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Abstract

Amplifications of the androgen receptor (AR) occur in up to 80% of men with castration-
resistant prostate cancer (CRPC). Recent studies highlighted that these amplifications
not only span the AR gene, but usually encompass a distal enhancer. This represents a
newly recognised, non-coding mechanism of resistance to AR-directed therapies,
including enzalutamide. To study disease progression before and after AR amplification,
we used tumour samples from a castrate-sensitive primary tumour and castrate-resistant
metastasis of the same patient. For subsequent functional and genomic studies, we
established serially transplantable patient-derived xenografts (PDXs). Whole genome
sequencing showed that alterations associated with poor prognosis, such as TP53 and
PTEN loss, existed before androgen deprivation therapy, followed by co-amplification of
the AR gene and enhancer after the development of metastatic CRPC. The PDX of the
primary tumour, without the AR amplification, was sensitive to AR-directed treatments,
including castration, enzalutamide, and apalutamide. The PDX of the metastasis, with
the AR amplification, had higher AR and AR-V7 expression in castrate conditions, and
was resistant to castration, apalutamide, and enzalutamide in vivo. Treatment with a BET
inhibitor outperformed the AR-directed therapies for the metastasis, resulting in tumour
regression for some, but not all, grafts. Therefore, this study provides novel matched
PDXs to test potential treatments that target the over-abundance of AR in tumours with

AR enhancer amplifications.
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Introduction

The androgen receptor (AR) controls the identity of prostate epithelial cells. In benign
prostate tissue, it suppresses growth and promotes differentiation of luminal epithelium;
but, in prostate cancer, it stimulates growth and promotes tumour progression [1]. The
evolving, pivotal role of the AR in prostate epithelium has been described as “lineage
addiction” or “oncogene addiction” [2,3]. This makes the AR the main therapeutic target
for advanced prostate cancer, with androgen deprivation therapy and potent AR-directed
treatments used to block AR function, either alone or in combination with other

treatments [4].

Inevitably, prostate cancer cells develop resistance to AR-directed treatments. With the
exception of tumours that transdifferentiate to AR-null phenotypes, such as
neuroendocrine prostate cancer [5,6], most castration-resistant prostate cancers (CRPC)
remain reliant on AR signalling [7,8]. This is often through the positive selection of cells
with aberrations in the AR pathway, including mutations and structural rearrangements
of the AR gene, expression of AR variants, intracrine androgen synthesis, and changes

in the expression of AR cofactors, despite ongoing AR-targeted treatments [9].

Amplifications of the AR locus, which result in increased AR expression, are another
prominent mechanism of castration resistance [10,11]. Based on recent whole genome
sequencing studies, these amplifications often extend beyond the coding region to
encompass an enhancer, which is located approximately 650 kilobases upstream of AR
and activated in CRPC [8,12,13]. The AR gene and enhancer can be amplified separately
or together [8,12,14], and these alterations are detected in up to 80% of patients with
CRPC [8,12]. Notably, AR gene and enhancer amplifications are associated with
decreased sensitivity to AR-directed treatments in cell lines and patients, as well as

poorer progression-free and overall survival [13-15].
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The prevalence of AR amplifications in CRPC raises the question of how to treat these
tumours more effectively. Unfortunately, the paucity of preclinical models that represent
contemporary treatment of CRPC make it more challenging to resolve this question.
Through the Melbourne Urological Research Alliance (MURAL), we have been
establishing new patient-derived models to reflect the spectrum of mechanisms of
castration-resistance [16,17]. Here we report a case study of a new, matched pair of
serially transplantable patient-derived xenografts (PDXs) of castrate-sensitive and
castrate-resistant prostate cancer from a patient treated with chemo-hormonal therapy.
With these tumours, we document the emergence of an AR gene and enhancer
amplification, which drives increased AR expression and resistance to AR-directed

treatments.

Materials and methods

See Supplementary materials and methods for further details of all experiments.

Patient specimens and patient-derived xenografts

Patient tissue was collected according to human ethics approvals from Monash
University (2004/145), Cabrini Hospital (03-14-04-08), and Eastern Health (E55/1213).
Serially-transplantable xenografts were established by the Monash Urological Research
Alliance (MURAL) in accordance with Monash University animal ethics approvals (MARP
2012/158, MARP 2014/085, 17963 and 22185) [16]. For castration experiments, PDXs
were regrafted under the renal capsule (short-term experiments) or subcutaneously
(long-term experiments) before mice were castrated and testosterone pellets removed.
For in vivo drug treatments, grafts from PDX-167.2M were established subcutaneously
in castrated mice. Mice were treated for 28 days with either vehicle, 10 mg/kg

enzalutamide, 10 mg/kg apalutamide, 10 mg/kg docetaxel, 50 mg/kg carboplatin, 0.33
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mg/kg talazoparib (all from Selleck Chemicals, Houston, TX, USA) or 50 mg/kg ZEN-

3694 (Zenith Epigenetics, Calgary, AB, Canada).

In vitro drug testing

Explant and organoid experiments were performed as described previously [16].
Explants were treated for 48 h and immunohistochemistry was performed using
antibodies listed in supplementary material, Table S1. Staining was scored using
Aperio ImageScope software (Leica Biosystems, Mount Waverley, VIC, Australia).

Organoids were treated for four days with enzalutamide at specified concentrations.

DNA and RNA analysis

All DNA and RNA sequencing data are available from the Sequence Read Archive
BioProject ID PRINA681493. Low-coverage whole genome sequencing of formalin-
fixed, macro-dissected tissue was performed using an lllumina NovaSeq 6000 S1
System (lllumina, Scoresby, VIC, Australia; 150 bp paired end). Copy-number profiles
were constructed using Control-FREEC [18] and a phylogenetic tree was constructed
with the R package ape (5.2)[19]. Whole genome sequencing was performed using an
lllumina HiSegX (lllumina; 150 bp paired end). A curated set of genes frequently altered
in prostate cancer [11,20] was used to highlight major alterations (supplementary

material, Table S2).

RNA sequencing with lllumina NEBNext Ultra TM Il Directional libraries was performed
on NextSeq500 (lllumina; paired-end 75 bp). Xenomapper was used to remove mouse
reads [21]. Single sample gene set enrichment analysis [22] was used to calculate the

enrichment of MSigDB50 pathways and AR-regulated signatures [23-25]. AR mRNA
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transcript abundance was compared across PDXs and patient tissues using normalised
(copies per million) RNAseq data (Lexogen 3' Quantseq FWD (Lexogen, Vienna, Austria)
and lllumina HiSeq 2000/2500). Reverse Transcription-quantitative PCR (RT-qPCR) for
AR-FL, AR-V7 and AR-V9 was performed using primers listed in supplementary

material, Table S3 [26].

Statistical analyses

Linear mixed model analyses were conducted using SPSS Statistics (Version 25;
International Business Machines Corporation, Armonk, NY, USA). All other statistical
analyses were conducted using GraphPad Prism 7 software (GraphPad Software Inc, La
Jolla, CA, USA). Tests were two-tailed and are listed in figure legends. Statistical

significance was set at P < 0.05.



Results

Establishing new patient-matched models of castrate-sensitive and castrate-

resistant prostate cancer

To generate new PDX models of prostate cancer, we consented patients undergoing
radical prostatectomy for high grade group primary prostate cancer and tracked their
clinical progression to identify tumours that rapidly metastasised and failed systemic
treatments. This approach produced PDX-167.1R, established from the primary tumour
of a patient with high-risk prostate cancer (Figure 1A, supplementary material, Figure
S1A). Nineteen months following radical prostatectomy, the same patient underwent
palliative surgery to remove a dural metastasis of the spinal cord. From this castrate-
resistant metastasis, we established PDX-167.2M (Figure 1A). Both PDXs were serially
transplantable, with the PDX from the metastasis growing faster than the PDX from the
primary tumour (Figure 1B). Pathology review and immunohistochemical staining for
prostate cancer biomarkers showed that both PDXs maintained the histopathology of the

original patient specimens across multiple generations (Figure 1C).

Patient 167 had rapid clinical progression, going from diagnosis to death within 31
months (Figure 1D). The patient had a radical prostatectomy to remove the primary
tumour and was treatment-naive prior to surgery. The primary tumour had several traits
of locally advanced high-risk prostate cancer. The index lesion was grade group 5
(Gleason 4+5) acinar adenocarcinoma with large cribriform architecture and multiple
regions of intraductal carcinoma of the prostate (IDC-P), a growth pattern that is
prevalent in high-risk disease [27]. Furthermore, this large volume tumour (34.1 cc) was
stage pT3b, with extensive invasion into the lymphovasculature, perineural space,
seminal vesicles, and bladder neck (supplementary material, Figure S1A,B). There

were positive margins after surgery, and although no lymph node metastases were
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identified, a small metastatic nodule was resected from the anterior prostatic fat
(supplementary material, Figure S1A). Therefore, the grade, stage, size,
subpathologies and local metastatic deposits all indicated that this was a high-risk

primary tumour.

After failing salvage radiation therapy, the patient received combination treatment with
ADT and six cycles of docetaxel, according to the CHAARTED and STAMPEDE
protocols [28,29]. However, he developed CRPC with a spinal cord metastasis, which
was surgically removed to reduce pressure on the spinal cord (Figure 1D). This tissue
was grown as PDX-167.2M (Figure 1B). After surgery and the collection of tissue for
PDX-167.2M, the patient received further systemic treatments. He had a temporary
response to cabazitaxel, but no response to enzalutamide, before dying from CRPC less

than three years after diagnosis (Figure 1D).

Progressive molecular changes between the matched PDXs are associated with

advanced prostate cancer

To compare the genomic features across the primary prostate tumour and the PDXs, we
performed low coverage whole genome sequencing on 14 spatially-distinct regions within
the index tumour, a region from the non-index tumour, benign prostate tissue, and the
local metastatic nodule (Figure 2A). The pattern of copy number alterations across
regions of the index tumour showed that they arose from a common tumour clone, rather
than genomically distinct foci (Figure 2B). Tumour regions containing different growth
patterns of adenocarcinoma, including cribriform architecture and IDC-P, were
interspersed in hierarchical clustering (Figure 2B), consistent with a common genomic

origin [30]. The spatially separate low grade non-index tumour had a low number of



CNAs; it shared some CNAs with the index tumour but lacked others that were common

to the index tumour and metastases (Figure 2C).

The low coverage whole genome sequencing data did not identify a specific region as
the definitive source of metastatic cells. Nevertheless, regions 2 and 12 of the index
tumour clustered most closely with the local metastasis and spinal metastasis (PDX-
167.2M) (Figure 2B). Fortuitously, PDX-167.1R was established from tissue adjacent to

region 12 and had a very similar pattern of CNAs to this region (Figure 2B,C).

There were numerous shared somatic copy number alterations across the primary
tumour, including CNAs that are commonly observed in prostate cancer, such as gain of
8q, loss of 6q, 8p and loss of chromosome 18 (Figure 2C, supplementary material,
Figure S2A and Table S4) [31-33]. For example, loss of 8p was detected in every region
of the index tumour (Figure 2C, supplementary material, Figure S2A). These CNAs
contributed to the high percentage of genome alteration (PGA) across the index tumour
(average 12.5%, range 3—33%; Figure 2D), comparable to the 74th percentile of PGA in
a cohort of 680 cases of localised prostate cancer (supplementary material, Figure
S2B) [20]. High PGA is a marker of poor prognosis [34], so this is further evidence that
Patient 167 had a high-risk tumour. PGA further increased in the spinal metastasis (PDX-
167.2M; Figure 2D), consistent with metastases in public cohorts (supplementary

material, Figure S2B) [20,35].

To compare the other features of the matched PDXs in more detail, we performed deeper
coverage (45x) whole genome sequencing (WGS) and RNA sequencing. No pathogenic
germline mutations were detected (supplementary material, Figure S2C). There were
progressive genomic changes from the primary tumour to the metastasis, including more
copy number alterations and a genome doubling in PDX-167.2M versus PDX-167.1R

(Figure 2E, supplementary material, Figure S2D, and Tables S5-8). Both tumours
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had extensive intra- and inter-chromosomal rearrangements (supplementary material,
Figure S2E), and a focal homozygous deletion of the 3’ end of PTEN (supplementary
material, Figure S2F). Both PDXs also had a missense mutation of TP53 (G244C) and
loss of the second, wild-type allele (Figure 2F). This loss-of-function mutation lies in the
DNA binding domain of p53 [36]. It was a dominant feature of the tumour, since it
occurred at high allele frequency in the PDXs (95%) and was even detected in four
different samples of the primary index tumour in low coverage whole genome sequencing

(supplementary material, Table S4).

Other notable alterations included a gain of the AR in the metastasis, and LOH of APC
in PDX-167.1R, followed by an inactivating frameshift mutation of the remaining allele in
PDX-167.2M (Figure 2F). In addition, despite LOH of CCND1 in PDX-167.1R, it was the

most highly amplified gene in the metastasis (Figure 2F).

We also identified progressive transcriptomic changes from the primary tumour to the
metastasis using single sample gene set enrichment analysis of RNAseq data [22].
Several hallmark pathways associated with proliferation (e.g. mitotic spindle, E2F
targets, and G2M checkpoints) were more highly expressed in the metastasis
(supplementary material, Figure 3), consistent with faster growth rate of PDX-167.2M

and its amplification of CCND1 (Figure 1B, Figure 2F).

To understand how the tumours from Patient 167 fit in the broader context of prostate
cancer, we compared their genomic features to large patient cohorts. PDX-167.1R did
not belong to any of the molecular classes of primary prostate cancer from TCGA, since
it lacked the defining driver alterations (ERG, ETV1, ETV4 and FL1 fusions and
mutations in SPOP, FOXA1 and IDH1) [32]. Instead, it shared similarities with the ~26%
of tumours that fall outside the molecular subclasses, including the high burden of CNAs

and TP53 mutation. Compared to Armenia and colleagues’ aggregated cohort of prostate
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cancer, PDX-167.2M shared five of the most common alterations that are enriched in
metastases versus primary tumours (AR and CCND1 amplification, PTEN, TP53 and

APC loss) [20].

Overall, these genomic and transcriptomic data show that the high-risk primary tumour
accumulated poor prognostic features as it progressed to metastatic CRPC, including
increased PGA; genome doubling; PTEN, TP53 and APC loss; AR and CCND1 gain;
and proliferative gene expression signatures. Therefore, PDX-167.1R and -167.2M
provide matched models to study the progression of prostate cancer in the context of

several common alterations.

Matched PDXs maintain responses to androgen deprivation in vivo

To compare the reliance of the matched PDXs on the AR pathway, we used in vivo
castration studies. The levels of circulating androgens in castrated mice are akin to those
in patients treated with abiraterone acetate [37]. We initially performed short-term
castration studies with the grafts implanted under the renal capsule. For PDX-167.1R,
castration caused a rapid decrease in tumour volume and the percentage of proliferating
tumour cells, marked by Ki67 staining, which was sustained for three weeks after
castration (Figure 3A,B). Therefore, PDX-167.1R was castrate-sensitive, consistent with
it being established from hormone-naive primary prostate cancer. In contrast, PDX-
167.2M did not regress after castration (Figure 3C), as expected given that it was
established from a castrate-resistant metastasis. Yet, in testosterone-supplemented
mice, PDX-167.2M grew larger and had higher Ki67 staining (Figure 3C,D), showing that
it remained androgen-responsive. We verified these observations with long-term
castration experiments where grafts were established subcutaneously to monitor tumour
growth over time. After castration, grafts from PDX-167.1R regressed and remained
small in volume for up to 150 days in castrated mice (Figure 3E). In comparison, after
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castration there was a delay in the growth of PDX-167.2M grafts, and temporary
regression, before they resumed rapid tumour growth (Figure 3E). PDX-167.2M was
also serially transplantable in castrated mice (Figure 3F). Therefore, matched PDXs
maintain responses to castration in vivo and can be used to model castrate-sensitive and

castrate-resistant disease respectively.

Castration-resistance of PDX-167.2M is associated with a genomic amplification

of the AR and enhancer

To investigate the mechanisms of castration-resistance in PDX-167.2M, we examined
the whole genome sequencing data in more detail. There were no single nucleotide
variations in the AR. Yet, there was a genomic amplification of chromosome Xq12 that
spanned the AR gene and enhancer located 650 kb upstream (Figure 4A)[8,12,13].
Since the amplification was present in PDX-167.2M, but not PDX-167.1R, it likely arose
during the progression to metastatic CRPC. Amplifications of the AR gene and enhancer
have recently been identified as prominent features of CRPC, associated with higher AR

expression and resistance to AR-directed therapies [8,12,13].

So far, few patient-derived models have been reported with amplifications of the AR
enhancer, so we further examined its significance in these matching PDXs. In
testosterone-supplemented mice, AR mRNA levels were only slightly higher in PDX-
167.2M versus PDX-167.1R. Yet, there was a striking increase in AR transcript levels in
PDX-167.2M grafts from castrate mice (Figure 4B). Indeed, the AR was much more
highly expressed in PDX-167.2M grafts from castrate mice compared to several other
samples of prostate cancer, including 1) LNCaP cells grown in FBS; 2) other AR-positive
PDXs, with diverse AR alterations, that were grown in either testosterone-supplemented
or castrated mice; and 3) samples of patient metastases (Figure 4B). It is well known

that castration stimulates AR mRNA expression in prostate cancer cells [38], and these
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data show that it amplifies the difference in AR expression between PDX-167.1R and

PDX-167.2M.

Androgens suppress AR mRNA expression but increase AR protein stability and nuclear
translocation [38]. Therefore, we used immunohistochemistry to examine AR levels and
localisation in PDX-167.1R and PDX-167.2M. In grafts from testosterone-supplemented
mice, there was intense nuclear AR staining in both PDXs (Figure 4C). The pattern of
staining was similar with an antibody raised to the AR N-terminus, which detects all forms
of the AR, and an antibody raised to the AR C-terminus, which only detects full-length
AR. In castrated mice, which have minimal levels of circulating androgens, intense
nuclear AR staining was still observed in grafts from PDX-167.2M, as well as abundant
cytoplasmic AR staining (Figure 4C). In castrated mice, PDX-167.2M also expressed
increased levels of two AR splice variants, ARV7 and ARV9, constitutively active forms
of the AR that lack the ligand binding domain (Figure 4C,D) [39]. Gene set enrichment
analyses showed slightly decreased enrichment scores for AR activity in PDX-167.2M in
castrate mice compared to PDX-167.1R and PDX-167.2M in mice supplemented with
testosterone (Figure 4E and supplementary material, Figure S4). Nevertheless,
compared to other AR-positive PDXs, patient samples, and AR-null PDXs as controls,
AR activity was sustained in PDX-167.2M in castrate mice. Thus, the amplification of the
AR and enhancer in PDX-167.2M is associated with high AR expression and sustained

AR activity under castrate conditions.

The AR amplification in PDX-167.2M is associated with resistance to AR-directed

therapies

Amplifications of the AR and enhancer are associated with resistance to second

generation AR-directed therapies [8,13,14]. Therefore, we examined the response of
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PDX-167.2M, grown in castrate mice, to enzalutamide, and apalutamide. In vivo, PDX-
167.2M was resistant to both treatments, with no significant decrease in overall tumour
growth compared to the vehicle control across 4 weeks of treatment (Figure 5A). We
also assessed the response of individual tumours to treatment using pre-defined
thresholds for a good response (final tumour <100% of starting tumour volume), partial
response (final tumour volume >100% of starting tumour volume but <50% of the
average of the matched vehicle control) and no response (final tumour volume >50% of
the average of the matched vehicle control). Based on these criteria, no tumours
responded to enzalutamide or apalutamide treatment (Figure 5B,C). This is consistent
with this patient’s lack of response to enzalutamide in the clinic, approximately 8 months

after the tissue for PDX-167.2M was obtained (Figure 1D).

We also examined the response of PDX-167.1R, which lacks the AR amplification, to
AR-directed treatments. To measure acute responses to treatment, we grew PDX tissues
as explants and organoids (supplementary material, Figure S5A). PDX-167.1R
explants were sensitive to 48 hr treatments of both enzalutamide and apalutamide, with
a significant decrease in the percentage of Ki67-positive cells (supplementary material,
Figure S5B,C). There was also a significant decrease in the growth of PDX-167.1R
organoids treated for four days with a dose response of enzalutamide (supplementary
material, Figure S5D). In contrast, PDX-167.2M tissue was not sensitive to
enzalutamide or apalutamide in explant or organoid experiments (supplementary
material, Figure S5B-D), consistent with its responses in vivo (Figure 5A-C).
Altogether, these data confirm that PDX-167.1R is sensitive to AR-directed treatments,

but PDX-167.2M, which has an AR amplification, is resistant.

To examine the response of PDX-167.2M to other systemic treatments for advanced

prostate cancer, we treated tumours with docetaxel, to represent taxane chemotherapy,
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carboplatin, to represent platinum chemotherapy, and talazoparib, to represent PARP
inhibitors. Overall, there was a significant average decrease in the growth of PDX-
167.2M after docetaxel treatment compared to vehicle control, with one out of the seven
tumours classified as a good responder due to tumour shrinkage across the treatment
period (Figure 5A-C). This is consistent with the response of this patient to taxanes
(cabazitaxel) approximately 3 months after the spinal metastasis was removed, despite
previous chemo-hormonal therapy (Figure 1D). There was no change in the growth of
PDX-167.2M after carboplatin or talazoparib treatment (Figure 5A-C), as expected
given the lack of deleterious alterations in DNA damage repair genes (supplementary

material, Figure S2C).

PDX-167.2M has a partial response to BET inhibition

We considered what other therapies might be effective for tumours with AR
amplifications, and hypothesised that targeting transcription factors or chromatin
regulators that bind to the AR enhancer may be one approach. We used Cistrome Data
Browser to search publicly available chromatin immunoprecipitation (ChIP) datasets [40].
As shown previously, in addition to the AR itself, several lineage transcriptional
activators, such as FOXA1l, GATA2, HOXB13, and NKX3.1, bind to the DNase |
hypersensitive site and surrounding region of the AR enhancer (supplementary
material, Figure 6A,B); however, they are not readily druggable targets [13].
Nevertheless, this region is also bound by BRD4, a member of the bromodomain and
extra-terminal domain (BET) family of epigenetic readers that bind to acetylated lysine
residues in histones and are targeted by BET inhibitors. In 22Rv1 prostate cancer cells,
BRD4 binding to the AR enhancer overlaps with peaks for the AR, histone 3 lysine 27
acetylation (H3K27ac), and Assay for Transposase-Accessible Chromatin (ATAC)
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sequencing, confirming that there is open chromatin at this site (supplementary
material, Figure 6C,D) [41-43]. BRD4 also binds to the AR promoter (supplementary
material, Figure 6D). Notably, the BET inhibitor JQ1 decreased BRD4 binding at the AR

enhancer and promoter (supplementary material, Figure 6C,D).

We therefore hypothesised that PDX-167.2M may be responsive to BET inhibition. To
assess the in vivo response, PDXs were treated with the BET inhibitor ZEN-3694 for 28
days. Whilst overall there was no significant difference in tumour volume between control
and treatment groups (Figure 5A), individual mice did have varying responses to ZEN-
3694 treatment and 38% (3/8) of grafts were classified as good responders due to
tumours shrinking in volume across the treatment period (Figure 5B,C). Thus, BET
inhibition was more successful at decreasing tumour growth compared to both the AR-
directed therapies enzalutamide and apalutamide, as well as talazoparib and carboplatin

treatment.
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Discussion

In 1941, Huggins and Hodges noted that “all known types of adult prostatic epithelium
undergo atrophy when androgenic hormones are greatly reduced in amount or
inactivated”, yet “it is certain that in many cases regression of the neoplasm is not
complete” [44]. After 80 years, the same fundamental challenge remains; tumours
inevitably acquire diverse mechanisms of resistance that sustain AR activity. Recently,
the genomic mechanisms of resistance were traced beyond the AR locus to an upstream
enhancer that is often amplified in CRPC [8,12,13]. Here we present PDXs of castrate-
sensitive and castrate-resistant tumours from Patient 167, which acquired an
amplification spanning the AR gene and enhancer during the progression to CRPC.
These PDXs provide new models for studying this recently recognised form of castration

resistance.

The transition from castrate-sensitive to castrate-resistant prostate cancer is a critical
step in disease progression, so a collection of approaches is necessary to model it.
Classical models include the C4-2 and C4-2B sublines from LNCaP cells, and the CWR
series, which were generated by selecting cancer cells that metastasised or withstood
castration in mice [45-48]. Different sublines of PDXs have also been established by
growing them in castrated mice to select tumours with varying degrees of castrate-
sensitivity and androgen-responsiveness [49-51]. An alternative approach, as taken in
this study, is to establish patient-matched models from pre- and post-treatment samples
[52]. The PDXs from Patient 167 provide isogenic models with and without an AR
enhancer amplification and will enable preclinical studies of treatments that may
overcome this mechanism of castration resistance. Other models with AR amplifications

include the VCaP cell line and LNCaP cells with knock-in of the AR enhancer [13,53].
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Given that AR enhancer amplifications are prevalent within patient samples, reanalysis
of other previously established models of CRPC where the AR enhancer has not yet

been examined is likely to uncover additional models of this form of castration-resistance.

The primary tumour from Patient 167 typifies the concept of prostate cancer “nimbosus”
(gathering of stormy clouds), defined as the co-occurrence of multiple, adverse features
in high-risk tumours [54]. This large volume tumour had grade group 5 adenocarcinoma
with large cribriform architecture and IDC-P; two pathological features associated with
increased risk of biochemical relapse and metastasis [54,55]. Sequencing of the primary
tumour and PDX-167.1R showed high percent genome alteration, and loss of PTEN and
TP53, which also portend poor prognosis [56]. Notably, these genomic alterations are
more common in tumours with IDC-P or large cribriform architecture [57-59]. Biallelic
BRCA2 loss is also associated with IDC-P and cribriform architecture, but not in this
instance [60]. Collectively, these morphological and molecular features suggest that the
primary tumour from Patient 167 was highly likely to progress to advanced disease and
require systemic treatments, making it a useful model of high-risk castrate-sensitive

prostate cancer.

The development of metastatic CRPC in Patient 167 was associated with an
amplification of chromosome X from the centromere through to the AR, with a further
focal amplification of approximately 2,000 kb that spanned the AR gene and enhancer.
Amplifications of the AR gene are well-known causes of castration resistance [10].
Recent studies have shown that amplifications often encompass an upstream AR
enhancer that regulates AR expression [8,12], and sometimes there can be selective

gain of the AR gene or enhancer [14,21,42]. Overall, AR amplifications have been
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detected in 45-80% of patient samples with metastatic CRPC and are associated with
increased AR mRNA abundance [8,12,14]. In PDX-167.2M, amplification of the AR and
AR enhancer was associated with high AR expression, sustained AR signalling, and
growth in castrated mice. Transcript and protein levels of full-length AR and AR-V7 in
PDX-167.2M differed between testosterone-supplemented and castrated mice. The
striking increase in AR mRNA abundance after castration was likely due to decreased
auto-repression, because agonist-bound AR protein usually represses AR expression
through a binding site in intron 2 [61]. In castrated mice, which have testosterone levels
that approximate patients treated with abiraterone [37], there was abundant cytoplasmic
AR staining, but still sufficient nuclear full-length AR and AR-V7 to sustain AR pathway
activity. Further analysis of the correlations between AR amplifications, and the levels
and localisation of full-length and variant forms of the AR, may refine the mechanisms of

resistance to androgen-deprivation and AR-directed therapies.

AR amplifications have been associated with resistance to AR-directed therapies in cell
lines and patients [8,13,14], and now in PDX-167.2M, which was resistant to
enzalutamide and apalutamide ex vivo and in vivo. It is important to identify other
treatments that overcome this mechanism of resistance. Since BRD4 binds to the AR
enhancer, we used PDX-167.2M to investigate the efficacy of the BET inhibitor ZEN-
3694. Notably, BET inhibitors have multiple effects in prostate cancer cells, such as
down-regulating the expression of AR target genes, AR variants, and MYC [62-65]. BET
inhibitors have been shown to suppress prostate cancer cell growth in preclinical models

[62,63,65], and are currently undergoing clinical evaluation in patients with CRPC.

Here, we found that monotherapy with ZEN-3694 outperformed enzalutamide or
apalutamide in decreasing the growth of PDX-167.2M, although it did not reduce the
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volume of all grafts. The reason for the variability in graft response to BET inhibition is
not clear; however, it suggests that combination therapies with BET inhibitors may be
required to induce greater and more consistent decreases in tumour volume. One
potential combination therapy is BET inhibition with enzalutamide. Indeed, a phase 1b/2a
trial combined ZEN-3694 and enzalutamide for patients with CRPC who had previously
failed an AR-directed therapy and showed that it was tolerable and had potential efficacy
in some patients [66]. Intriguingly, patients in this trial with high AR activity scores (and
possibly AR amplifications) in biopsies prior to treatment tended to progress more rapidly
on combined treatment with ZEN-3694 and enzalutamide compared to those with low
AR activity scores [66]. This could suggest that BET inhibitors modify the reliance of
tumours on AR signalling in cases of low AR activity, or that tumours with high AR
signalling scores are inherently aggressive. This highlights the challenge in treating
tumours that are resistant to AR-directed inhibitors and demonstrates the importance of
studying these treatments in the context of the AR pathway, including AR amplifications.
Other combination therapies could be investigated and the matched PDXs established

in this study will be useful for screening these potential treatments.

In conclusion, this study provides a novel matched pair of PDXs of castrate-sensitive and
castrate-resistant prostate cancer. Disease progression of this high-risk case of prostate
cancer was associated with common genomic alterations, including an AR gene and AR
enhancer amplification. BET inhibition was more effective at decreasing tumour growth
compared to AR-directed therapies; however, further work is required to identify
therapies that target tumours with AR amplifications, including combinations with BET
inhibitors. Overall, this work provides new models to study AR enhancer amplifications

and overcome this newly recognized form of castration resistance.
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Figure legends

Figure 1. Establishing new patient-matched models of castrate-sensitive and
castrate-resistant prostate cancer. (A) Schematic showing the sites where tissue was
collected from Patient 167. The radical prostatectomy specimen was sampled for PDX-
167.1R. A dural metastasis of the spinal cord at the ninth thoracic vertebrae was sampled
for PDX-167.2M. (B) A plot showing the growth trajectory of each PDX. Each data point
represents a different generation with a =210-fold increase in tumour volume. PDX-
167.2M grows more rapidly than PDX-167.1R based on a steeper curve and shorter time
for each generation. (C) Heatmap summarising the histopathological features of PDX-
167.1R and PDX-167.2M at generations 1 and 5 compared to the original tumour tissues.
(D) The treatment timeline for Patient 167 showing serum PSA values and each
treatment that the patient received between diagnosis and death from CRPC. The arrows
show when samples were obtained for PDX-167.1R and PDX-167.2M.

Figure 2. Molecular changes between the matched PDXs are associated with
advanced prostate cancer. (A) A three-dimensional model of the patient’'s prostate
gland (light grey), index tumour (red; Gleason grade group 4-5) and non-index tumour
(blue; Gleason grade group 2). Regions across the index tumour (IT), non-index tumour
(NIT), a local metastasis in fatty tissue adjacent to the prostate (local met), and benign
prostate tissue were sampled for low coverage whole genome sequencing. (B) A
phylogenetic tree showing the relationships between samples based on copy number
alterations from low coverage whole genome sequencing (average 3.75X coverage, min-
max 2-5X coverage) and whole genome sequencing for PDX-167.2M (45X coverage).
(C) Copy number alterations in each sample based on 250 kb bins with low coverage
whole genome sequencing (gain, red; loss, blue). (D) Graph of the percentage genome
alteration (PGA) in each sample. (E) Copy number profile of PDX-167.1R and PDX-
167.2M, sampled at generation one, based on whole genome sequencing. Dotted line
shows baseline ploidy. (F) Summary of key somatic alterations in generation one
samples of PDX-167.1R and PDX-167.2M based on whole genome sequencing. Clonal
copy number changes in genes reported in Armenia et al [20] and Robinson et al [11]
and somatic nucleotide variations with an allele frequency of greater than 0.75 (high gain

=6 copies, dark red; gain, red; heterozygous loss, blue; homozygous loss, dark blue;
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missense mutation, grey; frameshift mutation, green). Half-filed squares indicate
subclonal events with 250% cell fraction. Abbreviations: A, anterior; L, left; GG, Gleason
grade; I, index tumour; N, non-index tumour; P, posterior; PGA, percent genome

alteration; R, right.

Figure 3. Matched PDXs are castration-sensitive and castration-resistant
respectively in vivo. (A,B) Graft volume (A) and the percentage of Ki67-positive cells
(B) in PDX-167.1R grown sub-renally in control mice bearing testosterone implants (+T;
blue) or established in mice bearing testosterone implants and then castrated (Cx; grey)
for 3to 19 days (*P < 0.05, ***P < 0.0001; unpaired t tests for +T versus Cx at each time
point; N = 7-8 grafts per treatment group; data shown as mean + SEM). (C,D) Graft
volume (C) and the percentage of Ki67-positive cells (D) in PDX-167.2M grown sub-
renally in +T (blue) or Cx (grey) mice for 3 to 28 days (****P < 0.0001; unpaired t tests
for +T versus Cx at each time point; N = 7-8 grafts per treatment group; data shown as
mean + SEM). (E) Graft volume for PDX-167.1R (orange) and PDX-167.2M (green)
grown subcutaneously. Grafts were established in mice bearing testosterone implants
until graft volume reached 200 mm3, at which point mice were castrated (N = 3
grafts/PDX; data shown as mean + SEM). (F) Graft volume for PDX-167.2M grown
subcutaneously in Cx mice for four generations of mice (Cx G1l-4; N = 34

grafts/generation; data shown as mean + SEM).

Figure 4. The acquisition of castration resistance in 167 is associated with an
amplification of the androgen receptor (AR) gene and AR enhancer. (A) Schematic
representation of chromosome Xql12, containing the AR gene and AR enhancer. Focal
amplification was detected in PDX-167.2M (green), but not PDX-167.1R (orange). (B)
Quantseq data for AR transcript abundance (cpm) in PDX-167.1R and PDX-167.2M
compared to AR-positive (AR+) and AR-null (AR-) PDXs from the MURAL cohort, primary
and metastatic patient samples and LNCaP cells grown in 5% FBS. PDXs were grown
in mice supplemented with testosterone (+T) and castrated (Cx) mice. (C)
Representative images of immunohistochemistry with antibodies directed to the AR N-
terminus (AR-N), AR C-terminus (AR-C), or ARV7. Scale bar = 20 um. (D) Plot of RT-
gPCR data for full-length AR, ARV7 and ARV9 expression in PDX-167.1R, -167.2M (+T)

and -167.2M (Cx). Data represent average relative expression (x SEM) relative to AR-
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FL in LNCaP cells cultured in FBS (PDX-167.1R N = 3; PDX-167.2M N = 4; PDX-167.2M
N = 1). (E) Boxplots of single-sample gene set enrichment analyses (SSGSEA) for the
AR pathway from Hallmark 50 based on RNA sequencing in PDX-167.1R and PDX-
167.2M compared to AR+ and AR- PDXs from the MURAL cohort, and primary and
metastatic patient samples. PDXs were grown in +T and Cx mice.

Figure 5. The response of PDX-167.2M to systematic treatments for advanced
prostate cancer. The in vivo treatment of PDX-167.2M with enzalutamide, apalutamide,
docetaxel, carboplatin, talazoparib or ZEN-3694 compared to vehicle control for up to 28
days of treatment. (A) Graphs show tumour volume (mm3) for PDXs treated with vehicle
control (grey; N = 6 or 7 grafts) or drug (coloured; N = 5-8 grafts/treatment group). *P <
0.05 compared to vehicle control; linear mixed model analyses. Data presented as mean
+ SEM. (B) Graphs show percentage change in tumour volume from day O of treatment
(%DO0) for individual animals. Background colours show the range of tumour volumes
classified as a good response (green; final tumour volume <100% of starting volume),
partial response (yellow; final tumour volume >100% of starting volume but <50% of the
average of the treatment-matched vehicle control) and no response (final tumour volume
>50% of the average of the treatment-matched vehicle control), based on tumour volume
at the end of the treatment period. (C) The percent of tumours classified as a good
response (green), partial response (yellow) and no response (red) for each treatment

group (N = 5-8 grafts/treatment group).
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SUPPLEMENTARY MATERIAL ONLINE

Supplementary materials and methods

Figure S1. Radical prostatectomy specimen from Patient 167

Figure S2. Genomic features of the primary tumour and spinal metastasis in Patient 167
Figure S3. Enrichment of core signalling pathways in PDXs from Patient 167

Figure S4. AR pathway activity in PDX-167.1R and PDX-167.2M

Figure S5. The response of PDX-derived explants and organoids to enzalutamide and
apalutamide

Figure S6. BRD4 binds to the AR enhancer in prostate cancer cells

Table S1. Antibody details and staining conditions for immunohistochemistry
Table S2. Curated subset of prostate cancer associated genes

Table S3. Primers used for RT-qPCR

Table S4. Copy number calls from low coverage whole genome sequencing of patient
tissue and PDXs

Table S5. Copy number alterations for PDX-167.1R
Table S6. Copy number alterations for PDX-167.2M

Table S7. Somatic mutations in PDX-167.1R and PDX-167.2M - possible/known
pathogenic alterations

Table S8. All non-silent somatic mutations in PDX-167.1R and PDX-167.2M
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