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Figure 4. Androgens regulate REST function. (A) LNCaP cells were starved from steroids and then treated with DHT for 24 h. RT-PCR was used
to measure expression levels of four known REST target genes: BDNF, Grin2a, NTRK3 and Synapsinl. All differences were statistically significant
(*P <0.01). (B) In a pulse chase experiment, LNCaP cells were labeled with *>S-methionine and treated for 2 and 4 h with androgen when REST was
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these results demonstrate that the effects of androgen
treatment on REST protein levels can in part be explained
by regulation of B-TRCP content.

REST modulates neuroendocrine transdifferentiation

LNCaP cells undergo a process of neuroendocrine (NE)
differentiation on long-term androgen withdrawal. Given
the key role of REST in restricting the neuronal differen-
tiation of stem cells (30) and the finding that some castra-
tion-resistant tumors express low REST levels (38), we
studied how REST influences the NE differentiation of
LNCaP cells (Figure 5). First, we studied the effects of
androgen deprivation on REST protein levels. Short-
term androgen withdrawal has little effect on REST
levels, which remained stable for at least 24h before a
noticeable reduction was observed after 3 days.
Interestingly, the reduced expression of REST coincides
with increased expression of chromogranin A, a marker
of NE differentiation and an androgen-repressed gene in
LNCaP cells (Figure 5A) (39). Likewise, the mRNA ex-
pression levels of the previously characterized REST-
regulated genes NTRK3 and Grin2a increased after
long-term androgen deprivation, while no effects were
observed on the REST mRNA levels (Figure 5B). As pre-
viously shown, the prolonged incubation of these cells
with androgen-depleted media resulted in increased NE
differentiation, which was characterized by the appear-
ance of dendrite-like membrane extensions and the
increased expression of the NE marker CgA (Figure 5A
and B) (39). Measurement of the length of the membrane
processes under androgen depletion conditions showed a
significant increase in the average length of the dendrite-
like extensions. Cells transfected with siRNA targeting
REST showed increased NE differentiation in the
presence of the androgens, as measured by cell morph-
ology analysis (Figure 5C). Similar results were observed
in the cells with reduced expression of the AR. Parallel to
these morphological changes, we observed that the expres-
sion levels of the NE marker CgA also increased with the
siRNA-based knockdown of both REST and the AR
(Figure 5D). Likewise, treatment with the AR antagonist
MDV3100 (Enzalutamide) also resulted in increased ex-
pression of CgA both at the mRNA and protein levels
(Figure SE). In addition to the experiments performed
in vitro, we also analyzed REST and chromogranin A
protein expression in LNCaP tumor xenografts grown
orthotopically either in castrated mice or intact controls.
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We found that the REST protein levels were significantly
reduced in tumors grown in the absence of testicular an-
drogens while the expression of chromogranin A increases
in the same group (Figure 5F). Together, these findings
demonstrate that REST is a key mediator of NE differen-
tiation caused by androgen depletion.

To further evaluate the relationship between REST
expression and NE differentiation, we analyzed the
expression of REST and CgA in a PCa TMA sections
using immunofluorescence. Cells exhibiting strong expres-
sion of the NE marker CgA appeared sporadically and
only in a minority of the tissue sections. CgA exhibited
a predominantly cytosolic staining and was always
negative for nuclear REST staining (Supplementary
Figure S1). However, most cells exhibiting reduced
REST nuclear staining did not express high levels of
CgA, indicating that although REST may inhibit NE dif-
ferentiation, additional factors also contribute to promote
this process. Interestingly, we also detected cells with a
strong cytosolic expression of REST that were positive
for the NE marker CgA (Supplementary Figure S1).

Global analysis of REST regulated genes in PCa cells

Following the demonstration that REST influences the
NE differentiation of PCa cells and can mediate
androgen-stimulated gene repression, we performed a
more comprehensive analysis of REST actions on PCa
cells using genome-wide transcript profiling. We
analyzed gene expression changes induced by three inde-
pendent REST targeting siRNAs in comparison to a
control siRNA. Of the 34126 gene probes analyzed,
2079 exhibited statistically significant (FDR <1%)
changes in cells expressing REST targeting siRNAs. Of
these probes, 667 correspond to protein-coding genes
that increased expression by siREST and as such are can-
didates to be targets of the REST repressor complex. As
expected, these set was enriched for genes that participate
in cell signaling events, particularly synaptic transmission
and neuropeptide receptor activity (Figure 6A), confirm-
ing the role of REST as a repressor of prostate neuronal
trans differentiation. Interestingly several genes involved
in the mitotic phase of the cell cycle were also derepressed
by REST knockdown, in line with the proposed role of
REST as a regulator of cell cycle (32,37). Supporting the
direct role of REST in mediating the repression of some of
these genes is the finding that regulatory regions of 78 of
the genes induced by siREST in LNCaP cells have been

Figure 4. Continued

immunoprecipitated and analyzed by autoradiography. (C) LNCaP cells were transfected with two siRNA targeting either REST or the AR,
followed by measurements of the mRNA levels of the indicated genes. Asterisks indicate statistically significant differences between the cells
transfected with control siRNA and those targeting AR or REST (¥*P <0.05, **P <0.01). Western blot shows protein levels of REST and AR
after REST and AR knockdown. (D) A luciferase reporter construct driven by the synapsin 1 gene promoter region containing the REST response
element (RE-1) and a variant in which the N-terminal half region of the RE element was deleted was used to assess REST-mediated repression in the
cells transfected with siRNAs targeting the REST and AR in the presence and absence of androgens. Significant differences in the comparison
between luciferase activity in the cells transfected with siControl and Syn-Luc and the other experimental groups are denoted by *P <0.05 or
**P <0.01. Significant differences between the control group-transfected Syn-luciferase mutant and the rest of the groups are marked with o,
P <0.01. (E) Measurement of REST and AR binding to chromatin regions within the promoters of BDNF, Synl and Grin2a genes containing
an RE-1 or to the ARE in a PSA gene enhancer. The influence of DHT treatment on REST and AR chromatin binding was also measured. DNA
quantization was performed by q-PCR. Means differences between IgG control ChIP and those performed with the indicated antibodies (AR or
REST) were compared by Student’s z-test (*P <0.01 and **P <0.05). The statistical differences between DHT treated and untreated samples was
also analyzed (o denotes a P <0.05) (F) Measurement of REST, AR and B-TRCP levels in LNCaP cells with the indicated treatments.
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Figure 5. REST regulates NE differentiation in LNCaP cells. (A) Protein levels of NE marker chromogranin A and REST in cells depleted of
androgens for the indicated times in the presence and absence of DHT. (B) mRNA levels of the REST target genes: Grin2a and NTRK3 and NE
marker chromogranin A in same experiment as above. (C) NE differentiation was quantified by analyzing the length of cytoplasmic extensions
processes during androgen deprivation for 7 days or in cells grown in the presence of androgen (+DHT) but transfected with siRNAs targeting REST
or the AR. Statistical analysis was performed using the Wilcox ranked test; asterisk denotes statistically significant differences (P <0.001) with the
siControl +DHT group, while o denotes significant differences (P < 0.001) in comparison with control nontransfected cells —DHT. (D) mRNA levels
of CgA in REST and AR knockdowns (*P < 0.05, Student’s #-test). (E) Protein and mRNA levels of chromogranin A after 72- and 96-h treatment
with AR antagonist MDV3100. (F) Chromogranin A and REST levels in LNCaP orhotopic xenograft grown in castrated or intact mice.

shown to contain REST binding sites by ChIP sequencing
analysis (40), an overlap that is highly significant
(FDR <0.001) by gene set enrichment analysis (41)
(Supplementary Figure S2). We also identified a similar
number of protein-coding genes that significantly
reduced their expression on REST knockdown, indicating

extensive gene expression remodeling that goes beyond
simply gene derepression.

Next, we also compared the changes induced by REST
knockdown to those caused by androgen depletion or
stimulation with the synthetic androgen R1881, treat-
ments that either induce or repress NE differentiation of
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Figure 6. Effects of REST knockdown on gene expression. (A) Gene expression profiling was used to identify protein coding genes that increase
expression on REST downregulation. The regulated genes where assigned to biological functions according to Gene Ontology categories. The
enrichment of specific categories in comparison with what is expected from similar analysis for the entire genome and the associated P were
calculated. Results (P <0.05) were visualized using Cytoscape. Nodes identify functional categories, with the size representing number of genes
and color representing P-value. The thicknesses of the edges indicate the number of overlapping genes between categories. (B) Selected genes
identified within specified categories. REST 1, 2 and 3 represent experiments performed with three independent REST targeting siRNAs. Log2-
transformed fold ratios are indicated by the color code. (C) Expression changes of selected genes consistently upregulated by REST knockdown that
are also repressed by treatment with synthetic androgen R1881 (10nM). —DHT indicates changes induced by androgen depletion. (D) As above by
showing selected genes consistently upregulated by REST knockdown that are also induced by treatment with synthetic androgen R1881 (10 nM).
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LNCaP cells (Figure 6C), respectively. Statistical analysis
(FDR < 1%) identified 3010 genes that were regulated by
either one of the treatments. As expected, a strong correl-
ation (Pearson’s R = —0.81) was observed between genes
regulated by androgen depletion or by treatment with
R1881 (Supplementary Table S4 and Supplementary
Figure S6). Of these genes, 739 were also regulated by
REST knockdown (Supplementary Table S4). When
analyzing the set of genes that are repressed by REST,
we identified a subgroup of 107 genes showing a similar
pattern to the neuron-enriched genes previously analyzed;
they were either repressed by androgen treatment or
induced by androgen withdrawal, confirming that REST
participates in androgen-regulated gene repression.
Interestingly, we also identified a larger set of 190 genes
that are repressed by REST but stimulated by androgen
treatment. This set of genes includes bona fide AR targets,
including KLK?2, KLK3, ORM2 and AZGPI, suggesting

Benign gland
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Gleason 7

that REST may also function to limit the expression of a
subset of androgen-regulated genes in PCa cells
(Figure 6D).

REST immunoreactivity in PCa

Having shown that the AR can modulate REST protein
levels, we next analyzed the expression of these two
proteins in consecutive 4-um TMA sections. As
expected, the AR was detected in the nuclei of the
luminal and stromal cells in both benign and cancer
tissue specimens (Figure 7). In benign prostate glands,
REST was also detected in the nuclei of luminal and
stromal cells, but occasionally with cytoplasmic expression
and with varying degrees of staining between the nucleus
and the cytoplasm among specimens (Figure 7 and
Supplementary Figure S3). Basal cells were mainly
negative for nuclear AR and REST staining but

Gleason 5

REST & Gleason Score

-#-.REST: 1, G<7
—=— REST: 1, G27
-#-.REST: 2+3, G<7

p<0.0001 —— REST: 2+3, G27

Y e nm . penema Ry -

BCR free
% of patients

0 20 40 60 80 100
Time (months)

Figure 7. Immunohistochemical analysis of REST and AR expression in consecutive sections of PCa TMAs. (A) Examples of tissue cores of benign
glands and tumors (Gleason grade 7 and 5) illustrate the correlation in expression of REST and AR. (B) Kaplan—Meier curves for the time to PSA
recurrence after radical prostatectomies for patients expressing low (I, n = 13), medium (2, n = 22) or high (3, n = 49) REST protein levels (left
panel) or according to the Gleason grade at the time of the prostatectomy: G <7, n = 51; G = 7, n = 35; G> 7, n = § (right panel). The P-value was
calculated according to the Mantel-Cox test. Table 1 presents a summary of REST immune reactivity in relation to clinical parameters.
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occasionally exhibited weak cytoplasmic REST staining.
In the tumor specimens, REST was mostly nuclear but
was also cytoplasmic, with variable strength. The
average REST immunoreactivity (IR) was 2.4 in the popu-
lation (SD = 0.73), on a scale of 0-3, while the average IR
of the AR was 2.36 (SD =0.72). A Spearman Rank
analysis was used to calculate the correlation between
REST and AR protein expression. REST staining, regard-
less of the intracellular localization, was correlated with
the AR expression (r =0.76, P <0.001), except when
expressed strongly in the cytoplasm of scattered cells
within the tumor. These cells were observed rarely and
were negative for nuclear AR expression, apparently
corresponding to a subpopulation of NE cells
(Supplementary Figure S3). No significant correlation
was detected between the REST score and the Gleason
score (r = 0.07, P = 0.34) or the preoperative PSA levels

Nucleic Acids Research, 2014, Vol. 42, No.2 1011

(r=—0.14, P =10.77), and no significant differences in
REST expression were detected in the tumors with and
without seminal vesicle invasion or positive or negative
for surgical margins (Table 1). REST expression was sig-
nificantly reduced in the tumors that relapsed within
3 years compared with tumors that did not relapse (1.8
versus 2.7, P = 0.0005), but these differences were
not observed with the AR (2.11 versus 2.42, P =10.1)
(Table 2). We used multivariate Cox proportional-
hazards regression analysis to examine the association of
REST levels and another four covariates with biochemical
(PSA) recurrence (Table 2). As expected, patients with
higher Gleason scores are also at increased risk of early
PSA recurrence in multivariate analysis [hazard ratio
(HR): 1.5699; 95% confidence interval (CI): 1.01-2.42].
In addition, we observed that REST levels are independ-
ently associated to disease recurrence. The tumors with

Table 1. REST immunohistochemistry score in relation to clinical parameters

All samples Gleason score Seminal vesicle invasion Surgical margins Extra capsular extensions Location

Mean (SD) Mean (SD) P Mean (SD) P Mean (SD) P Mean (SD) P Mean (SD) P

2.41 (0.75) 56 248 (0.7) 0.5 + 2.27 (0.80) 037 + 242(0.75 09 + 2.44 (0.76) 0.62 Equal 2.11 (0.9) 0.07
7 2.35 (0.78) — 244 (0.72) — 2.40 (0.75) — 2.40 (0.71) Nuclear 2.58 (0.62)

8-10 2.25 (0.71)

Cytoplasm 2.2 (0.92)

TMAs containing 129 prostatectomy samples were analyzed by IHC and scored on a scale of 0-3, with the latter representing high levels of immune
reactivity. The nonparametric Kruskal-Wallis test was used for statistical analysis.

Table 2. Multivariate Cox proportional hazards analysis

Descriptive statistics of indicated variables

REST AR Gleason score Seminal vesicle invasion Surgical margins
Biochemical recurrence + — + - + - + — + —
Mean 1.714 2.667 2.095 2.517 7.048 6.3 0.3333 0.1 0.762 0.5167
SD 0.7838 0.5724 0.7684  0.6507  1.396 0.8887 0.483 0.3025 0.436 0.5039
P-value <0.0001 0.0185 0.0209 0.013 0.0522

Overall model fitness

Chi square = 36.2724; df = 5; P <0.00001

Coefficients, standard errors, significance and Cls

Variables Coefficient Standard error P 95% CI
1 REST levels —1.5857 0.3513 P <0.00001 —2.2743 to —0.897
2 AR levels 0.4003 0.3011 0.1838 —0.19 to 0.9905
3 Gleason score 0.451 0.2204 0.0407 0.019 to 0.883
4 Seminal vesicle invasion 0.4389 0.5476 0.4228 —0.6343 to 1.5121
5 Surgical margins 0.8878 0.5392 0.0996 —0.169 to 1.9446

Risk ratios and Cls

Variables Risk ratio 95% CI
1 REST levels 0.2048 0.1029 to 0.4078
2 AR levels 1.4922 0.827 to 2.6926
3 Gleason score 1.5699 1.0192 to 2.4182
4 Seminal vesicle invasion 1.5511 0.5303 to 4.5364
5 Surgical margins 2.4298 0.8445 to 6.9909
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lower REST levels had a significantly increased risk of
biochemical (PSA) recurrence (HR: 0.20; 95% CI: 0.10—
0.41). To further analyze the relationship between Gleason
score and REST levels, we performed a Kaplan—-Meier
analysis of disease recurrence comparing groups of
patients with either high (>7) or low (<7) Gleason
scores that express low (IR = 1) of high levels (IR =2
or 3) of REST. Statistical analysis by a log rank test
(Mantel-Cox) demonstrated that low REST expression
is significantly associated (P <0.001) with faster disease
recurrence for tumors with Gleason scores <7 confirming
that REST is a Gleason-independent predictor of disease
recurrence in prostatectomy-treated patients (Figure 7B).
We also evaluated the performance of the REST IR score
to predict the occurrence biochemical recurrences within 3
years past prostatectomy by analyzing the receiving
operating curves (ROC) characteristics of this parameter.
The area under the ROC curve was 0.80 (standard
error = 0.07, 95% CI: 0.67-0.93, P <0.001). Using a
REST IR cutoff of <1 the biomarker performs with a
specificity of 95.24% (95% CI: 86.71-99.01%) and a sen-
sitivity of 47.62% (95% CI: 25.71-70.22%). Therefore,
low REST nuclear abundance in prostatectomy specimens
provides a strong indication for disease recurrence within
3 years after surgery.

In conclusion, our analysis demonstrates a strong
positive correlation between REST and AR expression
in localized prostate tumor tissue and suggests that
REST may have tumor suppressor functions in localized
prostate tumors.

DISCUSSION

In this study, we demonstrate that REST mediates some
of the effects of androgens on the repression of gene ex-
pression and is recruited to promoters of androgen-
regulated genes on hormone treatment. We also show
that androgens regulate REST levels in PCa cells, which
in turn influence NE differentiation. Low levels of REST
expression in prostatectomy samples are strongly
associated with early disease recurrence independently of
Gleason score.

The current model of AR-mediated transcription
proposes that AR binds to enhancers that contain several
histone modifications characteristic of open chromatin
regions, including mono- and dimethylated H3K4 and,
most prominently, acetylated H3K9,14 (11,42—44). It has
been shown that the recruitment of AR to these regions
involves the cooperation of additional transcription
factors, such as FoxAl or GATA2 (11,43). AR binding
to gene enhancers triggers the recruitment of co-activator
complexes from the p160/SRC (45) and CBP/p300 (46.,47)
families, which in turn induces H3 acetylation and recruit-
ment of RNA polymerase II, leading to enhanced tran-
scription (48). Remarkably, both androgen-repressed as
well as the androgen-induced genes share similar mechan-
isms for the recruitment of the AR, suggesting that add-
itional gene locus—specific events, which possibly influence
RNA polymerase II activity, are essential for determining
whether the AR binding leads to transcriptional induction
or repression (27,49).

A recent study identified H3K27 methylation through
the EZH2 polycomb complex as one of the events
mediating the AR repression (27). Our study identified
REST as an AR-interacting protein that may inhibit
gene expression in response to androgen stimulation.
These effects of androgen appear to be exerted through
the regulation of REST protein levels, a notion supported
by the strong correlation between the AR and REST levels
in PCa tissue. We demonstrated that long-term androgen
ablation or siRNA-mediated AR knockdown results in
the diminished expression of REST and the concomitant
upregulation of REST-repressed genes. Interestingly, we
also observed that AR itself can be recruited to RE-1 sites
in enhancers of androgen-repressed genes such as BDNF
and Synl in response to hormonal treatment and parallel
to the recruitment of REST, suggesting that AR may con-
tribute to the recruitment of REST to enhancers of
androgen-repressed genes. Likewise, REST is also
recruited to promoters of androgen-stimulated genes
such as KLK3 (PSA). Gene expression profiling experi-
ments detected a group of REST-repressed genes that
were also induced by androgen treatment, suggesting
that the REST-AR interplay may also be important to
limit transcriptional stimulation by AR.

In our experimental model, we see little effect from a
short-term (2 h) androgen treatment on the expression of
most genes located nearby ARORs, irrespective of
whether they contain RE-1 sites (Figure 1), signifying
that the effects of androgen on REST-mediated repression
seems to be context specific and may require long-term
stable REST binding and chromatin remodeling of these
gene loci. In this regard, the ability of androgens to inhibit
REST turnover may be a key determinant of its function
in PCa cells. REST is known to exert strong inhibitory
actions on gene expression through the recruitment of
corepressor platforms, CoREST and Sin3A, which in
turn recruit HDACI1/2 histone deacetylase, G9a H3K9
methyl, MCep2 methyl DNA binding protein, the
Polycomb complex and LSD1 (36) (31). This then leads
to extensive chromatin remodeling characterized by
decreased histone acetylation (H3K9, H4K12, H4KS5,
H3K4, H3k18, H3k36 and H3k27) and increased methy-
lation of H3K9 and H3K27, which result in transcrip-
tional repression (50). ChIP experiments have shown
changes in H3K27me3 in the BDNF, Grin2A and
NTRK3 enhancers in response to androgen treatment
(49), which may in part explain the role of REST in
androgen repression. Interestingly, some of the chromatin
remodelers known to be associated with REST, such as
LSDI, Sin3A and the mediator complex, are also known
to interact with the AR (16,51,52). Therefore, these factors
could hypothetically facilitate the interaction between
these two proteins in vivo. Although additional studies
will be needed to clarify the role of AR on the chromatin
remodeling actions of REST both on androgen-stimulated
and -repressed genes; the data collected in this study allow
us to formulate a working model for the functional inter-
play between AR and REST (Figure 8).

To study the significance of REST modulation by andro-
gens, we analyzed its influence on prostate NE differenti-
ation. REST has well-characterized functions in the
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Figure 8. A working model for AR and REST functional interaction in
PCa cells. (A) Androgens can reduce REST turnover by inhibiting
the expression of B-TRCP, a known ubiquitin ligase of REST. In the
presence of androgens, REST accumulates and translocates to the
nucleus where it can bind chromatin in regions occupied by the AR
(AROR). Depending on the sequence context, this binding leads to
different transcriptional outcomes: (B) Sustained binding of REST to
RE-1 sites in gene promoters leads to transcriptional inhibition.
(C) Binding of REST to regions containing ARE can in some instances
limit the stimulatory effects of androgens on transcription. (D) A
number of regions can bind both AR and REST with no obvious
effects on transcription of nearby genes. The outcome of these
binding events may be determined by yet unidentified auxiliary
proteins and chromatin modifiers.

regulation of neuronal differentiation and the maintenance
of neuronal function as confirmed by our transcriptomic
analysis of cells expressing REST-targeting siRNAs
(Figure 6A). NE cells are a rare population in the normal
prostate gland. They are mostly AR-negative and have
limited proliferative potential (53,54). Androgen ablation
therapy in PCa results in an increased number of NE
cells in the prostate, some of which are also AR-positive,
which has led to the proposal that NE-differentiated tumor
cells may arise via the trans-differentiation of AR-positive
cancer cells (55). This process is mimicked in LNCaP cells,
which during androgen deprivation undergo a process
of NE differentiation characterized by the outgrowth of
membrane extensions and the expression of genes such as
chromogranin A. In this study, we demonstrated that long-
term androgen deprivation as well as AR blockage with
antagonist MDV3100 leads to the reduced expression of
REST coinciding with increased levels of well-known NE
markers. In addition, REST protein downregulation,
either directly by siRNA knockdown or indirectly
through AR inhibition, leads to increased NE differenti-
ation, suggesting that one of the functions of REST is to
limit NE differentiation in AR-positive luminal cells. The
analysis of REST and CgA co-expression within human
tumors by immunofluorescence shows that CgA-positive
cells are negative for nuclear REST staining, reinforcing
the observation that nuclear REST functions as a tran-
scriptional repressor that inhibits NE differentiation. We
found a subset of NE cells that were similar to a
subpopulation of neuronal cells in brain tissue and that
had strong cytosolic REST staining (33), confirming the
notion that NE cells in the prostate constitute a heteroge-
neous population. The molecular nature of cytosolic REST
and its possible functional role in NE differentiation or
other biological processes remains to be elucidated.
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In prostate luminal cells, AR promotes differentiation.
A number of studies have demonstrated that tumor
development is associated with a loss of differentiation,
which is manifested in the down regulation of a signifi-
cant portion of androgen-stimulated genes (56).
Increased numbers of NE cells within the tumor have
been linked to rapid progression of the disease. The role
of REST as an inhibitor of NE differentiation and our
analysis demonstrating inverse relation between REST
expression and tumor progression suggest that REST
may be part of the AR-controlled differentiation
program that inhibits tumorigenesis in prostate tissues.
Our analysis of PCa tissues show that most cells that are
negative for nuclear REST staining are also negative for
chromogranin A, suggesting that REST may have a
growth inhibitory function independent of its function
as regulator of neuronal genes. Remarkably, similar
findings have been reported in breast cancer, where
reduced levels of nuclear REST correlate with increased
disease aggressiveness irrespective of their histological
class or the expression levels of CHGA (57). In small
cell lung cancer and colon cancer cell models, REST is
expressed at low levels, and restoring REST expression
leads to the inhibition of tumor growth through the
downregulation of proto-oncogene TrkC and inhibition
of AKTI activity (31), the latter of which is known to
participate in PCa development (58). Our analysis of
siIREST expressing cells also demonstrate increased
expression of TrkC (NTRK3), AKT3 and it downstream
effector AKTSI, in addition to several genes involved in
mitosis (Figure 6B), suggesting a potential role of REST
as an inhibitor of cell transformation, which is sup-
ported by our analysis of clinical samples (Figure 7).
Noticeably the Aurora kinase A (AurKA) gene, which
has been shown to be amplified in a large fraction of
castration-resistant PCas with a NE phenotype was also
induced on REST knockdown (59). Therefore, AurKA
may mediate some of REST actions in castration-
induced prostate NE-like tumors.

In contrast to our findings in clinical samples, we found
that REST knockdown in LNCaP cells inhibits prolifer-
ation (data not shown), which in line with the limited
proliferative activity of the normal NE cells in vivo.
REST knockdown in LNCaP causes the induction of
several proteins with tumor suppressor function such as
the cyclin-dependent kinase inhibitor 1A (p21Cipl) or
GTSE and the downregulation of several growth factor
receptors (e.g. erbb3, PDGF), which may help to explain
the reduced proliferation rate. Our attempts to analyze the
REST function in other PCa cell lines such as PC3 and
CWR22rvl, where AR expression is known to promote
differentiation and inhibit tumorigenesis, have failed to
provide conclusive evidence that REST in its own modu-
lates cell proliferation in vitro. Therefore, the manifest-
ation of REST tumor suppressor function may require
additional genetic or signaling events that cannot be
induced in LNCaP cells by REST knockdown alone.
Future experiments will clarify whether the negative rela-
tionship between tumor progression and REST expression
in prostate tumors can be directly attributed to REST
tumor suppressor functions in PCa cells.
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In conclusion, we have described a novel mechanism for
androgen-mediated gene repression through the regula-
tion of REST content in PCa cells. The demonstration
that REST participates in the differentiation program of
prostate epithelia and that REST expression is negatively
correlated with disease recurrence warrants a deeper
characterization of its role in prostate carcinogenesis,
including its possible role as a prognostic biomarker.

ACCESSION NUMBERS
GSE51463.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGMENTS

The authors thank the members of the Core Facility of
Integrated Microscopy (CFIM), Copenhagen University
for help with confocal microscopy and Anne Haegert
and Stephane Le Bihan at the Vancouver Prostate
Center in Canada for the transcript profiling. They also
thank Nico Dantuma at Karolinska Institute, Stockholm,
Sweden, for providing us the pCMW-AR vector.

FUNDING

Novo Nordisk Foundation, Danish Research Council;
Swedish Cancer Foundation [2009-3738 to A.F.-M.];
Terry Fox Research Institute, and the Terry Fox
Foundation [#116129]; the Prostate Cancer Foundation
and Movember (to C.C. and Y.Z.); Science Foundation
of Tianjin [NO: 11JCZDJC19700, 09ZCZDSF04300] and
the National Natural Science Foundation of China
[2012CB518304, 2012DFG32220 to J.N. and N.Y.].
Funding for open access charge: Novo Nordisk
Foundation.

Conflict of interest statement. None declared.

REFERENCES

. Epstein,J.I., Amin,M., Boccon-Gibod,L., Egevad,L.,
Humphrey,P.A., Mikuz,G., Newling,D., Nilsson,S., Sakr,W.,
Srigley,J.R. et al. (2005) Prognostic factors and reporting of
prostate carcinoma in radical prostatectomy and pelvic
lymphadenectomy specimens. Scand. J. Urol. Nephrol., 34-63.
Taichman,R.S., Loberg,R.D., Mehra,R. and Pienta,K.J. (2007)
The evolving biology and treatment of prostate cancer. J. Clin.
Invest., 117, 2351-2361.
. Pienta,K.J. and Bradley,D. (2006) Mechanisms underlying

the development of androgen-independent prostate cancer.
Clin. Cancer Res., 12, 1665-1671.
4. Schaeffer,E.M., Marchionni,L., Huang,Z., Simons,B.,
Blackman,A., Yu,W., Parmigiani,G. and Berman,D.M. (2008)
Androgen-induced programs for prostate epithelial growth and
invasion arise in embryogenesis and are reactivated in cancer.
Oncogene, 27, 7180-7191.
Heinlein,C.A. and Chang,C. (2004) Androgen receptor in prostate
cancer. Endocr. Rev., 25, 276-308.
. Wang,X., Kruithof-de Julio,M., Economides,K.D., Walker,D.,
Yu,H., Halili,M.V., Hu,Y.P., Price,S.M., Abate-Shen,C. and

»

w

v

N

~

oo

o

10.

1

—

13.

14.

15.

16.

18.

19.

20.

2

—_

22.

23.

Shen,M.M. (2009) A luminal epithelial stem cell that is a cell of
origin for prostate cancer. Nature, 461, 495-500.

. Taylor,R.A., Toivanen,R. and Risbridger,G.P. (2010) Stem cells

in prostate cancer: treating the root of the problem. Endocr.
Relat. Cancer, 17, R273-R285.

. Vander Griend,D.J., Karthaus,W.L., Dalrymple,S., Meeker,A.,

DeMarzo,A.M. and Isaacs,J.T. (2008) The role of CD133 in
normal human prostate stem cells and malignant cancer-initiating
cells. Cancer Res., 68, 9703-9711.

. Taplin,M.E., Rajeshkumar,B., Halabi,S., Werner,C.P., Woda,B.A.,

Picus,J., Stadler,W., Hayes,D.F., Kantoff,P.W., Vogelzang,N.J.
et al. (2003) Androgen receptor mutations in androgen-
independent prostate cancer: Cancer and Leukemia Group B
Study 9663. J. Clin. Oncol., 21, 2673-2678.

Brinkmann,A.O., Blok,L.J., de Ruiter,P.E., Doesburg,P.,
Steketee,K., Berrevoets,C.A. and Trapman,J. (1999) Mechanisms
of androgen receptor activation and function. J. Steroid Biochem.
Mol. Biol., 69, 307-313.

. Wang,Q., Li,W., Liu,X.S., Carroll,J.S., Janne,O.A., Keeton,E.K.,

Chinnaiyan,A.M., Pienta,K.J. and Brown,M. (2007) A
hierarchical network of transcription factors governs androgen
receptor-dependent prostate cancer growth. Mol. Cell, 27,
380-392.

. Lupien,M., Eeckhoute,J., Meyer,C.A., Wang,Q., Zhang,Y., Li,W.,

Carroll,J.S., Liu,X.S. and Brown,M. (2008) FoxAl translates
epigenetic signatures into enhancer-driven lineage-specific
transcription. Cell, 132, 958-970.

Massie,C.E., Adryan,B., Barbosa-Morais,N.L., Lynch,A.G.,
Tran,M.G., Neal,D.E. and Mills,I.G. (2007) New androgen
receptor genomic targets show an interaction with the ETSI
transcription factor. EMBO Rep., 8, 871-878.

Jia,L., Berman,B.P., Jariwala,U., Yan,X., Cogan,J.P., Walters,A.,
Chen,T., Buchanan,G., Frenkel,B. and Coetzee,G.A. (2008)
Genomic androgen receptor-occupied regions with different
functions, defined by histone acetylation, coregulators and
transcriptional capacity. PLoS One, 3, e3645.

Takayama,K., Kaneshiro,K., Tsutsumi,S., Horie-Inoue,K.,
Ikeda,K., Urano,T., Ijichi,N., Ouchi,Y., Shirahige,K.,
Aburatani,H. et al. (2007) Identification of novel androgen
response genes in prostate cancer cells by coupling chromatin
immunoprecipitation and genomic microarray analysis. Oncogene,
26, 4453-4463.

Metzger,E., Wissmann,M., Yin,N., Muller,J.M., Schneider,R.,
Peters,A.H., Gunther,T., Buettner,R. and Schule,R. (2005) LSD1
demethylates repressive histone marks to promote androgen-
receptor-dependent transcription. Nature, 437, 436-439.

. Ahlqvist,K., Saamarthy,K., Sayed Khaja,A.S., Bjartell,A. and

Massouimi,R. (2013) Expression of Id proteins is regulated by
Bcl-3 proto-oncogene in prostate cancer. Oncogene, 32, 1601-1608.
Bruce,A.W., Donaldson,I.J., Wood,I.C., Yerbury,S.A.,
Sadowski,M.I., Chapman,M., Gottgens,B. and Buckley,N.J.
(2004) Genome-wide analysis of repressor element 1 silencing
transcription factor/neuron-restrictive silencing factor (REST/
NRSF) target genes. Proc. Natl Acad. Sci. USA, 101,
10458-10463.

Lenhard,B. and Wasserman,W.W. (2002) TFBS: computational
framework for transcription factor binding site analysis.
Bioinformatics (Oxford, England), 18, 1135-1136.

Vidal,0.M., Merino,R., Rico-Bautista,E., Fernandez-Perez,L.,
Chia,D.J., Woelfle,J., Ono,M., Lenhard,B., Norstedt,G.,
Rotwein,P. et al. (2007) In vivo transcript profiling and
phylogenetic analysis identifies suppressor of cytokine signaling 2
as a direct signal transducer and activator of transcription Sb
target in liver. Mol. Endocrinol., 21, 293-311.

. Sandelin,A., Alkema,W., Engstrom,P., Wasserman,W.W. and

Lenhard,B. (2004) JASPAR: an open-access database for
eukaryotic transcription factor binding profiles. Nucleic Acids
Res., 32, D91-DY%4.

Chuan,Y.C., Iglesias-Gato,D., Fernandez-Perez,L.,
Cedazo-Minguez,A., Pang,S.T., Norstedt,G., Pousette,A. and
Flores-Morales,A. (2010) Ezrin mediates c-Myc actions in
prostate cancer cell invasion. Oncogene, 29, 1531-1542.
Chuan,Y.C., Pang,S.T., Cedazo-Minguez,A., Norstedt,G.,
Pousette,A. and Flores-Morales,A. (2006) Androgen induction of

#T0¢ ‘2T IsnBny uoeiquinjoD ysnug Jo AIseAlun e /Biosfeuinolpioyxo reuy/:dny woly pspeojumoq


prostate cancer
MATERIAL
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt921/-/DC1
online
: Supplementary Table 1, 2, 3 and 4 and Supplementary Figures 1, 2 and 3
This work was supported by grants from the 
and the 
milcar
lores
orales
C.C. and Y.Z. are supported by grants from the 
.
J.N. and N.Y. are supported by the 
(
)
and 
,
grant numbers: 
and 
http://nar.oxfordjournals.org/

24

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35

36.

37.

38.

39.

40.

prostate cancer cell invasion is mediated by ezrin. J. Biol. Chem.,
281, 29938-29948.

. Ceder,J.A., Jansson,L., Helczynski,L. and Abrahamsson,P.A.

(2008) Delta-like 1 (DIk-1), a novel marker of prostate basal and
candidate epithelial stem cells, is downregulated by notch
signalling in intermediate/transit amplifying cells of the human
prostate. Eur. Urol., 54, 1344-1353.

Tusher,V.G., Tibshirani,R. and Chu,G. (2001) Significance
analysis of microarrays applied to the ionizing radiation response.
Proc. Natl Acad. Sci. USA, 98, 5116-5121.

Saeed,A.I., Bhagabati,N.K., Braisted,J.C., Liang,W., Sharov,V.,
Howe,E.A., Li,J., Thiagarajan,M., White,J.A. and Quackenbush.J.
(2006) TM4 microarray software suite. Methods Enzymol., 411,
134-193.

Zhao,J.C., Yu,J., Runkle,C., Wu,L., Hu,M., Wu,D., Liu,J.S.,
Wang,Q. and Qin,Z.S. (2012) Cooperation between Polycomb and
androgen receptor during oncogenic transformation. Genome Res.,
22, 322-331.

Mukhopadhyay,N.K., Cinar,B., Mukhopadhyay,L., Lutchman,M.,
Ferdinand,A.S., Kim,J., Chung,L.W., Adam,R.M., Ray,S.K.,
Leiter,A.B. et al. (2007) The zinc finger protein ras-responsive
element binding protein-1 is a coregulator of the androgen
receptor: implications for the role of the Ras pathway in
enhancing androgenic signaling in prostate cancer. Mol.
Endocrinol., 21, 2056-2070.

Mukhopadhyay,N.K., Ferdinand,A.S., Mukhopadhyay,L.,
Cinar,B., Lutchman,M., Richie,J.P., Freeman,M.R. and Liu,B.C.
(2006) Unraveling androgen receptor interactomes by an array-
based method: discovery of proto-oncoprotein c-Rel as a negative
regulator of androgen receptor. Exp. Cell Res., 312, 3782-3795.
Ballas,N. and Mandel,G. (2005) The many faces of REST oversee
epigenetic programming of neuronal genes. Curr. Opin.
Neurobiol., 15, 500-506.

Mulligan,P., Westbrook,T.F., Ottinger,M., Pavlova,N., Chang,B.,
Macia,E., Shi,Y.J., Barretina,J., Liu,J., Howley,P.M. ez al. (2008)
CDYL bridges REST and histone methyltransferases for gene
repression and suppression of cellular transformation. Mol. Cell,
32, 718-726.

Westbrook,T.F., Hu,G., Ang,X.L., Mulligan,P., Pavlova,N.N.,
Liang,A., Leng,Y., Maehr,R., Shi,Y., Harper,J.W. et al. (2008)
SCFbeta-TRCP controls oncogenic transformation and neural
differentiation through REST degradation. Nature, 452, 370-374.
Zuccato,C., Tartari,M., Crotti,A., Goffredo,D., Valenza,M.,
Conti,L., Cataudella,T., Leavitt,B.R., Hayden,M.R., Timmusk,T.
et al. (2003) Huntingtin interacts with REST/NRSF to modulate
the transcription of NRSE-controlled neuronal genes. Nat. Genet.,
35, 76-83.

Holter,E., Kotaja,N., Makela,S., Strauss,L., Kietz,S., Janne,O.A.,
Gustafsson,J.A., Palvimo,J.J. and Treuter,E. (2002) Inhibition of
androgen receptor (AR) function by the reproductive orphan
nuclear receptor DAX-1. Mol. Endocrinol., 16, 515-528.

. Jarvius,M., Paulsson,J., Weibrecht,I., Leuchowius,K.J.,

Andersson,A.C., Wahlby,C., Gullberg,M., Botling,J., Sjoblom,T.,
Markova,B. et al. (2007) In situ detection of phosphorylated
platelet-derived growth factor receptor beta using a generalized
proximity ligation method. Mol. Cell. Proteomics, 6, 1500-1509.
Dietrich,N., Lerdrup,M., Landt,E., Agrawal-Singh,S., Bak,M.,
Tommerup,N., Krappsilber,J., Sodersten,E. and Hansen,K. (2012)
REST-mediated recruitment of polycomb repressor complexes in
mammalian cells. PLoS Genet, 8, ¢1002494.

Guardavaccaro,D., Frescas,D., Dorrello,N.V., Peschiaroli,A.,
Multani,A.S., Cardozo,T., Lasorella,A., lavarone,A., Chang,S.,
Hernando,E. e al. (2008) Control of chromosome stability by the
beta-TrCP-REST-Mad?2 axis. Nature, 452, 365-369.

Lapuk,A.V., Wu,C., Wyatt,A.W., McPherson,A.,
McConeghy,B.J., Brahmbhatt,S., Mo,F., Zoubeidi,A.,
Anderson,S., Bell,R.H. et al. (2012) From sequence to molecular
pathology, and a mechanism driving the neuroendocrine
phenotype in prostate cancer. J. Pathol., 227, 286-297.
Abrahamsson,P.A. (1999) Neuroendocrine cells in tumour growth
of the prostate. Endocr. Relat. Cancer, 6, 503-519.

Johnson,D.S., Mortazavi,A., Myers,R.M. and Wold,B. (2007)
Genome-wide mapping of in vivo protein-DNA interactions.
Science, 316, 1497-1502.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Nucleic Acids Research, 2014, Vol. 42, No.2 1015

Subramanian,A., Tamayo,P., Mootha,V.K., Mukherjee,S.,
Ebert,B.L., Gillette,M.A., Paulovich,A., Pomeroy,S.L., Golub,T.R.,
Lander,E.S. et al. (2005) Gene set enrichment analysis: a
knowledge-based approach for interpreting genome-wide expression
profiles. Proc. Natl Acad. Sci. USA, 102, 15545-15550.

Kim,J. and Coetzee,G.A. (2004) Prostate specific antigen gene
regulation by androgen receptor. J. Cell. Biochem., 93, 233-241.
Andreu-Vieyra,C., Lai,J., Berman,B.P., Frenkel,B., Jia,L.,
Jones,P.A. and Coetzee,G.A. (2011) Dynamic nucleosome-
depleted regions at androgen receptor enhancers in the absence
of ligand in prostate cancer cells. Mol. Cell. Biol., 31, 4648-4662.
Wang,Q., Li,W., Zhang,Y., Yuan,X., Xu,K., Yu,J., Chen,Z.,
Beroukhim,R., Wang,H., Lupien,M. et al. (2009) Androgen
receptor regulates a distinct transcription program in androgen-
independent prostate cancer. Cell, 138, 245-256.

Irvine,R.A., Ma,H., Yu,M.C., Ross,R.K., Stallcup,M.R. and
Coetzee,G.A. (2000) Inhibition of pl60-mediated coactivation
with increasing androgen receptor polyglutamine length.

Hum. Mol. Genet., 9, 267-274.

Aarnisalo,P., Palvimo,J.J. and Janne,O.A. (1998) CREB-binding
protein in androgen receptor-mediated signaling. Proc. Natl Acad.
Sci. USA, 95, 2122-2127.

FuM., Wang,C., Reutens,A.T., Wang.J., Angeletti,R.H., Siconolfi-
Baez,L., Ogryzko,V., Avantaggiati,M.L. and Pestell,R.G. (2000)
p300 and p300/cAMP-response element-binding protein-associated
factor acetylate the androgen receptor at sites governing hormone-
dependent transactivation. J. Biol. Chem., 275, 20853-20860.
Jia,L., Shen,H.C., Wantroba,M., Khalid,O., Liang,G., Wang,Q.,
Gentzschein,E., Pinski,J.K., Stanczyk,F.Z., Jones,P.A. et al.
(2006) Locus-wide chromatin remodeling and enhanced androgen
receptor-mediated transcription in recurrent prostate tumor cells.
Mol. Cell. Biol., 26, 7331-7341.

Yu,J., Mani,R.S., Cao,Q., Brenner,C.J., Cao,X., Wang,X., Wu,L.,
Li,J., Hu,M., Gong,Y. et al. (2010) An integrated network of
androgen receptor, polycomb, and TMPRSS2-ERG gene fusions
in prostate cancer progression. Cancer Cell, 17, 443-454.
Zheng,D., Zhao,K. and Mehler,M.F. (2009) Profiling RE1/REST-
mediated histone modifications in the human genome. Genome
Biol., 10, RY.

Buchanan,G., Need,E.F., Barrett,J.M., Bianco-Miotto,T.,
Thompson,V.C., Butler,L.M., Marshall,V.R., Tilley,W.D. and
Coetzee,G.A. (2011) Corepressor effect on androgen receptor
activity varies with the length of the CAG encoded polyglutamine
repeat and is dependent on receptor/corepressor ratio in prostate
cancer cells. Mol. Cell. Endocrinol., 342, 20-31.

Huang,Z.Q., Li,J., Sachs,L.M., Cole,P.A. and Wong,J. (2003)

A role for cofactor-cofactor and cofactor-histone interactions

in targeting p300, SWI/SNF and Mediator for transcription.
EMBO J., 22, 2146-2155.

Vashchenko,N. and Abrahamsson,P.A. (2005) Neuroendocrine
differentiation in prostate cancer: implications for new treatment
modalities. Eur. Urol., 47, 147-155.

DaSilva,J.O., Amorino,G.P., Casarez,E.V., Pemberton,B. and
Parsons,S.J. (2013) Neuroendocrine-derived peptides promote
prostate cancer cell survival through activation of IGF-1R
signaling. Prostate, 73, 801-812.

Sauer,C.G., Roemer,A. and Grobholz,R. (2006) Genetic analysis
of neuroendocrine tumor cells in prostatic carcinoma. Prostate,
66, 227-234.

Hendriksen,P.J., Dits,N.F., Kokame,K., Veldhoven,A., van
Weerden,W.M., Bangma,C.H., Trapman,J. and Jenster,G. (2006)
Evolution of the androgen receptor pathway during progression
of prostate cancer. Cancer Res., 66, 5012-5020.

Wagoner,M.P., Gunsalus,K.T., Schoenike,B., Richardson,A.L.,
Friedl,A. and Roopra,A. (2010) The transcription factor REST is
lost in aggressive breast cancer. PLoS Genet., 6, €1000979.
Malik,S.N., Brattain,M., Ghosh,P.M., Troyer,D.A., Prihoda,T.,
Bedolla,R. and Kreisberg,J.I. (2002) Immunohistochemical
demonstration of phospho-Akt in high Gleason grade prostate
cancer. Clin. Cancer Res., 8, 1168-1171.

Beltran,H., Rickman,D.S., Park K., Chae,S.S., Sboner,A.,
MacDonald,T.Y., Wang,Y., Sheikh,K.L., Terry.S., Tagawa,S.T. et al.
(2011) Molecular characterization of neuroendocrine prostate cancer
and identification of new drug targets. Cancer Discov., 1, 487-495.

#T0¢ ‘2T IsnBny uoeiquinjoD ysnug Jo AIseAlun e /Biosfeuinolpioyxo reuy/:dny woly pspeojumoq


http://nar.oxfordjournals.org/

