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ABSTRACT
Small cell prostate carcinoma (SCPC) morphology is rare at initial diagnosis but often emerges during
prostate cancer progression and portends a dismal prognosis. It does not express androgen receptor (AR)
or respond to hormonal therapies. Clinically applicable markers for its early detection and treatment with
effective chemotherapy are needed. Our studies in patient tumor–derived xenografts (PDX) revealed that
AR–negative SCPC (AR¡SCPC) expresses neural development genes instead of the prostate luminal
epithelial genes characteristic of AR–positive castration-resistant adenocarcinomas (ARCADENO). We
hypothesized that the differences in cellular lineage programs are reflected in distinct epigenetic profiles.
To address this hypothesis, we compared the DNA methylation profiles of AR¡ and ARC PDX using
methylated CpG island amplification and microarray (MCAM) analysis and identified a set of differentially
methylated promoters, validated in PDX and corresponding donor patient samples. We used the Illumina
450K platform to examine additional regions of the genome and the correlation between the DNA
methylation profiles of the PDX and their corresponding patient tumors. Struck by the low frequency of
AR promoter methylation in the AR¡SCPC, we investigated this region’s specific histone modification
patterns by chromatin immunoprecipitation. We found that the AR promoter was enriched in silencing
histone modifications (H3K27me3 and H3K9me2) and that EZH2 inhibition with 3-deazaneplanocin A
(DZNep) resulted in AR expression and growth inhibition in AR¡SCPC cell lines. We conclude that the
epigenome of AR¡ is distinct from that of ARC castration-resistant prostate carcinomas, and that the AR¡

phenotype can be reversed with epigenetic drugs.
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Introduction

Many castration-resistant prostate carcinomas (CRPC) remain
sensitive to secondary hormone therapies as a result of andro-
gen receptor (AR) activity.1,2 However, approximately 20% of
men who die of CRPC have tumors that exhibit small cell pros-
tate carcinoma (SCPC) features.3 SCPC is a morphological vari-
ant that does not express AR and is resistant to hormonal
therapies 4 but is sensitive to platinum-based chemotherapy.5

Although rarely identified at the initial diagnosis of prostate
cancer, SCPC frequently emerges during the castration-resis-
tant progression of the disease.6 At present, a biopsy is required
for its diagnosis but because SCPC is often found admixed with
adenocarcinoma components, biopsies are frequently falsely
negative and thus, appropriate chemotherapy treatment is
delayed. Moreover, we and others have shown that morphology
can be unlinked from the clinical behavior and therapy
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responsiveness of prostate cancer, such that the biology under-
lying the SCPC phenotype is likely to be shared by tumors that
do not fully meet criteria to be called SCPC. Biomarkers that
can be serially followed to identify the emergence of SCPC or
its biological equivalents are needed to apply early chemother-
apy and, more importantly, to develop novel, effective therapies
that can improve the outcome of men afflicted by this aggres-
sive prostate cancer variant. To this end, in a previous study,
we developed patient prostate tumor–derived xenografts
(PDX) of AR–negative SCPC (AR¡SCPC) and compared the
AR¡SCPC gene expression profiles to those of AR–positive
adenocarcinomas (ARCADENO) derived from men with
CRPC.7,8 In line with the findings of others,9,10 we found that
AR¡SCPC is characterized by a loss of prostate luminal epithe-
lial markers and a gain of neural progenitor/stem cell markers.
Because DNA methylation profiles reflect cellular differentia-
tion,11 we hypothesized that the DNA methylation profiles of
AR¡ and ARC are distinct and that specific DNA methylation
markers might be used to detect AR¡ disease, which is of ther-
apeutic relevance. The low frequency of methylation observed
at the AR promoter in the AR¡ prostate tumors led us to inves-
tigate histone modification patterns and the reversibility of AR
silencing.

Materials and methods

Human prostate cancer xenografts and patient tumor
samples

Available samples of human prostate cancer xenografts (fresh
frozen) or in dimethyl sulfoxide (DMSO) established between
December 1996 and March 2008 were developed in the labora-
tory of Dr. Nora Navone at The University of Texas MD
Anderson Cancer Center, as previously described.12,13 Patients
who donated the tissue from which the xenografts were devel-
oped (n D 24) provided written informed consent before sam-
ple acquisition, according to a protocol approved by MD
Anderson’s Institutional Review Board.

All animal experiments were conducted in accordance with
the standards of the Institutional Animal Care and Use Com-
mittee of MD Anderson.

Normal human prostate epithelial cells (PrEC) culture, his-
tology, and immunohistochemistry methods are described in
the Supplementary Materials. The electronic medical records of
the donor patients were reviewed retrospectively under MD
Anderson’s Institutional Review Board–approved protocol
RCR06-1075 to extract relevant clinicopathological
information.

We also searched the tissue bank files of the MD Anderson
Department of Pathology to identify available fresh frozen and
formalin-fixed paraffin-embedded biopsy or surgical specimens
of CRPC and SCPC from patients who provided written
informed consent allowing the use of their tissue for research
(n D 20).

DNA was extracted from fresh frozen and DMSO-preserved
samples via standard proteinase K and phenol-chloroform
extraction and was quantified on a NanoDrop 1000 spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA).
DNA was extracted from formalin-fixed paraffin-embedded

patient samples by using the Cold Spring Harbor protocol.14

Briefly, samples were subjected to deparaffinization with xylene
(X5P-1GAL, Fisher Scientific, Pittsburgh, PA, USA) and then
to protease digestion and DNA isolation using a RecoverAll
Total Nucleic Acid Isolation Kit (AM1975, Ambion Life Tech-
nologies/Thermo Fisher Scientific).

Quantitative polymerase chain reaction of mouse and
human b-globin

Quantitative polymerase chain reaction (qPCR) was performed
on genomic DNA from each xenograft sample in 20-mL reac-
tions using iTaq Universal with ROX (Bio-Rad Laboratories,
Hercules, CA, USA) and TaqMan primers and probes specific
for the human and mouse b-globin (repressed in prostate tis-
sue) genes designed with Primer Express software (Thermo
Fisher Scientific). All probes were labeled with 6-carboxyfluor-
escein fluorophore (6-FAM) and a custom-synthesized non-
fluorescent minor groove binder (MGB) quencher from
Applied Biosystems (Life Technologies, Carlsbad, CA, USA).
Primer and probe sequences included (a) murine b-globin
assay (Mu-bglo-239F, 50-AGGCCCATGGCAAGAAAGT-30;
Mu-bglo-306R, 50-GCCCTTGAGGCTGTCCAA-30; and Mu-
bglo-259T [MGB probe, FAM-labeled], 50-ATAACTGCCTT-
TAACGATG-30) and (b) human b-globin assay (hu-bglo-232F,
50-TGAAGGCTCATGGCAAGAAA-30; hu-bglo-285R, 50-
GGTGAGCCAGGCCATCAC-30; and hu-bglo-253T [MGB
probe, FAM-labeled], 50-TGCTCGGTGCCTTT-30). The pri-
mers were used at 900-nM concentrations, and the probes were
used at 100-nM concentrations.

Known quantities of human and mouse DNA were used to
construct a standard curve for both primer sets to determine
the efficiency of each qPCR. Using the specific mouse b-globin
gene, we determined the threshold cycle values (Ct) for each
sample and a control containing 100% mouse DNA and the dif-
ferences in Ct (DCt) using the Stratagene Mx3005P system
(Agilent Technologies, Inc., Santa Clara, CA, USA). Relative
amounts of mouse DNA contamination were calculated (2DCt)
and then were converted to the overall percentage of mouse
DNA found in each sample.

Methylated CpG island amplification and microarray and
Illumina 450K analyses

A pool of genomic DNA extracted from normal male human
peripheral blood mononuclear cells was used as a control for
methylated CpG island (CGI) amplification (MCA) 15 coupled
to CGI microarray (MCAM) analysis, as previously
described.16,17 Details of MCA are provided in the Supplemen-
tary Materials. Briefly, following digestion with SmaI and XmaI
(New England BioLabs, Inc., Ipswich, MA, USA), PDX DNA
was ligated to RMCA PCR adapters and amplified. Amplicons
from xenograft samples were labeled with cyanine5 (Cy5) dye
and cohybridized against amplicons from peripheral blood
mononuclear cells labeled with cyanine3 (Cy3) dye on Agilent
Technologies 4 £ 44K custom DNA microarrays. The 42,222
probes (corresponding to 8,321 unique NCBI Reference
Sequence Database genes) on the array recognized SmaI/XmaI
fragments predominantly located around gene transcription
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start sites (TSSs). Fluorescence signals were normalized with
locally weighted scatterplot smoothing (LOWESS),18 and
trimmed averages of normalized log2ratios were calculated for
amplicons covered by multiple probes. Hypermethylation was
defined as normalized log2 ratio of Cy5/Cy3fluorescence (M
values) greater than 1.3 (equivalent to 2.5-fold or higher of xen-
ografts/control signal intensity) on the basis of previous experi-
mental data.17

Genomic DNA was sent to the University of Southern Cali-
fornia Epigenome Center (Los Angeles, CA, USA) for Illumina
Infinium Methylation 450K array analysis (San Diego, CA,
USA).

Pyrosequencing

Methylation status of the candidate genes was validated by
using bisulfite pyrosequencing methylation analysis.19 Details
are provided in the Supplementary Materials, and primers
are listed in Supplementary Table S1. The methylation per-
centage of each gene was computed as the average of 2 to 4
CpG sites.

Chromatin immunoprecipitation

Fresh xenograft tissues were enzymatically dissociated in Accu-
max Cell Aggregate Dissociation Medium (10 mL per gram of
tissue; 00-4666-56, eBioscience, San Diego, CA, USA) and were
incubated at 37�C for 30 min under constant agitation. The
cells were strained, washed with phosphate-buffered saline
solution, and counted for crosslinking. Chromatin immunopre-
cipitation (ChIP) assays were performed by treating the cells in
culture and the xenograft cells with 1% formaldehyde to cross-
link histones to DNA. The crosslinking was stopped by treating
the samples with glycine (0.125 M) for 5 min, and then the
samples were washed with cold phosphate-buffered saline solu-
tion containing a 38-protease inhibitor cocktail (Roche, Basel,
Switzerland). The chromatin was then extracted and frag-
mented by sonication, and the lysate was subjected to immuno-
precipitation using Dynabeads Protein A and G (Thermo
Fisher Scientific, Grand Island, NY) magnetic beads and the
following antibodies: H3K4me3 (17-614, EMD Millipore, Bill-
erica, MA, USA); H3K9Ac (07-352, EMD Millipore); H3K9me
(ab1220, Abcam, Cambridge, MA, USA); H3K27me3 (17-622,
EMD Millipore); rabbit anti-histone H3 (ab1791-100, Abcam);
and rabbit anti-mouse immunoglobulin G H&L (ab46540,
Abcam). ChIP products were used for TaqMan qPCR with oli-
gonucleotide primers covering 2 regions of the AR exon 1
(Fig.3A), and b-actin and human b-globin as controls). The
fold enrichment of each histone modification to histone H3
was calculated using the DCt method.

Cell culture and drug treatment

NCI-H660, LNCaP, PC3, and DU145 were purchased from
American Type Culture Collection (ATCC, Manassas, VA).
C42b was obtained from the MD Anderson Cell Line Core
Facility. MDA 144-13 cell line was derived from the MDA 144-
13 xenograft line developed in the Prostate Cancer Xenograft
Bank at The University of Texas MD Anderson Cancer Center.

All cell lines were grown in RPMI-1640 medium with 5% fetal
bovine serum and penicillin/streptomycin solution (100 mg/
mL). Cells were seeded (300,000 per 10-cm dish) 72 h before
treatment. Cells were then treated with DZNep (0.1 mmol/L,
1 mmol/L, or 5 mmol/L) diluted in DMSO or DMSO alone for
72 h. The cells were harvested and counted using the Vi-CELL
Series Cell Viability Analyzer (Beckman Coulter, Brea, CA,
USA).

Western blot experiments

Protein extracts were prepared by homogenizing the tissues and
cells in lysis buffer supplemented with complete protease inhib-
itor cocktail tablets (Roche). Soluble proteins were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
were transferred to polyvinylidene fluoride membranes (Bio-
Rad). Membranes were incubated with mouse anti-KMT6/
EZH2 antibody (3827-1, Epitomics, Burlingame, CA, USA);
rabbit anti-H3K27me3 (9733s, Cell Signaling Technology, Dan-
vers, MA, USA); rabbit anti-glyceraldehyde 3-phosphate dehy-
drogenase (2118s, Cell Signaling Technology); rabbit anti-AR
(n-20, Santa Cruz Biotechnology, Dallas, TX, USA); and rabbit
anti-histone H3 (ab1791-100, Abcam). The antigen-antibody
complexes were detected with Luminata Western HRP sub-
strate (EMD Millipore).

Statistical analyses

Descriptive statistics (means, medians, ranges, and percentages)
were used to describe the xenograft samples and were com-
puted on GraphPad Prism software (GraphPad Software, Inc..,
La Jolla, CA, USA). LOWESS normalization and analysis of
microarray data have been described previously.20 To identify
potential subgroups among the samples we performed unsu-
pervised hierarchical clustering on GENE-E software (Broad
Institute, Cambridge, MA, USA) using Ward linkage and
Euclidean distance methods for continuous values (the normal-
ized log2 ratio of Cy5/Cy3 signals from MCAM) and Jaccard
index and complete linkage methods for categorical values
(b-values from the Illumina Infinium Methylation 450K array).
The Marker Selection tool (GENE-E) was used to analyze dif-
ferentially methylated genes between subgroups that were
obtained in the clustering analysis.

Results

Xenograft and donor patient characteristics

For the MCAM studies, we analyzed DNA extracted from
mouse subcutaneous tissue, from cultured PrECs, and from 34
human prostate cancer xenograft tissues derived from the
tumors of 24 donor patients. For the Illumina 450K analysis,
we analyzed DNA extracted from an additional four xenografts
and the corresponding donor patient tumor tissues. The MDA
79, MDA 117, MDA 118b, MDA 144, MDA 146, MDA 155,
MDA 170, and MDA 180 xenograft lines and sublines have
been previously described.7-8,21

Of the 38 samples, 14 included two to six xenograft sublines
derived from the same donor tumor (e.g., MDA 146-10 and
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MDA 146-12) and two biologic replicates (i.e., the same xeno-
graft subline but grown in a different mouse; e.g., MDA 144-
4R) (Table 1). Twelve of the 38 samples displayed SCPC mor-
phology, one showed mixed ADENO and SCPC features, and
three had large cell neuroendocrine carcinoma (LCNEC) mor-
phology. LCNEC is a rare variant that has similarities to SCPC
and is thought to represent a transitional form between
ADENO and SCPC.7 Additional AR–negative samples included
one with squamous cell carcinoma morphology, another with
mixed adenocarcinoma and sarcomatoid features, and five that
did not meet SCPC criteria. Paraffin-embedded tissues were
not available for xenografts MDA 46 and MDA 102, so the
morphology of these xenografts is unknown. The remaining 11
samples had ADENO morphology and expressed AR on
immunohistochemical analysis.

Four of the thirty-eight DNA samples exhibited a smear on
gel electrophoresis, indicating significant DNA degradation;
however, a strong high molecular-weight band was still present
in all four samples. Seven samples had greater than 10% mouse
DNA contamination (Table 1, Supplementary Fig. S1). Neither
DNA degradation nor mouse DNA contamination affected the
quality of the arrays.

The charts of the 24 donor patients (4 of whose tumors
yielded >1 xenograft line) were reviewed retrospectively. All
patients had received androgen deprivation therapy, and 20
had received at least one line of chemotherapy (often with

more than one agent) before the xenografts were established.
One patient (the donor of MDA 43) remains alive following
bilateral adrenalectomy 16.1 y after diagnosis.

DNA methylation profiles of patient tumor–derived CRPC
xenografts

Unsupervised hierarchical clustering (Ward linkage, Euclidean
distance) using all the MCAM M values for the 16,621 SmaI
sites after LOWESS normalization showed that, for the most
part, the xenograft lines derived from the same patient clus-
tered together (Fig. 1A): only one of the MDA 144 sublines
(MDA 144-11) did not cluster with the other seven MDA 144
samples. All other xenograft sublines derived from a single
patient tumor clustered together (MDA 146-10 with MDA
146-12, MDA 155-2 with MDA 155-12, and MDA 91A with
MDA 91B).

To validate the MCAM results, we selected 19 sequences
contained within 17 promoter-associated (§1 kb from the clos-
est TSS) CGIs for pyrosequencing. Using 10% as the cutoff for
hypermethylated sequences and a normalized log2 ratio of Cy5/
Cy3 tumor:normal signal �1.3, we obtained a sensitivity of
89.8%, a specificity of 67.0%, a positive predictive value of
71.0%, and a negative predictive value of 87.9% (Supplementary
Fig. S2), consistent with our previous experience with the
MCAM method.17

Table 1. Xenograft Sample Description.

Patient
Donor

Tumor
Site

Xenograft
Line-Subline

DMSO
or FF

DNA
Quantity (ug)

260/280
Ratio

DNA-EP
Smear Morphology

AR
(%cells)

% Mouse
DNA Avg

% Mouse
DNA SD

31 Liver MDA-31 D 828 1.94 ADCA 85 § 5 1.11 0
40 Liver MDA-40 D 435 1.97 ADCA 0 § 0 1.19 0.22
43 Adrenal MDA-43 D 1596 1.98 ADCA 80 § 0 1.3 0.25
44 SQ nodule MDA-44 D 369 1.88 SCPC 0 § 0 2 1.16
46 Pleural fluid MDA-46 D 654 1.89 na na 0.71 0.26
51 Liver MDA-51 D 229 1.94 ADCA 0 § 0 6.83 0.46
62 Ascitic fluid MDA-62 D 570 1.93 Mixed ADCA & SARC 0 § 0 37.15 14.73
66 Pelvic tumor MDA-66 D 289 1.94 ADCA 0 § 0 3.79 3.69
75 Brain MDA-75 D 51 1.96 ADCA 90 § 0 1.54 0.05
76 Pelvic tumor MDA-76 D 1250 1.9 Yes ADCA 86 § 12 14.47 3.02
79 Pelvic tumor MDA-79 D 522 1.92 Yes ADCA 89 § 6 57.41 51.61
80 Pleural fluid MDA-80 D 111 1.94 ADCA 90 § 4 0.97 0.06
91 Liver MDA-91A D 450 1.96 SCPC 0 § 0 1.92 0.67

MDA-91B D 704 1.89 SCPC 0 § 0 1.69 0
94 Pleural fluid MDA-94 D 277 1.96 ADCA 0 § 0 3.56 2.81
100 Pelvic tumor MDA-100 D 190 1.93 SQ CELL CA 0 § 0 9.32 3.1
101 Liver MDA-101 D 1422 1.94 Yes ADCA 63 § 20 7.92 4.11
102 Pelvic tumor MDA-102 D 909 1.93 Yes na na 12.84 6.87
117 Pelvic tumor MDA-117-9 FF 554 1.9 ADCA 96 § 2 1.28 0.41
118 Bone MDA-118b FF 308 1.91 ADCA 0 § 0 57.38 21
122 Adrenal MDA-122 FF 880 1.97 ADCA 90 § 0 11.58 2.89
137 RPLN MDA-137 FF 763 1.89 ADCA 100 § 0 10.64 1.69
144 Pelvic tumor MDA-144-11 FF 540 1.94 SCPC 0 § 0 5.07 0.28

MDA-144-13 FF 576 1.95 SCPC 0 § 0 1.84 0.32
MDA-144-13R FF 876 1.89 SCPC 0 § 0 1.69 0.6
MDA-144-20 FF 1415 1.98 SCPC 0 § 0 0.78 0.05
MDA-144-23 FF 831 1.96 SCPC 0 § 0 1.24 0.03
MDA-144-4 FF 1122 1.98 LCNEC 0 § 0 1.51 0.03
MDA-144-4R FF 808 1.92 LCNEC 0 § 0 1.16 0.78
MDA-144-6 FF 1398 1.95 LCNEC 1 § 2 2.53 2.6

146 Pelvic tumor MDA-146-10 FF 970 1.91 SCPC 0 § 0 0.66 0.53
MDA-146-12 FF 1051 2.04 Mixed ADCA & SCPC 97 § 6 3.35 0.28

155 Pelvic tumor MDA-155-12 FF 884 1.95 SCPC 0 § 0 1.01 0.01
MDA-155-2 FF 1132 1.96 SCPC 0 § 0 1.35 0.36

Abbreviations: MDA, MD Anderson; DMSO or D, stored in dimethyl sulfoxide; FF, fresh frozen; EP, electropphoresis; ADCA, adenocarcinoma; na, not available; SCPC, small
cell prostate sarcomatoid; SQ CELL CA, squamous cell carcinoma; LCNEC, large cell neuroendocrinandrogen receptor.

EPIGENETICS 187



In subsequent analyses, we excluded 1,800 SmaI sites to
account for nonspecific hybridization of contaminant mouse
DNA in the xenograft DNA samples and for tissue-specific
hypermethylation of PrEC (normal prostate cells), compared
with normal blood (1,317 from mouse DNA, 553 from PrEC
DNA, and 70 from both), leaving a total of 14,821 SmaI frag-
ments for analysis. We averaged the log2 ratio values of techni-
cal and biologic replicates of the same tumors and, with the 1.3
cutoff, found that the frequency of hypermethylated SmaI frag-
ments ranged from 2.2% to 12.7% (median, 6.6%) per xeno-
graft. However, 80% of the studied SmaI fragments were
unmethylated across all samples, and correlated hypermethyla-
tion was rare; only 527 of 14,821 SmaI fragments (3.6%) were
hypermethylated in 50% or more of the tumors (Fig. 1B). We
classified the 14,821 SmaI fragments according to their rela-
tionship to CGIs and to the promoter region (§1 kb of TSS) of
known Reference Sequence genes. We observed that the com-
partment consisting of non-promoter CGIs was generally 2–
3 times more hypermethylated than any other compartment
and that promoters constituted the least-hypermethylated com-
partment (Fig. 1B). Generally, there was good agreement
among the compartments: xenograft lines with the lowest fre-
quencies of methylated promoter CGIs, for example, also had
very low frequencies of hypermethylation in other compart-
ments (data not shown).

Additionally, we examined the relationship between the
xenografts and the corresponding patient tumor DNA

methylation profiles by using six xenograft-patient tumor
pairs—three AR¡ models meeting SCPC criteria (MDA
144-13, MDA 146-10, and MDA 150) and three
ARCADENO models (MDA 153, MDA 170, and MDA
180). For this analysis, we expanded the CpG site coverage
to include CGI shores 22 and intergenic and intragenic
regions using Illumina 450K arrays. Of these six models,
MDA 144-4 and MDA 146-10 had also been analyzed by
MCAM. Unsupervised hierarchical clustering using all
b-values segregated the AR¡SCPC and ARCADENO sam-
ples into two ggroups and showed high correlation between
the DNA methylation profiles of the xenografts and the cor-
responding patient tumors (Fig. 1C). The frequency of
hypermethylated probes (b-value above 0.2), total and by
compartment, were similar between the xenografts and the
corresponding patient tumors, suggesting that methylation
patterns carry over from the patient to the xenograft models
(Fig. 1D).

Differences in DNA methylation profiles between AR¡ and
ARC prostate tumors

To determine whether the MCAM DNA methylation profiles
of AR¡SCPC and ARCADENO prostate tumors were distinct,
we excluded samples with squamous cell morphology (MDA
100), sarcomatoid morphology (MDA 62), and the xenografts
for which morphology was unknown (MDA 46 and MDA

Figure 1. A. Unsupervised hierarchical clustering (Ward linkage, Euclidean distance) using all the MCAM M values for the 16,621 SmaI sites after LOWESS normalization.
Black boxes group single patient xenograft sublines, whereas the asterisks indicates a xenograft subline that does not cluster with sublines from the same patient donor.
B. Frequency of methylated SmaI fragments, normalized by the fraction of the gene, across all samples according to their relationship to CGIs and to the promoter region
(§1 kb of TSS) of known Reference Sequence genes. C. Unsupervised hierarchical clustering (Ward linkage, Euclidean distance) using all b-values from the Illumina 450K
array of six xenografts and their corresponding patient donor. D. Frequency of methylated probes, normalized by the fraction of the gene, total and by compartment, for
primary patient samples and xenografts evaluated on Illumina 450K arrays.
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102). This left 11 AR¡SCPC, 3 AR¡LCNEC (previously found
to be biologically similar to AR¡SCPC),7 and one mixed
AR¡SCPC and ARCADENO xenograft samples (n D 15)
derived from five patient tumors. There were an additional 5
AR¡ samples that did not meet SCPC criteria (AR¡ADENO)
and 11 ARCADENO xenograft samples derived from 15 patient
tumors. We averaged the MCAM probe M values per patient
and converted them to categorical values (log2 R/G � 1.3 D
methylated; log2 R/G < 1.3 D unmethylated). Unsupervised
hierarchical clustering using probes with at least two methyl-
ated samples (resulting in 3,031 probes) segregated the patients
into three groups: group A contained nine of the 11
ARCADENO samples and group B was composed entirely of
AR¡ samples. Group C was composed of outliers that had
lower than average methylation but was composed mostly of
AR¡ tumors (Fig. 2A).

We used pyrosequencing to validate the differentially meth-
ylated sequences identified by MCAM. Using the Marker Selec-
tion tool (GENE-E software), we generated a list of the top 100
differentially methylated probes between group A and group B
(group C was excluded because of its below-average methyla-
tion status). Of these differentially methylated sequences
detected by MCAM, we selected four genes (GAS6, GAD2,
MAP6, and CNN3) for validation on the basis of several criteria:
a P-value less than 0.01, only probes located in the CGIs, probes
with a frequency of 70% in one group and less than 30% in the
other, gene function, and confirmation that the gene was meth-
ylated in the AR¡SCPC patient samples analyzed by the Illu-
mina 450K array. Additionally, we chose to validate TMPRSS2
solely on the basis of results from the Illumina arrays because
of gene function and previous reports of methylation status in
AR–negative prostate cancer cell lines 23 We then used pyrose-
quencing to quantify the methylation levels of these genes in
the xenograft samples (Fig. 2B). Finally, we examined the meth-
ylation levels of the validated genes in the patient DNA sam-
ples. Three of the five genes, (TMPRSS2, GAD2, and GAS6)
were differentially methylated (P<0.05) between SCPC and
ADENO patient samples (Fig. 2C).

Promoter DNA methylation not a cause of AR silencing in
AR¡SCPC xenografts

Previously, we had found that both AR protein and mRNA
transcripts were absent in our AR¡SCPC models, and array
comparative genomic hybridization experiments did not reveal
AR deletions.8 Struck by the low levels of methylation observed
in the AR promoter CpG island of the AR¡SCPC xenografts
(Fig.3A-B), we used bisulfite pyrosequencing to confirm this
observation, measuring the methylation of the AR promoter–
associated CGI in DNA extracted from 11 ARC and 19 AR¡

PDX, a xenograft-derived cell line (MDA 144-13), as well as
prostate cancer cell lines LNCaP, PC3, NCI-H660, and DU145.
Of the cell lines, only PC3 and DU145 cells had more than 15%
methylation, confirming the findings that others have
reported.24 All but four of the xenografts had less than 15%
methylation at the AR promoter, regardless of AR expression
status (Fig. 3C). Therefore, we concluded that DNA methyla-
tion of the AR promoter is infrequent in CRPC.

H3K27me3 enrichment at the AR promoter in AR-SCPC
xenografts and AR expression in AR-SCPC cells treated
with DZNep

We then examined the chromatin markings on the AR pro-
moter using ChIP-qPCR in the previously described
AR¡SCPC/LCNEC (MDA 144-13, MDA 144-4, MDA 155-2,
and MDA 146-10) and ARCADENO (MDA 170-4 and MDA
180-30 xenografts 7,8 as well as in three established prostate
cancer cell lines [one AR–positive (LNCaP) and two AR–nega-
tive (PC3 and DU145)]. We evaluated both active (H3K4me3
and H3K9ac) and repressive (H3K9me2 and H3K27me3) his-
tone modifications, using the marking of the constitutively
expressed gene b-actin and human b-globin, a repressed gene
in prostate tissue, as controls for these experiments. As
expected, the only samples with AR marking by
H3K4me3 and/or H3K9ac were the two AR–positive xenografts
MDA PCa 170.4 and MDA PCa 180.30 and AR–positive
LNCaP cells. Marking by repressive histone modifications var-
ied: H3K27me3 was enriched in all but one of the AR–negative
samples, and H3K9me2 was also found in two of the four xeno-
grafts (Fig. 4).

H3K27me3 gene silencing involves polycomb group protein
EZH2, which correlates with the aggressiveness of prostate can-
cer and is known to be overexpressed in several cancers.25 We
therefore investigated the global protein expression of
H3K27me3 and EZH2 in our xenograft samples and cell lines.
Using Western blot analysis, we observed similar levels of
H3K27me3 and EZH2 protein in AR–negative xenografts, cell
lines and AR–positive xenografts (Fig. 5A).

Treatment of the NCI-H660 and MDA 144-13 cell lines with
DZNep, a known S-adenosylhomocysteine hydrolase inhibitor
that leads to the indirect inhibition of methyltransferase activity
by blocking S-adenosyL-methionine–dependent reactions,26

resulted in AR expression (Fig. 5B) and dose-dependent cell
growth inhibition (Fig. 5C), which were associated with a
decrease in the levels of EZH2 and H3K27me3.

Discussion

To our knowledge, we are the first to compare AR¡SCPC and
ARCADENO DNA methylation profiles, to identify candidate
methylation markers for distinguishing these subtypes, and to
show that AR silencing in AR¡SCPC can be reversed with
DZNep. Our findings also support the value of patient-derived
xenografts in studying the biology of CRPC.

One limitation of our study was that the segregation of
xenografts by the MCAM methylation profiles was not per-
fect. Misclassification could be due to the possibility that,
despite different morphology, some of the ARCADENO
samples shared biology with the AR¡SCPC samples. Our
previous studies have shown that tumors of various mor-
phologies share clinical and molecular features (such as loss
of RB1 and p53 mutations) with the AR¡SCPC 27,28 indicat-
ing that the underlying biology of clinically relevant subsets
of CRPC is not necessarily reflected in a specific morphol-
ogy. A second possibility is that AR¡SCPC, the recognizable
extreme of this biological spectrum, is still a heterogeneous
group, and that this heterogeneity could be reflected in
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different DNA methylomes. A third possibility is that
MCAM could not capture the differentially methylated
regions because this method is designed to detect

methylation predominantly at promoter CGIs. Although
fewer samples were analyzed by Illumina arrays than by
MCAM, the Illumina arrays provided a cleaner segregation,

Figure 2. A. Unsupervised hierarchical clustering using MCAM probes with at least two methylated samples (resulting in 3,031 probes) segregated the tumors into three
groups. The black boxes indicate AR¡ xenografts. B. Differentially methylated sequences identified by MCAM using the Marker Selection tool (GENE-E software) validated
by pyrosequencing the differentially methylated sequences identified by MCAM. C. The methylation levels of the validated genes in the patient DNA samples. Statistical
significance based on Student t-test is indicated by asterisk marks. (�) represents P< 0.05 and (��) represents P < 0 .005.
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possibly because of the greater depth of analysis and the
contribution of non-promoter non-CGI promoter methyla-
tion to distinguishing between phenotypes. Additional anal-
yses with more samples are needed to confirm the
hypothesis that DNA methylation profiles can distinguish
clinically relevant subsets of CRPC.

Nonetheless, we identified and validated candidate DNA
methylation markers, TMPRSS2 and GAD2, that could be used
to detect emerging AR¡SCPC. Since developing such markers
for clinical use is our ultimate goal, our future research will ana-
lyze serum samples from men with AR¡SCPC using reduced
representation bisulfite sequencing, which should help identify

Figure 3. A. Map showing the sequence location of the pyrosequencing and ChIP q-PCR primers. B. MCAM M-values at the AR promoter in patient derived xenografts
(AR-negative, dark gray; AR-positive, light gray). C. Frequency of AR promoter-associated methylation in prostate cancer patient derived xenografts and cell lines (AR-neg-
ative black, AR-positive gray) using bisulfite pyrosequencing.

Figure 4. AR promoter histone modification using ChIP-PCR for repressive marks (H3K27me3 and H3K9me2) in gray and active histone marks (H3K4me3 and H3K9ac) in
black were assayed using primers covering two regions of the AR exon 1 as shown in Fig. 3A. Shown here is the average for both regions. HBB and ACTB were used as
repressive and active mark controls respectively. The y-axis indicates fold enrichment compared to total histone H3 using the CT method.
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not only differentially methylated regions but also markers that
are most likely to be detected in peripheral circulation.

The expression of AR in AR¡SCPC models suggests that this
aggressive phenotype can be reversed with epigenetic drugs.
Previous reports have shown a correlation between decreased
H3K27me3 after DZNep treatment and increased gene expres-
sion.29,30 However, DZNep is not specific for EZH2, so our
future studies will use GSK126,31 an S-adenosyL-methionine–
competitive, small molecule inhibitor of EZH2 methyltransfer-
ase activity, to confirm that AR expression in AR¡SCPC cells is
due to depletion of H3K27me3 at the AR promoter after EZH2
inhibition.

The question is whether inducing AR expression in
AR¡SCPC will be clinically beneficial. AR is considered the
principal oncogenic driver of most CRPC. However, one study
proposed that AR also has tumor suppressor functions.32

Indeed, other researchers found that the downstream effects of
AR signaling are context dependent: the transcriptional profiles
attributed to AR signaling are distinct in castration-sensitive
prostate cancer and CRPC.33 Additional research is needed to
determine what, if any, downstream AR signaling is restored by
epigenetic therapies in AR¡SCPC and whether AR signaling is
associated with tumor growth inhibition (and presumably dif-
ferentiation), as anticipated by our DZNep results. Depending
on the transcriptional program that might be activated, combi-
nations of epigenetic drugs with AR agonists or antagonists
could be effective therapies.

In summary, our results support the hypothesis that
AR¡SCPC and ARCADENO have distinct DNA methylation
profiles that may serve as classifying markers for patients with
prostate cancer. We also showed that H3K27me3 enrichment
at the AR promoter is associated with AR silencing in
AR¡SCPC, which appears to be reversible when EZH2 is inhib-
ited, suggesting the AR¡SCPC phenotype is potentially revers-
ible through epigenetic manipulation.
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