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Purpose: Develop and deploy a robust discovery platform that
encompasses heterogeneity, clinical annotation, and molecular
characterization and overcomes the limited availability of
prostate cancer models. This initiative builds on the rich MD
Anderson (MDA) prostate cancer (PCa) patient-derived xeno-
graft (PDX) resource to complement existing publicly available
databases by addressing gaps in clinically annotated models
reflecting the heterogeneity of potentially lethal and lethal
prostate cancer.

Experimental Design: We performed whole-genome, targeted,
and RNA sequencing in representative samples of the same tumor
from 44 PDXs derived from 38 patients linked to donor tumor
metadata and corresponding organoids. The cohort includes mod-
els derived from different morphologic groups, disease states, and
involved organ sites (including circulating tumor cells), as well as
paired samples representing heterogeneity or stages before and after
therapy.

Introduction

Metastatic prostate cancer that progresses after androgen ablation
therapy [castration-resistant prostate cancer (CRPC)] remains incur-
able. Although recent large-scale genomic studies have identified
deregulated pathways in metastatic CRPC (1, 2), our understanding
of metastasis and therapy resistance has been hindered by a lack of
models representing the clinical and biological complexity of prostate
cancer. Development of patient-derived xenografts (PDX) has led to
therapeutically relevant approaches (3-6), further driving the impetus
to characterize and improve PDX utility to bridge the gap between
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Results: The cohort recapitulates clinically reported alterations in
prostate cancer genes, providing a data resource for clinical and
molecular interrogation of suitable experimental models. Paired
samples displayed conserved molecular alteration profiles, suggesting
the relevance of other regulatory mechanisms (e.g., epigenomic)
influenced by the microenvironment and/or treatment. Transcripto-
mically, models were grouped on the basis of morphologic classifi-
cation. DNA damage response-associated mechanisms emerged as
differentially regulated between adenocarcinoma and neuroendo-
crine prostate cancer in a cross-interrogation of PDX/patient datasets.

Conclusions: We addressed the gap in clinically relevant prostate
cancer models through comprehensive molecular characterization
of MDA PCa PDXs, providing a discovery platform that integrates
with patient data and benchmarked to therapeutically relevant
consensus clinical groupings. This unique resource supports robust
hypothesis generation and testing from basic, translational, and
clinical perspectives.

experimental and clinical observations, complementing publicly avail-
able patient databases to enhance hypothesis generation and testing.

The MD Anderson (MDA) prostate cancer (PCa) PDX series is a
collection of clinically annotated models representing the range of
potentially lethal disease, namely therapy-naive and therapy-resistant
prostate cancer, encompassing clinical (classic and aggressive) and
morphologic [e.g., adenocarcinoma (Ad), neuroendocrine carcinoma
(NEPC)] variants from both primary sites and metastases, and reflect-
ing the progression of the donor tumor (7, 8). In contrast with other
PDX repositories, our program collects non-end-stage disease sam-
ples, including models from different areas of the same tumor, which

Buenos Aires, Instituto de Quimica Bioldgica de la Facultad de Ciencias Exactasy
Naturales (IQUIBICEN), Buenos Aires, Argentina. ?Department of Pathology,
The University of Texas MD Anderson Cancer Center, Houston, Texas.

N. Anselmino and E. Labanca contributed equally as co-first authors to this
article.

Corresponding Authors: Estefania Labanca, University of Texas MD Anderson
Cancer Center, 1515 Holcombe Blvd., Houston, TX 77030. E-mail:
elabanca@mdanderson.org; and Yu Chen, Memorial Sloan-Kettering Cancer
Center, 1275 York Ave, New York, NY 10065. E-mail: chenyl@mskcc.org

Clin Cancer Res 2024;30:2272-85
doi: 10.1158/1078-0432.CCR-23-2438

This open access article is distributed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) license.

©2024 The Authors; Published by the American Association for Cancer Research

AAC_R American Association
for Cancer Research’

AACRJournals.org | 2272


http://crossmark.crossref.org/dialog/?doi=10.1158/1078-0432.CCR-23-2438&domain=pdf&date_stamp=2024-4-29
http://crossmark.crossref.org/dialog/?doi=10.1158/1078-0432.CCR-23-2438&domain=pdf&date_stamp=2024-4-29

Translational Relevance

The discovery platform, founded on 44 comprehensively char-
acterized MD Anderson prostate cancer patient-derived xenografts
spanning the prostate cancer spectrum and linked to donor tumor
metadata, recapitulates the molecular landscape of potentially
lethal and lethal prostate cancer. This unique data inventory
integrating genomic and transcriptomic analysis, complements
publicly available datasets to enhance hypothesis generation and
testing, enabling the informed selection of clinically annotated
models suitable for experimentation. This rich resource supports
clinical, translational, and basic research perspectives, with the aim
to identify markers and/or drivers of progression and to prioritize
targets for prosecution by combination/sequential treatment
strategies.

represent prostate cancer heterogeneity, and those taken before and
after therapy, which enable longitudinal studies.

Aiming to potentiate the utility and applicability of this PDX
collection, we selected 44 MDA PCa PDX models derived from 38
patient tumors, reflecting different morphologic groups, treatment
statuses, and organ sites of involvement, and performed whole-
genome sequencing (WGS), targeted sequencing, and RNA seq-
uencing (RNA-seq). The molecular and morphologic analyses of
each PDX were performed in representative samples of the same
tumor, facilitating the integration of the different approaches.
Complementing patient data and recapitulating the genomic land-
scape found clinically, this comprehensive PDX platform provides
a resource for clinical and molecular interrogation of models
suitable for experimentation.

Materials and Methods

Animals

Experiments were conducted in accordance with standards of care
and approved by the Institutional Animal Care and Use Committee at
MD Anderson Cancer Center (MDACC).

PDX establishment and propagation

PDX propagation and harvesting was performed as described
previously (8). Briefly, MDA PCa PDXs are established from tumor
specimens obtained from patients with prostate cancer undergoing
radical prostatectomy, cystoprostatectomy/pelvic exenteration, or
resection/biopsy analysis of metastatic lesions. Tissues are evaluated
and macrodissected by a pathologist for implantation in intact male
CB17/Icr-Prkdc*¥/IcrlcoCrl mice (RRID: IMSR_CRL:236; Charles
River Laboratories). Grafts are implanted subcutaneously on the flank
with supplemental Matrigel. Mice are monitored for initial growth up
to 18 months after implantation. Tumors that grow are serially
passaged without Matrigel. A line is considered established after five
passages. At each passage, representative samples are stored in various
forms for characterization and continued propagation. These PDXs
are submitted to rigorous quality control. Tumor samples from later
passages (>3) were used for sequencing.

MDA PCa PDX selection

We selected 44 PDXs derived from 38 patients with clinically
annotated, potentially lethal, hormone-naive prostate cancer or CRPC
from primary or different metastatic sites. Reflecting the current
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clinical prostate cancer landscape, the cohort includes Ads (includ-
ing ductal Ad), NEPCs, poorly differentiated carcinomas, and
sarcomatoid carcinomas. Model selection prioritized reasonable
propagation rate to allow for experimentation (Supplementary
Table S1). Sample selection criteria: consistent morphology, high
tumor content (>80%), and minimal areas of necrosis or fibrosis
(<20%). PDX morphologic classification was performed and rou-
tinely reviewed by a clinical pathologist (P. Troncoso), verifying
consistency with the tumor of origin. Each selected PDX tumor was
divided into representative samples to perform next-generation
sequencing (NGS) and formalin-fixed paraffin embedding, also
reviewed by the clinical pathologist (P. Troncoso). NEPC classifi-
cation was defined by morphology, lack of androgen receptor (AR),
and at least one positive neuroendocrine marker by IHC (chromo-
granin A or synaptophysin). Double-negative (DN) carcinomas
were defined by lack of both AR and NEPC markers.

DNA and RNA preparation

DNA and RNA were extracted from fresh frozen PDX tissue at the
Biospecimen Extraction Facility (MDACC) using the QIAGEN
QIAamp DNA Mini and RNeasy Kits, respectively.

NGS

We performed WGS, targeted sequencing [T200.1 panel, including
263 genes implicated in solid cancers (Supplementary Table S2)], and
RNA-seq at the Advanced Technology Genomics Core (MDACC).

Targeted sequencing

Ilumina-compatible indexed libraries were prepared from 200 ng of
Biorupter Ultrasonicator (Diagenode) sheared gDNA using the KAPA
Hyper Library Preparation Kit (Kapa Biosystems). Library size dis-
tribution was assessed using the 4200 TapeStation High Sensitivity
D1000 ScreenTape (Agilent Technologies, RRID:SCR_018435).
Libraries were then prepared for capture with seven cycles of preliga-
tion-mediated PCR. Amplified libraries were assessed as above and
quantified using the Qubit dSDNA HS Assay Kit (Thermo Fisher
Scientific). Equimolar quantities of libraries were then multiplexed, six
libraries per pool. Targeted capture was performed using the SeqCap
EZ Library T200.1 panel. Target-enriched library pools were amplified
using six cycles of PCR and assessed as above for size distribution and
quantity. Equimolar quantities of library pools were multiplexed, and
the resultant combined pool was quantified by qPCR using the KAPA
Library Quantification Kit (Kapa Biosystems), then sequenced in one
lane of the NovaSeq6000 (RRID:SCR_016387) S2-Xp flow cell using
the 100-nt paired-end format.

Stranded mRNA

Stranded mRNA libraries were prepared using the KAPA Stranded
mRNA-seq Kit. Briefly, 250 ng of total RNA was captured using
magnetic Oligo-dT beads. Resultant PolyA RNA was fragmented
using heat and magnesium. First-strand synthesis was performed
using random priming followed by second-strand synthesis with the
incorporation of dUTP into the second strand. The ends of the
resulting double-stranded cDNA fragments were repaired, 5 -phos-
phorylated, 3'-A tailed, and Illumina-specific indexed adapters were
ligated. The products were purified and enriched for full-length library
with nine cycles of PCR. The strand marked with dUTP was not
amplified, resulting in a strand-specific library. The libraries were
quantified and assessed for size distribution as described above, then
multiplexed, 48 libraries per pool. The library pool was quantified and
sequenced as described above.
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WGS

Ilumina-compatible indexed libraries were prepared from 200 ng of
Diagenode Biorupter Pico sheared DNA using the KAPA Hyper Library
Preparation Kit (KAPA Biosystems, Inc.). Libraries were amplified by
two cycles of PCR, then assessed for size distribution and quantified as
described above. Equimolar quantities of the indexed libraries were
multiplexed, 24 libraries per pool. The pool was quantified as described
above. Then each pool was sequenced on the Illumina NovaSeq6000 S4
flow cell using the 150-nt paired-end format.

Data processing

NGS data were processed using an established in-house bio-
informatics pipeline (9) at the MDACC Department of Genomic
Medicine. Briefly, raw sequencing base call (BCL) files were first
converted into FASTQ files using Illumina bcl2fastq2 conversion
software v2.20. DNA sequences were then aligned to the combined
human (hgl9) and mouse (mm10) reference genome using the
Burrows-Wheeler Aligner (RRID:SCR_010910). Picard toolset was
used to convert the data into BAM format with duplicate reads
(v1.112, http://broadinstitute.github.io/picard/, RRID:SCR_006525).
Finally, the genome analysis toolkit (GATK, RRID:SCR_001876)
was used to perform local realignments. Reads mapped to mm10
were filtered out (Supplementary Table S3) to keep HumanOnly
(hgl9) alignments. MuTect (RRID:SCR_000559) was used to
identify somatic SNPs and small insertions and deletions (indel).
ANNOVAR (RRID:SCR_012821) was applied to annotate each
genetic variant with coding sequence change and allele frequency
in control populations, including Exome Aggregation Consortium
(ExAC, RRID:SCR_004068), Genome Aggregation Database (gno-
mAD, RRID:SCR_014964), the 1000 Genomes Project (RRID:
SCR_008801), and NHLBI-ESP (RRID:SCR_012761) 6500 exomes.

The following filters were applied to select somatic mutations of
good sequencing quality: total reads 220 in the tumor sample and
210 in the normal sample (matched germline sample or merged
normal tissues); for SNVs, variant allele frequency (VAF) >0.02 in
the tumor sample and <0.02 in the normal sample; for indels, VAF
>0.05 in the tumor sample and not observed in normal tissue; length
of indels <100 bp; exclusion of intronic and intergenic mutations;
population allele frequency <0.01 in all four control databases
[DNA allele changes observed from healthy populations or popula-
tions with some common/non-cancer diseases (e.g., diabetes)].
Mutations that are annotated as oncogenic or likely oncogenic in
OncoKB (RRID:SCR_014782) or pathogenic or likely pathogenic
in Sanger (RRID:SCR_011784) database were rescued even if they
were found in control databases.

For the purpose of this publication, we focused on known prostate
cancer-related genes (refs. 1, 2, 10; https://cancer.sanger.ac.uk/census).

SNPs and indels were determined from targeted sequencing data.
For data representation in the article, we considered mutations
annotated as driver mutations in cBioportal (e.g., OncoKB, Cancer
Hotspots) and VAF >0.1.

Somatic copy-number variations (CNV) were identified from WGS
data compared with a common normal consisting of 11 blood samples
from patients with non-prostate cancer using HMMcopy (Biocon-
ductor; RRID:SCR_006442). The gene-level copy number was assessed
by calculating the mean value of the derived log, scores of tumors
versus normal reads for each gene. Copy-number status was further
categorized using log, mean cutoffs: >1.5, Amp.; 1-1.5, Gain; —2 to
—1, Shal. Del;; <—2 Deep Del. In cases where no alterations were found
for PTEN, TP53, or RB1, manual inspection was performed to deter-
mine transcript loss.
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Gene fusions were assessed in both WGS and RNA-seq data.
Seven bioinformatics software tools were used: three tools for WGS
[brass (RRID:SCR_017091), delly (RRID:SCR_004603), lumpy (RRID:
SCR_003253)] and four for RNA-seq [deFuse (RRID:SCR_003279),
MapSplice (RRID:SCR_010844), TopHat-Fusion (RRID:SCR_011899),
FusionMap (RRID:SCR_005242)]. We used Integrative Genomics
Viewer (IGV; RRID:SCR_011793) for breakpoint fine mapping.

Organoids

Fresh PDX tissue was chopped, digested with collagenase II
(R&D) on advanced DMEM/F-12 (Gibco) with 1% PenStrep (Sig-
ma-Aldrich), 10 mmol/L HEPES (Gibco), and 1X GlutaMAX
(Gibco) on an orbital shaker (37°C, 2 hours), and passed sequen-
tially through a 100- and 70-um strainer. After centrifugation, cells
were incubated for 5 minutes with ammonium-chloride-potassium
(ACK) lysis solution (Quality Biological). Cells were plated in PCM
media for 2 to 4 days and then plated in Cultrex Basement Membrane
Extract (Cell density: 1 x 10°in 100 uL) in PCM medium. For histo-
logy, organoids were fixed with 10% formalin ON, transferred to
70% ethanol, and paraffin embedded. Hematoxylin and eosin and
IHC using anti-AR antibody (Agilent, M3562, RRID:AB_2060174)
were performed using standard techniques (11).

PCM medium was prepared as in ref. 12 with these modifications:
Noggin conditioned medium 10%, R-spondin 1 conditioned medium
5%. N-acetyl-L-cysteine and SB202190 were not added.

Organoid genetic modification

PDX-derived cells were transduced with lentiviral particles for GFP
expression (Origene) following manufacturer’s protocol (multiplicity
of infection ~ 20), plated, and treated with antibiotic for selection.

Drug testing

Organoids were treated with cisplatin, paclitaxel, cabazitaxel, bica-
lutamide (Casodex), enzalutamide, and/or niraparib (Selleckchem) or
vehicle [ethanol (for cisplatin) or DMSO] for 96 hours in 96-well
plates. Viability was evaluated with Promega CellTiter-Glo 3D Cell
Viability Assay.

ARv7

IGV sashimi plots were used to identify putative ARv7 variants (=5
reads). We confirmed the presence of ARv7 by IHC, using standard
techniques (11) and anti-ARv7 antibody, clone RM7 (RevMab Bios-
ciences, RRID:AB_2716436). Staining was evaluated by semiquanti-
tative analysis of pattern, percentage of cells, and intensity on a scale of
1to 3.

Analysis of Ad and NEPC morphologic groups

Differential gene expression between PDX groups was obtained
from cBioPortal (RRID:SCR_014555) “group comparison” function.
Volcano plot was created with vplot function ggplot2 package
(RRID:SCR_014601) on R. Interactive plot (http://rpubs.com/
nanselmino/1084846) was created and shared using the Plotly
package on R. Ingenuity Pathway Analysis (IPA, QIAGEN, https://
digitalinsights.qiagen.com/products-overview/discovery-insights-
portfolio/analysis-and-visualization/qiagen-ipa/; RRID:SCR_008653)
was used to study differentially regulated canonical and metabolic
pathways. Analysis was based on log,ratio with g-value cutoff
<0.05. Benjamini-Hochberg multiple testing correction P value
was performed.

Unsupervised clustering analysis of DNA damage response
(DDR) genes was performed using ggplot2 and pheatmap (RRID:
SCR_016418; https://rdrr.io/cran/pheatmap/) packages in R.
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FGFR1 CpG methylation

Bisulfite pyrosequencing methylation analysis of the FGFR1 pro-
moter region was performed at the MDACC Epigenomics Profiling
Core on 1 pug DNA in 40 UL water/EB buffer. Average of all CpG sites
within an assay is presented.

Patient datasets

The Cancer Genome Atlas (TCGA)-prostate adenocarcinoma
(PRAD; ref. 13) and Stand Up To Cancer (SU2C; ref. 10) datasets,
containing data from primary prostate cancer or CRPC samples,
respectively, were analyzed on cBioPortal.

Statistical analysis

Differences between NEPC and Ad were assessed with Fisher exact
test (mutations and CNVs) using “R” (RRID:SCR_001905). Compar-
ison of mRNA expression between groups was analyzed by ¢ test (two
groups) or one-way ANOVA (>2 groups). Spearman Pearson method
was used for correlation analyses.

Data availability

Data are available in cBioPortal [Prostate Cancer MDA PCa
PDX (MD Anderson; https://www.cbioportal.org/study/summary?
id=prad_msk_mdanderson_2023)] and dbGaP (https://www.ncbi.
nlm.nih.gov/gap/; RRID:SCR_002709), accession number phs003420.
vl.pl. MDA PCa PDXs are available through a material transfer
agreement. Contact e-mail: pcapdxprogram@mdanderson.org.

Results

The MDA PCa PDX program is an accessible, dynamic collection,
representing the evolving landscape of prostate cancer progression
under conventional and novel therapies (androgen deprivation, che-
motherapy, and targeted therapies). To date, we have developed two
cell lines and 150 PDXs derived from 90 patients with prostate
cancer (8). The establishment of conditions to grow prostate cancer
cells as organoids (refs. 14, 15; Supplementary Fig. S1A and S1B) has
enabled the use of PDXSs for in vitro experimentation, that is, genetic
editing (Supplementary Fig. S1C) and drug testing (Supplementary
Fig. S1D and S1E), widening the disease spectrum represented by the
available prostate cancer cell lines.

We performed WGS (30X coverage), exome-targeted sequencing
(400X coverage) for genes implicated in solid cancers (T200.1 panel;
Supplementary Table S2), and RNA-seq of 44 MDA PCa PDX models
derived from 38 patient tumors, reflecting the various morphologic
groups, treatment statuses, organ sites of involvement, and racial
distribution (Fig. 1A; Supplementary Table S1). Clustering based on
transcriptomic data resulted in groups consistent with morphologic
classification (Fig. 1B).

Genomic alterations of prostate cancer-associated genes

Mutations and CNVs frequently observed in prostate cancer were
found in our cohort (Fig. 2A). PDXs presented chromosome 8 copy-
number gains (8q) and losses (8p; Supplementary Fig. S2A), charac-
teristic of prostate cancer (16). Prostate cancer is characterized by
deletions (10, 13), and our PDXs showed a prevalence of deep
deletions, mainly phosphatase and tensin homolog (PTEN) and ret-
inoblastoma 1 (RBI; Supplementary Fig. S2B). Thus, critical aspects of
clinical prostate cancer are reflected in the PDXs. In some cases, when
comparing the CNV profile from WGS with T200 and RNA-seq reads
(Supplementary Fig. S4), we found lack of expression (full/partial),
consistent with deletion in a portion of the gene.
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Several fusions previously identified in human prostate
cancer (1, 8, 17-19) were detected in our PDXs at both the DNA
and RNA levels (Supplementary Table S4; Supplementary Fig. S3).
We found transmembrane serine protease 2-ETS-related gene
(TMPRSS2-ERG) fusion in 13 models, but only 10 correlated with
increased ERG expression (Supplementary Fig. S3A). Lack of cor-
relation was consistent with low/null AR, a known positive
TMPRSS2 regulator. Although in 144-13 the fusion was detected
only at the DNA level, CNV profiles showed that 144-4 (TMPRSS2-
ERG detected in DNA and RNA) and 144-13, both derived from the
same tumor, have an interstitial loss between TMPRSS2 and ERG
(Supplementary Fig. S3B).

Fusions with other members of the ETS family have also been
found in prostate cancer (19). We identified TMPRSS2-ETV4 fusion
with increased ETV4 expression in 2 PDXs (Fig. 3A). ETVI was
found in four other fusions (ETVI-FOXAI, FOXA1-ETV1, ACSL3-
ETVI1, ETV1-ACSL3; Supplementary Table S4), but no changes in
the expression of these genes were detected. The biological con-
sequences of these fusions remain to be elucidated. We also
identified SLC45A3-ELK4 fusion in 11 Ad models at the RNA level,
consistent with being reported as a posttranscriptional fusion in
prostate cancer (refs. 20, 21; Fig. 3A).

Prostate cancer drivers

We found oncogenic molecular alterations in PTEN, RBI, TP53,
and AR in most PDXs (Fig. 2B). 265-8 had high AR expression in
the absence of alterations, consistent with AR enhancer region
amplification (ref. 22; Supplementary Fig. S3C), highlighting the
importance of this regulatory region. However, other models
presenting this amplification did not exhibit increased AR expres-
sion (Fig. 2B). Cases like 306-14 and 273-A exhibited low/null
PTEN or RBI expression, respectively, which was not associated
with deep deletion or mutation (Fig. 2B; Supplementary Figs. S2B
and S4).

Consistent with clinical findings, 9% of PDXs lacked alterations
in prostate cancer driver genes (Fig. 2B, highlighted). In these
models, we looked at other reported cancer genes, including ETS
family gene fusions (1, 23) and CDK1I2 alterations (Supplementary
Fig. S3D). We found four PDXs with CDKI2 alterations in the
cohort. 174-6 and 322-2 presented two CDKI2 mutations each,
likely resulting in biallelic loss. In addition, examination of CNV
profiles showed that 117-9 and 328-5 exhibit typical small focal
gains associated with CDKI2 loss (24) but lack biallelic mutations
(Supplementary Fig. S5A). 117-9 exhibited loss of the last two
CDK12 exons (RNA-seq and CNV profiles), likely due to structural
variation (Supplementary Fig. S5B). 328-5 had a monoallelic mis-
sense mutation in the kinase domain that is not reported as a driver
mutation per OncoKB. RNA-seq showed that monoallelic muta-
tions represent approximately 80% of transcripts, suggesting inac-
tivation of the wild-type allele (Supplementary Fig. S5C). Moreover,
there was an aberrantly spliced exon in approximately 20% of reads,
suggesting that the nonmutated allele harbors aberrant splicing,
which leads to biallelic inactivation, depicting different mechanisms
of CDK12 inactivation.

Only 133-4 and 316-2 exhibited known AR oncogenic mutations
(H875Y and T878A, respectively), while 320-1 and 352-8 had AR
amplification with concomitant high expression. 265-8 had high AR
expression explained by AR enhancer region amplification (Supple-
mentary Fig. S3C). Nonetheless, 180-30 had the highest mRNA levels
in absence of alterations, implicating transcriptional regulation of AR
beyond specific alterations at the gene locus.
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A Morphologic and clinical distribution of the MDA PCa PDX cohort
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Figure 1.

Morphologic and clinical distribution of the MDA PCa PDX cohort. A, Morphologic classification, site of tumor collection, and previous treatment of the
44 PDXs (from 38 patients with prostate cancer) used for genomic analysis [WGS, targeted sequencing (T200.1 panel; 263 genes), and RNA-seq]. Note:
second- or next-generation androgen receptor signaling inhibition (ARSI) comprises abiraterone acetate, enzalutamide, and apalutamide. B, Heat map
showing transcriptomic data covariance clustering. Highlighted and colored are longitudinal and heterogenous samples from the same patient, respectively.
CTC, circulating tumor cells; diff, differentiated.
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A Landscape of genomic alterations of known
prostate cancer-associated genes in MDA PCa PDXs
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Figure 2.

Landscape of genomic alterations of known prostate cancer-associated genes in MDA PCa PDXs. A, Oncoplot depicting SNP/indel (allele frequency > 0.1)
and CNV of known prostate cancer-associated genes identified by targeted sequencing (T200.1 panel) and WGS, respectively, in the 44 MDA PCa PDXs
studied. Highlighted and colored are longitudinal and heterogenous samples from the same patient, respectively. B, Mutation (mut), CNV, and mRNA status
of genes frequently altered in prostate cancer. Highlighted in purple are the models with no relevant alterations in the genes analyzed. *, Full or partial
copy-number/transcript loss determined by manual inspection for TP53, RBI, and PTEN; +, found on DNA only, together with presence of an interstitial
loss between the genes in the copy-number profile; Amp, amplification.
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AR status in MDA PCa PDXs
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AR status in MDA PCa PDXs. Expression of AR and ARv7 evaluated from RNA-seq data in MDA PCa PDXs. AR bars in the chart are depicted in red for AR amplification
or black for no CNV. Table and representative images show IHC for ARv7 performed in samples from the 44 MDA PCa PDX models. Scale bar: 200 um and 30 um in
magnified section. Blank spaces in the table correspond to negative staining. Staining was evaluated by semiquantitative analysis of pattern, percentage of cells, and
intensity on a scale of 1to 3. FPKM, fragments per kilobase of transcript per million mapped reads.

We also evaluated the best-characterized AR splice variant, ARv7 (a
constitutively active variant and proposed prostate cancer driver; ref. 25),
analyzing the inclusion/exclusion of the cryptic exon 3 on RNA-seq
reads, and confirming the presence of ARv7 by IHC (Fig. 3). Immu-
nostaining was consistent with mRNA levels, with 146-12, 180-30, 265-
8, 270-A, and 327-2 having the highest ARv7 expression. It remains
unknown whether ARv7 could be a prostate cancer driver by itself (25).
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Prostate cancer heterogeneity

Different PDXs were derived from different areas of the same
tumor or from CTCs obtained at the same time (144, 146, 316;
Supplementary Tables S2, S4, and S5). CNV profiles evidenced
similarities shared between sample pairs in certain chromosome
regions, as well as specific alterations for each model, reflecting
heterogeneity (Fig. 4A).
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Alterations in MDA PCa PDX pairs derived from the same patient tumor and longitudinal samples. A, Oncoprints depicting alterations in models derived from two
areas of the same tumor. The following pairs are represented: 144-13 and 144-4; 146-10 and 146-12; 316-1and 316-2. B, Oncoprints depicting alterations in longitudinal
samples. The following pairs are represented: 183-A and 203-A; 280-9 and 306-14; 342-B and 355-9. Note: oncoprints show only one alteration when multiple hits are
present. *, Full or partial copy-number/transcript loss determined by manual inspection for TP53, RBI, and PTEN; TMPRSS2-ERG fusion in MDA PCa 144-13 was
determined by the presence of an interstitial loss between the genes in the copy-number profile. (Patient schemes created with BioRender.com.)

144-13 and 144-4 were derived from different areas of a single
primary NEPC. Both were AR null and shared genomic alterations in
known prostate cancer drivers (PTEN and KDM6A deep deletion and
TP53 mutation), consistent with null/almost null expression (Fig. 4A;
Supplementary Table S5), and a deletion in the same RBI region
(Supplementary Fig. $4). Interestingly, 144-4 had an oncogenic muta-

AACRJournals.org

tion in NRAS (Q61K; Fig. 4A; Supplementary Table S5), seldomly
implicated in prostate cancer (26).

146-10 and 146-12 were derived from different areas of a single
primary mixed Ad-NEPC and subsequently established as pure NEPC
(146-10) and Ad (146-12). As expected, the NEPC 146-10 did not
express AR or its target, ZBTB16 (Supplementary Table S5). Despite
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differences in morphology, both shared TP53 and RBI mutations and
PTEN deletion (Fig. 4A; Supplementary Table S5) among other
genomic alterations, including a mutation in SPEN, a hormone-
inducible transcription repressor, implicated in prostate cancer (27).

316-1 and 316-2 were developed from a bone metastasis and CTCs,
respectively, obtained at the same time from the same patient. Despite
their different sites of origin, both established as Ads, exhibiting similar
transcriptomic profiles (Fig. 1B). They shared mutations in some
prostate cancer driver genes, including PTEN, negative regulator of
Wnt pathway RNF43 (16), SPOP, and SPEN. However, they also
presented mutations specific to each model, probably due to the
influence of the microenvironment. 316-1 had PAX5 (28) and
KMT?2D (29) mutations, while 316-2 had TBX3 (30), MEN1, and AR
mutations (Fig. 4A; Supplementary Table S5). Although both pre-
sented mutations in NOTCH4 and a second mutation in RNF43, the
specific alterations were different in each model.

Overall, these results show that known prostate cancer gene altera-
tions are highly preserved within heterogeneous pairs derived from the
same tumor, highlighting their relevance as main disease drivers.
Nevertheless, our results do not fully explain the differences between
models in each pair, emphasizing the need to consider these drivers in
the context of other specific alterations and design specific treatment
strategies.

Longitudinal studies

By establishing PDXs from non-end-stage samples obtained from
the same patient at different times during disease progression, we
developed three longitudinal pairs: 183/203, 280/306, and 342/355
(Supplementary Tables S5 and S6).

In 183/203, 183-A was derived from a treatment-naive Ad bone
biopsy. The patient was placed on leuprolide [luteinizing hormone-
releasing hormone (LHRH) agonist], and 1 year later, 203-A was
derived from a second bone biopsy. These models displayed a con-
served CNV profile with no major differences in molecular alterations
(Fig. 4B; Supplementary Table S5).

The longitudinal pair 280/306 is a unique case, as 280-9 was
obtained from a therapy-naive lymph node metastasis with no molec-
ular alterations in the best-known prostate cancer drivers (Fig. 2B),
but with low/null AR expression (Supplementary Tables S5 and S6).
The patient was placed on antiandrogen therapy and cabozantinib.
One year later, we developed 306-14, which was derived from the
prostate of the same patient and displayed several alterations not
detected in 280-9 (Fig. 4B; Supplementary Tables S5 and S6). These
models exhibited distinct CNVs and TMPRSS2-ERG status and did not
share a single somatic variant on T200, suggesting that they either
arose from distinct primaries or diverged early during tumorigenesis.

Sarcomatoid carcinomas 342 and 355 were developed from samples
obtained 5 months apart from the prostate or local extension to
bladder. These models presented identical mutations and similar CNV
profiles (Fig. 4B; Supplementary Table S5).

Overall, our results show that longitudinal models from the same
site mainly conserve the same molecular alteration profile, indicating
that treatment does not define the prevalence of specific genomic
alterations. It remains to be determined whether specific niches favor
molecular profiles, conferring treatment resistance.

Molecular comparison between the largest morphologic groups

On the basis of transcriptomic profiles, principal component anal-
ysis (PCA) segregates groups according to morphologic classification
(Fig. 5A). Similar to previous reports (10), four models [three Ad
(118b, 266-A, 280-9) and one poorly differentiated carcinoma (177-

2280 Clin Cancer Res; 30(10) May 15, 2024

B)] were localized in a region between both major clusters, Ad and
NEPC. This segregation correlates with low (266-A) or lack of (118b,
280-9, 177-B) AR expression (Supplementary Fig. S6A). 118b, 177-B,
and 280-9 fit the molecular definition of DN prostate cancer (negative
for AR and neuroendocrine markers; ref. 31), reported to emerge
following AR signaling inhibition (31). However, being a naive case,
280-9 is not considered as a DN, requiring further investigation into
whether 280-9 represents a rare case within this group (32). Of note,
independent of their morphologic classification as poorly differenti-
ated carcinomas, 315-8 clustered within the Ad group, whereas 177-B
and 118b (both DN) both clustered closer to NEPC. This discrepancy
could be related to the fact that, although low, 315-8 did express AR
(Supplementary Fig. S6A).

We assessed mutation frequency, CNVs, and mRNA expression of
AR, PTEN, TP53, and RB1 between Ad and NEPC (10, 33, 34). RB1 and
AR expression were significantly lower in NEPC (Fig. 5B). Although
no significant genomic differences were detected (probably due to
cohort size), some trends were evident in the groups, including AR
mutations and amplifications observed only in Ad, as well as higher
frequency of TP53 mutations and RBI mutations and deep deletions
in NEPC (Fig. 5B). When considering CNVs and mutations
together, RBI-altered models were more frequent in NEPC than
in Ad (P = 0.0002).

We further compared the transcriptomes of major groups (Fig. 5C).
IPA indicated differences at the metabolic level, mainly through
downregulation of fatty acid B-oxidation and amino acid degradation
in NEPC (Fig. 5D; Supplementary Fig. S6B). Major differences were
found in cell cycle-associated pathways, mainly those related to DDR,
which were upregulated in NEPC (Fig. 5D). As numerous studies
reported impairment of DDR mechanisms in prostate cancer (35), we
further examined DDR-associated gene expression (36) by nonsuper-
vised clustering, resulting in groups concordant with morphologic
classification (Fig. 5E). Consistent with the augmented expression of
DDR genes in NEPC, these samples also exhibited elevated levels of
MYCN and/or AURKA (Supplementary Fig. S6C), not associated with
gene amplification (37). Frequent genomic alterations known to
generate deficiencies in DDR (35, 38) were predominant in Ad PDX
samples (Fig. 5F). The same profile was observed in the human
prostate cancer SU2C dataset when samples were ranked on the basis
of NEPC score and AR score (Supplementary Fig. S6D).

Exploiting the applicability of the PDX platform

Our group has a longstanding focus on the role of the FGF axis in
advanced prostate cancer and bone progression (6, 39-41). We have
previously shown that blockade of FGFR using the tyrosine kinase
receptor inhibitor dovitinib has clinical activity in a subset of patients
with CRPC skeletal metastases (6), emphasizing the need to stratify
patients who will benefit from this targeted treatment.

FGFR1 is the most prevalent FGFR in prostate cancer (6, 40). In
line with clinical observations (40), elevated FGFRI levels were not
associated with genomic alterations in PDXs (Fig. 6A), suggesting
the involvement of other regulatory mechanisms (e.g., epigenetics).
Comparing PDX models with different FGFRI levels assessed by
RNA-seq, we found that CpG methylation at the FGFRI promoter
was associated with low expression (Fig. 6B). Accordingly, in
TCGA-PRAD dataset (13), promoter methylation inversely corre-
lates with FGFRI expression (Fig. 6C), linking PDX findings to
clinical observations.

Considering that the specific downstream targets of FGFR1 in
prostate cancer remain to be defined, we explored RNA-seq data from
PC3 cells overexpressing FGFRI (alpha and beta isoforms, relevant for
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Figure 5.

Molecular comparison between largest morphologic groups, Ad and NEPC. A, PCA of RNA-seq data. Scatter plot displays the first two principal components (PC).
Each point represents a sample. Samples with similar gene expression profiles are clustered together. Samples are colored on the basis of morphologic groups.
B, Percentage distribution of driver mutations or CNVs and expression of AR, PTEN, TP53, and RB7in Ad and NEC (NEPC).P=9 x 10> for RBland P=4 x 10~ ° for AR
mMRNA expression. C, Volcano plots depicting differential expression of each gene between Ad and NEPC PDX groups. Red dotted line represents a g-value of 0.05 to
indicate significance threshold. D, Bar chart showing top 30 most significant “canonical pathways” identified from IPA based on differentially expressed genes
(NEPC/Ad). The orange and blue bars indicate predicted pathway activation (z-score > 2) or inhibition (z-score < —2). For gray bars, no activity prediction can
currently be made. White bars indicate pathways with z-scores at or very close to O or those that are ineligible for analysis because there are fewer than four molecules
in the dataset associated with the pathway (z-score = NaN). E, Nonsupervised clustering based on the expression of DDR-associated genes in MDA PCa PDXs. Top
column depicts model morphology. F, Genomic status of main DDR genes in Ad and NEPC MDa PCa PDXs. Colored rectangles indicate presence of driver genomic
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progression and bone dissemination; ref. 41) or empty vector (EV).
PCA revealed a clear segregation between groups, with dimension 2
displaying the major separation between FGFRI and EV (Fig. 6D).
From the top 1,000 genes ranked on the basis of their contribution to
dimension 2, we filtered those with g-value <0.05 and logFoldChange
>|0.2|. The resulting 75 genes poorly separated models based on FGFR1
levels in PCA (Fig. 6E). Then, we kept the six genes that were
differentially expressed between models with high and low FGFRI
levels (Fig. 6F), which improved the segregation between PDX samples
(Fig. 6G). Three (NRP2, LRP4, TGFBI) out of these six genes displayed
high expression in PDXs with high FGFRI (Fig. 6F). Interestingly, the
levels of these three genes accurately segregated models according to
FGFRI1 expression (Fig. 6H), providing confidence in the mechanistic
association. To trace a parallelism with patient datasets, we corrob-
orated the positive correlation between the expression of these genes
and FGFRI in SU2C (10) and TCGA-PRAD (ref. 13; Fig. 6I).

Furthermore, given the relevance of FGFR1 in prostate cancer bone
progression, we detected its increased expression in bone metastases
compared with other metastatic sites (Fig. 6]). NRP2, LRP4, and
TGFBI were also prevalent in bone metastases, further supporting
their link to FGFRI (Fig. 6]).

Altogether, these results illustrate the utility of this queryable PDX
platform for cross-interrogation with experimental and clinical data.

Discussion

PDXs have addressed the lack of models representing the prostate
cancer spectrum and provided clinical relevance (3-6, 13, 14). Large-
scale genomic studies of prostate cancer molecular alterations high-
light the importance of in-depth characterization to improve model
utility in tackling clinical gaps, linking molecular profiling to corre-
sponding therapeutically relevant consensus clinical groups.

In this work, we performed a comprehensive characterization of a
PDX cohort, integrating multiple approaches (WGS, targeted sequenc-
ing, RNA-seq) together with immunohistopathologic profiling within
the same sample, spanning the clinical range of prostate cancer,
including models derived from different areas of the same tumor or
at different timepoints before and after therapy. This approach allows
us to study alterations in the context of a larger and clinically annotated
PDX collection, benchmarked to consensus clinical groupings and
suitable for experimentation. Frequent prostate cancer genomic altera-
tions were identified in our cohort, evidencing its clinical relevance to
answer specific biological questions. Consistent with the clinic, 91% of
PDXs presented oncogenic alterations in AR, RBI, TP53, or PTEN.

The in-depth analysis presented here contextualizes specific altera-
tions with comprehensive knowledge of the genomic-transcriptomic
scenario within each model and in comparison with the whole PDX
cohort. This was illustrated by capturing CDK12 deficiencies that
would have been missed in a nonintegrative analysis; detecting pro-
moter amplification that could regulate ARv7; and defining a novel
FGFRI prostate cancer signature that could serve as an indicator of
pathway activation. Altogether, these findings reinforce the utility of
this PDX collection, which complements patient datasets, helping to
define and select specific models to functionalize clinical observations
and test hypotheses.

Prostate cancer is increasingly recognized as a heterogeneous
disease (42, 43), leading to a lack of uniform therapy responses,
underscoring the need to integrate our knowledge of prostate cancer
biology into clinical application. For samples derived from different
areas of the same tumor, we found that genomic alterations were
mainly conserved, but some pairs exhibited differences in their
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transcriptomic profiles (144 and 146) and even distinct morphol-
ogies (146-10 NEPC; 146-12 Ad). This suggests that other regula-
tory mechanisms (e.g., epigenetics) could be implicated in tumor
heterogeneity.

Longitudinal samples represent a precious subset derived from
particular cases exhibiting early emergence of resistance, including
metastatic hormone-naive models. Although biased and limited in
number, each of these unique pairs serves as a valuable source for
understanding disease progression. We found preserved alteration
profiles in longitudinal models, suggesting that, for tumors derived
from the same site, treatment does not select for particular alterations
and that driver alterations fail to explain treatment resistance. Fur-
thermore, transcriptomic profiles also appear to be conserved
(Fig. 1B). Notably, regardless of treatment status and collection site
of the tumor of origin, our PDX models are all grown subcutaneously
in untreated mice. Thus, the effect of treatment pressure or specific
niches on these phenotypes remains to be addressed.

As seen clinically, Ad and NEPC are the main morphologic groups
in our cohort. Comparison between these groups did not reveal
significant differences in the frequency of AR, PTEN, TP53, and RBI
genomic alterations, despite observing some trends consistent with
prior studies in human samples (10, 33, 34). The lack of significance
could be a consequence of cohort size and of the fact that the models
were selected to represent a wide range of the disease. Considered
together, genomic alterations in RBI were significantly more frequent
in NEPC than in Ad (Fig. 5B). Furthermore, transcriptomic profiles
were consistent with histomorphologic classification (Figs. 1B
and 6A), and notably, NEPC presented increased DDR-associated
processes compared with Ad. In addition to cell cycle modulation, the
top altered DDR-associated categories involved BRCA, ATM, and
CHEK signaling, suggesting that homologous recombination could
be implicated. The inositol phosphate synthesis pathway, involved in
DNA repair regulation (44), was also augmented in NEPC. Moreover,
NEPC had higher expression of the main DDR genes, consistent with
increased expression of AURKA and MYCN (37, 45), while driver
mutations on these genes were more frequent in Ad. A GR-MYCN-
CDK5-RB1-E2F1 mechanism was associated with enzalutamide-
induced NEPC differentiation, impaired by PARP inhibition (45, 46).
Thus, cross-interrogation of PDXs and patient datasets indicates the
relevance of DDR functionality in NEPC. At the metabolic level, results
also show that processes like fatty acid -oxidation and amino acid
degradation are downregulated in NEPC (Supplementary Fig. S6A).
Accordingly, we previously reported that a metabolic shift occurs in an
Ad PDX during CRPC relapse (11).

Recently, prostate cancer organoid development has been shown to
recapitulate features of human disease (47). The application of this
technology to PDXs serves as a complimentary approach to perform
in vitro experiments on clinically relevant well-characterized models,
expanding their usefulness to address scientifically meaningful ques-
tions in the field.

In summary, the integration of PDXs, organoids, human donor
tumors, and their molecular characterization, provides a comprehen-
sive way to study prostate cancer pathogenesis, envisage treatment
response and resistance mechanisms, and accelerate the discovery of
effective therapies.
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