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Introduction
The androgen receptor (AR) regulates cellular programs that pro-
mote the survival and proliferation of prostate cancer (PC) cells. 
Consequently, first-line treatment for metastatic PC centers on 
inhibiting AR activity through androgen deprivation therapy 

(ADT), resulting in the suppression of AR target genes and clini-
cal remissions that generally last several years (1). However, ADT 
is not curative. PC recurs as castration-resistant prostate cancer 
(CRPC), typically with reactivated AR signaling. Second-gener-
ation AR pathway inhibitors (ARIs), such as enzalutamide (ENZ) 
and abiraterone (ABI), were designed to further repress AR signal-
ing and are primarily used to treat CRPC. Although these agents 
extend survival, durable complete responses are rare and these 
therapies also eventually fail (2, 3).

Typically, the vast majority of metastatic CRPC (mCRPC) 
tumors progress with rising prostate-specific antigen (PSA/KLK3) 
levels despite standard of care treatment. Moreover, most mCRPC 
tumors are adenocarcinomas, which have robust AR program activ-
ity (4). Though rigorous epidemiological data are lacking, recent 
studies report that a substantial number of mCRPC tumors pro-
gressing on ARIs have lost AR signaling (5). Paralleling increased 
use of ARIs has been an increase in the proportion of treatment-re-
sistant CRPC metastases that have AR-null phenotypes, i.e. tumors 
with diffuse small cell or neuroendocrine (NE) characteristics 
(SCNPC) or the recently described double-negative (DNPC) phe-
notype that lacks both NE and AR activity (5). A contemporary 
study evaluating the histology and molecular characteristics of 202 
men with mCRPC found that 17% of the evaluable tumors were 
classified as SCNPC and this phenotype was associated with short-
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found utility in subclassifying breast tissue and cancers that exhibit 
similar histological characteristics (10, 11). We sought to develop a 
clearer understanding of the mCRPC disease continuum through 
transcriptome profiling by whole-genome RNA sequencing (RNA-
Seq) of 98 mCRPC tumors. Patient metastases were first analyzed 
and segregated according to expression levels of a gene signature 
reflecting AR activity (AR panel; Figure 1B). The AR-regulated 
genes selected for the AR signature are well characterized in the 
literature and include KLK3, NKX3-1, SLC45A3, and TARP (12–14). 
Tumors were also analyzed and segregated depending on expres-
sion levels of NE-associated genes. We previously demonstrated 
that NE-associated genes can be separated into REST- repressed 
genes such as SYP, CHGA, SNAP25, and SRRM4 (NEURO I panel; 
ref. 15), and transcription factors that regulate NE differentiation, 
such as SOX2, POU3F2/BRN2, NKX2-1, and LMO3 (NEURO II 
panel; refs. 15–17). Applying the AR, NEURO I, and NEURO II gene 
expression sets to the mCRPC tumors clearly defined the 5 mCRPC 
subtypes (Figure 1B). ARPC tumors expressed AR-regulated genes 
but also showed heterogeneity with low expression of some NE 
genes. ARLPCs had attenuated AR expression with concomitant 
low expression of some AR-regulated genes. AMPCs expressed 
AR-associated genes and REST-repressed neuronal factors (NEU-
RO I), but lacked expression of the NE-associated transcription 
factors (NEURO II). DNPC tumors were generally devoid of AR, 
NEURO I, and NEURO II panel genes. SCNPC tumors lacked AR 
expression and signaling but expressed both the NEURO I and 
NEURO II genes. Analysis of 62 corresponding tumor sites through 
IHC revealed that phenotypic determinations based on AR, PSA, 
CHGA, and SYP staining mirrored the phenotypic determinations 
made through RNA-Seq analysis (Supplemental Figure 1). More-
over, our rapid autopsy cohort included 34 patients, each with 2–3 
metastatic sites characterized through RNA-Seq. This provided an 
opportunity to query the intertumoral phenotypic heterogeneity 
within patients. Of the 34 patients with 2–3 analyzed metastases, 
5 patients (14.7%) displayed phenotypic differences between sites. 
However, this may underestimate the extent of heterogeneity, as 
2–3 metastases generally represent a fraction of the total tumor 
burden. In addition, there can be intratumoral phenotypic hetero-
geneity that is not readily assessed through bulk RNA sequencing 
(Supplemental Figure 2).

To validate the results of the patient specimen analysis using 
an orthogonal system, we conducted RNA-Seq and IHC analyses 
on 18 CRPC LuCaP patient-derived xenograft (PDX) lines. The 5 
distinct phenotypes were identified by IHC and accurately segre-
gated according to the AR, NEURO I, and NEURO II gene expres-
sion profiles (Supplemental Figure 3, A and B).

To discover novel gene expression profiles for each of the 
mCRPC phenotypes, we cross-compared the patient metastases 
RNA-Seq data from the defined phenotypic cohorts (i.e., ARLPC, 
AMPC, DNPC, and SCNPC) relative to ARPC. This analysis gen-
erated a comprehensive list of unique and shared upregulated dif-
ferentially expressed genes (vs. ARPC, up >3-fold and P < 0.05; 
Figure 1C and Supplemental Table 3). In addition, this analysis 
demonstrated that DNPC and SCNPC are markedly different 
from the other mCRPC phenotypes (806 and 1669 unique upreg-
ulated genes respectively; Figure 1C). Notably, the AR-null pheno-
types (DNPC and SCNPC) share an additional 590 upregulated 

ened survival (6). Notably, a subset of tumors exhibited discor-
dance between the pathological assessment of SCNPC and gene 
expression programs. Other tumors exhibited mixed phenotypes of 
NE features concurrent with AR activity, raising questions of intra-
tumoral heterogeneity due to mixtures of cell types (6).

In addition to histology, the classification of cancers into sub-
types with distinct functional features has been supplemented 
with transcript profiles. For example, transcript signatures subdi-
vide breast cancers into groups that exhibit distinct outcomes (7). 
This subclassification, based on gene expression levels, has also 
been applied to localized PC and shown to associate with treat-
ment outcomes (8, 9). In this study, we sought to characterize 
the phenotypic diversity of treatment-refractory mCRPC using 
both histological assessments and gene expression profiling. In 
addition to SCNPC and DNPC, we identified adenocarcinomas 
that had high AR activity (ARPC), measurable but low AR activ-
ity (ARLPC), and amphicrine tumors comprised of cells exhibit-
ing both AR and NE activity (AMPC). Notably, a subset of DNPC 
tumors exhibited squamous differentiation. We determined that 
the relationships of 2 major factors regulating cell differentiation 
states, AR and RE1 silencing transcription factor (REST), associ-
ated with these mCRPC subtypes. We generated a 26-gene tran-
scriptional signature that could be clinically useful for classifying 
mCRPC phenotypes and prioritizing treatment.

Results
Treatment-refractory mCRPC exhibits diverse phenotypes. To assess 
the diversity of phenotypes present following resistance to therapeu-
tics used to treat metastatic PC, we evaluated 98 tumors obtained at 
rapid autopsy from 55 men between 2003 and 2017. Patient demo-
graphics and clinical data are summarized in Supplemental Table 2; 
supplemental material available online with this article; https://doi.
org/10.1172/JCI128212DS1. All patients received ADT. The median 
duration of treatment was 4.2 years (range, 0.3–15.1 years). Patients 
also received a variety of other drugs including docetaxel (n = 44; 
80%), abiraterone (n = 8; 15%), enzalutamide (n = 4; 7%) or both abi-
raterone and enzalutamide (n = 17; 31%). Bone, lymph nodes, and 
liver were the most frequent sites of metastasis.

To provide an initial evaluation of phenotypic diversity, we 
used histological assessments and immunohistochemical (IHC) 
analysis of proteins associated with AR-active adenocarcinomas 
(AR and PSA) and NE differentiation (chromogranin A, CHGA; 
synaptophysin, SYP). We observed 5 distinct mCRPC pheno-
types: adenocarcinomas with near-uniform expression of AR and 
PSA, and lack of CHGA and SYP expression, classified as ARPC; 
adenocarcinomas with weak or heterogeneous expression of AR 
and PSA, and negative for CHGA and SYP, classified as AR-low 
PC (ARLPC); tumors composed of cells that coexpress AR, PSA, 
CHGA, and SYP, classified as amphicrine PC (AMPC); tumors 
with small cell or neuroendocrine histology with CHGA and SYP 
expression and lack of AR and PSA expression, classified as small 
cell or neuroendocrine PC (SCNPC); and tumors lacking detect-
able expression of AR, PSA, CHGA, and SYP, classified as dou-
ble-negative PC (DNPC; Figure 1A).

Transcriptome profiles associate with mCRPC phenotypes. Mor-
phologic and IHC analyses are the gold standard for pathologic 
diagnosis. However, the assessment of transcriptional programs has 
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lation of nervous system process (P = 4.7 × 10–10). Interestingly, the 
top processes for the 829 upregulated genes in common between 
SCNPC and DNPC included locomotory behavior (P = 5.0 × 10–07) 
and cell adhesion (P = 2.1 × 10–07), suggesting changes in metastat-
ic potential common to AR-null phenotypes. The 229 upregulated 
genes unique to the ARLPC phenotype were enriched for process-
es in response to external biotic stimulus (P = 3.3 × 10–07) and reg-
ulation of inflammatory response (P = 8.4 × 10–06), while the 193 
upregulated genes in common between ARLPC, DNPC, and SCN-
PC phenotypes were significantly enriched in acute inflammatory 

genes relative to the AR-expressing phenotypes (Figure 1C). Fur-
thermore, ARLPC, and AMPC share gene expression profiles sim-
ilar to ARPC (Figure 1C).

Gene Set Enrichment Analysis (GSEA) determined that the 
806 upregulated genes unique to DNPC were enriched in Gene 
Ontology biological process terms for response to external biotic 
stimulus (P = 4.5 × 10–18), immune system process (P = 3.5 × 10–15), 
and cornification (P = 5.5 × 10–9). As expected, the 1669 upregu-
lated genes unique to SCNPC were enriched for core neuronal 
activities such as nervous system process (P = 7.5 × 10–12) and regu-

Figure 1. Molecular profiling of mCRPC reveals a heterogeneous disease. (A) IHC of 5 mCRPC sites from patients using antibodies to AR, PSA, CHGA, and 
SYP. Scale bars: 20 μM. (B) RNA-Seq heatmap of mCRPC specimens acquired through rapid autopsy from 2003–2017 (n = 98). REST-repressed NE genes 
are listed in the NEURO I panel (top), NE transcription factors are listed in the NEURO II panel (middle), and AR-associated genes are listed in the AR panel 
(bottom). Results are expressed as log2 fragments per kilobase of transcript per million mapped reads (FPKM) and colored according to scale. (C) Venn dia-
gram showing the number of unique and shared upregulated genes between phenotypes relative to ARPC (up >3-fold; P < 0.05). ARPC (AR-high prostate 
cancer; AR+/NE–), ARLPC (AR-low prostate cancer; ARlow/NE–), AMPC (amphicrine prostate cancer; AR+/NE+), DNPC (double-negative prostate cancer; AR–/
NE–), and SCNPC (small cell or neuroendocrine prostate cancer; AR–/NE+).
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mCRPC phenotypes represent a disease continuum. The rela-
tionships between different mCRPC phenotypes have not been 
clearly established though prior studies suggest that SCNPC is 
often derived from an AR-positive precursor, or share a common 
progenitor (18, 19). Thus, we investigated these relationships by 
studying the phenotypic progression of an individual with mCRPC 
and a complicated treatment history. At diagnosis in 2012, patient 
13-084 had a PSA of 159 ng/mL and a prostate biopsy revealed an 
adenocarcinoma with a Gleason score of 4 + 5 = 9 and IHC demon-
strating focal NE differentiation. He was treated with leuprolide 
and bicalutamide but ensuing CT and bone scans revealed numer-
ous metastases in liver, lung, and bone. Platinum-based chemo-
therapy was initiated due to the possible presence of SCNPC with 
cycles of carboplatin/irinotecan (5 cycles) or cisplatin/irinotecan 

response (P = 4.0 × 10–11) and defense response (P = 1.3 × 10–06). 
Finally, GSEA determined that the 111 upregulated genes unique 
to AMPC were not involved in any significant processes. However, 
the 250 common upregulated genes between AMPC and SCNPC 
were involved in ancillary neuronal processes such as neurotrans-
mitter transport (P = 4.4 × 10–10) and synaptic vesicle localization 
(P = 6.5 × 10–09). Importantly, analysis of the 250 significantly 
upregulated genes shared between SCNPC and AMPC using the 
MSigDB C3-Transcription Factor Target database showed that 
REST was the top transcription factor pathway altered in the gene 
set (P = 4.2 × 10–35; Supplemental Table 4). Taken together, these 
data support the use of AR, NEURO I, and NEURO II genes to 
segregate mCRPC phenotypes and identify biologically relevant 
pathways that emphasize the heterogeneity of mCRPC.

Figure 2. Disease progression is a continuum in mCRPC specimens. (A) IHC of different mCRPC sites from patient 13-084. Site PP7 (bone; ARPC), II2 (bone; 
ARLPC), PP7 (bone; DNPC), and H1 (liver, SCNPC). Primary antibodies were directed toward pan-cytokeratin, AR, PSA, CHGA, and SYP. Insets for AR and PSA 
staining are images of the same section using the ×400 objective lens. Original magnification 40×. (B) IHC of LuCaP 173.2 tumor sections from passages 2, 
4, 7, 8, and 11 using a SYP antibody. Black arrows point to clusters of cells with SYP positivity. Magnification 100×. (C) RNA-Seq heatmap and NEURO score of 
LuCaP 173.1 and serial passages from LuCaP 173.2. Results are expressed as log2 FPKM or as enrichment scores and are colored according to scale.
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LuCaP 173.2 and staining for SYP expression through IHC showed 
that first passage PDX tumors were negative for SYP expression, 
whereas SYP-positive cells were detected by passage 4 and were 
maintained as a minor cell population through passage 9 (Figure 
2B). RNA-Seq of LuCaP 173.2 from passages 2, 9, and 12 indicated 
that the NEURO I and NEURO II panels of genes were expressed 
at substantially higher levels in the later passages (Figure 2C). Fur-
thermore, the NEURO scores of LuCaP 173.2 from passages 9 and 
12 were similar to SCNPC LuCaP 173.1. These data suggest that 
mCRPC is a disease continuum, and that although the DNPC phe-
notype is generally stable, a small proportion of DNPC tumor cells 
possess an intrinsic plasticity that permits conversion to SCNPC.

The amphicrine phenotype and relationship with REST expression. 
Historically, SCNPC was considered to lack AR activity but recent 
studies have identified atypical tumors with NE features that express 

(3 cycles) leading to a PSA decline and stable disease for approx-
imately 8 months. He subsequently received 2 cycles of capecit-
abine and gemcitabine with eventual PSA progression prior to 
death (Supplemental Figure 4). At autopsy in 2013, we recovered 
several metastatic tumors that exhibited different phenotypes, 
including ARPC, ARLPC, and DNPC sites in bone and SCNPC 
sites in the liver as determined by IHC (Figure 2A). We devel-
oped 2 PDX lines representing SCNPC (LuCaP 173.1) and DNPC 
(LuCaP 173.2) from acquired patient metastases (5). Previous 
reports have described the transdifferentiation of an AR-express-
ing adenocarcinoma PC PDX line to SCNPC (20). We therefore 
questioned whether the DNPC phenotype is a transition stage. We 
sought to test the hypothesis that sustained tumor growth through 
serial passaging of the DNPC LuCaP 173.2 PDX line would lead 
to SCNPC conversion. Indeed, serial passaging in intact mice of 

Figure 3. REST splicing occurs in AMPC and SCNPC phenotypes. (A) Immunofluorescence of an AMPC LuCaP 77CR tumor using PSA (green) and SYP (red) 
antibodies. Sections were counterstained with DAPI (blue) and top panels represent LuCaP 77CR PDX sections stained with secondary antibody only. Scale 
bars: 20 μM. (B) Immunoblot of LuCaP PDX specimens probing for REST, AR, and SYP. ACTB was used as a loading control. Short, 10-second film exposure; 
long, 5-minute film exposure. (C) PCR of LuCaP PDX specimens using primers specific to REST shows the REST4 insertion sequence appearing in AMPC 
(LuCaP 77CR) and SCNPC (LuCaP 93, 145.2, and 173.1) but not in DNPC (LuCaP 173.2) or ARPC (LuCaP 86.2 and 73). (D) RNA-Seq heatmap of VCaP cells 
displaying NE-associated genes (NEURO I and NEURO II) and AR-associated genes. Results are expressed as log2 FPKM and colored according to scale. (E) 
Immunoblot of C4-2B, VCaP, and LuCaP 93 whole-cell extracts using antibodies against AR, REST, SYP, and ACTB. ACTB was used as a loading control. (F) 
PCR of C4-2B, VCaP, and NCIH660 cells using primers specific to REST. The upper band represents the REST4 splice variant.
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AR and exhibit AR-mediated signaling (6). In addition, classification 
of the AMPC phenotype based on bulk RNA-Seq or IHC using sin-
gle markers may be due to tumors comprised of multiple cell types 
(AR+/NE– and AR–/NE+) or may be due to tumors comprised of 
individual cells expressing both AR and NE differentiation markers 
simultaneously. Thus, to establish the existence of AMPC cells in our 
clinical specimens (i.e., cells with both AR transcriptional output and 
neuroendocrine features; AR+/NE+), we stained LuCaP PDX tumors 
and patient metastases with immunofluorescent (IF) antibodies to 
PSA and SYP. AMPC LuCaP 77CR tumors contained numerous cells 
coexpressing PSA and SYP (Figure 3A). Though PSA and SYP coex-
pression normally occurred throughout LuCaP 77CR tumors, we 
also identified a subset of tumors with focal SYP expression (unpub-
lished observations). Furthermore, we used IF to characterize 6 
AMPC metastases from 4 patients. The patient tissues used for IF 
analysis were adjacent to the specimens used for RNA-Seq. Impor-
tantly, IF demonstrated clear PSA and SYP coexpression in patient 
tumor cells. However, patient 13-042 site M3 and patient 17-033 site 
J1 showed regions that were mixed of distinct populations of ARPC 
and SCNPC tumor cells (Supplemental Figure 5).

Previously, we interrogated SCNPC patient tumors and 
PDX lines and determined that SCNPC is associated with loss of 
REST repressor activity (15). However, the role of REST in other 
mCRPC phenotypes has not been evaluated. Using representative 

PDX lines from ARPC (LuCaP 35CR and 96CR), AMPC (LuCaP 
77CR), ARLPC (LuCaP 176), DNPC (LuCaP 173.2), and SCNPC 
(LuCaP 173.1 and 93), we found that full-length REST protein was 
decreased in both AMPC and SCNPC tumors (Figure 3B). Inter-
estingly, we observed REST species with our REST C-terminus 
antibody at both approximately 120 KDa and approximately 200 
KDa in PDX lysates from ARPC, ARLPC, and DNPC. Full-length 
REST protein is predicted to be 116 KDa but can be O-glycosylated 
and readily detected at approximately 200 KDa (21, 22). Addition-
ally, the REST transcript has multiple splice variants that produce 
truncated proteins (23). Nevertheless, both REST proteins with 
intact C-terminus repressor domains were diminished in AMPC 
and SCNPC PDX models. Moreover, AMPC LuCaP 77CR showed 
robust expression of both AR and SYP protein, whereas ARLPC 
LuCaP 176 had low AR protein expression (Figure 3B).

Next, we examined alternative splicing of the REST tran-
script. The RNA splicing factor SRRM4 splices the REST tran-
script to REST4, resulting in the loss of the C-terminus repressor 
domain and diminished REST transcriptional repression (15, 24, 
25). To examine SRRM4-mediated splicing of REST in mCRPC 
phenotypes, we conducted PCR using REST primers spanning 
the SRRM4 splice site and determined that REST4 splicing events 
occurred exclusively in AMPC and SCNPC LuCaP PDX models 
(Figure 3C). However, instead of a previously reported 62 bp inser-

Figure 4. REST knockdown in AR-expressing and 
AR-null CRPC cell lines. (A) Immunoblot of REST, 
AR, SYP, and ACTB using C4-2B, PC-3, and PacMet 
AR-null cells transfected with either REST siRNA 
(siREST) or negative control siRNA (siNCT). (B) AR 
activity scores assessed in C4-2B cells transfected 
with siNCT (n = 2) or siREST (n = 2) by RNA-Seq. 
(C) RNA-Seq heatmap of the 24 common upregu-
lated genes (up >3-fold; P < 0.05) between C4-2B, 
PC-3, and PacMet AR-null cells transfected with 
siREST or siNCT. Log2 mean-centered ratios of 
genes are depicted and colored according to scale. 
(D) Venn diagram describing the interrelationships 
of all upregulated genes (vs. siNCT; up >3-fold; 
P < 0.05) identified through RNA-Seq in siREST 
transfected cell lines.
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tion into the REST transcript (25), band sequencing identified a 50 
bp insertion, suggesting a mechanism of REST4 splicing in AMPC 
and SCNPC phenotypes similar to small cell lung cancer (26). Tak-
en together, these data indicate that the AMPC phenotype arises 
from the loss of REST transcriptional repression.

To further support the existence of the AMPC phenotype, 
we interrogated the VCaP PC cell line, which exhibits an amphi-
crine-like transcript profile. RNA-Seq confirmed that VCaP cells 
express AR-associated genes and the REST-repressed NEURO 
I genes but do not express the NEURO II transcription factors 
that drive the SCNPC phenotype (Figure 3D). Immunoblot anal-
ysis determined that VCaP cells express considerable AR and SYP 
protein and have diminished full-length REST protein expression 
compared with C4-2B cells (Figure 3E). Immunofluorescence val-
idated that both PSA and SYP are coexpressed in the same VCaP 
cell (Supplemental Figure 6) and PCR analysis of REST deter-
mined that REST transcripts are alternatively spliced to REST4, 
similar to neuroendocrine NCIH660 cells (Figure 3F). Notably, 
the growth of VCaP cells is inhibited by ADT or exposure to the AR 
antagonist enzalutamide (27). In addition, 22Rv1 cells also exhibit 
features of AMPC as they have attenuated REST expression and 
appreciable SYP and AR protein expression (28). Taken together, 
these results confirm the existence of AMPC cells in patient spec-
imens and in CRPC models in vitro and in vivo, and suggest that 
the AMPC phenotype is still driven by AR activity and is respon-
sive, at least transiently, to AR pathway repression.

REST knockdown in CRPC cells promotes an amphicrine phe-
notype. To examine the impact of the loss of REST activity in AR- 
expressing and AR-null cell lines, we conducted knockdown stud-
ies using siRNAs directed to REST (siREST) or a negative control 
(siNCT) in C4-2B, PC-3, and PacMet AR-null cells. PacMetUT1 
cells were modified using CRISPR-Cas9–mediated editing to 
knockout AR expression and were characterized previously (5, 29). 
REST knockdown led to increases in the NE-associated protein 
SYP (Figure 4A). Interestingly, REST depletion in AR-expressing 
C4-2B cells did not alter AR protein expression or the magnitude 
of AR transcriptional output (Figure 4, A and B). However, this 
does not rule out the possibility that complete loss of REST could 
alter the AR transcriptional output. Transcript profiling by RNA-
Seq and subsequent GSEA showed that REST ablation in C4-2B, 
PC-3, and PacMet AR-null cells led to significant upregulation of 
known REST-repressed genes (up >3-fold; P < 0.05). Furthermore, 
the REST pathway was the top altered pathway from the MSigDB 
C3-Transcription Factor Target database in all siREST transfected 
cell lines. Surprisingly, the number of genes significantly upregu-
lated with REST knockdown was relatively low across all cell mod-
els and only 24 genes were in common between C4-2B, PC-3, and 
PacMet AR-null cells (Figure 4, C and D; Supplemental Table 5). 
The REST-repressed genes with increased expression following 
REST depletion included SYP, SNAP25, CHRNB2 (NEURO I Pan-
el) as well as VGF, SCG3, and CHGB (Figure 4C). However, REST 
knockdown did not significantly alter the expression of transcrip-

Figure 5. DNPC can convert to a squamous phenotype. (A) H&E staining of mCRPC tissues from LuCaP 173.2 and patient 13-084. Black arrows point to 
squamous pearl structures. (B) Expression of squamous cell lung cancer associated genes from RNA-Seq of LuCaP 173.2 DNPC cells and squamous pearl 
(SP) cells isolated by laser capture microdissection. Results are expressed as log2 FPKM and colored according to scale. (C) IHC of specimens from LuCaP 
173.2 and patient 13-084 using KRT6 antibody or IgG as a negative control. (D) H&E staining (left panels) and KRT6 IHC (right panels) of DNPC tumor sec-
tions from patients 11-028 and 13-099. Scale bars: 20 μM.
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11-028 and 13-099 (Figure 5D). Interestingly, patient 11-028 had 
an adenocarcinoma phenotype in the initial prostate biopsy and 
was subsequently treated with diethylstilbesterol (DES) for 13 
months prior to cystoprostatectomy. At the time of cystoprosta-
tectomy, histology and IHC revealed adenocarcinoma with focal 
basaloid and squamous differentiation in several sections of the 
prostate as well as a left axillary lymph node that was consistent 
with squamous carcinoma. The other 2 patients with KRT6-pos-
itive metastases, patients 13-084 and 13-099, had primary pros-
tate cancers with no evidence of squamous differentiation, and 
subsequent hormone therapy led to the appearance of squamous 
mCRPC. Although DES and hormone therapies have been linked 
to the development of squamous cancer in the prostate with subse-
quent squamous metastases (32–36), this report provides evidence 
for hormone therapy–mediated conversion of ARPC to squamous 
DNPC at metastatic sites.

We compared the top significantly (FDR < 0.001) upregulat-
ed genes from the LuCaP 173.2 squamous pearl data set with the 
literature to identify genes with known roles in squamous cell 
differentiation or other squamous cancers. In addition to KRT5, 
KRT6A, KRT6B, and DSG3, we also found IVL, SBSN, FGFBP1, 
SCEL, S100A7, MUC4, KRT14, and ANXA8 to be significantly 
overexpressed in other squamous cell types (37–44). Importantly, 
RNA-Seq heatmaps show that these genes are strikingly elevated 
in subsets of both ARLPC and DNPC patient specimens (Figure 
6), suggesting that ARLPC and DNPC phenotypes could be transi-
tion states to squamous mCRPC. These results indicate that squa-
mous cell conversion is not a rare occurrence in end-stage disease 
and should be considered an emerging phenotype following resis-
tance to AR-directed therapy.

Transcript signatures define the molecular phenotypes of mCRPC. 
The variability in expression of any single marker, both at the bio-
logical level and technical level makes tumor classification by 
immunohistochemistry challenging. Transcript panels for tumor 

tion factors and drivers of SCNPC such as NKX2-1, POU3F2, and 
SOX2 (NEURO II panel) in either AR-expressing or AR-null CRPC 
cell lines (Supplemental Figure 7). Taken together, we determined 
that REST loss induces the expression of a limited set of NE-asso-
ciated genes (NEURO I) and drives PC conversion to the AMPC 
phenotype with continued evidence of AR activity.

A subtype of mCRPC exhibits features of squamous cell carcino-
ma. While histologically characterizing the DNPC LuCaP 173.2 
PDX model, we observed squamous pearls, which were evidence 
of focal squamous differentiation (Figure 5A). To determine if 
the squamous pearls occurred spontaneously during LuCaP 173.2 
development or were native to the original malignancy, we evalu-
ated tumors from patient 13-084 and identified squamous pearl 
structures in adjacent tumor sections of the rib bone metastasis 
that served as the origin of LuCaP 173.2 (Figure 5A). Squamous 
pearl cells from LuCaP 173.2 PDX tumors were then isolated using 
laser capture microdissection and subjected to RNA-Seq and 
GSEA. Transcriptome analysis determined that 880 genes were 
upregulated and 29 genes were downregulated in LuCaP 173.2 
squamous pearl cells compared with surrounding DNPC tumor 
cells (FDR < 0.001; Supplemental Table 6). GSEA determined that 
many of the upregulated genes were enriched in other squamous 
cancer gene sets, such as RICKMAN_HEAD_AND_NECK (P < 
0.0001; ref. 30). Importantly, KRT5, KRT6A, KRT6B, and DSG3 
were recently highlighted through ROC curves as biomarkers to 
differentiate lung adenocarcinoma from lung squamous cell can-
cer (31). Indeed, our analysis showed that KRT5, KRT6A, KRT6B, 
and DSG3 were highly expressed in LuCaP 173.2 squamous pearl 
cells compared with surrounding DNPC tissue (Figure 5B). IHC 
using a primary antibody specific to KRT6 in LuCaP 173.2 and 
13-084 tumor specimens revealed strong KRT6 staining only in 
tumor cells with squamous pearl morphology (Figure 5C).

Examination of 4 other patients with DNPC metastases iden-
tified squamous pearls with positive KRT6 staining in 2 patients: 

Figure 6. Expression of squamous markers is associated with DNPC and ARLPC. RNA-Seq heatmap of patient specimens (n = 98) highlighting AR-regulated 
genes and genes associated with squamous pearl cells (SQUAM). Results are expressed as log2 FPKM and colored according to scale.
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ARLPC, AMPC, DNPC, and SCNPC) in both patient specimens 
and LuCaP PDX models (Figure 7, B and C).

We further evaluated our 26-gene signature using PolyA 
RNA-Seq landscapes from 270 CRPC metastases in the Stand Up 
To Cancer (SU2C) data set (47). Although the SU2C data set con-
tains RNA-Seq from mCRPC tumors earlier in disease progression 
and from tumors that are responding to treatment, the transcrip-
tional signature segregated the tumors into the 5 mCRPC pheno-
types (Supplemental Figure 8, A and B). Interestingly, we detected 
expression of the squamous-associated genes in 2 DNPC tumors 
and 2 ARLPC tumors but also observed marked squamous marker 

classification have been explored as predictive and prognostic 
biomarkers for treatment decision-making (45, 46). We leveraged 
the data generated from the patient metastases and LuCaP PDX 
models to develop a 26-gene transcriptomic signature for defin-
ing treatment-refractory mCRPC phenotypes. Using the afore-
mentioned AR, NEURO I, and NEURO II gene panels, as well as 
a squamous panel (SQUAM) that includes KRT5, KRT6A, KRT6B, 
and FGFBP1, we conducted multidimensional scaling (MDS) and 
cluster analysis of the patient metastases and LuCaP PDX models 
(Figure 7A and Supplemental Figure 3B). The MDS demonstrat-
ed clear distinction between the 5 mCRPC phenotypes (ARPC, 

Figure 7. Cluster analysis using AR, NE, and squamous gene expression profiles segregates mCRPC specimens and LuCaP PDX models into the different 
phenotypes. (A) RNA sequencing of mCRPC specimens acquired between 2003–2017 (n = 98; modified from Figure 1B). NE genes listed in the NEURO I 
and NEURO II panels, AR and AR-regulated genes are listed in the AR panel, and squamous associated genes are shown in SQUAM panel. Results are 
expressed as log2 FPKM and colored according to scale. Multidimensional scaling and cluster analysis of (B) mCRPC specimens (n = 98) and (C) LuCaP 
PDX models using the 26-gene set depicted in A. The LuCaP analysis was conducted on 18 distinct PDX lines (n = 2 for each line). ARPC (AR+/NE–; green), 
ARLPC (ARlow/NE–; purple), DNPC (AR–/NE–; blue), AMPC/mixed (AR+/NE+; red), SCNPC (AR–/NE+; yellow).
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Observations made through our rapid autopsy program sup-
port a treatment-induced shift in mCRPC phenotypes with ARI 
therapies increasing the number of AR-null and AR-low metasta-
ses at end-stage disease (5). In addition, our patient, LuCaP PDX, 
and cell line data suggest that ARPC can transition to ARLPC, 
AMPC/mixed, DNPC/squamous, or SCNPC to bypass hormone 
or AR pathway suppression therapies. These results were further 
verified through our analysis of the SU2C cohort of CRPC metas-
tases (47). Notably, DNPC is a proliferative AR-null intermediate 
that contains cells with the inherent plasticity and potential to con-
vert to SCNPC or squamous mCRPC (Figure 8 and Supplemental 
Figure 9). Multiple cell line, murine model, and PDX reports have 
demonstrated that loss of tumor suppressor proteins, AR-direct-
ed therapies, and/or the tumor microenvironment contribute to 
CRPC cellular plasticity and ARPC to SCNPC transition (16, 20, 
52–56). Moreover, Beltran et al. have established that subsets 
of NE tumors are clonally derived from ARPC (18). Of note, the 
genomic landscapes of intrapatient CRPC metastases are relative-
ly similar (4). Thus, our analysis indicating that intertumoral phe-
notypic heterogeneity is not a rare occurrence argues that epigene-
tic, posttranscriptional, posttranslational, and microenvironment 
events can contribute to phenotypic diversity in mCRPC. Taken 
together, our data add further clinical support for the proposed 
mCRPC disease continuum and demonstrates that treatment- 
induced selective pressures can change the phenotypic and molec-
ular landscapes of mCRPC.

The analyses of DNPC tumors and the LuCaP 173.2 PDX mod-
el unexpectedly revealed the appearance of squamous cell pearls 
within the mass of DNPC tumor cells. RNA-Seq and staining for 
KRT6 confirmed the molecular nature of the squamous pearls. We 
hypothesize that only the most differentiated squamous carcinoma 
cells stain positive for KRT6 and display a cornified GSEA profile 
and that there exists a proliferating DNPC/squamous intermedi-
ary. Support for this hypothesis comes from RNA-Seq and IHC that 
shows ARLPC metastases and LuCaP 176 significantly enriched for 
squamous transcriptional profiles but negative for squamous pearl 
structures and KRT6 staining. The mechanisms of ARLPC/DNPC 
to squamous transition remain unclear, but future research exam-
ining the parallels between prostate and lung cancer lineage plas-
ticity is warranted. For example, prostate and lung epithelial cells 
can be reprogrammed to small cell NE cancers through induction 
of the same transcription factor pathways (19). Moreover, lung ade-

expression in 4 ARPC tumors and 1 SCNPC tumor. Thus, remov-
ing the squamous genes from the analysis showed a more effective 
clustering of the tumors into their respective phenotypes (Sup-
plemental Figure 8C). We do not know if the ARPC and SCNPC 
specimens with squamous aspects represent tumors containing 2 
different phenotypes or single phenotypes.

Discussion
The clinical phenotyping of mCRPC has been limited to morpho-
logic and immunohistochemical analyses. Although adenocarci-
noma (AR and PSA) and NE (CHGA and SYP) biomarkers have 
provided some clarity for pathologic classification, the complexity 
of tumor heterogeneity, and the emergence of new treatment-re-
sistant phenotypes have catalyzed a need for deeper understand-
ing of the mCRPC disease continuum. Moreover, anaplastic 
tumors or aggressive variants are a clinically defined group of 
small cell metastatic/CRPC phenotypes with varying degrees of 
both AR expression (generally AR-null) and NE differentiation 
(48, 49). The classifications prompted a call for further elucidation 
of underlying mCRPC biology and more accurate nomenclature 
that limits confusion between research and medical fields (50). 
At the transcriptome level, expression signatures for classifying 
SCNPC have been demonstrated (51), but an encompassing signa-
ture that appreciates the spectrum of mCRPC phenotypes has not 
been identified. In this report, we interrogated end-stage mCRPC 
patient specimens and treatment-resistant LuCaP PDX models 
and demonstrated that transcriptome analysis in conjunction with 
IHC is a powerful method for phenotyping mCRPC in the current 
era. Our approach led to the characterization of 5 distinct mCRPC 
phenotypes (AR-high/ARPC, AR-low/ARLPC, amphicrine/
AMPC, double-negative/DNPC, and small cell or NE tumors lack-
ing AR expression/SCNPC) and ultimately resulted in a clinical-
ly relevant 26-gene transcriptional signature to classify mCRPC 
biospecimens. Moreover, our data demonstrated that mCRPC is 
a disease continuum driven by AR, REST, and core SCNPC tran-
scription factor programs; treatment-induced differentiation of 
DNPC to squamous cell carcinoma is an emerging mCRPC phe-
notype; AR-low and AR-null phenotypes share common pathways 
of resistance to AR pathway inhibition that could be exploited for 
clinical benefit; and loss of REST repressor activity is critical for 
driving conversion to the AMPC/mixed phenotype but only pro-
motes rather than drives the SCNPC phenotype.

Figure 8. Schematic of the mCRPC disease 
continuum. The proposed mechanisms, molec-
ular drivers, and cellular differentiation states 
following AR pathway inhibition therapy. ADT, 
androgen deprivation therapy; ABI, abiraterone; 
ENZ, enzalutamide; PC, hormone-sensitive 
prostate cancer; ARPC, AR-high prostate cancer; 
ARLPC, AR-low prostate cancer; SCNPC, small 
cell or NE prostate cancer; DNPC, double-nega-
tive prostate cancer; AMPC, amphicrine prostate 
cancer; SQUAPC, squamous prostate cancer.
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overexpression of SRRM4 converted DU145 cells to a classical 
SCNPC phenotype but failed to do so in PC-3, 22Rv1, and LNCaP 
cells (64), implying that multiple hits to the cellular blueprint 
are required for complete lineage switching. Furthermore, REST 
directly represses SRRM4 expression and loss of REST activity has 
been proposed as a feed-forward mechanism for SCNPC conver-
sion (25, 62). Whether loss of REST activity mediates increased 
SRRM4 expression or increased SRRM4 activity mediates loss of 
REST requires further examination. Nevertheless, our data clearly 
show that the homeostatic regulation of the SRRM4-REST axis is 
required for epithelial differentiation and function.

In summary, our comprehensive analysis of end-stage mCRPC 
highlights the use of AR and REST transcriptional programs to cat-
egorize mCRPC phenotypes in the abiraterone/enzalutamide era. 
In addition, the data generated in this report could be exploited 
through biopsy or blood-based biomarkers in future therapeutic 
studies to define inclusion criteria. This approach could stratify 
patients according to mCRPC phenotypes and account for the 
mCRPC disease continuum to implement targeted therapies.

Methods
Tissue acquisition. Biospecimens were obtained within 8 hours of death 
from patients who died of metastatic CRPC. Visceral metastases were 
identified at the gross level, bone biopsies were obtained according to 
a previously described template (65) from 16–20 different sites, and 
metastases were identified at a histological level. LuCaP PDX lines 
were established from specimens acquired at either radical prosta-
tectomy or at autopsy, implanted, and maintained by serial passage in 
immune compromised male mice (66).

Cell lines. All cells were maintained at 37°C in humidified Steri-
Cult CO2 incubators (Thermo Fisher Scientific). C4-2B (gift from L. 
Chung, Cedars-Sinai Medical Center, Los Angeles, CA), PC-3 (ATCC), 
and PacMet AR-null cells (5) were maintained in RPMI-1640 Media 
(Gibco, Life Technologies) with 10% fetal bovine serum (Atlanta Bio-
logicals). VCaP cells (ATCC) were maintained in DMEM (ATCC) with 
10% fetal bovine serum (Atlanta Biologicals).

Transient transfections. Cells were suspended in Nucleofector 
Solution V (Lonza) and 5 μL of 50-μM ON-TARGETplus pooled REST 
siRNA or control siRNA (Dharmacon). Cell suspensions were electro-
porated using the Nucleofector II device (Lonza) and program T-027 
and then replated in complete media. Forty-eight hours after transfec-
tion, cells were harvested for RNA or protein for subsequent analysis.

Immunohistochemistry. The antibodies used in this study are 
listed in Supplemental Table 1. Five-micron-thick sections of the 
TMAs were deparaffinized and rehydrated in sequential xylene and 
graded ethanol. Antigen retrieval was performed in 10 mM citrate 
buffer (pH 6.0) in a pressure cooker for 30 minutes. Endogenous 
peroxidase and avidin/biotin were blocked respectively (Vector Lab-
oratories). Sections were then blocked with 5% normal goat-horse-
chicken serum, incubated with primary antibody (Supplemental 
Table 1), incubated with biotinylated secondary antibody (Vector 
Laboratories), followed by ABC reagent (Vector Laboratories), and 
stable DAB (Thermo Fisher Scientific). All sections were lightly 
counterstained with hematoxylin and mounted with Cytoseal XYL 
(Richard Allan Scientific). Mouse or rabbit IgG was used as negative 
control. IHC scores were represented as values between 0–200 and 
were determined as previously described (15).

nocarcinomas can transition to squamous cell carcinomas through 
LKB1-loss (57). Our RNA-Seq data show no evidence LKB1/STK11-
loss across patient samples but other mechanisms of adenocarci-
noma-squamous differentiation are likely. We speculate that there 
are common molecular pathways driving lung and prostate cancer 
lineage switching. Taken together, our data demonstrate that treat-
ment-induced ARPC-DNPC-squamous conversion is one poten-
tial pathway to bypass AR-suppression strategies.

There are currently no standard treatments for SCNPC, DNPC, 
and ARLPC phenotypes. However, RNA-Seq and GSEA between 
mCRPC phenotypes revealed biologically relevant pathways that 
could be further interrogated for therapeutic benefit. Significant-
ly upregulated genes common to the AR-null and ARLPC pheno-
types were enriched for cell adhesion processes, and delving into 
the pathway revealed CEACAM5 as a top hit. CEACAM5 has been 
identified as a surface marker of potential utility in directing chi-
meric antigen T cells in SCNPC (58), and our data reveal that this 
therapy could also be clinically effective against subsets of ARLPC 
and DNPC tumors. Moreover, upregulated genes common to 
ARLPC and AR-null phenotypes are enriched in immune system, 
inflammatory, and defense responses. Since the phenotype com-
parisons were relative to ARPC, these data support the notion that 
the immune cell content of ARLPC and AR-null tumors is strik-
ingly different from that of ARPC tumors. Notably, DNPC-specific 
immune-related genes included IL8 and CXCR1, which have been 
reported to promote CRPC metastasis and angiogenesis (59), and 
genes such as TGFB and RUNX2, which support tumor growth in 
bone (60). Whether associated with the tumor cells, immune cells, 
or stromal cells, the presence of enriched immunomodulatory sig-
naling pathways suggests that ARLPC, DNPC, and SCNPC tumors 
could be more receptive to immunotherapies.

Our group and others have previously demonstrated that 
loss of REST repressor activity promotes the SCNPC phenotype 
(15, 24, 61, 62). Here, we confirmed the existence of AMPC cells 
in vivo and in vitro and demonstrated that AMPC cells express a 
limited set of neuronal genes that are REST-repressed (NEURO 
I panel) and maintain AR signaling. Furthermore, transcriptome 
analysis of mCRPC and LuCaP PDX tumors and siRNA-mediat-
ed knockdown of REST in AR-expressing and AR-null cell lines 
provided compelling evidence that loss of REST repressor activ-
ity is critical for conversion to the AMPC/mixed phenotype but 
does not necessarily drive the SCNPC phenotype. We realize that 
siRNA treatments transiently relieve REST-mediated transcrip-
tional repression, and that the impact of sustained REST-ablation 
remains to be determined. However, we hypothesize that epigene-
tic factors are preventing the expression of core SCNPC transcrip-
tion factors (NEURO II panel of genes) that would permit SCNPC 
transdifferentiation in AR-null and AR-expressing cells with REST 
knockdown. Indeed, the epigenomes of NE and adenocarcino-
ma tumors are significantly different and EZH2 inhibitors have 
been shown to reactivate AR expression in some SCNPC models 
(18, 63). On the other hand, SRRM4-mediated splicing of REST 
and other neuronal regulators can drive ARPC-SCNPC transition 
(24). Our results demonstrated that SRRM4-mediated splicing 
of REST occurs in both AMPC and SCNPC PDX models and in 
AMPC VCaP cells, suggesting that SRRM4 expression alone is not 
sufficient to drive SCNPC conversion in all cases. Concordantly, 
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RNA sequencing. RNA-Seq libraries were constructed from 1 
μg total RNA using the Illumina TruSeq Stranded mRNA LT Sam-
ple Prep Kit according to the manufacturer’s protocol. Barcoded 
libraries were pooled and sequenced on the Illumina HiSeq 2500 
generating 50 bp paired end reads. Sequencing reads were mapped 
to the hg38 human using TopHat v2.1.0 (67). For PDX samples, 
sequences were also aligned to the mm10 mouse genome and 
those derived from potential contamination with mouse tissue 
were removed from the analysis as previously described (68). Gene 
level abundance was quantified from the filtered human align-
ments in R using the GenomicAlignments Bioconductor package 
(69). Differential expression was assessed using transcript abun-
dances as inputs to the edgeR Bioconductor package in R (70). For 
edgeR analysis, genes filtered for a minimum expression level of 
at least 1 count per million reads (CPM) in at least 2 samples were 
used to calculate expression differences using an exact test with a 
negative binomial distribution, applying a significance level of 0.05 
with Benjamin-Hochberg false discovery rate (FDR) adjustment.  
The RNA-Seq data from this report can be accessed through GEO 
at GSE126078 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? 
acc=GSE126078).

Pathway analysis. Gene expression results were ranked by their 
edgeR statistics and used to conduct Gene Set Enrichment Analysis 
(GSEA) to determine patterns of pathway activity in different treat-
ment groups. We used the curated pathways from within the MSig-
DBv6.1. Gene ontology (GO) enrichment of Venn diagram groups was 
computed using GOrilla with default parameters (71). The target and 
background list option was used and gene sets with enrichment of P < 
0.001 were considered significant.

Multidimensional scaling (MDS) plots. Specimens were classified 
according to expression of NEURO I, NEURO II, AR, and SQUAM 
gene signatures. ARPC and ARLPC phenotypes were differentiat-
ed based on AR or KLK3 expression (RNA-Seq) with ALRPC pos-
sessing an AR log2 FPKM value less than 4.0 or a KLK3 log2 FPKM 
value less than 2.0. Phenotypic groups were visualized using clas-
sical multidimensional scaling (MDS) calculated with the cmdscale 
function in R using the expression profiles of the 26 genes from the 
combined lists of NEURO I, NEURO II, AR, and SQUAM gene sig-
natures. The distance metric was euclidean calculated by dist func-
tion on the columns (samples). The RNA-Seq data from the Stand 
Up To Cancer mCRPC cohort were accessed using dbGaP acces-
sion phs000915.v2.p2.

Statistics. Sample size for each experiment is indicated in the fig-
ure legends. Experiments were repeated a minimum of 2 times. Sta-
tistical analyses for RNA sequencing, pathway analyses, and MDS 
were performed as indicated using R software. The enrichment scores 
were calculated in R using the GSVA package using the 14 genes in 
the NEURO I and NEURO II gene sets for NEURO scores and a pre-
viously published set of AR-regulated genes for AR-activity scores (5, 
72). Mean AR-activity scores in transfected C4-2B cells were graphed 
using GraphPad Prism software.

Study approval. All rapid autopsy tissues were collected from 
patients who had signed written informed consent under the aegis of 
the Prostate Cancer Donor Program at the University of Washington 
(73). The IRB of the University of Washington approved this study. All 
patient-derived xenograft experiments were approved by the Univer-
sity of Washington IACUC.

Immunofluorescence. Formalin-fixed, paraffin-embedded (FFPE) 
patient and LuCaP PDX tumors were prepared according to the above 
methods up to and including antigen retrieval. For cells in culture, 
VCaP cells were seeded on chamber slides (Nunc Lab-Tek; Thermo 
Fisher Scientific) in complete media 24 hours prior to fixing. Cells 
were fixed and permeabilized with ice-cold methanol for 10 minutes 
and then washed in PBS. Cells and sections were blocked for 1 hour 
with 5% normal goat-horse-chicken serum, incubated for 1 hour (cells) 
or overnight (sections) with primary antibodies in blocking buffer, 
washed, and then incubated with fluorescent secondary antibodies for 
45 minutes in the dark. All incubations occurred at room temperature 
and antibodies used are listed in Supplemental Table 1. Slides were 
mounted using ProLong Gold Antifade Mountant with DAPI (Thermo 
Fisher Scientific) and then visualized and imaged at ×20 on an Olym-
pus BX41 Fluorescence Microscope.

Immunoblot analysis. Protein extracts from LuCaP PDXs and 
cell lines were obtained using the Nuclear Extract Kit (Active Motif) 
according to the manufacturer’s protocols. Quantification of total 
protein was determined using the ProStain Protein Quantification Kit 
(Active Motif) according to the manufacturer’s protocols. Ten to twen-
ty micrograms of total protein lysate was electrophoresed on 4%–15% 
Bis-Tris gels (Bio-Rad Laboratories) with 1× Tris/Glycine/SDS Buffer 
(Bio-Rad Laboratories). The proteins were transferred to PVDF that 
was blocked with 5% Blotting-Grade Blocker (Bio-Rad Laboratories) 
in TBS/0.1% Tween-20 and subsequently probed with primary and 
secondary antibodies (Supplemental Table 1). Proteins were visual-
ized using Clarity Western ECL Substrate (Bio-Rad Laboratories).

RNA isolation. Total RNA was isolated from 98 tissue samples of 
CRPC metastases, which had been frozen in OCT (Tissue-Tek) with 
RNA STAT-60 (Tel-Test). Using an H&E-stained slide for each sam-
ple for orientation, 1-mm core punches of tumor were obtained. Alter-
natively, multiple sections enriched for tumor were cut using a Leica 
CM3050S cryostat. Total RNA was isolated from flash-frozen LuCaP 
PDX tissues or cell lines with RNA STAT-60 (Tel-Test) followed by 
purification with RNeasy Mini Kit (Qiagen) using the manufacturer’s 
recommended in-solution DNase digestion (Qiagen). The purity and 
yield of the RNA were determined on a NanoDrop 2000 (Thermo 
Fisher Scientific). RNA integrity was assessed on a 2100 Bioanalyzer 
(Agilent Technologies).

PCR and sequencing. First-strand cDNA synthesis was performed 
with 1 μg RNA using an Advantage RT-for-PCR Kit (Clontech Labo-
ratories). PCR was performed using either Platinum SYBR Green 
qPCR SuperMix-UDG (Invitrogen; real-time PCR) or HotStarTaq Plus 
Master Mix (Qiagen; PCR for sequencing) on a Rotor-Gene Q (Qia-
gen). PCR primers (Integrated DNA Technologies) specific for REST 
were adapted from Raj et al. (25). The REST 5′ primer-GAGAACG-
CCCATATAAATGTGAAC and 3′ primer-CGGGTTACTTCATGTT-
GATTAGAG were used. The PCR reaction parameters were as fol-
lows: 50°C for 2 minutes and 95°C for 2 minutes (one cycle), followed 
by 30 cycles (standard gels) or 40 cycles (band sequencing) at 95°C 
for 10 seconds, annealing/extension at T(m) for 30 seconds, and 72°C 
for 30 seconds; the final extension was 72°C for 7 minutes. REST and 
REST4 PCR products were visualized after electrophoresis on a 1.2% 
agarose gel. For sequencing, PCR product bands were dissected out 
and purified using the QIAquick Gel Extraction Kit (Qiagen). The puri-
fied product was then sequenced by Eurofins Genomics using their 
Standard Read sequencing chemistry.
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