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Prostate cancer cells include a small population of cancer
stem-like cells (CSCs) ⁄ cancer-initiating cells (CICs) that have roles in
initiation and progression of the cancer. Recently, we isolated pros-
tate CSCs ⁄CICs as aldehyde dehydrogenase 1-highh (ALDH1high)
cells using the ALDEFLUOR assay; however, the molecular mecha-
nisms of prostate CSCs ⁄CICs are still elusive. Prostate CSCs ⁄CICs
were isolated as ALDH1high cells using the ALDEFLUOR assay, and
the gene expression profiles were analyzed using a cDNA micro-
array and RT-PCR. We found that prostate CSCs ⁄CICs expressed
higher levels of growth factors including hepatocyte growth factor
(HGF). Hepatocyte growth factor protein expression was confirmed
by enzyme linked immunosorbent assay and Western blotting. On
the other hand, c-MET HGF receptor was expressed in both
CSCs ⁄CICs and non-CSCs ⁄CICs at similar levels. Hepatocyte growth
factor and the supernatant ofmyofibloblasts derived from the pros-
tate augmented prostasphere formation in vitro, and prostasphere
formation was inhibited by an anti-HGF antibody. Furthermore, c-
MET gene knockdown by siRNA inhibited the prostasphere-forming
ability in vitro and tumor-initiating ability in vivo. Taken together,
the results indicate that HGF secreted by prostate CSCs ⁄CICs and
prostate myofibroblasts has a role in the maintenance of prostate
CSCs ⁄CICs in an autocrine and paracrine fashion. (Cancer Sci 2013;
104: 431–436)

P rostate cancer is one of the common and lethal cancers in
males. Although there are some curative treatments for

early-stage prostate cancer, there is no effective treatment for
advanced metastatic prostate cancer. Cancer stem-like cells
(CSCs) ⁄ cancer-initiating cells (CICs) have high tumor-initiating
ability and are resistant to chemotherapy and radiotherapy, and
CSCs ⁄CICs are therefore thought to be responsible for cancer
recurrence after treatment and for distant metastasis.(1,2)

Prostate cancer contains a small population of CSCs ⁄CICs,
and we previously described the successful isolation of pros-
tate CSCs ⁄CICs from the human prostate carcinoma cell line
22Rv1 by using aldehyde dehydrogenase (ALDH) activity.(3)

In addition, we isolated prostate CSC ⁄CIC-specific genes,
including HGF and IGF1, by microarray screening and RT-
PCR analysis. In a physiological condition, hepatocyte growth
factor (HGF) is secreted by mesenchymal cells and promotes
epithelial cell growth in a paracrine fashion. However, signal-
ing of HGF and its receptor c-MET is activated in cancer cells
and is related to cancer cell growth, cell motility and matrix
invasion, and HGF ⁄ c-MET signaling can therefore be a rea-
sonable target of cancer therapy.(4) In this study, we confirmed
HGF protein secretion from prostate CSCs ⁄CICs, and we
investigated the HGF ⁄ c-MET signaling function in mainte-
nance of prostate CSCs ⁄CICs.

Materials and Methods

Cell culture and ALDEFLUOR assay. The human prostate can-
cer cell line 22Rv1 was obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA), and the cells were
cultured in DMEM (Life Technologies, Grand Island, NY,
USA) supplemented with 10% FCS. Prostate myofibroblast
cells (WPMY-1) were purchased from ATCC and were cul-
tured in DMEM supplemented with 5% of FCS. The cells
were kept in a 37°C incubator with humidified air and 5%
CO2. The culture medium was changed twice a week. ALDE-
FLUOR assay was performed as described previously.(3)

ALDH1high and ALDH1low cells were defined as those in the
previous report.(3)

RNA preparation and reverse transcription-polymerase chain
reaction. Isolation of total RNA and RT-PCR analysis were
performed as described previously.(3) Primer pairs used for
RT-PCR analysis were 5′-GGGCTGAAAAGATTGGATCA-3′
and 5′-TTGTATTGGTGGGTGCTTCA-3′ for HGF with an
expected PCR product size of 245 base pairs (bp), 5′-CAGGC
AGTGCAGCATGTAGT-3′ and 5′-GATGATTCCCTCGGTCA
GAA-3′ for MET (hepatocyte growth factor receptor) with an
expected PCR product size of 201 bp, and 5′-ACCACAGTC
CATGCCATCAC-3′ and 5′-TCCACCACCCTGTTGCTGTA-3′
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) with
an expected product size of 452 bp.

Enzyme-linked immunosorbent assay. Sorted ALDH1high and
ALDH1low cells (10 000 cells each) were incubated in 150 lL
DMEM + 10% FCS media in each well of a 96-well plate for
48 h. Enzyme linked immunosorbent assay was performed for
detection of HGF in each cell culture supernatant (HGF
Human ELISA Kit, Abcam, Cambridge, UK). The absorbance
was measured at 450 nm. Data were obtained from seven inde-
pendent samples, and the data were statistically analyzed.

Western blotting and immunohistochemical staining. Western
blotting was performed as described previously.(5) Briefly,
5 9 104 of ALDH1high cells and ALDH1low cells were lysed
in 100 lL of SDS sample buffer. Anti-ALDH1 mouse mono-
clonal antibody (clone: 44 ⁄ALDH; BD Biosciences, San Jose,
CA, USA) was used at 1000-times dilution. Anti-HGF goat
polyclonal antibody (R&D Systems, Minneapolis, MN, USA)
and anti-MET goat polyclonal antibody (R&D Systems) were
used at 1000-times dilution. Anti-b-Actin mouse monoclonal
antibody (Sigma, St. Louis, MO, USA) was used at 2000-times
dilution. Anti-mouse IgG + IgM and anti-goat IgG and IgM
second antibodies (KPL) were uses at 2000-times dilution. The
membrane was visualized with Chemiluminescent HRP Sub-
strate (Millipore, Billerica, MA, USA) according to the manu-
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facturer’s protocol, and pictures were taken by Odyssey Fc
Imaging System (LI-COR, Lincoln, NE, USA).
Immunohistochemical staining using formalin-fixed paraffin-

embedded sections of surgically resected prostate carcinoma
was performed as described previously.(6) Anti-ALDH1 mouse
antibody was used at 250-times dilution. Anti-HGF mouse
monoclonal antibody (Abcam) was used at 10 lg ⁄mL. Anti-
SOX2 rabbit polyclonal antibody (Invitrogen, Palo Alto, CA,
USA) was used at 250-times dilution. Peroxidase-labeled goat
anti-rabbit polyclonal antibody (Nichirei, Tokyo, Japan) was
used as manufacturer’s protocol and visualized by 3,3′-
diaminobenzidine tetrachloride (DAB). Alkaline phosphatase-
labeled goat anti-mouse polyclonal antibody (Nichirei) was
used according to the manufacturer’s protocol and visualized
by New Fuchsin (Nichirei). Nucleus brown staining was
judged as positive staining for SOX2, and cytoplasm red stain-
ing was judged as positive staining for ALDH1 and HGF.

Prostasphere formation assay. Isolated ALDH1high and
ALDH1low cells were seeded into an Ultra-Low Attachment
Surface culture six-well plate (CORNING, Tewksbury, MA,
USA) at a concentration of 8 9 103 ⁄well and cultured in
DMEM ⁄F12 medium (Invitrogen, San Diego, CA, USA) sup-
plemented with 20 ng ⁄mL of epidermal growth factor (EGF;
Sigma-Aldrich, St. Louis, MO, USA), 10 ng ⁄mL of basic fibro-
blast growth factor (bFGF; Sigma-Aldrich), 10 ng ⁄mL of HGF
(Sigma-Aldrich) and 10 ng ⁄mL IGF-1 (Sigma-Aldrich). The
morphology of the cells was assayed and pictures were taken
under a light microscope every day. For inhibition of HGF,
anti-HGF antibody was supplemented at a concentration of
20 ng ⁄mL. Anti-HLA class I antibody (clone: W6 ⁄32) was used
as a negative control. Prostate myofibroblast culture supernatant
was obtained from myofibroblasts cultured in serum-free
DMEM media for 2 days. The myofibroblast supernatant was
supplemented in a sphere culture condition at 50% (v ⁄v).

MET mRNA knockdown by siRNA. A MET gene knockdown
experiment was performed using small interfering RNA (siR-
NA). MET siRNA duplex was obtained from Validated Stealth
RNAi siRNA systems (Oligo ID; HSS106479; Invitrogen).
Negative control siRNA was obtained from Invitrogen. 22Rv1
cells were seeded into a 24-well plate, and transfections were
carried out using Lipofectamine RNAi max (Invitrogen) in
Opti-MEM according to the manufacturer’s instructions.

Analysis of cell growth. Negative control cells and MET
knocked-down 22Rv1 cells were each seeded into a six-well
plate at 5 9 104 cells per well. After incubation for 24, 48 and
72 h, the cells were removed by trypsin and viable cell num-
bers were determined using Countess (Life Technologies).

Xenograft transplantation into NOD ⁄ SCID mice. Experiments
using animals were done in accordance with the institutional
guidelines for the use of laboratory animals. Bulk and MET
knocked-down cells were re-suspended at concentrations of
1 9 103 cells in 100 lL of PBS and Matrigel (BD Bioscienc-
es) mixture (1:1). The cells were injected subcutaneously into
the right and left mid-back areas of anesthetized 6-week-old
male non-obese diabetic ⁄ severe combined immunodeficiency
(NOD ⁄SCID) mice. The progression of cancer cell growth was
monitored weekly, and mice underwent autopsy at 50 days
after cell injection.

Statistical analysis. Data are presented as means � SD from
at least three independent experiments. Statistical analysis of
the data was performed by Student’s t-test. P-values of � 0.05
were considered statistically significant.

Results

Preferential growth factor gene expressions in prostate cancer
stem cells. We previously reported the successful isolation of
prostate CSCs ⁄CICs from the prostate carcinoma cell line 22Rv1

by the ALDEFLUOR assay as ALDHhigh cells, and we found that
more than 200 genes were overexpressed in prostate CSCs ⁄CICs
compared with expression levels in non-CSCs ⁄CICs.(3) The over-
expressed genes included the growth factors IGF1 and HGF.
Activation of c-MET, the receptor for HGF, is related to a stem-
like phenotype in prostate cancer cells,(7) and we therefore further
analyzed the function of HGF in this study. Upregulation of the
expression of IGF1 and HGF was confirmed by RT-PCR analysis,
whereas the expression levels of MET showed no significant dif-
ference in ALDHhigh and ALDHlow cells (Fig. 1A). Hepatocyte
growth factor protein expression level was higher in ALDH1high

cells than in ALDH1low cells, whereas MET protein expression
level were similar in ALDH1high cells and ALDH1low cells
(Fig. 1B). Stem cell markers including SOX2, POU5F1 and
NANOG were described to be overexpressed in prostate
CSCs ⁄CICs.(8) To address expressions of ALDH1 and HGF in
stem cells of prostate cancer tissue, we performed double immu-
nohistochemical staining using anti-ALDH1 antibody, anti-HGF
antibody and anti-SOX2 antibody as a prostate CSC ⁄CIC marker.
Part of SOX2-positive prostate adenocarcinoma cells exhibited
positive expression of ALDH1 and HGF (Fig. 1C). Thus ALDH1
and HGF proteins were expressed in prostate CSCs ⁄CICs in pri-
mary prostate cancer tissue.

Prostate cancer stem cells secrete a growth factor, HGF. Hepa-
tocyte growth factor protein secretion by ALDHhigh cells was
investigated by ELISA. The mean HGF level in ALDHhigh cell
culture medium was 7.499 pg ⁄mL, whereas HGF level in
ALDHlow cell culture medium was 1.082 pg ⁄mL (Fig. 1D),
and the difference was statistically significant (P < 0.05).

Growth factors enhance prostasphere formation. Non-adher-
ent sphere-forming assays are increasingly being used to evalu-
ate stem cell phenotypes in normal tissues as well as putative
CSCs ⁄CICs. We previously reported that ALDH1high cells
have higher sphere-forming ability than that of ALDH1low

cells using EGF and bFGF.(3) In the present study, we found
that growth factors (HGF and IGF1) are overexpressed in
ALDH1high cells compared with the expression in ALDH1low

cells, and we therefore investigated the effects of growth fac-
tors on sphere-forming ability of prostate carcinoma cells.
Eight thousand prostate carcinoma cells were incubated in
ultra-low attachment surface culture dishes in serum-free cul-
ture media with or without additional growth factors (IGF1
and HGF). The addition of HGF onto EGF and bFGF
enhanced sphere formation, whereas the addition of IGF1 onto
EGF and bFGF did not enhance sphere formation. The addi-
tion of both HGF and IGF1 resulted in maximum sphere for-
mation of ALDH1high cells (Fig. 2A). Growth factors increased
sphere formation of both ALDH1high and ALDH1low cells, and
ALDH1high cells cultured with growth factors showed the high-
est sphere formation efficiency (Fig. 2B,C).
Since ALDH1high cells secrete HGF, we hypothesized that

HGF secreted from ALDH1high cells has a role in sphere for-
mation of ALDH1high cells in an autocrine fashion. We there-
fore added anti-HGF mAb to the sphere culture supplemented
with only EGF and bFGF. The anti-HGF mAb significantly
suppressed sphere formation of ALDH1high cells (Fig. 3).
Since HGF is secreted from mesenchymal cells, we hypothe-

sized that HGF secreted from stromal cells also has a role in
the maintenance of prostate CSCs ⁄CICs. To address this ques-
tion, myofibroblasts derived from the prostate were cultured,
and the culture supernatant was added to ALDH1high cells.
The myofibloblast supernatant increased the sphere formation
of ALDH1high cells, which was inhibited by anti-HGF mAb
(Fig. 4). These results indicate that HGF derived from both
ALDH1high cells and stromal cells has a role in the mainte-
nance of prostate CSCs ⁄CICs.

c-MET has a role in the maintenance of prostate cancer stem
cells both in vitro and in vivo. To confirm the roles of HGF in
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Fig. 1. Expression of growth factors and receptors in prostate cancer stem-like cells (CSCs) ⁄ cancer-initiating cells (CICs). (A) Reverse transcrip-
tion-polymerase chain reaction (RT-PCR) of HGF, IGF1 and MET in ALDH1high cells and ALDH1low cells. HGF, IGF1 and MET mRNA expression was
evaluated by RT-PCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a positive control. (B) Western blot analysis of ALDH1,
hepatocyte growth factor (HGF) and c-MET. Western blot analysis using 5 9 104 ALDH1high cells and ALDH1low cells was performed. Anti-b-Actin
was used as an internal control. (C) ALDH1 and HGF expression in primary prostate CSCs ⁄ CICs. Prostate adenocarcinoma tissue was stained by
anti-SOX2 and anti-ALDH1 (left panel) and anti-SOX2 and anti-HGF (right panel). Nucleus brown staining was judged as positive staining for
SOX2, and cytoplasm red staining was judged as positive staining for ALDH1 and HGF. Arrows indicate SOX2 and ALDH1 double positive cells
and SOX2 and HGF double positive cells. Magnification, 9400. (D) Hepatocyte growth factor secretion by ALDH1high cells and ALDH1low cells. Iso-
lated ALDH1high cells and ALDH1low cells were incubated in a 96-well plate for 2 days. Then HGF was evaluated by enzyme linked immunosor-
bent assay (ELISA). Control represents only culture medium. Asterisks represents statistically significant difference (P < 0.05, t-test).

(A)

(B) (C)

Fig. 2. Growth factors enhance prostasphere formation in vitro. (A) Prostasphere formation was increased by hepatocyte growth factor (HGF).
Prostasphere formation was performed in serum-free Dulbecco’s modified eagle medium (DMEM) ⁄ F12 media. Growth factors were added to the
prostasphere culture. Representative pictures of prostaspheres are shown. Magnification, 9100. (B) Representative pictures of prostaspheres
formed by ALDH1high cells and ALDH1low cells. ALDH1high cells and ALDH1low cells were cultured with or without HGF and IGF1. Representative
pictures are shown. Magnification 9100. (C) Prostasphere formation of ALDH1high cells and ALDH1low cells with or without growth factors (HGF
and IGF1). ALDH1high cells and ALDH1low cells were cultured in serum-free media with or without HGF and IGF1. The numbers of prostaspheres
were evaluated at day 3. Asterisks represents statistically significant difference (P < 0.05, t-test).
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Fig. 3. Prostasphere formation was inhibited by
anti-hepatocyte growth factor (HGF) antibody.
ALDH1high cells were cultured in Dulbecco’s
modified eagle medium (DMEM) ⁄ F12 medium
supplemented with epidermal growth factor (EGF)
and basic fibroblast growth factor (bFGF). Anti-HGF
antibody and control antibody were added to the
culture. Representative pictures are shown (A).
Magnification, 9100. The numbers of prostaspheres
were evaluated at day 3 (B). Asterisks represents
statistically significant difference (P < 0.05, t-test).

(A) (B)

Fig. 4. Prostasphere formation was increased by
supernatant of prostate myofibroblasts. ALDH1high

cells were cultured in Dulbecco’s modified eagle
medium (DMEM) ⁄ F12 medium supplemented with
epidermal growth factor (EGF) and basic fibroblast
growth factor (bFGF). Fifty percent (v ⁄ v) of
myofibroblast culture supernatant was added to
culture. Anti-HGF antibody and control antibody
were added to the culture. Representative pictures
are shown (A). Magnification, 9100. The numbers of
prostaspheres were evaluated at day 3 (B). Asterisks
represents statistically significant difference (P < 0.05,
t-test).

(A) (B)

(C)

(D)

(E)

(F)

Fig. 5. c-MET has a role in the maintenance of prostate cancer stem-like cells (CSCs) ⁄ cancer-initiating cells (CICs). (A) Reverse transcription-
polymerase chain reaction (RT-PCR) of MET knockdown cells. MET-specific siRNA and control siRNA were transfected into 22Rv1 cells. Two days
after transfection, total RNA was purified and analyzed by RT-PCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal
control. (B) ALDEFLUOR assay of MET knockdown cells. MET siRNA3- and control siRNA-transfected 22Rv1 cells were analyzed by ALDEFLUOR
assay. Percentages indicate rates of ALDH1high cells. (C) MET gene knockdown inhibited cell growth in vitro. MET siRNA3- and control siRNA-
transfected 22Rv1 cells were seeded into a six-well plate, and cell numbers were counted at 24, 48 and 72 h. An asterisk represents a statistically
significant difference (P < 0.05, t-test). (D) MET gene knockdown inhibited prostasphere formation in vitro. MET siRNA3- and control siRNA-
transfected 22Rv1 cells were seeded into an Ultra-Low Attachment plate and cultured for 3 days. (E) MET gene knockdown inhibited tumor initi-
ation in vivo. MET siRNA3- and control siRNA-transfected 22Rv1 cells were transplanted into male NOD ⁄ SCID mice subcutaneously. Tumor growth
was measured every week. Tumor growth curve and a representative picture are shown. An asterisk represents a statistically significant differ-
ence (P < 0.05, t-test). (F) ALDH1 expression in MET knockdown tumor. ALDH1 expression was investigated by immunohistochemical staining.
Representative pictures are shown. Magnification, 9100.
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cell growth and tumorigenicity, we performed gene-knock-
down studies using siRNA of c-MET, the HGF receptor
(Fig. 5A). Gene knockdown of c-MET mRNA did not affect
the rate of ALDH1high cells, whereas it suppressed cell growth
in vitro and sphere formation (Fig. 5B–D).
To evaluate the role of HGF in tumorigenicity, 1 9 103 neg-

ative control and siRNA-transfected 22Rv1 cells were injected
into the backs of NOD ⁄SCID mice (n = 4). The tumors derived
from siRNA-transfected 22Rv1 cells were significantly smaller
than those derived from negative control cells (P < 0.05,
Fig. 5E), whereas ALDH1 expression was not suppressed by c-
MET siRNA (Fig. 5F). These results indicate that MET signal-
ing has a role in the maintenance of prostate CSCs ⁄CICs,
whereas it has no role in the expression of ALDH1.

Discussion

Hepatocyte growth factor is a paracrine factor produced by
cells of mesenchymal origin, while the HGF receptor, c-MET,
is expressed by epithelial and endothelial cells.(9) Hepatocyte
growth factor is a heterodimeric protein comprised of a 55–
60-kDa a chain and a 32–34-kDa b chain linked by a single
disulfide bond. c-MET is a tyrosine kinase receptor with a
single transmembrane spanning region and a conserved tyro-
sine kinase domain. c-MET is translated as a single polypep-
tide chain that is proteolytically cleaved to form an
approximately 145-kDa b heavy chain and an approximately
35-kDa a light chain linked by a single disulfide bond. Signal
transduction by HGF leads to a variety of biological
responses including proliferation, migration and morphogene-
sis. Hepatocyte growth factor plays important roles in the pro-
gression of many invasive and metastatic cancers.(10) The
interaction between tumor cells and their surrounding stromal
environment remains a crucial factor governing tumor inva-
sion and metastasis.
c-MET receptor tyrosine kinase had been shown to be

involved in tumor proliferation and progression, and overex-
pression of c-MET has been shown to be associated with
advanced prostate cancer.(11–15) These findings suggested that

the strategy of inhibiting the activation of both HGF ⁄ c-MET
and androgen receptor (AR) signaling pathways should be con-
sidered in the treatment of advanced prostate cancer. It has
recently been reported that c-MET inhibitors demonstrated
anti-proliferative efficacy when combined with androgen abla-
tion therapy for advanced prostate cancer.(16)

It has been reported that c-MET was overexpressed in
immature DU145 prostate carcinoma cells and that c-MET
signaling has a role in induction of a stem-like cell pheno-
type.(5) On the other hand, c-MET was expressed in both
ALDH1high cells and ALDH1low cells derived from 22Rv1
prostate carcinoma cells at similar levels, whereas its ligand
HGF was overexpressed in ALDH1high cells.(3) ALDH1high

cells secrete a larger amount of HGF than do ALDH1low cells,
and HGF together with IGF1 enhanced the efficiency of sphere
formation in vitro. Gene knockdown of c-MET inhibited cell
growth in vitro and abrogated the sphere-forming ability and
tumor-initiating ability in NOD ⁄SCID mice. Therefore, our
results indicate that activation of c-MET signaling has a role
in the maintenance of prostate CSCs ⁄CICs and that c-MET
activation might be caused by HGF secretion from prostate
CSCs ⁄CICs, not by overexpression of c-MET.
Hepatocyte growth factor ⁄ c-MET signaling is related to epi-

thelial-mesenchymal transition (EMT), anoikis and dissemina-
tion in gastric carcinoma cells, and high expression levels of
HGF and c-MET in gastric carcinoma specimens are related to
poor prognosis.(17) In colon carcinoma cells, HGF secreted by
stromal fibroblasts is required for nuclear localization of b-cate-
nin, which is essential for maintenance of colon CSCs ⁄CICs.(18)
Cancer-associated fibroblasts (CAFs) are a candidate of HGF
secretion, and we actually confirmed that the culture supernatant
of myofibroblasts derived from the prostate enhanced prosta-
sphere formation. Therefore, we hypothesize that both prostate
CSCs ⁄CICs and fibroblasts secrete HGF and that HGF has a role
in maintenance of prostate CSCs ⁄CICs in autocrine and para-
crine fashions. Hepatocyte growth factor may also enable non-
CSCs ⁄CICs to obtain malignant phenotypes including stemness
in a paracrine fashion through activating the Wnt ⁄b-catenin
signal (Fig. 6).
In summary, HGF ⁄ c-MET signaling has a major role in the

maintenance of prostate CSCs ⁄CICs. Prostate CSCs ⁄CICs
secrete HGF, and HGF may stimulate c-MET expressed on
prostate CSCs ⁄CICs in an autocrine fashion. Blocking HGF ⁄
c-MET autocrine activation might be a promising approach to
target prostate CSCs ⁄CICs.
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