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Abstract

Prolactin (PRL) is a pituitary polypeptide hormone characterized by multiple biological actions
including stimulation of growth in the prostate, breast and ovarian epithelial cells.  A sizable body of
reports has presented evidences to indicate the involvement of PRL in the pathogenic process of cancers
of the reproductive system, such as prostate and breast cancers.  PRL exerts its effects by dimerizing its
receptor (PRLR) on the plasma membrane, and initiating cellular Jak-Stat signal pathway.  We have
previously cloned from prostate cancer cells a natural variant of PRLR in which the S2 subdomain of the
extracellular domain is missing (∆S2).  Our preliminary data showed that ∆S2 PRLR was able to
dimerize and to constitutively activate the β-casein promoter (in the absence of its ligand, PRL) in breast
and prostate epithelial cells.  Enhancer of zeste homologue 2 (EZH2), an important histone-modifying
enzyme, is able to trimethylate histone 3 on lysine 27 (H3K27Me3), consequently leading to gene
silencing, especially silencing of tumor suppressor genes such as p53.  We hypothesized that ∆S2 PRLR
played an important pathogenic role in prostate cancer through, at least partly, alterations in the
expression of EZH2 and the trimethylation of histone 3 on lysine 27.  In the present study, overexpression
of ∆S2 PRLR in prostate epithelial cells was achieved by infection with an adenoviral vector carrying the
cDNA.  The viable cell number overexpressing ∆S2 PRLR was assessed using MTS reagent.  Western
blot, chromatin immunoprecipitation (ChIP) assay and acid histone extraction were applied to detect
expression of EZH2 as well as trimethylation of histone 3, respectively.  In prostate epithelial cells,
overexpression of ∆S2 PRLR increased the levels of EZH2 methyltransferase mRNA and protein,
induced EZH2 methyltransferase recruitment to chromatin, increased the trimethylation of histone 3 on
lysine 27, and decreased expression of the p53 gene.  We concluded that ∆S2 PRLR plays an important
pathogenic role in prostate cancer through epigenetic covalent modification leading to chromatin
remodeling.  Hypertrimethylation on H3K27 of the p53 gene promoter region due to elevated expression
of ∆S2 PRLR by alternative splicing of the pre-mRNA in its full-length form might serve as a new
mechanism underlying human prostate cancer.
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Introduction

A sizable body of evidence has shown that pro-

lactin (PRL) plays an important pathogenic role in
cancers of the reproductive system such as prostate
and breast cancers.  The effects of PRL are normally
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mediated by interactions with specific receptors lo-
cated on the plasma membrane of many target tissues
(15, 21).  PRL receptors (PRLR) belong to the super-
family of hematopoietic cytokine receptors, which are
devoid of intrinsic catalytic activities (28).  Instead,
family members associate with tyrosine kinases that
are activated upon binding of the ligand, which, in the
case of the PRLR, results in one ligand-two receptor
ternary complexes (5, 28).  Activation requires close
proximity of the intracellular domains (5) and can
be measured by bioluminescence resonance energy
transfer (BRET), as we have described previously (26,
27).  Receptors in this family have an extracellular
ligand-binding domain, a single hydrophobic trans-
membrane domain and an intracellular domain (3).
The extracellular domain (ECD) of the PRLR, and
other members of this cytokine receptor family, con-
sists of two subdomains, S1 and S2, of approximately
100 amino acids each, both of which are involved in
ligand binding (3, 10).  Increasing evidences show that
the two ECD subdomains function in very different
ways.  Gourdou and co-workers (12) examined the
properties of mutant forms of the rabbit long-form
PRLR, in which the S1 or S2 subdomains were experi-
mentally deleted, and found that deletion of S2 re-
sulted in the receptor being constitutively active when
using milk protein gene expression as the measure of
bioactivity.  Lee et al. also showed that deletion of
most of the ECD, but not specifically the S2 region,
of the human long PRLR led to constitutive activa-
tion and ligand-independent proliferation of cells (20).
These investigators produced such mutant forms to
analyze regions of the ECD that were involved in ligand
binding and the process of receptor dimerization.

We have recently reported a natural variant of
the PRLR, Delta S2 PRLR (∆S2 PRLR) originally
cloned from human prostate cancer cells (26).  In ∆S2
PRLR, the S2 subdomain is missing.  Biolumines-
cence resonance energy transfer (BRET) experiments
showed that this variant is able to dimerize in the
absence of PRL, and to initiate cellular signal trans-
duction accordingly.  Constitutive induction of prolif-
eration of cultured prostate (DU145) and breast (T47D)
cancer cells and constitutive activation of the β-
casein promoter were also observed.  These observa-
tions have suggested that ∆S2 PRLR may play a
pathogenic role in human reproductive cancers, in-
cluding prostate and breast cancer.

It is well accepted that covalent modifications
of histones, such as histone 3 and 4 (H3 and H4), is
one of the most important mechanisms regulating
gene expression.  Enhancer of Zeste homologue 2
(EZH2) belongs to the polycomb group (PcG) family
and is one of the most important histone modifying
enzymes trimethylating histone H3 at lysine 27 residue
(H3K27Me3) (1, 4, 22).  EZH2 expression has been

reported to be positively associated with increased
tumor cell proliferation and has been linked to invasive
properties of aggressive breast (2, 7, 11, 32) and
prostate cancer (6).  Taking together with the fact that
PRL/PRLR has been reported to play a pathogenic
role in prostate cancer (8), we hypothesized that, ∆S2
PRLR, as a variant of PRLR with constitutive activity,
constitutively promotes prostate cancer cell growth
through increasing EZH2 gene expression and, there-
fore, epigenetic modification.

Materials and Methods

Chemicals and Reagents

The prostate cancer cell line DU145 was obtained
from American Type Culture Collection (ATCC).
Culture medium RPMI 1640 and Dynabeads were
products of Invitrogen (Carlsbad, CA, USA).  Reverse
transcriptase, Taq DNA polymerase, enhanced chemi-
luminescent Western blotting substrate (ECL) were
products of Promega (Madison, WI, USA).  Primary
antibodies against H3K27Me3 and EZH2 were
purchased from Millipore (Boston, MA, USA).
Peroxidase-labeled second antibodies against IgG of
different species were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).  The AdEasy™ Adenoviral
vector system, recombination-deficient XL10-Gold®

strain bacteria and AD293 cells were products of
Stratagene (La Jolla, CA, USA).  The cell proliferation
assay reagents, 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium inner salt (MTS) and phenazine metho-
sulfate (PMS), were products of Promega (Madison,
WI, USA).

Generation of ∆S2 PRLR Recombinant Adenovirus

The recombinant adenoviral vectors expressing
human ∆S2 PRLR were constructed according to the
protocol proposed by the manual (Stratagene, La
Jolla, CA, USA).  Essentially, a replication-deficient
E1- and E2-deleted Ad5 vector AdEasy was used as a
backbone and the corresponding genes were regu-
lated under the control of a human cytomegalovirus
promoter/enhancer and a bovine growth hormone
polyadenylation signal.  Delta S2 cDNA sequence
was amplified from ∆S2 PRLR eukaryotic expression
vectors and subcloned into a shuttle vector, pShuttle-
IRES-hrGFP-1.  The ∆S2 PRLR cDNA sequence was
then uploaded from the shuttle vector onto the aden-
ovirus genome through homologous recombination.
Once a recombinant was identified, it was produced
in bulk using the recombination-deficient XL10-Gold®

strain.  Purified recombinant Ad plasmid DNA was
digested with PacI to expose its inverted terminal
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repeats (ITR), and then used to transfect AD-293 cells
where deleted viral assembly genes were comple-
mented in vivo.  Adenovirus titer in plaque forming
units (pfu) was determined by plaque formation assays
following infection of AD-293 cells.  The multiplicity
of infection (MOI) was defined as the ratio of the
total number of pfu used in a particular infection to
the total number of cells to be infected.

Cell Culture and Recombinant Adenovirus Infection

Prostate cancer cells (DU145) were maintained
in RPMI 1640 containing 10% FBS and 100 units of
streptomycin/pennicilin.  When the cells were 75-
80% confluent, they were infected with the recom-
binant adenovirus at a MOI of 25 for 120 min.  After
a further 24 h or 72 h incubation, infected cells were
subjected to viable cell number determination (MTS
assay as described bellow), total RNA extraction for
transcription examination, histone extraction for
assessment of histone epigenetic modification, cell
lysis for Western blotting, or fixation with 1% form-
aldehyde for chromatin immunoprecipitation assay
(ChIP Assay).

Cell Proliferation Assay (MTS Assay)

Cell Proliferation Assay was performed under
stringent conditions as previously described (19).
Briefly, 42 mg of MTS reagent powder (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium inner salt) was
dissolved in 21 mL of DPBS and filter-sterilized
using a 0.2-µm filter.  To this was added 100 µL of
PMS/2 mL MTS solution under light-protected con-
ditions.  Twenty microliters of the freshly combined
MTS/PMS solution was added to each well of a 96-
well assay plate containing 100 µL of cells in culture
medium without serum.  The cells plus reagents were
then incubated at 37°C, 5% CO2 for 3 h, and the
absorbance at 490 nm was recorded using a microplate
spectrophotometer.  The number of cells was in the
linear range of the assay.

Extraction of Histone Proteins

The cells maintained and infected with aden-
ovirus carrying or not carrying (control) ∆S2 PRLR
cDNA as described above were collected in ice-cold
PBS and centrifuged at 5,000 rpm for 5 min at 4°C.
Cells were then resuspended in Triton extraction
buffer (TEB) (PBS containing 0.5% Triton X 100
(v/v), 2 mM phenylmethylsulfonyl fluoride (PMSF),
0.02% (w/v) NaN3 and complete protease inhibitor
cocktail) and allowed to lyse on ice for 10 min with
gentle stirring.  Cell lysates were then centrifuged at

2,000 rpm for 10 min at 4°C.  The pellet was then re-
suspended in half the volume of TEB and centrifuged
at 2,000 rpm for 10 min at 4°C.  The pellet from this
centrifugation was resuspended in 0.2 N HCl at a cell
density of 4 × 107 cells.  After overnight acid extrac-
tion of histones at 4°C, the mixture was centrifuged at
2,000 rpm for 10 min at 4°C.  The supernatant was
transferred to a new tube and aliquotted and stored at
-20°C for assays later.

Western Blot

Whole-cell lysates were prepared by scraping
cells into ice-cold lysis buffer (20 mM Tris-HCl, pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
beta-glycerophosphate, 1 mM Na3VO4, 10 mM NaF,
1 mM PMSF) containing additional protease and
phosphatase inhibitor cocktail (Promega).  The lysate
was rotated 360° for 1 h at 4°C followed by cen-
trifugation at 12,000 × g for 10 min at 4°C to remove
cellular debris.  Proteins were quantified using a Bio-
Rad assay kit (Hercules, CA, USA).  Equal amounts
of proteins including histone were subjected to
electrophoresis on reducing SDS-polyacrylamide
gels and transferred to nitrocellulose membranes for
Western blot analysis using appropriate antibodies.
Signal detection was performed with peroxidase-
labeled second antibodies and enhanced chemilu-
minescence  (ECL) system (Santa Cruz).

RNA Isolation, Reverse Transcription and SYBR Green
Quantitative Real Time Polymerase Chain Reaction
(qRT-PCR)

RNA extractions were performed using the
TRIzol reagent according to the vendor’s protocol.
Briefly, monolayer cultured cells were lysed by adding
1 ml of TRIzol per 10 cm2 and passing the cell lysate
several times through a pipette.  The homogenized
samples were incubated for 5 min at 15-30°C to
permit the complete dissociation of nucleoprotein
complexes.  Chloroform was added (0.2 ml per 1 ml
of TRIzol reagent) and the sample tubes were capped
securely.  The tubes were then shaken vigorously by
hand for 15 sec and incubated at 15-30°C for 2-3 min.
The samples were centrifuged at 12,000 × g for 15
min at 2-8°C.  The aqueous phase was then transferred
to a fresh tube, and the organic phase was saved.  RNA
was precipitated from the aqueous phase by mixing
with isopropyl alcohol, incubating samples at 15-
30°C for 10 min and then centrifuging at 12,000 × g
for 10 min at 2-8°C.  The RNA precipitate was washed
with 75% ethanol, air-dried, dissolved in DEPC-
treated water and stored at -80°C for later use.  First-
strand synthesis and double-stranded cDNA were
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achieved using reverse transcriptase and pfu poly-
merase (Stratagene, La Jolla, CA, USA).  SYBR
Green Quantitative Real-Time PCR was performed
on an Illumina ECO real time PCR machine.  The
relative mRNA amounts were determined according
to their Ct (Cycle threshhold) values and normalized
the Ct of 18S rRNA.

Chromatin Immunoprecipitation (ChIP) Assays

Prostate cancer cells (DU145) were maintained
and infected with adenovirus carrying or not carrying
∆S2 PRLR cDNA as described above.  Cells were
then fixed using formaldehyde (1% in PBS, freshly
prepared) for 12 min and washed by ice-cold PBS
solution three times.  The collected cells (centrifuge
at 2,000 rpm for 5 min) were subjected to sonication
to produce 200- to 500-bp DNA fragments clarified
by agarose gel electrophoresis.  The sonicated chro-
matin samples were 1:10  diluted in dilution buffer
(1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20
mM Tris-Cl, pH 8.1, 1 × protease inhibitor cocktail).
The DNA fragments were then immunoprecipitated
with specific antibody (Ab) against EZH2 or trime-
thylated histone 3 lysine 27 (H3K27Me3).  A control
immunoprecipitation using IgG was set up in parallel
to distinguish non-specific precipitation.  The DNA-
EZH2-Ab or DNA-H3K27Me3-Ab complexes bound
to protein G beads were then eluted with elution
buffer (1% SDS in TE).  The resultant protein and
DNA were quantified using NanoDrop (ND2000), or
subjected to protein digestion with protease H and
the relative amount of selected genomic DNA se-
quences was examined using qRT-PCR.

Data Analysis

All experiments were conducted a minimum of
three times.  Within each experiment, a minimum of
three replicates was used.  Data are presented as the
means ± SEM, normalized to control values.  Statistical
significance was determined by analysis of variance
with post tests.  Results were considered significant
at P < 0.05.

Results

Delta S2 PRLR Induced Proliferation of Prostate
Cancer Cells

In order to further confirm the constitutive effect
of ∆S2 PRLR on the growth of cultured prostate
cancer cells, we infected the DU145 cells with aden-
ovirus carrying ∆S2 PRLR cDNA (Adv-∆S2) or not
carrying ∆S2 PRLR cDNA (con) at MOI 25 for 120
min.  The cells were then maintained in RPMI 1640

containing 10% FBS and 100 U streptomycin/
penicillin in the absence of its ligand, prolactin.  After
a further 24 h or 72 h incubation, the viable cell
number was accessed by MTS assay.  It was observed
that 72 h after infection, the relative viable cell number
of Adv-∆S2- and con-infected DU145 were 1.77 and
1.39 respectively (P < 0.05).  The viable cell number
of Adv-∆S2-infected cells was 129.93% of that of the
control cells (Fig. 1B) suggesting constitutive pro-
liferative effect of ∆S2 PRLR on DU145.  This result
is in good agreement with what we reported previously
(26).  However, this effect was not significant in the
cells at 24 h post-infection: the viable cell number of
Adv-∆S2-infected DU145 cells was 111.42% of the
control cells (Fig. 1B).

Delta S2 PRLR Induced Expression of EZH2
Methyltransferase in Prostate Cancer Cells

To determine the effect of ∆S2 PRLR on EZH2

Fig. 1. Overexpression of ∆S2 PRLR led to increase of viable
cell number of prostate cancer cells.  (A) The structure
of PRLR and ∆S2 PRLR.  (B) Viable cell number:
DU145 cells were maintained in RPMI 1640 (containing
10% charcoal stripped FBS and 100 units/ml penicilline/
0.7 µm streptomycin) and infected with adenovirus
carrying ∆S2 PRLR cDNA (∆S2) or not (Con) at a MOI
at 25 for 12 h.  After a further 24 h or 72 h period of
incubation, viable cell number was determined using
MTS reagent.  The data (viable cell number) were ex-
pressed as percent of con to illustrate the change induced
by ∆S2.  *P < 0.05 versus con (not shown in the figure).
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expression, DU145 cells were infected with an aden-
ovirus vector carrying or not carrying ∆S2 PRLR
cDNA as described above.  After total RNA extraction
and reverse transcription, EZH2 mRNA levels were
quantified by qRT-PCR using primers: 5’-TAA
TGTGCTGGAATCAAAGG-3’(S) / 5’-TGGCTTCA
TCTTTATTGGTG-3’ (A).  The relative EZH2 mRNA
level was significantly up-regulated in the Adv-∆S2-
infected cells at 72 h, but not 24 h (Fig. 2A).  Accord-
ingly, Western blot analysis showed that ∆S2 PRLR
overexpression up-regulated EZH2 protein in the
cells at 72 h, but not 24 h, after Adv-∆S2 infection
(Fig. 2B).

Delta S2 PRLR Induced EZH2 Methytransferase
Recruitment into Chromatin and Trimethylation of

Histone 3 Lysine 27 in Prostate Cancer Cells

It is broadly accepted that the EZH2 protein
endows the Polycomb repressive complex 2 and 3
(PRC2 and PRC3) with histone lysine methyltrans-
ferase activity that is associated with transcriptional
repression.  EZH2 methytransferase expression was
shown to be induced by ∆S2 PRLR (Fig. 2).  The next
question was whether ∆S2 PRLR-induced EZH2 was
recruited to histone to trimethylate histone H3 on
lysine 27.  The cells were infected as described above.
Chromatin immunoprecipitation assay results showed
that in ∆S2 PRLR-overexpressing cells, significantly
more protein and DNA were immunoprecipitated
with an antibody against EZH2 than with non-specific
IgG in the infected cells at 72 h, but not at 24 h post-
infection demonstrating that ∆S2 PRLR induced
methyltransferase recruitment to chromatin.  Fig. 3A
shows only the result for protein.  Western blot analy-
sis was also applied to probe H3K27Me3 using an
antibody against H3K27Me3.  As shown in Fig. 3B,
∆S2 PRLR significantly increased H3K27Me3 of the
cells at 72 h, but not at 24 h.

Delta S2 PRLR Induced Recruitment of EZH2
Methytransferase, H3K27Trimethylation, and
Suppression of Expression of the p53 Gene

Reports have linked prolactin to genes critical
in cell cycle control such as the p53 and p21 genes.
We, therefore, asked whether ∆S2 PRLR suppressed
p53 through histone methylation.  To address this
question, a ChIP assay was applied.  After prepara-
tion of sonicated chromatin, the DNA fragments were
immunoprecipitated with an antibody against EZH2
(Fig. 4A) or against H3K27Me3 (Fig. 4B) and the
resultant DNA was examined by qRT-PCR using two
sets of primers: a. primers to amplify the genomic
DNA of p53 (primer sequence given in Fig. 4 legend);
b. a non-specific control primer was designed to
amplify an unrelated DNA sequence more than 5,000
bp upstream of the transcription start site of the p53
gene.  Quantitative RT-PCR showed that the amount
of the p53 genomic DNA was much greater in the ∆S2
PRLR-overexpressing cells (Fig. 4, A and B).  The
relative amount of the p53 genomic DNA sequence
was 0.049% (using an anti-EZH2 antibody) and
0.125% (using an anti-H3K27Me3 antibody) of input
DNA in ∆S2 PRLR overexpressing DU145 cells,
whereas in the control cells, the percentage was less
than 0.005.  In a separate set of ∆S2-overexpressing
DU145 cells, p53 mRNA was measured by qRT-PCR
using 5'-TGACGGAGGTTGTGAGGC-3'(S)/5'-
TGTAGTTGTAGTGGATGGTGGT-3'(A) as primers.
The result showed that ∆S2 PRLR significantly de-
creased p53 mRNA levels indicating effective sup-

Fig. 2. ∆S2 PRLR increased EZH2 methytransferase mRNA
and protein levels in prostate cancer cells.  DU145
cells were maintained and infected with adenovirus as
described in Fig. 1B.  After a further 24 h or 72 h period
of incubation, the cells were subjected to total RNA
extraction for EZH2 mRNA quantification by qRT-PCR
(A), and protein extraction for EZH2 protein analysis by
Western blot (B).  In qRT-PCR, the primers for 18S RNA
were used in parallel as a normalization control for each
sample.  EZH2 mRNA shown in the figure is relative
to 18S RNA.  *P < 0.05, **P < 0.01.
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pression of p53 gene transcription (Fig. 4C).

Discussion

It has been broadly accepted that prolactin is
deeply involved in the pathogenesis, progression and
prognosis of human reproductive cancers such as

breast (19, 30), prostate (16) and ovarian cancer (25).
Reports have shown that a prolactin molecule has two
receptor binding sites.  In solution, prolactin binds
first to one receptor and then recruits a second receptor
molecule from the surrounding area of the membrane
(19) to form a one ligand-two receptor complex.  In
other word, prolactin is able to induce dimerization of
its receptor.  The dimerized receptor is able to initiate
the downstream Jak-Stat pathway (5, 8).  In a study to
establish the structure-function relationship of
prolactin receptor in prostate cancer cells (DU145),
we have previously cloned a variant of the prolactin
receptor, designated as ∆S2 PRLR or simply ∆S2,

Fig. 3. ∆S2 PRLR induced EZH2 methytransferase recruit-
ment into the chromatin and the trimethylation of
histone 3 lysine 27 in prostate cancer cells.  DU145
cells were maintained and infected with adenovirus as
described in Fig. 1B.  After a further incubation for 24 h
or 72 h, the cells were subjected to chromatin immu-
noprecipitation assay (A) and histone extraction (B).  A.
genomic DNA fragments (less than 500 bp) containing
histones were immunoprecipitated using an antibody
against EZH2 or IgG.  The resultant immunopreciptated
proteins were determined and the relative protein amounts
were expressed in folds of that of the cells transfected
with an empty construct (Con).  B. Trimethylated histone
3 (H3K27Me3) was detected using an antibody against
H3K27Me3 by Western blot.  The protein amount was
standardized by the total histone 3 (α-H3).  **P < 0.01
versus IgG or con.
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Fig. 4. ∆S2 PRLR induced EZH2 methytransferase recruit-
ment into and trimethylation of H3K27 of the p53
gene and suppression of p53 gene expression.  DU145
cells were maintained and infected with adenovirus as
described in Fig. 1B.  After a further 24 h or 72 h incu-
bation period, cells were then subjected to ChIP assays
for determination of p53 genomic DNA immunoprecipi-
tated with antibodies against EZH2 (A) or H3K27Me3
(B), or subjected to total RNA extraction for p53 mRNA
quatification (C).  *P < 0.05,  **P < 0.01.
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which misses the subdoamain 2 (S2) of the extra-
cellular domain of the receptor.  Without the S2
domain, this receptor variant is constitutively dimer-
ized and is, therefore, active in the absence of ligand
stimulation.  Preliminary experiments showed that
increased expression of this variant in prostate cancer
cell lines increased proliferation (26) suggesting a
potentially important role in the pathogenesis of
prostate cancer.  In the present study, we confirmed
the proliferative effects on prostate cancer cells and
asked whether the expression of this variant change
the epigenetic signature in prostate cancer.

As we described previously (26), ∆S2 was found
to be able to constitutively promote cell growth of
prostate (DU145) and breast cancer cells (T47D).
However, ∆S2 was transiently transfected into cells
by using chemical reagent lipofectamine 2000.
According to our experience, the transfection ef-
ficiency was less than 60%.  Therefore, to further
confirm effects of ∆S2 on prostate cancer cell growth,
in the present study, we firstly generated adenovirus
carrying ∆S2 cDNA to obtain high transfection
efficiency as confirmed by fluorescence (data not
shown).  As illustrated in Fig.  1B, overexpression of
∆S2 significantly increased the viable cell number of
human prostate cancer cells (DU145), and this result
is in very good agreement with what we observed
previously (26).

These phenomena stimulated our interesting in
the molecular mechanism underlying proliferative
effects of this newly discovered variant of prolactin
receptor.  A large number of reports have linked the
growth of reproductive cancer cells to the silencing of
tumor suppressor genes such as p53 and p21.  And
more interestingly, several epigenetic modifying
enzymes have been found to be pathogenic markers in
reproductive cancers.  Does ∆S2 PRLR act as an
interpreter in the dialogue between p53 and epigenetic
modifiers?  As a member of the polycomb group
family, EZH2 is one of the well-studied histone-
modifying enzymes that trimethylate histone H3 on
lysine 27 (24, 28).  EZH2 is now well accepted as an
important regulator of gene expression, chromatin
structure and cell cycle through the epigenetic modi-
fications it produces.  At normal levels, EZH2 is
important in the maintenance of cell specificity or
identity because it helps to regulate tissue-specific
gene expression (23).  However, when expressed at
high levels, it could be responsible for decreased
expression of tumor suppressors such as p53, and has
been considered a biomarker of prostate cancer (18).
To determine whether constitutive activation of the
PRLR has at least some of its effects on cell cycle
through an increase in expression levels and activities
of EZH2, and to elucidate the exact role of ∆S2 PRLR
in EZH2 gene expression, ∆S2 PRLR was over-

expressed in prostate cancer cells by infection with
adenovirus carrying the cDNA.  DU145 cells showed
a resultant increase in EZH2 expression both at the
mRNA and protein levels (Fig. 2, A and B).

Having demonstrated that increased expression
of ∆S2 PRLR induced expression of EZH2, the next
question was whether increased expression of ∆S2
PRLR induced recruitment of EZH2 to genomic DNA
and if such recruitment resulted in increased trime-
thylation of H3K27.  To determine the amount EZH2
associated with DNA and the level of H3K27Me3,
DU145 cells overexpressing ∆S2 PRLR were subjected
to the ChIP assay procedure, and the final resultant
protein and DNA were measured.  The result showed
that ∆S2 PRLR significantly induced EZH2 recruit-
ment into chromatin.  No significant changes oc-
curred when a non-specific antibody replaced the
antibody against EZH2 (Fig. 3).  In parallel sets
of cells, trimethylation of H3K27 was detected in
Western blots.  As expected, overexpression of ∆S2
PRLR increased trimethylation in the cell line both
at 24 and 72 h.

EZH2 is thought to heritably silence genes by
acting at the level of chromatin structure and this has
been suggested to be part of the silencing mechanism
(24).  Several reports have established a strong link
between increased prolactin signaling and decreased
p53 expression (17).  As a tumor suppressor, p53 can
stop the cell cycle through promotion of expression
of p21 and the formation of a p21-cdk2 complex (this
can deactivate cdk2) (14, 31).  We, therefore, hypoth-
esized that ∆S2 PRLR may play a pathogenic role in
prostate cancer by interfering with p53 expression
through epigenetic mechanisms such as histone
covalent modification.  Using qRT-PCR, we quantified
the p53 gene sequences in the final DNA fragments
immunoprecipitated with antibodies against EZH2
and H3K27Me3.  The results show that increased
expression of ∆S2 PRLR increased recruitment of
EZH2 to the p53 gene and that this correlated with
increased histone trimethylation.  Furthermore, p53
gene expression was also down-regulated to 50% of
its control level (Fig. 4C).  This observation verified
that trimethylation of H3K27 serves to suppress gene
expression, and the mechanisms underlying this
suppression is through tightening the binding of
double-stranded DNA to histone (13).

Increasing reports have shown that aberrant
expression of EZH2 is associated with high pro-
liferation rate of aggressive breast and prostate cancers
(3, 7).  In a gene expression profiling study reported
by Varambally and co-workers, EZH2 was identified
as being overexpressed in metastatic prostate cancer
(29).  EZH2 is considered as a molecular marker for
a precancerous state in morphologically normal breast
tissues (9, 18) and has been proved to promote



Constitutively Active Prolactin Receptor in Prostate Cancer 289

neoplastic transformation of breast epithelial cells
(18).  In our present study, we used EZH2 as an initial
marker for potential pathogenic effects of increased
expression of the constitutively active PRLR.  By
showing a correlation between increased ∆S2 PRLR
and EZH2 expression, recruitment of EZH2 to
chromatin, its trimethylation of histone H3 lysine 27,
and demonstrating that this occurs on an important
target gene, p53, our data support the idea that excess
PRL signaling (even mimic by ∆S2 PRLR in our
present study) promotes prostate cancer and shed
some light on the molecular mechanisms underlying
regulation of p53 gene by ∆S2 PRLR.  Future studies
will extend this finding and determine the effects of
∆S2 PRLR on the epigenetic modification of other
genes.  Further analyses subsequent to ChIP assays,
such as chromatin immunoprecipitation sequencing
(ChIP-seq), need to be applied to examine histone
modification sites (or histone code) in a genome-wide
manner.
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