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Abstract
Improved clinical management of prostate cancer has been impeded by an inadequate understanding of

molecular genetic elements governing tumor progression. Gene signatures have provided improved prognostic
indicators of human prostate cancer. The TGF-b/BMP-SMAD4 signaling pathway, which induces epithelial–
mesenchymal transition (EMT), is known to constrain prostate cancer progression induced by Pten deletion.
Herein, cyclin D1 inactivation reduced cellular proliferation in the murine prostate in vivo and in isogenic
oncogene–transformed prostate cancer cell lines. The in vivo cyclin D1–mediated molecular signature predicted
poor outcome of recurrence-free survival for patients with prostate cancer (K-means HR, 3.75, P ¼ 0.02) and
demonstrated that endogenous cyclin D1 restrains TGF-b, Snail, Twist, and Goosecoid signaling. Endogenous
cyclin D1 enhancedWnt and ES cell gene expression and expanded a prostate stem cell population. In chromatin
immunoprecipitation sequencing, cyclin D1 occupied genes governing stem cell expansion and induced their
transcription. The coordination of EMT restraining and stem cell expanding gene expression by cyclin D1 in the
prostatemay contribute to its strong prognostic value for poor outcome in biochemical-free recurrence in human
prostate cancer. Cancer Res; 74(2); 508–19. �2013 AACR.

Introduction
Adenocarcinoma of the prostate is the second leading

cause of death in American men (1). The stratification of
patient's tumors to determine outcome have included serum
prostate-specific antigen levels and clinical staging with his-
topathological criterion, including the Gleason grade (2).
Efforts to improve the predictive value of risk progression
markers have led to molecular genetic marker analysis in
which gene expression signatures have provided prognostic
information (3, 4). Unsupervised clustering analysis identified
a subset of tumors manifesting a stem cell–like signature
associated with poor clinical outcome (5).

An analysis of prostate cancer genetic drivers has identi-
fied the importance of increased androgen receptor (AR)
activity, loss of the PTEN tumor suppressor, gain of chro-
mosomal fusions, such as TMRSS2-ERG, epithelial–mesen-

chymal transition (EMT), increased prostate cancer progen-
itor cells or cancer "stem cells," and signaling modules that
impact cell-cycle control and cellular survival. Androgens
increase cellular proliferation of prostatic epithelial cells via
the AR. Androgen-deprivation therapy is an important form
of treatment for most patients with prostate cancer (6).
However, many tumors regrow after 12 to 18 months. The
loss of one or both copies of PTEN is commonly found in
prostate cancer and TMPRSS2-ERG chromosomal fusion
occurs in 50% to 60% of prostate cancer (7, 8). Molecular
genetic analysis in mice has confirmed clinical observation
demonstrating key genetic drivers mediating the onset and
progression of prostate cancer, including the AR, Pten, c-Myc,
and Ras. Analysis of the molecular genetic events constrain-
ing prostate cancer progression in Pten�/� mice identified
prominent TGF-b/BMP-SMAD4 signaling and molecular
analysis identified a 4-gene signature (cyclin D1, SPP1, PTEN,
and SMAD4) as predictive of poor outcome (9).

The cell-cycle control protein cyclin D1, recently identified
as a component of a 4-gene signature that predicted poor
clinical outcome in prostate cancer (9), encodes a gene with
both canonical and noncanonical functions (10). In its
canonical function as the regulatory subunit of a holoen-
zyme, cyclin D1 leads to phosphorylation of the pRb proteins
thereby inhibiting DNA synthesis and phosphorylates the
NRF1 protein to inhibit mitochondrial biogenesis (11–13).
The noncanonical functions of cyclin D1 include the regu-
lation of transcription factor activity and the recruitment
of transcription factors in the context of local chromatin
in vivo (14). Contradictory results have been published on
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the effect of cyclin D1 in LNCaP cells; either inducing a
proliferative or antiproliferative effect (15). Cyclin D1 over-
expression in LNCaP cells enhanced S-phase entry, increased
colony formation and tumor growth rate in nude mice (16),
and siRNA to cyclin D1 reduced growth factor–induced
cell-cycle progression (17). In contrast, transfection of an
expression vector encoding cyclin D1 or a fragment of cyclin
D1, encoding the previously defined "repressor domain" of
cyclin D1 (18), inhibited LNCaP DNA synthesis (19).
Progression of prostate cancer includes populations of

tumor-initiating cells (TIC), which have self-renewal poten-
tial, are therapy resistant, and contribute to tumor metas-
tasis. Factors that regulate stem/progenitor function are
altered in prostate cancer. The phosphoinositide 3-kinase
pathway (20) and NF-kB (21) activation promote self-renew-
al and contribute to prostate malignancy. Wnt and Notch
pathway governs the balance of progenitor self-renewal and
differentiation (22) with Wnt/b-catenin promoting prostate
epithelial cell hyperplasia and stem cell self-renewal (23).
TIC attributes can be suppressed by EMT in prostate cancer
cell lines (24). In this regard, knockdown of EMT factors
in mesenchymal-like prostate cancer cells induces TIC. TGF-
b/BMP-SMAD signaling is an important inducer of EMT.
EMT is triggered during both embryonic development and
tumor progression, by a variety of factors, including the
Snail family members (Snail and Slug). Snail blocks the cell
cycle and induces EMT through repression of E-cadherin
transcription. Snail represses components of the cell cycle
regulating G1–S transition, repressing cyclin D1 and cyclin
D2, and increasing p21CIP1 (25). Several direct transcription-
al repressors of E-cadherin (Snail, Slug, ZEB1, SIP1, and E47)
act downstream of EMT. EMT-induced signal transduc-
tion pathways, including TGF-b, growth factors, and hyp-
oxia, function through this EMT regulatory genetic network
(26). The cell-cycle arrest that occurs during EMT creates a
paradox, as tumor progression requires continued cellular
growth and cyclin D1 downregulation is necessary for EMT
induction in epidermoid cells.
In view of the contradictory data on the role of cyclin D1

in regulating prostate cancer cellular proliferation in tissue
culture, we conducted a careful analysis of cyclin D1�/�mice
in response to androgen ablation and subsequent replace-
ment. We conducted experiments using cyclin D1 siRNA
and cyclin D1 short hairpin RNA (shRNA) in isogenic murine
and human prostate cancer cell lines and prostate tissue
in vivo using cyclin D1�/� mice. Endogenous cyclin D1
enhanced prostate cellular proliferation in vivo and in pros-
tate cancer cells in tissue culture. An in vivo prostate cyclin
D1–mediated gene signature was defined and used to inter-
rogate data sets of clinical outcome. The cyclin D1 signature
was highly predictive of patient outcome assessed by bio-
chemical recurrence (BCR) of prostate cancer. We show that
the cyclin D1–mediated gene signature is anticorrelated
within EMT signaling, whether induced by Twist, Snail, GSC,
shE-cadherin, or by TGF-b. Conversely, the cyclin D1–sig-
nature, which reflects Wnt signaling, was enriched in pro-
statospheres and cyclin D1 shRNA reduced prostatosphere
formation. These studies provide further evidence for the

dynamic interaction among epithelial self-renewal and
mesenchymal gene expression programs in determining TIC
expansion and place cyclin D1 at the nexus between these
two key processes in the prostate.

Materials and Methods
Cell culture, DNA transfection, and luciferase assays

Culture of LNCaP cells and the isogenic c-Myc and NeuT
murine prostate cancer cell lines, DNA transfection, and
luciferase assays were performed as previously described
(27). The Nanog and SOX2 promoter luciferase reporter plas-
mids were described in ref. 28.

Mice, chemical reagents, and Western blotting
Experimental procedures with transgenic mice were

approved by the ethics committee of Thomas Jefferson Uni-
versity. Cyclin D1�/� mice were in the FVB strain.

Statistical analysis
Comparisons between groups were analyzed by 2-sided

t-test. A difference of P < 0.05 was considered to be statistically
significant. All analyses were done with SPSS 11.5 software.
Data are expressed as mean � SEM.

RNA extraction from ventral prostate, quantitative
real-time PCR

RNA samples were extracted from prostate tissues using
the RecoverAll Total Nucleic Acid Isolation Kit for Formalin-
fixed Paraffin Embedded (FFPE) tissues (Applied Biosystems).
This was followed by RQ1 DNase I (Promega Inc.) mediated
removal of contaminating DNA from RNA preparations fol-
lowed by RNA clean-up using the RNAEasy Kit (Qiagen Inc.).
Equal amounts of purified RNA were reverse transcribed into
cDNA using the Iscript Reverse Transcriptase Kit (Bio-Rad).

Prostatosphere assays
Prostatosphere assays were conducted as previously de-

scribed (29) with minor modification. LNCaP cells were cul-
tured in Dulbecco's Modified Eagle Medium (DMEM)/F12
medium with B-27 and N2 supplement (Invitrogen), plated at
4,000 cells/mL (4mL/plate) on 6-cmultralow attachment plate
(Corning). The prostatospheres were then cultured at 37�C, 5%
CO2 for 10 days. The prostatospheres were counted under a
microscope.

Results
Endogenous cyclin D1 is required for DHT-induced
prostate cellular proliferation in vivo

To examine the role of cyclin D1 in prostate cellular
proliferation in vivo, a comparison was made between cyclin
D1þ/þ and cyclin D1�/� mice. The individual organs were
weighed and the mean data demonstrated a reduction in the
size of the ventral prostate and testes of the cyclin D1�/�

mice (Supplementary Fig. S1A). The mean body weight was
also reduced in the cyclin D1�/– mice and both the prostate
and testes were unchanged when normalized for body
weight (Fig. 1A). To assess further the role of cyclin D1 in
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dihydrotestosterone (DHT)-dependent function, animals
were subjected to a castration and DHT treatment protocol
(Supplementary Fig. S1B). Cyclin D1þ/þ and cyclin D1�/�

mice were subjected to surgical castration and after 2 weeks,
treated for the subsequent 6 days with testosterone, the
prostates were harvested and analyzed. The cyclin D1�/�

mice showed no positivity for cyclin D1 (Fig. 1A). Immuno-
histochemical staining, commensurate with the increase in
cell number is response to DHT, demonstrated an induction
of cyclin D1 with DHT (Fig. 1A). Hematoxylin and eosin
(H&E)–stained sections of age-matched cyclin D1þ/þ versus
cyclin D1�/� mice ventral prostates with vehicle control
showed no significant difference in histology (Fig. 1B). The

relative distribution of immunohistochemical staining for
CK5 and CK8 markers of the basal and luminal cell type was
unaltered in the cyclin D1�/� mice (data not shown). DHT
treatment increased the luminal epithelial cell population;
however, the response was reduced in cyclin D1�/� mice
(Fig. 1B). DHT treatment induced Ki-67 staining 3-fold in the
cyclin D1þ/þ mice; however, there was no significant change
in Ki-67 staining in DHT-treated cyclin D1�/� littermate
controls (Fig. 1C and D). Terminal deoxynucleotidyl trans-
ferase–mediated dUTP nick end labeling (TUNEL) staining
to assess apoptosis showed an approximately 20% increase
in apoptosis with DHT treatment (Fig. 1E and F). Apoptosis
determined by TUNEL was increased in the cyclin D1�/�
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Figure 1. Cyclin D1 is required for
DHT-induced prostate cellular
proliferation in vivo. A,
immunohistochemical staining for
cyclin D1 in cyclin D1þ/þ mice
showed a robust induction of cyclin
D1 by DHT in the epithelial
compartment. In cyclin D1�/�

mice, no cyclin D1 positive cells
were observed. B, histologic
evaluation of H&E-stained ventral
prostates from castrated cyclin
D1þ/þ versus cyclin D1�/� mice
treated with either vehicle or DHT.
C, immunohistochemistry of
Cyclin D1þ/þ mice ventral
prostates, comparing vehicle
to DHT-treated animals, show
an induction in Ki-67 staining
and quantitated in D. In
cyclin D1�/� animals, the Ki-67
signal in response to DHT is
blunted. E, TUNEL staining as a
marker of apoptosis with data
quantitated in F as mean � SEM
for N ¼ 3 separate mice in each
category.
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prostate compared with cyclin D1þ/þ prostate. DHT reduced
apoptosis in the cyclin D1�/� prostate (Fig. 1E and F).
Together, these studies demonstrate an important role for
cyclin D1 in prostate cellular proliferation and survival
in vivo. Apoptosis may contribute to the reduced prolifer-
ation in cyclin D1�/� prostate cells.

Endogenous cyclin D1 determines prostate cancer cell
proliferation
To determine the role of endogenous cyclin D1 in DHT-

mediated cellular proliferation, 3 AR expressing lines were
examined (LNCaP, NeuT-PEC, c-Myc-PEC). The c-Myc and
NeuT lines are isogenic lines we derived through retroviral
transduction of primary murine (FVB) prostate epithelium

(27). Western blot analysis demonstrated the reduction
of cyclin D1 abundance in the cyclin D1 siRNA-transduced
lines (Fig. 2A–C). In the LNCaP cell line, cyclin D1 siRNA
reduced the relative abundance of the AR approximately
55% (Fig. 2A). In the NeuT-PEC line, cyclin D1 siRNA
reduced cyclin D1 abundance approximately 90% and
reduced DHT-induced AR abundance approximately 80%
(Fig. 2B). Cyclin D1 siRNA reduced cyclin D1 abundance
approximately 50% in c-Myc-PEC lines, but did not affect
AR induction by DHT (Fig. 2C). Cell counting demonstrat-
ed a significant reduction in DHT-induced cellular pro-
liferation in each of the 3 prostate cancer cell lines
(Fig. 2D–F). Together, these studies indicate endogenous
cyclin D1 enhances DHT-induced prostate cancer cellular
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Figure 2. Endogenous cyclinD1maintainsprostate cancer cell proliferation. ThreeARpositive prostate cancer lines LNCaP (A), NeuT-PEC (B), and c-Myc-PEC
(C) were stably transducedwith either control-siRNA or cyclin D1–siRNA (80 nmol/L). Control-siRNA and D1 siRNA lines were treated with DHT (10 nmol/L) or
vehicle, protein lysates recovered, and Western blot analysis was conducted for abundance of cyclin D1 and AR. Proliferation assays were conducted
on control-siRNA and cyclin D1 siRNA lines from LNCaP (D), NeuT-PEC (E), and c-Myc-PEC treated with DHT or vehicle (F). Cell numbers were collected
daily over a period of 6 days following cyclin D1 knockdown.
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proliferation and that the role of cyclin D1 in the regulation
of AR abundance is prostate cancer cell line specific.

Cyclin D1 determines basal and androgen-dependent
gene expression in vivo

To characterize the genes regulated by DHT in a cyclin D1–
dependent manner, genome-wide microarray analysis was
conducted of the mRNA derived from mice subjected to
castration and androgen replacement (Fig. 3A and Supple-
mentary Fig. S2). The log 2-fold change versus Log2 mean
intensity was well distributed. A total of 328 genes were
differentially expressed between the cyclin D1�/� versus cyclin
D1þ/þ mice (Fig. 3A and Supplementary Table S1). DHT
regulated the expression of 2,253 genes in the cyclin D1þ/þ

mice prostate (Supplementary Fig. S2 and Supplementary

Table S1). The expression of cyclin D1 also determined
DHT-mediated gene expression, both induction and repres-
sion (Supplementary Fig. S2A), as the cyclin D1�/� mice
prostate epithelium showed DHT-mediated alteration in
expression of only 186 genes (Supplementary Table S1).
Thus, approximately 2,126 genes were regulated by DHT
in a manner that was dependent upon endogenous cyclin
D1. The function of genes regulated by cyclin D1 examined
using KEGG analysis, demonstrated the induction of ECM
and cell adhesion, cell cycle and Wnt pathway signaling, and
the induction of cancer pathways (bladder, glioma, pancrea-
tic, colorectal, endometrial, chronic myeloid leukemia; Fig.
3C). Cyclin D1 inhibited pathways involved in metabolism,
dependent upon mitochondria (Fig. 3C), consistent with
the known ability of cyclin D1 to inhibit mitochondrial

Figure 3. Microarray of mRNA
expression from cyclin D1þ/þ and
cyclin D1�/� prostate mice. A, pie
chart of 328 genes differentially
regulated between cyclin D1þ/þ

mouse prostates (n ¼ 3) and cyclin
D1�/� mouse prostates (n ¼ 3;
P < 0.05, fold change �2.0). Red
signifies upregulated and green
downregulated expression. B,
unsupervised hierarchical
clustering of 328 genes
differentially regulated between
cyclin D1þ/þ mouse prostates and
cyclin D1�/� mouse prostates. C,
molecular pathways regulated by
cyclin D1 (KEGG); pathways
depicted are graphically
represented using the enrichment
score (ES score). D, functional
annotation clustering of genes
induced by cyclin D1 in vivo. The
clusters are labeled with suitable
terms that describe the function;
clusters 1 and 8 contain gene
pathway terms also identified by
KEGG analysis.
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metabolism in other tissues, including fibroblasts and the
mammary gland (11, 12). DHT induced and repressed path-
ways known to be regulated by DHT (Supplementary Fig. S3A
and S3B), however, the vast majority of these pathways
were not regulated by DHT in the cyclin D1�/� mice (Supple-
mentary Fig. S3C and S3D). The genes associated with the
pathways induced by cyclin D1 in vivo [including ECM,
cell adhesion receptors and genes involved in promoting
Wnt/b-catenin signaling, and stem cell function (EphA2,
Wnt7A, SOX4)], are shown in Fig. 3D.

Cyclin D1 downregulation is required for EMT induction;
however, the microarray gene expression analysis identifi-
ed genes that either promote (Sox4) or inhibit (DKK) EMT
(26). Therefore, to determine the effect of cyclin D1 genetic
deletion on EMT in the prostate in vivo, we conducted
analysis of key markers of EMT phenotype (Fig. 4). Initially,
we compared the genes differentially regulated between
the cyclin D1�/� and cyclin D1þ/þ prostate to those known
to regulate EMT. Taube and colleagues (30) defined a gene
signature shared by upregulation of GSC (Goosecoid), Snail,
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Figure 4. Cyclin D1–induced gene
expression signatures are inversely
correlated with EMT-induced
expression. A, genes concordant in
directionality to genes
downregulated in EMT and
upregulated in EMT based on a
core EMT signature published
by Taube and colleagues (fold
>1.2 and P < 0.05; t test; ref. 30).
B, relative mRNA abundance for
genes governing EMT, including
Snail, Slug, with data shown as
mean � SEM for 3 separate
mice of each genotype. C and D,
immunohistochemical staining of
ventral prostate from cyclin D1þ/þ

mouse versus cyclin D1�/� mouse
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genotype. E and G, mean
expression (E) and individual
arrays (G) of cyclin D1 induced
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conditions versus control. Cyclin
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and Twist-induced EMT. F and H,
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arrays (H) of cyclin D1 repressed
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significantly upregulated in
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and Twist. Forty genes regulated by cyclin D1 are concor-
dantly regulated in the EMT core signature (Fig. 4A). Quan-
titative real-time PCR (qRT-PCR) of 3 separate mice of each
genotype was conducted. In the cyclin D1�/� prostate, the
mRNA abundance of Snail was induced 3.5-fold, Slug was
increased 2-fold (Fig. 4B). Immunohistochemical staining
demonstrated increased abundance of Snail (Fig. 4C) and
N-cadherin (Fig. 4D).

Cyclin D1–induced genes correlate with gene expression
signatures of EMT restraint

Induction of the EMT-inducing TGF-b/BMT-Smad path-
way is a restraining force in prostate cancer in mice (9). To
examine the role the cyclin D1 gene expression network,
we compared gene expression signatures governed by the
expression of known EMT-inducing agents, including goo-
secoid (GSC), shRNA to E-cadherin, Snail, Twist, or TGF-b
with the genes induced by cyclin D1 (Fig. 4E; ref. 30). The
gene network induced by cyclin D1 was downregulated in
EMT-producing conditions relative to control (Fig. 4E and G;
ANOVA, P ¼ 1.38 � 10�7; Gsc vs. control, P ¼ 8.68 � 10�8;
shEcad vs. control, P ¼ 9.5 � 10�4; Snail vs. control, P ¼ 6.15
� 10�7; TGF-b vs. control, P ¼ 4.5 � 10�5; Twist vs. control,
P ¼ 1.7 � 10�5). Similarly, the expression signature of cyclin
D1 repressed genes was upregulated in EMT produced by
expression of Gsc (Fig. 4F and H; ANOVA, P ¼ 1.01 � 10�6;
Gsc vs. control, P ¼ 1.7 � 10�6). Collectively, these studies
demonstrate the gene expression profile induced by cyclin
D1 expression correlated with gene expression that was
reduced during EMT. This finding is consistent with the
role of cyclin D1–dependent gene expression in restraining
EMT gene expression in the prostate in vivo.

Cyclin D1–induced gene signature predicts BCR of
human prostate cancer

Evidence suggests that cyclin D1 is a driver of prostate
cancer progression in murine models (9, 17). We examined
the hypothesis that cyclin D1–regulated gene expression may,
therefore, predict risk of BCR in human prostate cancer
samples. Genes up- or downregulated by cyclin D1 were used
to generate a signature of cyclin D1 activity. Investigation of
gene expression in human prostate tumors indicated that the
majority of genes induced by cyclin D1 (cluster 2 in red) are
expressed at a higher level in the high-risk cohort (Fig. 5A).
Cyclin D1–repressed genes also correlated with poor outcome
by BCR (cluster 2 in red; Fig. 5C andD).We compared the cyclin
D1 signature defined herein against a 4-gene signature capable
of predicting BCR or metastatic lethal outcome (Fig. 5E; ref. 9)
using Cox regression, Kaplan–Meier analysis, and the concor-
dance index. K-means clustering of samples according to
expression of cyclin D1–induced genes classifies tumors into
2 groups associated with a significant difference in risk of
BCR (K-means HR ¼ 3.75, P ¼ 0.002; Fig. 5B and E). Similar
analysis with the signature based on cyclinD1–repressed genes
identified tumors with a difference in risk that approached
significance (K-means HR ¼ 2.02, P ¼ 0.07; Fig. 5D and E).
The signature of cyclin D1–induced genes compares favorably
to this 4-gene signature in Kaplan–Meier analysis (4-gene:

HR ¼ 2.6, P ¼ 0.012; cyclin D1–induced signature: HR ¼
3.75, P ¼ 0.002) and concordance index (4-gene: C-statistic
¼ 0.75; cyclin D1–induced gene signature: C-index ¼ 0.77).

A similar analysis was used to evaluate the association of
genes regulated by Cyclin D1 and AR signaling. Genes up- or
downregulated by cyclin D1 or DHT were identified and
evaluated for association with BCR as described above. A
majority of the genes induced by cyclin D1 are also repressed
by DHT. As such, a similar relationship between K-means
clusters and risk of BCR is observed (HR ¼ 3.75, P ¼ 0.002).
Conversely, an expression signature defined from genes
repressed by cyclin D1 and induced by DHT is also associated
with risk of BCR (HR, 2.21, P¼ 0.03). Collectively, these findings
suggest that the signature of genes regulated by endogenous
cyclin D1 correlates with poor patient prognosis and enhances
the HR associated with tumors classified by a cyclin D1
expression signature in comparison to a 4-gene signature from
2.6 to 3.75 (P < 0.002).

Cyclin D1 expression network is enriched in stem cells
and prostatospheres

Studies of prostate cancer cells have suggested EMT induc-
tion is associated with suppression of TIC properties based on
gene expression (24). We examined the gene expression pro-
file of prostatospheres and compared those to the gene sig-
nature induced by cyclin D1 in the prostate in vivo (Fig. 6A
and B; ref. 31). In this data set, the expression signature of
cyclin D1–repressed genes is downregulated in prostato-
spheres relative to parental cell lines (Fig. 6A). Thirty-six
genes were upregulated by cyclin D1 and expressed at a higher
level in prostatospheres relative to parental cell lines. Con-
versely, 118 genes are downregulated by cyclin D1 and
expressed at a lower level in prostatospheres relative to paren-
tal cell lines (Fig. 6B). Cyclin D1 may promote stem cell
behavior by repressing the expression of these genes.

To consider possible mechanisms promoting cyclin D1–
mediated prostatosphere expansion, we compared the cyclin
D1 signature with stem cell signatures compiled from the
literature (32, 33; Supplementary Fig. S4A). These studies
demonstrate an enrichment of the cyclin D1 upregulated gene
signature in the ES-like signature, which represents genes
upregulated in ES cells relative to adult tissue stem cells
(ES-like.Segal, P ¼ 0.017; ref. 33) and a set of c-Myc target
genes (Myc.targets.1, P ¼ 0.007). The individual genes within
the cyclin D1–upregulated network in the prostate mapped
to the Wnt/b-catenin signaling pathway (Supplementary
Fig. S4B individual genes upregulated by cyclin D1 are shown
in yellow). In addition, functional annotation clustering of
the cyclin D1–induced genes revealed the most enriched
set corresponded to Wnt signaling pathway (Supplementary
Table S2).

Endogenous cyclin D1 enhances prostatosphere
expansion

Activation of the Wnt/b-catenin pathway is known to
enhance prostate stem cell expansion (Supplementary Fig.
S4B; refs. 23, 29). We therefore investigated the possibility that
cyclin D1 may contribute to the propagation of stem-like
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prostate epithelial cells. Stem/progenitor cells can be expand-
ed using in vitro sphere assays in which sphere number over
multiple passages measures self-renewal capacity and sphere
size reflect progenitor proliferation capacity (23). A surrogate
assay was conducted using in vitro sphere formation compar-
ing LNCaP cells that were transduced either with shRNA to
cyclin D1 or controlled scrambled shRNA (Fig. 6C). These
studies demonstrated an approximately 40% reduction in
the proportion of prostatospheres formed in the second-gen-
eration LNCaP prostatospheres transduced with cyclin D1

shRNA (Fig. 6C). Trop2þ/CD45fþ immunophenotyping by
fluorescence-activated cell sorting analysis has been used to
define prostate stem cells (23, 34, 35). To determine whether
endogenous cyclin D1 maintains the Trop2þ/CD45f popula-
tion of prostate stem cells, LNCaP cells were transduced
with a cyclin D1 shRNA tomato red fluorescent vector. Tetra-
cycline-mediated induction of cyclin D1 shRNA reduced
cyclin D1 abundance (Supplementary Fig. S5A and S5B) and
reduced the proportion of Trop2þ/CD45f cells by >50%
(Fig. 6D; Supplementary Fig. S5C).
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Figure 5. Expression signatures of
cyclin D1 activity are associated
with poor prognosis. A, heatmapof
expression of cyclin D1–induced
gene signature in human prostate
cancer patients. Rows, genes;
columns, tumors. Green points,
downregulation; red points,
upregulation. K-means clustering
identifies 2 patient clusters. The
sample color bar indicates the
classification of tumors into each
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2). The cyclin D1–induced gene
signature is upregulated in cluster 2
tumors. B, the Kaplan–Meier plot of
the risk ofBCR for tumors clustered
in Fig. 5A. Cluster 1 patients have
significantly less risk of BCR. C,
heat map of expression of cyclin
D1-repressed gene signature in
humanprostate cancer patients. D,
the Kaplan–Meier plot of the risk of
BCR for tumors clustered in C. E,
comparison of cyclin D1 signatures
with a 4-gene signature, recently
described in ref. 9.
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Figure 6. Cyclin D1 enhances prostate cancer stem cell populations in vitro and cyclin D1 DNA-bound form induces prostate stem cell targets. A, mean
expression of cyclin D1–repressed signature is downregulated in prostatospheres relative to parental cell lines (31). (Continued on the following page.)
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Cyclin D1 chromatin immunoprecipitation sequencing
identifies occupancy of ES-inducing target genes
Cyclin D1 has been shown to regulate gene expression and

directly binds to promoter regulatory regions of target genes in
the context of local chromatin using chromatin immunopre-
cipitation (ChIP) assays (36–39). To examine the possibility
that cyclin D1 binds in the context of local chromatin to genes
governing Wnt/ES cell signaling, we interrogated our previ-
ously published chromatin immunoprecipitation sequencing
(ChIP-Seq) analysis (39). Cyclin D1�/�

fibroblasts were trans-
duced with an expression vector encoding an amino terminal
Flag-tagged cyclin D1 and ChIP-Seq analysis conducted (39).
These studies demonstrated cyclin D1 occupancy of EphA2,
Dkk1, SOX4, and Nanog genes (Fig. 6D). SOX2 abundance was
increased in the cyclin D1þ/þ compared with cyclin D1�/– VDL
prostate by immunohistochemical staining (Fig. 6E) and by
qRT-PCR of ventral/dorsolateral (VDL) prostate mRNA (Fig.
6F). Cotransfection of a mammalian expression vector encod-
ing cyclin D1 enhanced transcriptional activity of the SOX2
promoter linked to a luciferase reporter gene >2-fold (Fig. 6G).
We also determined the expression of Nanog in the VDL
prostate of cyclin D1þ/þ versus cyclin D1�/�. Nanog protein
and mRNA abundance were reduced in cyclin D1�/– prostate
epithelial cells (Fig. 6H and I). To determine whether cyclin D1
was capable of directly inducing the activity of the Nanog
promoter luciferase reporter gene, experiments were con-
ducted in LNCaP cells. CyclinD1 expression induced theNanog
promoter in a dose-dependent manner (Fig. 6J), and bound
directly to the Nanog promoter in ChIP analysis (data not
shown).

Discussion
Herein, endogenous cyclin D1 promoted prostate epithe-

lial cellular proliferation in vivo and silencing of cyclin D1
reduced basal and DHT-induced proliferation of prostate
cancer cell lines (LNCaP, NeuT-PEC, c-Myc-PEC). The role of
cyclin D1 in androgen-induced prostate cell proliferation
in vivo was previously unknown. The current findings are
consistent with the previously described role for cyclin D1 in
other tissues. Enforced cyclin D1 expression enhanced PC3
cell growth in xenograft tumors (16). Cyclin D1 mRNA levels
are induced by growth factors in human prostate cancer cell
lines and are increased in a subset of prostate cancer
samples (40, 41). Reduction of cyclin D1 mRNA and protein
levels via specific drugs, including flavonoids, inhibited cell-
cycle progression in prostate cancer lines and in vivo (10, 14).
Cyclin D1 siRNA reduced ErbB2-induced cell-cycle progres-

sion in LNCaP cells, suggesting an important role for endog-
enous cyclin D1 in prostate cancer cellular proliferation (18).
These findings are in contrast with studies of forced cyclin
D1 overexpression in which cyclin D1 inhibited cellular
proliferation (42). The difference in findings may result from
the different experimental systems used comparing the
function of endogenous cyclin D1 herein versus study of
forced overexpression in tissue culture (19).

An analysis of gene expression profiling demonstrated
that cyclin D1 governs basal and DHT-mediated expression
of gene clusters in vivo. In the current studies, endogenous
cyclin D1 determined DHT-depending gene expression for
approximately 90% of all AR-responsive genes in the prostate
in vivo. The molecular mechanisms by which cyclin D1 coor-
dinates such substantial changes in AR-mediated gene expres-
sion is likely to be multifactorial, with direct and indirect
effects. First, direct effects of cyclin D1 evidenced herein,
include findings that cyclin D1 bound to and regulated tran-
scription of, specific target genes. The DNA-bound form of
cyclin D1 promotes chromosomal instability (CIN) and expres-
sion of genes that promote CIN (39). In the current studies,
cyclin D1 was identified in the context of local chromatin
by ChIP Seq analysis of several genes governing stem cell
function (EphA2, c-Myc, SOX4, Nanog). Second, cyclin D1
regulates recruitment in the context of local chromatin of
several chromatin-modifying enzymes, including p300,
HDAC, SUV39, HP1a, and modulates histone acetylation and
methylation (36, 37). Cyclin D1 binds AR coactivators (p300,
P/CAF, HDAC1, HDAC3, BRCA1), which may contribute indi-
rectly to alterations in gene expression. Third, cyclin D1 binds
to and regulates the AR and other nuclear receptors (36,
37, 43, 44). A physical interaction between cyclin D1 and
the AR was previously identified in immunoprecipitation–
Western blot analysis and forced cyclin D1 overexpression
inhibited a synthetic AR reporter gene activity in cultured
cells (43, 44). The AR, however, is known to convey context-
specific pro- versus antiproliferative effects and pro- versus
antimigratory and growth effects (45). Fourth, cyclin D1 abun-
dance in vivo determined the expression of growth factors and
other cell-cycle control proteins, which may also indirectly
affect AR signaling. Collectively, the current studies establish
the essential function of cyclin D1 in AR signaling in vivo.

The current studies extend prior studies in other cell
types that demonstrate cyclin D1 promotes cellular pro-
liferation and inhibits EMT in other cell types. Herein, the
cyclin D1–regulated gene expression signature was antic-
orrelated with EMT gene expression induced by a variety of

(Continued.) B, 154 genes with correlated expression patterns either upregulated in prostatospheres and induced by cyclin D1 (red) or downregulated in
prostatospheres and repressed by cyclin D1 (green). C, prostatosphere formation was decreased by cyclin D1. Note that 4,000 cells/mL of LNCaP cells
infected with lentivirus encoded either cyclin D1 shRNA (cyclin D1 shRNA #3 and #4) or scrambled control shRNA were seeded onto ultralow
contact plates with DMEM/F12 media containing N4 and B27 supplements, cultured for 10 days and counted in 96-well plate. D, Chip-Seq analysis of
cyclin D1–bound genomic regions revealed association between cyclin D1 and the genes coding for Epha2, Dkkl, Sox4, and Nanog. The depicted
tag density profiles are represented on a chromosomal chart showing distance to transcriptional start site and peak tag height (�). E and H,
comparison of SOX2 and Nanog positivity between cyclin D1þ/þ and cyclin D1�/� ventral prostates. F and I, comparative quantitative PCR for relative
abundance of SOX2 and Nanog mRNA transcripts between ventral prostates of cyclin D1þ/þ and cyclin D1�/� mice. G and J, HEK-293T cells
were transfected with promoters driving luciferase reporter genes for SOX2 and Nanog, together with control vector or cyclin D1 expression vector
(50 or 100 ng plasmid DNA). Data, mean � SEM for N > 5 separate experiments.
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mechanisms (Snail, GSC, Twist, TGF-b, shE-cadherin) in
the prostate in vivo. Cyclin D1 signaling was anticorrelated
with EMT and correlated with prostatosphere gene expres-
sion. In recent studies, the knockdown of EMT factors in
mesenchymal-like prostate cancer cells caused a gain of TIC
properties (24). TIC constitutes a subpopulation of cells
capable of initiating sustained growth of tumors in immu-
nodeficient mice. The hallmarks of TIC include expression
of specific embryonic stem cell genes (e.g., SOX2, OCT3/4,
Nanog), altered expression of stem cell markers (Trop2,
CD49f), increased potential for anchorage-independent
growth, and capacity to form spheroids in vitro (21, 23, 35).
The current studies provide several lines of evidence that
cyclin D1 enhances prostate stem cell expansion. Cyclin D1
shRNA transduction of prostate cancer cell lines reduced
second-generation prostatosphere formation. Second, in vivo
gene expression studies demonstrated cyclin D1 induced
the expression of a cluster of genes involved in promoting
stem cell expansion, which are enriched in prostatospheres
(31). Several genes maintained by endogenous cyclin D1 in the
prostate in vivo, including Oct4 and Nanog, were also enriched
in prostatospheres (31). Third, cyclin D1 shRNA reduced the
abundance of the Trop2/CD49fþ population that is thought
to define a population of prostate stem-like cells (34).
Fourth, cyclin D1 was shown to bind the regulatory region of
key genes governing stem cell function (EphA2, SOX4, Nanog,
c-Myc), and to induce transcription, mRNA and protein levels
of SOX2 and Nanog. The maintenance of Nanog abundance
by cyclin D1 may involve direct transcriptional induction
consistent with prior findings that a DNA-bound form of cyclin
D1 contributes to transcriptional regulation (36, 39). SOX9
is known to maintain the committed stem cell compartment
and, herein, cyclin D1 induced mRNA for SOX2, SOX9, and
SOX11.

The current studies suggest cyclin D1 may drive prostate
stem cell expansion by enhancing Wnt/b-catenin signaling
thereby promoting direct transcriptional induction of genes
promoting prostate stem cell expansion. Herein, endogenous
cyclin D1 enhanced Wnt gene expression and signaling in
the prostate in vivo (induced genes shown in red; Supple-
mentary Fig. S3D). Cyclin D1 maintained expression of
TCF4, which was induced 2.5-fold by cyclin D1 and as a
Wnt/b-catenin responsive gene itself, serves as useful
reporter of endogenous Wnt activity (Supplementary Table
S1). Cyclin D1 is itself a TCF/b-catenin responsive gene (46),
which may provide a positive feed-forward loop to amplify
Wnt signaling in the prostate.

Herein, endogenous cyclin D1 maintained a prostate
gene expression signature in vivo, which predicted BCR of

patients with prostate cancer. The cyclin D1 expression
signature identified herein was associated with BCR and
poor prognosis in human prostate cancer. This signature
enhances the predictive value of a gene signature, which
included cyclin D1 itself, together with SPP1, SMAD4, and
PTEN, that was shown to enhance the prognostic accuracy
of the Gleason score in predicting metastatic lethal outcome
(9). How might the gene expression profile regulated by
endogenous cyclin D1 contribute to poor prognosis in
human prostate cancer? One possibility is that cyclin D1–
regulated gene expression may contribute to the formation
of prostate cells with self-renewing capacity or TICs. Within
the population of genes induced by cyclin D1, we identified a
cluster of genes known to contribute to the expression
of "TICs," including EphA2, Wnt7A, and SOX4. TIC and
cancer stem cell share gene networks with ES and adult
stem cells that are essential for self-renewal and pluripo-
tency. The finding that cyclin D1 enhances prostate cancer
stem cell expansion provides the rational basis for targeting
this novel node to reduce therapeutic resistance and
recurrence.
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