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ABSTRACT
In the tumor microenvironment, carcinoma-associated fibroblasts (CAFs) are considered to play a critical role in the promotion of

tumorigenesis. However, the mechanisms that generate CAFs are not well elucidated. To understand how CAFs are generated during

primary cancer progression, we investigated the biochemical characteristics of normal human prostate stromal cells (PrSC) co-cultured with

human prostate cancer (PCa) cells in vitro. In primary cultures of human PCa-derived stromal cells (PCaSC-8 and PCaSC-9), expression of

TNC, ACTA2, EGF, FGF7, and IGF1mRNA was generally higher than PrSC but gene expression patterns were not uniform between PCaSC-8

and PCaSC-9 cells. Transforming growth factor b (TGFb) and vascular endothelial growth factor (VEGF) protein levels in both PCaSC-8 and

PCaSC-9 cells were generally higher than PrSC but levels of both secreted proteins were not same. When PrSCs were co-cultured with

androgen-sensitive LNCaP cells or its sublines, androgen-low-sensitive E9 cells and androgen-insensitive AIDL cells, mRNA expression of

IGF1was significantly increased in all combinations. In contrast, expression of COL1A1, TNC, and ACTA2mRNA was significantly increased

only in LNCaPþ PrSC and E9þ PrSC co-cultures. Protein production of VEGF was significantly increased only in LNCaPþ PrSC

and E9þ PrSC co-cultures. Increase of TGFb protein was observed only in E9þ PrSC co-cultures. These biochemical characteristics of

PrSC were partially recapitulated in TGFb-treated PrSC. We have demonstrated that normal fibroblasts co-cultured with cancer cells

become activated and exhibit biochemical characteristics of CAFs in a heterogenous manner. Our results suggest that heterogenous induction

of CAF-like differentiation might be strongly dependent on biochemical characteristics of adjacent cancer cells. J. Cell. Biochem. 112: 3604–

3611, 2011. � 2011 Wiley Periodicals, Inc.
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I n the tumor microenvironment, activation of tumor–stromal

interactions is considered to play a critical role in the promotion

of tumorigenesis [Olumi et al., 1999; Tuxhorn et al., 2002b; Orimo

et al., 2005]. Tumor stroma surrounding cancer cells is enriched in

activated fibroblasts/myofibroblasts called ‘‘carcinoma-associated

fibroblasts’’ (CAFs) [Micke and Ostman, 2004]. CAFs surrounding

cancer cells secrete extracellular matrix (ECM) proteins and a

number of growth factors to support the survival and proliferation

of cancer cells in a paracrine fashion [Bhowmick et al., 2004a].

However, the mechanisms that generate CAFs in the tumor

microenvironment are not well elucidated.

Prostate cancer (PCa) is interesting because of the multi-focal and

heterologous progression in primary tumors [Qian et al., 1997].

Recent in vivo studies have demonstrated that the heterogenous
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stromal compartment of the prostate has multiple populations of

fibroblasts that are associated with tumorigenesis [Franco et al.,

2011; Kiskowski et al., 2011]. Clinically, reactive stromal grading in

radical prostatectomies or biopsies is a predictor of recurrence. In

addition, high reactive stromal grading is associated with lower

biochemical recurrence-free survival rates than low reactive stromal

grading [Ayala et al., 2003; Yanagisawa et al., 2007]. Recently, we

have reported that periostin expression in CAFs was increased in the

early stages of PCa tissues (Gleason score 6–7) and was significantly

correlated with the degree of malignancy [Tsunoda et al., 2009]. Up-

regulation of collagen I, tenascin-C (TN-C), and transforming

growth factor b (TGFb) have been observed in PCa specimens

[Tuxhorn et al., 2002a]. In addition, the phenotype of cultured

prostate CAFs expressing high levels of CD90, a marker of

mesenchymal stem cells (MSCs), has been reported to show more

tumor-promoting than that of cells expressing low CD90 [Zhao and

Peehl, 2009]. CD90hi cells expressed higher levels of many genes

associated with tumor promotion, including TGFb, angiogenic

factors vascular endothelial growth factor (VEGF) and fibroblast

growth factor (FGF)-2, and cytokines interleukin (IL)-6 and

chemokine (C-X-C motif) ligand (CXCL) 12. Several studies have

shown that isolated CAFs from PCa specimens are not uniform and

have specific biochemical characteristics [San Francisco et al., 2004;

Mizokami et al., 2009; Sun et al., 2010]. The variety of CAFs may

reflect different cell lineages or may be the result of site-specific

induction [Kalluri and Zeisberg, 2006]. In PCa specimens, different

malignant cell types in a tissue are heterogenously observed. This

pathological feature led us to hypothesize that the generation of

CAFs in PCa may be dependent on the biochemical characteristics of

adjacent cancer cells. We still know very little about what tumor-

promoting CAFs are, and what distinguishes them from other

fibroblasts found in the same tissue. CAFs express vimentin and the

smooth muscle marker alpha-smooth muscle actin (aSMA). Thus,

CAFs resemble myofibroblasts but the origin of these cells is still

unclear. CAFs could be derived from fibroblasts, fibroblast

precursors, myofibroblasts, or different cell types such as bone

marrow-derived MSCs, preadipocytes, or smooth muscle cells

[Shimoda et al., 2010].

Decrease or loss of androgen-sensitivity in PCa is a clinical

concern. To compare the biochemical characteristics of androgen-

insensitive cancer cells with those of androgen-sensitive PCa cells,

we generated two sublines from androgen-sensitive LNCaP cells: E9

cells (low androgen-sensitivity) [Iguchi et al., 2007] and androgen-

insensitive AIDL cells [Onishi et al., 2001]. The parental LNCaP cells

and the E9 and AIDL derivative cells express androgen receptor (AR)

protein in equal amounts, but androgen-dependent prostate-specific

antigen (PSA) secretion is detected only in LNCaP cells [Ishii et al.,

2009]. We have shown that recombination of E9 cells or AIDL cells

with embryonic rat urogenital mesenchyme (UGM) promoted tumor

progression in vivo even under androgen ablation [Ishii et al., 2009].

We hypothesized that different biological characteristics of

cancer cells might generate various CAFs in a tumor tissue. In this

study, to investigate the differential ability of cancer cells to induce

CAF-like differentiation, we performed in vitro co-culture experi-

ments using a commercialized normal human prostate stromal cell

(PrSC) and LNCaP, E9, and AIDL cells.

MATERIALS AND METHODS

REAGENTS

Recombinant human TGFb1 and mouse sonic hedgehog (SHH;

C25II) N-terminus were purchased from R&D Systems, Inc.

(Minneapolis, MN). Phenylephrine (PE), dihydrotestosterone

(DHT), and estradiol (E2) were purchased from Sigma–Aldrich,

Inc. (St. Louis, MO).

CELL CULTURE

The androgen-sensitive, AR-positive, human PCa cell line LNCaP

was obtained from American Type Culture Collection (Rockville,

MD). Androgen-low-sensitive E9 cells were obtained from the

parental LNCaP cell population by a limiting dilution method in

regular culture conditions [Iguchi et al., 2007]. In contrast, the

androgen-insensitive AIDL cells were established from parental

LNCaP cells by continuous passaging in hormone-depleted

conditions [Onishi et al., 2001]. LNCaP and E9 cells were cultured

in phenol red (þ) RPMI-1640 supplemented with 10% fetal bovine

serum (FBS) and 1% antibiotic/antimycotic solution. AIDL cells were

cultured in phenol red (�) RPMI-1640 supplemented with 10%

charcoal-stripped (CS)-FBS and 1% antibiotic/antimycotic solution.

The androgen-sensitivity of parental LNCaP, E9, and AIDL cells was

confirmed by the change of PSA mRNA expression in cell cultures

treated with synthetic androgen R1881 [Ishii et al., 2009].

Normal human PrSC were purchased from Lonza Group Ltd.

(Basel, Switzerland). PCaSC-8 and PCaSC-9 cells were primary

cultured from different human PCa specimens as previously

described [Mizokami et al., 2009]. PCaSC-8 cells were isolated

from a patient whose clinical characteristics were serum PSA on

diagnosis: 246 ng/ml; Gleason score: 4þ 5; stage on diagnosis: T4,

N0, M1. In addition, PCaSC-9 cells were isolated from another

patient whose clinical characteristics were serum PSA on diagnosis:

180 ng/ml; Gleason score: 5þ 4; stage on diagnosis: T3b, N0, M0.

PrSC, PCaSC-8, and PCaSC-9 were maintained using the SCGM

Bullet Kit (Lonza Group Ltd.).

CO-CULTURE OF PrSC WITH PCa CELLS

PrSC and PCa cells, parental LNCaP, E9, or AIDL, were cultured in

six-well plates using cell culture inserts (BD Falcon, Franklin Lakes,

NJ), which physically separates the two cell types but allows

diffusion between the two cell compartments (pore size, 1.0mm).

On day 1, PrSC (8� 103 cells/well) were seeded in SCBM media into

the cell culture inserts, while parental LNCaP, E9 or AIDL cells

(4� 104 cells/well) were seeded into six-well plates in phenol red (þ)

RPMI-1640 supplemented with 10% FBS or in phenol red (�) RPMI-

1640 supplemented with 10% CS-FBS, respectively. On day 2,

the culture media for PrSC and PCa cells were replaced with

keratinocyte-SFM (K-SFM; Gibco BRL, Grand Island, NY) supple-

mented with 2% FBS and the inserts with PrSC were then placed into

six-well plates containing PCa cells for a further 3 days.

TREATMENT OF PrSC WITH GROWTH FACTORS,

NEUROTRANSMITTER, AND SEX STEROID HORMONES

On day 1, PrSC (8� 103 cells/well) were cultured in SCBMmedia in a

six-well plate. On day 2, the culture media was replaced with 2%
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FBS-K-SFM media containing 1 ng/ml TGFb, 100 ng/ml SHH,

10mM PE, 1 nM DHT, and 1 nM E2 for 3 days.

ELISA

For the quantitative determination of TGFb1 and VEGF proteins,

aliquots of conditioned medium were collected and subjected to

ELISA using the Quantikine1 human TGF-b1 or the Quantikine1

human VEGF immunoassay kit (R&D Systems).

RNA EXTRACTION AND cDNA PREPARATION

Total RNA was extracted using the RNeasy Mini Kit (Qiagen Inc.,

Valencia, CA) in accordance with the manufacturer’s instructions.

The RNA concentration was then determined spectrophotometrical-

ly. From 50 ng of total RNA, cDNA was reverse transcribed using

the High Capacity RNA-to-cDNA Kit (Applied Biosystems, Foster

City, CA).

REAL-TIME POLYMERASE CHAIN REACTION (PCR) ANALYSES

TaqMan quantitative PCR was performed with an Applied

Biosystems StepOneTM Real-Time PCR system (Applied Biosystems).

TaqMan1 Gene Expression Assays for COL1A1 (Hs01076777_

m1), TNC (Hs01115665_m1), ACTA2 (Hs00426835_g1), EGF

(Hs01099999_m1), FGF2 (Hs00960934_m1), FGF7 (Hs00940253_

m1), HGF (Hs00300159_m1), and IGF1 (Hs01547657_m1) were

used with EagleTaq Master Mix containing ROX (Roche Diagnostics,

Mannheim, Germany). All data were analyzed with StepOneTM

Software v2.1 (Applied Biosystems) and normalized to GAPDH

mRNA levels.

STATISTICAL ANALYSIS

The results were expressed as the mean� SD. Differences between

the two groups were determined using a Student’s t-test. Values of

P< 0.05 were considered statistically significant.

RESULTS

BIOCHEMICAL CHARACTERISTICS OF HUMAN PCa-DERIVED

STROMAL CELLS

Our previous study reported the fibroblastic characteristics of

the commercialized normal human PrSC [Hori et al., 2011]. As

illustrated in Figure 1A, PCaSC-8 and PCaSC-9 cells showed an

expanded and flattened cell shape as compared with PrSC. In PCaSC-

8 cells, expression of mRNA for TNC, ACTA2, EGF, FGF7, HGF, and

IGF1 was significantly higher than PrSC (Fig. 1B). In PCaSC-9 cells,

expression of mRNA for COL1A1, TNC, ACTA2, EGF, FGF2, FGF7,

and IGF1 was significantly higher than PrSC (Fig. 1B). Although

elevated mRNA expression of TNC, ACTA2, EGF, FGF7, and IGF1

was observed in both PCaSC-8 and PCaSC-9 cells, the biochemical

characteristics of each were strongly heterogenous. Both PCaSC-8

and PCaSC-9 cells secreted abundant TGFb1 protein as compared

with PrSC (Fig. 1C). However, the production of TGFb protein in

PCaSC-9 cells was higher than PCaSC-8 cells. Expression of VEGF

protein followed this same pattern (Fig. 1D). Thus, PCaSC-8

and PCaSC-9 cells had both common and specific biochemical

characteristics.

INDUCTION OF CAFS-LIKE DIFFERENTIATION IN PrSC

CO-CULTURED WITH PCa CELLS

To understand the physiological changes occurring in the hormone-

refractory state, we used the E9 and AIDL cell sublines derived from

androgen-sensitive LNCaP cells. When PrSC were co-cultured with

each of the three PCa cell lines in vitro, expression of COL1A1, TNC,

ACTA2, and IGF1 mRNA was significantly increased only in

LNCaPþ PrSC and E9þ PrSC co-cultures (Fig. 2A). Induction of

IGF1 but not EGF, FGF2, FGF7, or HGF mRNA was observed in all

PCaþ PrSC co-cultures. Increased expression of TGFb1 protein

was observed only in E9þ PrSC co-cultures (Fig. 2B). VEGF

protein levels were increased in both LNCaPþ PrSC and E9þ PrSC

co-cultures but not in AIDLþ PrSC co-cultures (Fig. 2C).

EFFECTS OF GROWTH FACTORS, NEUROTRANSMITTER, AND

SEX STEROID HORMONES ON BIOCHEMICAL CHARACTERISTICS

OF PrSC

During prostatic development, growth factors, neurotransmitters,

and sex steroid hormones are involved in regulating growth and

differentiation of prostatic stromal cells [Smith et al., 2000; Cunha

et al., 2004]. To investigate the specific factors that induced the CAF

phenotype in PrSC co-cultured with PCa cells, we tested the effects

of growth factors (TGFb1 and SHH), the neurotransmitter (PE),

and the sex steroid hormones (DHT and E2) on the biochemical

characteristics of PrSC.

TGFb1-treated PrSC were exhibited a spindle-shape as compared

with untreated PrSC (Fig. 3B). No significant difference in cell

morphology was observed in SHH-, PE-, DHT-, or E2-treated PrSC.

In TGFb1-treated PrSC, expression of COL1A1, TNC, ACTA2, and

IGF1mRNA was significantly increased, while FGF7 and HGF were

significantly decreased (Fig. 4A). In SHH-treated PrSC, only COL1A1

mRNA expression was significantly induced (Fig. 4B). No significant

difference in mRNA expression was observed in PE-treated PrSC

(Fig. 4C). In DHT-treated PrSC, expression of COL1A1 and ACTA2

were significantly decreased (Fig. 4D). In E2-treated PrSC, mRNA

expression of FGF7 was significantly decreased (Fig. 4E).

Production of VEGF protein was significantly increased only in

TGFb1-treated PrSC, while it was significantly decreased in PE- and

DHT-treated PrSC (Fig. 4F). Thus, TGFb1-treated PrSC recapitulated

biochemical characteristics similar, but not identical, to those seen

in PrSCþ PCa co-cultured cells.

To confirm whether TGFb1 derived from PCa cells could induce a

CAF-like phenotype in PrSC in vitro, we measured the secretion

level of TGFb1 protein from PrSC and human PCa cells (LNCaP cells,

E9 cells, and AIDL cells). TGFb1 secretion (fg/cell) in PrSC, LNCaP

cells, E9 cells, and AIDL cells were 8.320� 0.651, 0.468� 0.011

(LNCaP/PrSC: 1/17.8), 0.626� 0.011 (E9/PrSC: 1/13.3), and 1.348�
0.187 (AIDL/PrSC: 1/6.2), respectively (Fig. 5). This result indicated

that TGFb1 secretion from LNCaP cells and its sublines was quite

low as compared with that from PrSC.

DISCUSSION

It is widely accepted that most human cancer results from the

accumulation of somatic mutations in epithelial cells. The behavior
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of cancer cells is influenced by the tumor microenvironment

including CAFs, ECM proteins, blood vasculature, and inflammatory

cells. At present it is not clear how cancer cells act to influence the

generation of this reactive stroma and to what extent this is a result

of phenotypic changes in resident cells versus recruitment of cells

from other sites.

During primary cancer progression, CAFs communicate with

cancer cells through the secretion of growth factors, chemokines,

and cytokines [Bhowmick et al., 2004b]. For instance, CAF-derived

TGFb, EGF, FGFs, VEGF, MMPs, and a number of other factors have

been implicated in epithelial cancer progression [Bhowmick et al.,

2004b; Kalluri and Zeisberg, 2006; Ao et al., 2007]. Recently, Ishii

et al. [2010] reported that CAFs derived from human lung cancer

specimens retain their enhanced migratory activity for a while after

separation from the cancer cells. Thus, CAFs can maintain their

ability to stimulate cancer progression suggesting that inhibition of

generation of CAFs in tumor tissues could be a new target for control

of primary cancer progression.

Appearance of CAFs and ECM deposition in tumor tissues have

been reported in many types of human cancer [Kalluri and Zeisberg,

2006]. In particular, CAFs provide potentially oncogenic signals:

(1) CAF-derived TN-C and TGFb participate in acceleration of cancer

cell invasion; (2) CAF-derived growth factors and angiogenic factor

VEGF can stimulate cancer progression including angiogenesis. In

this study, primary cultured PCaSC-8 and/or PCaSC-9 cells derived

from human PCa specimens displayed significantly higher mRNA

expression of COL1A1, TNC, EGF, FGF2, FGF7, HGF, and IGF1. The

role of ECM proteins in tumorigenesis includes effects on epithelial

Fig. 1. Characteristics of human PCa specimen-derived stromal cells. A: Cell morphology of PrSC, PCaSC-8, and PCaSC-9 cells in vitro. Magnification�200. B: Total RNA was

isolated from the cells and then subjected to TaqMan quantitative RT-PCR analysis. The relative expression of mRNA for stromal markers (COL1A1, TNC, and ACTA2) and growth

factors (EGF, FGF2, FGF7, HGF, and IGF1) were determined in PrSC, PCaSC-8, and PCaSC-9 cells. All of the qRT-PCR data were normalized to GAPDHmRNA levels. C,D: Secretion

of TGFb1 and VEGF from human PCa specimen-derived stromal cells. For the quantitative determination of TGFb1 (C) and VEGF (D), aliquots of conditioned medium were

subjected to ELISA. �P< 0.05, ��P< 0.01 versus PrSC.
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Fig. 2. Induction of CAF differentiation in PrSC co-cultured with PCa cells. PrSC were co-cultured with PCa cells, either parental LNCaP or its sublines E9 and AIDL, using cell

culture inserts for 3 days. Total RNA was isolated from each PrSC co-culture and then subjected to TaqMan quantitative RT-PCR analysis. A: The relative mRNA expression of

stromal markers (COL1A1, TNC, and ACTA2) and growth factors (EGF, FGF2, FGF7, HGF, and IGF1) was determined in untreated PrSC, LNCaPþ PrSC, E9þ PrSC, and AIDLþ PrSC.

All of the qRT-PCR data were normalized to GAPDH mRNA levels. B,C: Secretion of TGFb1 and VEGF from PrSC co-cultured with PCa cells. For the quantitative determination of

TGFb1 (B) and VEGF (C), aliquots of conditioned medium were subjected to ELISA. �P< 0.05, ��P< 0.01 versus untreated PrSC.

Fig. 3. Effects of growth factors, neurotransmitter, and sex steroid hormones on cell morphology of PrSC. PrSC was treated with 1 ng/ml TGFb1 (B), 100 ng/ml SHH (C), 10mM

PE (D), 1 nM DHT (E), and 1 nM E2 (F) for 3 days. Arrowheads indicate the spindle shape of PrSC as compared with untreated PrSC (A). Magnification �200.

3608 INDUCTION OF CAF-LIKE DIFFERENTIATION JOURNAL OF CELLULAR BIOCHEMISTRY



polarity and angiogenesis [Park et al., 2000]. In contrast, CAF-

derived growth factors are predominantly stimulators of cancer cell

proliferation and can play a part in promoting the carcinogenic

process [Bhowmick and Moses, 2005]. Importantly, expression

profiles of CAF-related genes were not uniform between PCaSC-8

and PCaSC-9 cells suggesting that the biochemical characteristics of

human PCa specimen-derived CAFs must be quite heterogenous.

Previous studies focused on the different biochemical characteristics

of human PCa specimen-derived CAFs and adjacent normal

fibroblasts showing biochemical differences between these cells

[San Francisco et al., 2004; Sun et al., 2010].

In this study, we used three cancer cell lines for in vitro co-culture

experiments: androgen-sensitive LNCaP cells and its derivative

sublines, androgen-low-sensitive E9 cells and androgen-insensitive

Fig. 4. Effects of growth factors, neurotransmitter, and sex steroid hormones on gene expression profiles and VEGF secretion in PrSC. PrSC was treated with 1 ng/ml

TGFb1 (A), 100 ng/ml SHH (B), 10mM PE (C), 1 nM DHT (D), and 1 nM E2 (E) for 3 days. Total RNA was isolated from each co-culture of PrSC and subjected to TaqMan

quantitative RT-PCR analysis. The relative mRNA expression of stromal markers (COL1A1, TNC, and ACTA2) and growth factors (EGF, FGF2, FGF7, HGF, and IGF1) were

determined. All of the qRT-PCR data were normalized to GAPDH mRNA levels. F: For the quantitative determination of VEGF, aliquots of conditioned medium were subjected to

ELISA. �P< 0.05, ��P< 0.01 versus untreated PrSC.
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AIDL cells. Co-cultures of PrSC with PCa cells in vitro changed

cytogenetic and biochemical profiles in a cancer cell line-specific

manner. Our previous studies demonstrated that E9 cells and AIDL

cells acquired a more aggressive phenotype in vitro and in vivo as

compared with parental LNCaP cells [Iguchi et al., 2004, 2007; Ishii

et al., 2009]. However, we have not investigated in detail the

differences in biochemical characteristics among these three cell

lines. Here, we have shown that the biochemical characteristics of

PrSC co-cultured with E9 cells but not LNCaP cells and AIDL cells

resembled the phenotypes of PCaSC-8 and PCaSC-9 cells. This

supports the idea that the heterogenous induction of a CAF-like

phenotype might be strongly dependent on the specific character-

istics of adjacent cancer cells.

The CAFs in tumor tissues must be generated in response to

specific signals from adjacent cancer cells. Although the origins of

CAFs have not been well defined, abundant normal fibroblasts are

present in prostate tissues. Verona et al. [2007] reported that TGFb-

stimulated PrSC express a number of genes related to myofibro-

blastic differentiation including COL11A1, TNC, and ACTA2 and

promoted CAFs formation and carcinoma growth in vivo. Our results

confirmed their findings (Fig. 4) suggesting that TGFb derived from

human PCa cells could be a main factor to generate CAFs in adjacent

normal fibroblasts. TGFb participates in cellular proliferation and

differentiation not only during normal processes such as embryonic

development and wound healing but also during abnormal

processes such as cancer progression and angiogenesis [Bhowmick

et al., 2004a]. There is often increased expression of TGFb in many

tumor tissues. The sources of TGFb include cancer cells and

inflammatory cells as well as the CAFs themselves in many cases

[Gold, 1999]. Loss of TGFbRII in a proportion of stromal cells is a

common observation adjacent to PCa foci [Li et al., 2008]. Such

changes can potentially result in interactions between sub-

populations of cells within the stroma facilitating increased TGFb

expression by the stromal cells which have lost the receptor [Franco

et al., 2011; Kiskowski et al., 2011]. In this study, we found that

TGFb secretion from LNCaP cells and its sublines was quite low as

compared with that of PrSC (Fig. 5). Recently, Jotzu et al. [2011]

demonstrated that human adipose tissue-derived stem cells (hASCs)

can differentiate into a CAF-like phenotype when treated with

human breast cancer cell line-derived TGFb. They confirmed that

secretion of TGFb protein from hASCs was not detected, while a

significant amount of TGFb protein was detected in the conditioned

medium from the human breast cancer cell lines. The experiments

presented here suggest that the situation is more complex than a

single factor resulting in a normal to CAF phenotypic switch. The

limited amount of PCa cell-derived TGFb as compared to the larger

contribution from PrSC suggests that TGFb alone may not be

responsible for induction of CAF-like differentiation in PrSCþ PCa

co-cultures.

In conclusion, we have presented evidence that normal

fibroblasts co-cultured with cancer cells become activated and

exhibit the biochemical characteristics consistent with CAF in a

heterogenous manner. Our results suggest that heterogenous

inductions of CAF-like differentiation might be strongly dependent

on the phenotypic and biochemical characteristics of adjacent

cancer cells. Identifying mechanisms underlying the heterogenous

induction of CAF-like differentiation in normal fibroblasts is an

initial step toward designing CAF-targeted therapy for treatment of

PCa. Future studies will attempt to identify the specific profile of

factors responsible for the CAF phenotype.

ACKNOWLEDGMENTS

We are grateful to Dr. Simon W. Hayward of the Department of
Urologic Surgery, Vanderbilt University Medical Center for critical
reading of the article. We thank Mrs. Yumi Yoshikawa, Mr. Kazuki
Kitaoka, and Miss Kanako Imataka for technical support. This work
was supported by Grants-in-Aid from the Ministry of Education for
Science and Culture of Japan (19591841, 21592039, 21791499).

REFERENCES

Ao M, Franco OE, Park D, Raman D, Williams K, Hayward SW. 2007. Cross-
talk between paracrine-acting cytokine and chemokine pathways promotes
malignancy in benign human prostatic epithelium. Cancer Res 67:4244–
4253.

Ayala G, Tuxhorn JA, Wheeler TM, Frolov A, Scardino PT, Ohori M, Wheeler
M, Spitler J, Rowley DR. 2003. Reactive stroma as a predictor of biochemical-
free recurrence in prostate cancer. Clin Cancer Res 9:4792–4801.

Bhowmick NA, Moses HL. 2005. Tumor–stroma interactions. Curr Opin Genet
Dev 15:97–101.

Bhowmick NA, Chytil A, Plieth D, Gorska AE, Dumont N, Shappell S,
Washington MK, Neilson EG, Moses HL. 2004a. TGF-beta signaling in
fibroblasts modulates the oncogenic potential of adjacent epithelia. Science
303:848–851.

Bhowmick NA, Neilson EG, Moses HL. 2004b. Stromal fibroblasts in cancer
initiation and progression. Nature 432:332–337.

Cunha GR, Ricke W, Thomson A, Marker PC, Risbridger G, Hayward SW,
Wang YZ, Donjacour AA, Kurita T. 2004. Hormonal, cellular, and molecular
regulation of normal and neoplastic prostatic development. J Steroid Bio-
chem Mol Biol 92:221–236.

Franco OE, Jiang M, Strand DW, Peacock J, Fernandez S, Jackson RS II,
Revelo MP, Bhowmick NA, Hayward SW. 2011. Altered TGF-beta signaling

Fig. 5. Secretion of TGFb1 from PrSC and human PCa cell lines. For the

quantitative determination of TGFb1, aliquots of conditioned medium were

subjected to ELISA. ��P< 0.01 versus PrSC.

3610 INDUCTION OF CAF-LIKE DIFFERENTIATION JOURNAL OF CELLULAR BIOCHEMISTRY



in a subpopulation of human stromal cells promotes prostatic carcinogenesis.
Cancer Res 71:1272–1281.

Gold LI. 1999. The role for transforming growth factor-beta (TGF-beta) in
human cancer. Crit Rev Oncog 10:303–360.

Hori Y, Ishii K, Kanda H, Iwamoto Y, Nishikawa K, Soga N, Kise H, Arima K,
Sugimura Y. 2011. Naftopidil, a selective {alpha}1-adrenoceptor antagonist,
suppresses human prostate tumor growth by altering interactions between
tumor cells and stroma. Cancer Prev Res 4:87–96.

Iguchi K, Otsuka T, Usui S, Ishii K, Onishi T, Sugimura Y, Hirano K. 2004. Zinc
and metallothionein levels and expression of zinc transporters in androgen-
independent subline of LNCaP cells. J Androl 25:154–161.

Iguchi K, Ishii K, Nakano T, Otsuka T, Usui S, Sugimura Y, Hirano K. 2007.
Isolation and characterization of LNCaP sublines differing in hormone
sensitivity. J Androl 28:670–678.

Ishii K, Imamura T, Iguchi K, Arase S, Yoshio Y, Arima K, Hirano K, Sugimura
Y. 2009. Evidence that androgen-independent stromal growth factor signals
promote androgen-insensitive prostate cancer cell growth in vivo. Endocr
Relat Cancer 16:415–428.

Ishii G, Hashimoto H, Asada K, Ito T, Hoshino A, Fujii S, KojimaM, Kuwata T,
Harigaya K, Nagai K, Ushijima T, Ochiai A. 2010. Fibroblasts associated with
cancer cells keep enhanced migration activity after separation from cancer
cells: A novel character of tumor educated fibroblasts. Int J Oncol 37:317–
325.

Jotzu C, Alt E, Welte G, Li J, Hennessy BT, Devarajan E, Krishnappa S, Pinilla
S, Droll L, Song YH. 2011. Adipose tissue derived stem cells differentiate into
carcinoma-associated fibroblast-like cells under the influence of tumor
derived factors. Cell Oncol 34:55–67.

Kalluri R, ZeisbergM. 2006. Fibroblasts in cancer. Nat Rev Cancer 6:392–401.

Kiskowski MA, Jackson RS II, Banerjee J, Li X, Kang M, Iturregui JM, Franco
OE, Hayward SW, Bhowmick NA. 2011. Role for stromal heterogeneity in
prostate tumorigenesis. Cancer Res 71:3459–3470.

Li X, Placencio V, Iturregui JM, Uwamariya C, Sharif-Afshar AR, Koyama T,
Hayward SW, Bhowmick NA. 2008. Prostate tumor progression is mediated
by a paracrine TGF-beta/Wnt3a signaling axis. Oncogene 27:7118–7130.

Micke P, Ostman A. 2004. Tumour–stroma interaction: Cancer-associated
fibroblasts as novel targets in anti-cancer therapy? Lung Cancer 45(Suppl
2):S163–S175.

Mizokami A, Koh E, Izumi K, Narimoto K, Takeda M, Honma S, Dai J,
Keller ET, Namiki M. 2009. Prostate cancer stromal cells and LNCaP cells
coordinately activate the androgen receptor through synthesis of testoster-
one and dihydrotestosterone from dehydroepiandrosterone. Endocr Relat
Cancer 16:1139–1155.

Olumi AF, Grossfeld GD, Hayward SW, Carroll PR, Tlsty TD, Cunha GR. 1999.
Carcinoma-associated fibroblasts direct tumor progression of initiated
human prostatic epithelium. Cancer Res 59:5002–5011.

Onishi T, Yamakawa K, Franco OE, Kawamura J, Watanabe M, Shiraishi T,
Kitazawa S. 2001. Mitogen-activated protein kinase pathway is involved in
alpha6 integrin gene expression in androgen-independent prostate cancer

cells: Role of proximal Sp1 consensus sequence. Biochim Biophys Acta
1538:218–227.

Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay T, Naeem R,
Carey VJ, Richardson AL, Weinberg RA. 2005. Stromal fibroblasts present in
invasive human breast carcinomas promote tumor growth and angiogenesis
through elevated SDF-1/CXCL12 secretion. Cell 121:335–348.

Park CC, Bissell MJ, Barcellos-Hoff MH. 2000. The influence of the micro-
environment on the malignant phenotype. Mol Med Today 6:324–329.

Qian J, Wollan P, Bostwick DG. 1997. The extent and multicentricity of high-
grade prostatic intraepithelial neoplasia in clinically localized prostatic
adenocarcinoma. Hum Pathol 28:143–148.

San Francisco IF, DeWolf WC, Peehl DM, Olumi AF. 2004. Expression of
transforming growth factor-beta 1 and growth in soft agar differentiate
prostate carcinoma-associated fibroblasts from normal prostate fibroblasts.
Int J Cancer 112:213–218.

Shimoda M, Mellody KT, Orimo A. 2010. Carcinoma-associated fibroblasts
are a rate-limiting determinant for tumour progression. Semin Cell Dev Biol
21:19–25.

Smith P, Rhodes NP, Ke Y, Foster CS. 2000. Modulating effect of estrogen and
testosterone on prostatic stromal cell phenotype differentiation induced by
noradrenaline and doxazosin. Prostate 44:111–117.

Sun X, He H, Xie Z, QianW, Zhau HE, Chung LW, Marshall FF, Wang R. 2010.
Matched pairs of human prostate stromal cells display differential tropic
effects on LNCaP prostate cancer cells. In Vitro Cell Dev Biol Anim 46:538–
546.

Tsunoda T, Furusato B, Takashima Y, Ravulapalli S, Dobi A, Srivastava S,
McLeod DG, Sesterhenn IA, Ornstein DK, Shirasawa S. 2009. The increased
expression of periostin during early stages of prostate cancer and advanced
stages of cancer stroma. Prostate 69:1398–1403.

Tuxhorn JA, Ayala GE, Smith MJ, Smith VC, Dang TD, Rowley DR. 2002a.
Reactive stroma in human prostate cancer: Induction of myofibroblast
phenotype and extracellular matrix remodeling. Clin Cancer Res Am Assoc
Cancer Res 8:2912–2923.

Tuxhorn JA, McAlhany SJ, Dang TD, Ayala GE, Rowley DR. 2002b. Stromal
cells promote angiogenesis and growth of human prostate tumors in a
differential reactive stroma (DRS) xenograft model. Cancer Res 62:3298–
3307.

Verona EV, Elkahloun AG, Yang J, Bandyopadhyay A, Yeh IT, Sun LZ. 2007.
Transforming growth factor-beta signaling in prostate stromal cells supports
prostate carcinoma growth by up-regulating stromal genes related to tissue
remodeling. Cancer Res 67:5737–5746.

Yanagisawa N, Li R, Rowley D, Liu H, Kadmon D, Miles BJ, Wheeler TM,
Ayala GE. 2007. Stromogenic prostatic carcinoma pattern (carcinomas with
reactive stromal grade 3) in needle biopsies predicts biochemical recurrence-
free survival in patients after radical prostatectomy. Hum Pathol 38:1611–
1620.

Zhao H, Peehl DM. 2009. Tumor-promoting phenotype of CD90hi prostate
cancer-associated fibroblasts. Prostate 69:991–1000.

JOURNAL OF CELLULAR BIOCHEMISTRY INDUCTION OF CAF-LIKE DIFFERENTIATION 3611


