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Abstract

Prostate cancer relapsing from antiandrogen therapies can exhibit variant histology with altered
lineage marker expression, suggesting that lineage plasticity facilitates therapeutic resistance. The
mechanisms underlying prostate cancer lineage plasticity are incompletely understood. Studying
mouse models, we demonstrate that /67 loss facilitates lineage plasticity and metastasis of
prostate adenocarcinoma initiated by Pren mutation. Additional loss of 7rp53 causes resistance to
antiandrogen therapy. Gene expression profiling indicates that mouse tumors resemble human
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prostate cancer neuroendocrine variants; both mouse and human tumors exhibit increased
expression of epigenetic reprogramming factors such as Ezh2 and Sox2. Clinically relevant Ezh2
inhibitors restore androgen receptor expression and sensitivity to antiandrogen therapy. These
findings uncover genetic mutations that enable prostate cancer progression; identify mouse models
for studying prostate cancer lineage plasticity; and suggest an epigenetic approach for extending
clinical responses to antiandrogen therapy.

As molecularly targeted cancer therapy improves, lineage plasticity is increasingly
appreciated as a potential mechanism underlying therapeutic resistance. Lineage plasticity
facilitates conversion of a cancer cell that is dependent on the therapeutic target to one that is
indifferent to its function. For example, relapse of EGFR (epidermal growth factor receptor)
mutant lung adenocarcinomas after EGFR-targeted therapy is associated with the appearance
of histologically distinct variants that lack £GFR expression but express neuroendocrine
lineage markers such as SYP (1, 2). Likewise, prostate adenocarcinoma (PADC) relapsing
from antiandrogen therapies (ADTS) is associated with histological variants exhibiting
altered histology, reduced androgen receptor (AR) levels, and expression of neuroendocrine
markers (3-5). These neuroendocrine prostate cancer variants (NEPCs) emerge from PADC
because they share clonal origin (5-8). The identification of effective therapies for NEPCs
has been hindered by incomplete understanding of the mechanisms driving lineage plasticity
and the lack of relevant experimental models.

The retinoblastoma tumor suppressor gene RB1 is more commonly mutated in metastatic
and ADT-recurrent prostate cancer—NEPC variants in particular—than it is in primary
tumors (5, 9-12). This suggests that there is selective pressure for RB1 loss during tumor
evolution and that loss of this gene might drive PADC progression and lineage plasticity. To
test this hypothesis, we engineered R deletion in a previously characterized mouse model
of PADC initiated by Pten mutation (13). In the original model, the PBCre4 transgene (14) is
used to delete floxed Pren alleles specifically in prostate epithelium (fig. S1). PBCre4: Prer’’
mice, where Fdesignates a floxed allele, develop prostatic intraepithelial neoplasia (PIN) by
6 weeks of age and invasive PADC by 9 weeks, but these cancers rarely progress to
metastatic disease (13, 15-17). Prostate cancer in PBCre4: Pten”’:Rb17* mice is similar, so
both genotypes are used interchangeably here and are referred to as single knockout (SKO).
Rb1 mutation alone is insufficient to initiate prostate cancer development in the mouse
because PBCre4: R617 mice do not develop prostate cancer (18, 19). The combination of
these mutations in PBCre4: Pren”:Rb17f (DKO) mice leads to prostate cancer development,
and the mice had a significantly shorter median survival of 38 weeks compared with 48
weeks for SKO mice (Fig. 1A). Rb1 loss did not affect end-stage tumor cell proliferation
significantly, but similar to the loss of the tumor suppressor gene 7rp53(17), Rb1 loss
abrogated the cellular senescence that occurs in Pfen-deficient, premalignant prostate
epithelium (fig. S2).

End-stage SKO PADC showed expression of phosphorylated AKT (pAKT), nuclear AR, and
the luminal epithelial marker Krt8 (Fig. 1B). Expression of the basal epithelial marker Trp63
was low, and expression of the neuroendocrine marker Syp was undetectable. DKO PADC

also showed expression of pAKT, but Krt8 and AR levels were heterogeneous between cells
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and regionally within contiguous tumors (Fig. 1B and fig. S3A). DKO PADCs also
contained cells expressing Syp. Cells surrounding acini were Krtg"9h:Syplow whereas cells
interspersed between acini were Krt8oW:Syphigh (fig. S3B), suggesting the presence of at
least two molecularly distinct cell populations within these tumors.

Metastasis was not detected in SKO mice, which is consistent with previous reports (15-17).
In contrast, distant metastasis was detected in all DKO mice examined to date (Fig. 1C).
Common metastatic sites were lymph node, lung, and liver. Bone metastasis was detected in
2 of 10 mice; this is likely an underestimate because we examined only a tibia and femur.
All metastases recapitulated the heterogeneous Syp and Krt8 expression pattern of the
primary tumors. Metastases disseminated through the vasculature because DKO cancer cells
marked by green fluorescent protein (GFP) in PBCre4: Pten”:Rb17": Rosa™T'MC mice (20)
were detected in both peripheral blood and bone marrow (Fig. 1, D and E). These
observations suggest that 261 suppresses metastatic dissemination of PADC initiated by
Prenloss.

The existence of both luminal-like Krt8M9M: Syp!oW cells and neuroendocrine-like Krtg!ow:
SypMigh cells within DKO primary and metastatic tumors suggests that these cancers exhibit
lineage plasticity, but other explanations are possible. To explore whether molecular
heterogeneity is a consequence of polyclonal tumors, we incorporated the Brainbow 2.1
lineage tracing allele (21) into DKO mice. All end-stage tumors were monocolor, with one
and sometimes two independent primary tumors per mouse (fig. S3C). Thus, DKO tumors,
both primary and metastatic, were likely derived from a single neoplastic cell clone. Mosaic
Cre-mediated gene deletion within tumor clones may also contribute to molecular
heterogeneity. RNA-sequencing (RNA-seq) analysis of tumor specimens revealed a few
reads mapping to Cre-deleted exons (fig. S3D); these reads are likely contributed by non-
epithelial cells that contaminate the bulk tumor specimens. Immunostaining of tumor tissue
sections also failed to detect cells expressing protein encoded by the deleted gene (fig. S3E).
Thus, it is unlikely that mosaic Cre deletion accounts for the molecular heterogeneity
observed.

To characterize the origin of Syp"dh cells, we performed a longitudinal study of DKO PADC
development. PIN lesions and early invasive PADC were apparent in DKO mice by 12
weeks of age, but these neoplastic lesions lacked Syphiah cells (fig. S3F). Small foci of
SypMigh cells were readily detectable by 20 to 25 weeks of age. These early SypMi9" foci are
Krt8!oW but still express AR (fig. S3G). These observations are consistent with the derivation
of Krt8!oW:Syphidh cells from preexisting Krt8Nigh:Syp!oW neoplasia. We cannot, however,
exclude the possibility that Krt8!oW:Syphidh cells arise independently, perhaps from a
different cell type of origin, and they subsequently give rise to Krt8"ah:SyploW cells in
tumors. Either scenario is consistent with the hypothesis that /67 loss enhances lineage
plasticity of prostate neoplasia initiated by Prern loss.

Previous work has shown that PBCre4: Rb17f: Trp537f mice develop ARW, castration-
resistant, NEPC-like tumors exclusively from within the stem cell-rich proximal region of
the prostate (18, 22). DKO tumors, in contrast, appeared in the anatomically distinct distal
region of the prostate (fig. S4A). Whereas DKO PIN lesions were detected within the
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proximal prostate, they exhibited an ARNIN:SyploW phenotype; in contrast, the earliest PIN
lesions detected in PBCred: Rb17" Trp537f mice were AR!OW:Syphigh (fig. S4B). The AR and
Krt8 immunostaining patterns were different in DKO and PBCre4: Rb17f: Trp537f tumors
(fig. S4C). These observations suggest that the cell of origin is different in DKO and
PBCre4: Rb1™: Trp537f prostate cancers.

PBCre4: Rb1"f: Trp537 tumors are ADT-resistant de novo because castration does not extend
survival (18). However, the AR levels in DKO tumors are higher (fig. S4D), suggesting that
they may be ADT sensitive. To test this, we surgically castrated 30-week-old, tumor-bearing
DKO mice and monitored their survival. Castration extended median survival of DKO mice
from 38 to 48 weeks (Fig. 2A), but all mice eventually died from prostate cancer by 67
weeks. The response of individual mice varied considerably, with postcastration survival
ranging from 3 to 37 weeks, but survival did not correlate consistently with precastration
total prostate volume (Fig. 2, B and C). DKO cancer that relapsed after castration retained
heterogeneous Krt8 and Syp expression but showed markedly reduced AR levels (Fig. 2D).
Bone metastasis was detected in three of eight mice with postcastration recurrent disease.
We found that two of five postcastration recurrent cancers analyzed with RNA-seq had
acquired spontaneous 7rp53 mutations (Fig. 2E). The 7rp53 mutations are analogous to
loss-of-function R282Q and V173M mutants found commonly in human cancers. 7rp53
mutations were not detected in eight DKO tumors from noncastrated mice. This implies that
Tro53 mutation cooperates with Rb61 loss to confer an AR'°W, ADT-resistant phenotype.

To test this hypothesis, we bred PBCre4: Pren”f: Rb17": Trp537f (TKO) mice. TKO mice
developed aggressive prostate cancer, limiting median survival to 16 weeks (Fig. 2F).
Metastasis to the lung, liver, and bone (one of four mice examined) was detected in TKO
mice despite their short life span (fig. SSA). Castration of TKO mice at 10 weeks did not
extend survival (Fig. 2G), demonstrating that TKO PADC was ADT-resistant de novo.
Primary TKO tumors showed patchy Krt8 and Syp expression like DKO tumors but had very
low AR levels comparable with that of postcastration recurrent DKO tumors (Fig. 2H).
Surprisingly, pAKT levels were also reduced in TKO tumors despite uniform Pten loss (fig.
S5B). Thus, TKO tumors have reduced dependence on both AKT and AR signaling. We also
examined young PBCre4: Pten”f:Rb17" - Trp537* mice retaining one wild-type copy of 77053,
In these mice, the appearance of Syp* neoplastic cells occurred earlier than in DKO mice
and was coincident with reduced levels of the Trp53 target gene Cdknla (fig. S5C). This
suggests that spontaneous loss of the remaining wild-type 7rp53allele facilitates the onset
of Syp expression. These observations support the conclusion that b1 and 75,053 cooperate
to suppress prostate cancer lineage plasticity underlying the development of ADT-resistant
NEPC variants.

We next compared the gene expression patterns of SKO, DKO, and TKO tumors with that of
normal prostate tissue. Gene expression patterns clustered primarily by genotype (fig. S6A).
DKO and TKO tumors exhibited widespread changes in gene expression, encompassing
~15% of mouse genes (Fig. 3A). DKO and TKO tumors shared 85 to 90% of their
differentially expressed genes. This similarity in gene expression between DKO and TKO
tumors was not due to spontaneous silencing of 7rp53 expression in DKO tumors (fig. S6B).
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This implies that the primary driver of gene expression reprogramming in DKO and TKO
tumors is Rb1 loss.

Consistent with immunostaining results, DKO and TKO tumors exhibited decreased levels
of AR RNA and elevated levels of neuroendocrine lineage marker RNA (Figs. 1B and 2H
and fig. S6C). These changes are similar to those observed in human NEPC variants. To
compare prostate cancer in these mouse models with the human disease, we used a weighted
gene expression signature developed by Beltran et al. (5, 23) to distinguish human
adenocarcinoma from NEPC variants. We found that SKO cancer was similar to human
PADC, whereas DKO and TKO cancers were similar to human NEPC (Fig. 3B). The Beltran
signature accurately distinguishes SKO from DKO/TKO tumors through hierarchical
clustering (fig. S6D).

Gene set enrichment analysis revealed that DKO and TKO tumors have altered expression of
E2F target genes and neuroendocrine lineage genes (Fig. 3C). We also noted altered
expression of gene sets related to stem cells and epigenetic reprogramming, including
increased expression of SoxZ2[SRY (sex determining region Y)-box 2] and £zA2 (histone
methyltransferase enhancer of zeste homolog 2) (Fig. 3, D to F). Gene expression changes
corresponding to stem cell reprogramming factors and neuroendocrine lineage markers were
associated with a switch in posttranslational histone H3 modifications from the repressive
H3K27me3 mark to the active H3K4me3 mark (fig. S7). Human NEPC also exhibited
increased expression of E2F target genes, neuroendocrine markers, stem cell reprogramming
factors, and epigenetic regulators (Fig. 3G). Thus, DKO and TKO prostate cancers mimic
the molecular phenotype of human NEPC variants, and both human and mouse NEPC
variants exhibit deregulation of stem cell reprogramming factors.

Rb1/E2f protein complexes can directly repress expression of Sox2and Ezh2 (24, 25). We
hypothesized that /2561 loss in prostate cancer derepresses these genes, enabling epigenetic
reprogramming toward a stem cell-like state. Lineage plasticity inherent in this state would
facilitate metastasis, NEPC transformation, and ADT resistance. This hypothesis predicts
that ADT resistance may be reversible through appropriate epigenetic modulation.

Ezh2 is the enzymatic component of the Polycomb Repressive complex 2 that methylates the
lysine 27 residue of histone H3. Ezh2 inhibitors (Ezh2i) are being evaluated as cancer
therapies in clinical trials. We isolated cell lines from mouse prostate cancers to test whether
Ezh2i can restore ADT sensitivity in vitro. The cell lines behave like the tumors from which
they were derived. For example, SKO, DKO, postcastration recurrent DKO (DKOC), and
TKO cell lines exhibit differences in AR expression, AR activity, neuroendocrine lineage
marker expression, £z/2and Sox2 expression, cell proliferation, and motility analogous to
the behavior of their corresponding tumors in vivo (fig. S8, A to G). Enzalutamide
sensitivity was highest in SKO cells, reduced in DKO cells, and lowest in cells from
postcastration recurrent DKO (DKOCr) and TKO tumors (fig. S8H).

We tested two Ezh2 inhibitors (Ezh2i), GSK126 and EPZ6438, and found that they both
sensitized TKO and DKOCT cells to enzalutamide when used at concentrations sufficient to
inhibit histone H3K27 methylation but without significant single-agent cell growth
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inhibitory activity (Fig. 4, A to C, and fig. S9, A and B). Ezh2i plus enzalutamide also had a
greater effect on DKO cells than either drug as single agents (fig. S9C), and Ezh2i
pretreatment inhibited DKO cell motility (fig. S9E). Ezh2i did not significantly alter the
enzalutamide sensitivity of SKO cells (fig. S9D), suggesting that its effects are specific for
NEPC variants. We also evaluated the effects of Ezh2i in vivo. We propagated a primary
DKOCYr tumor by transplantation into SCID mice and then treated the mice with Ezh2i and
enzalutamide, alone or in combination. Enzalutamide plus Ezh2i treatment slowed tumor
growth significantly compared with treatment with enzalutamide [two-way analysis of
variance (ANOVA) P=0.037] or Ezh2i (P=0.027) alone (Fig. 4D). Enzalutamide treatment
alone did not slow tumor growth relative to vehicle control (P= 0.43), confirming that the
DKOCr tumor was ADT-resistant.

To genetically verify Ezh2 as the relevant target of Ezh2i, we silenced £zh2 expression using
short hairpin RNA (shRNA). £zAZsilencing sensitized DKOCT cells to enzalutamide (Fig. 4,
E and F). Silencing £zh2also increased AR expression, augmented AR activity, increased
expression of the luminal lineage marker K78, and decreased expression of neuroendocrine
lineage markers (Fig. 4, F and G). Ezh2i treatment also increased AR expression and
decreased Syp expression in vitro (Fig. 4H). Ezh2i-treated transplanted DKOCr tumors
showed evidence of increased AR expression in vivo (Fig. 41), although immunostaining
was patchy with both ARMIN and ARIW regions present. These findings suggest that Ezh2i
sensitizes NEPC variants to enzalutamide by reversing or suppressing lineage
transformation.

To investigate whether Ezh2i has similar effects in human prostate cancer, we used LNCaP-
AR cells from Mu et al. (26) in which RB1and TP53expression is stably silenced. Because
LNCaP-AR cells were PTEN-null (27), RBI1- and RB1/ TP53-silenced derivatives were
analogous to DKO and TKO mouse cells, respectively. As in mouse cells, RBI and RBI1/
TP53silencing reduced AR levels and enzalutamide sensitivity, but enzalutamide sensitivity
was restored by Ezh2i (Fig. 4J and fig. S9F). Thus, enzalutamide resistance is reversible in
both human and mouse NEPC variants.

Rb1and Trp53repress epigenetic reprogramming factors such as Ezh2 and Sox2, which are
important in generating induced pluripotent stem cells (24, 28, 29). The data presented here
support a hypothesis in which #BZ and 7P53loss in prostate cancer derepresses these same
factors, creating a stem cell-like epigenetic environment permissive for lineage plasticity
(Fig. 4K). Lineage plasticity is proposed to drive prostate cancer progression by enabling
adaptation to selective pressures experienced during metastasis and ADT. Because the
mouse models characterized in this study develop metastatic PADC reminiscent of human
NEPC variants, they will be useful for testing this hypothesis and identifying molecular
mechanisms underlying cancer lineage plasticity. Our results also suggest a therapeutic
approach to treat NEPC variants—that is, epigenetic modulation may reverse or delay
lineage transformation, extending the durability of clinically beneficial ADT responses. As
lineage plasticity is increasingly appreciated in other types of human cancers relapsing from
molecularly targeted therapy, this approach may be generally applicable.
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Fig. 1. Rbl suppresses PADC metastasisin mice
(A) Survival plot showing a significant difference in survival of SKO (7= 16) and DKO (n=

14) mice (log rank £=0.0013). (B) End-stage tumor sections stained with hematoxylin and
eosin (H&E) or antibodies against the indicated proteins. Arrowheads indicate uninvolved
prostate epithelium. Scale bars, 100 um. (C) Sections of DKO metastases from indicated
tissues stained and presented as in (B). (D) Bone marrow (BM) or peripheral blood (PB)
from SKO and DKO mice was imaged under phase or fluorescent microscopy. Cancer cells
were genetically marked with green fluorescent protein (GFP), and normal cells were
marked with red fluorescent protein (RFP). Scale bar, 100 pm. (E) Polymerase chain
reaction (PCR) was used to detect Cre-deleted alleles in PB, BM, or tumor DNA (T).
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Fig. 2. Rbl and Trp53 loss facilitate acquisition of ADT resistance
(A) Survival plot for DKO mice, either intact (7= 14) or castrated at 30 weeks (/7= 18, log

rank £ = 0.003). Black tic marks represent mice alive at the end of the study. (B) Axial T2-
weighted MR images from two mice acquired at indicated times relative to castration. The
prostate and resulting tumors are outlined in red. T300 initial prostate volume (68 mm3) was
larger than T298 (21 mm3), but T300 survived longer after castration (37 weeks) than did
T298 (12 weeks). (C) Prostate volumes of DKO mice were measured with magnetic
resonance imaging (MRI) 5 days before castration at 30 weeks of age, or 1 and 8 weeks after
castration. The plot shows relative prostate volumes for individual mice over time
normalized to their precastration measurement. Red lines indicate mice that died before the
8-week MRI time point. (D) Tumor sections from intact or postcastration recurrent DKO
tumors stained with H&E or antibodies directed against the indicated proteins. AR levels
decline in postcastration recurrent tumors. Scale bar, 100 pm. (E) RNA-seq data from
postcastration recurrent DKO tumors indicate that 88% of reads mapping to 7rp53have
mutations analogous to loss-of-function mutations commonly found in human cancer.
Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn;
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. In the mutants, other amino acids were
substituted at certain locations; for example, R282Q indicates that arginine at position 282
was replaced by glutamine. (F) Survival plot showing significantly different survival of SKO
(n=16), DKO (1= 14), and TKO (7= 15) mice (log rank £< 0.0001). (G) Survival plot of
TKO mice, either intact (n7= 15) or castrated at 10 weeks (n= 7). Castration does not affect
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survival significantly (log rank £ = 0.46). Black tic marks represent mice alive at the end of
the study. (H) Tumor sections from TKO mice were stained with H&E or antibodies against
the indicated proteins. Scale bar, 100 pm.
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Fig. 3. Rb1 loss causes deregulation of epigenetic reprogramming factors and widespread
changesin gene expression

(A) Venn diagrams showing the number of differentially expressed genes between the
indicated genotypes (wild type, WT; n=4 or 5 mice per genotype). (B) Plot showing the
signature scores for mouse (SKO, DKO, and TKO) and human (PADC and NEPC) prostate
cancer by using the Beltran et a/. (23) weighted gene expression signature. Dots represent
individual patients. Bars represent the mean and interquartile range. (C) Selected gene sets
enriched in DKO versus SKO tumors, with the x axis representing normalized enrichment
score (NES). (D) Tumor sections stained with antibodies directed against indicated proteins.
Scale bar, 100 um. (E) Quantitation of Sox2 immunostaining in tumor sections of the
indicated genotypes. Each dot represents one analyzed image taken from three different
mice for each genotype, with bars representing the mean and standard deviation. Sox2
immunostaining in DKO tumors is greater than in SKO tumors (#test £< 0.0001) and
greater in TKO tumors than in DKO tumors (P= 0.01). (F) Quantitation of Ezh2
immunostaining as in (E). Ezh2 immunostaining is greater in DKO tumors than in SKO
tumors (P < 0.0001), but immunostaining in DKO and TKO tumors is not significantly
different (P=0.25). (G) A heat map comparing gene expression data from human (5, 23)
and the indicated mouse specimens. The select genes deregulated in DKO and TKO tumors
are similarly deregulated in human NEPC.
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Fig. 4. Ezh2 inhibition restores enzalutamide sensitivity
(A) A TKO cell line was treated with enzalutamide or dimethyl sulfoxide (DMSO), with or

without Ezh2i, at the indicated concentrations, and the viable cells were then counted. Mean
cell number and standard error are shown for three experiments. Asterisks indicate
significant differences (£ < 0.05). (B) A DKOCT cell line was treated and analyzed as in (A).
(C) A DKOC cell line was plated at low density, then treated as indicated. Resulting
colonies were stained 10 days later. A representative result is shown (quantitation is
provided in fig. S8A). (D) A DKOCr tumor was transplanted into a cohort of mice, and the
mice were treated with GSK503 (GSK) and/or enzalutamide (Enza) as indicated. Tumor
volume for each mouse (7= 7 or 8 for each treatment) was recorded every other day. The
mean and standard error for all mice are shown. Asterisk indicates significantly slower
growth than any of the other treatments (ANOVA, P< 0.05). (E) EzhZ-targeted ShRNA
(shEzh?2), or nonsilencing control (NS), were expressed in DKOCTr cells. The cells were then
treated with enzalutamide or DMSO, and cell number was measured as in (A). The mean
and standard error for three experiments are shown. (F) RNA was extracted from DKOCr
cells in (E) and analyzed by means of real-time PCR for the indicated genes. The mean and
standard error of fold change (FC) relative to the NS control are shown for two experiments
in duplicate. (G) DKOCT cells silenced for £zh2as in (C) were treated with AR ligand
R1881 (DHT) and/or enzalutamide (Enza), RNA was extracted, and the expression of AR
target gene Fkbp5 was assayed by means of real-time PCR. Mean and standard error of FC
relative to the NS control are shown for two experiments in duplicate. (H) DKO cells were
treated as indicated, and protein extracts were analyzed by means of Western blot for the
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listed proteins. Gapdh serves as loading control. (1) Tumors dissected from transplanted
mice in (D) after 17 days of the indicated treatment were sectioned and immunostained for
AR. Inset image is magnified so as to highlight nuclear staining. Scale bar, 100 um. Ezh2i
treatment restores patchy AR expression. (J) LNCaP-AR cells stably expressing RB1
(shRB) or RB1/ TP53shRNA (shRBP53) were treated as indicated, and viable cells were
counted as in (A). The mean and standard error of three experiments are shown. (K) A
model summarizing the proposed role of Rb1 and Trp53 in suppressing lineage plasticity,
neuroendocrine lineage transformation, and ADT resistance.
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