (9.0%) 26 (13%)
STAGE Il 51 (26%) 41 (21%)
STAGE IV 37 (19%) 27 (14%)
n (%)

’Pearson's Chi-squared test; Wilcoxon rank sum test
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Figure 3.10: The clinical significance of CXCL5 expression on patient survival in the TCGA-KIRC.
Kaplan—Meier analyses demonstrate the impact of CXCL5 mRNA level (relative to the median) on PFS,
DSS, and OS among patients. Two-sided log-rank test was performed to compare between CXCL5 high/low
groups.
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Table 14: Multivariate Cox regression analysis for the TCGA-KIRC cohort

Progression Free Survival

Overall Survival

Characteristic N HR' 95%ClI p- N HR' 95%ClI p-
value value
CXCL5 mRNA 0.002 0.002
CXCL5 Low 198 — — 199 — —
CXCL5 High 199 1.85 1.24, 200 1.81 1.23,
277 2.67
PBRM1 Mutation 0.93 0.1
No mutation 254 — — 256 — —
Mutated 143 0.98 0.67, 143 0.73 0.50,
1.45 1.08
Age 397 1.01 0.99, 0.22 399 1.05 1.03, <0.001
1.03 1.07
Sex 0.38 0.81
Female 146 — — 147 — —
Male 251 1.21 0.79, 252 1.05 0.71,
1.84 1.54
AJCC staging <0.001 <0.001
STAGE | 199 — — 199 — —
STAGE Il 44 3.24 1.49, 44 1.31 0.59,
7.04 2.92
STAGE Il 92 5.40 2.98, 92 248 1.49,
9.79 413
STAGE IV 62 239 13.5, 64 9.27 5.77,
42 1 14.9

'"HR = Hazard Ratio, Cl = Confidence Interval
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3.5. The influence of PBRM1-KO cell lines on the proliferation, signaling activation,
and capillary formation of endothelial cells.

Tumor angiogenesis is an inexorable consequence of growing tumors owing to their
insatiable need for nutrients and oxygen. Cancer cells can modulate endothelial cell
activities through several mechanisms, involving soluble factor and vesicle secretion, as
well as direct contact via gap junctions and adhesion receptors (Bruno Miguel et al., 2016),
which successively advance endothelial cell proliferation, migration, and vessel formation.
The most common target of clinical-use anti-angiogenic drugs for cancer treatment is
VEGF/VEGFR axis (Liu et al., 2023). Although the contributing role of CXCR2-binding
chemokines in tumor angiogenesis has been reported in a variety of cancer types (Gerber
et al., 2009; Keeley et al., 2010), the therapeutic potential of these chemokines has often
been overlooked and underrepresented in current scientific studies.

As we observed the upregulation of different CXCR2-binding chemokines in PBRM1-loss
cells regardless of stimulation, we asked to what magnitude these chemokines exert
influence on proangiogenic phenotype of PBRM1-mutant ccRCC tumors. We thus used
human umbilical vein endothelial cells (HUVECs) and conditioned-media (CM) from Caki1
and 7860 to investigate the crosstalk between cancer cells and endothelial cells.
HUVECs were cultured in CM of ccRCC cells at increasing percentages for 3 days. In
both Caki1 and 7860, the higher the amount of the supernatant was added, the better
HUVECs proliferated (Figure 3.11.A). Importantly, PBRM1-KO supernatant significantly
promoted HUVECs viability compared to PBRM1-WT as measured by the CellTiter Glo
assay. Furthermore, the HUVEC-survival-support effect of ccRCC CM was intensified by
supplementing 25 ng/mL VEGFA or was abrogated in the presence of 1 yM CXCR2
inhibitor or 0.1 uyM sunitinib or 100 pg/mL bevacizumab (Figure 3.11.B). Consistently, the
combination of CXCR2 inhibitor and sunitinib or bevacizumab exerted an additive effect
on HUVEC viability. Of note, the addition of recombinant human CXCL5 to 7860 CM but
not Caki1 CM enhanced the proliferation of HUVECs.
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Figure 3.11: PBRM1-KO ccRCC cells are superior to PBRM1-WT in sustaining HUVEC survival and
targeting CXCR2/CXCL5 axis results in a reduction of HUVEC viability. (A) HUVECs proliferation
curves of HUVECs cultured in ccRCC-cell CM at different dilution percentages for 3 days. Data are
presented as mean * s.d. **p < 0.01, ***p < 0.001; two-way ANOVA with Sidak multiple comparison test.
(B) HUVECs proliferated in 100% ccRCC-cell CM with the addition of recombinant human (rh) VEGFA or
rhCXCL5 or CXCR2 inhibitor (SB225002) or anti-VEGF/TKI agents or combination of both. Statistical
significance was calculated by two-sided unpaired t-test is showed *p < 0.05, **p < 0.01. Data were
normalized to HUVECs cultured in basal media (0% dilution).

To investigate the signaling pathway by which ccRCC CM supported the HUVEC viability
in CXCR2-dependent manner, we used R&D Systems Proteome Profiler Human
Phospho-Kinase Arrays on untreated and Caki1-supernatant-treated HUVECSs to have a
holistic overview of kinase activation. As shown in Figure 3.12.A, HUVECs incubated with
Caki1 supernatant exhibited enhanced phosphorylation of some kinases and kinase

targets in comparison with the HUVECs in basal media, including 1.3-fold higher glycogen

| *
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synthase kinase-3 (GSK-3a/B) (phosphorylation sites—serine 21/29 (S21/S9)), 2.7-fold
higher signal transducer and activator of transcription 3 (STAT3) at tyrosine 705 (Y705),
and 1.5-fold higher cJUN at serine 63 (S63).

Next, we used WB to independently corroborate the phospho-kinase assay findings. The
ccRCC supernatant was diluted in half with basal media to obtain WB signals that were
visible to identify the different effects of PBRM1-KO and WT ccRCC supernatant and
applied on HUVECs, which were starved for 4 h in basal media, for 20 min. We also
checked the phosphorylation levels of extracellular signal-regulated kinases 1/2 (ERK1/2)
as this is centrally phosphorylated and activated with the activation of CXCLs/CXCR2
(Cheng et al., 2019). In unstimulated HUVECs, phosphorylated-STAT3 was undetectable,
while weak signals of phosphorylated c-JUN, GSK-3@3, and ERK1/2 were observed
(Figure 3.12.B). Consistent with phospho-kinase data, the phosphorylation of STAT3, c-
JUN, GSK-38, and ERK1/2 was elevated in response to secreted factors from both Caki1
and 7860.

We further investigated whether there were differences in the phosphorylated protein
levels of HUVECs that were stimulated with PBRM1-KO and WT supernatant in CXCR2-
dependent mode. In both Caki1 and 7860, higher induction of phosphorylated GSK-33
was detected in HUVECs treated with PBRM17-KO CM compared to PBRM1-WT CM
(Figure 3.12.B-E), whereas the differences of phospho-STAT3 and phospho-ERK1/2
levels were inconsistent between PBRM1-KO and PBRM1-WT due to the biological
discrepancies between PBRM1_1 and PBRM1_2 cells (Figure 3.12.B, C and E).
Furthermore, the addition of CXCR2 inhibitor in the presences of ccRCC CM (both Caki1
and 7860) partially reduced the phosphorylated levels of STAT3 and ERK1/2 in HUVECs;
conversely, sunitinib relative to CXCR2 inhibitor had no impact on STAT3 phosphorylation
levels and less impact on ERK1/2 phosphorylation levels. Notably, supplement of CXCR2
inhibitor and sunitinib in PBRM71-KO Caki1 or 7860 CM moderately blocked the
phosphorylation of GSK-3f in HUVECs. The CM-induced S9 phosphorylation of GSK-33
was reduced by treatment with the selective GSK-3[ inhibitors, either TWS119 (0.5 uM)
or AR-A014418 (10 pM), or the GSK-3a/p inhibitor LY2090314 (0.5 uM) (Figure 3.12.D),
which is counterintuitive since GSK-3 activity is repressed through the phosphorylation of
S9 in GSK-3B. Indeed, our result is in line with findings from Zhang et al., which they
observed the reduction of phosphorylated GSK-3f at both S9 and Y216 (enhanced GSK-
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3 activity) sites when non-SCLC cell line was exposed to the same GSK-3f inhibitors
(Zhang et al., 2017). The inhibition of GSK-3 phosphorylation by the GSK-3f inhibitors
was paralleled by a decrease in the phosphorylation of ERK1/2. Among three inhibitors,
only AR-A014418 significantly altered the total level of GSK-3a/f and ERK1/2 protein
expression. We finally utilized various human recombinant CXCR2 ligands to verify that
GSK-3 is one of downstream signaling of CXCR2 activation (Figure 3.12.F).
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Figure 3.12: Activation of different signaling pathways in HUVECs in response to secreted factors
in ccRCC CM in a CXCR2-sensitive mean. (A) Phospho-kinase array analysis of HUVECSs starved for 4 h
and stimulated for 20 min without or with Caki1 supernatant. (B) Western blot analysis of HUVECSs starved
for 4 h and pre-treated without or with either 0.5 yM SB225002 (CXCR2 inhibitor) or 100 nM sunitinib or
combination of both, then stimulated with 1:2 dilution of ccRCC CM in the presence of corresponding drugs
for 20 min. (C) Immunoblots of HUVECs starved for 4 h and pre-treated without or with either 0.5 uM
SB225002 or the selective GSK-3f inhibitors, either TWS119 (0.5 uM) or AR-A014418 (10 uM), then
incubated with 1:2 dilution of ccRCC supernatant in the presence of coressponding drugs for 20 min. (D)
WB analysis of HUVECs starved for 4 h and pre-treated without or with either 0.5 yM SB225002 or 0.5 uM
TWS119 or 0.5 pM LY2090314 (GSK-3ap inhibitor), then stimulated with 1:2 dilution of ccRCC CM in the
presence of corresponding drugs for 20 min. (E) Phosphorylation levels of GSK3(, ERK1/2, and STAT3
normalized to their corresponding total protein levels are shown in the histograms (data of at least three
independent experiments). (F) Immunoblots of HUVECSs starved for 4 h and stimulated with various human
recombinant CXCR2-activating chemokines for 20 min.
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To examine the involvement of CXCR2 ligands in ccRCC CM in angiogenic sprouting, we
employed a three-dimensional model in which HUVECs spheroids were embedded in
collagen matrix and stimulated with basal media containing angiogenic factors or
supernatant from cancer cells (Figure 3.13.A). The capillary-like structures projected from
HUVEC spheroids were observed in the presence of 25 ng/mL recombinant VEGFA which
served as a positive control (Figure 3.13.B). Of note, HUVEC sprouting capacity varied
according to passage number, with high passage number correlating with increased
capillary-like formation. This is in complete agreement with previous findings from Heiss
and colleagues (Heiss et al., 2015). Indeed, PBRM1-KO supernatant from both Caki1 and
7860 elicited pronounced sprouting of HUVECs in terms of the number of sprouts per
spheroid as well as the cumulative length of those sprouts in comparison to PBRM1-WT
supernatant (Figure 3.13.C and Figure 3.14.A). The supernatant-induced sprouting effect
was conspicuously negated with the addition of either 0.5 yM CXCR2 inhibitor or 5 pg/mL
CXCLS5 Ab (Figure 3.13.C and Figure 3.14.B). CXCR2 inhibitor was superior to CXCL5
Ab in suppressing sprouting capacity of HUVEC-treated with Caki1 CM, whereas the anti-
angiogenic effect of CXCL5 Ab, relative to CXCR2 inhibitor, was more robust in HUVECs
stimulated with 7860 supernatant.

To sum up, we showed that HUVEC proliferation and angiogenic function were sustained
by CXCR2-activating chemokines secreted by ccRCC cells. The influence of ccRCC cells
on endothelial cells via paracrine communication can be attributed to the GSK3[3 signaling,
which in turn can be curbed by CXCR2 blockage (or CXCL5 blocking Ab with respect to
sprouting capability). Remarkably, PBRM1-loss in ccRCC amplified CXCR2-ligand pro-
angiogenic cascade, which provides a broader mechanistic understanding of high
angiogenic signature in PBRM1-deficient ccRCC tumors.
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0.05, **p < 0.01, ***p < 0.001.
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3.6. The inoculation of ccRCC tumors on chicken chorioallantoic membrane (CAM)
assay

To examine the extent to which the obstruction of the CXCR2/CXCL5 pathway can
dampen the growth of ccRCC, we employed CAM assay for our in vivo tumor proliferation
(Figure 3.15.A). Accordingly, we incorporated two other ccRCC cell lines, OSRC2 and
KMRC1, which are in the top three ccRCC cell lines with highest gene expression of
CXCL5 in DepMap database (https://depmap.org/portal/). Besides, we also included NCI-
H1048, a small cell lung cancer cell line (SCLC) that does not secrete CXCLS5, to
investigate whether the tumor growth on CAM is CXCL5 dependent. Our CAM assay
protocol was established based on the improved protocol from Kunz and colleagues (Kunz
et al., 2019). In this article, the authors compared the usages of different reagents,
materials as well as handling techniques to ameliorate embryo survival as well as tumor
take rates. With respect to our experiment, at from embryonic day (ED) 8, 2 to 3 million
cancer cells were submerged in matrices with normal level of growth factors. The cell
suspension was directly implanted on CAM membrane that was lightly lacerated using a
cannula. Ethical approval was not required in our case since we concluded our experiment
at ED14.

All ccRCC and SCLC cell lines grew noticeably at a macroscopic level (Figure 3.15.B).
The tumors were encircled by a wide vascularization area. With the same number of cells
transplanted on the CAM, the biggest tumor was formed by OSCR2 (26.6 + 8.7 mm® in
comparison with Caki1 (16.8 + 3.9 mm?), 7860 (11.1 £ 7.1 mm?®, and KMRC1 (13.5+ 7.3
mm?3). All 4 ccRCC cell lines exposed to either CXCL5 Ab or CXCR2 inhibitor for 4 days
formed statistically significant smaller tumors than those received DPBS as control
(Figure 3.15.B and C). The tumor volume of Caki1 decreased from 16.8 + 3.9 mm?3to 3.9
+ 3.9 mm? and 2.5 + 2.2 mm3 when treated with CXCL5 Ab and CXCR2 inhibitor,
respectively. Regarding 7860, 2-fold and 6.8-fold reduction of tumor size was observed
in CXCL5 Ab and CXCR2 inhibitor -treated cells compared to untreated cells. In contrast,
tumor formation of NCI-H1048 was not affected by the addition of CXCLS5 Ab (Control:
27.0 + 15.2 mm3vs. CXCL5 Ab: 30.5 + 3.6 mm?). Besides, the density of capillary network
surrounded drug-treated ccRCC tumors was decreased and more tortuous vessels were
formed. Treatment of tumors with sunitinib or sunitinib combined with either CXCL5 Ab or

CXCRZ2 inhibitor significantly impaired ccRCC tumor growth when compared to control.
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In conclusion, the therapeutic potential of CXCL5/CXCR2 signaling pathway disruption in
ccRCC was demonstrated in the CAM assay, underscoring that targeting CXCL5/CXCR2
axis is a promising approach for ccRCC treatment.
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Figure 3.15: Disrupting CXCL5/CXCR2 axis suppresses ccRCC tumor growth on CAM assay. (A)
Workflow of CAM assay experiment, which was adapted from (Sarogni et al., 2021), from embryonic day of
development (ED) 0 to ED14. 7 days since the first day of incubation (ED7), part of egg shell and shell
membrane are cut off to reveal the CAM. 2 to 3 million cells are engrafted the next day. 48-h post-
engraftment, testing agents are implemented directly on top of the tumors. The experiment is terminated at
ED14 to circumvent the ethical restriction of animal testing. (B) Representative macroscopic images of
ccRCC tumors at day 6 post-implantation in in ovo xenograft CAM assay at 2X zoom factor. The inner
diameter of white silicon ring is 7 mm. NCI-H1048 cell line was employed as a negative control for the
specific therapeutic effects of anti-CXCL5 on ccRCC. (C) SB225002 (CXCR2 inhibitor), CXCL5 blocking
antibodies and sunitinib—a standard first-line treatment for metastatic RCC—can considerably attenuate
tumor progression. At least 3 eggs per condition from 2 to 3 experiments were included for statistical testing.
Lines indicate the median of each group. Two-sided unpaired t-test was conducted for NCI-H1048.
Statistical analyses in all ccRCC cell lines were performed with one-way ANOVA plus Dunnett's multiple
comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, **p < 0.0001, ns. not significant.
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4. Discussion

The discovery of elevated expression of CXCL5 and CXCL6 in PBRM1-pharmacologically
inhibited cells and the subsequent observations of enhanced secretion of CXCL1, CXCL2,
CXCL5, and CXCLS8 (all CXCR2 ligands) in PBRM1-deleted ccRCC cells add a new
dimension to our understanding of the role of PBRM1 loss in ccRCC, specifically in terms
of tumor angiogenesis. This section aims to situate our results within the broader context
of current knowledge, highlighting similarities, discrepancies, and the novel insights that
our study contributes.

4.1. PBRM1 acts as a tumor suppressor gene

PBRM1 has been identified as a key tumor suppressor (following the classical two-hit
model) in ccRCC. PBRMT1 loss is observed in approximately 40% of ccRCC cases, making
it the second most frequently mutated gene after VHL. Previous studies have extensively
documented the role of PBRM1 in regulating gene expression, cell cycle progression, and
genome stability. PBRM1 manifests its tumor suppressor activity in breast cancer via
inducing p21 expression, subsequently cell cycle arrest at the G1 phase (Xia et al., 2008).
In a non-malignant breast cell line received TGFB treatment or y-irradiation, PBRM1
binding to the p21 promoter is crucial for p21 upregulation and G1 arrest. PBRM1-
depleted primary fibroblasts have shown increased survival and delayed senescence,
which is ascribed to PBRM1’s contributing role in p53-mediated replicative senescence
(Burrows et al., 2010). PBRM1-knockdown ccRCC cell lines exhibited transformed
phenotypes as evidenced by enhanced soft-agar growth and migration (Varela et al.,
2011). Later, Gao and colleagues used two pVHL-deficient ccRCC cell lines, A704
(without detectable PBRM1) and CRISPR-mediated-KO PBRM1 7860, to show that the
combined loss of VHL and PBRM71 significantly activates the transcription of HIF-
dependent/hypoxia-dependent genes, thereby intensifying the pseudohypoxia response
(Gao et al., 2017). The abrogation of PBRM1 in 7860 cells accelerates tumor progression
as these cells form significantly enlarged tumors in immune-deficient mice, which can be
rescued by the re-expression of PBRM1. Furthermore, there has been evidence to
suggest the involvement of PBRM1 in preserving genome and chromosomal integrity.
Brownlee et al. showed through knocking down PBRM1 with siRNA in mouse embryonic
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stem cells, human fibroblasts, and an osteosarcoma cell line, or expressing PBRM1
cancer-associated missense mutations in yeast that PBRM1 is crucial for maintaining
centromeric sister chromatid cohesion and lack of PBRM1 culminates in chromosomal
instability (Brownlee et al., 2014). PBRM1 is also essential for transcriptional silencing and
subsequent DNA repair in a fraction of DNA double-strand breaks (DSBs) (Kakarougkas
et al., 2014). This process is dependent on ATM kinase-mediated phosphorylation of
PBRM1 and may involve PBRM1 supporting the enrichment of H2AK119 mono-
ubiquitination that allows for mounting polycomb repressive machinery for transcriptional
repression around DBSs. Consistently, Postel-Vinay lab reported the synthetic lethal
effect of poly-(ADP-Ribose) polymerase inhibitors (PARPi)—DNA repair inhibitors—and
PBRM1-deficiency in ccRCC, osteosarcoma, and NSCLC cell lines as well as in ccRCC
xenograft model (Chabanon et al., 2021). Particularly, as PBRM1-loss ccRCC cells are
more vulnerable to replication stress and DNA damage, this ramification is magnified by
PARPI treatment. The accrual of R-loops and micronuclei, owing to replication stress,
provokes type | IFN response with the activation of the cyclic GMP-AMP
synthase/stimulator of IFN genes (cGAS/STING) pathway, and ultimately cell death. In
contrast, Espana-Agusti et al. demonstrated that PBRM1 inactivation induces a global
modulation of H3K9me3, consequently negating potential replication stress triggered by
VHL loss and promoting cell division and proliferation that drives ccRCC tumorigenesis
(Espana-Agusti et al., 2017). Another synthetic lethal targetin PBRM1-mutant cancer cells
is enhancer of zeste homolog 2 (EZH2). The addition of EZHZ2 inhibitor on PBRM1-
deficient cells culminates in reduced trimethylation, which is catalyzed by EZH2, of H3K27
as well as increased apoptotic activity in these cells (Huang et al., 2020; Kim et al., 2015).
Altogether, distinct genetic backgrounds might affect the downstream consequences of
PBRM1 deletion in cancer cells.

PBRM1 suppression has been linked to NF-kB and IFN signaling. In VHL-null ccRCC
cells, the composition of the PBAF complex is altered following PBRM1 loss, such that
BRD?7 disengages from SMARCA4, while ARID2-SMARCAA4 binding is preserved (Yao et
al., 2023). This is in line with another study which reported that PBAF complex assembly
starts with the incorporation of ARID2 to the BAF core module, and the incomplete-PBAF
complex can persist after PBRM1 loss (Mashtalir et al., 2018). The partial-PBAF

complexes anomalously reposition to distal enhancer sites from promoter proximal
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regions and enhance activation of NF-kB complexes. The authors showed through RNA-
sequencing that among PBRM1-deficient cells, inflammation-related gene sets, including
TNFa signaling via NF-kB, IFNy response, and IL6 via STATS3, are significantly enriched
compared to controls. PBRM1 deficiency sensitizes tumour cells to NF-kB inhibitor,
thereby delaying tumor growth in a xenograft model. On the other hand, Pan and
colleagues first showed the depletion of Arid2 in the B16F10 mouse melanoma cell line
causes a reciprocal decline in PBRM1 and BRD7 protein abundance, while Pbrm1 KO
does not affect the protein levels of ARID2 or BRD7 (Pan et al., 2018). GSEA was used
to confirm that the expression signature of IFNy and IFNa response is positively
associated with Pbrm7-inactivation due to the decrease of PBRM1 occupancy at
promoters or enhancers of IFNy-targeted genes detected by ATAC-seq (assay for
transposase-accessible chromatin using sequencing). Additionally, Clark and co-workers
holistically compared genomic, transcriptomic, and proteomic profiles between non-
treated ccRCC tumors and matched adjacent normal renal tissues and observed that
PBRM?1 alterations suppress the oxidative phosphorylation pathway but enhance
mitogen-activated protein kinase (MAPK) signaling, focal adhesion, as well as G2-to-M
cell cycle transition (Clark et al., 2019).

4.2. PBRM1 loss induces increased expression of CXCR2-binding chemokines,
thereby contributing to the pro-angiogenic phenotype of ccRCC

The positive correlation between PBRM1-deficiency and angiogenesis has been
extensively reported. First, in the IMmotion150 cohort, mutated-PBRM1 is significantly
enriched in tumors that abundantly express angiogenesis-related genes
(VEGFA, KDR, ESM1, PECAM1, ANGPTL4, and CD34) (McDermott et al., 2018). This
association is further corroborated by the COMPARZ phase 3 trial, which compared
pazopanib to sunitinib in ccRCC patients (Hakimi et al., 2019). Immunohistochemical
staining of two aforementioned cohorts demonstrated that CD31-positive cells are more
abundant in PBRM1-mutated tumors, suggesting an increase in angiogenic activity in
these tumors (Hakimi et al., 2020). Moreover, an unsupervised analysis of the 10% most
variably expressed genes in the RNA sequencing dataset from the IMmotion151 clinical
trial identifies 7 ccRCC clusters (Motzer, et al., 2020). In particular, clusters 1 and 2 are

characterized by being angiogenesis-rich, immune-poor, and having high prevalence of
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PBRM1 mutations (50% of tumor samples). On the contrary, a lower mutation rate of
PBRM1 (30%) coincides with less angiogenic activity in sarcomatoid RCC tumors. In this
study, patients with tumors belonging to clusters 1 and 2 experienced the most PFS
benefit (PFS: ~13-15 months) compared to the other 5 clusters in both atezolizumab plus
bevacizumab- and sunitinib- treated arms. The same group further validated profiles of
these 7 biological subtypes and their predictive roles in the JAVELIN Renal 101 trial, which
evaluated the efficacy of avelumab + axitinib versus sunitinib (Saliby et al., 2024).
Specifically, PBRM1 mutations are enriched in angiogenic cluster 1 and 2, but ORR to
sunitinib is higher than the combination of avelumab and axitinib across all molecular
subtypes. Moreover, the ongoing phase 2 OPTIC RCC clinical trial with two treatment
arms evaluates the benefits of these molecular clusters as predictive biomarkers, which
nivolumab/cabozantinib group comprises patients with cluster 1 and 2 tumor profiles and
ipilimumab/nivolumab group includes patients with cluster 4 and 5 tumor profiles (Chen et
al., 2023). In addition, a large-scale proteogenomic analysis of 110 ccRCC patients from
the Clinical Proteomic Tumor Analysis Consortium (CPTAC) showed that the highest
PBRM1 mutation rate is detected in VEGF immune desert subtype (among four immune-
based ccrRCC tumor subgroups stratified by cell type enrichment in TME) with the most
abundance of EC signature and a positive correlation with patient survival (Clark et al.,
2019). Although a plausible contribution of PBRM1 loss to angiogenesis in ccRCC is the
increased transcription activity of HIF-target genes, including VEGFA, in the VHL-deletion
background (Gao et al., 2017), there is still no tangible result in terms of functional assay
to verify the causal relationship between PBRM1 loss and angiogenesis.

In this study, we sought to assess whether PBRM1 inactivation by pharmacological
inhibition triggers alterations in transcriptomic profile that are associated with tumor pro-
angiogenic activity. We found that in response to pan-SMARCAZ2/4-PBRM1 bromodomain
inhibitors but not BDR7/9 inhibitor or degrader, CXCL5 and CXCL6 were among the top
upregulated genes for different inhibitors. We corroborated this finding using the TCGA-
KIRC data. CXCL1, CXCL2, CXCL3, and CXCL5 were significantly expressed in ccRCC
tumors harbored PBRM1 mutations compared with the non-mutated PBRM1 tumors. To
confirm the increased expression of CXCR2-binding chemokines is specific to PBRM1 but
not SMARCAZ2/4 inhibition, we employed the CRISPR-Cas9 technology for PBRM1 gene
disruption in Caki1 and 7860 ccRCC cell lines. We identified ccRCC cells deficient
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in PBRM1 secreted larger amounts of CXCR2-activating chemokines, including CXCLA1,
CXCL2, CXCLS5, CXCL6 (only for Caki1), and CXCL8, which are necessary for the
proliferation and sprouting capability of ECs compared to controls. The production of these
cytokines was magnified by TNFa and IL17A stimulation in both PBRM1-mutated and WT
cells, while PBRM1-deficient cells still surpassed PBRM1-proficient cells in releasing
CXCR?2 ligands.

4.3. PBRM1 loss reprograms the TME through paracrine effects

Previous research has suggested that PBRM1 loss modulates the TME by regulating the
expression of various chemokines, although the specific pathways involved have
remained ambiguous. For instance, the addition of IFNy significantly stimulates the
secretion of CXCL9 and CXCL10—major chemokines for promoting tumor infiltration of
effector T cells—as well as surface expression of PD-L1 in PBRM1-defect not PBRM1-
proficient tumor cells, which might explain the clinical observations that loss-of-function
mutations in PBRM1 are associated with better survival upon anti-PD-(L)1 therapy in
ccRCC patients (Braun et al.,, 2019; Miao et al., 2018). Contentiously, Liu et al.
demonstrated that PBRM1 deficiency cells in response to IFNy treatment attenuate the
JAK1/STAT1/IRF-1 signaling pathway, consequently the reduction of CXCL9 secretion
and the recruitment of effector T cells (Liu et al., 2020). The authors further analyzed
transcriptional profiles of patients from three RCC cohorts, including TCGA-KIRC,
IMmotion150, and International Cancer Genome Consortium (ICGC), to demonstrate that
gene sets which are depleted in PBRM1-mutant tumors are associated with a highly
immunogenic TME. They also found that Pbrm1 defects result in ICB resistance following
anti-PD-1 and anti-CTLA-4 therapy in mice, consistent with reports that RCC patients,
from IMmotion150 and MSKCC IMPACT cohorts, with mutated-PBRM1 experienced
shortened survival following ICB therapy. In addition, PBRM1-loss-induced upregulation
of chemokine ligand 5 (CCL5Y) fosters ccRCC tumor infiltration by mast cells in vitro (Liu
et al., 2020). It is worth highlighting that the deficiency of Arid71a—a subunit of canonical
SWI/SNF complex—in castration-resistant prostate cancer (CRPC) murine Myc-CaP cells
are more responsive to TNFa in mouse model, which in turn triggers the activation of NF-
KB pathway resulting in the significant release of CXCL2 and CXCL3 in peripheral blood
and prostate tumors (Li et al., 2022). Furthermore, the intratumoral levels of ARID1A
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positively correlate with recurrence-free survival of prostate cancer patients, but inversely
associate with the intratumoral concentration of CXCL2 and CXCL3.

The hyper-induction of CXCR2-activating chemokines by IL17A and TNFa has been
described previously. TNFa is secreted by various cell types in the TME, including tumor-
associated myeloid cells, CD4+ T cells, cancer-associated fibroblasts, and tumor cells (de
Visser & Joyce, 2023), while IL17A is released predominantly by T helper 17 cells, and to
a lesser extent by yd T cells, NK cells, NK T cells, mast cells, granulocytes, IL17A-
producing CD8" T cells—Tc17 cells, innate lymphoid cells, and cancer cells (Mills, 2023).
Analysis of 46 RCC tumor cultured supernatants and 33 plasma samples showed that
IL17A and TNFa are among the top pro-inflammatory cytokines expressed by tumor cells
and in circulatory system (Lee et al., 2022). Autocrine TNFa production by IGROV-1
human breast cancer cell line provokes the secretion of CCL2, CXCL12, VEGF, IL6, and
MIF (macrophage migration-inhibitory factor), while the knockdown of TNFa in IGROV-1
cells dampens the release of these pro-inflammatory agents, as well as tumor growth, and
tumor angiogenesis in a xenograft mouse model (Kulbe et al., 2007). IL17A can act
synergistically with TNFa to induce the secretion of CXCL1, CXCL2, and CXCL5 by
alveolar epithelial type Il cells, thereby supporting sustained inundation of neutrophils in
the lung in mouse model (Liu et al., 2011). Interestingly, these cells secrete CXCL5 in a
polarized fashion, which CXCL5 is apically or both apically and basolaterally released
when IL17A and TNFa are added apically or basolaterally respectively, implying that
neutrophils are recruited to the specific site of initial injury to induce wound healing
(including neoangiogenesis). Costimulation of IL17A and TNFa on ECs triggers the same
ramifications: the increased production of CXCL1, CXCL2, and CXCL5 and the sustained
neutrophil transendothelial migration in vitro (Griffin et al., 2012).

4.4. CXCR2-activating chemokines and their pro-tumorigenic properties

Chemokines, a family of small bioactive substances with a molecular weight of 7-12 kDa,
are chemotactic cytokines, because they were originally recognized for their ability to
induce the trafficking of leukocytes (Hughes & Nibbs, 2018). Chemokines are subdivided
into four groups based on the position of the conserved cysteines closest to the N-
terminus, including CXC, CC, C, and CX3C, which ‘X’ designate any amino acid. In human,
there are 17 ligands for CXC chemokine family, denoted as CXCL, that bind overlappingly
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to 8 CXC chemokine receptors, designated as CXCR. CXCR1-8 (except CXCR?7) are all
members of the rhodopsin-like seven-transmembrane G protein-coupled receptor family.
CXCRY7 is an atypical chemokine receptor which acts as a scavenger. Depending on the
existence of glutamic acid-leucine-arginine (ELR motif) preceding the first cysteine
residue, CXC chemokines can be further classified into two subtypes—ELR* or ELR™ CXC
chemokines. ELR* CXC chemokine subfamily comprises CXC ligand 1 (CXCL1) (growth-
related oncogene-a—GROa), CXCL2 (GROB), CXCL3 (GROy), CXCL5 (epithelial
neutrophil-activating peptide-78—ENA78), CXCL6 (granulocyte chemotactic protein-2—
GCP2), CXCL7 (neutrophil-activating peptide-2—NAP2), and CXCLS8 (interleukin-8—IL-
8). ELR™ CXC chemokine subfamily consists of CXCL4 (platelet factor-4—PF4), CXCL9
(monokine induced by IFNy—MIG), CXCL10 (IFNy-inducible protein-10—IP10), CXCL11
(IFNy-inducible T-cell a chemoattractant—I-TAC), CXCL12 (stromal derived factor-1—
SDF1), CXCL13 (B-cell chemoattractant-1—BCA1), and CXCL14 (breast and kidney-
expressed chemokine—BRAK). ELR* CXC members are primarily involved in neutrophil
migration and are potent inducers of angiogenesis, whereas ELR™ CXC chemokines exert
their chemoattractant effects mainly on lymphocytes and are generally angiostatic (except
CXCL12) (Mehrad et al., 2007; Mukaida et al., 2014). While all angiogenic chemokines
bind to CXCR2, CXCL6 and CXCLS8 are two known ligands of CXCR1. Both receptors are
detected on both immune and non-immune cells, for example neutrophils, macrophages,
epithelial and endothelial cells. Although ECs express CXCR1 and CXCR2
simultaneously, CXCR2 is primarily responsible for angiogenesis owing to the fact that
endothelial chemotaxis is not impaired in the presence of both CXCL8 and CXCR1 Ab
(Addison et al., 2000).

The CXCLs/CXCR2 signaling pathways actively participate in tumor progression,
stemness, metastasis, angiogenesis, and modification of the immune landscape by
controlling the infiltration of different immune cell subsets into tumours, which in turn
determines the sensitivity to chemo- and immuno- therapies. Van Coillie and co-workers
showed that tumors formed by CXCL6-overexpressed human Bowes melanoma cells in
mouse model are highly infiltrated by neutrophils and are extensively vascularized (Van
Coillie et al., 2001). In a preclinical mouse model of lung cancer, elevated CXCL1, and
CXCL2/3 expression has been detected and CXCR2 is primarily expressed by
intratumoral ECs (Keane et al., 2004). Genetical ablation of Cxcr2 improves OS of the
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mice by triggering tumor necrosis and impeding intratumoral neovascularization which is
confirmed by decreasing number of blood vessel and number of von Willebrand Factor-
positive cells. In several skin and intestine mouse models, CXCR2 is activated by CXCL1,
CXCL2, CXCL5, and/or CXCL7 secreted by stromal and tumor cells, which drives the
intratumoral accumulation of pro-tumorigenic neutrophils (Jamieson et al., 2012). Deletion
of Cxcr2 substantially inhibits inflammation-driven and spontaneous tumor formation,
along with the reduction of intratumoral microvessel density. Exposure of either paclitaxel
or doxorubicin to aggressive MDA-MB-231 and MDA-MET breast cancer cells results in
the surge of CXCL1 and CXCL8 secretion and the upregulation of CXCR2 gene
expression (Sharma et al., 2013). Cxcr2-silencing in murine CI66 mammary
adenocarcinoma cells attenuates paclitaxel-resistance as well as metastatic rates to the
lung. CXCR2 signalling has been shown to confer pancreatic cancer cells with resistance
to immunotherapy (Steele et al., 2016). In the KPC pancreatic mouse models, Cxcl1,
Cxcl2, and Cxcl5 are transcriptionally upregulated in tumor cells, while Cxcr2 is
significantly expressed by Ly6G-positive stromal cells, including neutrophils and myeloid-
derived suppressor cells (MDSCs). The virtual abolition of metastasis, the diminution of
tumor-infiltrated neutrophils, and the enhanced infiltration of CD3-positive T cells in this
model are achieved by either homozygous deletion of Cxcr2 or elimination of Ly6G-
positive cell using Ly6G Ab. Given that pancreatic tumor in the KPC model is intrinsically
refractory to anti-PD-1/CTLA4 therapies, the combination of PD-1 Ab and CXCR2 inhibitor
substantially sustains the survival of KPC mice, accompanied by the intratumoral
expansion of CD4" and CD8* T cells but the intratumoral contraction of inhibitory
regulatory T cell population. In line with this, inhibition of CXCR2 signaling using
AZ10397767 enhances PD-1 Ab antitumour activity in anin vivo non-alcoholic
steatohepatitis hepatocellular carcinoma (Leslie et al., 2022). The authors reported that
CD8* T cell recruitment is a prerequisite for the efficacy of CXCR2 inhibitor plus anti-PD-
1 therapy, and the administration of this combination leads to the repolarization of tumor-
associated neutrophils (TANs) from pro-tumor to anti-tumor phenotype.
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4.5. CXCR2-binding chemokines are secreted by ccRCC cells to support the
vasculature formation and the recruitment of myeloid cells

Our data not only support other studies linking CXCR2-activating ligands and tumor
angiogenesis but also provide additional evidence for the high-angiogenic phenotype in
PBRM1-mutated ccRCC tumors induced by the CXCL5-CXCR2 axis. The secretome of
PBRM1-deficient ccRCC cell substantially perpetuates the proliferation of HUVECs in
CXCLs/CXCR2-dependent manner, as the addition of CXCR2 inhibitor suppressed this
paracrine effect. Importantly, the tumor-suppressive potency of CXCR2 inhibitor is
comparable to sunitinib, a current standard of care for mMRCC, which highlights its potential
for clinical translation.

Previously, CXCL1, CXCL3, CXCL5, and CXCLS8 are found to be elevated in the plasma
of mRCC patients relative to healthy controls and are expressed within tumor tissues as
detected by immunohistochemical staining (Mestas et al., 2005). The murine syngeneic
renal adenocarcinoma (Renca) model is employed to show the positive correlation
between RCC tumor size and the combined levels of CXCL1 and CXCL2 within tumors.
In agreement with this, complete abrogation of Cxcr2 in mice delays Renca tumor growth,
contemporaneously with the depletion of tumor-associated ECs, the decreased
concentration of intratumoral CXCL1 and CXCL2, and the augmentation of tumor
necrosis. Recently, Giuliano et al. showed that chronic exposure of 7860 cell lines to
sunitinib significantly induces the transcriptional expression of /L6, CXCL2, CXCLS5, and
CXCLS8, which is mediated by the activation of the MAPK-p38, and subsequently the NF-
kKB pathway (Giuliano et al., 2019). The authors further used the TCGA-KIRC and their
independent sunitinib-treated RCC cohorts to exhibit that patients with low CXCL5 mRNA
levels had better prognosis in terms of DFS, PFS, and OS. The same group developed
an in-house selective CXCR2 inhibitor, which demonstrated its antitumor effects in
RCC both in vitro and in vivo (Montemagno et al., 2024). Particularly, the CXCR2 inhibitor
synergized with ICBs to promote tumor regression in Renca mouse model. The CXCR2-
inhibitor-treated tumors showed decrease of vessel density as well as changes of TME
cellular components: diminish of immuosuppressive cells—M2-like tumor-associated
macrophages (TAMs) and TANs, but elevation of cells mediated-antitumor activities, such
as M1-like TAMs, activated dendritic cells, activated NK cells, and activated CD4* T cells,
consistent with previous observations in rhabdomyosarcoma (Highfill et al., 2014). CXCL5
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and CXCL8 have been shown to instigate MDSC chemotaxis to RCC parenchyma, and
PMN-MDSC in the periphery of patients with RCC also correlated with increasing tumor
grade (Najjar et al., 2017). Furthermore, neutrophils along with MDSC can additionally
contribute to tumor angiogenesis through their secretion of various angiogenic factors
(Tazzyman et al., 2009; Vetsika et al., 2019). Besides, some research groups capitalized
on the abundance of CXCR2-activating chemokines in the TME of solid tumor; they
genetically introduced CXCR2 to NK cells and chimeric antigen receptors (CAR) T cells
to improve the homing of these cells towards tumor sites, thereby inducing more robust
antitumor activity (Jin et al., 2019; Kremer et al., 2017).

4.6. GSK-3p signaling in HUVEC is highly activated by the secretome of PBRM1-
deleted ccRCC cells in CXCR2-dependent manner

Here, we showed that CXCR2 signaling in the ECs is dramatically activated in PBRM1-
mutated ccRCC and is angiogenic promoting through GSK-3f signaling pathway. The
CXCL5/CXCR2/GSK-3p axis has been reported to instigate the epithelial-mesenchymal
transition in nasopharyngeal carcinoma and colorectal cancer cells (Qiu et al., 2018; Zhao
et al., 2015). There have been to our knowledge no reports showing the contributing role
of CXCLs/CXCR2/GSK-38 signaling cascade in tumor angiogenesis.

GSKa3 is a serine/threonine protein kinase involved in diverse cellular processes, including
glycogen metabolism, protein synthesis, cell proliferation, and survival. In mammals,
GSK3 exists in two distinct and functional-redundant isoforms: GSK-3a and GSK-3p.
While GSK3B is constitutively activated through the phosphorylation at tyrosine 216
(Y216) site to act as negative modulator, phosphorylation at S9 site by other kinases,
including ribosomal S6 kinases (p90RSK and p70S6K), protein kinase A (PKA), and AKT,
culminates in the inhibition of GSK-3f activity (Bhat et al., 2000; McCubrey et al., 2017).
Growing evidence supports the suppressive role of GSK3B in the regulation of
angiogenesis, influencing both EC behavior and vascular growth through various signaling
pathways. Kim and colleagues employed HUVECs overexpressing S9-
nonphosphorylatable constitutively active GSK-3p to demonstrate that the activation of
GSK3p restrains HUVEC migration towards proangiogenic factors such as VEGF and
basic FGF, and suppresses the formation of capillaries in in vivo Matrigel plug assay (Kim
et al., 2002). Conversely, the overexpression of catalytically inactive GSK-3f3 in HUVECs
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leads to the suppression of GSK-3[B signaling, thereby promoting EC survival and
enhancing angiogenic processes. In glioma, the phosphorylation state at S9 of GSK-33 is
correlated with glioma progression (Zhao et al., 2015). Glioma tumors formed by
overexpressing GSK3f human glioma cells are significantly smaller as well as are less
vascularized than control tumors in xenograft mouse models. This effect is mediated
through the inhibition of pathways involving mTOR and HIF1a, which are crucial for VEGF

expression and subsequent angiogenic response.

4.7. CXCR2-binding chemokines derived from ccRCC cells stimulate sprouting
angiogenesis

The 3D spheroid sprouting assay was instrumental in demonstrating the functional
ramifications of ccRCC-derived CXCR2-binding ligands on ECs. In particular, the human
ECs first grow in spheroid form, which are then sandwiched between layers of collagen
matrix. The capillaries originating from the spheroids are formed after the addition of pro-
angiogenic factors. This assay better mimics in vivo angiogenesis than the widely-used
tube formation assay. While standard 2D cultures fail to maintain the differentiated
phenotype of ECs, ECs at the surface of the spheroids maintain the quiescent state seen
in vivo, strongly connect to each other for direct cell-cell signaling, and significantly
express differentiated marker CD34 following the exposure to pro-angiogenic factors
given that CD34 is an important inducer of angiogenesis (Korff & Augustin, 1998;
Siemerink et al., 2012). Furthermore, in vivo sprouting requires the degradation of
surrounding matrix by EC upon pro-angiogenic stimulation, thus allowing EC invasion.
This process is fully replicated in the spheroid sprouting assay. Additionally, not only ECs
are able to form capillary-like architectures but also fibroblasts, prostate carcinoma and
glioblastoma cells can form cord-like structures in 2D Matrigel assay (Staton et al., 2009).
We showed that angiogenic sprouting in the 3D artificial system was more pronounced in
HUVEC-spheroids which were incubated for 24 hours with supernatant from PBRM1-loss
cells than the control cells. The proangiogenic effects of PBRM7-loss tumors were
remarkably offset by the disruption of CXCL5/CXCR?2 signaling in comparison to PBRM1-
WT tumors. In congruence with our findings, Liu and colleagues elucidated that
supernatant from PBRM7-knockdown in ccRCC cells boosts the tube formation by
HUVECs, implying increased angiogenic activity (Liu et al., 2020).
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4.8. The inhibition of CXCR2 suppresses tumor growth in ovo in CXCR2-sensitive
manner

Innumerable animals, such as rats, pigs, horses, rabbits, dogs, non-human primates, and
especially mice, involve in preclinical drug testing. Though these animal models remain
the primary tool for mimicking tumor development in human, examining drug-target
expression, and monitoring the pharmacokinetic and pharmacodynamic of testing agents,
they suffer from the cumbersome administrative and maintaining tasks of animal housing
units, high costs, complicated animal-handling, as well as lengthy experimental time due
to considerable time for tumor development. Additionally, all animal experimentation
requires ethical approval of animal testing and can only be performed by researchers who
are licensed for animal testing (FELASA certificate here in Europe) which imposes further
restraints on experiment accessibility. In light of the aforementioned limitations and the 3R
principle (Replacement, Reduction and Refinement) to constrain animal suffering, CAM
assay has emerged as an alternative in vivo methodology to investigate multiple aspects
of cancer—tumor growth, angiogenesis, and metastasis—as well as a platform for drug
screening and testing (Fischer et al., 2022; Schneider-Stock & Ribatti, 2021). The fusion
of the chorion and the allantois forms the double layer membrane, namely the CAM, which
is enriched with vasculature network and surrounds chick embryo (Marshall et al., 2020).
The chick innate immune system, comprising embryonic macrophages and heterophils
(mammalian neutrophil-like cells), begins to develop from ED3, and continues to form until
ED16, whilst the time frame for adaptive immune system to develop is from ED10 to ED18
(Chu et al.,, 2022). This immature immune system before ED18 culminates in high
biocompatibility for high rate of tumor engraftment. It is noteworthy that the chick embryo
does not have the capability to experience pain prior to ED14; consequently, ethical
approval is not necessarily required provided that the CAM assay is concluded at ED14
(Miebach et al., 2022). Several potential drawbacks should be taken into account for this
model including the discrepancy in metabolism and immune system between avian and
mammalian species, the tumor and stromal cell interaction, and the scarcity of antibodies,
cytokines, and growth factors that are specific to chicken cells and tissues (Schneider-
Stock & Ribatti, 2021). Despite the difference in in ovo growth rate, all four ccRCC cell
lines used in this study formed tumors on the CAM of chicken embryos in CXCL5/CXCR2-
dependent manner after 6 days of implantation. Previously, Fergelot and co-wokers
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reported the successful engraftment and tumor growth of 7860 cells but not RCC4 and
Caki2 cells on CAM (Fergelot et al., 2013). They further used microarray to detect
differentially expressed genes between day 3 and day 7 post-engraftment. Interestingly,
CXCL1, CXCL2, CXCL3, and CXCLS8 are significantly upregulated at day 7, which might
explain the observed accumulation of chicken leukocyte-like heterophiles in the tumor
stroma. Our findings are supported by another study identifying the therapeutic potential
of SB225002, the CXCR2 inhibitor used in the current study, in suppressing 7860 tumor
growth and vessel formation in a nude mice model (Grépin et al., 2014). Of note, not only
does CXCR2 antagonist arrest angiogenesis, it also alleviates immunosuppression in the
TME by reducing the accumulation of tumour-associated leukocytes and macrophages (Li
et al., 2016; Wu et al., 2015). Given that TAMs are one of the most populous cell types in
the RCC TME (Chevrier et al., 2017), this approach may augment the efficacy of ICBs in
RCC therapy.

The experimental findings raised in the above discussion signify the potential significance
of the CXCLs/CXCR2 axis in ccRCC treatment, particularly in enhancing the efficacy of
existing therapies and addressing issues related to TKI- and immuno- therapy resistance.
Indeed, several clinical trials are currently investigating the efficacy of CXCR2 inhibitors
in combination with various treatment modalities across different cancer types. For
example, in a phase 2 basket trial (NCT03473925), the CXCR2 antagonist navarixin was
administered alongside pembrolizumab to patients with advanced or metastatic
microsatellite-stable colorectal cancer (MSS CRC), CRPC, or NSCLC (Armstrong et al.,
2024). The combination efficacy was strikingly low with 0-5% ORR across three tumor
entities, culminating in the premature termination of this trial. The authors of this trial as
well as Lazennec and colleagues suggested some explanations regarding the lack of
efficacy of CXCR2 antagonist, including functional variety of CXCR2 signaling in different
cell types, functional redundancy between CXCR1 and CXCR2, rapid internalization of
CXCR2 upon ligand binding, and phenotypic diversity of neutrophils and MDSCs in the
TME (Lazennec et al., 2024). On the other hand, the tolerability and efficacy of CXCR2
inhibitor AZD5069 combined with enzalutamide, an androgen receptor inhibitor, are being
investigated in metastatic CRPC patients who previously received a median six lines of
therapy (NCT03177187) (Guo et al., 2023). In the preliminary analysis, 5/21 evaluable
patients achieved partial response to AZD5069 + enzalutamide, which resulted also in
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decreased circulating neutrophil levels and reduced infiltration of immunosuppressive
myeloid cells. The combination was tolerable as no dose-limiting toxicity (DLT) and no
permanent ceasing of medication were reported. The depletion of peripheral blood
neutrophils as well as intratumoral-inflitrated MDSCs upon AZD5069 treatment suggests
the mechanism of action of this drug. Another ongoing phase 1/2 clinical trial evaluates
the safety and therapeutic benefit of AZD5069 plus durvalumab (anti-PD-L1 Ab) in
advanced hepatocellular carcinoma (Evans et al., 2023). Biomarker studies are included
to determine the mechanism of action of the drug and patient response. To sum up, while
some trials have faced challenges regarding efficacy, they provide valuable insights into
safety profiles and mechanisms that could inform future research directions. Forthcoming
investigation will be crucial for determining optimal treatment strategies that leverage the
CXCLs/CXCR2 pathway for improved patient outcomes.

In conclusion, in the context of ccRCC, the role of CXCR2 ligands in angiogenesis has
been less explored. However, ccRCC is known for its highly vascular nature, driven largely
by the dysregulation of the HIF pathway due to VHL loss in roughly 90% of ccRCC cases.
CXCR2-mediated paracrine signaling between ccRCC cells and ECs sustained EC
proliferation and sprouting angiogenesis which were intensified by the loss of PBRM1, as
demonstrated in our study, suggests that CXCR2-binding chemokines may act
synergistically with the HIF pathway to exaggerate angiogenesis. In the in ovo xenograft
CAM assay, we showed the delayed growth of ccRCC tumor by the application of CXCR2
antagonist. As only 30-50% of ccRCC patients experience partial or complete response
from anti-VEGF/TKI monotherapies, our study provides the framework for new
opportunities in RCC drug development focusing on the CXCLs/CXCR2 axis and
employing PBRM1 mutations as predictive biomarker.
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5. Abstract

Immune checkpoint blockade (ICB) and anti-angiogenic tyrosine kinase inhibitors (TKI)
have substantially improved the outcomes of metastatic clear cell renal cell carcinoma
(ccRCC). Nevertheless, the anti-angiogenic TKis targeting the VEGF/ VEGFR axis result
only in temporary antitumor response, and most ccRCCs become ultimately TKI-resistant.
Mutations of polybromo-1 (PBRM1) occur in about one-third of ccRCC. It is well known
that PBRM1-mutated tumors are highly vascularized. This project aims to dissect the
molecular mechanism driving the proangiogenic phenotype of PBRM1-mutated ccRCC.
In an unbiased approach, pharmacological inhibition of PBRM1 in ccRCC cell line leads
to strong upregulation of the CXCR2 ligands CXCL5 and CXCL6. Accordingly, our TCGA
in silico analysis revealed that PBRM17-mutant ccRCC exhibited enhanced CXCL1,
CXCL2, CXCL3, and CXCL5 expression; furthermore, patients who had high CXCL5
MRNA expression are associated with worse prognosis in TCGA-KIRC. We established
CRISPR-Cas9 induced polyclonal PBRM1-knockouts in the ccRCC cell lines 7860 and
Caki1. We also identified elevated secretion of CXCL1, CXCL2, CXCL5, CXCL6, and
CXCLS8, all CXCR2-activating chemokines in PBRM1-loss cell lines. Exposing the cells to
pro-inflammatory cytokines (TNFa, and IL-17A) leads to hyper-induction of these
chemokines. PBRM1-KO conditioned-media (CM) significantly promoted HUVECs
viability and culminated in the enhanced phosphorylation of GSK-33 compared to PBRM1-
wild-type CM. The addition of CXCR2 blockade to ccRCC not only suppressed the
inhibition of GSK3B signaling, but also the proliferation of HUVECs. The association
between PBRM1-deficiency and an enhanced tumor angiogenesis was recapitulated
using the spheroid sprouting assay, a three-dimensional (3D) in vitro angiogenic model.
Augmented angiogenic sprouting was detected in HUVEC-spheroids which were
incubated with supernatant from PBRM1-loss cells. CXCL5 was identified as one of the
drivers of the pro-angiogenic phenotype of PBRM1-mutated tumors. Of note, enhanced
sprouting capacity of the supernatant of PBRM1-KO ccRCC cell lines can be selectively
suppressed by CXCR2 inhibitor and CXLC5 blocking antibody. The therapeutic potential
of CXCL5/CXCR2 signaling pathway disruption in ccRCC were shown in the CAM assay,
underscoring that targeting CXCL5/CXCR2 axis is a promising approach for ccRCC
treatment, specifically in PBRM1-defective ccRCC.
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