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ABSTRACT
Despite the development of highly effective next-generation antiandrogens, acquired
resistance to hormone therapy remains a major challenge in the treatment of advanced
prostate cancer (PCa). Through the analysis of mouse models, prostate organoid
culture, and clinical samples, we find that cancer-associated fibroblasts (CAF) can
promote resistance to antiandrogen therapy through secretion of neuregulin 1 (NRG1).
Through biochemical purification, we identified NRG1 as the critical resistance factor in
CAF supernatant, which promotes resistance in tumor cells through the activation of
HERS3. Pharmacological blockade of the NRG1/HER3 axis using clinical-grade blocking
antibodies re-sensitized tumors to hormone deprivation in vitro and in vivo. Furthermore,
patients with castration-resistant prostate cancer with elevated tumor NRG1 activity have
a statistically inferior response to next-generation antiandrogen therapy. Taken together,
this work reveals a paracrine mechanism of antiandrogen resistance in prostate cancer

amenable to clinical testing using currently available targeted therapies.
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INTRODUCTION

Epidemiology of human prostate cancer

According to cancer statistics 2020, prostate cancer is the most commonly
diagnosed cancer in men in the US (3). It is also the second leading cause of cancer
death in man and therefore causes a significant social-economical burden. While the
overall incidence of prostate cancer is higher in the western population, this disease is
most aggressive in African American populations (4). Although the current incidence of
prostate cancer in the Asian population is relatively low, it is also fast accelerated (5).
Worldwide, prostate cancer is the second most common malignancies (after lung
cancer), accounting for more than 1 million newly diagnosed cases each year, the
majority of which are diagnosed in elderly man ( > 65 years) (6). When diagnosed in an
early stage, localized prostate cancer is highly curable by surgery. However, there is

currently no cure when the disease becomes metastatic (7).

Understanding from a normal prostate

A male prostate is an exocrine gland that mainly functions to provide prostatic fluid
that contributes to the volumes of semen. The alkalic nature of prostatic fluid neutralizes
the acid environment in the vaginal tract and thus protect spermatozoon (8). The
development of the prostate has been intensively studied from the past 30 years and is
thought to originate from the embryonic urogenital sinus (UGS) (9). A mature prostate
epithelium is composed of luminal secretory cells, basal cells as well as a rare
population of neuroendocrine cells (10). During development, signaling cross-talk
between different prostate epithelial cells as well as their surrounding stromal cells plays
an essential role in tissue specification as well as maturation. Prostate epithelium and its

surrounding stroma express a high level of androgen receptor and therefore are highly



responsive to endocrine androgen signaling. In mammals, the majority (~85%) of
androgen (also called testosterone) is produced from a testis while the rest (~15%) is
produced from the hypothalamic-pituitary-adrenal axis (8). The majority of primary
prostate cancer is manifested as a “luminal type” of the tumor due to the clinical-
pathological knowledge that during the disease initiation stage, the increase of
hyperproliferative luminal cells, as well as the reduction of basal cells, is generally
observed. A few transcription factors such as NKX3.1 and FOXA1 have recently been
shown to play critical roles in the development and morphogenesis of a normal prostate
(11, 12). Despite morphological differences across different species, the function of the

prostate gland in mammails is relatively conserved (13).

Modeling prostate cancer

Despite large genomic-sequencing efforts, the research of prostate cancer is
lagging behind compared to many other cancers including its sexual counterpart breast
cancer. One of the biggest obstacles that hinder prostate cancer research is lacking in
appropriate, clinically-relevant disease models. In particular, so far we are still not able to
faithfully recapitulate the disease onset as well as its primary stage when the tumors are
androgen-responsive. This technical limitation has recently been improved with the
development of prostate organoid 3D culture technology, where normal or cancer
organoid of a prostate from either mouse or patients can be generated and maintained
ex vivo (14-16). Besides, several newly developed genetically engineered mouse
models (GEMM) of prostate cancer allows us to investigate the development of late-
stage prostate cancer under certain oncogenic alterations such as p53, PTEN, RB or
MYC (17-19). Most recently, the development of somatic engineering methods such as
electroporation in vivo also facilitates the fast modeling of prostate cancer harboring

various genetic alterations (20). With advanced disease modeling platform, researchers



are now being able to perform functional investigations on how complex genetic

alterations seen in patients influence prostate cancer tumorigenesis.

Understanding of prostate cancer from its molecular basis

During the past decade, large genomic sequencing efforts in cancer patients
revealed numerous and fruitful genetic abnormalities underlying human cancer including
prostate cancer (21, 22). While we further appreciate the essential role of androgen
receptor in both disease initiation and in advanced castration-resistant prostate cancer,
multiple new subclasses of prostate cancer become more evident according to their
distinct molecular compositions and distinct clinical phenotypes. For example, SPOP
mutations render hyper-sensitivity to antiandrogen therapy, while it is significantly
mutually exclusive with ETS-ERG fusion (23-25). While the loss of CHD1 is mutually
exclusive to PTEN deficiency in primary disease, they tend to co-occur in the advanced
castration-resistant prostate cancer (CRPC) (26-28). In particular, TP53 alteration is
dramatically elevated in CRPC and manifests reduced sensitivity to therapy (29, 30).
Other genetic alterations such as mutations in a transcription pioneer factor, forkhead
box protein A1 (FOXA1), and its oncogenicity was just begun to be revealed (37-34).
Besides exonic alterations, alterations in intronic regions, as well as large chromosomal
rearrangements, deletions, translocations, and amplifications, are also detected through
various assays such as long-reads DNA sequencing (35). As a complementary
approach, functional genomics as a reverse genetics method enables rapid discoveries
and validations of numerous tumor suppressor genes through a principle of “loss-of-
function” assay (36). Such methods also enable the identification of genetic modulators
of drug sensitivity (37). Limitations of current functional genomics approaches include
less efficient in identifying “gain-of-function” oncogenic event as well as to uncover

multiple genetic interactions and their functional output simultaneously.



Clinical management of human prostate cancer

While prostate cancer has the second cancer incidence in men worldwide, the 5-
year mortality rate is an early-stage disease is less than 5% (3). One reason is most of
the prostate cancers are indolent disease with a very slow clinical progression. Many
patients carry the indolent disease for decades without the need for acute intervention.
The other reason being since the prostate gland is not an essential organ, surgery or
localized radiotherapy often can clear the diseased organ without devastating
complications. However, once the localized primary disease begins to invade to multiple
adjacent lymph nodes and eventually form metastasis, the disease becomes most
incurable by all means (38). Androgen receptor signaling plays a dominant role in
prostate cancer at almost every stage of the disease. Targeting the transcriptional
activity of the androgen receptor has always been a paradigm in the management of
prostate cancer (7). Recently, the FDA approval of Enzalutamide (an androgen receptor
direct antagonist) as the standard first-line therapy to replace docetaxel-based
chemotherapy regimens further solidifies the central roles of androgen receptor signaling
in prostate cancer (39). Recently, there is an emergence of diverse mechanisms of
resistance which encompasses from cancer cell plasticity to heterogeneous composition
of the tumor microenvironment. In addition, a more thorough understanding about the
prostate cancer genome also generates clinical success with specific driver mutations

such as PARP inhibitor (40).

Mechanisms of resistance to hormone therapy
Hormone therapy attacks the androgen receptor (AR) signaling in prostate tumors
in which AR is a lineage survival factor for luminal cancer cells and plays an essential

role in cancer progression and drug resistance (7). The second-generation of hormone



therapies such as enzalutamide (Enz) or abiraterone is widely used to treat CRPC,
however, these agents are not curative and most patients will eventually die from the
relapsed disease(7). Therefore, elucidating the mechanisms underlying CRPC is critical
for developing better therapeutics. Role of the tumor microenvironment in drug
resistance Previous efforts to understand Enz resistance focused mainly on cell-intrinsic
mechanisms. For instance, a gatekeeper AR F876L mutation converts enzalutamide
from an antagonist to agonist; in some cases up-regulation of the glucocorticoid receptor
(GR) will promote cancer survival as a result of relief the feedback inhibition of AR; in
other cases under certain genetic deficiencies such as TP53 and Rb1 loss, luminal
cancers can undergo a lineage switch and thus becomes less dependent on AR
signaling; treatment-induced neuroendocrine differentiation is another mechanism of AR-
targeted therapy resistance; finally, dysregulation chromatin stability such as loss of

CHD1 also facilitates the development of such resistance(18, 29, 42-45).

Role of the tumor microenvironment in cancer

Tumor cells constantly exchange signals and nutrients with their local environment.
It becomes increasingly clear that microenvironment could strongly influence tumor
progression and drug resistance in a variety of cancer types. While only a minority of
cancers are directly caused by germline mutations, the majority are linked to somatic
mutations and environmental factors(46). Growing tumors constantly experience
different environmental stress such as nutrient deficiency or hypoxia(46). Tumors can
often cope with these stresses by rapidly adapting themselves to a different
environment. There is increasing evidence implicating the microenvironment (stroma
and inflammatory cells) as a driver of drug resistance in various cancers (47, 48).

Examples include melanoma, glioma, breast, lung, lymphoma, and prostate cancer,



where secretion of various growth factors (HGF, WNTs) and cytokines (IL-6, IL-8) have
been implicated in resistance to kinase inhibitors or to chemotherapy (49-54). In
prostate cancer, tumor-infiltrating B lymphocytes and myeloid-derived immune
suppressor cells (MDSCs) promote castration-resistant prostate cancer (CRPC) through
the production of inflammatory cytokines such as IL-23 (55, 56). Fibroblast growth
factors (FGFs) can also play a role in CRPC, through autocrine or paracrine production
(57). The ability of microenvironment cells to promote drug resistance is likely linked to
the role of these cells in development and tumor initiation. For example, PTEN loss,
TGFBRII loss, or NF-kB activation in the stroma can elicit early neoplastic changes in

mammary, prostate and pancreatic epithelium (58-62).

Receptor tyrosine kinase in cancer

Receptor tyrosine kinases (RTK) are a family of proteins that have a dual function
serving as a cell surface receptor and harboring intracellular enzymatic kinase activity.
As cell surface receptors, RTKs have a high binding affinity to a variety of growth factors,
cytokines, chemokines and hormones. Upon interacting with these ligands, they go
through a conformational change and form dimers or oligomers at their C-terminus
where the kinase domain usually locates. Ligand-mediated signal transduction starts
from RTKs and therefore they are one of the most important signaling molecules that
connecting a cell to its surrounding environment. Among RTKSs, the ErbB family of
proteins is one of the most intensively studied and plays pivotal roles in both normal
physiology and in cancer. In mammals, the ErbB family consists of epidermal growth
factor receptor (EGFR) as well as three other highly consensus members ErbB2(HER?2),
ErbB3(HERS3) and ErbB4(HER4). EGFR mutation and HER3 amplification are iconic
oncogenic alterations in non-small cell lung cancer and breast cancer, respectively.

Although mutations in HER3/HER4 are not common, results from recent basket trials



also indicate their clinical importance(63). As a monomeric protein, ErbB protein has little
activity and not stable. Upon activation, the same or different ErbB members can form
either homodimers or heterodimers (i.e HER2/HER3 dimers) and thus reach their full
kinase activity. HER2 does not have a known ligand and its normal ligand-mediated
kinase activity requires forming heterodimers with other ErbB members. In contrast,
HERS is a pseudo-kinase and has do form heterodimers with other ErbB members to
transmit its ligand-mediated signal. The HER2/HER3 heterodimer is among one of the
most potent activators of the phosphoinositide 3-kinase (PI3K) pathway, which plays

critical roles in many human cancers.

Neuregulin 1 (NRG1)

Neuregulin (NRGs) are a family of growth factors that stimulate the ErbB family
RTK proteins(64, 65). To date, there are a total of six members in the NRG family
(NRG1-6). Among them, NRG1 is the first discovered and the most intensively studied.
All NRGs are synthesized as membrane-bound precursors that require proteolytic
cleavage by membrane-associated proteases to generate a mature soluble growth
factor. Thus, NRGs can function either through direct cell-cell contact or through
secretion. All NRGs harbor a central “EGF-like” domain by which they are able to bind to
ErbB proteins on the cell surface. Of note, there are an enormous number of isoforms in
the NRG proteins (>30 in NRG1 and >15 in NRG3) that are generated by alternative
splicing. To date, the isoform-specific functions of NRG proteins are not very clear.
NRG-ErbB signaling plays an important role in several physiological processes such as
neural development and heart growth(66-70). Dysregulation of NRG-ErbB signaling has
been implicated in multiple human diseases such as schizophrenia and bipolar
disorder(65). Recent studies also showed elevated NRG1 activity have tumor-promoting

roles in non-small cell lung cancers, breast cancers, ovarian cancers and head-and-neck



cancers(53, 71-73).

Introduction to the thesis

Although second-generation antiandrogens such as enzalutamide (Enz),
abiraterone acetate and apalutamide have significantly improved patient survival,
patients rarely achieve complete response even with combinations of the most potent
AR signaling inhibitors (74, 75). Understanding survival mechanisms in persisting tumor
cells are critical to achieve a complete response. A state of drug tolerance or persistence
has been characterized in lung adenocarcinoma and melanoma, where transcriptional,
epigenetic or metabolic changes induced by treatment render previously susceptible
tumors insensitive to the therapy (76, 77).

In prostate cancer, efforts to understand resistance to AR targeted therapy have
focused mainly on cell-intrinsic mechanisms (18, 29, 42-44, 78), however, how does the
TME influence response to AR targeted therapy is less known. Indeed, AR expression
in prostate stroma plays a crucial role in morphogenesis and maturation of a normal
prostate gland (79, 80), implicating the potential interactions between AR signaling and
the TME.

Further investigation of cancer-associated stromal cells has converged on the
concept of reactive stroma, now documented in multiple cancers including pancreas,
prostate, breast and colorectal tumors (87). In breast and colorectal cancer, the
increased reactive stroma is associated with poorer clinical outcomes (82, 83). In
localized primary prostate cancer, the reactive stroma is often associated with a more
aggressive disease, which is often missed through CT-scanning. This thesis aims to
understand the mechanisms of how prostate cancer reactive stroma mediates cancer

progression resistance to AR targeted therapy.



MATERIALS AND METHODS

Generation of 22Pc-EP and 22Pc-CAF Models

The CWR22Pc prostate cancer cell line was kindly provided by Marja Nevalainen
(7). We found that this cell line contained a subpopulation of cells with fibroblast-like
morphology that were human EpCAM-negative and confirmed to be of mouse origin. In
order to purify tumor cells and mouse fibroblasts, we plated CWR22Pc at 400-800 cells
per well (6-well) in 50% conditioned media. Numerous multi-clonal, cancer epithelial
islands visually free of fibroblasts were isolated by cloning cylinders and then pooled to
derive the pure epithelial subline, CWR22Pc¢-EP, in short 22Pc-EP. Human EpCAM-
negative cancer-associated mouse fibroblasts were obtained by performing mouse-
specific H-2K® and H-2D° MHC class | sorting (Biolegend #114608) and the FACs
purified cancer-associated fibroblasts were termed as CWR22Pc-CAF, in short 22Pc-
CAF. Purified 22Pc-EP and 22Pc-CAF cells were transduced with eGFP (SGEP-Renilla)
(84) or tdTomato (QCXIP-tdTomato, Clontech #9136-1). tdTomato was derived from
vector p-tdTomato (Clontech #632531) and cloned into the Agel and EcoRI sites of
QCXIP retroviral vector. Both were and selected with 1ug/mL puromycin (Gibco

#A1113803) for 5 days.

Tissue and Organoid Cultures

Source of cell line and organoid: LNCaP cells were purchased from ATCC (#CRL-

1740™). VCaP cells were purchased from ATCC (#CRL-2876™). 22Rv1 cells were
purchased from ATCC (#CRL-2505™). LAPC4 cells were generated in the Sawyers
laboratory (85). MSK-PCa2 human prostate cancer organoid was generated by Gao et
al. at MSKCC (175). Trp53%2 and Rb1~2 mouse organoid were generated from GEMM
mice by introducing a lentiviral-expressing Cre recombinase (18). Pten”2-Rosa26-ERG

organoid was generated from GEMM mice (86).



Maintenance of cell line and organoid: All organoids were maintained according to

established organoid culture protocol (76). All cell lines and organoids were periodically
tested negative for mycoplasma (Lonza #LT07-318). Cell lines used in this study were
maintained in a 37°C and 5% CO: incubator. CWR22Pc, 22Pc-EP, 22Pc-CAF and
patient-derived primary CAF cells were cultured in RPMI-1640 with FBS (10%),
PenStrep (1%), L-glutamine (1%), sodium pyruvate (1%) and HEPES pH=7.6 (1%).
VCaP cells were cultured in DME-HG with FBS (10%), PenStrep (1%), L-glutamine
(1%), sodium pyruvate (1%) and HEPES pH=7.6 (1%). 22Pc-EP cells were cultured on
collagen I-coated plates. (Fisher Scientific #356450). All serums used in cell culture
came from Omega Scientific (FBS, #FB-11, #lot:101943; CSS, #FB-11, #lot: 761007).

Isolation of Primary CAFs: Isolation of cancer-associated fibroblasts (CAFs) from

mouse tumors or patient samples was performed using a previously established protocol
(87, 88). For patient-derived CAFs, human tissue acquisition and usage were conducted

under approved IRB protocol numbers: 12-001, 12-245, and 90-040.

Quantitative Co-Culture Assays

Day 1: 22Pc-EP®C"P (2500 cells/well) or 22Pc-EPCFP (2500 cells/well) plus 22Pc-
CAFUTemate (150 cells/well) were plated into black-walled, collagen | collated 96-well plate
(Corning™ #356700) to reduce fluorescent background. Day 2: Bicalutamide (10uM) or
Enz (1uM) or vehicle (DMSO) was added into each well in triplicates. Fresh media and
drugs were replaced every 3 days, and images were taken every 7 days using a ZEISS
ZEN Widefield microscope. Individual images were stitched using an automated
program from MetaMorph. Fluorescent intensity was quantified using MetaMorph
software (MetaMorph Inc). Assays were repeated with at least two independent

biological replicates.
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Conditioned Media Assays

Collection: Day 0: 4x106 CAFs or cancer cells were plated in a 10cm dish. Day 1:

cells were washed twice with PBS and replaced with serum-free media. Day 3: the first
batch of conditioned media was collected and replaced with serum-free media. Collected
conditioned media was filtered with a 0.45uM filter (Millex, #SLHA033SS) to remove cell
debris and then stored at 4°C. Day 5: the second batch of conditioned media was
collected and filtered. Media from the first and second collections were combined and
then concentrated to a 10x (for assays) or 50x stock (for purification) using Vivaspin™
protein concentrator spin columns (Sartorius #VS15T02, #VS6002). Concentrated
conditioned media could be stored at 4°C for 2 weeks, or up to 6 months at - 80°C
without significant activity loss.

Antiandrogen Assay: Day 0: 22Pc-EP (3000 cells/well) or VCaP (5000 cells/well)

were plated in 96-well plates. Day 1: conditioned media (10x) was mixed with 10%FBS-
containing media at a 1:1 ratio. Antiandrogens (Enz 0.1uM or Bic 10uM) or DMSO was
added into the culture (1:1000 dilution). Day 4: media and drugs in each well were
replaced. Day 7: cell viability/number was measured by CellTiter-Glo luminescent cell
viability assay (Promega #G9243). All assays were repeated in at least two independent
biological replicates.

Androgen Deprivation Assay: Day 0: 22Pc-EP (3000 cells/well), VCaP (5000

cells/well), LAPC4 (5000 cells/well) or MSK-PCa2 (3000 single-cell organoids/well) cells
were plated in 96-well plates. Day 1: conditioned media (10x) was first diluted with
serum-free media into a working solution (2.5x) and then mixed with 10% CSS media
(charcoal-dextran stripped FBS, hereafter CSS) at a 1:1 ratio. The final experimental
media contains 5% CSS and 1.25x conditioned media. For MSK-PCa2, CSS media was

replaced with DHT- and EGF- deficient human prostate organoid media. Day 4: cell
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viability/number was measured by CellTiter-Glo luminescent cell viability assay
(Promega #G9243).

Antiandrogen (enzalutamide or bicalutamide) assay: Day 0: 22Pc-EP (3000

cells/well), VCaP (5000 cells/well), LAPC4 (5000 cells/well) or MSK-PCa2 (3000 single-
cell organoids/well) cells were plated in a 96-well plate in triplicates. Day1: conditioned
media (10x) was first diluted with serum-free media into a working solution (2.5x) and
then mixed with 10% FBS media at a 1:1 ratio. The final experimental media contains
5% FBS and 1.25x conditioned media (For MSK-PCa2, FBS media was replaced with
DHT- and EGF- deficient human prostate organoid media). The mixture was added into
the 96-well plate (100uL/mL). Antiandrogen (Enz or Bic) or Veh (DMSO) was also added
to the plate. Day 4: media and drug were replaced. For growth curve analysis (Figure 2.
Development of an androgen-dependent CWR22Pc system to model tumor-stroma
interaction.E,F), cell viability/number was measured by CellTiter-Glo luminescent cell
viability assay (Promega #G9243). Day 7: for viability assay or growth curve analysis,
cell viability/number was measured by CellTiter-Glo luminescent cell viability assay
(Promega #G9243). Enz dosage: 22Pc-EP (0.1uM), VCaP and MSK-PCa2 (1uM),
LAPC4 and 22Rv1 (10uM). Bic dosage: 22Pc-EP (10uM).

RTK Signaling: Day 0: 22Pc-EP (106 cells/well) cells were plated in a 6-well plate.

Day 1: cells were serum-starved for 1hr with serum-free RPMI-1640 media and
stimulated with conditioned media for 10 minutes in a 37°C and 5% CO2 incubator.
10%FBS and serum-free RPMI-1640 media were used as control. Cells were then
washed with cold PBS on ice and lysates were collected for western blot. The following
experimental procedure can be found in western blot method section.

Growth Factor Assay: The procedure was the same as Conditioned Media Assay

but growth factors were added directly into the cell culture with corresponding culture
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media. Growth factors used were listed: NRG1 (Cell Signaling Technology #5218) and

EGF (Stemcell Technology #78006.1).

Cell and Organoid Growth Assay

2D-cell growth: CellTiter-Glo luminescent cell viability assay (Promega #G9243) was

carried out in a 96-well plate format per manufacturer’s instructions. The luminescent
signal representing the relative number of cells was recorded as RLU (relative light units)
according to the manufacturer’s instructions. CellTiter-Glo 2.0 reagent was aliquoted into
working solutions, stored at - 80°C and thawed to room temperature at each assay time
point. Equal volume of reagent was added into each well of 96-well plates using a
multichannel pipette. Plates were incubated in room temperature on an orbital shaker for
10 minutes to stabilize the reaction. Luminescence was read by GloMax 96 Microplate
Luminometer. Cells were seeded in 100ul/well of media in triplicate per condition on day
0 and media was replaced every 3 days. The baseline level of luminescence that was
measured on day 1 was subtracted from each corresponding plate at other time points to
determine the relative cell growth (increase in luminescence signal). All growth assays
were repeated in at least two independent biological replicates.

3D-organoid growth: Human and mouse organoids were trypsinized into a single-

cell solution and counted. MSK-PCa2 (5000 cells), Trp53-KO (2000 cells), Rb1-KO
(2000 cells) or PTENA/A -Rosa26-ERG (2000 cells) single organoids were seeded in
4x15ul Matrigel domes (Corning #356231) in a 48-well plate with 300ul organoid culture
media and media was replenished every 3 days. After 6 days, the media was withdrawn
and 100yl cell recovery solution (Corning #354253) was added. The organoid plate was
then incubated at 4°C on a rotator for 60 minutes. Equal volume (100pl) of CellTiter-Glo
reagents (Promega #G7571) was added into the organoid suspension, mixed and

incubated in room temperature on an orbital shaker for 15 minutes to stabilize the
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reaction. A total of 200pl reaction volume was transferred to a 96-well plate for CellTiter-

Glo assay.

Xenograft Experiment

For CWR22Pc, 22Pc-EP and VCaP xenograft experiments, 2 x 106 cells were
mixed into a 50% Matrigel suspension (Corning #356237) and injected subcutaneously
(100ul/injection) into flanks of castrated male C.B-17 SCID mice at age 6-8 weeks
(Taconic). For co-injection experiments, 5 x 105 22Pc-EP-°®" and 5x 105 22Pc-CAF-
tdTomate calls were mixed and grafted into the mice of the same genetic background. For
all xenograft experiments, 5 mice per group were grafted at both flanks (10 tumors per
group). Tumor measurement began when tumors became palpable and were performed
weekly using the tumor measuring system Peira TM900 (Peira bvba, Belgium). For drug
treatment experiments, 20mg/kg neratinib (0.5% methylcellulose + 0.4% Tween80) was
given by oral gavage 5 times a week. 20mg/kg AMG888 (PBS) was given by
intraperitoneal injection twice a week. 25mg/mL YW538.24.71 (PBS) was given by
intraperitoneal injection once a week. All animal experiments were approved by the

Institutional Animal Care and Use Committee (IACUC) at Memorial Sloan Kettering

Cancer Center.

Clinical Specimen

General information: Human tissue acquisition and usage were performed under

approved IRB protocol numbers: 12-001, 12-245, and 90-040. Patient information was
de-identified prior to any analysis. For prostate tissue microarray staining, archival
formalin-fixed paraffin-embedded (FFPE) material was used under an IRB-approved
protocol (15-331). For hormone naive primary prostate adenocarcinoma tissues (20

patients in total), tumor tissue was obtained from radical prostatectomy specimens. The
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Gleason scores ranged from 7 (3+4) to 9 (4+5). For neoadjuvant ADT treated primary
prostate adenocarcinoma tissues (23 patients in total), tumor tissue was obtained from
radical prostatectomy specimens after neoadjuvant ADT treatment. The Gleason scores
ranged from 7 (3+4) to 10 (5+5). Please refer to detailed information in supplementary
table 1. Each case was represented at least in duplicate (two cores per case) on the
TMA. Most cases were represented in triplicate (three cores per case).

NRG1 Immunohistochemistry Analysis: NRG1 antibody (1:200, Cell Signaling
Technology #2573) was used in human tissue immunohistochemistry. Human NRG1
immunohistochemistry was performed by the Department of Pathology at MSKCC using
the anti-NRG1 antibody (Cell Signaling Technology #2573) at a 1:200 dilution, on a bond
[Il automated immunostained (Leica Microsystems, IL, USA). Formalin-fixed paraffin-
embedded (FFPE) tissue sections were de-paraffinized and endogenous peroxidase
was inactivated. Antigen retrieval was performed using the Bond Epitope Retrieval
Solution 1 (ER1) at 99-100°C for 60 minutes (Leica Microsystems). Sections were then
incubated sequentially with the primary antibody overnight, post-primary for 15 minutes
and polymer for 25 minutes, followed by a 10-minute colorimetric development with
diaminobenzidine (DAB) (Bond Polymer Refine Detection; Leica Microsystems). FFPE
material from CHL-1 human melanoma cell line xenografts with known levels of NRG1
was used as positive controls. FFPE materials from an SKBR3 human breast cancer cell
line that do not express NRG1 were used as negative controls. IHC staining result was
evaluated by a pathologist with experience in genitourinary pathology (A.G.). NRG1
expression was considered positive when there was cytoplasmic membranous or
granular staining in the tumor or stromal cells. NRG1 staining intensity was scored
following a three-tiered system (negative=0, weak=1, and strong=2). The
immunohistochemistry detection of anti-human a-SMA and vimentin antibody were

performed at the Molecular Cytology Core Facility at Memorial Sloan Kettering Cancer
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Center using Discovery XT processor (Ventana Medical Systems). Tissue microarrays
were purchased from US Biomax (#PR243d and #PR481). The tissue sections were
blocked first for 30 min in MOM Blocking reagent (Vector Labs; #: MKB-2213) in PBS. A
mouse a-SMA antibody (Sigma #A5228) was used in a 1 ug/mL concentration and
incubated for 3 hours and followed by 30 minutes incubation with biotinylated anti-mouse
secondary (M.O.M. Kit, Vector Labs, #BMK-2202), in 1:200 dilution. The Blocker D,
Streptavidin- HRP and DAB detection kit (Ventana Medical Systems) was used
according to the manufacturer’s instructions. For vimentin; the tissue sections were
blocked first for 30 min in mouse IgG Blocking Reagent (Vector Labs; #MKB-2213) in
PBS. The primary antibody incubation (mouse vimentin anti-human antibody (Vector Lab
#VP-V684, concentration 0.1ug/mL) was done for 3.5 hours and was followed by a 52-
minute incubation of biotinylated mouse Secondary (M.O.M. Kit, Vector Labs, #BMK-
2202), in 1:200 dilution. The Blocker D, Streptavidin-HRP and DAB detection kit

(Ventana Medical Systems) were used according to the manufacturer’s instructions.

CRISPR-Cas9 Gene Targeting with Retroviral Transduction

CRISPR-Cas9: Ten pairs of guides against the EGF-like domain of mouse NRG1

(exon2 or exon3) were designed using the guide design tool found here:

(https://zlab.bio/guide-design-resources/) with the input of mouse Nrg1 EGF-like domain

sequence “AAGTGTGCGGAGAAGGAGAAAACTTTCTGTGTGAATGGAGGCGAGTGC
TTCATGGTGAAGGACCTGTCAAACCCCTCAAGATACTTGTGCAAGTGCCCAAATGA
GTTTACTGGTGATCGTTGCCAAAACTAC” After CRISPR-deletion efficiency validation,
we chose 4 pairs for functional experiments. Guide sequences were cloned into the
Lentiviral CRISPR/Cas9 vectors that were previously described (29, 45).

Retroviral Transduction: Lentiviral or retroviral transduction of cells for gRNA was

performed as previously described (29). Cells were selected with 1ug/mL puromycin for
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5 days or with 10ug/mL blasticidin for 5 days. To generate Nrg1-KO 22Pc-CAF,
transduced cells were first selected with blasticidin for Cas9-expression and then sorted
by flow cytometry to enrich for the mRFP-positive population carrying the gRNA against

mouse Nrg1.

Western Blot

Cell lysates were collected using M-PER Mammalian Protein Extraction Reagent
(Thermo Fisher Scientific # P178501), in the presence of 1% protease inhibitor cocktail
set (Calbiochem/EMD #539134) and 1% phosphatase inhibitor cocktail set (Millipore
#524636). For tumor tissues, T-PER Tissue Protein Extraction Reagent (Thermo Fisher
Scientific #78501) was used. Protein concentration was measured with Pierce™ BCA
Protein Assay Kit (ThermoFisher #23225) following the manufacturer’s instructions.
Three volumes of proteins were mixed with 4x NUPAGE LDS Sample Buffer (Thermo
Fisher Scientific #NP0008) and boiled at 95°C for 5 minutes. Boiled protein samples
were stored at -80°C until usage. Proteins were run on pre-cast gels (Invitrogen). A full-
range Rainbow protein marker was used (Fisher Scientific #RPN80OE). Gels were run
using 1x MOPS running buffer (Teknova #M1088) at 150 volts. Gels were transferred
using a home-made 1x transfer buffer. Nitrocellulose membrane paper (Immobilon
#IPVH00010) was used for transfer and was activated in 100% methanol (Fisher
Scientific #A412-20). The transfer was performed at 4°C for 1.5 hours at 90 volts and the
membrane was then blocked with 5% non-fat milk for 1 hour prior to the addition of
primary antibody. The membrane was washed with 1X TBST (Teknova #T9511).

Antibodies used were listed in detail in the Key Resources Table.

Therapeutic Antibody
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YW538.24.71 was acquired from Genentech through an MTA request (ID #OR-
216518). AMG888 (89) was kindly provided by Dr. Sarat Chandarlapaty at Memorial

Sloan Kettering Cancer Center.

Column Purification of Conditioned Media

50x conditioned media from 22Pc-CAF was collected as described above. Total
5ml (50x) conditioned media was first diluted into 20ml with buffer A (20mM Hepes, pH
7.5, 15mM NaCl) as Input and injected into HiTrap Q HP anion exchange
chromatography column (GE Healthcare #17115401). 500yl of Input was saved for
future analysis. During sample loading, 5ml of flow-through (FT) was collected and
saved for further analysis. After samples were loaded on the column, the first elution was
performed with 5% of buffer B (20mM Hepes, pH 7.5, 1M NaCl) for 5ml to remove
weakly bound proteins. A second elution was performed with 5ml of 30% Buffer B. 500ul
of Q30 was saved for future analysis. Concurrently, sample collection was initiated with
1ml per fraction. Then the third elution was performed with 5ml of 100% buffer B (Q100),
with 1ml/fraction. 500ul of Q100 was saved for future analysis. A total of 4.5ml from
fractions Q30 was pooled, dialyzed against Buffer A, and re-injected into a second
HiTrap Q HP anion exchange column. Gradient elution from 10% to 45% buffer B was
applied and 18 fractions were collected with 1ml / fraction. Then the final elution was
applied with 100% buffer B and 4 fractions were collected with 1ml/fraction. All fractions
were used immediately for assays, or stored short-term at 4°C and used within 1 week.
For protein analysis, a 4x loading buffer was added into each fraction and samples were

boiled at 95°C for 5 minutes.

Gene Expression Analysis by qRT-PCR
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Total RNA from live cells or frozen tissue was extracted using PureLink™ RNA Mini
Kit (Thermo Fisher Scientific #12183025) following the manufacturer’s instructions. RNA
was diluted into 200ng/pL with DEPC-treated water (Thermo Fisher Scientific #AM9916).
Reverse transcription was performed using the high capacity cDNA Reverse
Transcriptase Kit (Fisher Scientific, #4368813), following the manufacturer’s instructions.
The real-time quantitative qRT-PCR analysis was performed using the QuantiFast SYBR
Green PCR Kit (QIAGEN #204057) and with QuantStudio 6 Flex Real-Time PCR
System. Gene expression was normalized to ACTB or GAPDH. RT2 gRT-PCR Primer
Assays and QuantiTect Primer Assays from QIAGEN were used to perform all gene
expression analysis. Individual primers are listed in the Key Resource Table. To
distinguish mouse or human gene expression from xenograft tissue, we designed
human-specific qRT-PCR primers for ACTB: Forward-5-CACCAACTGGGACGACAT,
Reverse-5-ACAGCCTGGATAGCAACG and used mouse-specific qRT-PCR primers for
actb (QIAGEN #PPMO02945B-200). All gene expression assays were repeated in at least

two independent biological replicates.

RNA-Seq

Sample and Library Preparation for RNA-seq: 1x10° 22Pc-EP cells were plated in a

6-well plate, growing in regular RPMI-1640 containing 10% FBS. Enzalutamide (500nM)
or recombinant NRG1 peptide (10ng/mL) was added the next day. After 48 hours, cells
were trypsinized and collected by spinning at 500 g for 1.5 min at 4°C. Cells were then
washed once with cold 1X PBS and spun down at 500 g for 1.5 min at 4°C. After
discarding the supernatant, cells were lysed using 50 mL cold lysis buffer (10 mM Tris-
HCI pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL CA-360) and spun down
immediately at 500 g for 10 min, 4°C. RNA was extracted using PureLink™ RNA Mini Kit

(Thermo Fisher Scientific #12183025) following the manufacturer’s instructions. RNA
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was diluted into 200ng/pL with DEPC-treated water (Thermo Fisher Scientific #AM9916).
RNA-Seq libraries were prepared using the lllumina TruSeq stranded mRNA kit, with 10
cycles of PCR amplification, starting from 500 ng of total RNA, at the Genome
Technology Center (GTC) at New York University Langone Medical Center. Barcoded
RNA-Seq was run as paired-end read 50 nucleotides in length on the lllumina NovaSeq
6000 and Poly-A selection was performed.

Raw Data Processing and Quantification: For each read, the first 6 and the last

nucleotides were trimmed to the point where the Phred score of an examined base fell
below 20 using in-house scripts. If, after timming, the read was shorter than 45 bp, the
whole read was discarded. Trimmed reads were mapped to the human reference
genome (hg38) with HISAT2 v2.1.0 indicating that reads correspond to the reverse
complement of the transcripts. Alignments with a quality score below 20 were excluded
from further analysis. Gene counts were produced with StringTie v1.3.3b and the Python
script “prepDE.py” provided in the package. StringTie was limited to reads matching the
reference annotation GENCODE v27. After obtaining the matrix of reading counts,
differential expression analysis was conducted, and normalized counts were produced
using DESeq2. P-values were adjusted for multiple testing using the Benjamini-
Hochberg procedure.

AR Signature: A list of Enz suppressed genes in 22PC-EP was used to construct
an AR signature gene list (DMSO versus Enz condition, log2 fold change>2 or <-2,
adjusted p-value < 0.05). Top 24 ranking genes were selected. GP2 (ranking=25th, log2
fold change=1.996, adjusted p value=3.71x10-5) and FKBP5 (ranking=26th, log2 fold
change=1.972, adjusted p value=2.31x10°") adjusted p value=2.31x10°") were also
included in this AR signature gene list. The final AR signature consists of 26 genes. AR

output score was calculated by the quantification of the composite expression of this 26-
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gene signature in each condition following method in TCGA (27) AR score with two other
AR signature gene lists was calculated similarly (42, 90).

GO Term Enrichment Analysis: Gene Ontology Enrichment Pathway analysis was
performed using PANTHER to determine molecular and biological functional categories
that were enriched in both AR and NRG1 co-activated genes. The input gene lists were
generated from the overlapping of differentially up-regulated genes in two comparisons
based on adjusted p value<0.05 (FBS+Enz compared to FBS+DMSO, FBS+NRG1
compared to FBS+DMSO) which consists of 303 genes in total. 303 genes were further
filtered by log2 Fold Change>0.5. Cutoff values of FDR<0.05 were used to select top
enriched pathways.

Gene Set Enrichment Analysis (GSEA): GSEA statistical analysis was carried out

with publicly available software from the Broad Institute
(http://www.broadinstitute.org/gsealindex.jsp). Weighted GSEA enrichment statistic and
Signal2Noise metric for ranking genes were used. RNA-seq data have been deposited in

the Sequence Read Archive (SRA) with the accession numbers GSE147976.

Stroma Gene Signature and Pathway Enrichment Analysis in Patients

Analysis in primary prostate cancer patient cohort was performed in cBioportal.org
and Python environment using The Cancer Genome Altas (TCGA) database (Cancer
Genome Atlas Research, 2015) database (Cancer Genome Atlas Research, 2015;
Cerami et al., 2012; Gao et al., 2013). Reactive prostate stroma signature gene list was
obtained from Dakhova et al., and was used to calculate a reactive stromal signature
score(917). High-grade prostate tumor-associated stroma gene list was obtained from
Tyekucheva et al., and was used to calculate high-grade tumor stroma signature
score(2). All tumor-stroma signature score was calculated using the same method as in

Tyekucheva et al.,(2). Specifically, we used the ssGSEA algorithm to assign an

21



enrichment score of genes in each gene list above for each sample. We compared the
ssGSEA score of high-grade tumor stroma signature and reactive stroma signature in
patients stratified by histology (tumor vs normal) and Gleason score (low (<7) vs high
(>=7)). Higher ssGSEA scores correspond to more joint upregulation of genes in each
signature. Gene signatures were subsetted to the genes measured in the TCGA dataset.
Differential gene expression analysis was first performed between patients with high
reactive stroma scores and low reactive stroma scores. (p value<0.05) GO-term pathway
enrichment analysis was then performed with the list of differentially expressed genes. (p
value< 0.05, FDR<0.25). Gene set enrichment analysis was performed with GSEA
version 4.0.0 from the Broad Institute at MIT. Tumor purity was calculated using the

ABSOLUTE method(92).

Time on Drug Treatment Analysis with NRG1 Signature

Processed 444 SU2C metastatic prostate cancer patient cohort (30). RNA-seq
data and enzalutamide/abiraterone treatment data were downloaded from cBioPortal
(http://www.cbioportal.org/). 128 patients of this cohort with metastatic CRPC have
baseline biopsy and matched clinical data. 75 patients of this 128 sub-cohort have gene
expression data captured by poly-A RNA-seq. 56 patients of these 75 sub-cohort have
records of time on treatment with either enzalutamide or abiraterone. NRG1 signature
gene list was obtained from Nagashima et al., and calculated using the Single Sample
Gene Set Enrichment Analysis (ssGSEA) method(93). Histogram of NRG1 signature
score distribution was generated with the Seaborn package in Python. The probability of
treatment duration figure was generated using the Kaplan Meier method and Log-Rank
test implemented in the Lifelines package in Python. Pearson correlation analysis was

conducted between time on first-ARSI (androgen receptor signaling inhibitor) and NRG1
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signature score (p = 0.005). Cox Hazard Ratio analysis was performed by R Studio

(Version 1.1.453).

Quantification and Statistical Analysis

GraphPad Prism 8.0 was used for statistical calculations. For all comparisons
between two groups of independent datasets, multiple t-tests were performed, p-value
and standard error of the mean (SEM) were reported. For all comparisons among more
than two groups (>2), one-way or two-way ANOVA was performed, p values and SEM
were reported; and p values were adjusted by multiple testing corrections (Bonferroni)
when applicable. Results from all in vitro assays are representatives of at least two
independent biological repeats. In all figures, not significant (n.s), p < 0.05 (*), p < 0.01
(**), p<0.001 (***) and p < 0.0001 (****). The usage of all statistical approaches was
examined by our bioinformatics collaborators. All bioinformatics analyses and

comparisons are described in detail below.
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CHAPTER1

1.1 Introduction

In prostate cancer, the reactive stroma is characterized by expression of tenascin
and fibroblast activating protein (FAP), with extensive matrix remodeling as evidenced
by collagen deposition. A major component of the reactive prostate stroma is the
myofibroblast, defined as a-SMA/vimentin double-positive cells (94, 95). Despite distinct
molecular and histological features of reactive prostate stroma, their role in mediating
resistance to AR-targeted therapy is not well studied. Here we first characterized
reactive stroma activity in prostate cancer patients in TCGA and found reactive stroma
activity is significantly higher in cancer versus normal prostate gland and is associated
with more advanced disease. Results from pathway enrichment analysis suggest

reactive stroma may be functionally different from the normal prostate stroma.

1.2 Reactive stroma in prostate cancer

Using a prostate-specific reactive stroma gene signature (97), we first examined the
prostate cancer TCGA dataset for associations with cancer and with tumor grade. The
reactive stroma score was significantly higher in tumor samples compared to the normal
prostate gland (p = 2 x 10°) (Figure 1A) and also in higher grade tumors (p = 2 x 10*)
based on Gleason score (Figure 1B). This association was confirmed using a second
signature enriched for genes expressed in high-grade tumor-associated stroma (2) (p =
3 x 10°®) (Figure 1C). We further validated the association of reactive stroma with
primary prostate cancer using immunohistochemical staining for a-SMA and vimentin in
an independent cohort from MSK (Figure 1D-H). Notably, PI3K-AKT-mTOR and RTK
signaling were among the top pathways enriched in high-stroma score patients based on

gene set enrichment analysis (GSEA) of the TCGA dataset (Figure 11).
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1.3 Model tumor-stroma interaction using a CWR22Pc model

To follow up on these clinical associations, we modeled tumor-stroma interaction
using the patient-derived xenograft model CWR22Pc which is initially castration-
sensitive but can progress to castration-resistance (7). We found that a cell line derived
from this model has a population of murine fibroblasts. To obtain a pure epithelial
population, we used flow cytometry with species-specific antibodies against surface
antigens to individually purify human cancer (epithelial) cells from the mouse fibroblasts,
which we named CWR22Pc-EP hereafter called 22Pc-EP (29) and CWR22Pc-CAF
(22Pc-CAF), respectively (Figure 2A,B). Interestingly, when 22Pc-EP cells were isolated
from 22Pc-CAF, acquisition of bicalutamide (Bic) resistance was substantially delayed
compared to the mixed epithelial/fibroblast parental CWR22Pc population (152 versus
48 days) and enzalutamide (Enz) resistance was never observed (Figure 3A,B). Based
on this observation, we hypothesized that CAFs may contribute to the acquisition of an
antiandrogen resistant state.

We next developed a co-culture assay to model CAF/cancer cell interactions in vitro
and in vivo. We labeled 22Pc-EP with eGFP and 22Pc-CAF with tdTomato using viral
transduction (Figure 3H). 22Pc-EPe®"" cells were cultured either with or without 22Pc-
CAFUTemae cells in the presence of vehicle, Bic, or Enz and eGFP fluorescence intensity
was measured to quantify the relative 22Pc-EP cell number (Figure 3C). We observed
significantly more 22Pc-EP®®"F cells in the co-culture condition following antiandrogen
treatment but no difference with vehicle treatment (Figure 3D-F). Thus, the CAFs confer
a pro-growth/survival signal to 22Pc-EP cells only in the setting of AR blockade. We
then evaluated whether 22Pc-CAF also promotes castration-resistance in vivo. To this
end, we first grafted parental CWR22Pc (with CAFs) or 22Pc-EP (without CAFs) into

castrated male mice to mimic the clinical scenario of chronic androgen deprivation
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therapy (ADT) and found that parental CWR22Pc tumors grew significantly faster than
22Pc-EP (Figure 3G). To further test the contribution of CAFs to castration-resistance,
22Pc-EP®°FP cells were grafted into castrated mice with or without 22Pc-CAF' o™ cells.
Like the CAF-containing parental CWR22Pc, 22Pc-EP tumors grew significantly faster
when co-injected with CAFs (Figure 3l). Analysis of tumors from the co-injection group
by immunofluorescence (of eGFP or tdTomato) revealed infiltration of 22Pc-CAF in the
tumor mass, suggestive of interactions between CAFs and adjacent tumor cells in vivo
(Figure 3J). Taken together, these data establish that 22Pc-CAF can promote

antiandrogen and castration-resistance of 22Pc-EP.

1.4 CAF-secreted factors promote antiandrogen resistance

We posited that the growth-promoting effects of CAFs on cancer cell growth during
antiandrogen treatment could be occurring through two possible mechanisms: fibroblast-
epithelial cell-to-cell contact or secretion of CAF-derived soluble factors. To test the latter
hypothesis, we collected conditioned media from either 22Pc-CAF (22Pc-CAFM) or
22Pc-EP (22Pc-EP®M) and tested their ability to stimulate the growth of 22Pc-EP cells
treated with androgen deprivation (modeled by the use of 5% charcoal-dextran stripped
FBS, hereafter CSS) or antiandrogens (Bic or Enz). 22Pc-CAF“M promoted resistance
of 22Pc-EP to CSS and antiandrogens, while 22Pc-EPM or serum-free media (negative
control) did not (Figure 4A,B), indicating that one or more soluble factor(s) secreted by
CAFs was responsible for growth. Furthermore, concentrating the 22Pc-CAF™ by 2-4
folds increased the resistance promoting activity, suggesting a dose-dependent effect
(Figure 5A). Exposure of 22Pc-CAFM to either heat (95°) or proteinase K abolished the
ability of 22Pc-CAF°M to rescue the growth phenotypes (Figure 4C,D and Figure 5B),
suggesting that the soluble factors responsible for the promotion of resistance were

proteins. 22Pc-CAFM also promoted resistance to CSS and Enz in two additional
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androgen-dependent human prostate models, the VCaP cell line and the patient-derived
cancer organoid MSK-PCa2 (Figure 4I-L).

AR signaling is critical for prostate oncogenesis, and AR pathway reactivation in
advanced PCa is one of the primary mechanisms of acquired resistance to AR targeted
therapies (7). Therefore, we next asked if secreted protein factors from 22Pc-CAF
reactivate AR signaling in 22Pc-EP even in the presence of Enz. We observed sustained
growth of 22Pc¢-EP cells in CSS or in Enz in the presence of 22Pc-CAFM (Figure 2E,F).
Notably, several canonical AR target genes remained suppressed despite abundant AR
mRNA expression (Figure 4G,H and Figure 6C). Collectively, these results suggest that
secreted protein factors from 22Pc-CAF promote antiandrogen resistance in 22Pc-EP

through a mechanism that does not immediately result in AR reactivation.

1.5 Summary

Using the CWR22Pc system to model tumor-stroma interaction in vitro and in vivo,
we found 22Pc-CAF promotes antiandrogen and castration resistance through secretion
of unknown protein factors. This finding was subsequently validated in additional cell
lines and organoid models. We will move forward in the next chapter to identify such

resistance-promoting protein factors from 22Pc-CAF.
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Figure 1. Reactive stroma in localized prostate cancer is associated with higher
tumor grade and PI3BK-AKT pathway activation.

(A) Comparison of reactive prostate stroma score between normal prostate tissue and
primary prostate cancer tissue in TCGA cohort, p value=2x10%. See details in methods.
(B) Comparison of reactive prostate stroma score between tumors with Gleason score
<7 and those >=7, p value=2x10*. See details in methods. (C) Comparison of high-
grade tumor associated stroma signature score between tumors with Gleason score <7
and those >=7 , p value=3x10°. See details in methods. (D-E) Quantification of
immunohistochemistry analysis of a-SMA (D) or vimentin (E) in the prostate tissue array
using Imaged IHC profiler plugin (**p<0.01, Student’s t-test, error bar presentstSD). (F)
Quantification of stroma-specific vimentin intensity in the prostate cancer tissue
microarray. ****p<0.0001, Student’s t-test, error bar presents+SD. (G) Histogram
showing distribution of vimentin intensity case numbers in the prostate cancer tissue
microarray (1=mild, 2=moderate and 3=strong). (H) Immunohistochemistry analysis of a-
SMA and vimentin in normal prostate gland and prostate cancer specimens in the
prostate cancer tissue microarray. (I) Pathway enrichment analysis showing top-ranking
enriched pathways between tumors with high reactive stroma activity versus those with
low reactive stroma activity in TCGA cohort (p value<0.05, FDR<0.25).
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Figure 3. Cancer-associated fibroblasts (CAF) promote antiandrogen resistance in
CWR22Pc.

(A) Bar graph showing time to development of resistance to Bic (10uM) or Enz (1uM) in
CWR22Pc and 22Pc-EP. Asterisk (*) denotes that 22Pc-EP remain growth arrested on day
229 in Enz. (B) Representative images showing results of colony formation assay of CWR22Pc
and 22Pc-EP cells treated with Veh (DMSO), Bic (10uM) or Enz (0.1uM) on day 50. (C) Top:
Cartoon showing 22Pc-EP®C"P + 22Pc-CAF'T°Ma co-culture or 22Pc-EP°°FP mono-culture.
Bottom: Fluorescent images of co-culture assay showing number of 22Pc-EP*®FP cells (green)
and 22Pc-CAF"Tma® ce|ls (red) in the presence of Bic (10uM), Enz (1uM) or Vehicle (Veh,
DMSO) on day 30 (triplicates). (D-F) Quantification of eGFP fluorescence signal intensity using
relative fluorescence unit (RFU) in three experimental conditions (Veh, Bic or Enz) shown in C
(**p<0.01, *p<0.05, n.s: not significant. Student’s t-test, error bar represents £SD). (G) Growth
of CWR22Pc or 22Pc-EP tumor xenografts in castrated mice (n=5 mice per group, **p<0.01,
multiple t-test, error bar represents +SEM). (H) Schematic of the generation of 22¢c-EP*®"* and
22Pc-CAF'Toma by viral transduction. (1) Tumor volumes of 22Pc-EP®CFP or co-injected 22c¢-
EP°®CFP + 22Pc-CAF'Temae yenografts at week 10 (n=5 mice per group, *p<0.05, Student’s t-
test, error bar presents +SEM). (J) Immunofluorescence analysis of tumor infiltrating 22Pc-
CAFUTomate cejlg in 22¢-EP®CFP + 22Pc-CAF™Ma co-injected xenografts at week 10 (Green:
22¢-EP°®FP Red: 22Pc-CAFTomate)
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Figure 4. CAF-secreted factors promote antiandrogen resistance in multiple
models.

(A) Growth of 22Pc-EP cells in CSS media supplemented with either conditioned media
from 22Pc-EP (hereafter, 22Pc-EPM) or from 22Pc-CAF (hereafter, 22Pc-CAFM).
CellTiter-Glo reading on day 4. Media Ctrl: serum free media. (B) Growth of 22Pc-EP
cells in FBS media supplemented with either 22Pc-EPM or 22Pc-CAFM treated with
Veh (DMSO), Bic (10uM) or Enz (0.1uM). CellTiter-Glo reading on day 7. Media Ctrl:
serum free media. (C) Growth of 22Pc-EP cells in CSS media supplemented with either
heat-inactivated 22Pc-EPM or 22Pc-CAF®M. CellTiter-Glo reading on day 4. Media Cirl:
serum free media. (D) Growth of 22Pc-EP cells in FBS media supplemented with heat-
inactivated 22Pc-EPM or 22Pc-CAF treated with Veh (DMSO), Bic (10uM) or Enz
(0.1uM). CellTiter-Glo reading on day 7. Media Ctrl: serum free media. (E) Growth curve
of 22Pc-EP cells in CSS media supplemented with 22Pc-EPM or 22Pc-CAFM. CellTiter-
Glo reading on day 1, 4, 7 and 10. (F) Growth curve of 22Pc-EP cells in FBS media
supplemented with 22Pc-EPM or 22Pc-CAFM treated with Enz (0.1uM). CellTiter-Glo
reading on day 1, 7 and 10. (G) gRT-PCR analysis of AR target genes in 22Pc-EP cells
in CSS media treated with Veh (DMSO), DHT (1nM) or 22Pc-CAF™ for 24 h
(normalized to ACTB). (H) gqRT-PCR analysis of AR target genes in 22Pc-EP cells in
FBS media treated with Veh (DMSO), Enz (0.1uM) or Enz + 22Pc-CAF*M for 24 h
(normalized to ACTB). (I) Growth of VCaP cells in CSS media supplemented with 22Pc-
CAFM, CellTiter-Glo reading on day 4. Media Ctrl: serum free media. (J) Growth of
VCaP cells in Enz (1uM) or Veh (DMSO) containing FBS media supplemented with
22Pc-CAF®M. CellTiter-Glo reading on day 7. Media Ctrl: serum free media. (K) Growth
of patient-derived cancer organoid MSK-PCa2 in DHT-depleted organoid media
supplemented with 22Pc-CAFM. CellTiter-Glo reading on day 4. Media Ctrl: EGF-
deficient organoid media. (L) Growth of patient-derived cancer organoid MSK-PCa2 in
Enz (1uM) or Veh (DMSO) containing human organoid media supplemented with 22Pc-
CAF®M. CellTiter-Glo reading on day 7. Media Ctrl: EGF-deficient organoid media.
(****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, n.s: not significant, Student’s t-test, error
bar represents +SD)

33



x>
@

XRX *
5 2
S 4 S
X x 15
o} )}
g 3 3
3 N
E 2 €
> >
=z =z
T 1 3 05
o Y
Or .
Medialx 2x 4x - 4+ 4 4 22Pc-CAF™M

+ - proteinase K-Active
-+ proteinase K-Inactivated

trl -
22Pc-CAF™M L

Figure 5. Resistance-promoting factors from CAF are likely to be protein.

(A) Growth of 22Pc-EP cells in CSS media supplemented with increasing concentration of
22Pc-CAF (1x, 2x and 4x). CellTiter-Glo reading on day 4. Media Ctrl: serum free
media. (B) Growth of 22Pc-EP cells in CSS media supplemented with 22Pc-CAFM
treated with proteinase K (200ug/mL) or heat-inactivated proteinase K. CellTiter-Glo
reading on day 4. Media Ctrl: serum free media. (***p<0.001, *p<0.05,, Student’s t-test,
error bar represents +SD)
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Figure 6. Canonical AR targets are not re-activated by CAF-secreted factors.

(A) gRT-PCR analysis of AR target genes in 22Pc-EP cells in CSS media treated with
Veh (DMSO), DHT (1nM) or 22Pc-CAF®M for 24 hr (normalized to ACTB). (B) qRT-PCR
analysis of AR target genes in 22Pc-EP cells in FBS media treated with Veh (DMSO),
Enz (0.1uM) or Enz + 22Pc-CAF®M for 24 hr (normalized to ACTB). (D) Heatmap
showing unsupervised clustering with Growth Factor Binding gene signature between
tumors with high reactive stroma score and tumors with low score (TCGA). (E) Heatmap
showing unsupervised clustering using Transmembrane Receptor Protein Tyrosine
Kinase Activity signature between tumors with high reactive stroma score and tumors
with low score (TCGA). See details in methods.
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CHAPTER 2

2.1 Introduction

Cell-cell interactions usually occur by direct contact or through secreted factors
(paracrine or endocrine mechanisms). In the co-culture assay, we observed that
survived GFP-positive 22Pc-EP tumor cells are not necessarily spatially adjacent to
22Pc-CAFs. Therefore, we reasoned 22Pc-CAF may promote antiandrogen resistance
in 22Pc-EP through secreted factor(s) and we subsequently validated this hypothesis
through the conditioned media assay. Next, we seek to identify the potential protein
factor(s) from 22Pc-CAF. We also reasoned that by simply profiling the transcriptome of
22Pc-CAF, we may not be able to identify the resistance-promoting factor(s) due to a
low signal to noise ratio. Therefore, we decide to undertake a classical biochemical
purification approach as an enrichment strategy and aim to identify this resistance-

promoting activity.

2.2 Biochemical fractionation indicates neuregulin 1 (NRG1)

FM responsible for antiandrogen

To identify the key protein(s) present in 22Pc-CA
resistance we undertook a biochemical fractionation approach and analyzed the
resolved fractions in two parallel assays: (1) the 22Pc-EP growth assay as a readout of
antiandrogen resistance-activity; (2) activation of human receptor tyrosine kinases
(RTKs) in 22Pc-EP cells. The rationale for the RTK assay was based on prior work from
our group and others demonstrating that RTK activation enables pro-tumorigenic AR
bypass signaling in PCa(96-98). Furthermore, the GSEA of reactive prostate stroma
revealed growth factor binding and RTK activity as highly enriched pathways (Figure

6D,E).
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To carry out the purification, serum-free 22Pc-CAFM was collected, concentrated
and applied to a Q-Superose anion exchange column, from which we eluted two protein
peaks by using 30% and 100% high-salt buffer B (termed Q30 and Q100 respectively;
see STAR Methods for further detail) (Figure 7A). Resistance promoting activity resided
in fraction Q30, but not Q100 (Figure 7B). Further resolving of Q30 by gradient elution
on a Q-Superose column yielded fractions Q6-Q8 which promote 22Pc-EP growth in
CSS (Figure 7C). In parallel, results from an RTK array showed that 22Pc-CAFM
strongly activated HER2 and HER3 in 22Pc-EP (Figure 7D). This result, as well as
FGFR activation, was confirmed by western blot (Figure 7E,F). [We tested FGFR based
on recent data implicating FGF in CRPC (57).] Analysis of Q30 and its subfractions, as
well as Q100, for RTK activity revealed that HER3 (and downstream AKT)
phosphorylation activity was present in Q30 but not Q100, and specifically in the Q6-10
subfractions of Q30. The fact that the resistance promoting activity elutes in precisely the
same fractions as the HER3 phosphorylation activity (Figure 7G) suggests that two are
functionally linked.

To determine whether HERS3 activation contributes to resistance, we treated 22Pc-
EP cells with a clinical-grade blocking antibody to HER3 or with small molecule inhibitors
to HER2 (lapatinib and neratinib) or FGFR (AZD4547, BGJ398, PD173074). The HER3
blocking antibody and the HER2 kinase inhibitors blocked the resistance promoting
activity of 22Pc-CAF™ whereas FGFR inhibitors did not, despite the pharmacological
blockade of FGFR kinase activity (Figure 7H,I; Figure 8A-C). Since NRG1 (neuregulin-1)
is the principal ligand for HER3 (65), we next asked if NRG1 could be detected in active
Q subfractions. Indeed, we observed NRG1 protein exclusively in the active Q
subfractions (Q6-10) from 22Pc-CAFM (Figure 7G) but not in 22Pc-EP (Figure 7J,

Figure 9C). To determine if other neuregulin family members are also expressed, we
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measured mRNA levels of Nrg1-4 by qRT-PCR and found that Nrg1 is the dominantly
expressed neuregulin in 22Pc-CAF (Figure 9E).

Taken together, these data suggest that NRG1 acts in a paracrine manner to
activate HERS3 in tumor cells in vivo. Consistent with this model, Nrg1 mRNA levels
(detected using mouse-specific Nrg1 primers) are significantly elevated in parental
CWR22Pc tumor xenografts (which contain 22Pc-CAF) compared to 22Pc-EP tumors
(Figure 9A). To determine the spatial relationship between Nrg1-expressing mouse cells
and HER3-expressing tumor cells, we performed RNA in situ hybridization (RNA-ISH).
Using a murine-specific RNA-ISH probe, Nrg1 mRNA was detected in the stromal
compartment in both models (CWR22Pc and 22Pc-EP) but with a stronger signal in
parental CWR22Pc xenografts (Figure 9B, brown dots). No signal was detected using a
human NRG1 RNA-ISH probe, as expected (Figure 9D). To visualize the spatial
expression pattern of Nrg1 relative to HER3, we applied multi-color RNA-FISH staining
and found murine Nrg1 (green) co-localized with the stromal marker Vim (white) but not
with human HERS3 (red) staining (Figure 9F) providing further support for the model that
NRG1 expressed by tumor-infiltrating CAFs acts on cancer cells through a paracrine

mechanism.

2.3 Functional investigation of NRG1 in cell line, organoid and xenograft models
Having established that HER3 activation is required for the resistance promoting
activity of CAFs, we performed additional experiments to determine if NRG1 is the
responsible factor. NRG1 is known to have >30 isoforms, all of which share the
consensus EGF-like domain (64, 65). To determine if the loss of NRG1 in 22Pc-CAF
impairs their ability to promote resistance, we targeted the EGF-like domain of Nrg1
using CRISPR-Cas9 to disrupt all isoforms (Figure 10A). Conditioned media from

sgNrg1 22Pc-CAF had significantly reduced capacity to activate HER3/AKT
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phosphorylation and to promote resistance to CSS or Enz in 22Pc-EP compared with
conditioned media from 22Pc-CAF expressing a non-targeting sgRNA (Figure 10B-D).
As an independent confirmation of its essential role in conditioned media, we
immunoprecipitated NRG1 from the 22Pc-CAF™ and found that NRG1-depleted
conditioned media lost the ability to activate HER3-AKT and to promote resistance to
CSS (Figure 11A,B). A clinical-grade NRG1a/f neutralizing antibody YW538.24.71
(Genentech) also blocked the ability of 22Pc-CAFM to activate HER3/AKT as well as to
promote resistance of 22Pc-EP to Enz or CSS (Figure 10E-G), as did the clinical-grade
HERS3 blocking antibody AMG888 (Figure 10H-J). To determine if NRG1 itself was
sufficient to promote antiandrogen resistance in 22Pc-EP or if other ErbB RTK ligands
such as EGF could substitute for NRG1, we treated 22Pc-EP with increasing
concentrations of each. Recombinant NRG1 activated HER3/AKT and promoted
resistance to CSS or Enz in 22Pc-EP. EGF also induced AKT phosphorylation (without
inducing HERS3 phosphorylation) but was not sufficient to confer resistance (Figure 10K-
M). Recombinant NRG1 also promoted resistance to CSS or Enz in three additional
human prostate models (22Rv1, LAPC4 and VCaP) (Figure 11C-F) and in organoids
derived from three genetically engineered mouse models (P53-deficient, RB-deficient
and PTEN”2 -Rosa26-ERG) (Figure 11G-L).

Having established paracrine NRG1-HERS3 signaling as a primary driver of in vitro
resistance in these models, we next explored the physiological relevance of this
signaling using in vivo mouse xenograft models. We first documented increased levels of
NRG1 (stroma) and phospho-HERS3 (tumor cells) in lysates from CWR22Pc xenografts
grown in castrated mice compared to intact mice (Figure 12A,B). We then treated
established, castration-resistant CWR22Pc xenografts with a blocking antibody to HER3
(AMGB888) or a HER? kinase inhibitor (neratinib) and observed potent growth inhibition,

as well as tumor regressions with combination therapy (Figure 12C,D). The NRG1
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neutralizing antibody (YW538.24.71) also had potent antitumor activity in this assay,
given alone or in combination with neratinib (Figure 12E-G). We extended these findings
to a castration-sensitive model of CWR22Pc, showing that NRG1 blockade significantly
enhanced the antitumor effect of castration, either alone or in combination with neratinib
(Figure 12H,1). Corresponding analysis of tumor lysates confirmed the reduction of
pHERZ2/pHERS in mice treated with NRG1 or HER kinase inhibitors (Figure 12J-L).
Thus, the dependence of prostate tumor cells on stromal-derived NRG1 translates to in
vivo models and can potentially be exploited for therapeutic benefit using clinical-grade

inhibitors of the NRG1-HERS signaling axis.

2.4 Summary

In this chapter, we successfully identified the resistance-promoting factor NRG1
through the combination of biochemical fractionation and RTK array. We further
validated that NRG1 is both sufficient and required to promote antiandrogen and CSS
resistance across different cell lines, organoids and xenograft models. Moreover, we
also directly detected the spatial expression pattern of NRG1/Nrg1 in both xenografts
and in clinical specimens. Importantly, inhibition of NRG1-HERS3 signaling achieved a
potent anti-tumor effect, indicating a potential for further test and pre-clinical
development. We will begin to work out molecular mechanisms of NRG1 regulation and

its relationship with AR signaling in the next chapter.
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Figure 7. Biochemical fractionation of CAF-secreted resistance activity
implicates neuregulin 1.

(A) Schematics showing purification of resistance activity in 22Pc-CAF. (B)
Growth of 22Pc-EP cells in CSS media supplemented with purified fractions from
input (22Pc-CAF®M), Q30 or Q100. CellTiter-Glo reading on day 4. Ctrl: PBS. (C)
Growth of 22Pc-EP cells in CSS media supplemented with sub-purified fractions
(Q3-17) from Q30. CellTiter-Glo reading on day 4. Input: Q30, Ctrl: PBS. (D)
Human Receptor Tyrosine Kinase (RTK) array analysis of 22Pc-EP after stimulation
with either 10% FBS media, 22Pc-EP“M or 22Pc-CAF®™ or serum free media
control. (E) Western blot analysis of HER2/3-AKT activation in 22Pc-EP cell lysates
from S3A. B-actin serves as loading control. (F) Western blot analysis of HER3 and
FGFR activation in 22Pc-EP after stimulation with either FBS media, 22Pc-CAF®M,
Q30 or Q100. Ctrl: PBS. B-actin serves as loading control. (G) Western blot analysis
of HER3-AKT activation in 22Pc-EP after stimulation with different Q fractions and
analysis of secreted NRG1 in corresponding fractions. Ctrl: PBS, Input: Q30, FT:
Flow Through. Total AKT serves as loading control. (H) Western blot analysis of
HER3-AKT activation in 22Pc-EP after stimulation with 22Pc-CAF“M in the presence
of a commercial HER3 blocking antibody (10ug/mL, 30ug/mL) or IgG (30ug/mL).
Total AKT serves as loading control. (I) Growth of 22Pc-EP cells in CSS media
supplemented with 22Pc-CAFM treated with a commercial HER3 blocking antibody
(10pg/mL, 30ug/mL) or IgG (30ug/mL). CellTiter-Glo reading on day 4. Media Ctrl:
serum free media. (J) Western blot analysis of NRG1 from 22Pc-EP°™ or 22Pc-
CAFM (concentrated 1x, 10x, 20x or 50x). (****p<0.0001, ***p<0.001, **p<0.01,
*p<0.05, n.s: not significant, B,C: one-way ANOVA compared to Ctrl group, I:
Student’s t-test compared to anti-HER3 group, error bar represents +SD)
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Figure 8. NRG1-HERS3 axis but not FGFR activity mediates antiandrogen
resistance in 22Pc-EP.

(A) Western blot analysis of FGFR activation (pFRS2a) in 22Pc-EP cells after stimulation
with FGF1 or FGF2 (50ng/mL) in the presence of different FGFR inhibitors (AZD4547,
BGJ398 or PD173074, each at 1uM). Cyclophilin B serves as loading control. (B)
Western blot analysis of HER3-PI3K activation in 22Pc-EP cells after stimulation with
22Pc-CAFM in the presence of inhibitors of either AR (Enz: 0.1uM, 1uM), HER2
(lapatinib: 0.1uM, 1uM or neratinib: 0.1uM, 1uM), FGFR (AZD4547, BGJ398, PD173074;
each at 0.1uM, 1uM) or Veh (DMSO). Total AKT serves as loading control. Ctrl: serum
free media. (C) Growth of 22Pc-EP cells in CSS media supplemented with 22Pc-CAFM
in the presence of HER2 inhibitors (lapatinib: 1uM or neratinib: 0.1uM), FGFR inhibitors
(AZD4547,BGJ398, PD173074, each at 1uM) or Veh (DMSOQO). CellTiter-Glo reading on
day 4. Ctrl: serum free media (**p<0.01, *p<0.05, n.s: not significant, one-way ANOVA,
error bar represents +SD).
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Figure 9. NRG1 is expressed in the stroma of tumor xenografts.

(A) gRT-PCR analysis of Nrg1 expression in CWR22Pc or 22Pc-EP tumor xenografts
using mouse specific primers (**p<0.01, Student’s t-test. n=8 tumors in CWR22Pc group
and n=10 tumors in 22Pc-EP group). (B) Representative images showing RNA in situ
hybridization (ISH) analysis of mouse Nrg1 expression in CWR22Pc or 22Pc-EP tumor
xenografts. T: tumor, S: stroma, mouse specific Nrg1 probe: brown dots. (C) qRT-PCR
analysis of NRG1/Nrg1 expression in 22Pc-EP or 22Pc-CAF using species-specific
primers. NRG1/Nrg1 expression was normalized to ACTB/Actb. (D) Representative
images showing RNA in situ hybridization (ISH) analysis of human NRG1 expression in
CWR22Pc tumor xenografts. An NRG1 positive human melanoma tumor xenograft
(CHL-1) was used as a positive control (T: tumor, S: stroma, human specific NRG1
probe: red dots). (E) gqRT-PCR analysis of different Nrg1 family member expressions in
22Pc-CAF. Nrg1 expression was normalized to Actb. (F) Representative images
showing RNA-FISH analysis of Nrg1 expression in two independent CWR22Pc tumor
xenografts (Green: mouse-Nrg1, Red: human-HER3, White: mouse-Vim and Blue:
DAPI).
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Figure 10. NRG1 is both sufficient and required to promote antiandrogen
resistance in 22Pc-EP.

(A) Western blot analysis of NRG1 expression in 22Pc-CAF where Nrg1 was deleted
using CRISPR-Cas9. sgNT: non-targeting guide control, sgNrg1 (#1-4): four independent
guides targeting Nrg1. B-actin serves as loading control. (B) Western blot analysis of
HERB3-AKT activation in 22Pc-EP after stimulation with either sgNT- or sgNrg1- 22Pc-
CAF°M. Total AKT serves as loading control. (C) Growth of 22Pc-EP cells in CSS media
supplemented with either sgNT- or sgNrg1- 22Pc-CAFM. CellTiter-Glo reading on day 4.
Media Ctrl: serum free media. (D) Growth of 22Pc-EP cells in FBS media supplemented
with either sgNT- or sgNrg1- 22Pc-CAF°M treated with Enz (0.1uM) or Veh (DMSO). Enz
group was normalized to Veh group. CellTiter-Glo reading on day 7. Media Ctrl: serum
free media. (E) Western blot analysis of HER3-AKT activation in 22Pc-EP cells after
stimulation with 22Pc-CAF™ in the presence of either NRG1 neutralizing antibody
YW538.24.71 (1, 10 or 100ug/mL) or IgG (100ug/mL). Total AKT serves as loading
control. (F) Growth of 22Pc-EP cells in CSS media supplemented with 22Pc-CAFM
treated with YW538.24.71 (1ug/mL, 10pg/mL or 20ug/mL) or IgG (20ug/mL). CellTiter-
Glo reading on day 4. Media Ctrl: serum free media. (G) Growth of 22Pc-EP cells in Enz
(0.1uM) or Veh (DMSO) containing FBS media supplemented with 22Pc-CAFM treated
with YW538.24.71 (1pg/mL, 10ug/mL or 20pg/mL) or IgG (20ug/mL). Enz group was
normalized to Veh group. CellTiter-Glo reading on day 7. Media Ctrl: serum free media.
(H) Western blot analysis of HER3-AKT activation in 22Pc-EP after stimulation with 22Pc-
CAFMin the presence of a HER3 blocking antibody AMG888 (1ug/mL, 10ug/mL) or IgG
(10pg/mL). Total AKT serves as loading control.(l) Growth of 22Pc-EP cells in CSS
media supplemented with 22Pc-CAFM treated with AMG888 (1ug/mL, 10ug/mL) or IgG
(10pg/mL). CellTiter-Glo reading on day 4. Media Ctrl: serum free media. (J) Growth of
22Pc-EP cells in Enz (0.1uM) or Veh (DMSO) containing FBS media supplemented with
22Pc-CAF°M treated with AMG888 (1ug/mL, 10ug/mL) or IgG (10ug/mL). Enz group was
normalized to Veh group. CellTiter-Glo reading on day 7. Media Ctrl: serum free media.
(K) Western blot analysis of HER3-AKT activation in 22Pc-EP after stimulation with either
recombinant NRG1 or EGF (10ng, 50ng/mL). Total AKT serves as loading control. (L)
Growth of 22Pc-EP in CSS media supplemented with either recombinant NRG1 or EGF
(10ng, 50ng/mL). CellTiter-Glo reading on day 4. Media Ctrl: serum free media.(M)
Growth of 22Pc-EP cells in Enz (0.1uM) or Veh (DMSO) containing FBS media treated
with recombinant NRG1 or EGF (10ng, 50ng/mL). Enz group was normalized to Veh
group. CellTiter-Glo reading on day 7. Media Ctrl: serum free media. (**** p<0.0001,
***p<0.001, **p<0.01, *p<0.05, n.s: not significant, C,D,F,G,I,J,L,M: Student’s t-test, error
bar represents +SD)
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Figure 11. NRG1 mediates antiandrogen resistance in multiple androgen-
dependent cell line and organoid models.

(A) Western blot analysis of HER3-AKT activation in 22Pc-EP after stimulation with
22Pc-CAFM where NRG1 was depleted by immunoprecipitation using a commercial
NRG1 antibody (1,10, 30 and 100ug/mL) or IgG (100ug/mL). Total AKT serves as
loading control. (B) Growth of 22Pc-EP cells in CSS media supplemented with NRG1-
immunodepleted 22Pc-CAF°™ by a NRG1 immunoprecipitation antibody (10, 30ug/mL).
CellTiter-Glo reading on day 4. Media Ctrl: serum free media. (C) Growth of VCaP cells
in Veh (DMSOQO) or Enz (1uM) containing FBS media supplemented with recombinant
NRG1 (10ng/mL). CellTiter-Glo reading on day 7. Enz group is normalized to Veh group.
Media Ctrl: serum free media. (D) Growth of LAPC4 cells in Veh (DMSO)/FBS media or
Enz (10uM)/CSS media supplemented with recombinant NRG1 (10ng/mL). CellTiter-Glo
reading on day 7. Enz group is normalized to Veh group. Media Ctrl: serum free media.
(E) Growth of 22Rv1 cells in Veh (DMSQO)/FBS media or Enz (10uM)/CSS media
supplemented with recombinant NRG1 (10ng/mL). CellTiter-Glo reading on day 7. Enz
group is normalized to Veh group. Media Ctrl: serum free media. (F) Growth of 22Rv1,
LAPC4 or VCaP cells in CSS media supplemented with recombinant NRG1 (10ng/mL).
CellTiter-Glo reading on day 4. Ctrl: serum free media. (G) Representative images
showing Trp53-KO mouse organoids in 3D culture supplemented with recombinant
NRG1 and were treated with DHT depletion (ADT), Enz (1uM) or Veh (DMSO). Images
are taken on day 7 with 4x objective. (H) Growth of Trp53-KO mouse organoids in 3D
culture supplemented with recombinant NRG1 (10ng/mL) and were treated with ADT,
Enz (1uM) or Veh (DMSO). CellTiter-Glo reading on day 7. ADT or Enz was normalized
to DMSO group. Ctrl: EGF-deficient organoid media. (I) Representative images showing
Rb1-KO mouse organoids in 3D culture supplemented with recombinant NRG1 and were
treated with ADT, Enz (1uM) or Veh (DMSO). Images were taken on day 7 with 4x
objective. (J) Growth of Rb1-KO mouse organoids in 3D culture supplemented with
recombinant NRG1 (10ng/mL) and were treated with ADT or Enz (1uM) or Veh (DMSO).
CellTiter-Glo reading on day 7. ADT or Enz was normalized to DMSO group. Ctrl: EGF-
deficient organoid media. (K) Representative images showing Pten*’*-Rosa26-ERG
mouse organoids in 3D culture supplemented with recombinant NRG1 and were treated
with ADT, Enz (1uM) or Veh (DMSO). Images were taken on day 7 with 4x objective. (L)
Growth of Pten”*-Rosa26-ERG mouse organoids in 3D culture supplemented with
recombinant NRG1 (10ng/mL) and were treated with ADT or Enz (1uM) or Veh (DMSO).
CellTiter-Glo reading on day 7. ADT or Enz was normalized to DMSO group. Ctrl: EGF-
deficient organoid media. (****p<0.0001, ***p<0.001, *p<0.05, n.s: not significant, C-F,
Student’s t-test, H,J,L: one-way ANOVA compared to Ctrl group, error bar represents
+SD)
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Figure 12. NRG1-HERS signaling confers antiandrogen resistance in vivo.

(A) gRT-PCR analysis of Nrg1 mRNA expression in hormone intact or castration -
resistant CWR22Pc tumors. (B) Western blot analysis of NRG1 expression and HER3-
AKT activation in hormone intact or castration-resistant CWR22Pc tumors. Total AKT
serves as loading control. Bands were quantified using ImageJ and normalized to mean
of B-actin intensity in each group. Green: Hormone Intact. Red: Castrated. (C) Growth of
castration-resistant CWR22Pc tumor xenografts in castrated mice, treated with AMG888
(20mg/kg), neratinib (20mg/kg) or vehicle. Treatment started when tumors reached
150mm3 (n=5 mice per group). (D) Waterfall plot showing growth of individual tumors
from 5C. (E) Growth of castration-resistant CWR22Pc tumor xenografts in castrated
mice, treated with YW538.24.71 (20mg/kg), neratinib (20mg/kg) or vehicle. Treatment
started when tumors reached 150mm3 (n=5 mice per group). (F) Waterfall plot showing
growth of individual tumors from 5E. (G) Box plot showing tumor size at week 6 in single
agent neratinib or YW538.24.71 versus combination treatment groups from 5E.(H)
Growth of castration sensitive CWR22Pc tumor xenografts in intact mice, treated with
castration plus either YW538.24.71 (20mg/kg), neratinib (20mg/kg) or vehicle. Treatment
started when tumors reached 200mm3 (n=5 mice per group). (I) Box plot showing tumor
size at week 6 in single agent neratinib or YW538.24.71 versus combination treatment
groups in 12H. (J) Western blot analysis of HER2/HERS3 activation in castration-resistant
CWR22Pc tumors treated with AMG888 (20mg/kg), neratinib (20mg/kg) or vehicle
(DMSO). Total HER3 serves as loading control. (K) Western blot analysis of
HERZ2/HERS3 activation in castration-resistant CWR22Pc tumors treated with
YW538.24.71 (25mg/kg), neratinib (20mg/kg) or vehicle (DMSO). Total HER3 serves as
loading control. (L) Western blot analysis of HER2/HER2 activation in castration
sensitive CWR22Pc tumors treated with castration plus AMG888 (20mg/kg), neratinib
(20mg/kg) or vehicle (DMSO). B-actin serves as loading control. (****p<0.0001,
***p<0.001, *p<0.05, n.s: not significant, A,G,|: Student’s t-test, error bar represents
1+SD, C,E,H: multiple t-test, error bar represents +SEM)
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CHAPTER 3

3.1 Introduction

In the last chapter we have provided both in vitro and in vivo evidence that NRG1 is
responsible to mediate resistance to antiandrogens across different pre-clinical models.
We have also made some interesting observations. For example, the expression of
NRG1 is significantly higher in CRPC tumor xenografts compared to castration sensitive
tumors. As we also showed by IHC and RNA-ISH, NRG1/Nrg1 expression is restricted to
the stroma, which made us hypothesize that AR inhibition may cause NRG1 up-
regulation through an unknown mechanism. Thus, we set out to further investigate how
AR activity and NRG1 activity interact. Understanding this molecular mechanism will
provide us insights into both AR signaling regulation as well as how we could use this

knowledge to modulate AR signaling in a clinically relevant context.

3.2 NRGT1 is induced by androgen deprivation therapy

To examine if the up-regulation of NRG1 is induced by hormone therapy, we
treated freshly isolated primary CAFs from CWR22Pc tumors or pCAFs with CSS or
Enz. CSS and Enz both induced NRG1 mRNA and protein expression after 7 days, with
the highest induction seen with the combination of CSS plus Enz (Figure 13A-D) a

finding confirmed in pCAF isolates from 15 of 18 additional patients (Figure 13E).

3.3 Androgen receptor (AR) inhibition indirectly regulates NRG1

To investigate the mechanism underlying NRG1 upregulation following AR
inhibition, we performed time-course experiments and observed consistent changes in
NRG1 levels 7 days after androgen withdrawal but not after 24 hours (Figure 14A).
NRGH1 levels returned to baseline after replenishing androgen in the culture media but

also after 7 days (Figure 14B,C). This delayed response to AR pathway perturbation
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suggests an indirect mechanism of NRG1 regulation, which is further supported by our
failure to detect AR peaks in the NRG1 promoter or enhancer in datasets from prostate
cancer-derived CAFs, whereas strong AR peaks are present in the FKBP5 promoter
region (Figure 14D). Thus, NRG1 is expressed in tumor-associated stromal cells of
primary prostate cancers at increased levels following ADT treatment, and these levels

are sufficient to promote resistance to ADT in vitro and in vivo.

3.4 NRG1 activates a subset of AR target genes

Our earlier analysis of five canonical AR target genes suggested that NRG1
preserves tumor cell viability without restoring AR target gene expression (Figure 4G,H).
To address this question more comprehensively, we performed a whole transcriptome
analysis of 22Pc-EP cells treated with recombinant NRG1, Enz or both (Figure 15A,B)
and generated an AR signature, defined as Enz-suppressed genes (p<0.05, log2 fold
change>2) (Figure 15K). Gene Set Enrichment Analysis (GSEA) using this 22Pc-EP
derived AR signature, as well as two independent AR signatures, showed that AR
transcriptional activity is not enriched by NRG1 treatment (Figure 15C, L and M). as
suggested by our earlier analysis of a limited number of canonical AR target genes.
However, comparison of NRG1- versus AR-regulated transcriptomes revealed 1917 co-
regulated genes (p<0.05) which subdivide into 4 major clusters by unsupervised
clustering (Figure 15D-I). Cluster 1 is of particular interest because these genes are
suppressed by Enz but restored by NRG1 (Figure 15J). and therefore may play a
functional role in maintaining tumor cell viability. Of note, this cluster is enriched for
genes involved in amino acid and folate metabolism based on Go Term Pathway

Analysis (log2 fold change>0.5, 103 out of 308) (Figure 15N).
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3.5 Summary

In this chapter, we have shown that AR signaling suppresses NRG1 expression through
an indirect transcriptional mechanism. It is also possible that NRG1-HERS signaling can
regulate AR activity through a post-translational mechanism. For example, in a PTEN-
deficient background, activation of HER3-PI3K signaling can stabilize AR protein.
Although in the PTEN wild-type 22Pc-EP model, we observed NRG1 does not reactivate
most of canonical AR target genes when AR was inhibited by Enz, we do found a
handful of genes that are specifically activated by NRG1, many of which are related with
folate and amino acid metabolism. Thus, we postulate that when AR signaling was
inhibited, the up-regulation of NRG1 from the tumor-stroma may serve as a paracrine
mechanism to activate HER3 signaling in the cancer cell and promoting resistance
through rewiring the metabolism in the tumor. This warrants further molecular

investigations.
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Relative Expression

day 7. NRG1 expression is normalized to ACTB. (D) Western blot analysis of NRG1
protein in two additional patient-derived CAFs treated with CSS, Enz (10uM) or Veh
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Figure 13. NRG1 is up-regulated by AR-inhibition.
(A) gRT-PCR analysis of Nrg7 mRNA expression in 22Pc-CAF treated with CSS, Enz
(10uM) or Veh (DMSO). Nrg1 expression is normalized to Actb. (B) Western blot
analysis of NRG1 protein in 22Pc-CAF treated with CSS, Enz (10uM) or Veh (DMSO).
Cyclophilin B serves as loading control. (C) gRT-PCR analysis of NRG1 mRNA
expression in a patient-derived CAF treated with CSS, Enz (10uM) or Veh (DMSO) on
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(DMSO) on day 7. Cyclophilin B serves as loading control. (E) gRT-PCR analysis of
NRG1 mRNA expression in a collection of patient-derived CAFs grown in FBS or CSS
for 7 days (n=18). NRG1 expression is normalized to ACTB. (Gene expression assays

were performed with three biological replicates. ****p<0.0001, ***p<0.001, **p<0.01,
*p<0.05, n.s: not significant, A-C: one-way ANOVA compared to FBS/Veh group, E,

Student’s t-test, error bar represents mean+SD)
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Figure 14. AR activity regulates NRG1 expression indirectly.

(A) gRT-PCR analysis of Nrg1 mRNA expression in 22Pc-CAF grown in FBS, CSS or
FBS+Enz for 24 h or 7 days. Nrg1 expression is normalized to Actb. (B) Western blot
analysis of NRG1 expression in 22Pc-CAF (grown in FBS) and in two enzalutamide
resistant CWR22Pc tumor derived CAFs (EnzR-CAF #1 and #2, grown in CSS) for 7
days. Cyclophilin B serves as loading control. (C) gRT-PCR analysis of Nrg7 mRNA
expression in both EnzR-CAFs between CSS and FBS conditions. Nrg7 expression is
normalized to Actb. (D) IGV graphs showing AR binding peaks at NRG1 and FKBP5
locus in patient-derived prostate cancer CAFs. (Gene expression assays were
performed with three biological replicates. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05,
n.s: not significant, A: one-way ANOVA compared to FBS/Veh group, C, Student’s t-test,
error bar represents mean+SD)
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Figure 15. NRG1 activates a subset of AR target genes.

(A) MA plot showing differential expressed genes (n=4978, adjusted p value<0.05) in
22Pc-EP cells treated with Enz (0.5uM, 48 h) or Veh (DMSO). Top 15 up- or down-
regulated genes were labeled. Canonical AR targets FKBP5 and NKX3-1 were also
labeled. (B) MA plot showing differential expressed genes (n=5690, adjusted p
value<0.05) in 22Pc-EP cells treated with recombinant NRG1 (10ng/mL, 48 h) or Veh
(PBS). Top 15 up- or down-regulated genes were labeled. (C) GSEA of AR signature
between Veh (DMSO)- versus NRG1-treated group in 22Pc-EP cells. (D) Venn diagram
showing the number of overlapping genes that are co-regulated by both AR and NRG1
(n=1971, adjusted p value<0.05). (E) Heatmap showing unsupervised clustering of
expression of 1971 genes across 4 conditions (Veh, Enz, NRG1 or Enz+NRG1). Four
distinct clusters were identified (clusters 1-4), each representing AR and NRG1 co-
regulated genes in the same or opposite directions. (F-) Venn diagram showing the
number of AR and NRG1 co-regulated genes (adjusted p value<0.05 for both conditions)
in each direction (clusters 1-4). Cluster 1 (F, n=308), cluster 2 (G, n=629), cluster 3 (H,
n=282) and cluster 4 (I, n=752). (J) Dot plot showing fold change values (log2) of genes
in each of clusters 1-4. In clusters 1,3, genes with log2 fold change > 1 were labeled. In
clusters 2,4, genes with log2 fold change > 1.5 were labeled. (K) Heatmap showing
expression of individual genes (n=26) that consists of the AR signature in 22Pc-EP. AR
signature genes were identified as Enz suppressed genes by comparing vehicle (Veh) to
Enz condition (adjusted p value<0.05, log2 fold change>2). (L) GSEA of AR score
(Hieronymus et al., 2006) between DMSO versus NRG1-treated group in 22Pc-EP cells.
(M) GSEA of AR selective signature (Arora et al., 2013) between DMSO versus NRG1-
treated group in 22Pc-EP cells. (N) GO term analysis of top enriched pathways in cluster
1 (n=103 genes as input list, adjusted p value<0.05, log2 fold change>0.5).
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CHAPTER 4

4.1 Introduction

In chapter 2, we validated NRG1’s function across multiple in vitro and in vivo
models. In chapter 3 we worked out molecular mechanisms of how NRG1 promotes
resistance to cancer cells. In this chapter, we will finally test if NRG1 or its signaling
activity has direct clinical relevance to patients receiving hormone therapy. Because in
prostate tumor, NRG1 expression is dominantly contributed from the stroma, directly
comparing NRG1 expression using public available database is not accurate as so far,
most tumor sequencing efforts are tumor-cell centric. Therefore, we take two different
approaches to validate the clinical relevance of our findings. We first developed a
clinical-grade NRG1 immunohistochemistry assay which enables us to directly assess
NRG1 expression in a cohort of patients undergone a neoadjuvant androgen deprivation
trial. We second utilized two different NRG1 signature as a surrogate of NRG1 activity

and analyze how does NRG1 activity correlate with patient treatment outcomes.

4.2 Higher NRG1 positivity rate in androgen deprivation treated patients

To gain insight into the potential clinical relevance of these findings, we examined
NRG1 expression in a cohort of 43 patients with localized prostate cancer who
underwent radical prostatectomy surgery, 23 of whom received neoadjuvant androgen
deprivation therapy (ADT) (Table 1,2). For this analysis we developed an
immunohistochemical (IHC) assay to detect NRG1 expression in formalin-fixed tissue,
including tissue microarrays, as described in methods (Figure 16A). Using this assay we
detected NRG1 staining in 5 of 23 patients (22%) who received ADT prior to
prostatectomy and in 0 of 20 patients who were hormonally intact at the time of surgery
(p = 0.0265) (Figure 16; Table 3,4). NRG1 staining was observed in stromal cells in 4 of

the 5 positive cases. The fifth case had NRG1-positive tumor cells, and one case had
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evidence of NRG-1 positivity in both tumor and stroma. We suspect the failure to detect
NRG1 expression by IHC in the stroma of hormonally intact patients, despite clear
evidence of NRG1 expression at the RNA level by RNA-FISH and RNA-PCR is due to
reduced sensitivity of the IHC assay (Figure 16C). Direct comparisons of both assays

across a larger cohort are warranted.

4.3 Patient-derived CAF promotes antiandrogen resistance through NRG1

To further address the question of stromal-derived NRG1 expression in clinical
samples, we generated primary CAFs from five PCa patients with high-risk, localized
disease who underwent radical prostatectomy surgery, as described in methods. As
expected, these patient-derived CAFs express PDGFRa, FAP (canonical CAF markers),
vimentin and a-SMA (stromal lineage). Notably, all five patient-derived CAF cultures
(pCAFs) expressed NRG1 protein (Figure 17A). Furthermore, conditioned media from
each pCAF culture activated HER3/AKT phosphorylation and promoted resistance to
CSS or Enz in 22Pc-EP cells, which was efficiently blocked using NRG1 neutralizing
antibody (YW538.24.71) or HERS blocking antibody (AMG888) (Figure 17B-E). To
determine if pCAFs can promote in vivo tumor growth, we co-injected human pCAF
isolate #1 (selected based on high NRG1 expression) with human VCaP prostate cancer
cells in the xenograft assay. Co-injection of pPCAF#1 cells significantly enhanced the
growth of VCaP tumors in castrated mice, and this acceleration in growth was

completely reversed by treatment with NRG1 blocking antibody (Figure 17F).

4.4 NRG1 activity associated with inferior treatment outcome
To determine whether NRG1 influences response to antiandrogen therapy, we took
advantage of a recently published cohort of genomically annotated CRPC patients with

associated treatment response data to next-generation antiandrogens. Tissue samples
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from these patients are not available for in situ measures of NRG1 expression; therefore,
we used a previously reported NRG1 activity gene signature derived by ex vivo
exposure of breast cancer cells to NRG1 (93). First we validated that NRG1 mRNA
expression (by RNA-seq) is positively correlated with the NRG1 activity score in two
prostate cancer cohorts (TCGA and SU2C, representing localized and metastatic
disease respectively) (Figure18A,B). The NRG1 activity score also correlated with a CAF
signature score, consistent with stroma as the likely source of NRG1 (Figure18C,D).
Using the NRG1 signature score, we then asked whether elevated NRG1 activity in
patients is associated with clinical response to next-generation antiandrogen therapy in a
cohort of 56 CRPC patients previously treated with enzalutamide or abiraterone on
whom tumor RNA-seq data were available within 30 days prior to treatment (2 out of 56
were excluded due to NRG1 signature < 0). Pearson correlation analysis showed that
NRG1 signature score is negatively correlated with time on treatment (p=0.005) (Figure
18E). To further dissect this correlation, we plotted the NRG1 activity score of each
patient, which revealed a Gaussian-like distribution, then subdivided the cohort into
upper and lower halves using the median (Figure18F). Patients in the upper half had a
significantly shorter time to progression on either enzalutamide or abiraterone compared
to the patients in the lower half (p=0.034) (Figure18G). This result is further supported by
Cox hazards ratio analysis showing significantly reduced hazards related to a low NRG1
signature score (Figure18l). This negative correlation was also seen using a second
NRG1 activity signature derived by ex vivo treatment of 22Pc-EP prostate cancer cells
(p=0.036) (Figure18H). Finally, GSEA of the NRG1 activity-high vs -low patients
revealed enrichment of signatures for RTK and PI3K signaling and reduced hormone

receptor signaling (Figure18J-L).
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4.5 Summary

Through our initial IHC analysis with a limited number of patients, we observed a
significant trend that patients have a higher NRG1 positivity rate upon receiving
androgen deprivation therapy. In the metastatic cancer cohort, patients with a higher
NRG1 activity also tend to have a statistically inferior response whose disease also
relapse faster. Further analysis requires a larger cohort of both primary and metastatic
patients that received androgen deprivation therapy or second-generation
antiandrogens. Analysis in future single-cell RNA-seq data in clinical specimens will also
give us a more accurate answer in terms of how spatial and temporal expression
patterns of NRG1 will affect patient response to second-generation antiandrogens.

Finally, we proposed our working model (Figure1). In the normal tumor
microenvironment, stromal cells such as CAFs express and secreted NRG1 at a low
level, which maintains the baseline HER3-PI3K activity in the tumors (top). In a hormone
therapy treated tumor microenvironment, secretion of NRG1 by CAFs is up-regulated,
which protects tumor cells that are undergone an AR-signaling attack and therefore
provides an alternative survival mechanism to them (middle). Therefore, making tumor
cells less sensitive to hormone deprivation or antiandrogen attack. Importantly, this
mechanism of tumor cell persistence can be reverted by blocking either NRG1 from the
CAF side or NRG1 from the tumor side. Thus providing a targetable strategy for those
tumors that receive elevated NRG1 signaling in response to hormone therapy. We will

discuss its clinical implications in the DISCUSSION session.
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Figure 16. Androgen deprivation therapy induces NRG1 expression in the stroma
of prostate cancer patients.

(A) Representative images showing H&E and immunohistochemistry analysis of stromal
NRGH1 staining in radical prostatectomy specimens from high-grade primary PCa
patients. Left: 4x H&E images showing both tumor and stroma. Asterisk denotes areas
of intraductal carcinoma (#1) or invasive cancer (#2). Middle: 20x H&E images. Right:
20x IHC images showing strong and diffuse NRG1 stromal staining (#1) or weak and
patchy NRG1 stromal staining (#2). (B) Top: Pie chart showing percentage of NRG1
positivity in hormone intact or neoadjuvant ADT treated groups. Bottom: Table showing
number of patients with NRG1 positive biopsies in hormone intact or neoadjuvant ADT
treated group. (C) RNA-FISH analysis of NRG1 (green), HER3 (red) and VIM (white)
expression in a high-grade prostate intraductal carcinoma case (Blue: DAPI).
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Figure 17. Patient-derived CAFs (pCAF) promote antiandrogen resistance through
NRG1-HERS3.

(A) Western blot analysis of NRG1 and CAF markers (PDFGRa, FAP, vimentin and a-
SMA) in 5 independent patient-derived primary PCa CAFs (pCAFs). pCAF #1 is from a
neoadjuvant ADT-treated patient and pCAFs #2-5 are from hormone intact patients.
HSP90 serves as loading control. Bands were quantified using ImagedJ and normalized
to mean of HSP90 intensity in each group. (B) Western blot analysis of HER3-AKT
activation in 22Pc-EP cells stimulated with conditioned media from patient-derived
primary CAFs (pCAF®™). Total AKT serves as loading control. Bands were quantified
using ImageJ and normalized to mean of total AKT intensity in each group. (C) Growth
of 22Pc¢-EP cells in CSS media supplemented with pCAF°M. CellTiter-Glo reading on day
4. Media Ctrl: serum free media. (D) Growth of 22Pc-EP cells in FBS media
supplemented with pCAF°™ and are treated with Enz (0.1uM). Enz group was
normalized to Veh group. CellTiter-Glo reading on day 7. Media Ctrl: serum free media.
(E) Growth of 22Pc-EP cells in CSS media supplemented with pCAF treated with
YW538.24.71 (10ug/mL) or AMG888 (10ug/mL). CellTiter-Glo reading on day 4. Media
Ctrl: serum free media. (F) Growth of VCaP or VCaP + pCAF#1 co-injected tumor
xenografts in castrated mice treated with YW538.24.71 (25mg/kg), neratinib (20mg/kg)
or vehicle. Treatment started when tumors reached 200mm?® (n=5 mice per group).
(****p<0.0001, ***p<0.001, *p<0.05, n.s: not significant, D-E: one-way ANOVA compared
to Ctrl group, error bar represents +SD, F: Student’s t-test, error bar represents +SEM)
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Figure 18. NRG1 activity is associated with unfavorable treatment outcome in
CRPC patients.

(A) Pearson correlation analysis of NRG1 expression versus NRG1 signature score in
SU2C cohort (p value=9x10). (B) Pearson correlation analysis of NRG1 expression
versus NRG1 signature score in TCGA cohort (p value=5x107?). (C) Pearson correlation
analysis of NRG1 signature score versus CAF signature score (2) in SU2C cohort (p
value=1x10®). (D) Pearson correlation analysis of NRG1 signature score versus CAF
signature score (2) in TCGA cohort (p value=2x10?). (E) Pearson correlation analysis of
NRG1 signature score versus time on treatment for first line androgen receptor signaling
inhibitors (ARSI) of a 54 mCRPC patient cohort (p value =0.005). (F) Histogram showing
frequency distribution of NRG1 signature score in the same patient cohort. Dotted line
denotes median cutoff. (G) Probability of treatment duration of the high and low (median
separation) groups of 54 patients, p value (0.034) was calculated using log-rank test. (H)
Probability of treatment duration of the high and low (median separation) groups of 54
patients, p value (0.036) was calculated using log-rank test. (I) Cox hazard ratio analysis
of the NRG1 signature score -high and -low groups of 54 patients, p-value (0.019) was
calculated using log-rank test. (J) GSEA showing Transmembrane Receptor Protein
Tyrosine Signaling signature between NRG1 signature -high versus -low groups (median
separation). (K) GSEA showing Positive Regulation of Phosphatidylinostitol-3 Kinase
signature between NRG1 signature -high versus -low groups (median separation). (L)
GSEA showing Hormone Receptor Binding signature between NRG1 signature -high
versus -low groups (median separation).
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Table 1. Baseline characteristics in evaluated patients

Characteristic Neoadjuvant ADT * Hormone intact
(n=23) (n=20)
Age at diagnosis — years
Median 58 64
Range 42-70 44-78
Gleason score — n (%)
7 5(22) 8 (40)
8 (17) 3 (15)
9 13 (57) 7 (35)
10 1(4) 0 (0)
PSA at diagnosis — ng/mL
Median 5.8 7.0
Range 1.29-69.9 1.5-20.0
Neoadjuvant treatment — n (%)
ADT-only 6 (26) n/a
ADT plus bicalutamide 2(9) n/a
ADT plus chemotherapy * 2(9) n/a
ADT plus ARSI n/a
Enzalutamide (17) n/a
Abiraterone (26) n/a
Abiraterone plus (13) n/a
enzalutamide
Time on neoadjuvant treatment
prior to prostatectomy - days
Median 166 n/a
Range 92-1038 n/a

# Neoadjuvant ADT includes patients who had ADT meanz Abiraterone mean+
Enzalutamide prior to radical prostatectomy; IHC: immunohistochemistry; ADT:

androgen-deprivation therapy; * 2 patients had docetaxel plus carboplatin concomitant to

ADT; n/a: not applicable

67




Table 2. Treatment characteristics and NRG1 expression in patients exposed to

neoadjuvant ADT *

Neoadjuvant treatment IHC for NRG1
Patient # Type Duration Intensity Localization
(days)

1 ADT 1 dose Negative N/A

2 ADT 1 dose Negative N/A

3 ADT 1 dose Negative N/A

4 ADT, bicalutamide 680 Negative N/A

5 ADT, chemotherapy 120 Negative N/A

6 ADT, bicalutamide 277 Negative N/A

7 ADT, abiraterone 313 Negative N/A

8 ADT, enzalutamide 363 Negative N/A

9 ADT, chemotherapy 792 Negative N/A

10 ADT, abiraterone 1038 Negative N/A

11 ADT, abiraterone 185 Negative N/A

12 ADT 1 dose Negative N/A

13 ADT 1 dose Weak Stroma, Focal

14 ADT 1 dose Weak Stroma, Focal

15 ADT, enzalutamide 117 Negative N/A

16 ADT, abiraterone 325 Negative N/A

17 ADT, abiraterone 111 Negative N/A

18 ADT, abiraterone 124 Negative N/A

19 ADT, abiraterone, 171 Negative N/A
enzalutamide

20 ADT, abiraterone, 166 Negative N/A
enzalutamide

21 ADT, Enzalutamide 167 Positive Stroma

22 ADT, Enzalutamide 225 Positive Tumor

23 ADT, abiraterone, 113 Positive Tumor and
enzalutamide Stroma

# Neoadjuvant ADT includes patients who had ADT meanz Abiraterone mean+
Enzalutamide prior to radical prostatectomy; ADT: androgen deprivation therapy; IHC:
Immunohistochemistry
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Table 3. Characteristics of NRG1 expression in patients exposed to neoadjuvant

ADT*

Intensity — n (%) Neoadjuvant ADT # Hormone intact
Negative 17 (74) 20 (100)
Equivocal 1(4) 0 (0)
Weakly positive 2(9) 0 (0)
Positive 3(13) 0 (0)

Localization — n (%)

Negative 17 (74) n/a
Tumor only 1(4) n/a
Stroma only 3 (13) n/a
Tumor and stroma 1(4) n/a

# Neoadjuvant ADT includes patients who had ADT meanz Abiraterone mean+
Enzalutamide prior to radical prostatectomy

Table 4. Comparison of NRG1 expression between neoadjuvant ADT-exposed and
hormone intact patients.
Two-way Contingency Table

Neoadjuvant Hormone pP*
ADT # intact
(n=23) (n=20)
NRG1 expression 0.0265
Negative 18 (78) 20 (100)
Positive 5(22) 0(0)

# Neoadjuvant ADT includes patients who had ADT meanz Abiraterone mean+

Enzalutamide prior to radical prostatectomy; * Chi-squared test.

x2 = 4.920, df = 1, x?/df = 4.92, P(x2 > 4.920) = 0.0265
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DISCUSSION

Studies of resistance to antiandrogen therapy in prostate cancer have primarily
focused on cell-autonomous mechanisms that collectively point to the central role of
sustained AR signaling, even in late-stage CRPC. These include well-documented
mechanisms such as AR gene amplification/mutation and AR splice variants (7), as well
as tandem duplication events involving the AR enhancer (35, 99, 100). Collectively these
mechanisms may explain up to ~80% of CRPC cases, but there is growing evidence for
microenvironmental sources as additional contributors to antiandrogen resistance.
Immune cells, specifically myeloid-derived suppressor cells, are one such source and
can drive CRPC progression through the production of the cytokine IL-23 (56). Stromal-
derived growth factors have also been implicated, specifically HGF and FGFs (107-103).
Here we document a critical role of NRG1, also stromal-derived, together with its
receptor HER3, and we provide a clear strategy toward targeted intervention using
clinical-grade blocking antibodies.

A unique feature of our work is the discovery of NRG1 through an unbiased
biochemical fractionation approach in which we screened for the antiandrogen
resistance factor produced by murine CAFs that persist during in vitro culture of the
CWR22PC prostate cancer cell line. Specifically, we show that CAF-derived NRG1 is
required for CWR22PC tumor cells to develop resistance to enzalutamide or to ADT.
Mechanistic studies using multiple cell lines (VCaP, LAPC4, 22Rv1), mouse and human
cancer organoids (P53-KO, RB-KO, PTENA/A -Rosa26-ERG, MSKPCa2) and in vivo
xenograft models (CWR22Pc, VCaP) establish the importance of NRG1-HERS3 kinase
signaling as a critical driver of antiandrogen resistance. Furthermore, we observed
significant antitumor activity, including tumor regressions, using clinical-grade
neutralizing antibodies against NRG1 and HERS3, as well as HER2-specific kinase

inhibitors. In primary prostate cancer clinical samples, we show that NRG1 is

70



synthesized by adjacent stromal cells (by RNA-FISH), with evidence (by IHC) that these
levels are higher in patients who received neoadjuvant ADT. This finding is consistent
with the activation of HER3 observed in a subset of patients who underwent
prostatectomy after neoadjuvant ADT (98). We also observed elevated NRG1 mRNA
expression in both mouse and patient-derived primary cancer-associated fibroblasts
when they are given antiandrogen treatments in culture, suggesting AR signaling
negatively regulates NRG1 expression through mechanisms that need further
investigation. Importantly, in a cohort of genomically profiled CRPC patients with
associated treatment response data, we found that patients with higher NRG1 activity
develop resistance earlier than those with lower NRG1 activity. The collective evidence
suggests that NRG1 expression in prostate stromal cells (which are AR-positive) is
upregulated in patients receiving neoadjuvant ADT and, through activation of HER3
signaling in tumor cells, may contribute to their persistence. We also have evidence,
through single-cell analysis of normal prostate tissue, that stromal-derived NRG1 can
function as a survival factor for luminal cells independent of AR activation (Karthaus et
al, in press). Of note, AR has been implicated in CAF biology in another mesenchymal
tissue, dermal fibroblasts, where its loss results in CAF activation (704).

The fact that NRG1 protects tumor cells from androgen withdrawal without full
restoration of downstream AR signaling is intriguing in light of our earlier work
documenting links between receptor tyrosine kinases and AR activation (97). In that
context, impaired AR pathway activation is seen in tumor cells with PTEN loss due to
increased PI3K signaling, which results in reduced HER2/HER3 expression through
downstream transcriptional effects. The effects of NRG1 activation reported here occur
in wild type PTEN models where baseline PI3K activity is low but potently activated by
NRG1 through HER2/HER3. We postulate that this hyperactivated PI3K signal

contributes to reduced AR activity. However, we also identify a set of genes co-regulated
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by NRG1 and AR (and not previously recognized as AR targets) implicated in amino acid
and folate metabolism that warrant further functional investigation.

In addition to the role of paracrine NRG1 production described here in prostate
cancer, there is growing evidence that autocrine NRG1 expression plays a role in other
tumor types. NRG1 is specifically implicated as a driver in squamous cancers (e.g.,
esophageal or squamous lung cancer) through its role as a direct target gene of the
basal epithelial lineage defining transcription factor TP63 (705). More commonly,
autocrine secretion of NRG1 has been observed in various cancers including ovarian,
non-small cell lung, melanoma as well as brain metastasis (53, 71-73, 106). Among the
most compelling are translocations that fuse the NRG1 genomic locus to a
transcriptionally active gene partner, as seen in invasive mucinous adenocarcinomas of
the lung and other tumor types. Furthermore, dramatic responses have been reported in
such patients after receiving afatinib or anti-HERS3 blocking antibody therapy (707-111).

As to whether the clinical success of anti-HER2/3 therapy in tumors with NRG1
might translate to prostate cancer, it is worth noting that prior clinical trials of HER2
inhibitors in prostate cancer were disappointing (172-118). However, these studies
lacked current insights into which patient population is most likely to benefit and were not
specifically designed to test the hypothesis raised here. Furthermore, the HER2
therapies tested in these trials are not optimal for blocking NRG1-mediated activation of
HER3/4, as is now clear from more recent studies (72, 108). The insights emerging from
our work suggest a different translational strategy. Wild-type PTEN status could be a
patient selection biomarker, based on the mutual exclusivity of elevated NRG1 and
PTEN mutant tumors (data not shown), which is interesting in light of a similar mutual
exclusivity between NRG1 translocations and KRAS mutation in pancreas cancer (109,
110). In the neoadjuvant setting, one can envision combination therapy with ADT plus

anti-HERS3 antibody in patients with elevated NRG1 and/or phospho-HER3 levels after a
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short trial of ADT alone. Finally, it is worth noting that clinical trials of HER3-targeted

antibody drug conjugates such as U3-1402 have shown clinical activity (179).
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SUMMARY

Metastatic prostate cancer is characterized by recurrent genomic copy number alterations that are pre-
sumed to contribute to resistance to hormone therapy. We identified CHD1 loss as a cause of antiandrogen
resistance in an in vivo small hairpin RNA (shRNA) screen of 730 genes deleted in prostate cancer. ATAC-seq
and RNA-seq analyses showed that CHD1 loss resulted in global changes in open and closed chromatin with
associated transcriptomic changes. Integrative analysis of this data, together with CRISPR-based functional
screening, identified four transcription factors (NR3C1, POU3F2, NR2F1, and TBX2) that contribute to antian-
drogen resistance, with associated activation of non-luminal lineage programs. Thus, CHD1 loss results in
chromatin dysregulation, thereby establishing a state of transcriptional plasticity that enables the emergence
of antiandrogen resistance through heterogeneous mechanisms.

Significance

We describe a strategy to comprehensively identify genomic loss-of-function alterations in metastatic prostate cancer
through an in vivo shRNA library screening approach. We find that loss of CHD1, a commonly deleted prostate cancer
gene, confers resistance to the next-generation antiandrogen enzalutamide by establishing a state of chromatin dysregu-
lation. This altered chromatin landscape facilitates the emergence of lineage plasticity by upregulation of transcription fac-
tors that promote differentiation away from the luminal lineage. Furthermore, we find that clinical response to enzalutamide
is shorter in patients whose tumors have reduced CHD1 levels.

Cancer Cell 37, 1-15, April 13, 2020 © 2020 Elsevier Inc. 1
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INTRODUCTION

Targeted therapies for driver oncogenes have transformed the
clinical management of many cancers but the magnitude and
duration of response remains variable, even among patients
with the same driver mutation and tumor histology. One potential
explanation for this heterogeneity is the presence of additional
genomic alterations that modify the degree of dependence on
the targeted driver mutation. Metastatic prostate cancer serves
as a relevant example, where the molecular target is the
androgen receptor (AR) which functions as a lineage survival fac-
tor of luminal prostate epithelial cells. Next-generation AR thera-
pies, such as abiraterone, enzalutamide, and apalutamide have
significantly improved survival of men with castration-resistant
prostate cancer, but resistance remains an issue (Beer et al.,
2014; Ryan et al., 2013; Smith et al., 2018). Some patients fail
to respond despite robust AR expression, whereas others
relapse quickly.

Mechanisms of resistance to AR therapy fall into three general
categories: (1) restoration of AR signaling; (2) bypass of AR
signaling via other transcription factors (TFs), e.g., glucocorticoid
receptor (Arora et al., 2013; Isikbay et al., 2014); and (3) AR-inde-
pendent signaling (reviewed in Watson et al., 2015). One example
of the latter category is combined loss of function of the TP53 and
RB1 tumor suppressors, which confers resistance by promoting
lineage transition to a state that is no longer dependent on AR
and its downstream signaling pathway (Ku et al., 2017; Mu et al.,
2017). Similar cases of lineage plasticity in the context of drug
resistance have been documented in epidermal growth factor re-
ceptor-mutant lung adenocarcinoma and in BRAF-mutant mela-
noma, including transition to neuroendocrine or mesenchymal
phenotypes (Garraway et al., 2005; Park et al., 2018; Sequist
et al.,, 2011). These examples provide clear precedent for how
co-occurring genomic alterations can affect response to targeted
therapies. Due to the heterogeneous number of copy number alter-
ations (Abida et al., 2017; Barbieri et al., 2012; Beltran et al., 2011,
2016; Grasso et al., 2012; Holcomb et al., 2009; Kim et al., 2007;
Robinson et al., 2015; Taylor et al., 2010), we surveyed the
genomic landscape of metastatic castration-resistant prostate
cancer (NCRPC) for modifiers of sensitivity to AR therapy.

RESULTS

Enrichment of shRNAs Targeting CHD1 in an In Vivo
Enzalutamide Resistance Screen
To identify genomic modifiers of sensitivity to AR therapy, we
constructed a pooled small hairpin RNA (shRNA) library targeting
genes most frequently deleted in primary or metastatic prostate
cancer, then screened for resistance to enzalutamide in a well-
credentialed enzalutamide-sensitive xenograft model (Arora
etal., 2013; Tran et al., 2009). The decision to conduct the screen
in vivo was based on the fact that in vivo models provide a more
physiologic context for studying castration-resistant growth than
in vitro models, which rely on the use of charcoal-stripped serum
to emulate castrate level of androgens. Indeed, in our hands find-
ings from in vivo screens have often been confirmed in clinical
datasets (Arora et al., 2013; Balbas et al., 2013).

We generated a list of 730 genes deleted in human prostate
cancer (Table S1) through bioinformatic mining of 6 independent
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genomic datasets as described in the STAR Methods (Barbieri
et al., 2012; Grasso et al., 2012; Holcomb et al., 2009; Kim
et al., 2007; Network, 2015; Taylor et al., 2010). We then con-
structed an shRNA library targeting these genes (5-6 hairpins
per gene x 730 genes = 4,234 hairpins total) using the miR-E-
derived system, which has significantly improved knockdown ef-
ficiency and target specificity compared with traditional shRNA
approaches (Fellmann et al., 2013) (Figure 1A; Table S2). We
conducted our screen in vivo, using the enzalutamide-sensitive
LNCaP/AR xenograft model, with the goal of identifying shRNAs
enriched during enzalutamide therapy (Figure 1B). One chal-
lenge of in vivo screens is assurance of adequate library repre-
sentation, since not all cells injected in vivo will contribute to
the established tumors. This can be managed by limiting the
number of shRNAs per injection and by dividing the library into
distinct pools (Zuber et al., 2010, 2011). In a pilot experiment us-
ing the enzalutamide-resistant AR mutant (F877L) as a positive
control (Balbas et al., 2013), we found that dilution of one
F877L-positive cell in 100 parental LNCaP/AR cells consistently
gave rise to tumors in enzalutamide-treated mice after
~6 weeks, compared with ~19 weeks for cells infected with
the non-targeting control vector (shNT) (Figure S1A). Based on
this result, we concluded that a pool size of 100 shRNAs should
give adequate representation and therefore subdivided the li-
brary into 43 pools with ~100 shRNAs per pool. Enzalutamide
functions as an agonist on the F877L mutant and may be more
potent in this assay than the shRNAs to be screened; therefore,
we selected 16 weeks as an optimal time to harvest tumors,
before the appearance of background tumors. Each pool was
screened using 10 independent injections to ensure that we
could identify those shRNAs that were reproducibly enriched
and eliminate those that were enriched due to stochastic clonal
expansion (bystander shRNAs).

Multiple tumors emerged by 16 weeks from 40 of 43 pools
screened (Figure S1B). Genomic DNA was extracted from these
tumors and analyzed by next-generation sequencing to deter-
mine the enrichment of specific shRNAs compared with the
starting material (Figure 1B). As expected, the abundance of
most hairpins was reduced due to dilution by more rapidly ex-
panding clones. This is apparent from comparing the normalized
read counts of the starting plasmid library and pregraft popula-
tions (tightly distributed) to the tumors (broad distribution) (Fig-
ures 1C and 1D). Then we utilized a classic algorithm RIGER-E
(RNAi Gene Enrichment Ranking) to rank the 730 genes based
on the normalized read counts of all hairpins in both starting
plasmid library/pregraft and resistant tumor populations, as
described in the STAR Methods section. A p value of <0.0001 re-
sulted in 172 genes as potential candidates (Figure 2A; Table
S3). TBC1D4 serves as a useful negative control because this
gene is already deleted in an LNCaP/AR model and is ranked
near the bottom, as expected (Taylor et al., 2010). Considering
the potential for stochastic enrichment of biologically inert hair-
pins in vivo, we applied 2 additional filters to this list of 172 genes
to enhance the probability of selecting true positives (1) enrich-
ment in >8% of total tumors xenografted (cutoff selected based
on stochastic enrichment rate of 8% for the negative control
gene TBC1D4) (Figure 2B) and (2) enrichment of >4 independent
hairpins targeting a specific gene (to avoid off-target effects)
(Figure 2C). Application of these filters yielded eight candidate
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Figure 1. An In Vivo shRNA Library Screen of the Human Prostate Cancer Deletome

(A) Schematic representation of a miR-E shRNA library targeting the human prostate cancer deletome.

(B) Schematic representation of enzalutamide resistance screen using the miR-E shRNA library.

(C) Violin plot of the shRNA normalized read counts in the combined plasmid pools (n = 43), pregrafts (n = 21), and enzalutamide-resistant tumors (n = 344).
(D) Cumulative distribution of library shRNAs in the combined plasmid pools (n = 43), pregrafts (n = 21), and enzalutamide-resistant tumors (n = 344).

See also Figure S1 and Tables S1 and S2.

genes (Figure 2A; Table S3). Chromodomain helicase DNA-bind-
ing protein 1 (CHD1) was selected for further analysis based
on its high frequency of deletion in prostate cancer (Augello
et al., 2019; Grasso et al., 2012; Ren et al., 2018; Robinson
et al.,, 2015; Rodrigues et al., 2015; Shenoy et al., 2017;
Zhao et al., 2017). A representative example of CHD1 shRNA
enrichment from one of the pools is shown in Figure 2D.

CHD1 Loss Confers Enzalutamide Resistance In Vitro
and In Vivo

In normal tissues, CHD1 functions as a chromatin remodeler
and is required to maintain the open chromatin state of plurip-
otent embryonic stem cells and for somatic cell reprogramming

(Gaspar-Maia et al., 2009). Numerous lines of evidence from
cell lines and genetically engineered mice implicate CHD1 as
a tumor suppressor, including in primary prostate cancer (Au-
gello et al., 2019; Huang et al., 2011; Liu et al., 2012; Rodrigues
et al., 2015; Shenoy et al., 2017; Zhao et al., 2017). To deter-
mine the link between CHD1 loss and enzalutamide resistance,
we performed validation experiments using five different stable
shBRNAs and two different CRISPR guides. CHD17-depleted
cells consistently grew faster in enzalutamide-containing me-
dium than CHD1 wild-type cells, as measured in proliferation
assays, dose-response assays and a fluorescence-activated
cell sorting-based competition assay (Figures 3A-3D and
S2A-S2D). Similar results were observed with two other next-
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Response in CRPC Patients
A recent mCRPC genomic landscape
® study with linked longitudinal clinical
outcome data provided an opportunity
. - to address whether CHD1 loss in patients
® is associated with poor clinical response
to next-generation antiandrogen therapy
(Abida et al., 2019). Within this landscape
study we identified 56 CRPC patients
treated with either abiraterone or enzalu-

DI S Y

generation AR inhibitors, apalutamide and darolutamide
(Figure S2D). These findings were confirmed in vivo in castrated
mice treated with enzalutamide (Figures 3E and S2E). In
addition to CHD1, we confirmed that knockdown of two other
candidate genes (RUBCNL and RBL2) also confers enzaluta-
mide resistance in LNCaP/AR cells cultured in vitro (Figure S2F).
Analysis of the other five candidates will be reported
separately.

Importantly, enzalutamide resistance conferred by CHD1
knockdown was fully rescued by introducing the full-length
CHD1 cDNA (Figure S2C). Using a doxycycline-inducible
shRNA knockdown model, we also confirmed that enzaluta-
mide resistance conferred by CHD1 knockdown is rapid and
reversible (Figures S2G-S2l). CHD1 knockdown also
conferred in vitro resistance to enzalutamide in the human
prostate cancer cell lines CWR22Pc, LAPC4, and EOO6AA
(but only in the context of PTEN loss) and in a genetically
defined mouse organoid model (Pten™") cultured in 3D, as
well as in vivo resistance in the CWR22Pc xenograft model
(Figures S3A-S3G).
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tamide on whom tumor whole-exome
S and RNA sequencing (RNA-seq) data

were available within 30 days before treat-

ment. We initially asked if genomic CHD1
loss was associated with treatment response but there were too
few cases to run the analysis (only two with homozygous CHD1
deletion). We therefore asked if CHD1 mRNA expression is
correlated with outcome. A Cox proportional hazards regression
model was fitted on log2 (CHD1 mRNA level) as a continuous
predictor, which showed a regression coefficient of —0.39 and
p value of 0.11. Although this analysis did not meet the threshold
for statistical significance, it raised the possibility that lower
CHD1 mRNA levels may have higher relative hazards or, in other
words, confer a higher risk to the patients. Indeed, a Pearson
correlation analysis showed that CHD7 mRNA level is signifi-
cantly correlated with progression-free survival time (p = 0.021)
(Figure 4A). To further dissect this correlation, we divided the
cohort into quartiles based on the CHD7 mRNA levels, which re-
vealed a Gaussian-like distribution (Figure 4B). We excluded 4 of
the 56 patients who had SPOP mutations (who were distributed
evenly across the quartiles) because these patients have
increased sensitivity to abiraterone (Boysen et al., 2018). Pa-
tients in the lowest quartile of tumor CHD1 expression had a
significantly shorter time to progression on either enzalutamide
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Figure 3. CHD1 Loss Confers Significant Resistance to
Antiandrogen In Vitro and In Vivo

(A) Western blot of CHD1 in LNCaP/AR cells transduced with
annotated guide RNAs.

(B) Relative cell number of LNCaP/AR cells transduced with
annotated guide RNAs, normalized to sgNT + Veh group. Cells
were treated with 10 uM enzalutamide (Enz) or DMSO (Veh) for
7 days and cell numbers were counted. p values were calcu-
lated using multiple t tests, three biological replicates in each
group.

(C) Histograms of representative fluorescence-activated cell
sorting-based competition assay showing the distribution of
shNT LNCaP/AR cells (GFP-negative) compared with cells
transduced with cis-linked shCHD1-GFP or shNT-GFP shRNAs
(GFP positive). The distribution on day 0 is shown in red and day
7 is shown in blue.

(D) Relative cell number fold change compared with shNT
group, based on the results of (C). Enz denotes enzalutamide of
10 uM and Veh denotes DMSO. p values were calculated using
two-way ANOVA, three biological replicates in each group.

(E) Tumor growth curve of xenografted LNCaP/AR cells trans-
duced with annotated guide RNAs. Enz denotes enzalutamide
treatment at 10 mg/kg from day 1 of grafting. Veh denotes 0.5%
CMC + 0.1% Tween 80.

p values were calculated using two-way ANOVA. For all panels,
mean + SEM is presented. ***p < 0.0001, **p < 0.001, **p <
0.01, *p < 0.05. See also Figures S2 and S3.

Cancer Cell 37, 1-15, April 13,2020 5

Cell’ress




CellPress

Please cite this article in press as: Zhang et al., Loss of CHD7 Promotes Heterogeneous Mechanisms of Resistance to AR-Targeted Therapy via Chro-
matin Dysregulation, Cancer Cell (2020), https://doi.org/10.1016/j.ccell.2020.03.001

A B Mid-Low Mid-High Cc D
032 Quartile Quartile
r=0.5z n=13 Median n=13 Cox Hazard Ratio Analysis
304 (] I p value = 0.021 o .y — CHD1 High (Top Quartile, n=13)
7 Botiom Top 100 — CHD1 Low (Bottom Quartile, n=13)

B ° Quartie ! Quartile z CHD1 High

£ 2 n=13 ! n=13 | n=13

§ £ H |

E20 ° [ 1] ° 2 E * Reference

£ o °° & 2

2 5 g 50

3 [] o 5 CHD1 Low

3 ° 8 e =

=10 . |5 e n=18 p=0.03

5 8 5

: | *° 2 2

£ [ J F oo+ 2.9(1.1-7.9)

1 &) 0 10 2 30 2 3 45678910
018 T T T - Months on Ab/Enz/Apa # Events: 22; Global p value (log-Rank): 0.03
0 5 10 15 20 1 AIC: 101.96; Concordance Index: 0.62
0 5 10 15
CHD1mRNA (FPKM) CHD1 mRNA (FPKM)
o =045 r=0.15
X < 304 Ld - p value = 0.03 § 30 pvalue=04 .
100 ~i= CHDT1 High (Above Median, n=11) 100 ~* CHD1 High (Above Median, n=17) g %
z z - ! o
3 —— CHD1 Low (Below Median, n=10) £ CHD1 Low (Below Median, n=16) % %
g - 52097 o o . E201
£ £ € . H
= b bt
] H £ E
E 50 £ 50 2 ° 3
8 g 3§ 104 =
= = = ° 8
5 5 5 & g
£ g 2 °e F
E £ £ °
- T T T T 1 = 0T T ! 1 = : L p it
o 30 P . » 0 5 10 15 20

10 20
Months on Enz/Apa

10 20
Months on Abi

CHD1 mRNA (FPKM) CHD1 mRNA (FPKM)

Figure 4. CHD1 mRNA Level Is Correlated with Clinical Outcome of Antiandrogen Treatment
(A) Pearson correlation analysis of CHD7 mRNA and time of treatment on abiraterone (Abi)/enzalutamide (Enz)/apalutamide (Apa) of a 52 mMCRPC patient cohort.

(B) CHD1 expression distribution in all patients of the cohort in (A).

(C) Probability of treatment duration of the top quartile compared with bottom quartile of all patients treated with abiraterone (Abi)/enzalutamide (Enz)/apalu-

tamide (Apa); p value was calculated using Mantel-Cox test.

(D) Cox hazard ratio analysis of the top and bottom quartile of all patients, p value was calculated using log rank test.
(E) Probability of treatment duration of the above median compared with below median of patients who received enzalutamide (Enz)/apalutamide (Apa), p value

was calculated using Mantel-Cox test.

(F) Probability of treatment duration of the above median compared with below median of patients who received abiraterone (Abi), p value was calculated using

Mantel-Cox test.

(G) Pearson correlation analysis of CHD1 mRNA and time of treatment on patients who received enzalutamide (Enz)/apalutamide (Apa), n = 21 (2 patients received

both apalutamide and abiraterone).

(H) Pearson correlation analysis of CHD7 mRNA and time of treatment on patients who received abiraterone (Abi), n = 33.

or abiraterone compared with the patients in the highest quartile
(p =0.0261) (Figure 4C), supporting the predictions from the pre-
clinical findings. This finding is further supported by Cox hazards
ratio analysis showing significant increased hazards related to
low CHD1 mRNA levels (Figure 4D). Interestingly, we find that
the poor clinical outcome seen in patients with low CHD1
expression is primarily seen in those treated with enzaluta-
mide/apalutamide (Figure 4E) but not abiraterone (Figure 4F),
which is confirmed by Pearson correlation analysis (Figures 4G
and 4H). This distinction is consistent with our experimental
data showing that CHD1 deletion confers resistance to enzaluta-
mide but not to androgen withdrawal in the LNCaP/AR model (as
seen in charcoal-stripped serum treated with vehicle; Figures
3B, 3E, S2C, and S2D), raising the intriguing possibility of mech-
anistic differences in resistance to AR antagonists versus
androgen-lowering agents.

Integrated Analysis of RNA-Seq and ATAC-Seq Reveals
Candidate TF Drivers of Enzalutamide Resistance

To investigate the mechanism by which CHD17 loss promotes
antiandrogen resistance, we first asked if AR signaling activity
was restored in these enzalutamide-resistant tumors. To our sur-
prise, we observed sustained inhibition of the AR target genes
KLK3, NKX3-1, TMPRSS2, NDRG1, PMEPA1, and STEAP1,
indicating that canonical AR signaling is not restored (Figures
5A and 5B). This suggested that CHD1 loss might activate tran-
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scriptional programs that relieve prostate tumor cells from their
dependence on AR by reprogramming away from their luminal
lineage, as we have reported previously in the setting of com-
bined loss of RB1 and TP53 (Ku et al., 2017; Mu et al., 2017).
Because CHD1 plays a role in chromatin remodeling, we
postulated that such lineage transitions (and their underlying
transcriptional programs) could be identified by integrative anal-
ysis of global transcriptional and chromatin landscape changes
induced by CHDT1 loss, as measured by RNA-seq and assay
for transposase-accessible chromatin sequencing (ATAC-seq).
To distinguish between transcriptional changes induced by
CHD1 loss alone versus enzalutamide treatment, we profiled
LNCaP/AR cells that were not exposed to enzalutamide after
stable CHD1 knockdown (shCHD1-1 and shCHD1-2; two
different shRNAs) as well as enzalutamide-resistant sublines of
shCHD1-1 and shCHD1-2 derived after passage as xenografts
in enzalutamide-treated mice (shCHD1-XE-1 and shCHD1-XE-
2). ATAC-seq revealed substantial changes in open and closed
chromatin after CHD1 loss, consistent with the function of
CHD1 in chromatin remodeling. Globally, we observed more
than 10,000 new open and closed peaks, mainly in the intronic
and intergenic regions (Figures 5C and 5D). CHD1 loss also led
to global changes in transcriptome profiling (Figure 5E) which
were associated with changes in open chromatin (Figures
S4A-S4D). The transcriptome changes were relatively similar in
both shCHD1 sublines but were quite divergent in the
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Figure 5. Integrated Analysis of RNA-seq and ATAC-Seq Reveals Candidate Transcription Factor Drivers of Enzalutamide Resistance

(A) Relative gene expression of AR and AR target genes in tumors collected from LNCaP/AR xenografts, all normalized and compared with shNT + Veh group.
Mean + SEM is presented. p values were calculated using two-way ANOVA and numbers of biological replicates are presented. ***p < 0.0001, ***p < 0.001, *p <
0.01, *p < 0.05.

(B) Western blot showing AR and AR targets in tumors collected from LNCaP/AR xenografts. For both (A) and (B), Enz denotes enzalutamide treatment at 10 mg/
kg from day 1 of grafting. Veh denotes 0.5% CMC + 0.1% Tween 80.

(C) Graphical representation of the ATAC-seq peaks changes (gain or loss) in cell lines compared with shNT.

(D) The distribution of ATAC-seq peak locations in different genetic regions. For both (C) and (D), reads from three biological replicates were pooled to calculate
the consensus peaks.

(E) Venn diagram represents the overlap of the most differentially expressed genes in four groups compared with shNT. Cutoff values of fold change greater than 2
and false discovery rate < 0. 1 were used. Reads from three biological replicates in each group were used for analysis.

(F) Heatmap represents the expression fold changes (comparing to shNT) of the top 30 genes ranked by RNA-Score, three biological replicates in each group.

(legend continued on next page)
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shCHD1-XE-1 and shCHD1-XE-2 sublines (Figures S5A and 5B),
suggesting that enzalutamide exerts selective pressure that can
result in distinct transcriptional outcomes. Interestingly, gene set
enrichment analysis and pathway analysis revealed significant
downregulation of AR-selective signature genes and enrichment
of several neuron differentiation related pathways in shCHD1-XE
tumor cell lines (Figures S5C and S5D; Table S4).

Because activation of downstream target genes is dependent
on both the abundance of a TF as well as the accessibility of its
cognate binding sites within chromatin, we integrated changes in
TF expression with the presence of their associated binding mo-
tifs in areas of open chromatin. We first calculated an overall
RNA-Score of TFs using the sum of weighted log fold change
to identify those with significant changes in RNA level across
all four CHD1 loss conditions (Figure 5F). We then used motif
analysis within the open peaks identified by ATAC-seq to calcu-
late an overall ATAC-Score by summing the weighted motif dif-
ferential scores derived from the DAStk tool (Figure 5G).
Twenty-two TFs emerged after integration of upregulated TFs
with the enriched motifs of each TF (by multiplying the overall
RNA-Score and ATAC-Score), which we then evaluated as
candidate drivers of enzalutamide resistance in context of
CHD1 loss (Figure 5H and Table S5).

Functional Screen Implicates Four TFs in Mediating
Enzalutamide Resistance

To explore the functional role of these 22 TFs in antiandrogen
resistance, we asked if CRISPR deletion of each TF alone would
restore enzalutamide sensitivity in LNCaP/AR cells with CHD1
knockdown. Four independent guide RNAs for each of the 22
genes were individually cloned into a viral vector with a cis-linked
RFP gene, pooled and introduced into shCHD1 cells in a manner
that resulted in a mixture of RFP-positive (range ~50%-90%)
and RFP-negative cells. For cells expressing guides targeting
TFs required for enzalutamide resistance, we reasoned that the
percentage of RFP-positive cells would decline over 7 days
when cultured with enzalutamide (Figure 6A). In control cells in-
fected with a non-targeting guide (sgNT) and in cells expressing
guides targeting 18 of the 22 TFs, the fraction of RFP-positive
cells did not change significantly (Figure 6B). However, RFP-
positive cells were significantly depleted in cells expressing
guides selectively targeting genes encoding each of four TFs:
NR3C1 (encoding GR), POU3F2 (encoding BRN2), TBX2, and
NR2F1 (Figure 6B). Independent experiments confirmed that
CRISPR deletion of each of these four TFs re-sensitized shCHD1
cells to enzalutamide in vitro (Figure 6C). Furthermore, their
upregulation in the context of CHD17 loss was reversible, as
revealed by doxycycline-regulated CHD1 shRNA knockdown
(Figure 6D) and was evident in three other AR-positive human
prostate cancer cell lines (Figures S6A-S6C).

Interestingly, all four TFs have been previously implicated in
resistance to hormone therapy and prostate cancer progression,
often in the context of aberrant lineage specification away from
canonical luminal adenocarcinoma (Arora et al., 2013; Bishop

etal.,,2017; Duetal., 2017; Ku et al., 2017; Mu et al., 2017; Nan-
dana et al., 2017; Shi et al., 2019; Sosa et al., 2015). To further
interrogate their roles, we extended our analysis to a panel of
~20 enzalutamide-resistant xenografts, each derived indepen-
dently from LNCaP/AR after CHD1 depletion by either shRNA
or CRISPR deletion. Each of the four TFs had elevated expres-
sion in some but not all xenografts across this panel, supporting
a heterogeneous profile across this isogenic series of sublines
(Figure 7A). NR3C1 was most frequently and substantially upre-
gulated, but multiple sublines also had upregulation of NR2F1,
TBX2, or POU3F2, sometimes without concurrent NR3C17 upre-
gulation. Immunofluorescence and immunohistochemical stain-
ing revealed heterogeneity within the shCHD1-XE-1 cell lines
and in shCHD1 tumors resistant to enzalutamide, as seen by
increased levels of NR2F1 in some cells and both NR2F1 and
GR in other cells (Figures S7A-S7D). Collectively, this pattern
and the results from an inducible shCHD1 model suggest a state
of chromatin plasticity and enhanced heterogeneity, initiated by
CHD1 loss, which enables upregulation of distinct sets of genes
in response to selective pressure.

This concept is further supported by in vitro studies where we
examined the effect of brief exposure to enzalutamide on
expression of each of the four TFs in CHD1 wild-type cells or
in those with CHD1 depletion (by shRNA or CRISPR) (Figure 7B).
Either CHD1 loss or enzalutamide exposure was sufficient to
modestly upregulate each of the four TFs, but transcriptional
changes were more substantial under both conditions, particu-
larly in the CHD1-deleted, enzalutamide-resistant xenograft-
derived cell lines (Figures 7A and 7B). This hypothesis is also
supported by RNA-seq data from the previously mentioned
cohort of mMCRPC patients (Abida et al., 2019), in which we
examined the co-association of CHD1 levels with each of these
four TFs across 212 tumors. Unsupervised clustering analysis of
just these five genes identified five distinct clusters (Figure 7C).
Cluster 5 (CHD1 high) is noteworthy because the relative expres-
sion of each of the four TFs is low; whereas clusters 2, 3, and 4
(CHD1 low) each displays relatively higher expression of
NR2F1 and POUSF2 (cluster 3), TBX2 (cluster 2), or NR3C1 (clus-
ter 4). Cluster 1 (also CHD1 low) is an outlier to this pattern
because all four TFs are also low, which could be an indication
of even greater heterogeneity beyond that elicited from the
LNCaP/AR model. The identity of additional plasticity drivers
could emerge through characterization of transcriptional and
chromatin landscape changes across other models (Alizadeh
et al., 2015).

An underlying assumption of our chromatin plasticity model is
that the observed changes in TF activity promote enzalutamide
resistance through loss of luminal lineage identity. Indeed, we
observed altered expression of many canonical lineage-specific
genes in the same panel of CHD17-deleted, enzalutamide-resis-
tant xenografts that displayed heterogeneous upregulation of
the four TFs (Figure 7D). For example, all tumors showed consis-
tent downregulation of luminal marker genes (AR, KRT8, and
KRT18), some had increased levels of basal marker genes

(G) Heatmap represents the motif differential changes (compared with shNT) of the top 30 genes ranked by ATAC-Score, three biological replicates in each group.
(H) Rank of candidate transcription factors (TFs) are shown based on the adjusted Combined-Score. Top candidate TFs selected for functional CRISPR library

screen are presented in red.
See also Figures S4 and S5 and Table S4.
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(A) Schematic representation of the functional
CRISPR library screen in shCHD1 LNCaP/AR cells.
shCHD1 cells were transduced with Cas9 and
pooled single guide RNAs targeting individual TFs
and achieved cell mixtures of 50%-90% RFP-
positive cells (shCHD1 + sgTF) versus RFP-nega-
tive cells (shCHD1 only).
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(KRT5 and TP63), and nearly all showed upregulation of genes,
such as SNAI2, TWIST1, SNAI1, and ZEB1 that specify epithelial
to mesenchymal transition (EMT). Intriguingly, these changes in
lineage gene expression were rapid (evident within only 48 h after
doxycycline-inducible CHD1 knockdown) and reversible (Fig-
ures S7E and S7F). Collectively, we propose that CHD1 loss es-
tablishes an altered and plastic chromatin landscape which, in
the face of stresses, such as antiandrogen therapy, enables
resistant subclones to emerge through activation of alternative,
non-luminal lineage programs that reduce dependence on AR.

GR Inhibition Restores Enzalutamide Sensitivity in
CHD1-Deficient Tumors with Increased GR Expression
Identification of GR as one of the four critical TFs upregulated by
CHD1 loss was of particular interest based on previous reports
implicating GR in enzalutamide resistance (Arora et al., 2013;
Isikbay et al., 2014, Li et al., 2017) and led us to reexamine the
molecular basis of GR upregulation in LREX cells, a previously
reported enzalutamide-resistant subline of LNCaP/AR cells (Ar-
ora et al., 2013). Remarkably, CHD7 mRNA and protein levels

Q/ group.
(D) Relative gene expression level of the four TF
genes in LNCaP/AR cells transduced with anno-
tated inducible shRNAs at various time points.
Mean + SEM is presented, p values were calcu-
lated by two-way ANOVA, all compared with 0 h,
with three technical replicates in each group. ***p <
0.0001, **p < 0.001, **p < 0.01, *p < 0.05.

See also Figure S6 and Table S5.

ke

o were significantly lower in LREX
compared with LNCaP/AR cells (Figures
S8A and S8B). We also found robust upre-
gulation of GR mRNA (NR3C7) and protein
(Figures 8A and 8B), as well as down-
stream GR target genes (SGK7 and
NPCT), across a panel of enzalutamide-
resistant xenografts after CHD1 deletion (by shRNA or CRISPR)
(Figure 8A). These findings are notable because CHD1 loss re-
sulted in increased GR expression without enzalutamide chal-
lenge, in contrast to previous work in CHD1 intact models (Arora
et al., 2013; Shah et al., 2017) (Figures 8A, 8B, and S8C).

To determine if sustained GR expression is required to main-
tain enzalutamide resistance in CHD7-deleted tumors with
increased GR expression, we pursued both genetic and pharma-
cologic strategies. First, we knocked down GR in shCHD1-XE-1,
the subline with the highest GR level, using two independent GR
hairpins and observed substantial growth inhibition in vitro (Fig-
ures 8C, 8D, and S8D). For pharmacologic inhibition of GR, we
turned to inhibitors of BET bromodomain proteins, which we pre-
viously reported can re-sensitize CHD1 intact CRPC tumors with
increased GR levels to enzalutamide by inhibiting GR expression
(Shah et al., 2017). In vitro experiments using two different BET
inhibitors (JQ1 and CPI-0610) confirmed that GR expression in
CHD1-deficient cells is BET dependent (Figure S8E), similar to
data in the LREX model (Arora et al., 2013; Shah et al., 2017).
Interestingly, the degree of BET-dependent GR expression

POU3F2
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was substantially greater in CHD17-deficient cells that had not
been previously exposed to enzalutamide (Figure S8E). For
in vivo experiments, we used CPI-0610 due to its more favorable
pharmacologic properties and observed more tumor regres-
sions in mice treated with enzalutamide + CPI-0610 versus either
drug alone (Figures S8F and S8G) (Albrecht et al., 2016).

DISCUSSION

It is widely appreciated that the efficacy of targeted cancer ther-
apies can be negatively affected by tumor heterogeneity, partic-
ularly in the context of concurrent genomic alterations that can
mitigate dependence on the primary oncogenic driver. Cata-
loging these concurrent alterations in a comprehensive way
could better inform patient selection for targeted therapies and
provide insight into how to maximize treatment response (Aliza-
deh et al., 2015; Li et al., 2016). The in vivo shRNA library
screening strategy reported here, using the next-generation anti-
androgen enzalutamide in metastatic CRPC as an example, illus-
trates the feasibility of this approach as well as the challenges.
Two critical learnings were: (1) the use of relatively small shRNA
pools (~100 different hairpins) to ensure adequate representa-
tion of each hairpin and (2) the decision to perform multiple inde-
pendent tumor inoculations (10 per pool). The latter decision al-
lowed us to eliminate bystander shRNAs that are enriched solely
on the basis of the stochastic growth of individual cells that can
contribute disproportionately to the final composition of the tu-
mor (sometimes called jackpot clones). The wisdom of this deci-
sion is apparent in the fact that at least three of the eight hits were
validated in secondary screens. This approach mandates use of
a larger number of animals, but this can be balanced by using
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prostate deletome described here)
instead of whole genome libraries.

A major insight from our characteriza-
tion of how CHD1 loss promotes enzaluta-
mide resistance is the role of an altered
chromatin landscape in establishing a cell state that enables
more rapid adaptation to environmental stresses, such as anti-
androgen therapy than can occur in CHD7-intact tumor cells.
One consequence of this “cell state model” is the opportunity
for multiple different mechanisms of resistance to arise, as illus-
trated by the four different TFs identified here (Figure 8E). This
mechanism has parallels with work in small-cell lung cancer
showing altered chromatin landscapes in primary versus meta-
static tumors due to genomic amplification of the NFIB, which
encodes a TF that promotes neuroendocrine differentiation
through chromatin pioneering activity (Denny et al., 2016; Yang
et al., 2018). Such epigenetic reorganization can also be
observed in hematological malignancies (Hassan et al., 2017).

Although this study was focused solely on identifying enzalu-
tamide resistance mechanisms linked to CHD1 loss, it is remark-
able that all four of the TFs identified have been previously impli-
cated in advanced prostate cancer progression. GR is intriguing
in light of previous work showing that GR upregulation is an
adaptive resistance mechanism (Arora et al., 2013). Indeed, re-
examination of those data, in light of these findings, suggests
that loss of CHD1 may be the mechanism of GR upregulation
in these earlier models. BRN2 is similarly intriguing based on
recent evidence that this neural TF drives neuroendocrine differ-
entiation of tumor cells and thereby promotes enzalutamide
resistance through loss of luminal lineage features (Bishop
etal., 2017). TBX2, a T-box family TF, has been shown to induce
EMT (reduced E-cadherin, increased N-cadherin) and WNT
signaling, resulting in enhanced metastasis in prostate cancer
models (Du et al., 2017; Nandana et al., 2017). Finally, the orphan
nuclear receptor NR2F1 has been linked to tumor cell dormancy
in prostate cancer through induction of pluripotency genes, such
as SOX2 and NANOG (Sosa et al., 2015).
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Figure 8. GR Inhibition Has Significant Antitumor Effect on Antiandrogen-Resistant Tumors with CHD1 Loss

(A) Relative gene expression of NR3C1 and GR target genes in tumors collected from LNCaP/AR xenografts, all normalized and compared with shNT + Veh group.
Mean + SEM is presented. p values were calculated using two-way ANOVA, and numbers of biological replicates are presented.

(B) Western blot showing AR, GR, and their downstream target genes in xenografted LNCaP/AR tumors. For (A) and (B), Enz denotes enzalutamide at 10 mg/kg
from day 1 of grafting. Veh denotes 0.5% CMC + 0.1% Tween 80.

(C) Histograms of representative FACS-based competition assay showing the distribution of shCHD1-XE-1 cells (RFP-negative) versus shCHD1-XE-1 cells
transduced with shGR (RFP-positive). The distributions on different days are presented in different colors.

(D) Relative cell number of shCHD1-XE-1 cells transduced with annotated inducible shRNAs, normalized to shCHD1-XE-1 + Veh. Cells were treated with 250 ng/
mL doxycycline for 48 h, and then 7 days of 10 uM enzalutamide (Enz) or DMSO (Veh) before cell numbers were counted. Mean + SEM is presented, and p values
were calculated by two-way ANOVA, with three biological replicates in each group.

(E) Model depicting the chromatin dysregulation (plasticity) and antiandrogen resistance in mCRPC due to CHD1 loss.

For all panels, ***p < 0.0001, **p < 0.001, **p < 0.01, *p < 0.05. See also Figure S8.

Our data demonstrate that CHD1 loss in CRPC promotes a  tion independently or collaboratively. It is worth noting that plu-
state of intratumoral heterogeneity, but further work is needed  ripotency genes, such as SOX2 have been implicated in several
to determine whether these heterogeneous mechanisms func- examples of lineage plasticity, including those mediated by
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BRN2 and NR2F1, as well as in other examples, such as RB7 and
TP53 loss (Ku etal., 2017; Mu et al., 2017; Park et al., 2018). Sin-
gle-cell analysis should bring greater clarity to this heterogeneity,
including the possibility that these TFs function in collaborative,
hierarchical signaling networks (Goldman et al., 2019).

It is important to place our model of how CHD1 loss promotes
antiandrogen resistance mechanisms in the context of previous
work on CHD1 in prostate cancer. First, it is clear that Chd7 dele-
tion alone in the mouse prostate is not sufficient to induce cancer
(Augello et al., 2019; Shenoy et al., 2017); however, cancers do
emerge after co-deletion of Map3k7 (Rodrigues et al., 2015) or
Pten (Augello et al., 2019). Conversely, CHD1 is reported to
have a synthetic lethal interaction with PTEN in some breast
and PCa models (Zhao et al., 2017), presumably due to
context-specific effects. Intriguingly, Chd1~'~;Map3k7~'~ pros-
tate cancers have neuroendocrine features, consistent with our
observation that CHD1 loss can promote expression of aberrant
lineage programs. Chromatin immunoprecipitation sequencing
studies of the CHD1 and AR cistromes suggest a regulatory
role for CHD1, which directs (or restricts) AR to canonical target
genes in normal prostate tissue (Augello et al., 2019). This pattern
is disrupted in the setting of CHD1 loss, where aberrant AR cis-
tromes are observed that more closely resemble those seen in
prostate cancers (Augello et al., 2019). Collectively, the pheno-
types of neuroendocrine gene expression and altered AR
cistromes are consistent with our data showing that CHD1 loss
establishes an altered chromatin landscape, which enables acti-
vation of aberrant lineage programs as a mechanism to escape
antiandrogen therapy.

In closing, it is worth considering the clinical implications of
CHDT1 loss in prostate cancer. Our analysis of a limited cohort
suggests that CRPC patients with low CHD1 expression respond
poorly to next-generation antiandrogen therapies. It will be
important to validate this finding with a larger cohort, with inclu-
sion of patients with genomic CHD1 deletion as these were un-
derrepresented in our study.
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pRRL-TRE3G-mCherry-miRE-PGK-PuroR-IRES-rtTA3 Mu et al., 2017 LT3CEPIR
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ngs/annotation.html
deepTools (v2.5.0) Ramirez et al., 2016 http://homer.ucsd.edu/homer/
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hclust Miillner, 2013 http://danifold.net/fastcluster.html
pheatmap R Core Team, 2016 https://cran.r-project.org/web/
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Ping
Mu (ping.mu@utsouthwestern.edu). All cell lines, plasmids and other reagents generated in this study are available from the Lead
Contact with a completed Materials Transfer Agreement if there is potential for commercial application.

EXPERIMENTAL MODEL AND SUBJECT DETAIL

SCID Mouse In Vivo Xenografts

All animal experiments were performed in compliance with the guidelines of the Animal Resource Center of UT Southwestern and
Research Animal Resource Center of the MSKCC. LNCaP/AR in vivo xenograft experiments were conducted by subcutaneous in-
jection of 2 x 10° LNCaP/AR cells (100 pl in 50% Matrigel, BD Biosciences, and 50% growth media) into the flanks of castrated
male SCID mice on both sides. Daily gavage treatment with 10 mg/kg enzalutamide or vehicle (1% carboxymethyl cellulose,
0.1% Tween 80, 5% DMSO) was initiated one day after the injection. Once tumors were noticeable, tumor size was measured weekly
by tumor measuring system Peira TM900 (Peira bvba, Belgium). For CWR22Pc in vivo experiments (Figures S3E and S3F), 2 x 10°
CWR22Pc cells were injected subcutaneously into the flanks of intact male SCID mice and both castration and enzalutamide treat-
ment (10 mg/kg) was initiated on day 27 of xenografting. For in vivo experiment in Figures S8F and S8G, 10 mg/kg enzalutamide an-
d/or 60 mg/kg CPI-0610 were given after 5 weeks of enzalutamide alone administration, when tumors were around 200 mm? size in
average. CPI-0610 and JQ1 are commercially available from Selleck Chemicals, details listed in Key Resources Table.

Human Prostate Cancer Cell Lines and Mouse Organoids

LNCaP/AR, CWR22Pc and LAPC4 prostate cancer cell lines were generated and maintained as previously described(Chen et al.,
2003; Klein et al., 1997; Mu et al., 2017). EOOB6AA cells were purchased from Millipore (Sigma-Aldrich) (#SCC102). LNCaP/AR,
CWR22Pc and LAPC4 cells were cultured in RPMI medium supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine,
1% penicillin-streptomycin, 1% HEPES, and 1% sodium pyruvate (denoted as normal culture medium). EOOBAA cells were cultured
in DMEM medium supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, 1% penicillin-streptomycin, 1% HEPES, and
1% sodium pyruvate. LNCaP/AR cells were passaged every 3-5 days at a 1:6 ratio, CWR22Pc cells were passaged every 3-5 days at
1:3 ratio. LAPC4 cells were passed every 5-7 days at 1:2 ratio. EOO6AA cells were passaged every 3-5 days at 1:5 ratio. When treated
with 10 uM enzalutamide LNCaP/AR cells were cultured in RPMI medium supplemented with 10% charcoal-stripped serum (denoted
as CSS medium). All of the xenograft tumor-derived LNCaP/AR subsequent cell lines were developed from different individual tumors
(treatment details as described in main text) that were harvested, disaggregated with collagenase treatments, and then maintained in
normal culture medium. After harvesting, cells were cultured on Poly-D-Lysine-coated plates with 2 pg/ml puromycin (Gibco
#A1113803) until confluence and were then maintained on standard tissue culture dishes. All cell cultures were assessed for myco-
plasma monthly via the highly sensitive MycoAlert™ PLUS Mycoplasma Detection kit from Lonza (Cat #LT07-710). Cell line identi-
fication was validated each year through the human STR profiling cell authentication provided by the UT Southwestern genomic
sequencing core and compared to ATCC cell line profiles. Pten” mouse organoids were generated from Pb-Cre4-Pten/¥/flox
mice as previously described (Chen et al., 2013). This organoid (218-5A) is cultured in 3D Matrigel according to established protocol
(Karthaus et al., 2014). This organoid is split at 1:3 ratio every 6 days by trypsin or sterile glass pipette.

shRNA and CRISPR Model Generation

Lentiviral or retroviral transduction of cells for shRNA or guide RNA experiments was performed as previously described with
some modifications (Mu et al., 2017; Wheeler et al., 2015). Specifically, retroviral virus was used for shRNA library transduction
in Figure 1, as well as shCHD1 KD in Figures 3E, 8A, 8C, 8D, and S2A-S2E. Lentiviral virus was used for CRISPR based KO in
Figures 3A-3C, 6C, and S1C and inducible or stable shRNA constructs based KD in Figures S2F-S2H, S3, 6D, 8C, and 8D. For
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the miR-E based shRNA library transduction, LNCaP/AR cells were transduced with pooled retroviral shRNA hairpins with a 5-
20% transduction efficiency to ensure that most shRNAs are transduced at single-copy level. Two days after transduction, in-
fected LNCaP/AR cells were selected with 2 pg/ml puromycin for four days to select a pure GFP positive population. Sequences
of all the library shRNAs are listed in Table S2. For all other shRNA or CRISPR mediated modifications, unless otherwise noted,
cells were seeded at 400,000 cells per well in 2 ml of media in 6-well plates. The next day, media was replaced with media
containing 50% of virus and 50% of fresh culture medium, along with 5 pg/ml polybrene. The lentiviral or retroviral virus con-
taining media was removed after 24 hours and replaced with regular culture medium. Three days post transduction, the cells
were selected with 2 ng/ml puromycin for 4 days or 5 pg/ml blasticidin, as described below. The backbones and sequences of
all the shRNAs and CRISPR guide RNAs are listed in the Method Details and Key Resources Table.

METHOD DETAILS

Generation of the Human PCa Deletome and Construction of the miR-E shRNA Library

To define a comprehensive human prostate cancer deletome, we developed an integrative pipeline to analyze the genomic copy
number alterations (CNV) and mRNA expression data from multiple independent genomic studies. First, we examined the original
CNV data of the 2010 Taylor dataset and filtered the list of deleted genes present in regions of recurrent focal and chromosome
arm length deletion in more than 15% of the prostate cancer patients (generated 2 lists based on either the published CNV or the
R.A.E. output) (Taylor et al., 2008; 2010). Then we integrated these CNV data and the corresponding gene expression data to
further filtered the recurrent deletion events that are associated with decreased gene expression based on matched gene expres-
sion data. In parallel, we utilized this pipeline analysis for another three independent genomic studies and generated 4 additional
deleted gene lists, including the 2012 Barbieri dataset, the 2012 Grasso dataset (2 lists based on either the published CNV or the
R.A.E. output) and the TCGA dataset (Barbieri et al., 2012; Grasso et al., 2012; Network, 2015). Two more deleted gene lists were
generated using similar approaches as our integrative pipeline and therefore added into our final 8 deleted gene lists, including the
2007 Kim dataset and the 2009 Holcomb dataset(Holcomb et al., 2009; Kim et al., 2007). As expected, these 8 deleted gene lists
substantially overlap. We then combined the 8 deleted gene lists and refined the final human PCa deletome of 730 genes by only
incorporating the genes whose deletion were confirmed by at least two independent studies (Table S1) (Two genes PTEN and
DACH?1 were removed from the list because they were already deleted in LNCaP/AR cells) (Taylor et al., 2010). To identify genes
whose protein product inhibition can confer resistance to antiandrogen therapy in prostate cancer, we built a custom shRNA li-
brary targeting 730 genes (5-6 shRNAs/gene, total 4234 shRNAs) (Table S2). The shRNAs were cloned in a LEPC (aka MLP-E)
vector, a constitutive expression vector that was previously optimized for more efficient knockdown, by PCR-cloning a pool of
oligonucleotides synthesized on 12k customized arrays (CustomArrays) as previously described (Zuber et al., 2010). The shRNAs
were designed using an algorithm that predicts potent shRNAs as previously described (Pelossof et al., 2017). The library was sub-
cloned into 43 independent pools each pool consisting of ~100 shRNAs, to ensure that shRNA representation was not lost after
grafting the tumors cells in vivo.

In Vivo shRNA Mediated Screen and HiSeq

Each pool of the library was transduced into human CRPC tumor cell line LNCaP/AR at low multiplicity of infection (MOl < 1), to ensure
a single retroviral integration per cell and achieving a representation of each shRNA in an average of 20,000 cells. Transduced
LNCaP/AR cells were selected for 4 days using 2 pg/ml puromycin (Invitrogen) and 2 million cells were subcutaneously injected bilat-
erally into 5 castrated SCID mice to preserve library representation throughout the experiment (because of unexpected mice loss, we
have added additional mice in several pools to get enough tumors). As a negative control group, LNCaP/AR cells transduced with
shNT were also injected into 10 castrated mice. All animals were treated with enzalutamide (10 mg/kg/day) one day after the day
of bilateral injection to mimic the clinical scenario of enzalutamide usage, with the exception of 5 mice in the negative control group
being treated with vehicle. As described in the main text, based on the results of pilot experiments (Figures S1A and S1B), we only
harvested the tumors that reached 100 mm?® burden by week 16, before the appearance of background tumors (which usually require
more than ~19 weeks to arise) based on the rationale that the shRNAs targeting candidate resistance biomarkers should confer resis-
tance significantly quicker than the stochastic enrichment of the tumor initiating cells (“jackpot effect”).

Genomic DNA from plasmids, pregrafts, and resistant tumors was isolated by two rounds of phenol extraction using Phase-
Lock tubes (5prime) followed by isopropanol precipitation. The normalized reads of all shRNAs present in resistant tumors or
starting materials were quantified using HiSeq 2500 sequencing of shRNA guide strands PCR amplified from the isolated
genomic DNA, as previously described (Zuber et al., 2010; 2011). Sequence processing was performed using a customized Gal-
axy platform as previously described (Zuber et al., 2011). For each shRNA and condition, the number of matching reads was
normalized to the total number of library-specific reads per lane (10 million total reads per pool) and used for further analysis.
We only obtained 21 pools of reads in pregrafts therefore reads in plasmids were used as starting material instead. All the HiSeq
sequencing results (FASTQ) and normalized reads files were deposited to GEO: GSE127957. To adapt a probabilistic ranking
algorithm RIGER-E (RNAi Gene Enrichment Ranking) to analyze the HiSeq results, we recorded the hairpin reads in the tumors
which did not score by week 16 as “0” because they failed to enrich quicker than stochastically enriched hairpins, in order to
have a working matrix for a probabilistic statistic model. RIGER analysis was performed as previously described (Golden et al.,
2017) and the data matrix was deposited to GEO: GSE127957. We then applied two additional cut-offs to further filter out the
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false positive candidate genes. We chose “enriched in more than 8% of total tumor xenografted” as a first cut-off based on the
stochastic enrichment ratio of negative control gene TBC1D4. We chose “4 out of 6 hairpins enriched” as the second cut-off
based on a triangle thresholding method (Zack et al., 1977) and the results of our pilot experiments. The enrichment of each
shRNAs was determined by comparing the normalized reads in the resistant tumors with the normalized reads in plasmids.

Individual Plasmid Construction and Virus Production
The retroviral (LEPG) and lentiviral (SGEP, LT3GEPIR) miR-E based expression vectors generous gifts from Dr. Johannes Zuber
(Research Institute of Molecular Pathology, Vienna, Austria), and described previously(Zuber et al., 2011). LEPC, SCEP and LT3CE-
PIR vectors were constructed by switching the GFP cassette in the previous three vectors with a mCherry cassette as described
previously (Mu et al., 2017).

The sequences of shRNA hairpins are listed below:

LEPG-shNT:

TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATCTATAGTGAAGCCACAGATGTATAGATAAGCATTATAATTCCTATGCCT
ACTGCCTCGGA

LEPG-shCHD1-1:

TGCTGTTGACAGTGAGCGACAGGTTAACATTTTAGATAAATAGTGAAGCCACAGATGTATTTATCTAAAATGTTAACCTGGTGCCT
ACTGCCTCGGACTTCAAGGGGCTAGAATTC

LEPG-shCHD1-2:

TGCTGTTGACAGTGAGCGACAGGAAATGGATATAGATGAATAGTGAAGCCACAGATGTATTCATCTATATCCATTTCCTGGTGCC
TACTGCCTCGGACTTCAAGGGGCTAGAATTC

LEPG-shCHD1-3:

TGCTGTTGACAGTGAGCGCAACGTTATATATGACAAATTATAGTGAAGCCACAGATGTATAATTTGTCATATATAACGTTTTGCCTA
CTGCCTCGGACTTCAAGGGGCTAGAATTC

LEPG-shCHD1-4:

TGCTGTTGACAGTGAGCGACAGGAGAGATTCAGTATTTAATAGTGAAGCCACAGATGTATTAAATACTGAATCTCTCCTGGTGCC
TACTGCCTCGGACTTCAAGGGGCTAGAATTC

LEPG-shCHD1-5:

TGCTGTTGACAGTGAGCGCTAGGCGGTTTATCAAGAGCTATAGTGAAGCCACAGATGTATAGCTCTTGATAAACCGCCTAATGCC
TACTGCCTCGGACTTCAAGGGGCTAGAATTC

LT3CEPIR-shGR-1:

TGCTGTTGACAGTGAGCGCCCAAAGCAGTTTCACTCTCAATAGTGAAGCCACAGATGTATTGAGAGTGAAACTGCTTTGGATGCC
TACTGCCTCGGA

LT3CEPIR-shGR-2:

TGCTGTTGACAGTGAGCGAAAGCTGTAAAGTTTTCTTCAATAGTGAAGCCACAGATGTATTGAAGAAAACTTTACAGCTTCTGCCT
ACTGCCTCGGA

LT3CEPIR-shCHD1-1:

TGCTGTTGACAGTGAGCGACAGGTTAACATTTTAGATAAATAGTGAAGCCACAGATGTATTTATCTAAAATGTTAACCTGGTGCCT
ACTGCCTCGGACTTCAAGGGGCTAGAATTC

LT3CEPIR-shCHD1-2:

TGCTGTTGACAGTGAGCGACAGGAAATGGATATAGATGAATAGTGAAGCCACAGATGTATTCATCTATATCCATTTCCTGGTGCCT
ACTGCCTCGGACTTCAAGGGGCTAGAATTC

The All-In-One lentiCRISPR v2 purchased from Addgene (Plasmid #52961) was used to generate the sgCHD1, sgmChd1(for
mouse organoid experiment) and sgPTEN constructs. The empty vector served as the sgNT control. The guide RNAs were designed
using the online CRISPR designing tool at Benchling (https://benchling.com).

The sequences of sgRNAs are listed below:

lentiCRISPRv2-sgCHD1-1-F: CACCGTCAGCTCCATCAACTTTCGG

lentiCRISPRv2-sgCHD1-1-R: AAACCCGAAAGTTGATGGAGCTGAC

lentiCRISPRv2-sgCHD1-2-F: CACCGGATTTATGGATTGTCGGATT

lentiCRISPRv2-sgCHD1-2-R: AAACAATCCGACAATCCATAAATCC

lentiCRISPRv2-sgmChd1-1-F: CACCGAAAGTGTTAGAAATGGCAG

lentiCRISPRv2-sgmChd1-1-R: AAACCTGCCATTTCTAACACTTTC

lentiCRISPRv2-sgmChd1-2-F: CACCGCAACATTCACGGGTTTCCTG

lentiCRISPRv2-sgmChd1-2-R: AAACCAGGAAACCCGTGAATGTTGC

lentiCRISPRv2-sgPTEN-F: CACCGAAACAAAAGGAGATATCAAG

lentiCRISPRv2-sgPTEN-R: AAACCTTGATATCTCCTTTTGTTTC

All information related to constructs used for CRISPR function screening are discussed below in the functional screening section.

The CHD1 expressing vectors pCDH-EF1-Chd1-T2A-copGFP and pCDH-EF1-Chd1-P2A-puro were generous gift from Dr. Ping
Chi’s laboratory at MSKCC.
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FACS-Based Growth Competition Assay

LNCaP/AR cells were transduced with 5 different shRNAs targeting CHD1 or shNT individually with a viral infection efficiency of ~20%,
verified by GFP percentage by FACS. The competition cell mixture of ~20% transduced LNCaP/AR cells and ~80% wild-type cells was
treated with 10 uM enzalutamide and the percentage of GFP positive cells were measured by FACS on day 0, day 6, day 12, day 17 and

day 24. Relative cell number fold change was calculated as follows:

Toxy . T2x(1=Y) _ Yx(1-X)
TIxX " TIX(1-X) ~ Xx(1-Y)

24; X is the percentage of GFP positive cells measured on day 0 and Y is the percentage of GFP positive cells measured on day
6,12,17, or 24; then 1-X is the percentage of wild-type uninfected cells on day 0 and 1-Y is the percentage of wild-type uninfected
cells on day 6, 12, 17 or 24. FACS-based competition assay in Figures 8C and S8D is analogous to the one in Figures 3D and 3E
described above, except the shCHD1-XE-1 cells transduced with LT3CEPIR-shGRs were treated with doxycycline for 48 hours at
250 ng/ml before the day 0 was measured.

, where T1 is the total cell number of cell mixture on day 0 and T2 is the total cell number on day 6, 12,17, or

Cell Growth Assay, Cell Viability Assays and Dose Response Curve

LNCaP/AR cells transduced with CRISPR/sgRNAs were seeded at 20,000 cells per well in a 24-well cell culture plate, in CSS
medium and treated with enzalutamide (10 pM) or vehicle (DMSO) for 6 days. Cell numbers were counted using a Countess Il FL
automatic cell counter (Invitrogen) on day 7 and the relative cell growth (Enz/DMSOQO) was calculated. Cell growth assays were
conducted in triplicate and mean + SEM were reported. Dose response curve and all other cell viability assays were measured
by CellTiter-Glo luminescent cell viability assay (Promega cat #7570). 4000 LNCaP/AR cells were seeded in 96-well dish and
treated with different dosages of enzalutamide for 3 days before performing the assay. 3000 CWR22Pc cells were seeded in
96-well plate and treated with different dosages of enzalutamide for 6 days before performing the assay. 5000 LAPC4 cells
were seeded in 96-well plate with different dosages of enzalutamide for 12 days before perform the assay. 500 EOO6AA cells
were seeded in 3D Matrigel in human organoid media (Gao et al., 2014; Karthaus et al., 2014) with enzalutamide for 6 days,
because EOOBAA cells are not very sensitive to enzalutamide treatment in 2D culture condition. Mouse organoid were seeded
in 3D Matrigel (1000 cells/per 50 pl sphere) in mouse organoid media (Karthaus et al., 2014) with 1 uM enzalutamide for 6 days
before the cell viability was read.

Gene Expression Assay by qPCR

Total RNA from cells or homogenized tissues was extracted using Trizol (Ambion, Cat 15596018) following manufacturer’s
instructions. cDNA was made using the SuperScript™ IV VILO™ Master Mix with ezDNase™ Enzyme (Thermo Fisher,
11766500) following manufacturer’s instructions, with 200 ng/ul RNA template. 2X PowerUp™ SYBR™ Green Master Mix
(Thermo Fisher, A25778) was used in the amplification of the cDNA. Assays were performed in triplicate and normalized
to endogenous B-Actin expression. Heatmaps represent the gene expression difference were generated by prism 8, using
the log10 of expression fold change compared to control cell lines (shNT or sgNT transduced LNCaP/AR). Qiagen RT2
gPCR primer assays are used as primers for gene expression detection, unless otherwise noted. Individual primer assays
are listed, as well as in Table S6.

AR, Qiagen RT2, Cat# PPHO1016A

KLK3, Qiagen RT2, Cat# PPH01002B

NKX3-1, Qiagen RT2, Cat# PPH02267C

TMPRSS2, Qiagen RT2, Cat# PPH02262C

NDRG1, Qiagen RT2, Cat# PPH02202B

NR3C1 (GR), Qiagen RT2, Cat# PPH02652A

TBX2, Origene, F-AGCAGTGGATGGCTAAGCCTGT
R-GGATGTCGTTGGCTCGCACTAT

NR2F1, Origene, F-TGCCTCAAAGCCATCGTGCTGT
R-CAGCAGCAGTTTGCCAAAACGG

POUS3F2, Origene, F-GTGTTCTCGCAGACCACCATCT
R-GCTGCGATCTTGTCTATGCTCG

SGK1, Qiagen RT2, Cat# PPHO0387F

NPC1, Sigma KiCqStart, Cat#H_NPC1_1, 4864
KRT8, Qiagen RT2, Cat# PPH02214F

KRT18, Qiagen RT2, Cat# PPH00452F

KRT5, Qiagen RT2, Cat# PPH02625F

KRT14, Qiagen RT2, Cat# PPH02389A

TP63, Qiagen RT2, Cat# PPHO1032F

SYP, Qiagen RT2, Cat# PPH00717A

CHGA, Qiagen RT2, Cat# PPHO1181A

ENO2, Qiagen RT2, Cat# PPH02058A

SOX2, Qiagen RT2, Cat# PPH02471A
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SNAI2, Qiagen RT2, Cat# PPH02475A
TWIST1, Qiagen RT2, Cat# PPH02132A
SNAI1, Qiagen RT2, Cat# PPH02459B
ZEB1, Qiagen RT2, Cat# PPH01922A
CDH2, Qiagen RT2, Cat# PPHO0636F

Western Blot

Proteins were extracted from whole cell lysate using RIPA buffer. Proteins were then measured with Pierce BCA Protein Assay Kit (cat
#23225) following manufacturer’s instructions. Protein lyses were mixed with 5X laemmli buffer and boiled at 95°C for 5 minutes. Pro-
teins were run on the NUPAGE 4-12% Bis-Tris gels (Invitrogen, Cat #NP0323) using Novex sharp pre-stained protein standards as a
marker (Invitrogen, LC8500) and 1X NUPAGE MES SDS buffer as running buffer (Novex, Cat #NP0002) and run at 120 volts. Gels were
transferred in 1X Bolt Transfer buffer (Novex, Cat #BT00061) diluted with water and ethanol. Nitrocellulose membrane paper (Immo-
bilon, Cat#IPVH00010) was used and was activated with 100% methanol (Fisher, Cat#A412-20). Transfer was conducted at 4°C for
1 hour at 100 volts. Membranes were blocked in 5% non-fat milk for 15 minutes prior to addition of primary antibody and washed with
1X TBST (10X stock from Teknova, T9511).

Antibodies used for western blot are (also listed in Key Resources Table):

(
(2) AR Antibody (N-20), Santa Cruz, sc-816

1) CHD1 (D8C2) Rabbit mAb, Cell Signaling, Cat #4351

)

(3) KLK3 (D6B1) XP® Rabbit mAb, Cell Signaling, Cat # 5365

(4) PMEPAT1 Antibody (P-15), Santa Cruz, Cat # sc-85829

(5) STEAP Antibody (B-4), Santa Cruz, Cat # sc-271872

(6) p-Actin (13E5) Rabbit mAb, Cell Signaling, Cat # 4970

(7) Glucocorticoid Receptor (D6H2L) XP® Rabbit mAb, Cell Signaling, Cat #12041

(8) SGK1 (D27C11) Rabbit mAb, Cell Signaling, Cat #12103

(9) c-Myc (D84C12) Rabbit mAb, Cell Signaling, Cat #5605

Immunofluorescence (IF)

LNCaP/AR cells were seeded on round glass coverslips. After 24 hr, cells were washed with PBS and fixed with 4% para-
formaldehyde for 20 min at room temperature, followed by permeabilization with 0.5% Triton X-100 for 5 min. Then cells
were incubated with primary antibodies (Rabbit anti-GR, CST, #12041; mouse anti-NR2F1 R&D, PP-H8132-00), overnight
at 4°C after blocking with 3% BSA/PBS for 30 min at room temperature, followed by incubation with Alexa Fluor-labeled sec-
ondary antibodies (Alexa Fluor® 488 AffiniPure Goat Anti-Mouse IgG (H+L), Jackson Immunoresearch; Alexa Fluor® 594 Af-
finiPure Goat Anti-Rabbit IgG (H+L), Jackson Immunoresearch) for 1hr at room temperature. Nuclei were stained with DAPI.
Images were acquired on Leica DMi8 microscope and Zeiss LSM 700 confocal Laser Scanning Microscope. Three biological
replicated, representative images of each cell line were used to quantify the fluorescence intensity of GR and NR2F1 signals,
using imageJ.

Immunohistochemistry (IHC)

Tumors were fixed in 4% paraformaldehyde overnight at 4°C. Then tumors were embedded in paraffin and sectioned at 5 um. Immu-
nohistochemistry was performed following standard procedures. After incubated with primary antibodies (Rabbit anti-GR, CST,
#12041; mouse anti-NR2F1 R&D, PP-H8132-00), VECTASTAIN® ABC HRP Kit (Peroxidase, Rabbit IgG) and HRP conjugated
Goat anti-mouse IgG were used, followed by ImMmPACT® DAB Peroxidase (HRP) Substrate. Images were acquired on ECHO revolve
microscope. Representative images of four tumors of each group were used to quantify the IHC signals of GR and NR2F1, using
imaged and the IHC Profiler plugin (Varghese et al., 2014).

FACS-based Functional Screen Mediated by CRISPR/Cas9

LNCaP/AR-shCHD1 cells (GFP positive) were transduced with lentiCas9-Blast purchased from Addgene (Plasmid #52962) and then
selected with 5 pg/ml blasticidin (Gibco #A1113903) for 5 days. Four individual guide RNAs were designed to target each of the top 22
candidate TFs using the online CRISPR designing tool at Benchling (https://benchling.com). The sequences of sgRNAs can be found
in Table S5. These guide RNAs were individually cloned into pLKO5.sgRNA.EFS.tRFP purchased from Addgene (Plasmid #57823).
Then the LNCaP/AR-shCHD1-Cas9-Blast cells were transduced with these guide RNAs (guide RNAs targeting the same TF were
pooled together) or sgNT with a viral infection efficiency of 50-90%, as measured by percentage of RFP positive cells (achieving
a cell mixture of RFP positive cells vs RFP negative cells). The transduced cells were treated with 10 uM enzalutamide and the per-
centage of RFP positive cells were measured by FACS on day 0 and day 7. If deletion of any TF by CRISPR/Cas9 compromised the
resistance to enzalutamide, it will give the infected cells with a growth disadvantage that will in turn be reflected by a reduction in the
percentage of RFP positive cells.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics Methods

All of the statistical details of experiments can be found in figure legends as well as the Method Details section. For all comparisons
between two groups of independent datasets, multiple t tests were performed, p value and standard error of the mean (SEM) were
reported. For all comparisons among more than two groups (>2), one-way or two-way ANOVA were performed, p values and SEM
were reported; and p values were adjusted by multiple testing corrections (Bonferroni) when applicable. For dose response curve,
p values were calculated by non-linear regression with extra sum-of-squares F test. For all figures, **** represents p<0.0001. *** rep-
resents p<0.001. ** represents p<0.01. * represents p<0.05. The usage of all statistical approaches was examined by our biostatis-
tical collaborators. All bioinformatic analysis and comparisons are described in details below.

Analysis of Human Prostate Cancer Dataset

Processed 444 SU2C metastatic prostate cancer patient cohort (Abida et al., 2019) RNA-seq data and enzalutamide/abiraterone
treatment data were downloaded from cBioPortal (http://www.cbioportal.org/). 128 patients of this cohort with metastatic CRPC
have baseline biopsy and matched clinical data. 75 patients of this 128 sub-cohort have gene expression data captured by Poly-A
RNA-seq. 56 patients of this 75 sub-cohort have records of time on either enzalutamide/apalutamide or abiraterone. 4 patients of this
cohort were excluded because they have SPOP mutations, which demonstrate elevated sensitivity to antiandrogen treatment (Boy-
sen et al., 2018). Histogram of CHD17 mRNA distribution was generated by R Studio (Version 1.1.453). The probability of treatment
duration figure was generated by prism 8 using Mantel-Cox test.

The same SU2C cohort (Abida et al., 2019) RNA-seq data was used to analyze expression patterns of 4 TFs (NR3C1, POU3F2,
NR2F1 and TBX2) and their relationship with CHD1 level. Among these patients, RNA-seq data (Capture platform) for all 5 genes
were available for 212 patients. We excluded patients with only polyA RNA-seq data because NR2F1 expression is not available
from the polyA platform. Expression matrix of all 5 genes was analyzed by “hclust” method (Mullner, 2013), with the parameter
k-means= 5, scale = “column” (normalized value centered by gene). Unsupervised clustering resulted in 5 distinct groups, using
the “pheatmap” package of R (V1.0.12). Each cluster contains different number of tumors (Cluster:1 Size:102, Cluster:2 Size:27,
Cluster3: Size:2, Cluster:4 Size:4, Cluster:5, Size:40).

Sample and library preparation for RNA-seq and ATAC-seq

1x10° LNCaP/AR cells was plated in 6-well plate, growing under regular RPMI-1640 containing 10% FBS. After 48 hours, cells were
trypsinized and collected by spinning at 500 g for 1.5 min, 4° C. Cells were then washed once with cold 1X PBS and spinned down at
500 g for 1.5 min, 4° C. After discarding supernatant, cells were lysed using 50 pL cold lysis buffer (10 mM Tris-HCI pH 7.4, 10 mM
NaCl, 3 mM MgCly, 0.1% IGEPAL CA-360) and spinned down immediately at 500 g for 10 min, 4 ° C. Total RNA from cells was ex-
tracted using Trizol (Ambion, Cat 15596018) following manufacturer’s instructions. RNA-Seq libraries were prepared using the lllu-
mina TruSeq stranded mRNA kit, with 10 cycles of PCR amplification, starting from 500 ng of total RNA, at the Genome Technology
Center (GTC) at NYU. Barcoded RNA-Seq were run as single read 50 nucleotides in length on the lllumina HiSeq 2500 (v4 chemistry)
and Poly-A selection was performed. For ATAC-seq, 5x10° LNCaP/AR cells were precipitated and kept on ice and subsequently re-
suspended in 25 L 2X TD Buffer (lllumina Nextera kit), 2.5 uL Transposase enzyme (lllumina Nextera kit, 15028252) and 22.5 pL
Nuclease-free water in a total of 50 uL reaction for 1 hr at 37° C. DNA was then purified using Qiagen MinElute PCR purification
kit (28004) in a final volume of 10 uL. ATAC-Seq- Libraries were prepared following the Buenrostro protocol (https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC4374986/) and ATAC-Seq libraries were sequenced as 50 base paired-end reads on the lllumina
HiSeq 4000 at the Genome Technology Center (GTC) at NYU.

Analysis of RNA-seq Data

Reads with Phred quality scores less than 20 and less than 35 bp after trimming were removed from further analysis using trimgalore
(v0.4.1) (Martin, 2011). Quality-filtered reads were then aligned to the human reference genome GRCh38 using the HISAT (v2.0.1)
(Pertea et al., 2016) aligner with default settings and marked duplicates using Sambamba (v0.6.6) (Tarasov et al., 2015). Aligned reads
were quantified using featureCounts (v1.4.6) (Liao et al., 2014) per gene ID against GENCODE v10 GRCh38.p10 (Mudge and Harrow,
2015). Differential gene expression analysis was performed using the R package DEseq?2 (v1.6.3) (Love et al., 2014). Cutoff values of
absolute fold change greater than 2 and FDR<0.1 were used to select for differentially expressed genes between sample group com-
parisons. All RNA-seq data have been deposited in the Sequence Read Archive (SRA) with the accession numbers GSE126917, also
listed in Key Resources Table.

GO Analysis

GeneOntology Enrichment Pathway analysis was performed using PANTHER to determine molecular and biological functional cat-
egories which were enriched in CHD1-depelted cells (Mu et al., 2017). The input gene lists were generated from the overlapping of
differentially expressed genes in four compilations (shCHD1-1 compared to shNT, shCHD1-2 compared to shNT, shCHD1-XE-1
compared to shNT, shCHD1-XE-2 compared to shNT), which consistence of 150 genes in total. Cutoff values of FDR<0.05 was
used to select top enriched pathways. To avoid pathways with too few genes, we excluded the gene lists with less than 10 hits
changed in our datasets.
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GSEA Analysis

GSEA statistical analysis was carried out with publicly available software from the Broad Institute (http://www.broadinstitute.org/
gsea/index.jsp). Weighted GSEA enrichment statistic and Signal2Noise metric for ranking genes were used. The AR selec-
tive gene score was calculated by the sum of RPKM of all genes in the AR selective gene list as previously defined (Arora
et al., 2013).

Analysis of ATAC-seq Data

We utilized trimgalore (v0.4.1) (Martin, 2011) for the raw reads to remove reads shorter than 35 bp or with Phred quality scores
less than 20 and then aligned those trimmed reads to the human reference genome (GRCh38) using default parameters in
BWA (v0.7.12) (Li and Durbin, 2009). The aligned reads were subsequently filtered for quality and uniquely mappable reads
were retained for further analysis using Samtools (v1.3) (Li et al., 2009) and Sambamba (v0.6.6) (Tarasov et al., 2015). Library
complexity was measured using BEDTools (v2.26.0) (Quinlan and Hall, 2010) and meets ENCODE data quality standards
(Landt et al., 2012). Relaxed peaks were called using MACS (v2.1.0) (Feng et al., 2012) with a p value of 1x102. Consensus
peaks were calculated by taking the overlap of peaks for sample, its replicates, and pseudoreplicates. All ATAC-seq data
have been deposited in the Sequence Read Archive (SRA) with the accession numbers GSE127241, also listed in Key Re-
sources Table.

Differential Binding Analysis

To detect differentially bound sites, we used R (v3.3.2) and package DiffBind (v2.2.12) (Stark and Brown, 2011; R Core Team, 2016)
Default parameters were used in DiffBind workflow. To identify overlapping peaks between conditions we used BEDtools (v2.26.0),
using intersect (Quinlan and Hall, 2010).

ATAC-seq Differential Peak and RNA-Seq Fold Change CDF Plots

We filtered the above annotated differential peak data for peak locations having fold changes of greater than 2 and greater than 5
separately, with associated p values of 0.01 or less. We then took the gene name from these filtered peak annotations and plotted
the cumulative distribution of the gene’s RNA-seq differential expression log2 fold change values against the cumulative distribution
of the log2 expression fold change of all genes.

Annotation and Differential Motif Detection

To identify motif presence in peaks, we created a list of possible binding sites across the human reference (GRCh38) genome of
motifs obtained from the JASPAR 2018 core vertebrate non-redundant database using the fimo command from the MEME suite
(v4.11.1) (Bailey et al., 2015; Khan et al., 2017). We then performed differential motif analysis using DAStk (v0.1.5) on ATAC-seq
peaks (Tripodi et al., 2018). ATAC-seq peaks were annotated using the annotatePeaks. script in HOMER (v4.9) (Heinz
et al., 2010).

Predicting Driver TFs Using RNA-seq and ATAC-seq Data
We developed a workflow (Barnes et al., 2019) that combines RNA-seq and ATAC-seq data with TF motif information to predict driver
TFs in prostate cancer resistance, similar as the method as previously described (Franco et al., 2018).

Transcription Factor Expression using RNA-seq: For each cell line (2 shCHD1-XE lines and two shCHD1 lines) we calculated the
RNA-Score as the RNA-seq log2 fold change values compared to shNT cells.

Motif Predictions using ATAC-seq: For each cell line (2 shCHD1-XE lines and two shCHD1 lines) we calculated the ATAC-seq from
the DAStk derived motif differential scores.

Determining driver Transcription Factors: To avoid having results from one of the four cell lines dominate the entire analysis, a
weight y was first calculated for each group by dividing the sum of the absolute value shCHD1-XE RNA-seq fold change values
by the sum of the absolute value of shCHD1 RNA-Scores. A y was also calculated for ATAC-Scores by dividing the sum of

shCHD1-XE motif differential scores by the sum of shCHD1 ATAC-Scores, as shown in this equation: 7:%. RNA fold

change values and motif differential Scores were then multiplied by the respective weights, and then summed to create overall
RNA-Scores and ATAC-Scores, respectively (Table S5). Then a Combined-Score is calculated by multiplying the overall RNA-Score
and ATAC-Score.

If the TF has both negative value of RNA-Score and ATAC-Score, the Combined-Score was multiplied by -1 to get the adjusted
Combined-Score. Furthermore, because some TFs may upregulate the downstream signaling pathway without significant changes
in chromatin accessibility, or upregulate the downstream signaling pathway with only changes in chromatin accessibility, the Com-
bined-Score of TFs with top 12 RNA-Scores and/or top 5 ATAC-Scores was also multiplied by -1 if it was a negative value (cut-off was
picked based on the previously known function of these TFs). Then all the TFs are ranked using the adjusted Combined-Score (Fig-
ure 5H). The top 20 TFs with highest adjusted Combined-Score plus the 2 TFs with highest ATAC-Score are selected as final candi-
date resistant drivers for further functional screen.
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Generating Density Heatmaps and Profiles

For heatmaps and profiles, we used deepTools (v2.5.0) (Ramirez et al., 2016) to generate read abundance from all datasets around
peak center (= 2.5 kb/ 2.0 kb), using ‘computeMatrix’. These matrices were then used to create heatmaps and profiles, using deep-
Tools commands ‘plotHeatmap’ or ‘plotProfile’ respectively.

DATA AND CODE AVAILABILITY

Library shRNA HiSeq data has been deposited in GEO: GSE127957. RNA-Seq data has been deposited in GEO: GSE126917.
ATAC-Seq data has been deposited in GEO: GSE127241.
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Figure S1 related to Figure 1. Pilot experiments and the validation of other two top hits
emerged from the in vivo library screen. (A) Tumor growth curve of xenografted LNCaP/AR
cells transduced with annotated plasmids or pools of library. Enz denotes enzalutamide treatment
at 10 mg/kg orally one day after grafting. Veh denotes 0.5% CMC + 0.1% Tween 80 treatment at
same dosage. (B) Tumor measurement of xenografted LNCaP/AR cells transduced with shNT and
21 representative pools at week 16. For all panels unless otherwise noted, mean + SEM. is
represented.
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Figure S2 related to Figure 3. Resistance conferred by CHD1 KD is reversible. (A) Dose
response curve of LNCaP/AR cells transduced with annotated shRNAs. Mean + SEM is
represented, and p values were calculated by non-linear regression with extra sun-of-squares F test,
3 biological replicates were used for each data point. (B) Relative cell number fold change
compared to shNT group, based on the results of FACS-based competition assay. Enz denotes



enzalutamide of 10 uM and Veh denotes DMSO. Mean + SEM is represented, and p values were
calculated using two-way ANOVA, 3 biological replicates in each group. (C) Relative cell number
of LNCaP/AR cells transduced with annotated shRNAs and rescue plasmids expressing CHD1
cDNA (R1/R2), normalized to shNT+Veh group. Cells were treated with 10 uM enzalutamide
(Enz) or DMSO (Veh) for 7 days and cell numbers were counted. Mean + SEM is represented,
and p values were calculated using multiple t tests, 3 biological replicates in each group. (D)
Relative cell number fold change compared to shNT group, based on the results of competition
assay. Veh denotes DMSO. Enzalutamide (Enz), apalutamide (Apa) and darolutamide (Daro) all
denotes dosage of 10 uM. Mean + SEM is represented, and p values were calculated using
multiple t tests, 3 biological replicates in each group. (E) Tumor growth curve of xenografted
LNCaP/AR cells transduced with annotated shRNAs. Enz denotes 10 mg/kg orally one day after
grafting. Veh denotes 0.5% CMC + 0.1% Tween 80 at same dosage. Mean + SEM is represented,
and p values were calculated using two-way ANOVA. Experiments have been done with two
independent repeats. (F) Relative cell number of LNCaP/AR cells transduced with annotated guide
RNAs, normalized to shNT+Veh group. Cells were treated with 10 uM enzalutamide (Enz) or
DMSO (Veh) for 7 days and cell numbers were counted. Mean + SEM is represented, and p values
were calculated using multiple t tests, 3 biological replicates in each group. (G) Relative gene
expression level of CHDI in LNCaP/AR cells transduced with annotated inducible shRNAs at
various time points. Mean + SEM is represented, p values were calculated by one-way ANOVA,
compared to 0 hr condition, 3 technical replicates in each group. (H) Relative cell number of
LNCaP/AR cells transduced with annotated shRNAs in an inducible vector system, normalized to
shNT+Veh. Cells were treated with 250 ng/ml doxycycline (Dox) for 48 hours, and then treated
with 7 days of 10 uM enzalutamide (Enz) or DMSO (Veh), and cell numbers were counted. Mean
+ SEM is represented, and p values were calculated using multiple t tests, 3 biological replicates
in each group. (I) Relative cell number of LNCaP/AR cells transduced with annotated shRNAs in
an inducible vector system, normalized to shNT+Veh. Cells were treated with 250 ng/ml
doxycycline (Dox) for 48 hours, removed doxycycline for 7 days, and then treated with 7 days of
10 uM enzalutamide (Enz) or DMSO (Veh), then cell numbers were counted. Mean + SEM is
represented, and p values were calculated using multiple t tests, 3 biological replicates in each
group. For all panels, **** p<0.0001. *** p<0.001. ** p<0.01. * p<0.05.
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Figure S3 related to Figure 3. CHDI KD confers resistance in other PCa models. (A)
Enzalutamide (Enz) dose response curve of CWR22Pc cells transduced with annotated shRNAs.
Mean + SEM is represented, and p values were calculated by non-linear regression with extra sun-
of-squares F test, 3 biological replicates were used for each data point. (B) Enzalutamide (Enz)
response curve of CWR22Pc-PTEN-KO cells transduced with annotated shRNAs. Mean + SEM
is represented, and p values were calculated by non-linear regression with extra sun-of-squares F
test, 3 biological replicates were used for each data point. (C) Relative cell number of EOO6AA-
PTEN-KO cells transduced with annotated hairpins. Cells were treated with 15 pg/ml
enzalutamide (Enz) or DMSO (Veh) for 6 days in 3D Matrigel and cell number was measured
using CellTiter-Glo assay. Mean = SEM is represented, and p values were calculated using
multiple t tests, 3 biological replicates in each group. (D) Relative cell number of LAPC4-PTEN-
KO cells transduced with annotated hairpins. Cells were treated with 30 pg/ml enzalutamide (Enz)
or DMSO (Veh) for 6 days and cell number was measured using CellTiter-Glo assay. Mean + SEM
is represented, and p values were calculated using multiple t tests, 3 biological replicates in each
group. (E) Tumor growth curve of xenografted CWR22Pc cells in intact mice. All animals were
castrated (Cas) and treated with enzalutamide (Enz) at 10 mg/kg orally from day 27. Mean + SEM
is represented and p values were calculated using two-way ANOVA. (F) Waterfall plot displaying
changes in tumor size of xenografted CWR22Pc cells after 1 week of castration and enzalutamide
treatments. Cas denotes castration. Enz denotes enzalutamide treatment at 10 mg/kg orally. (G)
Relative cell number of mouse organoid (Pten™ ) cultured in 3D. Organoids were treated with
DMSO (Veh) or 1 uM enzalutamide (Enz) for 6 days. Mean + SEM is represented, and p values
were calculated using multiple t tests, 3 biological replicates in each group. For all panels, ****
p<0.0001. *** p<0.001. ** p<0.01. * p<0.05.
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Figure S4 related to Figure 5. ATAC-seq analysis reveals global changes in chromatin
accessibility after CHDI loss. (A-D) Cumulative distribution of log2 expression changes in
shCHD1-1 cell line compared to shNT(A); shCHD1-2 cell line compared to shNT (B); shCHD1-
XE-1 cell line compared to shNT (C); shCHD1-XE-2 cell line compared to shNT (D). For all
panels, the blue line denotes all of the expressed genes. Green line denotes the genes with
significant upregulated ATAC-peaks compared to shNT (enhanced peaks, combined increasing of
peaks>6). For all panels, reads from 3 biological replicates were pooled to calculated the consensus

peaks.
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Figure S5 related to Figure 5. RNA-seq analysis reveals global changes in transcriptome
profiling after CHDI loss. (A) Unsupervised hierarchical clustering of normalized expression of
differentially expressed genes whose expression was significantly changed in any of the four other
cell lines (shCHDI1-1, shCHDI1-2, shCHDI-XE-1, shCHDI1-XE-2) comparing to shNT. 3
biological replicates in each group are shown. (B) Heatmap depicting the Euclidean distances
between samples based on Pearson correlation. Reads from 3 biological replicates in each group
were used for analysis. (C) GSEA analysis of AR selected genes (Arora et al. 2013) expression in
shCHD1-XE groups compared to shNT group. Reads from 3 biological replicates were used for
analysis. (D) Pathways enriched in the overlapped 150 significantly upregulated genes (see also
Figure 5E) in the four cell groups compared to shNT. Reads from 3 biological replicates in each
group were used for analysis.
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Figure S6 related to Figure 6. CHDI loss leads to induction of 4 TFs in other PCa models. (A)
Relative gene expression of 4 TFs in CWR22Pc-PTEN-KO cells transduced with annotated
shRNAs, all normalized and compared to shNT. (B) Relative gene expression of 4 TFs in EOO6AA-
PTEN-KO cells transduced with annotated shRNAs, all normalized and compared to shNT. (C)
Relative gene expression of 4 TFs in LAPC4-PTEN-KO cells transduced with annotated shRNAs,
all normalized and compared to shNT. For all panels, mean + SEM is represented and p values

were calculated by multiple t test, 3 technical replicates in each group and **** p<(0.0001. ***
p<0.001. ** p<0.01. * p<0.05.
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Figure S7 related to Figure 7. CHDI loss enhanced prostate cancer cell heterogeneity and
lineage plasticity. (A) Immunofluorescence staining of NR2F1 and GR in shCHD1-XE cells. (B)
Quantification of representative immunofluorescence images. Mean + SEM is represented and p
value was calculated by multiple t test. (C) Immunohistochemical staining of NR2F1 and GR on
shCHD1 enzalutamide resistant tumor slides. (D) Quantification of representative
immunohistochemical images. Mean + SEM is represented and p value was calculated by multiple
t test. (E-F) Relative gene expression level of the EMT genes (E) and lineage specific marker genes
(F) in LNCaP/AR cells transduced with annotated inducible sShRNAs at various time points. Mean
+ SEM is represented and p values were calculated by two-way ANOVA, all compared to 0 hr, 3
technical replicates in each group. For all panels, **** p<0.0001. *** p<0.001. ** p<0.01. *
p<0.05.
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Figure S8 related to Figure 8. BET Bromodomain inhibition restores enzalutamide
sensitivity. (A) Relative gene expression level of the CHD/ in LNCaP/AR and LREX cells. Mean
+ SEM is represented and p values were calculated by t test, 3 technical replicates in each group.
(B) Western blot showing CHD1 protein levels in LNCaP/AR and LREX cells. (C) Western blot
showing GR protein levels in LNCaP/AR cells transduced with annotated shRNAs or sgRNAs.
(D) Relative cell number fold change compared to shCHD1-XE-1 group, based on the results of
FACS-based competition assay. p values were calculated using two-way ANOVA. Mean + SEM
is represented and p values were calculated by two-way ANOVA, all compared to shCHD1-XE-
1+Veh, 3 biological replicates in each group. Western blot showing GR protein levels in shCHD1-
XE-1 cells transduced with annotated shRNAs. (E) Western blot of AR, GR, and MYC protein
levels in different cell lines with enzalutamide resistance. (F) Tumor growth curve of xenografted
LNCaP/AR shCHD1-XE-1 cells. All animals were treated with enzalutamide at 10 mg/kg orally
1 day after grafting. Beginning from week 5 of xenografting, animals were randomized into 3
groups and treated with enzalutamide only (Enz), CPI-0610 only (CPI) or the combination of
enzalutamide plus CPI-0610. Mean + SEM is represented and p values were calculated using two-
way ANOVA. (G) Waterfall plot displaying changes in tumor size of xenografted LNCaP/AR
shCHDI1-XE-1 cells after 3 weeks of treatments. For (F) and (G), Enz denotes enzalutamide
treatment at 10 mg/kg orally. CPI denotes CPI-0610 treatment at 60 mg/kg orally. For all panels,
weAEE p<0.0001. *** p<0.001. ** p<0.01. * p<0.05.



