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Understanding normal and cancer stem cells should provide insights into the origin of prostate cancer and their
mechanisms of resistance to current treatment strategies. In this study, we isolated and characterized stem-like
cells present in the immortalized human prostate cell line, RWPE-1. We used a reporter system with green
fluorescent protein (GFP) driven by the promoter of s-SHIP (for stem-SH2-domain-containing 5¢-inositol
phosphatase) whose stem cell-specific expression has been previously shown. We observed that s-SHIP-GFP-
expressing RWPE-1 cells showed stem cell characteristics such as increased expression of stem cell surface
markers (CD44, CD166, TROP2) and pluripotency transcription factors (Oct4, Sox2), and enhanced sphere-
forming capacity and resistance to arsenite-induced cell death. Concomitant increased expression of the long
noncoding RNA H19 was observed, which prompted us to investigate a putative role in stemness for this
oncofetal gene. Targeted suppression of H19 with siRNA decreased Oct4 and Sox2 gene expression and colony-
forming potential in RWPE-1 cells. Conversely, overexpression of H19 significantly increased gene expression
of these two transcription factors and the sphere-forming capacity of RWPE-1 cells. Analysis of H19 expression
in various prostate and mammary human cell lines revealed similarities with Sox2 expression, suggesting that a
functional relationship may exist between H19 and Sox2. Collectively, we provide the first evidence that
s-SHIP-GFP promoter reporter offers a unique marker for the enrichment of human stem-like cell populations
and highlight a role in stemness for the long noncoding RNA H19.

Introduction

Prostate cancer is the second most frequently diag-
nosed cancer and the sixth leading cause of cancer death

in males worldwide and the second in developing countries
[1]. Characterizing the prostate cells that are more susceptible
to transformation and capable of cancer maintenance repre-
sents an essential step to a better understanding and more
efficient treatment of the disease. Conventional therapeutics
target and kill proliferating cells, sparing the putative cancer
stem cell fraction and allowing for the recurrence of the
disease. Successful therapy must not only kill the prolifer-
ating tumor cells but also eliminate or differentiate the cancer
stem cells. Thus, improvements in isolating purified normal
or cancer stem cell fractions will then be crucial for ad-
vancing therapeutic potential in this field [2].

In vitro cell culture may provide convenient models for
studying normal and cancer prostate stem cells since stem
cell properties reside naturally among populations of normal

or neoplastic cells propagated in culture. Primary cell cul-
tures not only represent an ideal approach to investigate the
nature and functions of normal or cancer stem cells in vitro
but also present inconvenient features, such as a short life
span. To circumvent this difficulty, several studies used non-
malignant-immortalized or malignant cell lines that contain
sub-populations of cells with stem cell properties [3]. Enrich-
ment in stem-like cell subpopulations could be achieved by
multiple approaches: by modifying cell culture conditions such
as cultivating cells in low-calcium serum-free defined medium
[4] or under hypoxia [5]; by using a combination of cell sur-
face markers, such as CD133 [6], CD44 [7], CD166 [8,9], or
TROP2 [10]; by developing functional assays on cytoprotec-
tive activity such as the side population assay based on the
efflux of Hoechst 33342 fluorescent dye by the ATP-binding
cassette transporter and the ALDEFLUOR assay based on
activity of aldehyde dehydrogenases detoxifying enzyme ac-
tivity [11–13]; or finally by using reporter vectors containing
fluorescent protein driven by stemness gene promoters [14,15].
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In this study, we applied this latter approach using the
green fluorescent protein (GFP) cDNA under the control of
the promoter of s-SHIP. Ship1 gene (SH2-containing In-
ositol 5¢-Phosphatase-1) encodes a 145-kDa signaling pro-
tein with 5¢ phosphatase activity. From this Ship1 gene, a
second protein (*104 kDa) is encoded but lacking the
amino-terminal SH2 domain compared with the SHIP1
protein, it is expressed in embryonic stem cells and bone
marrow cells enriched for the stem cell population [16,17].
This protein was termed s-SHIP, suggesting its potential for
expression in stem cells. The SHIP1 protein is produced
from a full-length mRNA, whereas s-SHIP expression is
produced from an internal promoter within intron 5/6 of the
full-length ship1 gene [18]. Stem cell-specific expression of
s-SHIP promoter was determined by generating a transgenic
mouse containing the 11.5 kb s-SHIP promoter driving the
expression of GFP [18]. In these mice, s-SHIP promoter ex-
pression marks activated stem cells in the developing mam-
mary tissue at puberty and during pregnancy [19]. Expression
of the transgene was also observed in embryonic prostatic
buds, suggesting that s-SHIP promoter expression may also
mark prostate stem/progenitor cells [18]. To test this hypoth-
esis, we used as a model the nontumorigenic human prostate
cell line RWPE-1 that was derived from normal human
prostate epithelium immortalized by human papillomavirus 18
[20]. RWPE-1 cells and its derivatives contain stem, inter-
mediate, and differentiated cell types and offer valuable
models for studies of adult prostate stem cells [21,22].

In this report, we show that s-SHIP-GFP promoter re-
porter tracks subsets of RWPE-1 cells enriched in stem cell
characteristics such as enhanced stem cell marker expres-
sion. In this subset population, higher expression of the long
noncoding RNA (LncRNA) H19 [23] was observed and
further investigations strongly suggested that H19 may play a
role in prostate stemness through the expression of key
pluripotency transcription factors, especially Sox2. Alto-
gether, these data provide new insights into the genetic net-
work controlling stem cell identity, uncovering a role for the
long noncoding RNA H19 as a potential stemness regulator.

Materials and Methods

Prostate and mammary cell lines and cell culture

RWPE-1 cells (a gift of Dr. B.S. Kundsen; Fred Hutchinson
Cancer Research Center) were maintained in Keratinocyte
Serum-Free Medium (KSFM Gibco; Life Technologies)
supplemented with 5 ng/mL epidermal growth factor (EGF,
PeproTech), bovine pituitary extract (Gibco; Life Technolo-
gies), and Zell Shield (Minerva Biolabs; Biovalley). Normal
human prostate epithelial cells (PrEC) were obtained from
Lonza and cultured in PrEC basal media containing PrEGM
SingleQuot Kit supplements and growth factors (Lonza).
Human androgen-dependent (LNCaP) and androgen-inde-
pendent (PC-3 and DU145) prostate cancer epithelial cells
were obtained from American Type Culture Collection
(ATCC), and were maintained in RPMI 1640 Medium
(Gibco; Life Technologies) supplemented with 10% fetal
bovine serum (FBS, Gibco; Life Technologies) and Zell
Shield. The highly metastatic M12 subline (a gift of Dr. B.S.
Kundsen) was cultured in RPMI 1640 medium supple-
mented with 10 ng/mL EGF, 0.1 mM dexamethasone (Sigma
Aldrich), 5 mg/mL insulin, 5 mg/mL transferin, and 5 ng/mL

selenium (ITS medium; Sigma) and Zell Shield. The es-
trogen-sensitive MCF7 and T47D and the estrogen-insen-
sitive MDA-MB-231 human cancerous mammary epithelial
cell lines were obtained from the ATCC and maintained
routinely in RPMI 1640 medium containing 10% of FBS
and Zell Shield. Normal mammary epithelial cells (hTERT,
hMEC) were obtained from ATCC and maintained in
MEGM (Lonza) supplemented with gentamycin and 1%
penicillin/streptomycin. All cells were maintained at 37�C,
in a humidified incubator of 5% CO2.

Plasmids and siRNA transfections

The 11.5-kb s-SHIP promoter GFP construct (a gift of the
late Dr. LR Rohrschneider, FHCRC) has been previously
described [18]. RWPE-1 cells were grown to 70%–80%
confluence and transfected with 1 mg of DNA using PEI/
ExGen 500 (Euromedex) according to the manufacturer’s
instructions; 24 h after transfection, the culture medium was
replaced with fresh medium. Between 5 and 7 days after
transfection, GFP-positive RWPE-1 cells were sorted by
using an FACSAria cell sorter [Becton Dickinson (BD)],
then grown for 1 week, sorted to a purity of ‡ 95%, and
analyzed. Human long noncoding RNA H19 cDNA was
amplified by standard polymerase chain reaction (PCR) with
Go Taq Hot Start DNA Polymerase (Promega) and cDNA
obtained from MDA-MB-231 cells as the template. The
primers were forward, 5¢-AGCAGGGTGAGGGAGGG GGT-
3¢ and reverse, 5¢-GTAACAGTGTTTATTGATG-3¢. The
amplicon was cloned into pcDNA3.1 ( - ) vector using Not1
and BamH1 sites. RWPE-1 cells were transfected with
pcDNA3-H19 or empty pcDNA3 as a control, using PEI/
ExGen 500, and transfected cells were allowed to recover
for 48 h before selection with G418 (0.5 mg/mL; Sigma) for
4 weeks and beyond this time when all the control (non-
transfected) cells had expired. For siRNA, transfections were
performed using DharmaFect according to the manufacturer’s
transfection protocol (Dharmacon; GE Healthcare), and total
RNA was extracted 48 h after transfection for analysis. The
siRNA sequences are presented in Supplementary Table S1
(Supplementary materials are available online at http://www
.liebertpub.com/scd).

Antibodies and flow cytometry

All primary antibodies were from eBiosciences: anti-
CD44 (APC) (Cat. No. 17-0441), rat IgG2b k isotype control
(APC) (Cat. No. 17-4031), anti-Human CD166 (ALCAM)
PerCP-eFluor�710 (Cat. No. 46-1668), mouse IgG1 k isotype
control PerCP-eFluor�710 (Cat. No. 46-4714), anti-Human
TROP2 (EGP-1) (Cat. No. 14-6024), mouse IgG2a k isotype
control purified (Cat. No. 14-472), anti-CD49f APC (Cat. No.
17-0495), anti-Human CD29 (APC) (Cat. No. 17-0299), and
rat IgG2a k isotype control (APC) (Cat. No. 17-4321). APC-
goat anti-mouse Ig multiple adsorption (Cat. No. 550826)
secondary antibody was from BD Pharmingen. For immuno-
fluorescence staining, 2.5 · 105 cells were incubated in the
dark with primary antibody at a recommended concentration
for 30 min on ice; cells were washed with complete medium
and resuspended with secondary antibody at a recommended
concentration for 30 min, if necessary, or directly analyzed on
a flow cytometer (Canto II; BD).
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RNA isolation and quantitative RT-PCR

5 · 105 Cells were plated into a 100-mm-diameter dish, a
cell density that allow the cells to continue exponential
growth for an additional 24 h. Total RNA was then isolated
using the RNeasy Plus Extraction kit (Qiagen). Reverse
transcription (RT) was performed using QuantiTect Reverse
Transcription kit (Qiagen) on 1 mg of RNA, according to the
manufacturer’s protocol. Quantitative RT-PCR (qRT-PCR)
was achieved on Stratagene Mx3005P (Agilent Technolo-
gies) using KAPA SYBR� Fast Universal qPCR kit (Kapa
Biosystems; CliniSciences): 2 mL of DNase-treated cDNA
(from a 50mL RT reaction) was added to 10 mL Master Mix,
2 mL of oligo mix (1mM). Experiments were performed in
triplicate, and the comparative threshold cycle method was
used for the calculation of amplification fold. The expression
level of each gene was normalized by the expression level of
the ‘‘housekeeping’’ RPLP0 gene (DCt method). Primer se-
quences are presented in Supplementary Table S1.

Growth studies

Cell proliferation was evaluated by plating 2 · 104 cells per
plate in a six-well plate in 2 mL of culture medium. After 24,
48, 72, and 96 h, cells were isolated after trypsinization using
trypsin-versene (EDTA) solution and cell counting was done
under the microscope using a Malassez counting chamber. For
colony-forming unit (CFU) assay, single cells (50, 100, and
200 cells per well) were plated in six-well plates and cultured
for 2 weeks in K-SFM medium. Cells were fixed with 4%
paraformaldehyde made in phosphate-buffered saline (PBS)
for 10 min at room temperature, rinsed with PBS, and stained
with Giemsa solution (Sigma). The plates were gently washed
with PBS and dried. Macroscopic colonies visible by naked
eyes were enumerated. Colony formation efficiency was
evaluated as follows: CFU (%) = colonies/input cells · 100.

Sphere formation assay

Cells (100, 250, 500 cells) were plated in 0.5 mL of PrEC
basal media containing PrEGM SingleQuot Kit supplements
and growth factors, in ultra-low attachment 24-well plates
(Costar) and grown for 2 weeks. To not disturb sphere
formation and to avoid sphere aggregation, fresh medium
was gently added to each well after 5 and 10 days and no
medium was aspirated. Total number of spheres was coun-
ted under a microscope and photographed. Sphere formation
efficiency was evaluated as follows: sphere-forming unit
(SFU) (%) = spheres/input cells · 100.

Chemoresistance

RWPE-1 and RW-GFP cells (105 cells per well in six-well
plates) were plated and allowed to attach for 24 h; then, they
were treated with doxorubicin (D1515; Sigma) at 0.5 mg/mL
for 48 h and photographed. P53 activation was determined by
western blot: Cells were lysed in RIPA buffer containing
protease and phosphatase inhibitors (protease inhibitor
P8340; phosphatase inhibitor cocktail 2 P5726; Sigma), and
proteins were quantified with BCA protein assay (Pierce).
Proteins were reduced in NuPAGE LDS Sample buffer with
NuPAGE Reducing Agent (Invitrogen; Life Technologies) at
70�C for 10 min. Proteins were separated on SDS-PAGE 4%–

12% (Invitrogen; Life Technologies) and transferred onto
PolyVinylidene Fluoride (PVDF) membrane (Millipore).
After saturation in PBS 0.2% of casein, membranes were
incubated with primary antibodies overnight at 4�C (p53 Do-
1 sc-126, Santa Cruz; b-actin sc-47778, Santa Cruz). Mem-
branes were washed with PBS 0.5% Tween for 30 min and
incubated with secondary antibodies conjugated with Horse
Radish Peroxidase (HRP) for 30 min at room temperature.
Membranes were analyzed with SuperSignal west Dura
Chemiluminescence Substrate (Pierce). For arsenite-induced
cytolethality, cells (105 cells per well in six-well plates) were
plated and allowed to attach for 24 h; fresh medium was added
containing sodium arsenite (NaAsO2, No. 35000; Sigma) at
different concentrations (between 5 and 40 mM); after 48 h,
viable cells were photographed and counted with a Malassez
hemocytometer (trypan blue method).

Statistical analysis

Data are expressed as mean values – standard error of the
mean of at least three independent experiments. The statis-
tical analysis was done by using Student’s t-test, and P
value < 0.05 was considered significant.

Results

Isolation of RWPE-1 cells with s-SHIP
promoter activity

Previous studies showed that the intron 5/6 promoter re-
gion of the Ship1 gene regulates expression of a shorter
isoform of the protein, called s-SHIP, in various stem/pro-
genitor cell populations [18,19]. We tested whether high s-
SHIP promoter expression could enrich stem-like cells
within a human cell line. In this attempt, we used as a model
the nontumorigenic prostate cell line RWPE-1 in which s-
SHIP transcript expression could be detected (Fig. 1A).
Since s-SHIP promoter region shows high conservation
between human and mouse (Supplementary Fig. S1), we
hypothesized that a DNA construct incorporating the 11.5 kb
s-SHIP promoter from the mouse upstream of the GFP
substituted at the normal translation start site for s-SHIP
[18] could be used to detect the live human cells with higher
s-SHIP promoter activity. Among RWPE-1 cells that were
transfected with 11.5 kb-GFP, a small number of GFP-
positive (GFP+ ) cells were observed (Fig. 1B) and then
isolated by FACS. After two rounds of cell sorting, a popu-
lation of GFP + cells were obtained (Fig. 1C) and then tested
for native s-SHIP transcript expression. We observed a four-
fold increased expression as compared with the parental
population (Fig. 1D), thus demonstrating that 11.5 kb murine
s-SHIP promoter region is functional in human prostate cells
and allows enrichment in cells expressing endogenous s-SHIP
mRNA. This population of RWPE-1 cells expressing a higher
level of s-SHIP transcript was named RW-GFP cells and was
then analyzed for its stemness characteristics.

s-SHIP-GFP promoter reporter tracks subsets
of RWPE-1 cells enriched in clonogenic properties
and chemoresistance

When progenitor/stem cells are cultivated in defined
culture conditions, they have the ability to grow in an
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anchorage-independent manner and to form suspension
spheres [24,25]. We showed that cells with higher s-SHIP
expression (RW-GFP cells) were able to form more spheres
compared with the parental RWPE-1 cells when cultivated
in defined PrEGM serum-free medium and onto ultra-low
attachment plates (Fig. 2A). RW-GFP-derived spheres ap-
peared to be smaller with a homogeneous distribution of size
as compared with RWPE-1-derived spheres (Supplementary
Fig. S2). Similarly, the colony-forming efficiency of RW-
GFP cells was significantly higher, compared with parental
RWPE-1 cells (Fig. 2B). In contrast, RW-GFP cells grew
slower than parental RWPE-1 cells (Fig. 2C).

Stemness is associated to chemoresistance [26]; both
RWPE-1 and RW-GFP cells responded to chemotherapeutic
drug doxorubicin by inducing p53 protein expression and
cytolethality (Fig. 3A, B); interestingly, p53 induction was
lower in RW-GFP cells together with better cell survival as
compared with parental RWPE-1 cells (Fig. 3 A, B). This
prompted us to investigate innate resistance to arsenite-
induced cytolethality since this was a trait associated with
stemness in RWPE-1 cells as previously described [22]. After
short-term (ie, 48 h) arsenite exposure (Fig. 3C, D), a clear
difference in arsenite-induced cytotoxicity occurred between
RW-GFP cells and the parental RWPE-1 cells at all concen-
trations tested, especially at 20 mM with a two-fold increase in
cell survival for the RW-GFP cells as compared with parental
RWPE-1 cells (24.3% – 5.4% vs. 11.8% – 3.2%).

Taken together, these results suggested that higher s-SHIP
expression was associated to lower proliferation and higher

clonogenicity, a property of stem-like cells. We then in-
vestigated whether this phenotype was also associated to the
expression of stemness markers.

RW-GFP cells expressed higher levels of stem cell
markers and pluripotency transcription factors

RW-GFP cell stemness characteristics were further ana-
lyzed for cell surface marker expression and mRNA profile
of stemness-related genes. Although CD44 expression level
was already high in parental RWPE-1 cells, RW-GFP sub-
population shifted significantly to a higher CD44 expression
level (Fig. 4A and Supplementary Fig. S3A). Next, we ex-
amined whether cell surface expression of CD166 and
TROP2, two other prostate stem cell markers [9,10], was
modified in RW-GFP cells. As expected, CD166 and TROP2
expression levels were also significantly increased as com-
pared with parental RWPE-1 cells (Fig. 4A and Supplemen-
tary Fig. S3A). Similarly, integrin a6 (CD49f) and b1 (CD29)
expression showed a homogeneous expression of both
markers with a slightly increased expression as compared
with parental RWPE-1 cells (Supplementary Fig. S3B).

Transcription regulators such as octamer-binding tran-
scription factor 4 (oct4), sex determining region Y-box 2
(sox2), nanog, kruppel-like factor 4 (klf4), and c-myc are
associated with induction or maintenance of stemness in
different tissues [27]. We observed a significantly higher
expression of oct4 and sox2, but not nanog, klf4, or c-myc, in
cells with high s-SHIP promoter activity (RW-GFP) as

FIG. 1. Isolation of RW-
GFP cells, a subset of RWPE-1
cells with higher levels of s-
SHIP promoter expression. (A)
RT-PCR analysis of s-SHIP
transcript in parental RWPE
-1 cell line. (B) RWPE-1
cells were transfected with s-
SHIP-GFP promoter reporter
(11.5 kb-GFP) and few GFP +

cells were obtained (arrow, left
panel), then isolated by FACS,
and amplified in culture to
create RW-GFP cells (right
panels). (Scale bar = 50mm)
(C) Flow cytometry analysis of
green fluorescent protein
(GFP) expression in RW-GFP
cells (filled graph) after two
rounds of cell sorting and cell
amplification as compared with
parental cells (empty graph).
(D) Quantitative RT-PCR
analysis of endogenous s-SHIP
transcript expression in RW-
GFP cells as compared with
parental RWPE-1 cells. Data
represent mean values – stan-
dard error of the mean of three
independent experiments, P
values was determined by Stu-
dent’s test ***P < 0.001.
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FIG. 2. Clonogenicity and
growth curve of RW-GFP cells.
(A) When cultivated at a low
density in liquid PrEGM culture
medium in ultra-low attachment
24-well plates in nonadherent
conditions, RW-GFP cells formed
more spheres than parental
RWPE-1 cells; lower panels rep-
resent spheres formed after 15
days of culture. (B) When 50–200
cells per well were plated in six-
well plates in K-SFM medium,
RW-GFP cells formed more col-
onies than parental RWPE-1 pa-
rental cells; lower panels are
pictures of 2-weeks-old colonies
after fixation and Giemsa staining.
(C) RW-GFP cells grew slower
than parental RWPE-1 cells; cell
growth curves were obtained after
plating 2 · 104 cells per well in
six-well plates, and viable cell
numbers were determined daily
after trypsinization. (A, B, C)
Data represent mean values –
standard error of the mean of three
independent experiments, P val-
ues was determined by Student’s
test ***P < 0.001, **P < 0.01, and
*P < 0.05.

FIG. 3. Chemoresistance
of RW-GFP cells. (A, B)
RWPE-1 and RW-GFP cells
were untreated ( - Dox) or
treated ( + Dox) with doxoru-
bicin (Dox, 0.5 mg/mL) for
48 h, and (A) immunoblot
analysis was then performed
on whole cell lysate for p53
expression, using anti-b-actin
antibodies as a loading con-
trol; (B) cells were photo-
graphed (scale bar = 100mm),
(C, D) RWPE-1 and RW-GFP
cells were untreated or treated
with arsenite (5, 10, 20, 30,
40 mM) for 48 h and (C) viable
cells were counted using the
trypan blue dye exclusion
method, and (D) cells were
photographed (scale bar =
100 mm); (C) Data represent
mean values – standard error
of the mean of five indepen-
dent experiments; P values
were determined by Student’s
test **P < 0.01, *P < 0.05.
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compared with parental RWPE-1 cells (Fig. 4B). Examina-
tion of mRNA expression profile was extended to different
stemness-related genes, such as the ATP-binding cassette
transporter G2 (abcg2), or genes implicated in signaling
pathways regulating stem cells [sonic hedgehog (shh) and
notch1], or in prostate development ( p63 transcription factor)
[28]. We observed significant increased expression in RW-
GFP cells for all of them, with p63 expression being the most
important (*18-fold). The long noncoding (lnc) RNA H19 is
involved in prostate carcinogenesis [29] and plays a role in

early development [23]. These results led us to examine the
expression of the noncoding RNA H19 in RW-GFP cells. As
shown in Figure 4C, a marked increased expression (ap-
proximately five-fold) was observed in RW-GFP cells as
compared with parental cells; this prompted us to further in-
vestigate the relationship between H19 expression and
stemness characteristics in RWPE-1 cells.

Expression of the long noncoding RNA H19 favors
stemness phenotype of RWPE-1 cells

To evaluate the role of H19 in RWPE-1 stemness, we
analyzed whether the expression level of H19 correlated
with stemness marker expression and sphere formation.
First, we delivered siRNA to knock down H19 expression in
RWPE-1 cells. As shown in Figure 5A, 2 days after

FIG. 4. RW-GFP cells exhibit a higher expression level of
stem cell markers and a significant increase of long non-
coding RNA H19 expression. (A) Fold-enrichment over the
parental RWPE-1 cells for CD44, CD166, and TROP2 cell
surface marker expression analyzed by flow cytometry; data
are expressed as mean fluorescence intensity (MFI) of RW-
GFP cells (black bars) as compared with parental RWPE-1
cells (open bars). (B) Expression of stemness genes and (C)
long noncoding RNA H19 was analyzed by qRT-PCR using
total RNA from parental RWPE-1 cells (open bars) or RW-
GFP cells (closed bars). Levels were normalized to those of
RPLP0 internal control. Graphs show fold enrichment in RW-
GFP cells over the parental RWPE-1 cells for each gene. (A,
B, C) Data represent mean values – standard error of the mean
of three independent experiments; P values were determined
by Student’s test ***P < 0.001, **P < 0.01, and *P < 0.05.

FIG. 5. Inhibition of long noncoding RNA H19 expression
decreases stemness gene expression and clonogenicity. (A)
Knockdown of H19 by siRNA reduced expression of several
stemness genes; expression was analyzed by qRT-PCR using
total RNA from control (GFP) siRNA-transfected RWPE-1
cells (open bars) or from H19 siRNA-transfected RWPE-1
cells (closed bars) and levels were normalized to those of
RPLP0 internal control. Graphs show fold decrease over
control siRNA-transfected RWPE-1 cells for each gene. (B)
When 50–200 cells per well were plated in six-well plates in
K-SFM medium, H19 siRNA-transfected RWPE-1 cells
formed fewer colonies than control siRNA-transfected
RWPE-1 cells; lower panels are pictures of 2-week-old col-
onies after fixation and Giemsa staining. (A, B) Data represent
mean values – standard error of the mean of three independent
experiments; P values were determined by Student’s test
***P < 0.001, **P < 0.01, and *P < 0.05.
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transfection of RWPE-1 cells with H19 siRNA, H19 RNA
level was repressed till 80% of the negative control. Ex-
pression of oct4, sox2, notch1, and s-SHIP was significantly
reduced, with sox2 showing the most dramatic reduction
(Fig. 5A). Furthermore, colony-forming efficiency of these
transfected cells was examined, and we observed a signifi-
cant decrease of CFU potential for cells transfected with
H19 siRNA, compared with GFP siRNA-transfected control
cells (Fig. 5B). Next, we determined the impact of H19
overexpression on stem cell characteristics in RWPE-1 cells.
Cells were transfected and selected by G418, and H19 RNA
level was analyzed by qRT-PCR. H19 RNA level was sig-
nificantly increased approximately six-fold in RW-pcDNA-
H19 cells relative to that in RW-pcDNA3 control cells (Fig.
6A). Then, expression of several stemness genes was ex-

amined. A significantly higher expression of oct4, sox2, klf4,
c-myc, and abcg2 but not nanog or p63 was observed in
RW-pcDNA-H19 cells as compared with RW-pcDNA3
control cells (Fig. 6A). Thus, RWPE-1 cells showed a global
increase in stemness gene expression when H19 gene is
overexpressed, but with some difference with RWPE-1 cells
expressing a higher level of s-SHIP transcript (Fig. 4B).
Since H19 gene overexpression increased the expression of
stemness factors, we next investigated whether lnc RNA
H19 influenced the clonogenicity and the proliferation of
RWPE-1 cells. When RW-pcDNA-H19 and RW-pcDNA3
control cells were analyzed for their sphere formation cap-
abilities in ultra-low attachment plates, we observed that
control RW-pcDNA3 exhibited a lower sphere-forming
potential than the parental RWPE-1 cells, suggesting that

FIG. 6. Overexpression of long noncoding RNA H19 favors stemness gene expression and clonogenicity. RWPE-1 cells
were transfected with either pcDNA-H19 or pcDNA-control and selected with G418 to obtain stable neor cell lines. (A)
Overexpression of H19 in RWPE-1 cells increased expression of several stemness genes; expression was analyzed by qRT-
PCR using total RNA from empty vector-expressing G418-resistant RWPE-1 cells (open bars) or from H19-expressing
G418-resistant RWPE-1 cells (closed bars), and levels were normalized to those of RPLP0 internal control. Graphs show
fold change over empty vector-expressing G418-resistant RWPE-1 cells for each gene. (B) Cells were cultivated at a low
density in PrEGM culture medium in ultra-low attachment 24-well plates in liquid cultures, and RW-pcDNA-H19 formed
more spheres than RW-pcDNA3 control cells; lower panels represent spheres formed after 15 days of culture. (C) RW-
pcDNA-H19 cells grew faster than RW-pcDNA3 control cells; cell growth curves were obtained after plating 2 · 104 cells
per well in six-well plates, and viable cell numbers were determined daily after trypsinization. (A, B, C) Data represent
mean values – standard error of the mean of three independent experiments; P values were determined by Student’s test
***P < 0.001, **P < 0.01.
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long-term culture in the presence of G418 affected their
clonogenicity (Fig. 6B). Nevertheless, RW-pcDNA-H19
cells that have been cultivated in identical culture conditions
exhibited a significant increase of SFU potential (Fig. 6B),
suggesting that H19 overexpression promotes a stem-like cell
phenotype similar to the RW-GFP cells. However, regarding
the difference of RW-GFP cells, when proliferation in two-
dimensional culture conditions was analyzed, RW-pcDNA-
H19 grew faster than RW-pcDNA3 control cells (Fig. 6C).

Correlation between H19 and sox2 expression
in various prostate and breast cell lines

H19 loss- or gain-of-function experiments in RWPE-1
cells (Figs. 5 and 6) suggested a positive correlation be-
tween H19 expression and sox2, oct4, and abcg2 stemness
gene expression. To assess this correlation, we determined
the level of expression of these four genes in another pop-
ulation of normal human PrEC and in three different pros-
tate cancer cell lines: two androgen-independent (PC3 and
M12) and one androgen-dependent (LNCaP) cell lines. In
the PrEC normal cell line, high H19 RNA expression was
detected as compared with RWPE-1 cells (Fig. 7A). Simi-

larly, PrEC cells exhibited high increased expression for sox2
(54-fold), oct4 (19-fold), and abcg2 (8.4-fold) as compared
with RWPE-1 cells (Fig. 7A). In cancerous cells, the M12 cell
line expressed the highest H19, sox2, and abcg2 expression
levels (Fig. 7A). To extend these observations and further
investigate a putative co-expression between H19 and stem-
ness genes in epithelial cells, we used a set of mammary cell
populations with two nonmalignant cell lines (hTERT and
hMEC) and three mammary cancer cell lines (MDA-MB-
231, MCF7, T47D). Again, a strong positive correlation was
observed between H19, sox2, and abcg2 expression and to a
lesser extent with oct4 expression (Fig. 7B).

Discussion

Understanding of the prostate stem cell biology is es-
sential since there is a growing body of evidence suggesting
that benign prostate hyperplasia and prostate cancer may
arise from the stem or stem-like cell compartments [30]. In
this study, we took advantage of the s-SHIP promoter-driven
reporter to detect and isolate s-SHIP-expressing human
prostate cells. First, we demonstrated that s-SHIP promoter
activity was well correlated with expression of different

FIG. 7. Long noncoding RNA H19 expression is associated with sox2 expression in various prostate and mammary cell
lines. H19, oct4, sox2, and abcg2 expression was analyzed by qRT-PCR using total RNA from (A) prostate nonmalignant
RWPE-1 and prostate epithelial cells (PrEC) and from PC3, M12, LNCaP prostate cancer cell lines, and (B) mammary
hTERT and hMEC nonmalignant immortalized cell lines and breast tumor cell lines (MDA-MB-231, MCF7, T47D). Levels
were normalized to those of RPLP0 internal control. Graphs show fold enrichment over (A) RWPE-1 cells and (B) hTERT
cells for each gene. (A, B) Data represent mean values – standard error of the mean of three independent experiments, P
values was determined by Student’s test ***P < 0.001, **P < 0.01, and *P < 0.05.
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stemness markers and sphere-formation capabilities in hu-
man prostate RWPE-1 cell line. These results are in good
agreement with studies performed in mice models and
identify s-SHIP as a stem cell-specific isoform of SHIP1,
which is expressed in both pluripotent ES cells and adult
tissue-specific multipotent cells such as hematopoietic stem
cells [16,17]. Rohrschneider et al. confirmed that s-SHIP
promoter, located within the intron 5/6 of the SHIP1 gene,
promotes stem cell-specific transcription of the GFP reporter
gene in a transgenic mouse model (Tg11.5kb-GFP) [18]. In
these mice, GFP expression from the s-SHIP promoter
marks activated mammary stem cells that specifically lo-
calize to the cap cell region of terminal end buds in devel-
oping mammary glands and alveolar units [19,31,32].
Regarding the prostate tissue, s-SHIP promoter-GFP re-
porter is expressed in a specific subset of cells within the
embryonic prostate [18] and we have recently extended this
result to prostate postnatal development and demonstrated
that in developing prostatic buds of newborn mice, GFP-
expressing cells correspond to a population of basal cells
with stem cell characteristics (manuscript in preparation).

All of these experiments were previously performed in
mouse tissues. In this work, we provide the first evidence
that s-SHIP promoter expression could also be used for the
enrichment of human stem-like cells. SIP-110, the human
homolog of s-SHIP, is expressed in various human cell
lines, including hematopoietic [33], mammary, and mela-
noma cell lines (our unpublished data), suggesting that the s-
SHIP-GFP promoter reporter should be functional in these
cells. More experiments are now needed to determine
whether our approach could be useful in other cell types,
including cancer cell lines with the ultimate goal to isolate
and characterize human cancer stem cells. The exact role of
s-SHIP as a signaling molecule remains to be determined in
these stem cell populations. Even though this protein lacks
the SH2 domain as compared with SHIP1, s-SHIP contains
cell signaling domains, including the 5¢-inositol phosphatase
domain [16], which might play a key role in controlling
phosphatidylinositol-3-kinase (PI3K)/AKT activation. From
this point of view, an interesting study has recently demon-
strated the importance of the enzymatic activity of SHIP2,
another 5¢-inositol phosphatase, for breast cancer stem cells
[34]. Altogether, these studies support the idea that s-SHIP
promoter expression offers a valuable and unique marker
of mammary and prostate stem cell populations that could lead
to the identification of molecules involved in stem cell biology.

Thus, characterization of our stem-like enriched RWPE-1
cell population uncovered a potential role for lncRNA H19
in stemness. The H19 gene, located in human in 11p15.5
locus, is submitted to genomic imprinting, being expressed
only from the maternal allele [35]. No protein associated to
this transcript has been discovered and it has been identified
initially as a riboregulator [36], and, more recently, as an
miRNA precursor [37]. A status of oncofetal gene has been
ascribed to H19: During embryogenesis, H19 is highly ex-
pressed both in extraembryonic tissues and in the embryo;
after birth, its expression is repressed to a basal activity that
subsists in several tissues [38–41]. In cancer, H19 gene is
reexpressed and acts as an oncogene [42–44].

In recent years, lncRNAs have been emerging as impor-
tant components of gene regulation that may play key roles
in regulating quiescence, survival, and self-renewal of plu-

ripotent stem cells [45]. Till date, few mechanisms of action
of lncRNAs in stem cell biology have been investigated.
Among them, lncRNA-RoR (Regulator Of Reprogramming
or lincRNA-ST8SIA3) is a suppressor of p53 response [46]
whereas p53 suppression promotes stem cells expansion by
activation of self-renewing divisions, symmetric division,
and reprogramming of somatic/progenitor cells in stem cells
[47,48]. LncRNA-RoR can also act as an endogenous miR-
NA sponge (impairing miR-145 repression) to positively
regulate Oct4, Nanog, and Sox2 and promote embryonic
stem cell self-renewal [49]. Similarly, H19 interacts with
p53, impairs its signaling [50], and acts as an miRNA
sponge to antagonize let-7 miRNAs [51]. In breast cancer
stem cells, Let-7 miRNAs down-regulate self-renewal and
tumorigenicity [52], and in prostate cancer cells, loss of Let-
7 up-regulates EZH2 (a component of PRC2, polycomb
repressive complex) and induces a stem cell signature [53].
Interestingly, H19 by squelching Let-7 miRNAs could en-
hance EZH2 expression and activity to promote epithelial-
mesenchymal transition in bladder cancer [54]. In RWPE-1
cell line, H19 could confer stemness phenotype by these
multiple pathways. In addition, knockdown of H19 in par-
thenogenetic embryonic stem cells (pES) promotes differ-
entiation of pES to epidermis, showing that H19 RNA
contributes to stem cell integrity [55].

Finally, H19 loss- or gain-of-function experiments
showed coregulation of H19, sox2, and abcg2 and to a lesser
extent oct4. Even if H19 could act by modifying chromatin
conformation at these loci, our results suggest a direct role
of H19 in the regulation of these genes (Figs. 5A and 6A).
Conversely, oct4 and sox2 positively control H19 expression
by impairing the methylation of imprinting control region
and promoter [56], and a defect of oct4 and sox2 binding
sites is associated with loss of expression of H19 in Beck-
with–Wiedemann syndrome [57], suggesting an amplifica-
tion loop of H19/Sox2 regulation.

In conclusion, our study is the first to demonstrate that s-
SHIP-GFP promoter reporter offers a unique marker for the
enrichment of human stem-like cell populations and this
strategy enabled us to unveil lncRNA H19 as a potential
factor for inducing and maintaining the biological nature of
stem cells. Further analysis should be performed to deter-
mine the exact role and the mechanisms of action of H19
RNA.
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