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1. Abstract

Prostate cancer (PCa) and urothelial cancer (UC) are the most commonly diagnosed
urological cancers. Advanced PCa and UC are significant causes of cancer-related deaths.
Effective treatment of advanced PCa and UC remains an unmet medical need due to emerging
resistance. Therefore, a deeper understanding of resistance mechanisms in advanced
cancers is of utmost importance. Resistance could be intrinsic, emerging from the cancer cell
itself, or extrinsic, conferred by surrounding non-transformed cells in the tumor
microenvironment (TME). This doctoral thesis is based on three publications entitled: 1)
“Androgen Receptor Splice Variants Contribute to the Upregulation of DNA Repair in Prostate
Cancer”; 2) “CDCP1 Expression Is Frequently Increased in Aggressive Urothelial Carcinoma
and Promotes Urothelial Tumor Progression”; 3) “Adipocyte Precursor-Derived NRG1
Promotes Resistance to FGFR Inhibition in Urothelial Carcinoma”. In the first publication,
androgen receptor splice variants (AR-Vs) were shown to be increased in advanced PCa
compared to primary PCa. AR-Vs in PCa clinical samples were positively associated with
increased DNA repair activity. LNCaP cells overexpressing AR-V7 were used as an in-vitro
model and confirmed the findings in clinical data. In the second publication, CDCP1
expression was correlated with advanced UC stages and reduced overall survival in two UC
patient cohorts. Murine bladder organoids overexpressing CDCP1, and a human BCa cell line,
SCaBER, knocked-out of CDCP1 revealed the role of CDCP1 in promoting growth and
migration. In the third publication, neuregulin 1 (NRG1) secreted from adipocyte precursor cell
lines was shown to confer paracrine resistance to erdafitinib in FGFR-dependent bladder and
lung cancer cell lines. Conditioned media from adipocyte precursors was found to activate the
human epidermal growth factor 3 (HER3) pathway. Pertuzumab, an FDA-approved antibody
that inhibits HER2/HER3 dimerization, was shown to reverse the resistance conferred by
NRG1 against erdafitinib in-vitro and in-vivo. Conditioned media from UC-derived cancer-
associated fibroblasts (CAFs) corroborated the resistance mechanism against erdafitinib.
These studied mechanisms of resistance could pave the way to novel therapeutic strategies

aiming at maximizing treatment efficacy and patient survival.



2.Introduction and aims with references

2.1 Prostate cancer: stages and treatment options

Prostate cancer (PCa) is the most common cancer in men worldwide, with a yearly increasing
incidence (James et al., 2024; Siegel et al., 2023). PCa ranges from low-risk disease that
requires surveillance or localized therapy, to high-risk disease associated with high morbidity
(Parker et al., 2020). Since the majority of PCa tumors are androgen receptor (AR)
dependent, the first-line therapy of high-risk PCa is hormonal therapy, also known as
androgen-deprivation therapy (ADT), which aims at reducing androgen production (Harris et
al., 2009). Although most PCa tumors initially respond to ADT, around 20% of PCa patients
eventually progress under ADT, which is known as castration-resistant prostate cancer
(CRPC) (Aurilio et al., 2020; Kirby et al., 2011). CRPC treatment options are variable,
including ADT, nonsteroidal antiandrogens, chemotherapy, irradiation, and poly ADP-ribose
polymerase (PARP) inhibitors (Cai et al., 2023). PARP-mediated DNA repair is an alternative
mechanism that is used upon impairment of homologous recombination (HR) DNA repair,
most commonly by mutations in BRCA1 and BRCA2 genes (Kanev et al., 2024). PARP
positively regulates AR signaling, which may explain the synergy between PARP inhibition
and ADT (Li et al., 2017; Schiewer et al., 2012). Similarly, inhibition of AR signaling has been
shown to inhibit HR DNA damage response, which sensitizes PCa to PAPR inhibitors and
irradiation (Asim et al., 2017; Yin et al., 2017). Based on this, few clinical trials testing the
combination of PARP inhibitors and ADT have been conducted on CRPC patients regardless
of HR gene status, showing conflicting results (Clarke et al., 2018, 2022; Hussain et al.,
2018).

2.1.1 AR splice variants in PCa

The full-length AR is comprised of four domains (NHz-terminal domain, DNA-binding domain,
hinge, ligand-binding domain) encoded by eight exons (Kanayama et al., 2021). The
expression of truncated AR splice variants (AR-Vs) lacking one or more exons emerges as a

resistance mechanism against antiandrogens, and is very common in CRPC (Antonarakis et



al., 2014). AR-Vs lacking the ligand-binding domain are of significant clinical relevance, due
to their constitutive activity and resistance to most antiandrogens in current clinical use (Hu
et al., 2009; Watson et al., 2010). AR-V7 is the most-well studied AR-V, and has been shown
to confer a castration-resistant phenotype in PCa cell lines (Cao et al., 2014, Li et al., 2013).
Moreover, AR-V7 has been associated with poorer prognosis and overall survival in CRCP
patients (Antonarakis et al., 2014; Sharp et al., 2018).

2.2 Bladder cancer classification

Bladder cancer (BCa), the most common type of urothelial cancer (UC), occurs with around
a four-fold higher incidence in men than in women in most countries (Doshi et al., 2023,
Zhang, 2013). Bladder cancer is classified based on the degree of invasion into the bladder
wall into non-muscle invasive BCa (NMIBC) and muscle invasive BCa (MIBC). NMIBC and
MIBC have different molecular drivers, prognoses, and risks of invasion (Tran et al., 2021).
Around 70% of BCa cases are diagnosed as NMIBC, with a high 5-year survival rate but also
a high recurrence rate (Berdik, 2017). MIBC is the more aggressive disease, and can be
subclassified into six molecular classes based on transcriptomic profiling: luminal papillary,
luminal nonspecific, luminal unstable, stroma-rich, basal/squamous, and neuroendocrine-like
(Kamoun et al., 2020). Treatment of BCa is dependent on the risk and subtype of the disease,
and may include surgery, chemotherapy, immunotherapy, and/or targeted therapies
(Cathomas et al., 2022).

2.3 CDCP1

CUB domain containing protein 1 (CDCP1), also known as CD318 or Trask, is a
transmembrane glycoprotein that acts as a substrate for Src tyrosine kinase (He et al., 2010;
Wright et al., 2016). Binding of phosphorylated CDCP1 to Src kinase activates downstream
signaling pathways, such as protein kinase B (AKT) and Mitogen-activated protein
kinase/ERK kinase (MEK)/ extracellular signal-regulated kinase 1 and 2 (ERK1/2) (Alajati et
al., 2020; Steelman et al., 2011). Early studies investigating the function of CDCP1 have
found it to be activated during epithelial cell detachment (Spassov et al., 2009), and its



activation promotes cell survival in detached lung cancer cells (Uekita et al., 2007). CDCP1
activation has also been associated with reduced cell-matrix adhesion (Bhatt et al., 2005),
and increased cell migration and metastasis (Benes et al., 2012; Deryugina et al., 2009;
Uekita et al., 2008). CDCP1 upregulation and association with aggressiveness has been
reported in several epithelial cancers including colon, pancreatic, lung, prostate, and breast
cancers (Alajati et al., 2015; Miyazawa et al., 2010; Perry et al., 2007; Scherl-Mostageer et
al., 2001; Wong et al., 2009).

2.4 FGFRs as molecular drivers and therapeutic targets in cancer

The fibroblast growth factor receptor (FGFR) family of tyrosine kinase receptors comprises
four FGFR genes encoding four canonical receptors (FGFR1-4) (Hughes, 1997). FGFR
binding to its ligand, a fibroblast growth factor (FGF), induces receptor dimerization, auto-
phosphorylation, and activation of downstream signaling pathways (Goetz and Mohammadi,
2013). Depending on the recruitment of specific adaptor molecules, FGFRs can activate four
major signaling pathways: Ras-Raf-MEK-ERK, phosphatidylinositol 3-kinase (PI3K)-AKT,
Phospholipase C Gamma (PLCy), and Signal Transducers and Activators of Transcription
(STAT) (Ornitz and Itoh, 2015).

FGFRs play important physiological roles in embryonic development and adult tissue
homeostasis by regulating cell survival, proliferation, migration, and differentiation (Turner
and Grose, 2010; Xie et al., 2020). However, aberrant FGFR expression is also a common
molecular driver of many disorders including cancer. FGFR aberrations may be found in the
form of amplifications, mutations, and translocations (Helsten et al.,, 2016). FGFR1
amplifications are the most common FGFR aberrations, frequently found in squamous lung
cancer. Analysis of diverse cancers has shown that urothelial cancer has the highest
frequency of FGFR1-4 aberrations, with FGFR3 mutations being the most common (Helsten
et al.,, 2016). Indeed, more than half of low-grade BCa patients harbor FGFR3 mutations
(Gust et al., 2013; Tomlinson et al., 2007; van Rhijn et al., 2003). Moreover, FGFR3 is one
of the seven key cancer genes used in the consensus classification of MIBC, and is found to

be mutant in around 40% of luminal papillary MIBC (Kamoun et al., 2020; Robertson et al.,
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2017). Since most of FGFR3 mutations are gain-of-function mutations, several FGFR3

inhibitors have been developed and tested for UC therapy (Ascione et al., 2023).

Clinical trials testing pan tyrosine kinase inhibitors (TKIs) on UC patients have shown minimal
efficacy and adverse events in a large fraction of patients, leading to treatment
discontinuation or dose reduction (Hahn et al., 2016; Milowsky et al., 2013; Necchi et al.,
2023). The modest clinical benefit from pan TKIs supported the use of selective TKIs targeting
FGFRs. Erdafitinib (JNJ-42756493) is a small molecule that selectively binds to and inhibits
FGFR1-4 phosphorylation and signaling, with negligible activity to other tyrosine kinase
receptors (Karkera et al., 2017; Perera et al., 2017). Erdafitinib is the first selective FGFR
inhibitor approved by the Food and Drug administration (FDA), for treating locally advanced
and metastatic UC with FGFR2/3 alterations. Clinical trials on Erdafitinib have shown around
40% overall response rate and acceptable toxicity, supporting its clinical use (Loriot et al.,
2023, 2019). However, most patients develop resistance within few months after treatment

onset.

2.5 Aims

Emerging resistance remains the most critical challenge in cancer treatment that contributes
to metastasis and death (Garraway and Janne, 2012). Considering the resistance to
antiandrogens in AR-V-expressing CRPC (Cao et al., 2014; Li et al., 2013), it may plausible
to investigate the effects of AR-Vs' expression on pathways targeted by drugs used in
combination with ADT. Few studies have shown that AR-Vs promote DNA repair in-vitro (Luo
etal., 2022; Yin et al., 2017), which may explain the lack of added benefit of ADT combination
with radiotherapy in metastatic PCa patients (Boevé et al., 2019; Lee et al., 2024), and with
PARP inhibitors in patients with wildtype DNA repair status (Hussain et al., 2018). In the first
paper (Tolkach et al., 2022), we aimed to evaluate the expression of AR-Vs in clinical PCa
samples at varying stages of the disease, and to investigate the effect of AR-V expression
on AR target genes and DNA repair genes.
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Despite the implementation of novel therapies for the treatment of advanced UC, only a
minority of patients are cured, emphasizing the need to explore potential drug targets.
Although CDCP1 role as an oncogene is well established in many epithelial cancers, its role
in UC has been not been characterized. In the second paper (Saponaro et al., 2023), we
aimed to evaluate CDCP1 expression in two large BCa tissue microarray (TMA) cohorts, and
to functionally investigate the role of CDCP1 in promoting BCa growth and migration ex-vivo

and in-vitro.

Although a considerable fraction of patients respond to Erdafitinib, the progression free
survival remains short (around five months) (Loriot et al., 2023, 2019). This suggests the
rapid development of resistance, and highlights the importance of investigating targetable
resistance mechanisms. Multiple intrinsic mechanisms of resistance to FGFR inhibitors have
been suggested. The emergence of “gatekeeper” mutations in the kinase domain of FGFRs,
which hinder drug binding to this domain, has been described as a common resistance
mechanism to FGFR inhibitors (Sohl et al., 2015; Zheng et al., 2022). Another reported
resistance mechanism is the activation of other “bypass” signaling pathways, most commonly
the PISK-AKT pathway (Cowell et al., 2017; Datta et al., 2017; Wang et al., 2017). However,
resistance mechanisms to Erdafitinib remain poorly characterized. To date, only two studies
have investigated alterations in tumor tissue and circulating tumor DNA pre- and post-
treatment. Samples from patients progressing on Erdafitinib were found to harbor FGFR
mutations and/or alterations in the PI3K-AKT pathway (Facchinetti et al., 2023; Guercio et
al., 2022).

Most of the studies on resistance to FGFR inhibition did not explore potential extrinsic
mechanisms of resistance, conferred by the tumor microenvironment (TME). The TME
consists of non-transformed cells surrounding the tumor, including immune cells, endothelial
cells, and stromal cells (Zhang et al., 2024). Since most FGFR2/3 dependent UC tumors have
poor immune infiltration (Sweis et al., 2016), it is compelling to investigate the effect of the
stromal compartment on drug response in these tumors. Multiple stromal cell types are found
in the TME, such as cancer-associated fibroblasts (CAFs), adipocytes, osteocytes, and

chondrocytes (Atiya et al., 2020). Adipose-derived stem cells (ADSCs) are multipotent stem
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cells of the adipose tissue, that can differentiate into adipocytes, chondrocytes, and
osteocytes (Tsuji, 2014). ADSCs have been implicated in promoting proliferation and
chemotherapy resistance in breast, bladder, and pancreatic cancer cell lines (Fajka-Boja et
al., 2020; Lu et al., 2017; Maj et al., 2018; Miyazaki et al., 2021). Moreover, the positive
correlation between obesity, associated with higher frequency of ADSCs, and cancer risk
and aggressiveness is well-established (Bunnell et al., 2022; Saha et al., 2023). Considering
the profuse adipose tissue surrounding BCa tumors (Cheng et al., 2009; Philip et al., 2000),
we aimed to investigate the role of secreted factors from ADSCs and 3T3-L1 pre-adipocytes
on the response of FGFR-dependent BCa and lung cancer cells to Erdafitinib in the third

paper (Hosni et al., 2024).
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Simple Summary: Ligand-independent androgen receptor splice variants emerge during androgen
deprivation therapy and are suspected to render prostate carcinomas castration-resistant. In a retro-
spective analysis of a large cohort of primary and advanced prostate tumors, we observed increased
expression of androgen receptor splice variants in therapy refractory tumors. Our hypothesis was
that AR splice variants exert their tumor-promoting activity by modulating the intrinsic DNA repair
machinery. In the sequence from primary over advanced tumors under androgen-deprivation therapy
to castration resistance, AR splice variant expression increases and is linked to increased expression
of DNA repair genes. This effect of AR splice variants appeared independent of their known impact
on tumor cell proliferation. These clinical findings were validated in an androgen-sensitive prostate
cancer cell line that mimics a castration-resistant phenotype by overexpression of AR-V7. Modulated
DNA repair gene expression in the presence of AR splice variants is linked to increased DNA repair
activity, pointing at a novel therapeutic approach for castration-resistant prostate cancer.

Abstract: Background: Canonical androgen receptor (AR) signaling regulates a network of DNA
repair genes in prostate cancer (PCA). Experimental and clinical evidence indicates that androgen
deprivation not only suppresses DNA repair activity but is often synthetically lethal in combination
with PARP inhibition. The present study aimed to elucidate the impact of AR splice variants (AR-
Vs), occurring in advanced or late-stage PCA, on DNA repair machinery. Methods: Two hundred
and seventy-three tissue samples were analyzed, including primary hormone-naive PCA, primary
metastases, hormone-sensitive PCA on androgen deprivation therapy (ADT) and castration refractory
PCA (CRPC group). The transcript levels of the target genes were profiled using the nCounter
platform. Experimental support for the findings was gained in AR/AR-V7-expressing LNCaP cells
subjected to ionizing radiation. Results: AR-Vs were present in half of hormone-sensitive PCAs on
androgen deprivation therapy (ADT) and two-thirds of CRPC samples. The presence of AR-Vs is
highly correlated with increased activity in the AR pathway and DNA repair gene expression. In
AR-V-expressing CRPC, the DNA repair score increased by 2.5-fold as compared to AR-V-negative
samples. Enhanced DNA repair and the deregulation of DNA repair genes by AR-V7 supported the
clinical data in a cell line model. Conclusions: The expression of AR splice variants such as AR-V7 in
PCA patients following ADT might be a reason for reduced or absent therapy effects in patients on
additional PARP inhibition due to the modulation of DNA repair gene expression. Consequently,
AR-Vs should be further studied as predictive biomarkers for therapy response in this setting.
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1. Introduction

Androgen receptor (AR) signaling and DNA repair are tightly interconnected in
prostate cancer (PCA) [1-8]. The presence of pathogenic mutations in genes responsible
for homologous recombination (HR) DNA repair opens up the possibility of therapy with
PARP inhibitors (PARPi) in up to 25% of patients with metastatic castration-refractory PCA
(CRPC) [9,10]. In cases of insufficiency in HR DNA repair, PARP is a reserve system that op-
erates through base excision. Blocking base excision repair with PARPI renders tumor cells
incapable of effectively repairing DNA damage, which then eventually accumulates lethal
mutations [5,6]. However, there is early evidence that PARPi might be effective in CRPC
in the absence of HR DNA gene mutations [5,6,11]. Androgen deprivation therapy (ADT)
on PCA cells induces a so-called functional “BRCAness”. The term BRCAness defines an
insufficiency in the HR DNA repair system [2,5,6], originally caused by the functional loss
of the BRCA1 and BRCA2 genes. BRCA-deficient cells use error-prone DDR pathways
that consequently increase their genome instability [12]. ADT treatment mimics this loss
of BRCA1/2 expression. In this situation, PARPi deepens the DNA repair insufficiency,
resulting in synthetic lethality for tumor cells. It has also been shown in vitro that both
PARP1 and PARP?2 are critical effectors of the AR pathway activity. Besides their function
in DNA repair, PARP enzymes are known to be transcriptional coactivators of the AR.
Notably, PARP-1 appears to activate AR function and affect downstream signaling [13,14],
which is another rationale for targeting PARP in PCA [5-8,15,16].

The synthetic lethality of ADT and PARPi might, however, be dependent on AR alter-
ations (splice variants, amplification, mutations) often present in advanced PCA [17-20]
and responsible for sustained AR pathway activity during ADT. The upregulation of AR-V7
in clinical samples of advanced PCA patients was reported by Sharp et al. [21]. DNA repair
in PCA cell lines exposed to ionizing radiation was found to be diminished following AR
blockade with enzalutamide but largely preserved in the case of AR-V7 and ARv567es
splice variant expression [3]. There is limited evidence that both full-length AR (AR-FL)
and AR splice variants (AR-Vs) directly activate the expression of key genes necessary for
DNA repair [2,3,8,22]. Apparently, both non-homologous end-joining and HR DNA repair
are the main effectors of AR-FL and AR-Vs in prostate cancer [1,2,4]. Blocking AR-FL using
antiandrogens has been shown to retain AR-V activity with regard to supporting the DNA
repair system. However, so far, this has mainly been shown in cell line models [3,8,23].

The present study aimed to clarify, in clinical PCA samples, whether the expression
of key DNA repair genes is affected by ADT, particularly in the presence of AR-Vs. A
cohort of patients in different stages of PCA was analyzed to characterize AR pathway
activity, and these data were correlated with the expression of DNA repair genes. Luo et al.
reported that DNA repair is modulated by androgen receptor splice variant 7 [23]. The
present study provides evidence that DNA repair is partly dependent on AR pathway
activity in PCA. As enhanced DNA repair is induced in the presence of AR-Vs through the
modulation of DNA repair gene expression, the application of synthetic lethality concepts,
such as the combination of ADT and PARPI, might be questionable.

2. Materials and Methods
2.1. Patient Cohort

The study cohort consisted of 184 patients: 167 patients with PCA in different dis-
ease stages and 17 patients from control groups (Table 1). All patients received ADT
(LHRH analogs/antagonists) alone or in combination with abiraterone or antiandrogens
(bicalutamide, etc.). Two patients with primary small-cell carcinoma of the prostate and
sarcomatous carcinoma lacking prostate epithelial differentiation after ADT were also
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included. Materials on twenty-two patients with CRPC were provided by the Department
of Pathology, Forensic and Insurance Medicine, Semmelweis University, Budapest, Hun-
gary (2005-2016). All other patients were diagnosed at the Institute of Pathology of the
University Hospital Bonn, Bonn, Germany (2003—-2018).

Table 1. Clinical characteristics of the study cohort.

Number of Patients Number of Samples
PCA, primary tumor, hormone-naive 77 136
pT-stage
pT1lb (TURP) 20
pT2 14
pT3a 9
pT3b 21
pT4 3
unknown 10
pN stage
pNO 32
pN1 12
pPNx 33
Prostatectomy
ISUP/WHO grade group
ISUP 1 3
ISUP 2 6
ISUP 3 1
ISUP 4 37
ISUP 5 30
Morphology
Acinar adenocarcinoma 52
Ductal/mixed adenocarcinoma & 25
PCA, metastases, hormone-naive 23 28
PCA ADT * 42 55
PCA CRPC *# 32 35
BPH 10 10
Benign prostate tissue without hyperplasia 7 7
Neuroendocrine carcinoma of the prostate 1 1
Sarcomatoid carcinoma ® 1 1
OVERALL 184 273

Comments: *—CRPC samples from primary (untreated) tumor in the prostate or from metastases; S—only samples
containing ductal adenocarcinoma were included in the analysis in case of mixed ductal/acinar morphology;
#__four samples of CRPC bone metastases that failed quality control are not showed here. ®—primary tumor
sample, after androgen deprivation therapy.

2.2. Samples

All samples were harvested from formalin-fixed paraffin-embedded (FFPE) tissue
blocks (flow chart: see Figure 1). Multiple samples (up to 4) from tumors of selected
patients were analyzed to address heterogeneity of primary and metastatic tumors with an
overall number of 273 samples passing quality control (Figure 2A). All tumor samples had
a purity of >90% tumor cells and were macrodissected. Among included CRPC samples, 29
were from primary tumor (no treatment with curative intent) and 6 from metastatic lesions
(2 from bone and 2 from soft tissue metastases, 1 from liver and 1 from retroperitoneal
lymph node).

2.3. RNA Extraction

One or several 10 pm sections from paraffin block were used for macrodissection
and total mRNA extraction. PureLink™ FFPE RNA Isolation Kit (ThermoFisher Scientific,
Waltham, MA, USA) was used according to the manufacturer’s instructions. NanoDrop
2000 spectrophotometer (Thermo Scientific, USA) was applied for mRNA quality control
and quantification.
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Figure 1. Flow chart of the main steps in this study: material processing, data acquisition, biostatistical
analyses and experimental validation.

A Study samples (n = 273) B CodeSet gene panel
(mRNA expression)
PRIM PCA primary, 136 DNA repair
Pcfxﬁf‘:;y AR-FL BRCA1  BRCA2 ATM
wa o Se e e
ADT
PRaRt AR-V7  RAD51 MRE11A  BRIT1
CRPC PCA CRPC AR-V9  RAD51AP1 RAD51C RAD54B
_ AR45 RMI1 RMI2 XRCC2
NEC, sarcomatod ARv567es  FANCA ~ ATR  PARP12
BPH : 5
8P ‘ AR Other genes
CTRL Normal B 7 ! targets ERG PTEN
TMPRSS2 SEC61A1 RB1 UBE2C
Number of samples KLK3 STIL
Proliferation
WHO Grade Group GG1 GG2 GG3 GG4 GG5 AGR2 RSkl MKI67 PCNA
of the primary GFM1 GDF15
PCA samples 8 " 3 71 43 PECI FASN

Figure 2. (A) Structure of the samples in study cohort and group labels used in further Fig-
ures. Among primary prostate cancer samples, 33 ductal adenocarcinoma (DA) samples were
analyzed. Abbreviations: AA—acinar adenocarcinoma, ADT—androgen deprivation therapy (pri-
mary tumor and metastases), BPH—benign prostatic hyperplasia, CRPC—castration-refractory
prostate cancer (primary tumor and metastases), CTRL—normal prostate tissue, GG—grade
group, NEC—neuroendocrine carcinoma, PCA—prostate cancer, WHO—World Health Organiza-
tion. (B) Composition of the gene panel for mRNA expression analysis using nCounter technology.
AR—androgen receptor, FL—full-length. Additionally, four housekeeping genes (HPRT1, ALAS1,
ARF1, PGK1) were included in the panel.

2.4. RNA Expression Analysis

All RNA expression analyses were performed using the nCounter platform (NanoS-
tring Technologies, Inc.; Seattle, WA, USA). A custom CodeSet gene panel (Supplementary
Table S1) included 45 target genes: (1) AR-FL and splice variants (AR-Vs; junction-specific
probes), (2) AR transcriptional targets, (3) DNA repair-associated genes, (4) proliferation-
related genes, and (5) further genes relevant for PCA (Figure 2B). Four housekeeping genes
(HPRT1, ALAS1, ARF1, PGK1) were included. All samples were titrated to 100 ng of the
total mMRNA amount. Internal nCounter negative and positive controls as well as other
internal metrics (RNA quantity, binding density) were used for quality control.
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2.5. Statistical Analysis

Raw RNA expression data were processed by nSolver Analysis Software v. 4.0.70
(Nanostring Technologies, Seattle, WA, USA). Negative controls were used for background
subtraction (geometric mean) of the called expression values. Internal positive controls
and reference genes were used for normalization of expression levels. All further analyses
were carried out in R (v. 3.6.0, The R Foundation for Statistical Computing). AR pathway
score (AR score) was calculated from 10 genes representing transcriptional targets of AR
(Figure 2B), as described in [19], with benign non-hyperplastic prostatic tissue used as
reference. In brief, for each gene, a z-score was calculated by subtracting the pooled mean
of expression in reference tissue samples divided by the pooled standard deviation of
expression in reference tissue samples. AR score output was calculated as the sum of
z-scores for all ten target genes divided by the number of genes. The HRDNA repair
score (DNA-R score) was calculated using the same principle using all genes (n = 20) from
our panel related to HR DNA repair (excluding PARP1 and PARP2). The expression of
AR-Vs was evaluated both quantitatively (correlation analyses, heatmap) and qualitatively.
For qualitative estimation of AR-Vs (present/not present), a threshold of 20 normalized
counts (approximately 5 standard deviations above mean AR-V expression for control
tissue samples) was used after background subtraction of the geometric mean of negative
control samples. Appropriate parametric (t-test), non-parametric (Mann—Whitney U test)
and correlation statistical tests (Pearson’s r) were used for comparison between groups and
parameters. Expression heatmaps were created in nSolver 4.0 analysis software (nanoString,
Seattle, WA, USA) using Pearson’s correlation for clustering.

2.6. Linear Regression Analysis

To analyze the joint effects of AR-Vs and proliferation on DNA repair, score variables
that quantified either AR-Vs or the proliferation of tumor cells were constructed. These
scores were set up in the same way as the DNA-R score using z-scores of the AR splice
variants (AR-V1, -V3, -V7, -V9) and proliferation genes (MKI67, PCNA) for both the splice
variant (SV score) and proliferation (P score) scores, respectively. Values of multiple samples
from single patients were averaged. In the next step, the scores were used to fit linear
regression models with the DNA-R score as the dependent variable and the SV and P scores
as independent variables. The fits of the linear regression models were used to investigate
whether AR-Vs had an effect on DNA repair when accounting for the effect of tumor cell
proliferation on DNA repair (Supplementary Figure S9).

2.7. Cell Culture and Irradiation

LNCaP cells were obtained from the German Collection of Microorganisms and Cell
Cultures (Braunschweig, Germany). LNCaP cells stably overexpressing AR-FL (LNCaP/AR)
or AR-V7 (LNCaP/V7) were generated by lentiviral transduction. Lentivirus was gener-
ated in HEK 293T cells via co-transfection of VSV-G, Gag-Pol and AR-FL/ V7 expressing
plasmids using jetPRIME (Polyplus, Illkirch, France). pLENTI6.3/AR-GC-E2325 (lentiviral
vector for AR-FL expression [24]) was a gift from Karl-Henning Kalland, and AR-V7-
pcw107, described in Martz et al., 2014 [25], was a gift from David Sabatini and Kris Wood.
LNCaP/AR cells were selected with 5.5 pg/mL Blasticidin (Life Technologies, Paisley,
UK) for 2 weeks, and LNCaP/V7 cells were selected with 1 ug/mL Puromycin (Cayman
Chemical, Ann Arbor, USA) for 5 days.

Cells were cultured in RPMI1640 medium containing GlutaMax supplemented with
1% penicillin/streptomycin (10,000 U/mL) and 10% fetal bovine serum (Life Technologies,
Paisley, UK) or 10% charcoal-stripped fetal bovine serum (DCC) (Biowest, Nuaillé, France)
at 37 °C in a humidified atmosphere containing 5% CO». Cells were routinely checked to
exclude mycoplasma contamination.

Radiation experiments were performed on a linear accelerator (Truebeam Stx, Varian
Medical System, Palo Alto, CA, USA) using 6 MeV photon energy at a dose rate of 4 Gy/min
at dose maximum (Dmax = 20 mm). Depending on the experimental setting, the applied
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dose to the cells varied between 2 to 6 Gy. For this purpose, cells seeded in 6-well plates
(for Western Blot and RNA analysis) or on glass coverslips placed in 12-well plates (for IF)
were positioned in a tissue-equivalent RW3-plasticphantom (PTW, Freiburg, Germany) at a
depth of Dmax. The field size was adapted according to the number of plates irradiated.

2.8. yH2A.X Assay

DNA double-strand breaks were determined by YH2A.X staining cells [26]. Cells were
grown for 24 h in androgen-deprived medium and then subjected to 2 Gy irradiation. Im-
munofluorescence was performed 24 h post-irradiation, as previously described [27]. Foci
were visualized using phospho-Histone H2A.X (catalog number 05-636; Millipore, Temec-
ula, CA, USA) and anti-mouse I1gG/IgM Alexa Fluor 488-conjugated secondary antibodies
(Dianova, Hamburg, Germany). Subsequently, cells were embedded in Fluoromount-G
with DAPI (Life Technologies, Carlsbad, CA, USA). Fluorescent images were acquired
on an Olympus CKX53 microscope (Tokyo, Japan) and foci were counted using QuPath
Software v0.3.2 [28]. At least 200 cells per condition were counted.

2.9. Immunoblot

Cell lysates were prepared using RIPA lysis buffer supplemented with protease and
phosphatase inhibitors (Complete Protease Inhibitor Cocktail, Roche, Basel, Switzerland
and Halt Protease and Phosphatase Inhibitor Thermo Scientific, Rockford, IL, USA) as pre-
viously described [29]. Primary antibodies used included AR-V7 (31-1109-00, RevMab Bio-
sciences, San Francisco, CA, USA), yYH2A.X (05-636, Merck Millipore, Darmstadt, Germany),
and B-Actin (ab6276, Abcam, Cambridge, UK). As a secondary antibody, a horseradish
peroxidase-conjugated antibody (ab6789, Abcam) was used. Signals were detected us-
ing ECL Western Blot Substrate or SuperSignal West Dura Extended Duration Substrate
(Thermo Scientific, Rockford, IL, USA) on a Fusion S imaging system (Vilber Lourmat,
Radolfzell, Germany).

2.10. Quantitative gRT-PCR

To study the mRNA expression of DNA repair genes (Supplementary Table S1) in
LNCaP cells stably overexpressing AR-FL or AR-V7, cells were seeded 24 h prior to irra-
diation in androgen-deprived medium. Six hours after irradiation (6Gy), either protein
lysates or total RNA were recovered from the cells, followed by qRT-PCR as previously
described [29]. Oligonucleotide primers specific for DNA repair genes and PPIA (peptidyl-
prolyl isomerase A, used as housekeeping gene) were purchased from biomers.net (Ulm,
Germany). Primer sequences are provided in Supplementary Table S2. Sequence verifica-
tion of the amplification products was performed with Sanger sequencing. Gene expression
was measured in triplicates per gene. Relative gene expression was assessed using the
AAC,; method with PPIA as a housekeeping gene (Supplementary Tables S3 and S4).

2.11. Ethical Considerations

The study was approved by the ethical committees of the University of Bonn (Votum
124/19) and Semmelweis University (#177/2016).

3. Results
3.1. Quality Control (QC)

Three and five samples were excluded at the QC stage from the ADT and CRPC
groups, respectively, due to low RNA quality (the final composition is in Table 1, excluding
samples failing QC). The excluded samples were small, decalcified bone biopsies and
transurethral resections.

3.2. AR-Vs Appear Mostly as a Response to ADT

An analysis of AR-FL and AR-V mRNA expression (AR-V1, AR-V3, AR-V7, AR-V9,
ARA45, ARv567es) was performed on the nCounter platform (Figures 1 and 3). AR-Vs were
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detected in approximately two-thirds of CRPC samples and half of ADT samples but in
only 14% of hormone-naive cases (84% with Gleason Score > 4 + 3; no statistical association
with ductal/acinar morphology). We detected no expression of AR-Vs in normal tissue
and BPH samples (Figure 3A,B). AR-V1 was the most common AR-V in hormone-naive
PCA. AR-V7 was most common during ADT and in the CRPC stage (Figure 3B-D). In
fact, in CRPC samples, AR-V7 was present in 100% of the samples expressing any of the
other AR-Vs (Figure 3D). One of two CRPC patients on abiraterone therapy in our cohort
expressed AR-Vs.
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Figure 3. (A) Analysis of samples expressing any of the four androgen receptor splice variants in
the four main study groups. BPH and CTRL groups were negative for AR-Vs. Numbers represent
percentages of samples containing AR-Vs. (B-D) Stratification of the samples expressing any of the
AR-V splice variants (V1, V3, V7, V9) in study groups. Boxes represent single samples. Stratification
according to histological subtype (acinar or ductal (DA) adenocarcinoma) in primary hormone-
naive tumor samples. As other AR-Vs are co-expressed with AR-V7 in CRPCs, the latter appears
a reasonable surrogate marker for the presence of AR-Vs. Correlation (co-existence) measure is
presented for AR-V1, -V3 and -V9 compared to AR-V7 splice variant. “n” represents the number of
samples positive for single AR splice variants. (E) Expression of full-length AR (AR-FL) and two
other splice variants (AR45 and ARv567es) in tumor and benign study groups. Statistical significance
(p <0.05): *vs. PRIM group, ~ CRPC vs. ADT group, # vs. CTRL group (Mann-Whitney U-test).

Both AR45 and ARv567es mRNA were detectable in tumor and benign samples
(Figure 3E). AR-FL, AR45 and ARv567es mMRNA expressions were significantly higher in
ADT and CRPC samples (all p < 0.001). AR45 and ARv567es mMRNA expressions were
highly correlated with the expression of AR-FL (Pearson’s r 0.86 and 0.99, respectively, both
p < 1.0 x 10710), ARv567es mMRNA expression was approximately three and four times
higher (both p < 0.0001) in presence of any of the other AR-V splice variants in the CRPC
and ADT groups, correspondingly.

A certain level of intra-patient heterogeneity was evident regarding the presence of
AR-Vs. The AR-V status of multiple samples from single patients was heterogeneous in 9
out of 41 patients in the PRIM group, 1 of 4 patients in PRIM MTS, and 3 of 10 patients in
the ADT group, but not in the CRPC group.
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Both samples with primary small cell neuroendocrine carcinoma of the prostate and
sarcomatoid carcinoma (post-ADT) showed no or almost undetectable expression levels of
AR-Vs and AR-FL, respectively [30].

3.3. AR Signaling and Proliferation Depend on the Presence of AR-Vs in ADT and CRPC Tumors

To measure the activation of the AR pathway, we calculated an AR score from cumula-
tive levels of expression for 10 established transcriptional targets of AR (Figure 2B) with
CTRL samples as a reference.

The median AR-FL expression increased with the progression of the disease (Figure 3E).
However, AR target gene (positive AR score) induction was significantly reduced in the
ADT and CRPC samples (despite ongoing ADT), while AR signaling was significantly
activated in samples from both the PRIM and PRIM MTS groups (Figure 4A). In fact, a
smaller part of the ADT and CRPC samples revealed the downregulation of known AR
target genes (negative AR score) (Figure 4A).

The decrease in the AR score, as observed for ADT and CRPC, however, does not
translate into a significant change in the proliferative index. Similar to the PRIM MTS group,
MKI67 expression was significantly elevated in ADT and CRPC compared to the PRIM
samples (Figure 4B), but only in ADT and CRPC (Figure 4D, Supplementary Figure S1A,B),
but MKI167 expression correlated with AR-Vs only in ADT and CRPC samples (Figure 4D,
Supplementary Figure S1A,B). A similar upregulation of the PRIM MET, ADT and CRPC
cohort was detected for the ubiquitin-conjugating enzyme E2C (UBE2C) in comparison to
the CTRL, BPH and PRIM groups (Supplementary Figure S2A). The progressive loss of AR
target gene expression, in combination with an increasing proliferative index, may hint at a
progredient dedifferentiation of tumors ranging from the PRIM to CRPC cohorts.

The expression of UBE2C is driven by AR-V- and not by AR-signaling in CRPC
tumors [31]. Our analyses support this finding, as UBE2C expression was significantly
upregulated only in CRPC tumors expressing AR-Vs (Figure 4E, Supplementary Figure S2B).
In the same group, we found a significant association between AR-V expression with
increased proliferation (MKI167) and the AR-V*-dependent elevation of AR target gene
expression, while in AR-V negative CRPCs, AR target gene induction was in the range of
the CTRL group (p =0.003; Figure 4C). We did not find evidence for a correlation between
AR pathway activity and PTEN or RB1 expression in any of the groups (all p > 0.05).

In both ADT and CRPC groups (Figure 4D), significantly higher MKI67 mRNA expres-
sion was evident in tumors expressing AR-V splice variants. PCNA expression strongly
correlated with the MKI67 expression (Pearson’s r 0.52, p < 2.2 x 10716; not shown) without
any evidence of dependence on AR-Vs (Supplementary Figure S1C,D).

3.4. Homologous Recombination DNA Repair Activity Depends on the Presence of AR-Vs and AR
Pathway Activation

Overall, the mMRNA expression of 20 genes associated with HR DNA repair was an-
alyzed in our study. Unsupervised heatmap clustering analysis showed evidence of two
major clusters of DNA repair genes, one of them containing BRCA1 and the other contain-
ing BRCA2 expression. With the introduction of AR-Vs in this analysis as a quantitative
parameter, AR-V expression was preferentially associated with the CRPC phenotype (11/45
in the AR-V low-expressing group vs. 23/45 in the AR-V high-expressers, Figure 5). In the
AR-V high-expressing group, DNA repair gene expression was more abundantly deregu-
lated as compared to the AR-V low-expressing group, where a more stable expression of
DNA repair genes was observed.
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Figure 4. (A) Distribution of AR scores in study groups (cumulative score of AR pathway activation,
calculated based on mRNA expression of 10 transcriptional targets of AR). Light blue points express
any of the AR-V splice variants (V1, V3, V7, V9); dark blue points do not express AR-V splice variants.
“Positive” area represents AR score in “activated” range compared to reference group (CTRL: benign
non-hyperplastic prostate tissue). “Negative” area represents depression in AR signaling. (B) mMRNA
expression of proliferation marker MKI67. (C) Analysis of AR score distribution in four “tumor” study
groups in relation to dependence on AR-V splice variant expression. (D) Analysis of MKI67 mRNA
expression in ADT and CRPC groups in relation to dependence on AR-V splice variant expression.
(E) Analysis of UBE2C mRNA expression in ADT and CRPC groups in relation to dependence on AR-
V splice variant expression. p-levels calculated using Mann—-Whitney U-test. Statistical significance
(p <0.05): * vs. PRIM group, # vs. CTRL group, 8§ vs. PRIM MTS group.

To quantify DNA repair gene expression, we calculated a DNA repair activity score
(DNA-R score) from the expression levels of 20 genes (excluding PARP1 and PARP2) using
CTRL samples as a reference, analogous to the AR score introduced above (Figures 6 and S3).
The DNA-R score significantly increased in all groups, including BPH, compared to the ref-
erence group (Figure 6A). In the presence of AR-Vs, the DNA-R score increased significantly
in CRPCs. We observed a similar trend in the ADT group (Figure 6B). In the PRIM and ADT
groups, as well as in the CRPC group (statistical trend), the DNA-R score significantly corre-
lated with the AR score (Figure 6C). In linear regression models, the effect of proliferation
on DNA repair was clearly visible (Table 2, lower panel). However when accounting for this
effect, residual coefficient estimates revealed a positive association between the presence
of AR-Vs and enhanced DNA repair in both primary tumors (ADT, p = 0.0377) and tumors
that that underwent androgen deprivation therapy (ADT, p = 0.0297). Statistical analysis
revealed a strong trend for CRPC within the latter group (Table 2, upper panel). An analysis
of the CRPC group (p = 0.0551) showed a strong trend in the same direction in the respective
regression models. The DNA-R score was not found to be correlated with RB1, PTEN or
ERG mRNA expression (all p > 0.05).
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Figure 5. Heatmap plot of mRNA expression levels of DNA repair genes and AR-V splice variants as
a quantitative parameter (left side). Samples represent pooled tumor samples from ADT and CRPC
groups. Note similarities in the expression levels of the upper cluster of DNA repair genes (RAD51 to
BRCAZ2) and AR-V splice variants, with the exception of 15 samples on the left side (mostly ADT
samples). Clusters are separated by yellow lines.

To quantify DNA repair gene expression, we calculated a DNA repair activity score
(DNA-R score) from the expression levels of 20 genes (excluding PARP1 and PARP2) using
CTRL samples as a reference, analogous to the AR score introduced above (Figures 6 and S3).
The DNA-R score significantly increased in all groups, including BPH, compared to the ref-
erence group (Figure 6A). In the presence of AR-Vs, the DNA-R score increased significantly
in CRPCs. We observed a similar trend in the ADT group (Figure 6B). In the PRIM and ADT
groups, as well as in the CRPC group (statistical trend), the DNA-R score significantly corre-
lated with the AR score (Figure 6C). In linear regression models, the effect of proliferation
on DNA repair was clearly visible (Table 2, lower panel). However when accounting for this
effect, residual coefficient estimates revealed a positive association between the presence
of AR-Vs and enhanced DNA repair in both primary tumors (ADT, p = 0.0377) and tumors
that that underwent androgen deprivation therapy (ADT, p = 0.0297). Statistical analysis
revealed a strong trend for CRPC within the latter group (Table 2, upper panel). An analysis
of the CRPC group (p = 0.0551) showed a strong trend in the same direction in the respective
regression models. The DNA-R score was not found to be correlated with RB1, PTEN or
ERG mRNA expression (all p > 0.05).

An analysis of expression and dependence on the presence of AR-Vs for single HR
DNA repair genes is presented in Supplementary Figures S4—-S7. The trends in mRNA
expression for the individual DNA repair genes were similar to the ADT and CRPC groups.
Some genes (ATM, RAD51C, BRCA2, MRE1, RMI1) were more profoundly downregulated
in the CRPC group (Figure 7A). A number of DNA repair genes showed statistically
significant altered expression in the PRIM, ADT and CRPC groups in the presence of AR-Vs
(Figure 7B).
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Figure 6. (A) Distribution of DNA repair scores in study groups (cumulative score based on mRNA
expression of 20 DNA repair genes). Light blue points express any of the AR-V splice variants (V1,
V3, V7, V9); dark blue points do not express AR-V splice variants. (B) Dependence of DNA repair
score on the presence of AR-V splice variants (V1, V3, V7, V9) in ADT and CRPC groups. p-levels
calculated using Mann—Whitney U-test. Statistical significance (p < 0.05): * vs. PRIM group, # vs.
CTRL group. (C) Correlation analysis shows dependence of the AR score and DNA repair score in

PRIM, ADT and CRPC groups.

Table 2. Estimates of associations between AR splice variants, proliferation and DNA repair, as
obtained from fitting group-wise linear regression models with the DNA-R score as a dependent
variable and splice variant and proliferation scores as independent variables. * p < 0.05, *** p < 0.0005.

AR splice variants vs. DNA repair.

Patients Coefficient Estimate SD p-Value
ADT 88 0.008013 0.003624 0.0297 *
ADT nonCRPC 53 0.007468 0.004472 0.101
CRPC 35 0.012147 0.006103 0.0551
Prim 136 0.080467 0.038329 0.0377 *
AR splice variants vs. proliferation.
Patients Coefficient Estimate SD p-Value
ADT 88 0.028671 0.002070 <2 x 10716 wxx
ADT nonCRPC 53 0.030869 0.002317 <2 x 10716 wxx
CRPC 35 0.023398 0.003974 1.5 x 1076 #xx
Prim 136 0.030435 0.002304 <2 x 10716 wxx
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Figure 7. DNA repair genes differentially expressed in samples from different ADT, CRPC and PRIM
groups (p < 0.05; in italic—p = 0.05-0.1) in relation to AR-V expression. Detailed expression analysis
of individual DNA repair genes is provided in Supplementary Figures S4-S7. Upregulated genes are
shown with a red background and downregulated genes with a blue background. (A) Cumulative
analysis of all samples in study groups independent of AR-V status. (B) Analysis of genes affected in
samples positive for any of AR-V splice variants (V1, V3, V7, V9) compared to those without AR-V
splice variant expression.

It is known that DNA repair genes are also involved in various aspects of cell cycle
progression. Gene ontology (GO) analyses of our gene set further validated the involve-
ment of our gene set in DNA repair, as compared to the cell cycle and mitotic processes
(Supplementary Figure S11A). We found BRCAL genes as well as the BRCA2 cluster upreg-
ulated in processes related to DNA repair, but only to a low extent were they involved in
cell cycle-related pathways. Ranking the pathways using GO Panther hierarchical cluster
analysis (Supplementary Figure S11B) revealed our gene set to be significantly linked to
multiple DNA repair pathways (DNA repair, double-strand break repair, double-strand
break repair via homologous recombination, cellular response to DNA damage stimulus,
recombinational repair, DNA recombination), followed by cell cycle pathways. It is strik-
ing that DDR pathways showed up to five times higher “fold enrichment” (13.91-62.22)
compared to cell cycle pathways (9.25-13.34).

PARP1 and PARP2 mRNA expression was not found to correlate with the AR score in
any of the groups. Both PARP1 and PARP2 were statistically significantly downregulated
in the CRPC group compared to primary tumors (both p < 0.05; Supplementary Figure S8),
where were not dependent on the presence of AR-Vs.

3.5. AR-V7 Enhances DNA Double-Strand Break Repair in an In Vitro PCA Model

The induction of DNA repair genes by AR splice variants can be measured by yYH2A.X
foci formation after the introduction of double-strand breaks. We used the LNCaP/V7
PCA in vitro tumor model for irradiation and assayed for yH2 A.X foci formation over time.
In contrast to primary foci, which correlate in number with DSBs, residual foci indicate
the number of DBSs in the repair process [32]. We screened for foci formation at three
timepoints (1 h, 24 h and 48 h after irradiation) and verified a strong induction of yYH2AX
focus formation at the early timepoint (1 h), a gradual decline of foci after 24 h and an
almost complete loss of detectable foci 2 days after irradiation (Supplementary Figure S12).
Compared to LNCaP cells overexpressing AR-FL (Supplementary Figure S10), we observed
a modest but significantly reduced number of residual foci 24 h after irradiation (—8.5%,
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p < 0.01) in the presence of AR-V7, indicating accelerated DNA repair in LNCaP cells
containing this AR splice variant [32] (Figure 8). Consequently, the presence of AR-V7 in
PCA cells improves DNA repair provoked by X-ray irradiation.
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Figure 8. (A) The presence of AR-V7 enhances DNA repair in vitro. Increased DNA repair is
visualized by a diminished number of residual YH2Ax foci 24 h after irradiation. Nuclear counterstain
with DAPI from left to right: LNCaP/AR (0 Gy), LNCaP/V7 (0 Gy), LNCaP/AR (2 Gy), LNCaP/V7
(2 Gy). (B) Quantification of residual YH2A.X foci 24 h after irradiation (2 Gy, blue). Non-irradiated
cells were used for comparison (0 Gy, black). In total, >200 nuclei were counted per cell line, irradiative
condition and experiment, with a mean of three independent experiments. ** = p < 0.01.

3.6. In Vitro Validation of Findings in Clinical Samples

With the first proof that AR-V7 expression in tumor cells enhances DNA repair, our
next step was to investigate the AR-V7-specific regulation of DNA repair gene expression
(mMRNA). DNA repair gene upregulation was observed in CRPC tumors (Figure 7B) ex-
pressing androgen receptor splice variants (CRPC AR-V+) in comparison to ADT refractory
tumors in the absence of AR-Vs. We translated the CRPC AR-V+ phenotype in our tumor
model to LNCaP cells expressing AR-V7, while androgen-resistant LNCaP cells overex-
pressing AR-FL mimicked the reference cohort (CRPC) [33]. We induced DNA damage
in order to study the transcriptional regulation of DNA repair genes in vitro 6 h after
irradiation. We observed only a minimal alteration of DNA repair genes in unirradiated
reference samples of both LNCaP/AR and LNCaP/V7 cells. This finding disproves the
assumption of a gross impact of AR-V7 on repair genes prior to DNA damage (Figure 9).
Upon irradiation, however, a set of four genes (CHEK1, EXO1, RAD54L, XRCC2) was
strongly upregulated, specifically in cells expressing AR-V7, confirming and validating the
expression data generated from clinical samples, as described above. These similarities
point to the representative nature of LNCaP/V7 cells as an in vitro model of CRPC tumor
cells that express AR splice variants (CRPC AR-V+, Figure 7B).

A similar in vitro analysis was performed to corroborate the results achieved by
comparing clinical CRPC and PRIM sub-cohorts (CRPC vs. PRIM; Figure 7A), where
alterations in DNA repair gene expression were associated with the CRPC phenotype.
In vitro, clinical CRPC was phenocopied by our LNCaP/V7 cell line, while the PRIM
phenotype was represented by androgen-responsive LNCaP cells. As a primary result in
the absence of DNA damage, we observed minor alterations in DNA repair gene mRNA
expression. DNA repair induced by double-strand breaks resulted in a substantial shiftin a
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subset of genes (RAD54L, EXO1, RMI2; Figure 10A), earlier identified as upregulated in
clinical CRPC samples. Three additional genes (ATM, NBN, MCPH1) were confirmed as
downregulated in vitro in the LNCaP/VV7 CRPC model (Figure 10B). The genes identified
by in vitro analyses can be equally assigned to either the group of DNA damage sensors
(ATM, CHEK1/CHK1, MCPH1, NBN) or HR repair genes (EXO1, RAD54L, RMI2, XRCC2),
in accordance with published data [3,5,8,34,35].
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Figure 9. Validation of upregulated DNA repair genes of the AR splice variant expressing CRPC.
LNCaP overexpressing AR-V7 served as a surrogate for CRPCs expressing AR-Vs. DNA repair genes
upregulated in CRPC+AR-Vs (Figure 7B) were validated by qRT-PCR under irradiated (6 Gy, IR, blue
bars) and non-irradiated (0 Gy, @, black bars) androgen-deprived conditions. The latter condition,
with generally lower AR-V7-specific expression, served as the threshold (light gray box) to identify
genes (CHEK1, EXO1, RAD54L, XRCC2) strongly upregulated by irradiation.
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Figure 10. Cont.
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Figure 10. (A) Impact of AR splice variants in clinical CRPC via the validation of deregulated DNA
repair genes in vitro. LNCaP cells overexpressing AR-V7 served as a surrogate for CRPCs expressing
AR splice variants. DNA repair genes deregulated in CRPC vs. PRIM (Figure 7A) were validated by
gRT-PCR under irradiated (6 Gy, IR, blue bars) and non-irradiated (0 Gy, &, black bars), androgen-
deprived conditions. The latter condition, with generally lower AR-V7-specific expression, served as
the threshold (light grey box) to identify genes visibly upregulated by irradiation such as RAD54L,
EXO1, RMI2. (B) Under the same experimental conditions, genes such as ATM, NBN, MPCH1 were
confirmed as downregulated.

4. Discussion

The recognition of the commonly impaired DNA damage response by defects in HR
has enabled new, targeted therapeutic interventions in many malignant tumors, including
PCA [9,36]. The connection between the AR pathway and DNA repair in PCA proved to
be so tight that, even in the absence of pathogenic mutations in DNA repair genes, there is
a possibility of targeted therapeutic interventions using PARPi. ADT causes the significant
downregulation of DNA repair genes given direct and indirect transcriptional regulation
of the latter through AR [1-3,5-8,15,37]. This functional impairment of HR is sufficient
to induce synthetic lethality under treatment with PARPI. Several major studies [5,6]
provided a proof of principle for such synthetic lethality in cell line experiments, and two
clinical trials have been conducted to date on patients with CRPC. A pilot study (NCI 9012)
showed no differences in response rates between CRPC cohorts receiving abiraterone versus
abiraterone/veliparib [38]. Abiraterone/olaparib, however, was effective in unselected
patients with CRPC compared to abiraterone only [11], in particular, in a subgroup of
patients with pathogenic mutations in HR DNA repair genes (NCT03732820) [39].

These studies [5,6] of synthetic lethality [11,38] analyzed AR function in the context of
mutant DNA repair genes in CRPC tumors. AR splice variants showed activating effects
in DNA repair genes similar to full-length androgen receptors [3,8], thus provoking the
examination of the effect of AR-Vs on DNA repair genes in a clinical setting.

An appropriate in vitro model system has to fulfill several aspects to closely mimic
the physiological situation of AR-V7-expressing PCA tumor cells [40]. The expression of
AR-V7 is only observed in the context of full-length AR. The choice of an LNCaP cell model
with high endogenous AR-FL expression caused by lentiviral transduction avoids clonal
effects. To compensate for higher total AR expression in LNCaP/V7, we generated an
LNCaP control cell line that overexpresses full-length AR (LNCaP/AR). Original LNCaP
cells harbor the AR T878A mutation [41], which is known to cause aberrant AR behavior.
However, the use of steroid-depleted media minimizes the effect of mutant AR signaling,
and comparison with the control cell line LNCaP/AR, which overexpresses the wild-type
full-length androgen receptor, ensures the analysis of AR-V7-specific effects in this in vitro
tumor model. Hence, we are confident that our experimental setup allows for the analysis of
AR-V7-specific effects in DDR even in the presence of the endogenous AR T878A mutation
in LNCaP cells.

Cell lines such as VCaP might be used to analyze endogenous AR-V7 effects on DNA
repair. However, VCaP cells are infected with and secrete the retrovirus Bxv-1, a xenotropic
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mouse leukemia virus, as shown by Sfanos et al. [42]. In the course of retroviral infection,
vH2AX foci are detectable at sites of proviral integration [43], limiting the use of this assay
to study DNA repair in VVCaP cells.

Thus, we cannot exclude the impact of this virus on cellular physiology and AR-
FL/AR-V7-signaling in these cells. We chose the transgenic approach using LNCaP cells, as
these cells are not known to produce any viruses, closely mimicking the clinical situation.

To the best of our knowledge, this is the first study to analyze the link between AR
pathway activation, the presence of AR splice variants and the transcription of DNA repair
genes in multiple subgroups of clinical PCA tumor samples that reflect the development of
ADT resistance. While the upregulation of AR-VV7 under ADT treatment in patient samples
was already reported by Sharp et al. [21], our approach provides data for those subgroups,

including a CRPC specimen. Additionally, these data were substantiated by cell line models,
mimicking the CRPC phenotype of the clinical samples. Importantly, we provide evidence
that crucial components of the DNA repair machinery might be induced in the presence
of AR-Vs in CRPC. Thus, approximately two-thirds of patients with CRPC and half of
the patients on ADT (but still hormone-sensitive) in our study harbored AR-V1, -V3, -V7,
and -V9. Additionally, our study demonstrated the presence of AR-Vs is correlated to the
increased activity of the AR pathway measured by the AR score in CRPC. Furthermore,
the cellular proliferation index doubled in CRPC in the presence of AR-Vs as measured by
MKI67 expression (Figure 4C,D).

This study shows that the expression of DNA repair genes, summarized as a DNA
repair score, is 2.5 times higher in the presence of AR-Vs in CRPC (Figure 6B,C). This
validates the results of previous experimental studies, which showed that, even in the
absence of AR-FL, AR splice variants can provide the necessary transcriptional support
for DNA repair genes [3] and the loss of AR-Vs sensitizes them to ionizing radiation [8].
As was demonstrated by Luo et al. [23], AR-V7 significantly promotes the DDR of PCA
cells under severe DNA damage. The impact of AR-Vs on the DDR machinery may have
clinical implications, as the activity of DNA repair in CRPC in the presence of AR-V
splice variants seems to be similar or even higher than in hormone-naive tumors. This
may explain the rather inconclusive findings concerning the combination therapy of ADT
with PARPI [11,38], implying that AR-Vs may be predictive of the efficacy of synthetic
lethality-based therapeutic regimens (in a negative way), and this should be clarified in
further studies.

The expression signature of DNA repair genes in primary tumors differs from that of
tumors under ADT and CRPC (Figure 7). Most of the genes analyzed are similarly affected
in ADT and CRPC samples: among upregulated genes (BRCA1, RAD54L, FANCA, EXO1,
RMI2, XRCC1, CHEK1), the majority were found to have the same tendency in CRPC
tumors in studies by Taylor et al. [44] and Grasso et al. [45] Only RAD51 was downreg-
ulated in our study, but it was upregulated in the aforementioned studies. Interestingly,
the majority of regulated genes in our study (ADT and CRPC) were shown to be tran-
scriptionally downregulated by androgen blockade in experimental studies [1-3,6-8,15,37],
contradicting the findings of Taylor et al. [44], Grasso et al. [45] and our results. Our study
provides evidence that AR-Vs may account for this discrepancy, as the genes induced by
AR-Vs largely overlap with regulated genes in tumors under androgen depletion or CRPCs
(compared to hormone-naive tumors; Figure 7A,B).

Specifically, BRCA1, RAD54L, EXO1 and CHEK?1 are identically upregulated. It is
now tempting to draw the following conclusions. First, elevated levels of AR-Vs detectable
during ADT provide transcriptional support for DNA repair gene activity. This is corrob-
orated by two experimental studies utilizing PCA cell lines [3,8]. Second, the activating
effect of AR-Vs applies to some, but not all, DNA repair genes. Indeed, AR-Vs and AR-
FL transcriptomes are, to some extent, different [31], even in regard to DNA damage
response genes [1,8,34,35]. However, the precise differences in the transcriptional effects of
AR-FL and AR-Vs concerning DNA repair are, to date, understudied by far and warrant
further investigations.
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PARP1 and PARP2 were characterized earlier as important effectors of AR, functioning
in positive regulatory loops [6—8,15]. In our study, mRNA expression in both genes was, to
some extent, downregulated in CRPC samples compared to hormone-naive tumors (Sup-
plementary Figure S8) but did not show any dependency on AR splice variant expression.
This could be related to the fact that mMRNA expression in these genes is not a reliable
measure of PARylation activity, which was also shown earlier [6].

Our analysis of clinical CRPC samples demonstrates the specific upregulation of DNA
repair genes in two clinical settings: CRPC vs. PRIM and CRPC AR-V+ vs. CRPC AR-V-.
This points to the initiation of DNA damage repair (DDR) in CRPC tumors. However, the
precise mechanisms leading to AR-V-mediated modulations in DDR remain largely un-
known. In our study, we constructed two in vitro cell line models simulating clinical CRPC
tumor phenotypes with and without AR-V7 overexpression, derived from the initially
hormone-sensitive LNCaP cell line (corresponding to the hormone-naive phenotype in our
experimental setup). In an in vitro CRPC model using LNCaP cells that overexpress AR-V7,
DDR was induced by ionizing radiation. The presence of AR-V7 yielded a significant
reduction in YH2A.X foci, which mark positions in the genome with actively ongoing
DDR [32]. The resulting superior DDR has a beneficial impact on AR-V7 tumor cells. Upon
DNA damage induced by irradiation, AR is known to translocate to the nucleus and initiate
the expression of DNA repair genes such as XRCC2 [2]. AR splice variants such as AR-V7
are already located at a high fraction in the nuclei of primary PCA cells [46], while AR-FL
remains cytoplasmatic in the absence of activating ligands. An augmented transcriptional
activation of DNA repair genes in the presence of AR-Vs, therefore, appears plausible and
was substantiated by our PCA tumor model.

DNA repair genes with de-regulated expression in CRPC clinical samples can either be
classified in the group of DNA damage sensors (ATM, CHEK1/CHK1, MCPH1, NBN) or
HR genes (EXO1, RAD54L, RMI2, XRCC2). Their altered expression was confirmed by our
in vitro analyses. These data indicate that AR-Vs indeed play a multidirectional role in aug-
menting DDR in CRPC tumors (Figures 8-10) and mirror the findings of Yin et al., 2017 [3],
who reported a causal link between AR-Vs and DNA repair after irradiation.

Furthermore, we confirmed three genes (ATM, NBN and MCPH1) to be downregu-
lated in clinical CRPC tumor samples in our in vitro models. Various publications reported a
downregulation of genes with a potential tumor-suppressive function in DNA repair [40,47],
with ATM being one of the crucial and most thoroughly studied. One publication showed
an association between NBN mutations and high-grade PCA in a Polish patient cohort [48],
suggesting a tumor-suppressive function in this gene in normal prostate tissue. MCPH1,
also downregulated in our clinical CRPC tumor samples, was previously reported to be
downregulated in prostate carcinoma [49]. MCPHL is functionally tightly associated with
ATM and NBN. MCPHL1 recruits ATM and NBN to DNA damage repair foci as part of the
early DNA damage response [50]. The functional loss of ATM or NBN, two genes that
are downregulated in our study, is associated with poor survival in PCa patients [50-52]
and sensitizes PARP inhibitor therapies. Androgen receptor splice variant expression, in
contrast, appears to reactivate DNA damage repair gene expression previously thwarted
by ADT. In summary, our experiments using the AR-V7 in vitro PCA model suggest that
the PARPI sensitization of CRPC tumors will likely not occur in the presence of AR-Vs [8],
despite the observed loss of ATM expression. To the best of our knowledge, for the first
time, the AR-V-dependent alteration of DDR gene expression has been shown in CRPC
patients (Figure 7), and accelerated DDR in an AR-V7-dependent CRPC tumor model
was confirmed.

In contrast to our expectations, we found an independent impact of AR-V expression
on DDR gene expression in the clinical cohort. The employment of a linear regression model
provided not only a significant positive association of AR-V expression with proliferation
but also independently for DNA repair gene expression in primary tumors (Table 2).
Calculations for the other groups resulted in corresponding associations, concluding that
AR-Vs have an independent impact on DDR gene expression. Corroborating these findings
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in vitro, analogous alterations of DDR gene expression, as found in the clinical samples,
appeared within a timeframe that excludes the involvement of proliferative aspects of the
functionality of AR-V7.

This study is not devoid of limitations, as DNA repair is a very complex process.
Other important components of the DNA repair system, such as Ku70 protein [53], DNA
protein kinase catalytic subunit [54] and some other genes, which have been shown to be
AR-dependent, were not studied. Several other AR rearrangements (gene amplification
and mutations) were also not targets of our study.

5. Conclusions

This study confirms the tight interconnection between AR signaling, alterations in
AR expression and the transcription of DNA repair genes in clinical tumor samples and
in vitro prostate cancer models. Of particular importance is the modulation of DNA
repair gene expression in the presence of AR splice variants in CRPC. The expression
of AR splice variants might be a reason for the reduced or absent effect of therapeutic
concepts exploiting the principle of synthetic lethality between ADT and PARP inhibition.
Thus, AR-Vs show potential as predictive biomarkers for the efficacy of PARPI therapy, as
previously suggested [23].
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analysis that were significantly deregulated in clinical samples (CRPC vs PRIM). Figure S1: MKI167
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The prognosis of patients with advanced urothelial carcinoma (UC) remains poor and improving
treatment continues to be a major medical need. CUB domain containing protein 1 (CDCP1)is a
known oncogene in various types of solid cancers and its overexpression is associated with impaired
prognosis. However, its role in UC remains undetermined. Here we assessed the clinical relevance of
CDCP1in two cohorts of UC at different stages of the disease. Inmunohistochemistry showed that
CDCP1is highly expressed in advanced UC, which significantly correlates with shorter overall survival.
Importantly, the basal/squamous UC subtype showed significantly enriched CDCP1 at the mRNA and
protein levels. The functional role of CDCP1 overexpression was assessed taking advantage of ex vivo
organoids derived from the CDCP1PLSU* transgenic mouse model. Furthermore, CDCP1 knockout

UC cell lines were generated using CRISPR/Cas9 technology. Interestingly, CDCP1 overexpression
significantly induced the activation of MAPK/ERK pathways in ex vivo organoids and increased their
proliferation. Similarly, CDCP1 knockout in UC cell lines reduced their proliferation and migration,
concomitant with MAPK/ERK pathway activity reduction. Our results highlight the relevance of CDCP1
in advanced UC and demonstrate its oncogenic role, suggesting that targeting CDCP1 could be a
rational therapeutic strategy for the treatment of advanced UC.

The standard treatment for advanced urothelial cancer (UC) is radical cystectomy preceded or followed by
platinum-based chemotherapy®. The advent of immunotherapy and, more recently, the use of antibody—drug
conjugates (ADC) has broadened the therapeutic armamentarium?. However, the prognosis of patients with
advanced UC remains poor and effective treatment remains a major medical need. CUB domain containing
protein 1 (CDCP1), also known as SIMA1353, gp140*, CD318%, or Trask*, is a transmembrane protein that is
frequently overexpressed in a variety of human cancers®. In the cell membrane, CDCP1 exists in two forms as the
135 kDa full-length (FL) protein can be cleaved by serine proteases at arginine-368 and lysine-369. Its proteolysis
results in the formation of a soluble 65 kDa fragment and a membrane-spanning fragment of 70 kDa’. Both the
cleaved (C) and FL forms act as substrates for Src, promoting interactions with several receptor tyrosine kinases
(RTKs) thereby representing a key factor for pro-tumoral downstream signaling’°. Accordingly, several studies
demonstrated that CDCP1 is a potent oncogene and suggest that its overexpression is functionally involved in
disease progression® -2, Indeed, elevated levels of this protein are associated with more advanced stages, poorer
prognoses, and/or therapy responses in all studied malignancies®: 121424, Qur recent study carried out on a novel
spontaneous mouse model of prostate cancer showed that CDCP1 promotes progression and metastasis through
the upregulation of MAPK/ERK and AKT pathways*2. Similarly, other studies describe CDCP1 overexpression
as a driver of MAPK/ERK- and AKT-dependent tumor progression® !, Interestingly, CDCP1 targeting, either
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with monoclonal antibodies or small molecule inhibitors, has demonstrated effectiveness in inhibiting tumor
growth and metastasis in vivo®. Moreover, a recent study identified CDCP1 as a suitable target for CAR T-cell-
based immunotherapy in pancreatic cancer?®. Since treatments with either SRC or MAPK/ERK inhibitors have
been associated with poor tolerability in the clinic?’, CDCP1 targeting could represent an excellent alternative
therapeutic option. However, to the best of our knowledge, the role of CDCP1 in UC has not been well described,
and more studies to assess it are needed?.

Results

UC exhibits an elevated expression of CDCP1, which correlates with shorter overall survival in
UC patients. To assess the clinical relevance of CDCP1 in UC, we first performed immunohistochemistry
(IHC) staining of human CDCP1 on paraffin-embedded human bladder cancer samples based on the previously
described protocol*?. We examined a cohort of 147 specimens spanning from T1 to T4 stages (Table 1)% 0 and
stratified samples based on their membrane staining for CDCPL1 into four groups (negative, weak, moderate and
strong). All groups with negative or weak staining intensity were classified as CDCP1-low, while moderate and
strong groups were classified as CDCP1-high (Fig. 1A). In line with previous results? 3!, CDCP1 expression was
negatively or weakly expressed in normal urothelium or normal adjacent tissue (NAT) (Supplementary Fig. 1).
A large portion of urothelial tumors at T1 and T2 stages were classified as negative/weak for CDCP1 (CDCP1-
low), while the 35% of T3 and 50% of T4 showed high expression levels of CDCP1 (CDCP1-high) (Fig. 1B). Of
note, levels of CDCP1 in muscular invasive bladder cancer (MIBC) stages (T2-T4) are significantly higher than
in the non-invasive stage (T1) (Fig. 1C). Most importantly, patients with CDCP1-high expression showed a
significant poorer outcome compared to patients with CDCP1-low expression levels (Log Rank mantel cox test
P <0.0001) (Fig. 1D). In parallel, we performed western blot and real-time PCR (RT-PCR) analyses (n =10 and
n = 107 respectively) on additional UC frozen samples and the corresponding NAT. These analyses demonstrated
a robust increase of CDCP1 expression at protein and RNA levels in UC when compared to NAT (Fig. 1E,F).
Taken together, these data showed that CDCPL1 is overexpressed in UC compared to normal tissues, and its
overexpression is associated with advanced UC and shorter overall survival (OS).

CDCP1 expression is elevated in advanced UC and enriched in Ba/Sq subtype. To gain further
insights about the expression of CDCP1 in UC, we analyzed CDCP1 expression in two publically available data
sets. The first, consisting of 405 tissue specimens of bladder cancer from the cancer genome atlas (TCGA), was
classified according to the consensus subtyping approach of muscle-invasive urothelial bladder cancer (MIBC)®.
In line with our previous results, we observed elevated levels of CDCP1 in UC compared to its NAT (Fig. 2A).
Importantly, we found that CDCP1 levels were strongly associated with the Ba/Sq subtype (Fig. 2B). This was
confirmed using a second data set, a single-cell-RNA-sequencing (scRNAseq) of human UC samples®. Indeed,
analysis of this dataset for cells annotated as epithelial origin revealed that expression of CDCP1 and that of
markers reported to be enriched in the Ba/Sq subtype, such as EGFR, KRT5 (CK5) and KRT14 (CK14), have
a high degree of co-localization (Fig. 2C). Thereafter, we performed IHC of CDCP1 on a well-established pro-
spectively recruited consecutive cohort of MIBC patients treated with radical cystectomy and adjuvant chemo-
therapy as previously described (Table 2)%. The multivariate analysis on this cohort demonstrated that CDCP1
is not an independent variable for the prediction of patients” prognosis (Table 3). However, out of 184 analyzed
tumors 56% were positive for CDCP1 (Fig. 2D) and we found a strong association between CDCP1 protein
expression and the Ba/Sq subtype (Fig. 2E). This association with the Ba/Sq subtype of UC was further validated
using the Ba/Sq subtype markers CK5 and CK14%2 (Fig. 2F). Of note, the mRNA levels of CDCP1 reflected
the protein levels observed in this cohort (Fig. 2G) and were enriched in the Ba/Sq subtype (Kruskal Wallis:
P <000.1) (Fig. 2H). Together, these results confirm the association of CDCP1 expression with the aggressive
Ba/Sq UC subtype. Moreover, considering that several studies have already reported the association of CDCP1
with therapy resistance®, we questioned whether this protein has the same impact on MIBC. The OS of chemo-
treated patients expressing high CDCP1 levels is clearly reduced (Fig. 21), suggesting that CDCP1 may be a
suitable marker for chemotherapy sensitivity and targeting CDCP1 could serve as a novel therapeutic strategy
to treat resistant patients.

Transgenic overexpression of CDCP1 induces proliferation in ex vivo mouse organoids and its
knockout inhibits proliferation and migration of UC cells. To model the effect of CDCP1 overex-
pression in UC, we exploited the previously generated transgenic mouse model for CDCP1 (CDCP1P*-SY*) and
established an ex vivo 3D organoids system that overexpresses CDCP1'2, Briefly, the bladder of 8 weeks old
male CDCP1P-SY* mice was excised and dissociated into single cells, as previously described®. Bladder cells
were infected with an adeno-Cre virus to induce the expression of CDCP1 and seeded in Matrigel (Fig. 3A). We
examined the effect of CDCP1 expression on the growth of bladder mouse organoids over two weeks. CDCP1
overexpression resulted in the formation of larger and morphologically distinctive organoids compared to the
controls (Fig. 3B). Quantification of the organoids area revealed a significant increase in their size when CDCP1
is overexpressed compared to the controls (Fig. 3C). At the molecular level, IHC analysis on mouse organoids
confirmed the expression of CDCP1 (Fig. 3D). Importantly, CDCP1 overexpressing organoids expressed high
levels of Ki67 and pERK (Fig. 3D). To further assess the relevance of these findings in human UC, we aimed to
perform CDCP1 knockout (KO) in CDCP1 expressing cells with the CRISPR/Cas9 method. Firstly, we screened
several UC cell lines for their CDCP1 expression. Western blot analysis indicated variable expression of CDCP1
among the tested UC cell lines (Supplementary Fig. 2A). Given the fact that CDCP1 expression was associated
with Ba/Sq subtype and it is highly expressed in the Ba/Sq SCaBER cells, we generated KO of CDCP1 in this cell
line (Fig. 3E). Interestingly, loss of CDCP1 in SCaBER cells reduced pAKT, pMEK and pERK1/2 levels (Fig. 3E

Scientific Reports |

(2023) 13:73 | https://doi.org/10.1038/s41598-022-26579-z nature portfolio


http://www.nature.com/scientificreports/

www.nature.com/scientificreports/ 48

Age

Average (range) 68 (38; 94)

Sex N % of total
Female 46 25.7%
Male 132 74.3%
Primary tumor (location) N % of total
Control 31 19.0%
BCa 136 81.0%
Tumor stage N % of total
Control 31 -
min.pT1 38 26.0%
min.pT2 40 27.0%
min.pT3 45 31.0%
min.pT4 24 16.0%
Tumor type N % of total
Control 31 -
Non-muscle invasive (NMIBC) 38 26.0%
Muscle invasive (MIBC) 109 74.0%
Survival time (months)

Median (range) 50 (1; 283)

CDCP1 level N % of total
Low 115 78.3%
High 32 21.7%

Table 1. Characterization of cohort 1.

and supplementary Fig. 2B). Functional analyses showed that CDCP1 depletion reduced both 2D and 3D prolif-
eration (Fig. 3F,G) and migration in this cell line (Fig. 3H). Interestingly, T24 and TCCSUP cells, which are con-
sidered non-type®* ®, showed a similar behavior to SCaBER when knocked out for CDCP1, with the exception
for the 2D proliferation (Supplementary Fig. 2C—F). Collectively, these results demonstrate that CDCP1 expres-
sion promotes UC proliferation, while its downregulation reduces proliferation and migration of UC cell lines.

Discussion

Despite the preponderance of studies identifying CDCP1 as a key contributor to oncogenic events in several
cancers®, the functional role of CDCP1 and its clinical relevance in UC remains poorly characterized. Only
two previous studies from the same laboratory indicate its involvement in BCa?® %%, Yang et al. showed that
N6-methyladenosine modified the mRNA levels of CDCPL1 in response to chemical carcinogens, which pro-
moted CDCP1 translation. The same group also showed that CDCP1 is moderately or highly expressed in most
of the BCa samples (n = 33) when compared to para-tumor controls and correlated CDCP1 expression with BCa
progression®L. In line with these results, the first part of our study demonstrated that CDCP1 is overexpressed in
UC when compared to NAT and is associated with MIBC. Moreover, the impact of elevated CDCP1 expression
in UC was investigated by Kaplan—Meier analysis, which indicated that patients expressing high levels of CDCP1
have significantly poorer OS (Fig. 1D).

In the second part of this study, we further explored the clinical relevance of CDCP1 in UC. Indeed, our
results obtained from three different data sets, showed significant enrichment of CDCP1 expression in the Ba/
Sq subtype (Fig. 2B,C,E,H). Since CDCP1 is reported to interact with the epidermal growth factor receptor
(EGFR)®*, whose activity is also associated with Ba/Sq tumors in BCa®" %, and a cross-talk between these two
proteins is already described in other tumor types®*-*!, further studies investigating the potential COCP1/EGFR
cross-talk are needed. Such studies may show that a combinational therapy targeting CDCP1 and EGFR may be
effective for the treatment of Ba/Sq bladder tumors.

Another important clinical aspect presented by our study is the association of CDCP1 with therapy resistance,
which has been reported in breast and ovarian cancers® 1% 8, Indeed, the OS of chemotherapy-treated patients
expressing high CDCP1 levels was clearly reduced, supporting the hypothesis that CDCP1 is involved in resist-
ance to first-line chemotherapy in UC.

To determine the oncogenic role of CDCP1 in UC, we took advantage of the previously generated mouse
model for CDCP1 overexpression in a Cre-dependent manner2, Remarkably, CDCP1 overexpression in blad-
der organoids obtained from this mouse model resulted in larger and well-defined organoids compared to
the control groups (Fig. 3B,C). These preliminary results suggest that CDCP1 overexpression may support
oncogenesis in bladder urothelium. Additionally, these results encourage the development of a bladder-specific
CDCP1-overexpressing transgenic mouse model to further analyze the oncogenic potential of CDCP1 in UC.
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Figure 1. UC exhibits elevated expression of CDCP1, which correlates with shorter overall survival in UC
patients. (A) Representative images of CDCP1-low and CDCP1-high tumors. (B) Percentage of patients
expressing low and high CDCP1 levels, divided by the tumor stage (T1, T2, T3, T4). The table indicates the
relative number of patients, which express low and high CDCP1 divided per tumor stage. (C) Column bar graph
comparing the expression of CDCP1 in NMIBC (T1) and MIBC (T2—T4). Error bars indicate SD. *P<0.05.
Statistical test: two-tailed unpaired t test. (D) Kaplan—Meier survival analysis of UC patients stratified based
on the semi-quantitative expression of CDCP1 (CDCP1-low: negative, weak; CDCP1-high: moderate, strong).
***P <(.001. Statistical test: log-rank test. (E) Western blot analysis of CDCP1 and GAPDH expression on
representative tumor samples from patients presenting lesions at different stages (T1, T2, T3 and T4). CDCP1
tumor expression is compared with its expression in the NAT from the same patients. (F) Comparison between
the expression of CDCP1 in UC samples and NAT at the transcriptional level. Expression was quantified via
real-time quantitative PCR, and normalized to GAPDH. Error bars indicate SD. **P <0.01. Statistical test: two-
tailed unpaired t test.
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Figure 2. CDCP1 expression is elevated in advanced UC and enriched in Ba/Sq subtype. (A) Expressional
levels of CDCPL1 in UC tissue compared to NAT. Data obtained from the TCGA BLCA data set. ****P <0.0001.
Statistical test: two-tailed unpaired t test. (B) Comparison of CDCP1 levels between the UC molecular subtypes
from TCGA BLCA data set. ****P <0.0001. Statistical test: one-way analysis of variance. (C) Visualization via
scRNAseq analysis of the expressional levels of CDCP1, and different Lu subtype molecular markers (FGFRS3,
FOXAL, GATAZ3) and Ba/Sq subtype molecular markers (EGFR, KRT5, KRT14) in the UC cohort from Chen
et al., 2020. (D) Representative images of tumors from the MIBC TMA showing tumors with CDCP1-low
and CDCP1-high. Table showing the total number of MIBC tumors, CDCP1-low and CDCP1-high. (E)
Percentage of tumors from the MIBC TMA which show a low or high CDCP1 expression, clustered on the
base of the UC subtype. (F) Bar graphs indicating the expression of CK5 and CK14 in CDCP1-high tumors
compared to CDCP1-low tumors. The expression is evaluated by IHC in the MIBC TMA. Error bars indicate
SD. ****P <(.0001. Statistical test: two-tailed unpaired t test. (G) Transcriptional expression of CDCP1 (TPM:
transcripts per million reads) compared to CDCP1-low and CDCP1-high levels in the MIBC TMA confirming
the correlation between CDCP1 transcripts and protein levels. (H) CDCP1 TPM across the UC subtypes
showing the high expression of CDCP1 in the Ba/Sq subtype. Tumor samples are correspondent to the ones
from the MIBC TMA. (1) Kaplan—Meier survival analysis of UC patients treated with chemotherapy stratified
based on the semi-quantitative expression of CDCP1 (CDCP1-low: negative, weak; CDCP1-high: moderate,
strong). *P<0.05. Statistical test: Gehan—Breslow—Wilcoxon test.
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Age (years)

Average (range) 68,7 (37; 91)

Sex N % of total
Female 46 25.0%
Male 138 75.0%
Primary tumor (location) N % of total
BCa 184 100.0%
Grading 2004/2016 N % of total
High grade 184 100.0%
Grading 1973 N % of total
G2 5 3.0%

G3 179 97.0%
Initial tumor stage N % of total
pT2 53 29.0%
pT3 88 48.0%
pT4 43 23.0%
pN-stage N % of total
NX 13 7.0%
pNO 118 64.0%
pN1 19 10.0%
pN2 34 18.0%
Adjuvant chemotherapy N % of total
No 139 76.0%
Yes 45 24.0%
Survival time (months)

Average (range) 37(0; 153,33)

CDCP1 level N % of total
Low 81 44.0%
High 103 56.0%
Molecular variant N % of total
Ba/Sq 87 47.0%
LumNS 2 1.0%
LumP 13 7.0%
LumU 15 8.0%
NE-like 6 3.0%
Stroma-rich 61 33.0%

Table 2. Characterization of cohort 2.

At the molecular level, we showed that CDCP1 depletion reduced MEK, ERK and AKT phosphorylation in
western blot analyses on SCaBER cells knocked out for CDCP1. The reliance of MAPK/ERK and AKT pathways
activation on CDCP1 expression in SCaBER suggests that this protein may play a crucial role in UC progression.
Indeed, it was previously reported that the activation of MAPK/ERK and AKT pathways increased tumor growth
and cancer cells motility® 2. Functional analysis performed with SCaBER cells showed that CDCP1 depletion
reduced their 2D and 3D proliferation and migration (Fig. 3F,G,H). Altogether, these findings demonstrate that
the growth and migration abilities of SCaBER cells rely on CDCP1 expression, suggesting that Ba/Sq UC patients
could benefit from CDCP1-targeting therapies. Therefore, further studies validating the efficacy of CDCP1
inhibition are clearly encouraged.

Materials and methods

Patient cohort and case report. The study was approved by the ethical review board of the Medical Fac-
ulty of the University of Bonn (approval number: 036/08 and 093/12) and the Friedrich-Alexander-University
Erlangen-Nurnberg (approval number: 329_16B and 97_18Bc). The study was performed in accordance with
the Declaration of Helsinki. The study participants were anonymized before their specimens were included in
the study cohort. Informed consent was obtained for all the participants. In the first TMA, CDCP1 expression
was assessed from patient samples obtained via radical cystectomy or transurethral resection and provided by
the University Hospital of Bonn, including benign bladder urothelium and BCa with different stages of disease
(T1-T4) as previously described (Table 1)?° %0, In the second TMA, CDCP1 expression was assessed in a well-
characterized prospective homogenous MIBC cohort treated by radical cystectomy in conjunction with bilateral
lymphadenectomy in curative intent at the Department of Urology of the University Hospital of Erlangen®2.
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pN-stage summary 2.798 +H+H++t 0.00159
pT-stage summary 164 +H++ 0.02293
L 0.908 ++ 0.12351
Resection margin 0.888 ++ 0.12938
Age 0.782 ++ 0.1653
Histology summary 0.771 ++ 0.16948
Gender 0.217 + 0.60618
CDCP1 low vs. high 0.148 0.71175
\% 0.007 0.98386
WHO 2016 grading - - -
Whole model

Number of events 95

Number of censorings 89

Total number 184

Difference 34.3554 68.7108 15 0
Full 412.6543
Reduced 447.0097

Parameter estimates

squamous])

CDCP1 low vs. high [low] 0.043 0.117 -0.18 0.28
pT-stage summary [pT2] -0.55 0.228 -1.02 —0.11
pT-stage summary [pT3] 0.057 0.153 -0.24 0.36
pN-stage summary [pN+] 0.047 0.178 -0.3 04
pN-stage summary [pNO] -0.677 0.187 -1.04 —-0.31
Gender [female] 0.063 0.122 —0.18 0.3
Age 0.013 0.01 —0.01 0.03
Resection margin [R1-R0] 0.29 0.281 -0.28 0.82
Resection margin [RX-R1] | 2.301 1.098 —0.66 41
L[1-0] 0.433 0.283 -0.12 1
V[1-0] 0.005 0.252 0.5 0.49
Variant summary [neuroen-

docrine] 1.258 0.512 0.08 215
Variant summary [urothelial- _ _
NOS] —0.505 0.209 0.91 0.08
Variant summary [urothelial- .

sarcomatoid/rhabdoid] ~0.022 0.286 0.61 053
Variant summary [urothelial- 04371 0253 087 012

Effect Wald tests

CDCP1 low vs. high 1 1 0.14 0.712
pT-stage summary 2 2 7.49 0.024
pN-stage summary 2 2 13.24 0.001
Gender 1 1 0.27 0.604
Age 1 1 1.89 0.169
Resection margin 2 2 6.48 0.039
WHO 2016 grading 0 0 0

L 1 1 234 0.126
\% 1 1 0 0.984
Variant summary 4 4 8.54 0.074
Continued

Scientific Reports | (2023) 1373 |

https://doi.org/10.1038/s41598-022-26579-z

nature portfolio



http://www.nature.com/scientificreports/

www.nature.com/scientificreports/ 53

Risk ratios

Unit risk ratios

Age 1.01 0.99 1.03 0.9867414
Range risk ratios

High Low 0.92 0.712 0.58 145
Low High 1.09 0.712 0.69 174
pT3 pT2 184 0.069 0.96 3.69
pT4 pT2 283 0.006 134 6.16
pT4 pT3 154 0.087 0.94 252
pT2 pT3 0.54 0.069 0.27 1.05
pT2 pT4 0.35 0.006 0.16 0.75
pT3 pT4 0.65 0.087 0.4 1.07

pNO pN+ 048 0.009 0.28 083
pNX pN+ 1.79 0.131 083 3.66
pNX pNO 37 0.002 1.68 7.76
pN+ pNO 2,06 0.009 12 3.56
pN+ pNX 056 0131 0.27 12
pNO pNX 027 0.002 013 06

Male female 0.88 0.606 0.55 144
Female Male 114 0.606 0.69 1.82

R1 RO 134 0.312 0.75 2.28
RX RO 13.34 0.074 0.7 76.53
RX R1 9.98 0.104 0.52 60.06
RO R1 0.75 0.312 0.44 133
RO RX 0.07 0.074 0.01 142
R1 RX 0.1 0.104 0.02 193

|

0 154 0.124 0.89 271
0.65 0.124 0.37 112

[ o
=

0 101 0.984 0.61 164
0 1 0.99 0.984 0.61 164

Urothelial-NOS Neuroendocrine 0.17 0.024 0.05 0.61
Urothelial-sarcomatoid/ .

rhabdoid Neuroendocrine 0.28 0.1 0.07 11
Urothelial-sarcomatoid/ :

thabdoid Urothelial-NOS 162 0.192 08 3.28
Urothelial-squamous Neuroendocrine 0.2 0.038 0.05 0.73
Continued
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Risk ratios for variant summary
Levell /Level2 Risk ratio Prob>Chisq Lower 95% Upper 95%
Urothelial-squamous Urothelial-NOS 114 0.669 0.62 211
Urothelial-squamous :%;c:gtgg:&al-sarcomatmd/ 0.71 0.385 0.32 153
Urothelial-variant histology | Neuroendocrine 0.2 0.038 0.05 0.74
Urothelial-variant histology | Urothelial-NOS 1.16 0.6 0.67 198
Urothelial-variant histology | Srothelialsarcomatoid/ | ¢ 79 0.365 035 146
Urothelial-variant histology | Urothelial-squamous 101 0.976 0.52 197
Neuroendocrine Urothelial-NOS 5.83 0.024 1.63 20.81
Neuroendocrine #;%tgg::jal-sarcomatmd/ 36 0.1 0.91 14.27
. Urothelial-sarcomatoid/
Urothelial-NOS thabdoid 0.62 0.192 0.31 125
Neuroendocrine Urothelial-squamous 51 0.038 1.36 19.11
Urothelial-NOS Urothelial-squamous 0.87 0.669 0.47 161
Urothelial-sarcomatoid/ :
thabdoid Urothelial-squamous 142 0.385 0.65 3.08
Neuroendocrine Urothelial-variant histology | 5.05 0.038 1.36 18.76
Urothelial-NOS Urothelial-variant histology | 0.87 0.6 0.51 148
Urothelial-sarcomatoid/ : . :
rhabdoid Urothelial-variant histology | 1.4 0.365 0.68 2.88
Urothelial-squamous Urothelial-variant histology | 0.99 0.976 0.51 1.93

Table 3. Multivariate analysis for CDCP1.

Immunohistochemistry. IHC of CDCP1 protein was performed on a VENTANA BenchMark ULTRA
autostainer (Ventana) according to an accredited staining protocol in a routine immunohistochemistry facility.
A polyclonal anti-CDCP1 primary antibody (#4115, rabbit polyclonal, Cell Signaling, Danvers, MA, US, dilu-
tion: 1:75) was used in this study. This antibody was previously used and validated in several other studies!* >
.21, CDCP1 staining was evaluated by two experienced pathologists (OH and GK) and only specific membrane
expression of CDCP1 was assessed. Staining intensity was classified as negative (0), weak (1), moderate (2) and
strong (3). Negative and weak specimens were considered CDCP1-low, whereas moderate and strong staining
were considered CDCP1-high.

TCGA data analysis. Log2-transformed RSEM (RNA-Seq by Expectation Maximization) RNA sequencing
data (RNA-Seq v2) of CDCP1 generated by The Cancer Genome Atlas Research Network (TCGA, http://cance
rgenome.nih.gov/) were downloaded from the UCSC Xena browser (http://xena.ucsc.edu) for n=408 UC.

scRNAseq analysis. Datawas downloaded as from Chen et al., 2020%, using their interactive Shiny R inter-
face. Analysis and dataset processing was performed using Seurat version 4.1.1 running on a mac OS version
12.2.1 (Monterey). Analysis was performed using standard Seurat dataset processing pipeline. In brief, data was
subsetted to include only cells annotated as “epithelial”. Data was visualised using the Nebulosa (version 1.4.0)
and scCustomize (version 0.7.0) packages (Table 2). The colour-blind friendly, perceptually uniform and ordered
“batlow” colour pallet was used via the R package scico (version 1.3.0). The figure was layed out using Adobe
Illustrator version 24.1. Data availability: Publically available sScRNAseq data was obtained from chen et al., 2020.
Code availability: Code to reproduce scRNAseq data can be found at https://github.com/Eomesodermin.

Cell culture and functional assays. The human UC cell lines used were purchased from ATCC (ATCC,
Manassas, VA, US). Cells were cultured in RPMI1640 (Thermo Fisher Scientific) supplemented with 10% FCS
(Thermo Fisher Scientific), 1% streptomycin/penicillin (10.000 units/ml Penicillin and 10.000 pg/ml Strepto-
mycin; Thermo Fisher Scientific) and 1% I-glutamine (200 mM; Thermo Fisher Scientific). For the spheroids
formation assay, cells were grown in 1.2% Methylcellulose (Sigma-Aldrich) at a density of 25 x 10° cells/mL as
hanging drops and incubated under standard culture conditions for 72 h. The diameter of the formed spheroids
was measured with Image J and spheroids volume was calculated with the formula V = 4/3 x & x 1. For the
migration assay we put 20 x 10° cells on 24-well plate inserts and incubate for 12 h. We then fixed the cells with
PFA 4%, performed crystal violet assay and swapped the internal part of the insert’s membrane to eliminate cells
which didn"t migrate. We finally counted the migrated cells on the external part of the membrane. For the estab-
lishment of the ex vivo organoids model, single cells from the bladder of male CDCP1°P°-SY* mice were isolated
as previously described®. Single cells were suspended (10° cells/mL) in DMEM, 10% FBS, 100 U/mL penicillin,
and 100 pg/mL streptomycin and infected with adenoviruses (rAAV2/1-CMV-GFP and rAAV2/1-CBA-Cre)
via spinoculation at 600*g, 1 h, 32 °C. Cells were then incubated for 1 h at 37 °C and 5% CO2. 106 cells were
suspended in 1 mL of Matrigel (Corning, New York, United States) and 40 pL drops were formed in pre-warmed
flat bottom 24-well plates. Matrigel drops were left 30 min to solidify at 37 °C and 5% CO: inverting the 24-well
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Figure 3. Transgenic overexpression of CDCP1 induces proliferation in ex vivo mouse organoids and its knockout inhibits
proliferation and migration of UC cells. (A) Schematic representation of the generation of mouse organoids. (B) Representative images
of the organoids generated from the C57BL/6 (WT) and transgenic (CDCP1) mice after 14 days of culture. The WT+virus and the
CDCP1+virus conditions are transduced with the adeno-CRE virus. The WT and the CDCP1 conditions are processed as WT+virus
and CDCP1+virus in the absence of the adeno-CRE virus. WT, WT+virus and CDCP1 conditions are all controls. (C) Quantification
of the approximate area of the organoids. Error bars indicate SD. ***P <0.001. Statistical test: one-way analysis of variance. (D)
Representative images of H&E and IHC (CDCP1, Ki67, p-ERK1/2) performed on the organoids. (E) Western blot analysis of CDCP1
and major downstream targets of CDCP1 signaling in SCaBER UC cell line (Ctrl) and its CDCP1 ™~ counterpart (KO). (F) Relative
0.D (proliferation) change of the CDCP1 expressing SCaBER cells (Ctrl) compared to the CDCP1™~ (KO). Error bars indicate SD.
***P<(.001. Statistical test: two-tailed unpaired t test. (G) Representative images of the spheroids originated from the CDCP1+ (Ctrl)
and CDCP1~ (KO) SCaBER cells. Bar graphs show the quantification of the spheres volume. Error bars indicate SD. *P<0.05.
Statistical test: two-tailed unpaired t test. (H) Migration fold change of CDCP1 expressing SCaBER (Ctrl) compared to the CDCP1 7
(KO). Error bars indicate SD. ***P<0.001. Statistical test: two-tailed unpaired t test.
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plates and 500 pL of organoids media was added. Organoids were grown for 14 days and pictures were taken.
Organoids’ growth was defined by measuring height and length with Image J and calculating the approximate
surface. Organoids were then collected and fixed in 4% PFA. For the crystal violet proliferation assay, 2,000 cells
were seeded per well in a 96-well plate. After overnight incubation, cells were treated and incubated for three to
seven days depending on the experiment. All conditions were run in triplicate wells. For staining, cells were fixed
with 37% paraformaldehyde for 10 min, then washed with distilled water and stained 0.05% crystal violet for
30 min. Cells were washed twice with distilled water and dried. 0.1% acetic acid was added per well to solubilize
the dye. Finally, the absorbance was measured at a wavelength of 570 nm. The mean values of the triplicate wells
were divided by a day zero control. Relative optical density (O.D) was normalized respect to the vehicle control.

Westernblot and IHC antibodies. For western blot the following antibodies were used: CDCP1 (#4115,
Cell Signaling, Danvers, MA, US), pMEK (#9154S, Cell signaling), MEK (#4694S, Cell signaling), pAKT
(#9271 T, Cell signaling), AKT (#2920S, Cell Signaling) pERK (#9102S, Cell Signaling), ERK (#4377, Cell Sign-
aling), GAPDH (#2118, Cell Signaling), p-actin (#A2228, Sigma-Aldrich, St. Louis, MO, US). Some of the mem-
branes used for the western blot were cut prior to hybridization. For IHC analysis, the following antibodies
were used: CDCP1 (#4115, rabbit polyclonal, Cell Signaling, 1:50), Ki67 (#MSKO018, Zytomed, Berlin, Germany,
1:50), p-Erk1/2 (clone 197G2, rabbit monoclonal, Cell Signaling, 1:50), CK5 (clone XM26, mouse monoclonal,
Diagnostic BioSystems®, USA, dilution 1:50), CK14 (clone SP53, rabbit monoclonal, Cell Marque™, USA, dilu-
tion 1:40).

Quantitative reverse transcriptase-polymerase chain reaction (qQRT-PCR). RNA was isolated
with TRIzol method (Invitrogen, Thermo Fisher Scientific, Waltham, MA USA). gRT-PCR was performed using
TB Green® Premix Ex Tag™ Il (#RR82WR, TaKara, Kusatsu, Japan) on a Quant Studio 5 (applied biosystems,
Thermo Fisher Scientific, Wilmington, USA). The primer sequences used were as follow: CDCP1 (Invitrogen
Thermo Fisher, forward *TGGTTCCACCCCAGAAATGT*, reverse *GATGATGCACAGACGTTTTAT?),
GAPDH (Invitrogen Thermo Fisher Scientific, forward *CTCTGCTCCTCCTGTTCGAC?*, reverse *ACGACC
AAATCCGTTGACTCH*).

CRISPR-CAS9. A functional sgRNA was generated digesting pSpCas9(BB)-2A-Puro (PX459) (#48139,
Addgene, Watertown, MA, US) with Bbsl-HF (NEB, Ipswich, MA, US) and ligating a double-stranded DNA oli-
gonucleotide which targets the third exon of CDCP1 with T4 DNA ligase (NEB, Ipswich, MA, US). The double-
stranded oligonucleotide was obtained by annealing the following single-stranded oligonucleotides: hCDCP1_
KO BS, 5-AAACccgtggtcaggatcggaac-3’; hCDCP1_KO TS, 5-CACCgttccgatcctgaccacgg-3'. After the ligation,
px459-CDCP1-sgRNA plasmid was transfected in the cells using Lipofectamine™ 3000 (Invitrogen, Thermo
Fisher Scientific). After 2 days, the transfected clones were selected with a 4-days Puromycin treatment (0.6 pg/
mL) and expanded with a polyclonal approach to obtain stable cell lines.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
on reasonable request.
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Adipocyte Precursor-Derived NRG1 Promotes Resistance
to FGFR Inhibition in Urothelial Carcinoma

Sana Hosnit, Viola Kilian?, Niklas Klimper!2, Daniela Gabbia®, Katharina Sieckmann?, Dillon Corvino?,
Anja Winkler?, Miriam Saponaro?, Karin Wérsdérfer!, Doris Schmidt!, Oliver Hahn58, llaria Zanotto3,
Marina Bertlich?, Marieta Toma’, Tobias Bald?, Markus Eckstein8, Michael HOIzel2, Matthias Geyer?,

Manuel Rittert, Dagmar Wachten#, Sara De Martin?, and Abdullah Alajatit

Aberrations of the fibroblast growth factor receptor (FGFR)
family members are frequently observed in metastatic urothelial
cancer (mUC), and blocking the FGF/FGFR signaling axis is used
as a targeted therapeutic strategy for treating patients. Erdafitinib
is a pan-FGFR inhibitor, which has recently been approved by the
FDA for mUC with FGFR2/3 alterations. Although mUC patients
show initial response to erdafitinib, acquired resistance rapidly
develops. Here, we found that adipocyte precursors promoted
resistance to erdafitinib in FGFR-dependent bladder and lung
cancer in a paracrine manner. Moreover, neuregulin 1 (NRG1)
secreted from adipocyte precursors was a mediator of erdafitinib
resistance by activating human epidermal growth factor receptor
3 (ERBBS; also known as HER3) signaling, and knockdown of
NRGL1 in adipocyte precursors abrogated the conferred paracrine
resistance. NRG1 expression was significantly downregulated in
terminally differentiated adipocytes compared with their pro-
genitors. Pharmacologic inhibition of the NRG1/HERS3 axis using
pertuzumab reversed erdafitinib resistance in tumor cells in vitro
and prolonged survival of mice bearing bladder cancer xenografts
in vivo. Remarkably, data from single-cell RNA sequencing
revealed that NRG1 was enriched in platelet-derived growth
factor receptor-A (PDGFRA) expressing inflammatory cancer-
associated fibroblasts, which is also expressed on adipocyte
precursors. Together, this work reveals a paracrine mechanism
of anti-FGFR resistance in bladder cancer, and potentially other
cancers, that is amenable to inhibition using available targeted
therapies.

Introduction

For decades, platinum-based combination chemotherapy has been
the standard therapy for metastatic urothelial cancer (mUC). How-
ever, this treatment is generally not curative and has a limited impact
on patient survival. Although the advent of immunotherapy and
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antibody—drug conjugates has broadened the therapeutic armamen-
tarium for mUC, only a minority of patients respond (1, 2). The
fibroblast growth factor receptor (FGFR) family are receptor tyrosine
kinases (RTK), which regulate various cellular functions including cell
proliferation, survival, differentiation, and migration. Activation of the
members of the FGFR family (FGFR1-4) leads to activation of
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downstream signaling pathways such as Ras/Raf-MEK-MAPKs and
PI3K/AKT (3). Genomic aberrations of FGFR family members are
frequently observed in various cancers, most commonly in UC (32%
FGFR aberrant; refs. 4—6). Therefore, blocking the FGF/FGFR signal-
ing axis has been developed as a targeted therapeutic strategy in various
tumor types including mUC. In 2019, the FDA granted accelerated
approval to erdafitinib, a pan-FGFR inhibitor, for patients with
FGFR2/3-driven urothelial cancer, based on the BLC2001 study (7, 8).
Erdafitinib is a small molecule inhibitor that binds to FGFR and
inhibits FGFR autophosphorylation and the resulting downstream
signaling (9). Preliminary results from the phase 11l THOR clinical trial
(NCT03390504) suggest significantly improved overall survival and
progression-free survival of erdafitinib-treated patients compared with
chemotherapy-treated patients (10). Although erdafitinib shows a
considerable objective response rate of 40%, the response is not durable
in most patients, indicating rapid development of resistance. To date,
several efforts have been made to understand the resistance mechan-
isms to FGFR inhibition, which have primarily focused on tumor cell-
intrinsic events (11-14). However, extrinsic factors driven by the
tumor microenvironment (TME) play a key role in the development
of RTK inhibitors resistance by activating alternative growth-
promoting pathways. We hypothesize that the rapid development of
erdafitinib resistance is triggered by a prompt protumoral response of
the TME. One of the principal components of the TME is the
mesenchymal stromal cells (MSC), which are multipotent cells that
can differentiate into cancer-associated fibroblasts (CAF), osteocytes,
chondrocytes, and adipocytes (15-17). The correlation between obe-
sity and increased cancer progression has been established in multiple
cancer types (18). There is increasing evidence suggesting the protu-
moral role of adipose-derived stem cells (ADSC) or adipocyte pre-
cursors in cancer (19). ADSCs are MSCs of adipose tissue and
comprise inflammatory, myofibroblastic, and pro-adipogenic subpo-
pulations (19). ADSCs can also promote tumor growth by remodeling
the extracellular matrix, promoting angiogenesis, contributing to the
recruitment of immunosuppressive cells, and inducing epithelial—
mesenchymal transition through paracrine signaling (16, 20-25).
Growth arrest and a variety of hormones, for example dexamethasone
and insulin, are established means of inducing adipogenic differenti-
ation of adipocyte precursors in vitro (26). Despite the abundant
presence of tumor-infiltrating adipose tissue in bladder tumors (27, 28),
the influence of ADSCs within the TME on the development of
erdafitinib resistance has not been explicitly investigated in urothelial
cancer. In this study, we sought to investigate whether adipocyte
precursors can induce erdafitinib resistance in bladder cancer cell
lines, and whether these cells can be specifically targeted by rational
combination therapies.

Materials and Methods

Cell culture

All cells were cultured in a humidified 37°C incubator with 5% COs.
RT4, T24, TCCSUP, and 3T3-L1 cells were purchased from ATCC.
MB49 cell line was purchased from Addexbio, RT112 cell line was
purchased from DSMZ (German Collection of Microorganisms and
Cell Cultures), and human adipose-derived stem cells (hHADSC) were
purchased from Lonza. LK2 lung cancer cells were a gift from Dr.
Hanibal Bohnenberger (University Hospital G€ottingen). RT4, RT112,
T24, TCCSUP, and LK2 cell lines were cultured in RPMI1640 supple-
mented with 10% FCS, 1% penicillin/streptomycin, and 1%
L-glutamine. MB49 cells and 3T3-L1 preadipocytes were cultured in
DMEM supplemented with 10% FCS, 1% penicillin/streptomycin
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(complete DMEM). hADSCs were cultured in hADSCs medium
(Lonza) supplemented with 10% FCS, 1% penicillin/streptomycin, and
1% L-glutamine. RT4, RT112, TCCSUP, and T24 are human bladder
cancer cell lines. MB49 is a murine bladder cancer cell line. 3T3-L1 are
preadipocytes derived from the mouse embryo, which can differentiate
into adipocytes under certain conditions (described separately in
Materials and Methods). Cells were split twice per week, and regularly
checked for Mycoplasma contamination by MycoBlue Mycoplasma
Detector (NeoBiotech). All cell culture reagents were obtained from
Gibco (Thermo Fisher Scientific) unless otherwise specified.

Collection of conditioned media from 3T3-L1 and hADSCs

The 3T3-L1 cells and hADSCs were seeded in a T75 flask and
incubated until 70% to 80% confluent (3—4 days). Conditioned media
was collected from 3T3-L1 cells and hADSCs, filtered using 0.22 mm
filters, aliquoted, and stored at —20°C.

Crystal violet proliferation assay

Depending on the cell line, 2,500 to 5,000 cells were seeded per well
in a 96-well plate. After overnight incubation, cells were treated and
incubated for 7 days. All conditions were run in triplicate wells.
Treatments were refreshed on day 4. For staining, cells were fixed
with 37% paraformaldehyde per well for 10 minutes, then washed with
distilled water, and stained 0.05% crystal violet for 30 minutes. Cells
were washed twice with distilled water and dried. 0.1% acetic acid was
added per well to solubilize the dye. Finally, the absorbance was
measured at a wavelength of 570 nm. The mean values of the triplicate
wells were divided by a day 0 control. Relative optical density was
normalized with respect to the vehicle control.

Concentration of conditioned media

Conditioned media was filtered through Pierce Protein Concen-
trators PES, 3K MWCO by centrifugation at 2,600 x g, at 4°C,
for 1.5 hours. Flow through was collected and tested as the protein-
depleted fraction.

Pertuzumab combination treatment with erdafitinib

Cells were pretreated with 10 mg/mL pertuzumab (Perjeta; Roche) in
DMEM 1 hour before treatment with erdafitinib (Selleck Chemicals).
Erdafitinib treatment was done in media control or conditioned media,
with/without pertuzumab. Treatments were refreshed on day 4. Cells
were stained with crystal violet on day 7 as described above.

Recombinant NRG1 treatment

A total of 50 ng/mL recombinant Human Heregulin-b1 (Biolegend)
in complete DMEM was used to treat the cells. Treatments were
refreshed on day 4 by a full media change. Cells were stained with
crystal violet on day 7 as described earlier.

Isolation and enrichment of primary murine preadipocytes
Inguinal white adipose tissue was surgically removed from mice,
then minced and digested with collagenase Il in 0.5% BSA in PBS
at 37°C with agitation. The digestion was quenched by adding AT
buffer (0.5% BSA in PBS). Dissociated cells were filtered through a
100 mmol/L filter and centrifuged at 500 x g for 10 minutes. The
supernatant containing mature adipocytes was aspirated, and the
pellet, consisting of the stromal vascular fraction, was resuspended
in red blood cell lysis buffer for 2 minutes at room temperature. The
reaction was stopped by adding AT buffer and centrifugation at
500 x g for 10 minutes. Cells were washed in 2 mL magnetic-
activated cell sorting (MACS) buffer (0.5% BSA and 2 mmol/L EDTA
in PBS) and labeled with biotin-conjugated antibodies against lineage
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markers of endothelial cells (anti-CD31; clone MEC13.3; #102503),
immune cells (anti-CD45; clone 30-F11; #103103), and erythrocytes
(anti-TER119; clone TER-119; #116203). Cells were then incubated
with Streptavidin MicroBeads (Miltenyi, #130—048-101) and sub-
jected to MACS. The lineage depleted cells were harvested and
maintained in DMEM/F12, supplemented with 1% GlutaMAX-I,
1% penicillin—streptomycin (all Gibco/Life Technologies), 10% FCS
(Biochrom), 33 mmol/L biotin (Sigma), and 17 mmol/L D-
pantothenate (Sigma) at 37°C with 5% CO.. All antibodies were
purchased from BioLegend.

Isolation and enrichment of human CAFs

Urothelial carcinoma tumors from four patients were obtained from
the University Hospital Bonn under the ethical approval number
363/20. Tumors were minced and digested as described above for the
murine adipose tissue. Cells were washed in 2 mL MACS buffer (0.5%
BSA and 2 mmol/L EDTA in PBS) and labeled with biotin-conjugated
antibodies against lineage markers of endothelial cells (anti-CD31;
clone AC128; #130-119-893), immune cells (anti-CD45; clone 5B1;
#130-113-116), and epithelial cells [anti-EpCAM (CD326); clone
REA764; #130—110-997]. Cells were then incubated with Streptavidin
MicroBeads (Miltenyi, #130—-048—101) and subjected to MACS. The
lineage depleted cells were harvested and maintained in DMEM/F12,
supplemented with 1% GlutaMAX-1, 1% penicillin—streptomycin (all
Gibco/Life Technologies), 10% FCS (Biochrom), 33 mmol/L biotin
(Sigma), and 17 mmol/L D-pantothenate (Sigma) at 37°C with 5%
CO.. Conditioned media (CM) was collected when cells reached
confluence of approximately 70%. All antibodies were purchased from
BioLegend.

Adipogenic differentiation of primary murine preadipocytes

A total of 200,000 3T3-L1 cells were seeded in complete DMEM per
well of a six-well plate and incubated for 2 days to allow them to grow to
100% confluence. Differentiation was induced by 5 mg/mL insulin
(Sigma), 1 mmol/L dexamethasone (Sigma), 100 mmol/L 3-isobutyl-1-
methylIxanthine (IBMX; Sigma), and 1 mmol/L Rosiglitazone (Sigma)
in complete DMEM. Following 2 days of induction, adipocytes were
maintained in complete DMEM supplemented with 1 mg/mL insulin
for five more days, with complete media change every other day.

Adipogenic differentiation of 3T3-L1 cells

A total of 200,000 cells were seeded per well of a six-well plate and
incubated for 2 days to allow them to grow to 100% confluence.
Differentiation was induced by 0.4 mg/mL insulin, 0.1 mmol/L dexa-
methasone, and 20 mmol/L 3-isobutyl-1-methylxanthine in complete
DMEM. Following 2 days of induction, adipocytes were maintained in
complete DMEM supplemented with 1 mg/mL insulin for 6 more days,
with media change every other day. Conditioned media was harvested
from adipocytes 7 days post-differentiation induction, filtered using
0.22 mm filters, aliquoted, and stored at -20°C.

Western blot analysis

A total of 800,000 cells were seeded per well of a 6-well plate.
Following overnight incubation, cells were treated with the indicated
treatments and incubated overnight. Cells were washed and lysed
using RIPA buffer (Cell Signaling Technology; #9806) freshly supple-
mented with phenylmethylsulfonyl fluoride (PMSF; Carl Roth;
#329-98-6). Protein concentration was determined using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific; #23225) according
to the manufacturer’s instructions. Proteins were separated using SDS-
PAGE, transferred to nitrocellulose membranes, then blotted with
polyclonal anti-ERK1/2 (#9102), anti-pERK1/2 (clone 197G2; #4377),
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anti-AKT (clone 40D4; #2920), anti-pAKT (clone D9E; #4060), anti-
FGFR3 (Santa Cruz Biotechnology; clone B-9; #sc-13121), anti-HER3
(clone D22C5; #12708), anti-pHER3 (clone 21D3; #4791), anti-b-actin
(Sigma-Aldrich; clone AC-74; #A2228), polyclonal anti-Heregulin
(#2573), polyclonal anti-EGFR (Santa Cruz Biotechnology; #sc-03),
anti-pEGFR (clone 1H12, #2236), anti- HER2 (D8F12, #4290),
anti-pHER2 (clone 21D3, #2247). All Western blot antibodies
were purchased from Cell Signaling Technology unless otherwise
specified.

RNA extraction and gRT-PCR

Total RNA extraction was done using TRizol RNA isolation reagent
(Invitrogen). RNA concentration was measured using the Thermo
Scientific NanoDrop 2000/2000c. Reverse transcription was per-
formed using Prime Script RT Reagent Kit (Takara; #RR064A). RT-
PCR mix was prepared using TB Green Premix Ex Taq | (Takara;
#RR82WR), and quantified with the QuantStudio 5 RT-PCR System
(Applied Biosystems). Primers used: human NRG1 forward AGAG-
CCTGTTAAGAAACTCGC, human NRG1 reverse GTCCACTTC-
CAATCTGTTAGCA, human FGFR1 forward AAACCGTATG-
CCCGTAGCTC, human FGFR1 reverse AGGTGGCATAACG-
GACCTTG, human FGFR2 forward CCTGCGGAGACAGGTAA-
CAG, human FGFR2 reverse TGCCCAGTGTCAGCTTATCT,
human FGFR3 forward CCCAAATGGGAGCTGTCTCG, human
FGFR3 reverse CCCGGTCCTTGTCAATGCC, human GAPDH for-
ward CTCTGCTCCTCCTGTTCGAC, human GAPDH reverse
ACGACCAAATCCGTTGACTC, murine Nrgl forward TTCCCA-
TTCTGGCTTGTCTAGT, murine Nrgl reverse CCAGGGT-
CAAGGTGGGTAG, murine Fgfrl forward ACTCTGCGCTGGTT-
GAAAAAT, murine Ffgfrl reverse GGTGGCATAGCGAA-
CCTTGTA, murine Fgfr2 forward GCTATAAGGTACGAAACCAG-
CAC, murine Fgfr2 reverse GGTTGATGGACCCGTATTCATTC,
murine Fgfr3 forward GCCTGCGTGCTAGTGTTCT, murine Fgfr3
reverse CCTGTACCATCCTTAGCCCAG, murine Cd36 forward
GCAGGTCTATCTACGCTGTGTT, murine Cd36 reverse GCAAA-
GGCATTGGCTGGAAG murine Lpl forward CATCAACTGGAT-
GGAGGAGGAG, murine Lpl reverse GTCAGACTTCCTGC-
TACGCC, murine Glut4 forward CATGTCTCGAAGTAGTGTG-
CAG, murine Glut4 reverse TGACAGTGACAGCCACAATGATG,
murine Lep forward CCAGAAAGTCCAGGATGACACC, murine
Lep reverse GGCGGATACCGACTGCGT, murine Gapdh forward
AGGTCGGTGTGAACGGATTTG, murine Gapdh reverse TGTA-
GACCATGTAGTTGAGGT. All procedures were performed accord-
ing to the manufacturer’s protocol.

Lentiviral transduction

RT4 cells stably overexpressing NRG1 were generated by lenti-
viral transduction. Lentivirus was generated in HEK 293T cells
through cotransfection of VSV-G, Gag Pol, and pLV[Exp]-Bsd-
hPGK>hNRG1 [Vector Builder (NM_001322205.1)] using
JetPRIME (Polyplus). RT4 NRGL1 cells were selected with 5 mg/mL
Blasticidin (Gibco) for 1 week.

3T3-L1 cells and hADSCs stably overexpressing shRNA targeting
mNrg1/hNRG1, respectively, were generated by lentiviral transduc-
tion. Lentivirus was generated in HEK 293T cells through cotransfec-
tion of VSV-G, Gag Pol, and pLV[shRNA]-Puro-U6>mNrgl
[ShRNA#1] [Vector Builder (VB230706—1085msf)]/ pLV[shRNA]-
Puro-U6>hNRG1[shRNA#2] [Vector Builder (VB230706—1109zgs)]
using jetPRIME (Polyplus). 3T3-L1 mNrgl shRNA cells and hADSCs
hNRG1 shRNA cells were selected with 1.6 mg/mL Puromycin (Gibco)
for 3 days. Control 3T3-L1 and hADSCs cell lines were transduced
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with pLV[shRNA]-Puro-U6>Scramble_shRNA#1 [Vector Builder
(\VVB010000—0005 mme)] and selected as described above.

Phospho-RTK array

A total of 800,000 cells were seeded per well of a 6-well plate.
Following overnight incubation, cells were treated with the indicated
treatments and incubated overnight. Proteome Profiler Human Phos-
pho-RTK Array Kit (R&D Systems; #ARY001B) was used to perform
the array. Mean pixel density was quantified using ImagelJ, and the
average of duplicate dots per receptor were plotted.

In vivo experiments

All procedures involving animals were conducted in compliance
with the 3R principle and the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines, after approval by the lItalian
Ministry of Health (auth. no. 608/2022-PR). In this study, a xenograft
model was set up by subcutaneously injecting RT4-WT or RT4-NRG1
cells (2 x 108 cell/200 mL/mouse) in the flank of CB17-SCID mice
(8 = 3 week of age; Charles River Laboratories). Tumor mass was
measured twice a week, and tumor volume was calculated according to
the following formula:

3 length x width?
Vomm b %f

Treatment was initiated once the tumor mass was palpable. Mice
inoculated with RT4 WT cells were randomized into two experimental
groups: control and erdafitinib (5 mg/kg bw by daily gavage). Mice
inoculated with RT4-NRG1 cells were randomized into four exper-
imental groups, that is, control, erdafitinib (5 mg/kg bw by daily
gavage), pertuzumab (5 mg/kg bw, EV three times a week), combi-
nation (erdafitinib 5 mg/kg bw daily gavage p pertuzumab 5 mg/kg bw
three times a week). Mice were sacrificed once tumor measured with
caliper reached the volume of about 1,500 mm?2, when a sudden
increase of tumor growth was observed, or if the two previous
conditions were not reached, at day 37 (final experimental endpoint).
Signs of distress, for example, unusual behaviors, excessive weight loss,
and hunched posture, were also monitored during treatment. At
sacrifice, the tumor was isolated, washed in saline solution, and fixed
in a 4% formalin solution. After 24 hours, the tissues were embedded in
paraffin blocks for further IHC analysis.

Ki67 IHC

Two to three micrometers of sections were prepared from formalin-
fixed, paraffin-embedded tissues. Antigen retrieval was done by
microwaving for 10 minutes at 600 W in boiling 10 mmol/L citrate
buffer, pH 6.0. 1:200 dilution of mouse anti-Ki67 antibody (Zytomed;
MSKO018-05) was used for staining. Staining pattern was nuclear.
Quantification was done using QuPath Version 0.3.2.

Single-cell RNA sequencing analysis

Single-cell RNA sequencing (sScCRNA-seq) data of eight bladder
cancer samples and three para tumor samples was downloaded from
Chen and colleagues (29), using their interactive Shiny R interface.
Analysis and dataset processing was performed using Seurat version
4.1.1 running on a mac OS version 12.4 (Monterey). Analysis was
performed using standard Seurat dataset processing pipeline. Data
were visualized using the Nebulosa (version 1.4.0) and scCustomize
(version 0.7.0) packages. The color-blind friendly, perceptually uni-
form and ordered “batlow” color pallet was used via the R package
scico (version 1.3.0). The publication ready figure was arranged and
formatted using Adobe Illustrator version 27. Data availability: Pub-

728 Cancer Res; 84(5) March 1, 2024

63

licly available scRNA-seq data were obtained from Chen and collea-
gues (29). Code availability: Code to reproduce scRNA-seq data can be
found at https://github.com/BaldLab.

The Cancer Genome Atlas data analysis

Logz-transformed RSD (RNA-Seq by Expectation Maximization)
RNA-sequencing data (RNA-Seq v2) of PDGFRA, MMP3, DPP4, and
NRG1 generated by The Cancer Genome Atlas (TCGA) Research
Network (http://cancergenome.nih.gov/) were downloaded from the
UCSC Xena browser (http://xena.ucsc.edu) for n % 408 urothelial
bladder carcinoma (BLCA). Correlation analysis were based on the
median expression of NRG1 among the samples.

NRG1 [HC

Two to three micrometers of sections were prepared from formalin-
fixed, paraffin-embedded tissues. The sections were mounted on
adhesion microscope slides (TOMO). Dewaxing (EZ Prep #950—
102), heat pretreatment (Ultra CC1 buffer at pH 8; #950—224), and
further steps were performed in the Ventana BenchMark Ultra
(Roche) according to the manufacturer’s instructions. All reagents
were purchased from Ventana Medical Systems unless otherwise
specified. Staining was done using 1:100 dilution of the monoclonal
anti-NRGl1 antibody (Thermo Fisher Scientific; clone 7D5; #MA5—
12986). OptiView DAB Detection Kit (#760—700) was used for detec-
tion. A cutoff H-score of 150 was applied for NRG1 cytoplasmic
intensity on tumor cells, whereas cytoplasmic staining intensity was
classified as low and high on stromal NRG1 intensity.

Statistical analysis

GraphPad Prism 8 was used for statistical analysis. For comparisons
between two independent variables, unpaired t test was performed. For
comparisons among more than two independent variable, two-way
ANOVA was performed. At least three biological replicates of all
in vitro experiments were performed. Log-rank (Mantel-0-Cox) test
was used for statistical analysis of survival data. In all figures, mean +
SD was reported. 4 to 9 mice were treated for in vivo experiments.
Not significant (n.s.), P < 0.05 ("), P < 0.01 ("), P < 0.001 (™), and
P < 0.0001 (™).

Data availability statement

The scRNA-seq data analyzed in this paper are available from the
Sequence Read Archive (SRA) at PRINA662018 (https://www.ncbi.
nlm.nih.gov/bioproject/?term%:PRINA662018). The RNA-seq data
generated by the TCGA for urothelial BLCA that was analyzed in
this study are available in the Genomic Data Commons Data Portal
(https://portal.gdc.cancer.gov/). All other raw data generated in this
study are available upon request from the corresponding author.

Results

Adipocyte precursors promote resistance to erdafitinib in
bladder cancer cell lines

To test the susceptibility to growth inhibition by erdafitinib treat-
ment, several bladder cancer cell lines (human RT4, RT112, TCCSUP,
T24, and the murine MB49) were screened for their FGFR2 and FGFR3
mRNA expression. gRT-PCR analysis showed that RT4 and RT112 cell
lines express high levels of FGFR3 and moderate levels of FGFR2,
whereas all other tested cell lines express scant levels of FGFR2/3
(Supplementary Fig. S1A). Because RT4 and RT112 cell lines are
known to be FGFR3-dependent (30—-32), FGFR3 expression was also
analyzed at the protein level. Western blot analysis confirmed the
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Figure 1.

Adipocyte precursors promote resistance against erdafitinib in bladder cancer cell lines. A, Western blot analysis of FGFR3 in four bladder cancer cell lines:
RT4, RT112, TSCCUP, and T24. b-Actin served as a loading control. B, Proliferation analysis of five bladder cancer cell lines RT4, RT112, TSCCUP, T24, and MB49
treated with vehicle (Veh) or erdafitinib (1, 10, 100, 1,000 nmol/L). Crystal violet staining was done on day 7. Three biological replicates were performed.
Data are represented as mean + SD. C, Western blot analysis of pAKT and pERK1/2 in RT4 and RT112 cells treated with DMSO (Veh) or erdafitinib
(10 and 100 nmol/L) for 16 hours. b-Actin served as a loading control. D, Schematic diagram of the proliferation assay performed to investigate the effect
of CM of different stromal cells on erdafitinib response. E, Proliferation analysis of RT4 and RT112 cells treated with 10 nmol/L erdafitinib in media control
(ctrl) or CM of 3T3-L1 cells or hADSC. Crystal violet staining was performed on day 7. Data are normalized to cells treated with vehicle. Four biological
replicates were performed. Data are represented as mean * SD. F, Western blot analysis of pAKT and pERK1/2 in RT4 and RT112 cells treated with 10 nmol/L
erdafitinib in media control or CM of 3T3-L1 cells. b-Actin served as a loading control. G, Proliferation analysis of RT4 cells and RT112 cells treated
with 10 nmol/L erdafitinib in CM of 3T3-L1 cells or heat-inactivated (HI) CM of 3T3-L1. Data were normalized to cells treated with vehicle. Crystal violet staining
was performed on day 7. Three biological replicates were performed. Data are represented as mean + SD. Two-way ANOVA was used for statistical analysis.
*, P <0.05 ™ P<0.01;, ™, P <0.001; ™, P < 0.0001.
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expression of FGFR3 in RT4 and RT112 cell lines (Fig. 1A), which was
detected as multiple bands indicative of FGFR3—Transforming Acidic
Coiled-Coil Containing Protein 3 (TACC3) fusions at different break-
points (33, 34). FGFR3-TACC3 fusions lead to constitutive phos-
phorylation of the FGFR3 tyrosine kinase residues, promoting aber-
rant FGFR3 activation and consequent growth induction (35).
FGFR3-TACCS3 fusions have been clinically associated with a greater
sensitivity to FGFR3 inhibitors (36, 37). Proliferation analysis dem-
onstrated that MB49, TCCSUP, and T24 are not susceptible to
erdafitinib treatment, whereas RT4 and RT112 respond with an ICso
of 10 nmol/L (Fig. 1B), as reported previously (14). To assess an on-
target effect at the molecular level, RT4 and RT112 cells were treated
with vehicle, 10 or 100 nmol/L erdafitinib. As expected, Western blot
analysis showed a dose-dependent inactivation of ERK1/2 in RT4 and
RT112 cells (Fig. 1C), whereas AKT was only inactivated in RT112
(Fig. 1C; ref. 9). On the basis of the recent reports describing the
protumoral role of adipocyte precursors in several cancers (16, 20—23),
we aimed to investigate the potential paracrine effect of adipocyte
precursors on erdafitinib susceptibility (Fig 1D). CM of adipocyte
precursor cell lines, 3T3-L1 cells and hADSCs, conferred significant
resistance against erdafitinib in RT4 and RT112 cells, shown by
unrepressed proliferation (Fig. 1E). To note, CM of 3T3-L1 cells
collected without serum conferred equivalent resistance to that col-
lected with serum, which indicates that the resistance factor is not
stimulated by serum (Supplementary Fig. S1B). Importantly, 3T3-L1
cells were refractory to erdafitinib treatment, even at a concentration of
1,000 nmol/L (Supplementary Fig. S1C). At the molecular level, AKT
pathway was activated in RT4 and RT112 cells grown in CM of 3T3-L1
cells compared with media control under erdafitinib treatment
(Fig. 1F). Of note, deactivation of ERK1/2 in response to erdafitinib
treatment was still observed when RT112 cells were treated in 3T3-L1
CM (Fig. 1F), suggesting that AKT activation may serve as a com-
pensatory growth-promoting pathway in the case of ERK1/2 inhibi-
tion. We postulated that the resistance-promoting effect of adipocyte
precursors’ CM on cancer cells during anti-FGFR treatment could
occur through three possible mechanisms: metabolites, vesicles that
carry genetic material, or proteins such as growth factors secreted by
adipocyte precursor cells. To test this hypothesis, conditioned media
was heat-inactivated at 95°C for 10 minutes. Indeed, heat inactivation
abolished the ability of adipocyte precursors’ CM to rescue prolifer-
ation during erdafitinib treatment, suggesting that the soluble factors
responsible for conferring resistance are proteins (Fig. 1G). To
confirm this, CM from 3T3-L1 cells was filtered through a protein-
binding column and the flowthrough (protein-depleted fraction) was

Adipocyte Precursors Promote Resistance to FGFR Inhibition

collected. The flowthrough did not confer any resistance to erdafitinib,
confirming that the factor responsible for the observed resistance is a
protein (Supplementary Fig. S1D). Taken together, these data show
that adipocyte precursors can confer anti-FGFR3 resistance in bladder
cancer via soluble proteins in a paracrine manner.

NRGL1 is secreted from adipocyte precursors and induces
erdafitinib resistance in bladder cancer cells by activating HER3
signaling

To screen for the mediator responsible for the observed erdafitinib
resistance, we performed a phosphorylated-receptor tyrosine kinase
(phospho-RTK) array analysis on RT4 cells cultured in conditioned
media of 3T3-L1 cells or media control. The phospho-RTK array
revealed phosphorylated human epidermal growth factor receptor 3
(PHERS3) as the only activated RTK in the conditioned media treat-
ment compared to the media control (Fig. 2A). In parallel, Western
blot analysis confirmed the activation of pHER3 in RT4 and RT112
cells when cultured with 3T3-L1 cells and hADSCs CM (Fig. 2B;
Supplementary Fig. S2A). Because the phospho-RTK array was con-
ducted on human RT4 cells stimulated with murine 3T3-L1 CM
(Fig. 2A), we sought to investigate potential species-related differences
in modulating RTKSs. To address this, an additional phospho-RTK was
performed on RT4 cells treated with CM of hADSCs or media control.
In line with the previous results (Fig. 2A), this phospho-RTK revealed
that pHERS3 is the only upregulated kinase in the CM treatment
compared to media control (Supplementary Fig. S2B), suggesting no
bias related to species-mismatch. Because neuregulin 1 (NRGL1) is the
best characterized and principal ligand of HER3 (38), we investigated
whether recombinant NRG1 (rNRG1) can recapitulate the resistance
conferred by the CM of adipocyte precursors. Notably, rNRG1
induced significant resistance against erdafitinib in RT4 cells
(Fig. 2C). To confirm this phenotype in an additional model, we
stably overexpressed NRG1 in RT4 cells (RT4 NRG1), where HER3
activation was shown (Fig. 2D; Supplementary Fig. S2C). In line with
our previous results, RT4 NRGL1 cells are resistant against erdafitinib
compared with the wild-type cells (Fig. 2D). Further, gRT-PCR
analysis using NRG1/Nrgl-specific primers showed that 3T3-L1 and
hADSCs express high levels of Nrgl, whereas RT4 and RT112 cells
barely express NRG1 (Fig. 2E). To gain further insights on the
dynamics of NRG1 expression upon FGFR3 inhibition, we analyzed
the protein levels of NRGL1 in bladder cancer cell lines and adipocyte
precursors treated with erdafitinib or vehicle control. Consistent with
the NRG1/Nrgl mRNA expression (Fig. 2E), NRGL1 protein levels were
highest in both adipocyte precursor cell lines compared with the

Figure 2.

NRGH1 is secreted from preadipocytes and induces erdafitinib resistance in RT4 and RT112 bladder cancer cells by activating HER3. A, Left, RTK array on RT4 cells
cultured in media control (ctrl) or CM of 3T3-L1 cells for 16 hours. Right, quantification of mean pixel density of the RTK array shown on the left. Data are represented as
mean of the duplicate dots per kinase. B, Western blot analysis of pHER3 in RT4 and RT112 cells cultured in media control or CM of 3T3-L1 cells for 16 hours. b-Actin
served as a loading control. C, Proliferation analysis of RT4 cells treated with 10 nmol/L erdafitinib in DMEM, with or without 50 ng/mL recombinant NRG1. Crystal
violet staining was performed on day 7. Data were normalized to cells treated with vehicle. Data are represented as mean + SD. Three biological replicates were
performed. Unpaired t test was used for statistical analysis. D, Left, Western blot analysis of baseline NRG1 and pHER3 in RT4 WT cells and NRG1-overexpressing RT4
(RT4 NRG1) cells. b-Actin served as a loading control. Right, proliferation analysis of RT4 WT cells and RT4 NRG1 cells treated with 10 nmol/L erdafitinib in DMEM.
Crystal violet staining was performed on day 7. Data are normalized to cells treated with vehicle. Data are represented as mean + SD. Three biological replicates were
performed. Unpaired t test was used for statistical analysis. E, qRT-PCR analysis of baseline NRG1 expression in RT4, RT112, 3T3-L1, and hADSC cells. Two to three
biological replicates were performed. Expression levels are normalized to GAPDH. Data are represented as mean + SD. F, Western blot analysis of NRG1 in RT4, RT112,
3T3-L1, and hADSC cells treated for 16 hours in 10 nmol/L erdafitinib or vehicle control. b-Actin served as a loading control. G, Western blot analysis of pHER3 in RT4
and RT112 cells treated for 16 hours with 10 nmol/L erdafitinib or vehicle control in media control or 3T3-L1 CM. b-Actin served as a loading control. H, Left, Western blot
analysis of NRG1 in 3T3-L1 cells transduced with lentivirus encoding control shRNA or Nrgl shRNA. b-Actin served as a loading control. Right, proliferation analysis of
RT4 and RT112 cells treated with 10 nmol/L erdafitinib in media control or CM of 3T3-L1 ctrl/Nrgl shRNA cells. Crystal violet staining was performed on day 7. Data were
normalized to cells treated with vehicle. Three biological replicates were performed. Data are represented as mean + SD. Two-way ANOVA was used for statistical
analysis. |, Western blot analysis of pHER3 and pAKT in RT4 and RT112 cells treated with CM of 3T3-L1 ctrl/Nrgl shRNA cells for 16 hours. b-Actin served as a loading
control. ™, P < 0.01; ™, P < 0.001; ™™, P < 0.0001.
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bladder cancer cell lines (Fig. 2F). Although the NRG1/NRG1 mRNA
and protein levels remained unchanged upon erdafitinib treatment in
adipocyte precursors, they slightly increased upon erdafitinib treat-
ment in RT4 cells (Fig. 2F; Supplementary Fig. S2D) as reported
previously (11, 12, 14). Nevertheless, the mRNA and protein levels of
NRG1/NRGL1 in erdafitinib-treated RT4 cells remain negligible com-
pared with those in adipocyte precursors, supporting a paracrine
mechanism of resistance to anti-FGFR inhibition, mediated by NRG1.
Further Western blot analysis of pHER3 demonstrated clear upregula-
tion of pHER3 in RT4 and RT112 cells cultured in 3T3-L1 CM, with
and without erdafitinib treatment, compared with media control
(Fig. 2G). Although pHER3 was upregulated upon erdafitinib treat-
ment in media control in RT4 cells, pHER3 expression upon erdafi-
tinib treatment in CM was higher (Fig. 2G). To investigate whether
NRG1 is the principal mediator of resistance in the CM of adipocyte
precursors, Nrgl/NRG1 shRNA was stably expressed by means of
lentiviral transduction in 3T3-L1 cells and hADSCs, respectively.
Western blot analysis of NRG1 revealed a robust knockdown of NRG1
in 3T3-L1 Nrgl shRNA cells (Fig. 2H), and a complete knockdown of
NRG1 in hADSCs NRG1 shRNA (Supplementary Fig. S2E). Unlike
CM of 3T3-L1 cells and hADSCs expressing control ShRNA, CM of
Nrg1/NRG1 shRNA cells failed to confer comparable resistance to
erdafitinib in RT4 and RT112 cells (Fig. 2H; Supplementary Fig. S2E).
Of note, CM of 3T3-L1 Nrgl shRNA cells conferred slight resistance in
RT4 cells, which could be attributed due to the incomplete knockdown
of Nrgl in 3T3-L1 cells (Fig. 2H), and to the intrinsic upregulation of
NRGI in RT4 cells upon erdafitinib treatment (Fig. 2F and G). To
verify the effect of Nrg1l/NRG1 knockdown on downstream signaling,
further Western blot analysis of RT4 and RT112 cells treated with CM
of 3T3-L1 cells and hADSCs expressing control or Nrgl/NRG1 shRNA
was performed. This Western blot revealed a downregulation of
pHER3 and pAKT upon treatment with CM of Nrgl/NRG1 shRNA
cells compared with CM of control shRNA cells (Fig. 21; Supplemen-
tary Fig. S2F). Moreover, to confirm the observed HER3 and AKT
regulation by CM of 3T3-L1 cells in species-matched cells, murine
MB49 cells were treated with media control, or CM of 3T3-L1 cells
expressing control or Nrgl shRNA. Western blot analysis of these cells
showed upregulation of pHER3 and pAKT upon treatment with CM of
3T3-L1 control shRNA cells compared with media control, and
downregulation of pHER3 and pAKT upon treatment with CM of
3T3-L1 Nrgl shRNA cells compared with CM of 3T3-L1 control
SshRNA cells (Supplementary Fig. S2G). This corroborates the previ-
ously observed regulation of pHER3 and pAKT upon CM treatment in
human RT4 and RT112 cells, and implies the lack of disparity due to
species-mismatch. Because HER3 lacks kinase activity, it is known to
heterodimerize with HER2 or EGFR upon ligand binding (39). There-
fore, we analyzed pHER2 and pEGFR upon conditioning RT4 and
RT112 cells with 3T3-L1 CM by Western blot analysis (Supplementary
Fig. S2H). This analysis showed downregulation of pHER2 in CM
treated cells compared with media control treated cells, and a lack of
PEGFR expression in both conditions, suggesting the dimerization of
HER3 with HER2 upon HERS3 activation by NRG1. To sum, these
results suggest that NRG1 is secreted into the CM of 3T3-L1 cells and
hADSCs, and mediates resistance against erdafitinib by activating the
HER3/HER2 pathway.

NRG1-mediated resistance against erdafitinib is restricted to
preadipocytes

The 3T3-L1 cell line is widely used in adiposity research and is an
adipocyte precursor cell line that can, under specific conditions,
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differentiate into adipocytes (26). To test whether NRG1 secretion is
restricted to preadipocytes, we applied a differentiation protocol to
generate adipocytes from 3T3-L1 cells (26). The production of lipid
droplets (Fig. 3A), and the upregulation of the main adipocytic
markers such as cluster of differentiation 36 (Cd36), Leptin (Lep),
solute carrier family 2 (facilitated glucose transporter), member 4
(Glut4), and lipoprotein lipase (Lpl; refs. 40—43) confirmed the dif-
ferentiation process (Supplementary Fig. S3). Remarkably, CM from
differentiated adipocytes (7 days post-differentiation) failed to rescue
the growth inhibition in RT4 cells treated with erdafitinib, compared
with the media control (Fig. 3B), implying that the resistance phe-
notype is restricted to adipocyte precursor-derived NRG1. Important-
ly, Nrgl mRNA levels were greatly reduced in terminally differentiated
adipocytes when compared with 3T3-L1 progenitor cells (Fig. 3C). In
line with the mRNA levels of Nrgl, Western blot analysis of NRG1
revealed gradual downregulation of protein expression during
adipogenic differentiation (Fig. 3D). Primary preadipocytes from
murine white adipose tissue were isolated to validate the dynamic
expression of Nrgl (Fig. 3E). Indeed, Nrgl mRNA expression was
significantly downregulated after adipogenic differentiation of prima-
ry preadipocytes (Fig. 3F), confirming the dynamic expression
observed upon differentiation of 3T3-L1 cells (Fig. 3C and D). More-
over, 3T3-L1-derived adipocytes’ CM failed to activate HER3 and AKT
in RT4 and RT112 cells (Fig. 3G). Taken together, these results
highlight the restriction of NRG1 expression in preadipocytes, and
the impact of this dynamic expression on resistance.

Pertuzumab reverses NRG1-mediated resistance against
erdafitinib

Having established the paracrine NRG1/HER3 signaling as a driver
of rapid resistance to FGFR inhibition, we next explored the inhibitory
effect of this signaling pathway in vitro and in vivo. We first treated RT4
and RT112 cell lines cultured in adipocyte precursors CM with
erdafitinib alone or in combination with a HER2/HER3 dimeriza-
tion-inhibitory antibody, pertuzumab (44, 45). A negligible growth
inhibition on proliferation was observed in RT4 and RT112 cells
cultured in adipocytes precursors’ CM and treated with pertuzumab
as single agent (Fig. 4A). However, cotreatment with erdafitinib and
pertuzumab significantly reversed the resistance mediated by adipo-
cyte precursors’ CM (Fig. 4A). To investigate whether pertuzumab
leads to reversal of resistance or resensitization, RT4 and RT112 cells
were temporally treated with erdafitinib in media ctrl or 3T3-L1 CM
for 3 days, and pertuzumab was added (or not added) on the third day
of treatment. This proliferation analysis revealed a marked growth
arrest in the cells that were treated with the combination treatment of
erdafitinib and pertuzumab in 3T3-L1 CM, compared with those that
were only treated with erdafitinib in 3T3-L1 CM. These results imply
that pertuzumab leads to the reversal of resistance to erdafitinib
conferred by 3T3-L1 CM, rather than resensitization (Supplementary
Fig. S4A). Accordingly, combination treatment of erdafitinib and
pertuzumab abolished activation of AKT and HER3 in cells cultured
in CM of 3T3-L1 (Fig. 4B). We then evaluated the antitumoral effect of
the combined treatment using a xenograft mouse model of RT4 and
RT4 NRGL1 cells (Fig. 4C). In line with the in vitro results, erdafitinib
treatment demonstrated potent and sustained antitumor activity,
indicated by prolonged survival of RT4 tumor-harboring mice and
diminished tumoral Ki-67 expression (Fig. 4D and E). Thereafter, we
carried out an in vivo approach to assess the combinational effect of
both erdafitinib and pertuzumab on RT4 NRG1 xenografts. Interest-
ingly, erdafitinib induced only insignificant prolongation of survival
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Figure 3.

NRG1-mediated resistance against erdafitinib is restricted to preadipocytes. A, Representative images showing the adipogenic differentiation of 3T3-L1 cells
(preadipocytes) to differentiated adipocytes. The differentiation process was carried out for 7 days. Arrows, formation of lipid droplets in adipocytes.
B, Proliferation analysis of RT4 cells treated with 10 nmol/L erdafitinib in media control (ctrl) or CM of adipocytes collected after 7 days of differentiation.
Crystal violet staining was performed on day 7. Data were normalized to cells treated with vehicle. Three biological replicates were performed. Data are
represented as mean = SD. C, qRT-PCR analysis of baseline NRG1 expression in 3T3-L1 cells and 3T3-L1-derived adipocytes. Three biological replicates were
performed. Expression levels are normalized to GAPDH. Data are represented as mean + SD. D, Western blot analysis of NRG1 in 3T3-L1 under adipogenic
differentiation. b-Actin served as a loading control. E, Schematic illustration of the process of isolating primary preadipocytes from mice. F, qRT-PCR analysis
of baseline NRG1 expression in primary preadipocytes and primary preadipocyte-derived adipocytes. Three biological replicates were performed. Expression
levels are normalized to GAPDH. Data are represented as mean = SD. G, Western blot analysis of pHER3 and pAKT in RT4 and RT112 cells treated with CM of
3T3-L1 cells or 3T3-L1-derived adipocytes, or the respective media control. b-Actin served as a loading control. Unpaired t test was used for statistical analysis.
™, P <0.001; ™", P < 0.0001. (E, Created with BioRender.com.)

and Ki-67 reduction in RT4 NRG1 xenografts, confirming that  Supplementary Fig. S4B). Importantly, RT4 NRG1 xenografts treated
NRG1/HERS3 signaling confers resistance to anti-FGFR3 treatment ~ with combination of erdafitinib and pertuzumab showed increased
in vivo (Fig. 4F and G; Supplementary Fig. S4B). Similar to erdafitinib ~ overall survival of mice as indicated by Kaplan—Meier cumulative
treatment as a single agent, pertuzumab monotreatment showed  survival curve (Fig. 4F), and reduced Ki-67 staining, and tumor
minor antitumoral effect on RT4 NRG1 xenografts (Fig. 4F and G;  volume (Fig. 4G; Supplementary Fig. S4B). These data demonstrate
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Figure 4.

Pertuzumab reverses NRG1-mediated resistance against erdafitinib. A, Proliferation analysis of RT4 and RT112 treated with 10 mg/mL pertuzumab (Pertuz) and
vehicle control (Veh), 10 nmol/L erdafitinib, or erdafitinib and pertuzumab. Cells were treated in media control (ctrl) or CM of 3T3-L1 cells or hADSCs. Crystal
violet staining was done on day 7. Data are normalized to cells treated with vehicle. Three biological replicates were performed. Data are represented as mean
+ SD. Two-way ANOVA was used for statistical analysis. B, Western blot analysis of pHER3, pAKT, pERK1/2 in RT4 and RT112 treated with 10 mg/mL
pertuzumab and vehicle control (Veh), 10 nmol/L erdafitinib, or erdafitinib and pertuzumab in 3T3-L1 CM. b-Actin served as a loading control. C, Schematic
diagram of in vivo model performed by injecting RT4 or RT4 NRG1 cells in CB17-SCID mice. D, Kaplan—Meier survival curve of RT4-tumor bearing CB17-SCID
mice treated with vehicle or 5 mg/kg erdafitinib. Four mice were tested per group in D and E. Log-rank (Mantel-Cox) test was used for statistical analysis.
E, Left, IHC staining of Ki67 on RT4 xenografts treated as in D. Right, quantification of IHC staining of Ki67. Unpaired t test was used for statistical analysis.
F, Kaplan—Meier survival curve of RT4 NRG1 tumor-bearing CB17-SCID mice treated with vehicle, 5 mg/kg erdafitinib, 5 mg/kg pertuzumab, or combinational
treatment. The number of mice tested per group was: 9 mice in the erdafitinib and the combination treatment groups, 10 mice in the vehicle and pertuzumab
treatment groups. Log-rank (Mantel-Cox) test was used for statistical analysis. G, Left, IHC staining of Ki67 on RT4 NRG1 xenografts treated as in F. Right,
quantification of IHC staining of Ki67. The number of xenografts (each from a different mouse) analyzed per group is 8 in the vehicle group, 7 in the erdafitinib
group, 6 in the pertuzumab group, and 5 in the combination treatment group. One-way ANOVA was used for statistical analysis. ™, P < 0.01; ™, P < 0.001;
", P < 0.0001; n.s., not significant. (C, Created with BioRender.com.)
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Figure 5.

NRG1 mediates resistance against erdafitinib in lung carcinoma cell line LK2. A, Proliferation analysis of LK2 cells treated with vehicle (Veh) or erdafitinib (1, 10, 30, 100,
and 1,000 nmol/L). Crystal violet staining was done on day 7. Three biological replicates were performed. Data are represented as mean + SD. One-way ANOVA was
used for statistical analysis. B, Western blot analysis of pAKT and pERK12/ in LK2 cells treated with vehicle control, 10 or 100 nmol/L Erda for 16 hours. b-Actin served
as a loading control. C, Proliferation analysis of LK2 cells treated with 30 nmol/L erdafitinib in media control (ctrl) or CM of 3T3-L1 cells or hADSCs. Crystal violet
staining was done on day 7. Data are normalized to cells treated with vehicle. Three biological replicates were performed. Data are represented as mean + SD. One-
way ANOVA was used for statistical analysis. D, Western blot analysis of pAKT and pERK1/2 in LK2 cells treated with vehicle control, or 100 nmol/L Erda in media
control or CM of 3T3-L1 cells for 16 hours. b-Actin served as a loading control. E, Western blot analysis of pHER3 in LK2 cells treated with vehicle control, or 100 nmol/L
Erdain media control or CM of 3T3-L1 cells for 16 hours. b-Actin served as a loading control. F, Western blot analysis of pHER3 and pAKT in LK2 cells treated with media
control or CM of hADSCs for 16 hours. b-Actin served as a loading control. G, Proliferation analysis of LK2 cells treated with 10 mg/mL pertuzumab (Pertuz) and vehicle
control (Veh), 10 nmol/L Erda, or Erda and pertuzumab. Cells were treated in media control or CM of 3T3-L1 cells or hADSCs. Crystal violet staining was done on day 7.
Data were normalized to cells treated with vehicle. Three biological replicates were performed. Data are represented as mean + SD. Two-way ANOVA was used for
statistical analysis. H, Western blot analysis of pHER3, pAKT, and pERK1/2 in LK2 cells treated with vehicle, 10 mg/mL pertuzumab, 100 nmol/L Erda, or Erda and
pertuzumab. Cells were treated in CM of 3T3-L1 cells. b-Actin served as a loading control. ™, P < 0.01; ™", P < 0.001; n.s., not significant.
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that NRG1 mediates resistance to erdafitinib in vitro and in vivo, and
can potentially be exploited for therapeutic targeting using clinically
approved inhibitors of the NRG1/HERS3 signaling axis, such as
pertuzumab.

NRG1 mediates resistance against erdafitinib
in FGFR1-dependent lung carcinoma

Because FGFRs are altered in other tumor types like lung cancer, we
investigated whether the observed NRG1-driven resistance mecha-
nism can be of clinical relevance in other tumor entities. Here we
utilized the non—small cell lung carcinoma (NSCLC) cell line, LK2, that
is FGFR1-driven (46). First, we confirmed the overexpression of
FGFR1 mRNA in this cell line (Supplementary Fig. S5). Proliferation
analysis revealed significant growth inhibition by erdafitinib
(Fig. 5A), and Western blot analysis showed inactivation of ERK1/2
in LK2 cells (Fig. 5B). Similar to bladder cancer cell lines, CM of
3T3-L1 cells and hADSCs, conferred significant resistance against
erdafitinib-mediated growth inhibition in LK2 cell line (Fig. 5C). At
the molecular level, the HER3/AKT axis was activated in LK2 cells
grown in CM of 3T3-L1 cells compared with media control with or
without erdafitinib treatment (Fig 5D and E). Of note, similar to
RT112 cells, deactivation of ERKI1/2 in response to erdafitinib
treatment was still observed in LK2 cells treated in CM of 3T3-
L1 cells (Fig. 5D). Similarly, HER3 and AKT were also upregulated
upon treatment of LK2 cells in hADSCs CM compared with media
control (Fig. 5F). We next tested the inhibitory effect of erdafitinib
in combination with pertuzumab in LK2 cell line. Although a minor
proliferation inhibition effect was observed in LK2 cells cultured in
adipocytes precursors’ CM and treated with erdafitinib or pertu-
zumab as single agents, combinational treatment of both drugs
significantly reversed the resistance phenotype mediated by adipo-
cyte precursors’ CM (Fig. 5G). In line with our results in bladder
cancer cell lines, cotreatment of erdafitinib and pertuzumab abol-
ished the activation of HER3 and AKT in LK2 cells cultured in 3T3-
L1 CM (Fig 5H). Together, our results demonstrate that the
activation of NRGI1/HER3 axis induces erdafitinib resistance in
FGFR1-dependent NSCLC, which may imply potential clinical
relevance in other FGFR-driven tumor entities.

NRG1 expression correlates with preadipocytic markers and is
predominantly expressed in inflammatory CAFs in human
bladder carcinoma

The platelet-derived growth factor receptor-A (PDGFRA) is one of
the most established markers of mesenchymal cells, and is differen-
tially expressed on adipocyte precursors but not on mature adipo-
cytes (47, 48). To assess whether NRG1 expression correlates with

Adipocyte Precursors Promote Resistance to FGFR Inhibition

PDGFRA expression in urothelial cancer, we analyzed RNA-seq data
from TCGA BLCA cohort. This analysis revealed that NRG1 expres-
sion is significantly higher in patients that have high PDGFRA
expression (PDHFRA-High) compared with those with low expres-
sion (PDGFRA-Low; Fig. 6A). Interestingly, higher PDGFRA expres-
sion correlated with significantly lower survival (Fig. 6A). To assess the
clinical relevance of NRG1 in urothelial cancer, we performed IHC
staining of NRG1 on a cohort of 154 paraffin-embedded human
muscle-invasive urothelial bladder cancer (MIBC) samples (49, 50).
We found that both tumors and stroma showed expression of NRG1
(Supplementary Fig. S6A). Interestingly, stromal NRG1 expression
levels increased with tumor stage (Supplementary Fig. S6B; Table 1).
To gain further insights into the clinical relevance of NRG1-expressing
mesenchymal cells in urothelial cancer, we accessed a publicly available
scRNA-seq data set of urothelial bladder (29). As evident in the tSNE
overview of sequenced cells, the authors of the dataset have identified
two CAF subsets; myo-CAFs (mCAF) and inflammatory CAFs
(iCAF; Fig. 6B). NRG1 was predominantly expressed within the iCAF
subset (Fig. 6C). Importantly, the expression pattern of NRG1 clearly
correlated with the expression of PDGFRA, a marker of iCAFs (29) and
adipocyte precursors (Fig. 6D; refs. 47, 48). NRG1 expression also
correlated with preadipocyte markers, MMP3 and DPP4 (Supple-
mentary Figs. S6C and S6D), which are known to be differentially
expressed in preadipocytes but not in differentiated adipocytes (51—
53). In line with this, NRG1 expression significantly correlated with
the expression of MMP3 and DPP4 in the TCGA BLCA cohort
(Supplementary Fig. S6E). To add more rigor to our findings, we
utilized an additional scRNA-seq study that described four subclusters
(C1-C4) of CAFs in bladder cancer (54). In this study, subcluster three
(C3) showed high expression levels of NRG1, MMP3, and PDGFRA.
Interestingly, the gene signature of C3 was clearly enriched in the iCAF
population presented in Chen and colleagues (Supplementary
Fig. S6F). In addition, Luo and colleagues (55) revealed that “adipo-
genic CAFs” (CAFdi) were delineated in the same activation trajectory
as iICAFs, which was identified as CAFstates. CAFadi Were described to
be expressing PDGFRA, TWIST2, TCF21, CFD, and CREB3L1, which
were also enriched in the NRG1-expressing iCAF population pre-
sented in Chen and colleagues (Supplementary Fig. S6G; ref. 29).
Moreover, the expression of several ADSC markers described in Zhu
and colleagues (53), was also enriched in the iCAF population and
most of them correlated with NRG1 expression (Table 2). To inves-
tigate the effect of primary CAFs derived from urothelial bladder, we
isolated CAFs by depleting the dissociated UC tumors of CD31, CD45,
and EpCAM-expressing cells by MACS (Fig. 6E). CM from urothelial
bladder-derived CAFs conferred significant resistance to erdafitinib
treatment in RT4 and RT112 cells (Fig. 6F). Taken together, these

Figure 6.

NRG1 expression correlates with preadipocytic markers and is predominantly expressed in inflammatory CAFs in human bladder carcinoma. A, Data obtained
from the TCGA BLCA data set, N % 426 samples. Left, expression levels of NRG1 in bladder cancer stratified based on PDGFRA expression. The low and high
cutoffs were determined based on the median expression levels of PDGFRA among the samples. Ten samples did not have the expression level provided
and therefore could not be included. Two-tailed unpaired t test was used for statistical analysis. Right, Kaplan—Meier survival analysis of patients with bladder
cancer stratified based on the quartile expression of PDGFRA (PDGFRA-High, upper quartile; PDGFRA-Low, lower quartile). Statistical test: log-rank (Mantel—
Cox) test. B, tSNE plot of single cells from bladder cancer and paratumor mucosa samples taken from Chen and collegues (29). Plot is colored by major cell
types of the tumor microenvironment in bladder cancer. mCAF, myo-cancer—associated fibroblast. C, Imputed gene expression of NRG1 displayed as a function
of expression density (left) or in a violin plot (right). D, Imputed gene expression of PDGFRA displayed as a function of expression density (left) or in a violin
plot (right). E, Schematic diagram of isolation of CAFs from human bladder cancer (BCa) by MACS. Bladder cancer cell lines were treated with erdafitinib in CM
from these CAFs. F, Proliferation analysis of RT4 and RT 112 cells treated with 10 nmol/L erdafitinib in media control (ctrl) or CM of CAFs. Crystal violet staining
was done on day 7. Data are plotted in a scatter bar graph (left) and in an aligned graph showing matched values of the CM from the same tumor (right). Data
were normalized to cells treated with vehicle. Four biological replicates were performed. Data are represented as mean + SD. Two-way ANOVA was used for
statistical analysis. *, P < 0.05; ™, P < 0.0001; n.s., not significant. (E, Created with BioRender.com.)
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Table 1. NRGL1 expression in different MIBC stages.

pT2 pT3 pT4 Total
NRG1 TC high/stroma high 5 23 7 35
NRG1 TC high/stroma low 14 12 5 31
NRGL1 TC low/stroma high 5 21 16 42
NRG1 TC low/stroma low 20 18 8 46
Total: 44 74 36 154

results highlight the clinical relevance of CAFs in mediating erdafitinib
resistance in bladder tumors.

Discussion

It is well established that resistance to RTK inhibitors commonly
occurs through feedback activation of additional signaling pathways.
Indeed, cancer cell-intrinsic activation of HER2/HER3 (11, 12, 14) and
EGFR (13) has been previously reported as resistance determinants to
FGFR inhibitors; BGJ398 (14), AZD4547 (12), and PD173074 (13).
These reports have documented autocrine resistance mechanisms that
develop in response to FGFR inhibition and do not consider the
contribution of the TME. In the last decade, research has shed light on
the association of the TME in cancer progression and therapy
resistance (56-58). In this study, we investigated the effect of the
crosstalk between mesenchymal cells and FGFR-driven UC and
NSCLC cells in the response to erdafitinib. In summary, our results
demonstrated that the CM of adipocyte precursors (3T3-L1 cells and
hADSCs) confer resistance to erdafitinib in three FGFR-dependent cell
lines (RT4, RT112, and LK2 cells). NRG1 secreted from adipocyte
precursor cell lines was identified as a mediator of paracrine resistance
against erdafitinib by activating the HER3 pathway. Interestingly, the
pharmacologic blockade of the NRG1/HERS3 axis using pertuzumab
resensitized cancer cells to erdafitinib in vitro and in vivo. Importantly,
primary preadipocytes isolated form bladder cancer tumors recapit-
ulated the resistance to erdafitinib conferred by the adipocyte precur-
sor cell lines. To our knowledge, the role of adipocyte precursors in
treatment resistance in urothelial bladder is largely unknown and only
few reports suggest their involvement in chemotherapy resistance in
ovarian (23), breast (22), and pancreatic (16) cancers. Here, our study
reveals the role of adipocyte precursors in promoting erdafitinib
treatment resistance in urothelial bladder. The dynamics of NRG1
expression in adipocyte precursors was also demonstrated in our

Table 2. Enrichment of ADSCs’ markers in iCAFs.

iCAF (Chen etal., 2022) NRG1 overlap

DCN Yes Yes
LUM Yes Yes
APOD Yes Partially
CFD Yes Yes
MGP Yes No
SERPINF1 Yes Yes
DPT Yes No
COL1A2 Yes Yes
COL6A3 Yes Yes
CXCL12 Yes Partially
SRPX Yes Yes
MMP2 Yes Yes
CCDC80 Yes Partially
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study. Our results showed that the expression of NRG1 is down-
regulated in terminally differentiated adipocytes at both RNA and
protein levels compared with their progenitors. In line with this, we
observed that CM of differentiated adipocytes failed to confer resis-
tance to erdafitinib. In contrast, one report showed that CM of 3T3-L1
adipocytes and not that of parental preadipocytes conferred resistance
to lapatinib in HER2p breast cancer cells (59). However, this study did
not identify the specific factor(s) responsible for this phenotype, nor
did it reveal the modulation of downstream signaling proteins in
response to the adipocytes’ CM treatment. This impedes the con-
structive comparison of results. Nevertheless, we believe that the
discrepancy in results could be related to the type of drug and cancer
investigated (context-dependent).

Interestingly, secreted NRG1 has been reported to be implicated
in paracrine anti-androgen resistance in prostate cancer (60, 61).
Although Gil and colleagues (60) revealed that NRG1 derived from
murine bone marrow—derived macrophages and myeloid-derived
suppressor cells promotes prostate cancer growth, Zhang and
colleagues (61) showed that CAFs secrete NRG1, which drives
resistance against anti-androgen treatment in prostate cancer. Thus,
our work corroborates the findings of these studies in urothelial
cancer, albeit involving a specific subtype of fibroblasts, adipocyte
precursors, and a novel drug, erdafitinib. FGFR3 alterations are
present in 5% to 20% of muscle-invasive bladder cancer cases, and
are particularly prevalent in the luminal-papillary molecular sub-
type (40% FGFR3-mutated,; refs. 5, 6, 62). However, our data suggest
that stroma-rich tumors, which mainly display luminal tumor cell
differentiation (63), are less likely to respond to erdafitinib as a
single-agent therapy. Importantly, HER3 is also enriched in the
luminal subtype of bladder cancer (64, 65). Therefore, the enrich-
ment of NRG1-secreting stroma in the TME could be a negative
predictive biomarker for erdafitinib single-agent therapy. These
tumors may be the prime candidates for our proposed combination
therapy of erdafitinib and pertuzumab (66). Moreover, because
obesity results in a higher frequency of ADSCs, and an altered
ADSC biology towards increased protumorigenic signaling (67, 68),
our proposed combination therapy could be even more relevant in
obese patients. Further investigations through biomarker-driven
clinical trials is necessary to confirm these hypotheses.

Our results demonstrated that the NRG1/HERS axis also induces
erdafitinib resistance to the NSCLC cell line, LK2, that is FGFR1-
driven (46). These indicate that our identified TME-driven resistance
mechanism can be of clinical relevance in other tumor entities, where
FGFR1-14 inhibitors are used/in clinical investigation, for example,
cholangiocarcinoma (NCT04083976; ref. 69).

In conclusion, this study provides preclinical evidence con-
firming the efficacy of cotargeting the FGFR1—4 and NRG1/HER3
pathways to overcome resistance to erdafitinib in FGFR-
dependent tumors.
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4. Discussion with references

4.1 Expression of ARV’s is associated with upregulated DNA repair genes

In the first paper, 273 tissue samples from 167 patients with different PCa stages, 10 benign
prostatic hyperplasia patients, and 7 healthy participants (control) were used for mRNA
expression analysis by nCounter platform (NanoString technologies) (Tolkach et al., 2022).
The CodeSet gene panels were comprised of five panels; full-length AR and its variants, DNA
repair genes, AR transcriptional targets, proliferation genes, and “other” genes. The results
revealed that the mRNA expression of AR-Vs (AR-V1, AR-V3, AR-V7, AR-V9) increases after
receiving ADT (in ADT and CRPC groups), and is absent from normal and benign tissue
samples. While few studies report low expression of AR-V7 mRNA in the benign prostate
(Gjyrezi et al., 2021; Hornberg et al., 2011), most studies demonstrate that AR-V7 protein
expression is only induced after ADT, which is usually used to treat high-risk PCa (Sharp et
al., 2018; Sprenger and Plymate, 2014). Our paper also showed that AR-V expression is
significantly correlated with Ki-67 expression in ADT and CRPC, indicating higher
proliferation. In CRPC, the DNA-repair score and AR targets score significantly correlated
with AR-V expression. A closer analysis of individual DNA repair genes revealed significant
upregulation of BRCA1, RAD21, RAD51AP1, ATR, and CHEK1; and non-significant
upregulation of RAD54L, EXO1, and XRCC4 in AR-V positive CRPC. To validate these
findings in-vitro, we generated LNCaP cells overexpressing AR-V7 (LNCaP/V7), since it is
the most common AR-V (Tolkach et al., 2022; Zhang et al., 2020), to model AR-V positive
CRPC. We also generated LNCaP cells overexpressing full-length AR (LNCaP/AR) to model
AR-V negative CRPC. To evaluate DNA repair, both cell lines were irradiated and assayed
for yH2A.X foci at different timepoints. LNCaP/V7 exhibited significantly less foci 24 hours
after irradiation, compared to LNCaP/AR, indicating accelerated DNA repair. DNA repair
genes BRCA1, CHEK1, EXO1l, RAD54L, and XRCC2 were upregulated in LNCaP/V7
compared to LNCaP/AR six-hours after irradiation, corroborating the findings in AR-V
positive CRPC clinical samples. The accelerated DNA repair associated with AR-V7

expression was further corroborated in-vitro by another study (Haoge Luo et al., 2022; Yin et
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al., 2017). Considering the enhanced DNA repair and resistance to antiandrogens mediated
by AR-Vs (Cao et al., 2014; Li et al., 2013; Tolkach et al., 2022), their expression in advanced
PCa may render the combination of ADT and PARP inhibitors or irradiation ineffective (Haoge
Luo et al.,, 2022; Yin et al.,, 2017). Therefore AR-V testing maybe helpful in assigning

alternative therapies that may enhance the prognosis of CRPC patients.

4.2 CDCP1 is upregulated in UC and negatively correlates with overall survival

In the second paper (Saponaro et al., 2023), CDCP1 expression was evaluated in two
independent UC TMA cohorts. The first TMA consists of 136 UC samples at different tumor
stages (T1-T4), and 31 benign (control) samples (Klimper et al., 2017; Schneider et al.,
2011). The second TMA consists of 184 MIBC samples (Eckstein et al., 2020). Analysis of
the first TMA showed that CDCP1 expression is negative or weak in control samples, and is
enhanced in cancer samples, particularly in the MIBC stages (T2-T4), in agreement with a
previous study (Yang et al., 2019). CDCP1 expression significantly correlated with worse
overall survival in both TMAs. Analysis of the second TMA and the BCa dataset of the cancer
genome atlas (TCGA) revealed that CDCP1 is specifically enriched in the basal/squamous
subtype of MIBC. Basal/squamous MIBC is an aggressive disease, and the median overall
survival in patients is the second shortest after neuroendocrine MIBC (1.2 years) (Kamoun
et al., 2020), indicating the importance of characterizing potential drug targets. Interestingly,
a paper published shortly after ours has corroborated the enrichment of CDCP1 in
basal/squamous MIBC, and demonstrated the efficacy of CDCP1-trageted radiotherapy in-
vivo (Chopra et al., 2023). Other papers have also shown the anti-tumor activity of targeting
CDCP1 with antibody-drug conjugates and radiolabeled antibodies in pancreatic, kidney,
ovarian, colorectal, and prostate cancers (Khan et al., 2022; Lim et al., 2022; Moroz et al.,
2020; Zhao et al., 2022). Basal/squamous MIBC is known to express high levels of EGFR
and EGF (Kamoun et al., 2020; Rebouissou et al., 2014). Some studies have shown that
EGFR stimulation induces CDCP1 upregulation (Dong et al.,, 2012), and CDCP1 directly
interacts with EGFR (Law et al., 2016), implying a strong rational for testing combination
therapies targeting CDCP1 and EGFR in basal/squamous MIBC (Murakami et al., 2022). On
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the functional level, CDCP1 expression in murine bladder organoids promoted growth and
proliferation, indicated by larger organoid size and higher Ki-67 expression compared to
controls. CDCP1 knockout in SCaBER cells led to reduced proliferation, migration, and
oncogenic signaling (AKT and MEK/ERK1/2) activation. Together, these results suggest the

role of CDCP1 in promoting bladder cancer progression and aggressiveness.

4.3 Paracrine resistance to Erdafitinib can be conferred by soluble NRG1

The clinical availability of targeted therapy, such as immune checkpoint inhibitors, TKIs, and
antibody-drug conjugates, has improved the prognosis of UC patients that progress on/after
chemotherapy (Loriot et al., 2023; Rosenberg et al., 2023; Sharma et al., 2016). The clinical
significance of Erdafitinib in FGFR-dependent luminal papillary MIBC lies in the fact that most
of these tumors are devoid of immune cells (“cold” tumors) (Kamoun et al., 2020), and poorly
respond to immunotherapy (Benjamin et al., 2022; Siefker-Radtke and Curti, 2018). However,
a knowledge gap remains in characterizing response biomarkers and resistance mechanisms
to efficiently assign specific combination therapies to each cancer patient. Although certain
FGFR mutations and translocations are well-established biomarkers of Erdafitinib response
before treatment onset, the short progression-free survival indicates the utmost need of
identifying targetable resistance mechanisms (Bahleda et al., 2019; Gong et al., 2024; Loriot
et al., 2023, 2019).

Growing evidence suggests the role of ADSCs in promoting cancer progression,
invasiveness, and resistance to chemotherapy (Fajka-Boja et al., 2020; Lu et al., 2017; Maj
et al., 2018; Miyazaki et al., 2021). In the third paper, we sought to investigate the effect of
secreted factors from ADSCs and 3T3-L1 pre-adipocytes on Erdafitinib response in FGFR-
dependent cell lines (Hosni et al., 2024). Our results showed that Erdafitinib inhibits cell
growth and ERK1/2 activation in three FGFR-dependent cell lines (RT4, RT112, and LK2) at
nanomolar concentrations, as reported (Perera et al., 2017). RT4 and RT112 are luminal BCa
cell lines harboring FGFR3-Transforming Acidic Coiled-Coil Containing Protein 3 (TACC3)
fusions (Warrick et al., 2016; Williams et al., 2012). LK2 is a lung squamous cell carcinoma

cell line expressing FGFR1 copy number gain (Hibi et al., 2016). Erdafitinib treatment in
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conditioned media (CM) of ADSCs and 3T3-L1 cells conferred resistance to cell death
compared to treatment in normal media. Molecular analyses revealed that CM induced AKT
and HER3 activation in the three FGFR-dependent cell lines. Multiple experimental models
revealed secreted NRG1, the best characterized ligand of HER3 (leguchi et al., 2010), as a
mediator of resistance in the CM. Gene silencing of NRG1/Nrgl in ADSCs and 3T3-L1 cells
abrogated the resistance conferred by the CM of wildtype cells. NRG1 stable overexpression
in RT4 cells led to Erdafitinib resistance compared to wildtype cells in-vitro and in-vivo.
Pertuzumab, a monoclonal antibody that inhibits HER2/HER3 dimerization (Franklin et al.,
2004), reversed the CM-mediated resistance to Erdafitinib in-vitro and in-vivo. As a clinically
approved drug for cancer treatment (Howie et al., 2019), Pertuzumab offers an easy to
implement rational combination therapy with Erdafitinib in FGFR-altered UC. Our results also
demonstrated that combination of Pertuzumab and Erdafitinib reversed the CM-mediated
resistance in LK2 cells. This finding may pave the way for a novel combination therapy,
aiming at prolonging the progression-free survival in various FGFR-dependent cancers where
Erdafitinib was shown to have antitumor activity (Pant et al., 2023). All in all, our study
elucidates a novel paracrine resistance mechanism mediated by NRG1, and warrants further
clinical testing of stromal NRG1 as a biomarker for the combination of Pertuzumab with
Erdafitinib.

4.3.1 NRGL1 is expressed in pre-adipocytes and PDGFRA-positive CAFs in BCa

In the second part of our paper, NRG1 expression was shown to be downregulated in
differentiated 3T3-L1-derived adipocytes compared to progenitor 3T3-L1 cells, and the
adipocytes’ CM did not confer Erdafitinib resistance (Hosni et al., 2024). To gain insights into
the clinical relevance of NRG1 in patient BCa samples, we analyzed the TCGA bladder
cancer cohort. We found significant positive correlations between NRG1 and mesenchymal
markers that are downregulated after terminal differentiation of pre-adipocytes; platelet-
derived growth factor receptor-A (PDGFRA), Matrix Metallopeptidase 3 (MMP3) and
dipeptidyl peptidase 4 (DPP4) (Alexander et al., 2001; Berry et al., 2014; Chowdhury et al.,
2016; Lee et al., 2012). The enrichment of NRG1 in PDGFRA-expressing CAFs in BCa was
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demonstrated by analyzing a published single-cell RNA sequencing of BCa (Chen et al.,
2020), where NRG1 and PDGFRA were shown to be enriched in inflammatory CAFs (iCAFs).
Two additional gene signatures of NRG1-expressing CAFs (Ma et al., 2022) and adipogenic
CAFs (Han Luo et al., 2022) were also enriched in the iCAF population (Chen et al., 2020).
Moreover, CM from CAFs derived from UC tumor samples recapitulated the Erdafitinib
resistance conferred by CM of 3T3-L1 and ADSCs in RT4 and RT112 cell lines. These
findings indicate that NRG1-expressing CAFs are present in human bladder tumors; and
support further characterization of these CAFs, to explore additional biomarkers and targets
for overcoming the acquisition of Erdafitinib resistance. A recent commentary on our paper
has supported our findings in (Hosni et al., 2024), and mentioned that the gene signature of
NRG1-expressing CAFs is also expressed by fibro-adipogenic progenitors found in adipose
tissue of cancer-free individuals; suggesting their recruitment form the adipose tissue to the
tumor sites (Kolonin and Anastassiou, 2024). Last but not least, because ADSCs in obese
patients are found at a higher frequency and express CAF markers (Bunnell et al., 2022;
Strong et al., 2017), it would be worthy to evaluate obesity as an indication for combination
of Erdafitinib with Pertuzumab.
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