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aDepartment of Pathology and Molecular Pathology, University Hospital Zurich and University of Zurich, Zurich, Switzerland; b School for Life Sciences, Institute
for Chemistry and Bioanalytics, University of Applied Sciences Northwestern Switzerland, Muttenz, Switzerland; cDepartment of Molecular Life Sciences,
University of Zurich, Zurich, Switzerland; d Swiss Informatics Institute, Swiss Institute of Bioinformatics, Lausanne, Switzerland; eDepartment of Urology,
University Hospital Zurich, Zurich, Switzerland; f Institute for Molecular Medicine Finland, Helsinki Institute of Life Science, University of Helsinki, Helsinki,
Finland; g Laboratory of Immunovirotherapy, Drug Research Program, Division of Pharmaceutical Biosciences, Faculty of Pharmacy, University of Helsinki,
Helsinki, Finland; h Translational Immunology Research Program, University of Helsinki, Helsinki, Uusimaa, Finland; i iCAN Digital Precision Cancer Medicine
Flagship, University of Helsinki, Helsinki, Finland; j Science for Life Laboratory, Department of Oncology and Pathology, Karolinska Institutet, Solna, Sweden
Article info

Article history:
Accepted March 1, 2023

Associate Editor: Christian Gratzke

Keywords:
Papillary renal cell carcinoma
Patient-derived cells
Drug sensitivity profiling
Functional precision medicine
Tumour heterogeneity
https://doi.org/10.1016/j.euf.2023.03.005
2405-4569/� 2023 The Author(s). Published by E
under the CC BY-NC-ND license (http://creativecom

Please cite this article as: S. Angori, A. Banaei-E
Reveals EGFR and the BCL2 Family as Therapeu
Abstract

Background: Immune checkpoint inhibitors and antiangiogenic agents are used for first-
line treatment of advanced papillary renal cell carcinoma (pRCC) but pRCC response
rates to these therapies are low.
Objective: To generate and characterise a functional ex vivo model to identify novel
treatment options in advanced pRCC.
Design, setting, and participants: We established patient-derived cell cultures (PDCs)
from seven pRCC samples from patients and characterised them via genomic analysis
and drug profiling.
Outcome measurements and statistical analysis: Comprehensive molecular characterisa-
tion in terms of copy number analysis and whole-exome sequencing confirmed the con-
cordance of pRCC PDCs with the original tumours. We evaluated their sensitivity to
novel drugs by generating drug scores for each PDC.
Results and limitations: PDCs confirmed pRCC-specific copy number variations such as
gains in chromosomes 7, 16, and 17. Whole-exome sequencing revealed that PDCs
retained mutations in pRCC-specific driver genes. We performed drug screening with
526 novel and oncological compounds. Whereas exposure to conventional drugs showed
low efficacy, the results highlighted EGFR and BCL2 family inhibition as the most effec-
tive targets in our pRCC PDCs.
Conclusions: High-throughput drug testing on newly established pRCC PDCs revealed
that inhibition of EGFR and BCL2 family members could be a therapeutic strategy in
pRCC.
lsevier B.V. on behalf of European Association of Urology. This is an open access article
mons.org/licenses/by-nc-nd/4.0/).
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Patient summary: We used a new approach to generate patient-derived cells from a
specific type of kidney cancer. We showed that these cells have the same genetic back-
ground as the original tumour and can be used as models to study novel treatment
options for this type of kidney cancer.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Papillary renal cell carcinoma (pRCC) is the second most fre-
quent renal cancer subtype after clear cell RCC (ccRCC). pRCC
is a heterogeneous tumour entity with unpredictable patient
outcomes [1,2]. Tyrosine kinase inhibitors (TKIs) and immune
checkpoint inhibitors have become the standard of care for
patients with advanced RCC [3,4]. However, these treatment
recommendations are largely orientated around on von
Hippel-Lindau tumour suppressor–driven mechanisms in
ccRCC [5] but are less effective in pRCC [4,6]. Drug develop-
ment supported by underlying molecular mechanisms plays
a critical role in identifying new personalised treatments.
Depending on the genetic alteration, MET inhibitors have
shown promising efficacy in MET-driven pRCC [7]. However,
there is still a need for novel therapies in MET-independent
pRCC. The lack of a targeted treatment for pRCC can be
explained by the various molecular mechanisms involved in
pRCC tumour biology. Moreover, new tools for renal tumours
such as patient-derived cancer cell cultures (PDCs) that could
help in exploring ex vivo drug responses are mainly focused
on ccRCC biology [8,9]. In this study we generated PDCs to
explore novel targeted treatments for pRCC. We investigated
the molecular profile of these pRCC PDCs and compared their
genomic landscape with that of the corresponding tumour tis-
sue. We then performed a drug sensitivity and resistance test-
ing assay with 526 compounds to identify shared and patient-
specific ex vivo drug responses. Our results indicate that inhi-
bition of EGFR and of BCL2 family members could be potential
therapeutic strategies in pRCC.

2. Patients and methods

A detailed description of the patients and methods is available in the

Supplementary material.

2.1. Ethic considerations

The Tissue Biobank at the University Hospital of Zurich (Switzerland)

provided the tissue samples. All patients provided written consent for

this study, which was authorised by the local ethics committee in Can-

ton Zurich (BASEC 2019-01959). One normal tissue was processed as a

part of the DEDUCER study, with written and dated ethics committee

approval and patient consent (HUS/71/2017 and HUS/155/2021; Dnro

154/13/03/02/16 and HUS/850/2017).

3. Results

3.1. Mouse embryonic fibroblasts support the cellular growth of
pRCC PDCs

We established a pRCC PDC model using mitotically inacti-
vated CF6-Neo Mouse Embryonic Fibroblasts (MEFs) as a
sfahani, K. Mühlbauer et a
tic Targets, Eur Urol Focus
feeder layer. The pRCC PDCs were generated from a co-
culture of MEFs seeded 24–48 h before addition of the cell
suspension derived from digested tumour tissue (Fig. 1A).
MEFs are mitotically inactivated but retain their potential
to support cellular growth via the secretion of various hor-
mones and growth factors to the culture media [10]. The
optimal conditions for the PDCs were assessed using MEFs
that were mitotically inactivated via either (1) treatment
with mitomycin C (CF6-Neo) or (2) irradiation (CF1) for five
different PDC/MEF ratios (1:1, 1:2, 2:1, 3:1, and 4:1; data
not shown). Proliferation measurements showed that
MEF-CF6 cells seeded at a ratio of 1:2 with MEF-
conditioned media provided the most suitable conditions
for supporting the growth of pRCC PDCs (Fig. 1B). Using this
method, pRCC PDCs formed small nests on the feeder cells
after 4 d of co-culture (Fig. 1C). After passaging the cells
for 3–4 weeks, the feeder cells started to die, facilitating
recovery of pure tumour cells derived from human pRCC tis-
sue (Fig. 1A, D).
3.2. Molecular comparison between PDC and corresponding
pRCC tissue

Genome-wide copy number variation (CNV) analysis of
seven pRCC tissue samples and their matched PDCs showed
overlapping CNV profiles, with several expected chromoso-
mal aberrations (Fig. 2A). Recurrent cancer-specific alter-
ations in pRCC in The Cancer Genome Atlas (TCGA) data
sets [1], such as chromosome 7 and 17 gains, were the most
frequent aberrations in our PDC models. Five PDCs had a
gain in chromosome 16. Notably, three PDCs derived from
paired grade 3 tumours (samples 1081, 300, and 764) had
multiple chromosomal gains, while the other PDCs had only
a few copy number alterations. Next, we compared somatic
mutations shared by the primary tumour tissue samples
and the pRCC PDCs using whole-exome sequencing (WES).
Our analysis showed that five of the seven PDCs shared
between 25% and 80% of the somatic mutations found in
the parental tumour tissue, while two samples (195 and
764) were discrete (Fig. 2B). Samples 195_C and 764_C
had CNV patterns identical to their paired tumour tissue,
confirming that these two models were acceptable for the
study. We then analysed relevant genes that were fre-
quently mutated in our cohort after filtering for genes
described in the TCGA and Catalogue of Somatic Mutations
in Cancer (COSMIC) databases (Supplementary Fig. 1). The
molecular profiles of the paired tumours and cell cultures
resemble the complex molecular background of pRCC
described in the TCGA data and also mirror the significant
interpatient heterogeneity of mutated genes in pRCC
(Fig. 2C). For example, mutations in the chromatin-
l., Ex Vivo Drug Testing in Patient-derived Papillary Renal Cancer Cells
(2023), https://doi.org/10.1016/j.euf.2023.03.005
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Fig. 1 – Establishment of papillary renal cell carcinoma (pRCC) patient-derived cell cultures (PDCs). (A) Schematic representation outlining themethod used to
generate PDCs from kidney biopsies using mitotically inactivated mouse embryonic fibroblasts (MEFs) as a feeder layer. Created with BioRender.com. (B)
Growth curves and cell passages for pRCC PDCs in combination with MEFs mitotically inactivated via mitomycin C treatment (CF6) or irradiation (CF1), or
without feeder cells (no feeder). (C) Bright-field images of CF6-MEF feeders alone (day 1) or in co-culture with pRCC PDCs after 5 d. Black arrows indicate
feeder cells (F) or tumour cell nests (203 magnification). (D) Haematoxylin and eosin staining of two normal kidney tissues and of two tumour tissues with
different morphology from which PDCs with different morphology were generated (103 magnification).
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modifying gene SETD2 were identified in one sample. More-
over, two samples showed mutations in NFE2L2, the key
gene of the NRF2-ARE pathway.

Unsupervised clustering using gene variants also found
within the TCGA and COSMIC databases revealed that
matched pRCC tissues and PDCs clustered to the same
branch for four of the seven samples (Fig. 2C, dendrogram).
PDCs 193_C and 195_C did not cluster together with their
paired tumours. Sample 195_C had the lowest mutational
frequency among all the PDCs (only seven variants were
identified), which may explain the discrepancy in the clus-
ter analysis. However, CNV analysis confirmed the tumour
background of the PDC model. Sample 193_C acquired sev-
Please cite this article as: S. Angori, A. Banaei-Esfahani, K. Mühlbauer et al
Reveals EGFR and the BCL2 Family as Therapeutic Targets, Eur Urol Focus
eral further variants during the culture passaging in addi-
tion to the mutations detected in the tumour, which
changed the mutational landscape of 193_C. Nevertheless,
193_C and the paired tumour (193_T) shared chromosomal
aberrations and mutations in two of the top mutated genes
(NFE2L2 and PTPRS), confirming that this culture represents
an acceptable model for our study.
3.3. Comprehensive drug testing shows distinct response profiles
of PDCs from pRCC

To define new potential therapeutic solutions for pRCC, we
performed drug testing on six pRCC PDCs using a collection
., Ex Vivo Drug Testing in Patient-derived Papillary Renal Cancer Cells
(2023), https://doi.org/10.1016/j.euf.2023.03.005
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Fig. 2 – Genomic characterisation of papillary renal cell carcinoma (pRCC) patient-derived cell cultures (PDCs). (A) Genome-wide copy number (CN) variation
analysis of parental pRCCs and matched PDCs. Red and blue bars indicate chromosomal gain or loss, respectively. (T = primary tumour; C = cell culture; p1–
3 = passage numbers for cell cultures). (B) Whole-exome sequencing analysis of tumour and paired PDCs: bar plots showing the percentage of mutations
shared between paired pRCC tumours and PDCs. (C) The most relevant genes in pRCC tissue (_T) and paired PDCs (_C) were determined by focusing on the set
of genes implicated in The Cancer Genome Atlas study [1]. The dendrogram shows unsupervised clustering of pRCC tumours (_T) and paired PDCs (_C) for on
all gene variants. The bars indicate the number of mutations found in each sample.
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of 526 compounds over five concentrations [9] and mea-
sured cell viability after 72 h of treatment (Supplementary
Fig. 2A, B). Sample 495_C was excluded because the corre-
sponding cell culture did not grow to reach the 5 million
cells needed for the drug screening. Therefore, the drug
responses were analysed for six pRCC, one chromophobe
RCC, and four normal kidney PDCs. We generated a selective
drug sensitivity score (sDSS) for each compound using the
normal kidney samples as controls (Supplementary Fig. 3).
Tumour-specific sensitivity was defined as sDSS �5 and
resistance as sDSS ��5.

Using these criteria, pRCC PDCs showed response to 52
compounds (out of 526) following the first screening (Sup-
plementary Fig. 4A). Next, we performed drug screening
with a minimum of two biological replicates to validate
the sensitivity of the pRCC PDCs to the 52 active com-
pounds. A significant sDSS was observed for 23 compounds:
the PDCs were resistant to eight compounds (sDSS ��5),
while 15 drugs were active in at least one PDC (Fig. 3A).
Drug response curves and half-maximal inhibitory concen-
tration (IC50) values highlighted the variability between
the PDCs (Fig. 3B, C, Supplementary Fig. 5, and Supplemen-
tary Table 2). Enrichment analysis using drug-specific target
sets showed that inhibition of EGFR is one of the primary
mechanisms of action of the drugs in the PDCs (Fig. 3D, left
panel). Afatinib, canertinib, and dacomitinib are irreversible
inhibitors of EGFR and ERBB family members. Sample 300_C
was the most responsive PDC to these compounds. In addi-
tion, we found that A-1331852 and A-1155463, two new
chemical compounds, significantly reduced cell viability in
Please cite this article as: S. Angori, A. Banaei-Esfahani, K. Mühlbauer et a
Reveals EGFR and the BCL2 Family as Therapeutic Targets, Eur Urol Focus
five PDCs. These compounds target members of the BCL2
family such as BCL-XL. Accordingly, enrichment analysis
showed that BMF (BCL2-modifying factor), BCL2L2 (BCL2-
like protein 2) and HRK (Harakiri, BCL2-interacting protein)
are targets of the 15 active compounds (Fig. 3D, right panel).

Finally, we investigated the effect of mTOR inhibitors
and TKIs on our pRCC PDCs (Fig. 3E). These compounds
are therapeutic agents currently used for pRCC; however,
we found that these inhibitors had no effect (sDSS <5) on
our pRCC PDCs. Interestingly, four samples (300, 764, 195,
and 193) were resistant to everolimus and temsirolimus.

3.4. Genomic alterations are associated with drug response
profiles

We evaluated the extent to which specific genetic features
(eg, single nucleotide variants) affect drug responses at a
pathway level. Of note, the ex vivo responses of PDCs can
be influenced by genomic cancer alterations that make
PDCs resistant or sensitive to compounds. We conducted a
pattern association analysis between the somatic mutations
identified from WES data and the sDSS results. To avoid
spurious associations, we first mapped the gene mutations
to the reactome pathways and generated a pathway-based
mutational landscape. Next, the fully matched patterns for
the drug responses and the pathway-related genetic muta-
tions were identified (Fig. 4A). Three PDCs (764_C, 195_C,
and 193_C) played a major role in pattern association anal-
ysis for two drugs, navitoclax and bortezomib. Response to
navitoclax (sensitivity) and bortezomib (resistance) had the
exact same patterns as the mutation aggregations in several
l., Ex Vivo Drug Testing in Patient-derived Papillary Renal Cancer Cells
(2023), https://doi.org/10.1016/j.euf.2023.03.005
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Fig. 3 – High-throughput drug screening on six papillary renal cell carcinoma (pRCC) patient-derived cell cultures (PDCs). (A) Heatmap of selective drug
sensitivity scores (sDSS) in pRCC PDCs for 23 compounds with sDSS ≥5 (active drugs) versus ≤-5 (resistance). Blue and red lines denote drugs that PDCs were
resistant to or sensitive to, respectively. For each compound, the class of action and investigational status are shown. (B) Dose-response curves for selected
active drugs. The cell viability of six PDCs after 72 h was determined using five different concentrations for each drug. Data are presented as the
mean ± standard error of the mean (SEM) for three independent replicates. (C) Half-maximal inhibitory concentration (IC50) values for selected drugs in four
PDCs. The data are presented as the mean ± SEM for three independent replicates. (D) Mechanism of action and specific targets of selected drugs. DrugEnrichr
analysis showed that inhibition of EGFR is the main mechanism of action of these compounds in our pRCC PDCs. (E) sDSS heatmap for seven standard-of-care
drugs for pRCC. The drug class and targets are shown on the right. Blue and red lines denote the drugs that PDCs were resistant to or sensitive to, respectively.
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pathways (Fig. 4B, C). Network analysis revealed how differ-
ent mutated pathways can influence sensitivity to navito-
clax or resistance to bortezomib (Fig. 4D). For example,
the family of genes encoding the Rho GTPases, which play
a role in various cancer types [11] and show differential
expression in pRCCs [12], was also associated with sensitiv-
ity to navitoclax, a BCL2 inhibitor. Resistance to bortezomib
in two samples (193_C and 195_C) correlated with muta-
tions in two genes involved in rRNA regulation.
Please cite this article as: S. Angori, A. Banaei-Esfahani, K. Mühlbauer et al
Reveals EGFR and the BCL2 Family as Therapeutic Targets, Eur Urol Focus
4. Discussion

There are only a few treatment options available for pRCC,
none of which is very effective [13]. Our study represents
an essential step towards functional precision medicine
for pRCC: we successfully established pRCC PDCs, carried
out functional drug testing of 526 compounds in PDCs,
and identified associations between genetic variants and
drug responses at the gene-pathway level. We established
., Ex Vivo Drug Testing in Patient-derived Papillary Renal Cancer Cells
(2023), https://doi.org/10.1016/j.euf.2023.03.005
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PDCs from seven pRCC biopsies using MEFs as a feeder
layer. The culture protocol supported successful growth of
pRCC PDC models, as they all showed pRCC-specific copy
number gains, mainly in chromosomes 7, 16, and 17. In
addition, our PDCs recapitulated the most relevant mutated
genes in pRCC and the mutations identified were shared
with the corresponding primary tissue. Finally, we showed
that the first mechanisms of action of the drugs on PDCs
can be attributed to inhibition of EGFR and BCL2 family
members.

The development of personalised treatment approaches
has been slow for pRCC after the introduction of TKIs as
standard treatment for RCC tumours [14]. MET-targeted
therapies have shown promising results in MET-driven
tumours [15]. For example, doretinib, a dual MET-VEGFR
inhibitor, led to an overall response rate (ORR) of 50% versus
9% in pRCC with versus without germline MET mutations. In
2020, the SAVOIR trial investigated savolitinib, a highly
selective MET inhibitor, versus sunitinib in patients with
pRCC and MET alterations. The results indicated better effi-
cacy and ORR (27% vs 7%) with savolitinib than with suni-
tinib [16].

MET overexpression has been observed in pRCC cells.
Yang et al. [17] generated seven cell lines from pRCC sam-
ples from patients with MET mutations and chromosome
7 gain. These models showed response to two MET inhibi-
tors, tepotinib and capmatinib, demonstrating the impor-
tance of preclinical models for therapeutic studies. Several
immortalised RCC cell lines have been used to investigate
mechanisms of drug resistance [18]. NCC-FH1 was proposed
as a new FH-deficient pRCC cell line [19], but, according to
the 2016 and 2022 World Health Organization RCC classifi-
cation, such tumours are regarded as FH-deficient RCC,
which has a different molecular background to pRCC. Iden-
tification of novel RCC entities has required a reinterpreta-
tion of currently available RCC cell lines and highlighted
that PDCs represent a more adequate tool for recapitulating
tumour complexity in vitro [20]. Our PDCs identified gains
for chromosomes 7 and 17 as recurrent pRCC alterations,
but no mutations in MET, confirming the rare occurrence
of MET mutations in sporadic pRCC [21].

Our drug screening identified a role for EGFR inhibition
in pRCC. Although EGFR mutations were found only in
0.4% of pRCCs according to TCGA data on cBioPortal, we
have shown that EGFR upregulation is frequent in pRCC
[22]. It has also been demonstrated that EGFR hyperactiva-
tion is a poor prognostic marker in ccRCC [23] and non–
small-cell lung cancer [24]. Moreover, erlotinib, an EGFR
inhibitor used in lung adenocarcinoma, showed promising
activity in patients with hereditary leiomyomatosis and
RCC [25].

Pal et al. [26] showed that a group of advanced pRCCs
was characterised by concurrent mutations in MET and
EGFR. Combinations of erlotinib and MET inhibitors have
been investigated in several solid tumours [15], suggesting
potential use of this approach in pRCC. Our results indicate
that treatment options for pRCC may be broadened using
the MET-EGFR axis as a therapeutic target.

Our studies highlighted that two new chemical com-
pounds, A-1155463 and A-1331852, elicited a response in
Please cite this article as: S. Angori, A. Banaei-Esfahani, K. Mühlbauer et al
Reveals EGFR and the BCL2 Family as Therapeutic Targets, Eur Urol Focus
five pRCC PDCs, suggesting targeted specificity for pRCC.
These molecules are BCL-XL-specific inhibitors and belong
to the apoptotic modulator family. Studies on colorectal
cancer cell lines treated with these compounds demon-
strated strong inhibition of cellular growth [27]. Moreover,
RCC cell lines with high BCL2 expression showed higher
sensitivity to treatment with BCL2 inhibitors in combina-
tion with cisplatin, suggesting that this mechanism should
also be further explored in pRCC [28].

Recent studies have shown that treatment with EGFR
inhibitors in combination with Navitoclax can cause a sig-
nificant tumour reduction in a patient-derived xenograft
model of EGFR-expressing breast cancer, suggesting the
potential efficacy of navitoclax in EGFR positive tumours
[29]. Efficacy of Navitoclax, an antagonist of the antiapop-
totic BCL-XL, was observed in two of our pRCC PDCs, sug-
gesting that combined use of EGFR inhibitors and
apoptosis modulators may represent a targeted approach
in pRCC. Future investigations will help in understanding
the potential synergistic effect of these compounds in pRCC.

The establishment of pRCC models will shift therapy
options to better-individualised treatments. In our work,
pRCC PDCs were established on the basis of a method
described by Saeed et al. [9], who used irradiated mouse
fibroblasts (3T3 cells) as a feeder layer in ccRCC. We found
that MEFs mitotically inactivated via mitomycin C treat-
ment can sustain cellular growth by secreting several
important growth factors and adhesion molecules into the
medium and provide a cellular matrix for cells [10].

Maintenance of tumour cell cultures from cancer tissue
sample has several challenges. Contamination and over-
growth of tumour cells by normal kidney cells or fibroblasts
have been reported in many studies and observed in our
daily experience [30]. These limitations strictly justify the
need for accurate molecular validation of PDCs in compar-
ison to the parental tumour. Here, the pRCC specificity of
our PDCs was demonstrated via CNV and gene mutation
analyses of the PDCs and their paired tumours. Although
the sample size may represent a possible limitation to this
study, we showed that our pRCC PDCs can recapitulate
tumour heterogeneity. pRCC PDCs provide a valuable
resource for reliable drug discovery and, in combination
with the genetic landscape of pRCC, can improve person-
alised treatment options for patients with pRCC.
5. Conclusions

In conclusion, we propose that pRCC PDCs offer a functional
tool to represent the complexity of pRCC heterogeneity and
to investigate novel drug compounds that could efficiently
and specifically target pRCC. Our findings point to alterna-
tive possibilities for the clinical management and diagnosis
of patients with advanced pRCC.
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