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Abstract

Bone marrow-derived mesenchymal stem cells (MSCs) are able to migrate to tumors, where they promote tumorigenesis
and cancer metastasis. However, the molecular phenotype of the recruited MSCs at the tumor microenvironment and the
genetic programs underlying their role in cancer progression remains largely unknown. By using a three-dimensional rotary
wall vessel coculture system in which human MSCs were grown alone or in close contact with LNCaP, C4-2 or PC3 prostate
cancer cell lines, we established in vitromatched pairs of normal and cancer-associated MSC derivatives to study the stromal
response of MSCs to prostate cancer. We observed that prostate cancer-associated MSCs acquired a higher potential for
adipogenic differentiation and exhibited a stronger ability to promote prostate cancer cell migration and invasion
compared with normal MSCs both in vitro and in experimental animal models. The enhanced adipogenesis and the pro-
metastatic properties were conferred by the high levels of IL-6 secretion by cancer-associated MSCs and were reversible by
functionally inhibiting of IL-6. We also found that IL-6 is a direct target gene for the let-7 microRNA, which was
downregulated in cancer-associated MSCs. The overexpression of let-7 via the transfection of let-7 precursors decreased IL-6
expression and repressed the adipogenic potential and metastasis-promoting activity of cancer-associated MSCs, which was
consistent with the inhibition of IL-6 39UTR luciferase activity. Conversely, the treatment of normal MSCs with let-7 inhibitors
resulted in effects similar to those seen with IL-6. Taken together, our data demonstrated that MSCs co-evolve with prostate
cancer cells in the tumor microenvironment, and the downregulation of let-7 by cancer-associated MSCs upregulates IL-6
expression. This upregulation triggers adipogenesis and facilitates prostate cancer progression. These findings not only
provide key insights into the molecular basis of tumor-stroma interactions but also pave the way for new treatments for
metastatic prostate cancer.
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Introduction

Bone is the second most common site of human cancer

metastasis [1], and also contributes directly to prostate cancer

mortality and morbidity, with more than 85% of patients who die

from prostate cancer have bone metastases [2,3]. The quality of

life of prostate cancer patients can be significantly compromised by

skeletal metastases through the development of bone pain, cancer-

associated bone fractures and spinal compression, bone-metastasis-

evoked cranial neuropathy from base of skull syndromes, anemia

and infection [4,5]. In spite of the severe complications of prostate

cancer skeletal metastasis, there have been few advances in the

therapeutic arena to prevent or diminish these lesions [6]. It is

critical that a solid understanding of the pathophysiology of the

prostate cancer skeletal metastatic process is developed to provide

the basis for creating strategies to prevent or diminish their

occurrence and associated complications.

Research has provided evidence that tumor-microenvironment

interactions are crucial in oncogenesis and cancer progression, as

first described in 1889 by Paget who proposed that the seeding of

metastatic cancer cells depends on the host organ microenviron-

ment (the ‘‘seed and soil’’ concept) [7]. Although most host cells in

the stroma possess certain tumor-suppressing abilities, the

progression of carcinomas to high-grade malignancies is accom-

panied by profound histological changes in the tumor-associated

stroma. These changes include stromal cell phenotypic switching,

extracellular matrix remodeling and angiogenesis induction [8,9].

The development of an altered stromal microenvironment in

response to carcinoma is a common feature of many tumors and is

likely to promote tumorigenesis. During the prostate cancer

invasion process, for example, cancer epithelial cells have the
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capacity to promote the so-called ‘‘reactive’’ stroma response via

the transdifferentiation of normal fibroblasts to the reactive

myofibroblast phenotype. Unlike normal fibroblasts, reactive

myofibroblasts drive further genetic and gene expression changes

in prostate cancer cells, allowing for the growth and survival of the

tumor and dissemination to distant organs with lethal effects [10–

13]. Gene expression profiling of clinical specimens revealed

concurrent and independent genetic alterations in the stromal and

cancer epithelial cells [14,15], confirming the co-evolution of

cancer and stromal cellular responses. Clinicopathological studies

have also proven a critical role for the reactive stroma in the

postoperative outcome of patients [16–18]. The intricate intercel-

lular communication between epithelial and stromal elements

suggests the importance of epigenetic pathways in the facilitation

of prostate cancer progression rather than a direct process simply

attributed to cancer cells alone.

In mouse models as well as in humans have reported that tumor

stromal cells can be derived from bone marrow-derived progenitor

cells which can be mobilized into the circulation, migrate towards

tumors, incorporate into the tumor microenvironment, and

contribute to the growth of various tumors [19–21]. Bone

marrow-derived mesenchymal stem cells (MSCs) are multipotent

mesenchymal precursor cells that contribute to the maintenance

and regeneration of a variety of connective tissues, including bone,

adipose, cartilage, and muscle [22]. Recently, circulating MSCs

have been shown to integrate into and persist in the tumor stroma

[23], providing a novel platform for selective in vivo delivery of

anticancer agents to invasive and metastasis tumors [24–27]. The

interactions between MSCs and tumor cells are not limited to

homing but also seem to induce more adverse effects. Many

observations indicate that, in the tumor microenvironment, MSCs

have several tumor growth promoting functions, including the

expression of growth factors [28], promotion of tumor vessel

formation [29] and creation of cancer stem cell niches [30].

However, the molecular phenotype of the recruited MSCs at the

tumor microenvironment and the genetic programs underlying

their property in cancer progression remains mainly unknown.

Understanding how newly recruited MSCs are altered during

tumor progression and how they reciprocally influence neoplastic

progression may lead to the development of novel therapies aimed

at reducing metastasis formation.

In the present study, we focused on defining if bone marrow

MSCs ‘‘co-evolve’’ with prostate cancer epithelial cells through

reciprocal tumor-stromal interaction. The role and specific

molecular mechanisms of the reactive MSCs in prostate cancer

progression was also elucidated.

Materials and Methods

Ethics Statement
The animal studies were carried out in strict accordance with

the recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocol was approved by the Institutional Animal Care and Use

Committee of China Medical University (IACUC# 101-76-N).

All surgery was performed under Zoletil (tiletamine-zolazepam)

anesthesia at a dose of 20 mg/kg by intraperitoneal injection. All

efforts were made to minimize suffering.

Cell Lines and Cell Culture
All cell culture media and reagents were purchased from

Invitrogen (Carlsbad, CA). The prostate cancer cell lines LNCaP,

C4-2 and PC3 were used in previous studies [13,31] and grown in

T medium supplemented with 5% fetal bovine serum (FBS).

Human bone marrow-derived MSCs (hMSCs) and normal human

prostate epithelial cells (PrEC) purchased from Lonza (Rockland,

ME) were maintained in MSCGMTM and PrEGMTM, respec-

tively, according to the manufacturer’s instructions (Lonza). The

3A6 human bone marrow-derived MSC cell line [32] was

maintained in DMEM-LG medium supplemented with 10%

FBS. For three-dimensional (3-D) coculture, 16107 3A6 cells were

grown alone or mixed with equal numbers of LNCaP, C4-2 or

PC3 cells in a rotary wall vessel (RWV) systems (Synthecon,

Houston, TX) following previously established protocol [33] with

minor modification. Briefly, the single cell suspension was added to

vessels which were then filled with 10 ml medium composed of T

medium and DMEM-LG (1:1). The rotation of the vessels was

initially set at 15–20 rpm and then increased to maintain cell

aggregates in free suspension. The medium was changed every 3

days. To isolate 3A6 cells from 3-D chimeric tumoroids, cell

aggregates were harvested from the RWV and disassociated with

0.25% trypsin after 2 weeks of coculture. 3A6 cells were selected

by antibiotic selection with 800 mg/ml G418 for 1 week.

Differentiation of MSCs
3A6 MSC cells were seeded in 6-well plates at a density of 104

cells/cm2 for the induction of osteogenic and adipogenic

differentiation under specific culture conditions. For osteogenic

differentiation, cells were grown in osteogenic differentiation

medium composed of DMEM-LG with 10% FBS, 10 nM

dexamethasone, 50 mg/ml ascorbic acid, and 10 mM b-glycero-
phosphate for 14 days and then subjected to Alizarin Red S

staining, as previously described [32]. For adipogenic differenti-

ation, cells were cultured in adipogenic differentiation medium

composed of DMEM-LG supplemented with 10% FBS, 100 nM

dexamethasone, 0.45 mM 3-isobutyl-1-methylxanthine, 10 mg/ml

insulin, and 50 mg/ml indomethacin for 21 days, and then

subjected to Oil Red O staining. The formation of adipocytes was

monitored by the appearance of lipid droplets under a microscope.

To quantify staining, Oil Red-O was extracted with isopropanol

containing 4% Nonidet P-40 and measured as absorbance at a

wavelength of 510 nm. All chemicals were purchased from Sigma-

Aldrich (St. Louis, MO).

Real-time Quantitative PCR
Total cellular RNA and enriched small RNA species containing

microRNA (miRNA) were isolated from cultured cells using the

mirVana miRNA Isolation Kit (Ambion, Austin, TX) following

the manufacturer’s protocol. cDNA was synthesized from enriched

small RNA and total RNA annealed with stem-loop reverse

transcriptional (RT) primers and random primers, respectively,

and reverse transcribed with MMLV reverse transcriptase

(Invitrogen). Quantitative PCR was performed using the Light-

Cycler 480 TaqMan master kit with miRNA- or gene-specific

primers and the corresponding Universal Probe Library probe

(Roche Applied Science, Mannheim, Germany). The stem-loop

RT primers, the PCR primers, and probes were designed and

sequences are shown in Table S1. The real-time PCR reaction was

conducted according to the manufacturer’s instructions and was

described in a previous study [34]. U6 small nuclear RNA and

heat shock 90 kD protein 1, beta (HSPCB) were used as

housekeeping genes for normalizing the expression of each

miRNA and gene, respectively.

Cytokine Antibody Array and ELISA
The expression levels of various cytokines in conditioned

medium were measured using a Human Cytokine Antibody Array

C Series 2000 kit (RayBiotech, Norcross, GA) as previously
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described [27]. Human interleukin 6 (IL-6) protein levels in

conditioned medium were quantified using commercial ELISA kits

(eBioscience, San Diego, CA) according to the manufacturer’s

instructions.

Oligonucleotide Transfection
3A6 cells were seeded at 26105 cells/well in 6-well plates and

incubated overnight. Cells were transfected with either pre-

miRNAs (pre-miR negative control and pre-miR-let-7c) (Ambion,

Austin, TX) or the LNATM miRNA inhibitors (anti-miR negative

control and anti-miR-let-7) (Exiqon, Vedbaek, Denmark) at a final

concentration of 10 nM or 30 nM, respectively, using Dharma-

FECT transfection reagent (Dharmacon, Lafayette, CO) accord-

ing to the manufacturer’s instructions.

Reporter Vectors and Luciferase Assay
The oligonucleotides of the putative let-7c recognition element,

either the wild-type or the mutant sequence, at nucleotides 316–

322 of the 39-untranslated region (39-UTR) of the human IL-6

gene were designed with flanking HindIII and SpeI sites and

synthesized. After annealing the sense and antisense oligonucle-

otides, the resultant DNA fragments were cloned into the pMir-

REPORT-Luc vector (Ambion) after HindIII and SpeI digestion.

The resultant pMir-REPORT-Luc plasmids were mixed with

pCMV-b-gal (galactosidase) at a 5:1 molar ratio and were co-

transfected with the pre-miRNAs into HEK 293 cells. After 24 h

of incubation, the cell extracts were prepared for luciferase and b-
gal activity assays using the Luciferase Assay System and b-
Galactosidase Enzyme Assay System (Promega, Madison, WI).

The relative luciferase activity was calculated by dividing the

luciferase relative light units by the corresponding value for b-gal
activity present in each sample.

In vitro Migration and Invasion Assay
hMSCs or 3A6 derivatives (26105 cells) were grown in the

lower chamber of transwells with serum-free RPMI-1640 (Invitro-

gen). After 24 h of incubation, 26105 prostate cancer cells in

serum-free RPMI-1640 were added to the upper chamber

containing an 8-mm-pore polycarbonate filter which was coated

with (invasion) or without (migration) Matrigel (Becton Dickinson,

Franklin Lakes, NJ). After 16 h incubation, cells on the lower

surface of the membrane were stained with crystal violet and

counted under a Zeiss Axiovert 200 fluorescent microscope (Carl

Zeiss MicroImaging, Thornwood, NY) with a 10x objective.

Animal Studies
Six-week-old male nude mice (BALB/cAnN.Cg-Foxn1nu/

CrlNarl) were obtained from the National Laboratory Animal

Center (Taipei, Taiwan). 16106 PC3 cells, either alone or mixed

with equal number of 3A6RWV or 3A6PC3 cells in 100 ml of PBS,
were subcutaneously injected into the flanks of the mice (n= 10 in

each group). Tumor volume measurements were taken weekly.

Mice were euthanized 10 weeks after cell inoculation, and tumors

were excited for histopathologic examination.

Immunohistochemistry
Specific protein was detected in tumor sections using a Novolink

Polymer Detection System (Leica Microsystems, Newcastle Upon

Tyne, UK) following the kit instructions as described previously

[35]. The mouse monoclonal antibodies against ki-67 and CD31

were purchased from Leica Microsystems and diluted 1:100 and

1:200, respectively. To detect lipids, tissue slides were dehydrated

with absolute propylene glycol for 5 min and stained with 0.5%

Oil red O solution for 48 h. Tissue sections were counter-stained

with hematoxylin.

Statistical Analysis
All data are presented as the mean 6 SD unless otherwise

specified. Differences between groups were analyzed using the

two-tailed Student’s t-test or one-way ANOVA for multiple

comparisons. A p-value less than 0.05 was defined as statistically

significant.

Results

Establishment of Matched Pairs of Normal and Cancer-
associated MSC from Chimeric Prostate Tumoroids Under
3-D RWV Conditions
In agreement with several previous reports that MSCs possess

intrinsic preferential migratory ability to some epithelial tumors,

we demonstrated the migration capacity of human bone marrow-

derived MSCs toward prostate cancer cells but not normal

prostate epithelial cells in an in vitro coculture cell model (Fig. 1A).

To further understand whether the recruited human bone

marrow-derived MSCs ‘‘co-evolve’’ with prostate cancer cells at

the tumor microenvironment, an immortalized human MSC cell

line 3A6 [32] was cultured alone or with androgen-dependent

LNCaP, its androgen-independent C4-2 subline, or bone meta-

static PC3 prostate cancer cells in previously established 3-D

RWV culture conditions, recapitulating the in vivo tumor micro-

environment [13]. We found that cells, either in monoculture or in

coculture conditions, formed 3-D ball-like aggregates spontane-

ously (Fig. 1B). Notably, while 3A6 coculturing with LNCaP (3A6/

LNCaP) or C4-2 cells (3A6/C4-2) formed larger aggregates than

the 3A6 monoculture (3A6/3A6), a markedly reduced number

and size of aggregates were observed in the cultivating group of

3A6 and PC3 cells (3A6/PC3). To identify the cell types that are

present in the aggregates, some of the cellular aggregates were

subjected to histomorphological analysis. Intense staining of the

chromatin-rich cell nucleus (Fig. 1C; H&E) and positive immu-

noreactivity of the epithelial cell marker E-cadherin (Fig. 1C; IHC)

were detected in aggregates harvested from 3A6/LNCaP, 3A6/

C4-2 and 3A6/PC3 culture groups but not in aggregates of 3A6

cells grown alone. This finding confirmed the 3-D growth of

chimeric tumoroids comprised of prostate cancer cells and MSCs

under these coculture conditions.

We further isolated the 3A6 cells from monoculture aggregates

and each of the chimeric prostate tumoroids (3A6/LNCaP, 3A6/

C4-2 and 3A6/PC3). The resultant 3A6 derivatives that represent

the genetically relevant normal MSC and prostate cancer-

associated MSC cell lines were designated as 3A6RWV and

3A6LNCaP, 3A6C4-2 and 3A6PC3, respectively. The purity of these

3A6 derivatives was confirmed by assessing MSC surface markers,

including CD105, CD166, CD44 and CD29. No significant

differences in expression levels were found compared to the

parental 3A6 cells that were grown in plastic dishes among all 15

passages (Figs. 2A, 2B and Table S2). The absence of contam-

inating prostate cancer cells was also demonstrated by the lack of

E-cadherin expressing cells (Fig. 2C). These paired normal and

prostate cancer-associated MSC cell lines were used for further

characterization.

Prostate Cancer Influences the Lineage Commitment of
Bone Barrow-derived MSCs After Contact Coculture
We first investigated whether prostate cancer has the potential

to direct the differentiation fates of bone marrow-derived MSC

Reactive MSCs in Response to Prostate Cancer
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after long-term physical contact. We found that 3-D cultured 3A6

derivatives, regardless of whether they were isolated from

homotypic cell aggregates or chimeric prostate tumoroids,

maintained MSC properties and were able to differentiate into

the osteoblasts and adipocytes upon culture in the appropriate

differentiation media (Fig. 3). However, an increased tendency

toward adipogenic differentiation, which was indicated by

enhanced lipid accumulation (Fig. 3A, Fig. S1A) and higher

expression of adipocyte-specific markers adiponectin (Adipoq) and

uncoupling protein 1 (UCP1) (Fig. 3B) was found in all three

cancer-associated 3A6 derivatives with supreme induction seen in

3A6PC3 when compared with normal 3A6RWV or parental 3A6

cells. On the other hand, although Alizarin red S staining for

matrix mineralization (Fig. 3C, Fig. S1B) concomitant with

osteoblast-specific genes alkaline phosphatase (ALP) and osteocal-

cin (OC) (Fig. 3D) expression showed a minor increase in the

osteogenic activity of cancer-associated 3A6 derivatives, a reverse

trend between osteogenic and adipogenic differentiation was

found among these cell lines. There was no significant difference in

growth rate between 3A6RWV and cancer-associated 3A6 deriv-

atives (Fig. S2), which can rule out the possibility that the changed

differentiation potential is a consequence of the altered prolifer-

ation capacity of the cells.

Cancer-associated MSCs Exert a Higher Ability to
Accelerate Prostate Cancer Growth and Progression than
Normal MSCs
We next analyzed and compared the biological effect corre-

sponding to the pro-metastatic potential of normal 3A6 with

cancer-associated 3A6 in prostate cancer. The migratory and

invasive capacity of LNCaP, C4-2 and PC3 prostate cancer cells in

response to cues from the corresponding cancer-associated

3A6LNCaP, 3A6C4-2 and 3A6PC3, respectively, or the normal

3A6RWV cells, was assessed via Boyden chamber assays. As shown

in Figure 4, all three cancer-associated 3A6 derivatives exerted

significantly higher pro-metastatic effects by promoting prostate

cancer cell migration (Fig. 4A) and invasion (Fig. 4B) with an

average 2- and 3-fold increase in the number of cells moving

toward the bottom chamber, respectively, when compared to that

of normal 3A6RWV cells.

To further validate the advanced tumor-promoting behavior of

cancer-associated MSCs on prostate cancer in vivo, we subcutane-

ously injected PC3 cells alone or mixed with either normal

3A6RWV (3A6RWV/PC3) or cancer-associated 3A6PC3 cells

(3A6PC3/PC3) into nude mice and assessed the impact of 3A6

cells on PC3 tumors. In a parallel study, 3A6RWV and 3A6PC3 cells

were injected alone, and the result confirmed the nontumorigenic

property of 3A6 derivatives (data not shown). Although both

3A6RWV and 3A6PC3 had no effect on PC3 cell growth in vitro (Fig.

S3), a significant increase in tumor volume was observed in

3A6PC3/PC3 but not 3A6RWV/PC3 xenografts (Fig. 5A). The

majority of PC3 tumors in the absence of 3A6 remained

circumscribed, whereas PC3 tumors grown together with

3A6RWV or 3A6PC3 displayed an infiltrative growth pattern, with

invasion into the surrounding stroma and underlying muscle

(Fig. 5B, H&E). The highly proliferative and invasive tumor cells

were confirmed by ki-67 expression and were associated with high

microvessel density (Fig. 5B, CD31). These invasive characteristics

are most obviously seen in the 3A6PC3/PC3 xenografts. Notably, 1

of 10 mice receiving the 3A6PC3/PC3 xenografts developed lung

Figure 1. Interactions of human bone marrow-derived MSCs and prostate cancer cells. (A) Migratory response of human MSCs to the
medium, normal prostatic epithelial cells (PrEC) and prostate cancer cell lines (DU145, PC3 and LNCaP). Migrated cells through the membrane of
transwells were stained with crystal violet 8 h after cell plating. The lower surface of the membrane was photographed (100x), and a representative
image from each condition is shown at top. Quantitative data are represented as the means 6 SD of the number of cells per high-power field (100x)
in triplicate experiments. (B) Macroscopic (upper) and microscopic (bottom) view of cellular aggregates under 3-D RWV culture conditions of 3A6 cells
alone (3A6/3A6) or mixed with LNCaP (3A6/LNCaP), C4-2 (3A6/C4-2) or PC3 (3A6/PC3) cells. (C) Detection of mixed cellular components in the 3-D
cultured prostate tumoroids by H&E and immunohistochemical staining of E-cadherin (E-Cad) in the cell aggregate sections.
doi:10.1371/journal.pone.0071637.g001
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metastases (Fig. 5C), while no metastases were seen in either the

group with tumors from PC3 cells alone or those with PC3 cells

mixed with normal 3A6RWV cells. In addition, consistent with the

in vitro finding that cancer-associated 3A6 derivatives have higher

adipogenic differentiation potential than normal 3A6RWV, Oil red

O staining revealed an increased amount of lipid accumulation in

the tumor sections of 3A6PC3/PC3 compared to that of 3A6RWV/

PC3 (Fig. 5B, Oil red O).

IL-6 Contributes to the Reactive Stromal Phenotype Of
Cancer-associated MSCs
To identify candidate factors responsible for the reactive stromal

activities of cancer-associated MSCs, human cytokine antibody

arrays were used to compare the cytokine expression profiles of

conditioned medium collected from normal 3A6RWV and cancer-

associated 3A6LNCaP, 3A6C4-2 and 3A6PC3 cells. Among 174

cytokines were tested, IL-6, was significantly higher in all three of

the cancer-associated 3A6 derivatives compared with 3A6RWV

(Fig. 6A). Quantitative data obtained from an ELISA assay

(Fig. 6B) confirmed the elevated IL-6 protein levels in 3A6LNCaP,

3A6C4-2 and 3A6PC3 cells corresponding to increases of 145%,

204% and 1403%, respectively, above that of 3A6RWV (112 pg/

ml).

We examined whether IL-6 is involved in the induction of

prostate cancer cell migration by cancer-associated 3A6. We found

that exogenous human IL-6 (rIL-6) induced a dose-dependent

increasing in the transwell migration of PC3 cells (Fig. 6C). In

addition, the number of PC3 cells that migrated toward the

3A6PC3 conditioned medium in the bottom chamber was inhibited

by 23% and 36% when the conditioned medium was pre-treated

with an IL-6 neutralizing antibody at concentrations of 10 mg/ml

and 30 mg/ml, respectively (Fig. 6D).

The role of IL-6 in the enhanced adipogenesis of cancer-

associated MSCs was also assessed. Normal 3A6RWV cells were

induced to differentiate into adipogenic cells with or without

additional rIL-6. Oil red O staining revealed both a qualitative

and quantitative increase in lipid droplet formation in 3A6RWV

cells under adipogenic differentiation conditions in a rIL-6 dose-

dependent manner (Fig. 6E). Conversely, the functional blocking

of IL-6 with an anti-IL-6 antibody significantly prevented the

differentiation of cancer-associated 3A6PC3 into adipocytes

(Fig. 6F).

Figure 2. Characterization of in vitro established normal and prostate cancer-associated MSC cell lines. (A) Flow cytometric analysis of
cell surface antigens of parental 3A6 and its derivatives isolated from 3-D RWV cultured cell aggregates. The histograms display the fluorescence
profiles of 3A6 derivatives stained with antibodies against the indicated antigens and the respective isotype control antibody (black line). The
expression levels of individual antigens were quantified as the ratio of the mean channel fluorescence of the control antibody and specific antibody.
Error bars indicate SD of triplicate measurements. (B) Immunoblotting analysis of CD105 expression in the 3A6 derivatives. EF1-a protein levels are
shown to vary in loading quantities. (C) Flow cytometric analysis of the epithelial marker E-cadherin in 3A6 derivatives and their corresponding
coculture partners of prostate cancer cell lines. Black lines represent isotype controls.
doi:10.1371/journal.pone.0071637.g002
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Let-7 microRNA (miRNA) is Downregulated in Cancer-
associated MSCs and Targets IL-6 mRNA
MicroRNAs (miRNAs) are characterized as gene silencers that

negatively regulate gene expression. We, therefore, investigated

whether the overexpression of IL-6 by cancer-associated MSCs

occurs through the regulation of miRNAs. Among 9 miRNAs that

were characterized to be significantly downregulated in both

3A6LNCaP and 3A6PC3 cells in comparison with 3A6RWV by

microarray analysis (data not shown), let-7c, let-7d, let-7g, let-7f,

and miR-98 are members of the let-7 family and were identified to

potentially bind the 39-UTR of IL-6 mRNA using the TargetScan

algorithm. Quantitative RT-PCR results confirmed the signifi-

cantly decreased expression of these let-7 family members in

3A6LNCaP and 3A6PC3 cells compared to normal 3A6RWV

(Fig. 7A).

To determine whether the let-7 miRNA is a critical mediator

regulating IL-6 expression in MSCs, we overexpressed let-7 in 3A6

cells by transfecting cells with a synthetic let-7c precursor as the

representative let-7 miRNA because of its higher expression than

other members in 3A6 (data not shown), or inhibited expression

levels using anti-miR oligonucleotides complementary to mature

let-7 sequences, respectively. Quantitative RT-PCR and ELISA

analysis showed that IL-6 expression was decreased in let-7c

precursor-transfected cells and increased in anti-miR-let-7-trans-

fected cells compared with the respective control oligonucleotides

(Fig. 7B). In addition, a luciferase reporter assay revealed a

significant reduction of luciferase activity in 3A6 cells that were

transfected with the pMir-Luc reporter-containing wild-type but

not the mutant form of IL-6 39-UTR (the predicted site for let-7c

binding) upon let-7c precursor cotransfection (Fig. 7C). Moreover,

cotransfection of these reporter vectors with a let-7 unrelated

miRNA, miR-199a, caused no difference in luciferase activity,

further confirming the specificity of the binding sequences. Taken

together, these results demonstrated that IL-6 is the direct target of

let-7 in MSCs.

Let-7 miRNA Inhibits Reactive Stromal Phenotypes of
Cancer-associated MSCs
To characterize the biological effects of downregulated let-7 in

the behavioral changes of cancer-associated MSCs, we modulated

the expression levels of let-7 in the normal 3A6RWV and the

cancer-associated 3A6LNCaP and 3A6PC3 cells by transient

transfection of the anti-miR let-7 and let-7c precursor, respectively

(Fig. S4). The impact of altered let-7 expression on adipogenic

differentiation was first determined. Oil red O staining demon-

strated that the high content of lipid droplets in 3A6LNCaP and

3A6PC3 cells was markedly decreased by approximately 50% upon

let-7c precursor transfection. Conversely, the inhibition of let-7

expression in normal 3A6RWV cells resulted in a 20% increased

level of adipocyte formation (Fig. 8A). This result corresponded to

our marker analysis in which the expression of PPARc, Adipoq,
and UCP1 was suppressed in 3A6LNCaP and 3A6PC3 cells when the

cells were transfected with the let-7c precursor and upregulated in

anti-miR let-7-treated 3A6RWV cells compared to the control

oligonucleotides-transfected cells (Fig. 8B). We next analyzed the

effects of let-7 on the pro-metastatic activity of MSCs. We found

that the transfection of let-7c into either 3A6LNCaP or 3A6PC3 cells

dramatically impaired its ability to attract prostate cancer cell

migration. Moreover, let-7 blockage in 3A6RWV cells augmented

the chemotactic responsiveness of prostate cancer cells in vitro

(Fig. 8C). The inhibitory effects of ectopic let-7 expression on

adipogenesis and pro-metastatic activity of 3A6PC3 cells can be

reversed by additional IL-6 (Fig. S5). Collectively, these results

demonstrated that let-7 downregulation confers the reactive

stromal phenotypes of prostate cancer-associated MSCs through

its target gene IL-6.

Discussion

Although genetic and/or epigenetic alterations in cancer

epithelium are expected and widely characterized, little progress

Figure 3. In vitromesenchymal differentiation of normal and prostate cancer-associated MSC cell lines. 3A6 derivatives were cultured in
osteogenic or adipogenic medium to assess their multilineage differentiation capability. Parental 3A6 cells grown in the absence of differentiation
medium (2DM) were used as the non-induced control. Representative staining of (A) Oil red O staining to determine lipid droplet content after 21
days of differentiation and (C) Alizarin red S to detect bone mineralization 14 days after culture in osteogenic-induction media. Magnification: 100x.
(B) qRT-PCR analysis of the expression of common adipogenesis markers and (D) osteoblast marker genes. Values are expressed as normalized mRNA
quantities relative to HSPCB housekeeping gene, and error bars represent SD of three independent experiments. *P,0.05; **P,0.001 between
normal 3A6RWV and cancer-associated 3A6 derivatives.
doi:10.1371/journal.pone.0071637.g003
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has been made in elucidating the molecular changes in the stroma

in response to cancer epithelium and their potential functions.

This lack of progress is in part due to the lack of a well-defined

system by which to study the cellular interactions between relevant

cell types in vivo and in vitro. In the present study, we showed that

bone marrow-derived MSCs were able to form homotypic

spheroids or heterotypic tumoroids with different prostate cancer

cell lines, and these cells are able to maintain their multipotent

differentiation potential under dynamic RWV culture conditions.

In addition, there are fundamental differences between MSCs

isolated from tumoroids and homotypic spheroids with distinct

cytokine and microRNA expression profiles, enhanced adipogenic

differentiation potential and increased malignancy induction,

which are the stromal reactions that are frequently characterized

in human prostate cancer [36]. Due to the limited availability of

live cells obtained from bone metastasis specimens of prostate

cancer, this RWV coculture model mimicking the in vivo epithelial-

stromal interaction, as we demonstrated previously [13] and

herein, represents a simple and reliable experimental model with

which to establish the matched pairs of normal and cancer-

associated bone stromal cell lines for mechanistic studies of

prostate cancer bone metastasis.

Under the 3-D RWV culture conditions, bone marrow-derived

MSCs appeared to respond differently with prostate cancer cell

lines, which induce distinct characteristics of bone remodeling.

LNCaP and C4-2 cells, which have the higher potential to induce

osteoblastic lesions with mild effects on bone destruction [37],

developed faster and larger tumoroids with MSCs than MSC

homotypic spheroids. In contrast, PC3 cells that produce a pure

osteolytic reaction in the bone [38] disturbed MSC intracellular

adhesions and caused only a small fraction of cells to form

heterotypic aggregates. The precise mechanisms that cause the

smallest aggregates of MSCs with PC3 than that with LNCaP and

C4-2 are not fully understood. Intercelluar adhesion relies heavily

on the association between cell adhesion molecules expressed on

the cell surfaces. The difference in the expression profiles of cell

adhesion molecules among LNCaP, C4-2 and PC3 cells [39] may

be the major causes of varied aggregate size seen in the present

study. It has been demonstrated that cell shape, which is

determined by the internal organization of the cytoskeleton as

well as by interactions between adjacent cells and the surrounding

matrix, has a strong influence on the switch in lineage

commitment of MSCs. For example, MSCs permitted to spread

out and flatten is highly osteogenic compared with round cells that

instead become adipogenic [40]. Likewise, the unfavored cell-cell

contact of MSCs with osteolytic PC3 prostate cancer cells may

provide adhesive cues critical for directing the adipogenic

differentiation seen in the corresponding 3A6PC3 cells. In addition,

it has been proposed that the balance between the osteoblast and

adipocyte lineages is tilted toward increased adipocytes and

Figure 4. Effects of normal and cancer-associated MSCs on metastatic potentials of prostate cancer cells in vitro. Migration (A) and
invasion (B) of the indicated prostate cancer cells towards the normal 3A6RWV and the corresponding cancer-associated 3A6 derivatives were
analyzed by transwell assay after 8 h and 20 h of incubation, respectively. Data are represented as the means 6 SD of the number of cells per high-
power field (100x) in triplicate experiments. **P,0.001. The representative image from each condition is shown at bottom.
doi:10.1371/journal.pone.0071637.g004

Reactive MSCs in Response to Prostate Cancer

PLOS ONE | www.plosone.org 7 August 2013 | Volume 8 | Issue 8 | e71637



Figure 5. Pro-metastatic effects of normal and cancer-associated MSCs on prostate cancer cells in a xenograft mouse model. Nude
mice were implanted subcutaneously with PC3 prostate cancer cells, either alone (PC3) or mixed with normal 3A6RWV (PC3+3A6RWV) or cancer-
associated 3A6PC3 cells (PC3+3A6PC3) on the flank (n= 10 for each group). (A) Tumor growth kinetics were measured over 10 weeks of follow-up and
are presented as the fold changes compared to week 1 after cell implantation. *p,0.05 versus PC3 control group. (B) Representative panel of the
histological H&E staining, immunohistochemical staining for the cell proliferation marker ki-67 and vascular marker CD31, and Oil red O staining for
lipid vacuoles (red) of subcutaneous tumor sections. (C) Lung metastases observed by histological H&E staining of tissue sections (40x) from 3A6PC3

co-inoculated PC3 animals. Tumor area was circled and indicated.
doi:10.1371/journal.pone.0071637.g005
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decreased osteoblasts during age-related osteoporosis, which leads

to progressive fatty bone marrow with bone loss [41]. As the

similarity of pathogenesis in osteoporosis and osteolytic metastases,

the correlation between the switch from osteogenesis to adipo-

genesis in bone marrow-derived MSCs and the ability of their

associated prostate cancer cell lines to induce osteolytic lesions

implies that interactions between prostate cancer and MSCs could

be a critical determinant of skeletal pathogenesis. Indeed, Zhau

et al recently revealed abnormally enhanced adiopogenic marker

expression in clinical prostate cancer bone metastasis [42].

Although they showed that prostate cancer harbors the MSC

property for mesengenic differentiation in vitro, our study suggests

the possibility that cancer-associated MSCs may be, at least in

part, the source of the increased adipocytes within the tumor

microenvironment. This study is thus the first to recognize pro-

adipogenic function of prostate cancer in bone marrow-derived

MSCs.

IL-6 levels have been shown to be frequently elevated in

prostate cancer patients, which is correlated with a poor prognosis

and bone metastasis of this disease [43,44]. Experimental data

have proposed IL-6 as a growth factor that regulates the

proliferation [45–47] and survival [48,49] of prostate cancer cells.

In addition to this known pro-tumorigenic activity, our data

uncovered a pro-metastatic role of paracrine IL-6 in the tumor

microenvironment, which facilitates cancer cell migration and

invasion. The precise mechanisms that promote prostate cancer

metastasis by environmental IL-6 are not fully understood. A

recent study has suggested that IL-6 can induce an invasive

phenotype in non-tumorigenic prostate epithelial cells through

epithelial-to-mesenchymal transition (EMT) [50]. In the models of

breast cancer [51], head and neck cancer [52] and lung cancer

[53], IL-6 also serves as an inducer of EMT. Given the growing

evidence that EMT states exist and may contribute to prostate

cancer progression and metastasis, it is therefore not surprising

that IL-6 signaling is perhaps involved in the processes of prostate

cancer-associated EMT during their metastatic dissemination.

Intriguingly, some data suggest that the interaction of MSCs and

colorectal cancer cells stimulates the production of IL-6 by MSCs,

which induces cancer stem cell formation [54] and recruits

endothelial cells to the tumor sites [55]. This type of interaction

may explain why the PC3 tumor growth enhancement by cancer-

associated MSCs seen in experimental animals was not observed

in the coculture cell model in vitro. In fact, a strong intensity as well

as a high percentage of CD31 staining was found in tumor sections

where PC3 cancer cells were co-inoculated with MSCs, in

particular with cancer-associated 3A6PC3, suggesting an inductive

role of prostate cancer cells in MSC-mediated vasculogenesis.

Figure 6. Effects of IL-6 on the reactive stromal phenotypes of MSCs. (A) Cytokine expression profile of the conditioned medium obtained
from the normal 3A6RWV and the prostate cancer-associated 3A6LNCaP, 3A6C4-2, and 3A6PC3 was analyzed by using a Human Cytokine Antibody Array
C Series 2000. The autoradiograph of one set of Array VI containing IL-6 spots (rectangular boxes) is presented. (B) Quantitative detection of the
expression level of IL-6 by ELISA assay. Data represent the means 6 SD of triplicate determination. (C) Chemotactic response of PC3 cells induced by
human recombinant IL-6 (rIL-6). Data are represented as the means 6 SD of the number of cells per high-power field (100x) in triplicate experiments.
*P,0.05, **P,0.001 vs. serum-free medium alone. (D) Inhibition of PC3 cell migration toward 3A6PC3 conditioned medium by the anti-IL-6 antibody.
Conditioned medium from 3A6PC3 cells were pre-treated with the indicated concentration of mouse anti-IL-6 antibody and then loaded at the
bottom chamber of transwells. Treatment with 30 mg/ml of mouse IgG (mIgG) was a negative control. *P,0.05, **P,0.001 vs. mouse IgG. (E)
Induction of adipogenesis of 3A6RWV cells by human recombinant IL-6, and (F) inhibition of adipogenesis of 3A6PC3 cells by anti-IL-6 antibody at the
indicated concentration. Cells were stained with Oil red O to visualize lipid droplets after 21 days incubation. The representative image (100x) of each
condition is shown at top. The stained cells were quantified using a dye extraction method and data are represented as the means 6 SD of three
independent experiments. **P,0.001 vs. mouse IgG control group.
doi:10.1371/journal.pone.0071637.g006
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Several miRNAs and their target genes have been identified to

regulate adipogenesis in MSCs [56,57]. Unlike these miRNAs are

upregulated, we have shown here that the loss of let-7 in bone

marrow-derived MSCs triggers their adipogenic differentiation

Figure 7. Identification of let-7 as an IL-6 targeting miRNA in cancer-associated MSCs. (A) Quantitative RT-PCR analysis of the expression
levels of let-7 miRNA in normal 3A6RWV and cancer-associated 3A6LNCaP and 3A6PC3 cell lines. Values are presented as the means 6 SD of relative
expression levels compared to the U6 internal control and normalized to the 3A6RWV cells of each matched pair. *P,0.005. (B) Regulation of IL-6 by
let-7. 3A6 cells were transfected with the let-7c precursor (pre-miR let-7c) or let-7 family inhibitors (anti-miR let-7). Cells and conditioned medium
were harvested 72 h after transfection, and IL-6 RNA and protein levels were determined by qRT-PCR and ELISA, respectively. *P,0.005. (C) IL-6
response element reporter assay with let-7c precursor or let-7 family inhibitors. The seed region of the let-7c potential target sites in human IL-6 was
predicted by microRNA.org. Top, wild-type IL-6 sequence; middle, let-7c sequence; bottom, mutant IL-6 sequence. 39-UTR vectors with wild-type
(pMIR-Luc-WT) or mutant IL-6 (pMIR-Luc-Mut) sequence were cotransfected with let-7c or Mir-199a precursors into HEK 293 cells. Luciferase activities
were assayed 48 h after transfection and normalized to internal control b-galactosidase activity. Data are the means 6 SD of three independent
experiments, *P,0.05.
doi:10.1371/journal.pone.0071637.g007
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through upregulating IL-6 expression. Other than let-7 family

members that were significantly downregulated in both 3A6LNCaP

and 3A6PC3 in comparison with 3A6RWV, some miRNAs were

found up or down only in one cell line by microarray analysis.

There is a possibility that these 3A6LNCaP-specific miRNAs and/or

-associated genes involve in the regulation of IL-6 expression by

pass the function of let-7, and this could explain, at least in part,

why 3A6LNCaP and 3A6PC3 expressed similar level of let-7 but

different amount of IL-6. However, the causative molecular basis

of let-7 alterations in cancer-associated MSCs is not yet

understood. A recent study [58] reported a regulatory circuit in

which inflammatory signals stimulate NF-kB nuclear translocation

which directly activates LIN28 transcription and substantially

inhibits the biogenesis of let-7, thereby generating high levels of

IL-6, an activator of NF-kB. Prostate cancer cell lines are known

to produce varying amounts of IL-6 [59]. Thus, it is possible that

one of the reasons for the downregulation of let-7 in cancer-

associated MSCs is increased LIN28 activity through the positive

feedback loop of IL-6 that is initiated by prostate cancer cells.

Importantly, repressed let-7 expression was observed in various

cancers [60], including prostate cancer [61], and contributes to

carcinoma aggressiveness. Treatment with exogenous let-7 would

target both cancer cells and their associated MSCs and could be

an attractive therapeutic approach to effectively inhibit prostate

cancer recurrence and prevent metastasis.

In summary, we have provided the first evidence that prostate

cancer-associated MSCs exhibit greater potential to augment

prostate cancer metastasis in comparison with normal MSCs. The

autocrine production of IL-6 through the downregulation of let-7

miRNA by MSCs, in particular those that are associated with

osteolytic prostate cancer, is central to facilitating the adipogenic

differentiation of MSCs and for their supporting effects on cancer

metastasis. This report is thus the first to define the mesenchymal

switch and epigenetic changes of prostate cancer-associated MSCs.

Our data also suggest that bone marrow MSCs directly participate

in the pathogenesis of prostate cancer bone metastases, which

provides an alternative and important pathway by which prostate

cancer cells can regulate bone remodeling. Further investigation of

how osteolytic and osteoblastic cancer cells influence the

adipogenic-osteogenic switch of MSCs may lead to new thera-

peutic avenues for an incurable disease.

Supporting Information

Figure S1 Quantification of adipogenesis and osteogen-
esis of 3A6 derivatives. (A) Oil red O staining to determine

lipid droplet content after 21 days of differentiation and (B)

Figure 8. Effect of let-7 on reactive phenotypes of MSCs. Cancer-associated 3A6LNCaP and 3A6PC3 cells transfected with the let-7c precursor or
miR control, and normal 3A6RWV cells transfected with let-7 inhibitors or the anti-miR control were induced to adipogenic differentiation (A, B), or
were cocultured with prostate cancer cell lines for transwell migration assay (C). (A) Representative micrographs of the Oil red O-stained adipocytes
from transfected 3A6 derivatives 21 days after the induction of differentiation (100x). The quantification of Oil red O staining was performed by dye
extraction and measuring the absorbance at 510 nm. (B) Quantitative RT-PCR was carried out to detect the expression of adipocyte markers. (C)
LNCaP and PC3 prostate cancer cells that migrated toward the indicated 3A6 derivatives in the lower chamber of transwells were stained with crystal
violet 12 h after incubation and then photographed (100x, top). Data are represented as the means 6 SD of the number of cells per high-power field
(100x) in triplicate experiments. *P,0.05; **P,0.005 vs. control.
doi:10.1371/journal.pone.0071637.g008
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Alizarin red S to detect calcium content 14 days after culture in

osteogenic-induction media. The stained cells were quantified

using a dye extraction method and data are represented as the

means 6 SD. *P,0.05; **P,0.001 between normal 3A6RWV and

cancer-associated 3A6 derivatives.

(PDF)

Figure S2 Comparison of cell proliferation among 3A6
derivatives by WST-1 assay performed daily for 5 days.
The relative cell number was assessed by absorbance at 450 nm

and presented as the fold change relative to the day of plating (day

0). Error bars indicate SD of triplicate measurements. NS=not

significant.

(PDF)

Figure S3 PC3 cell proliferation under the coculture
with 3A6 derivatives. Luciferase-expressing PC3 cells were

seeded alone (control) or mixed with equal number of 3A6RWV or

3A6PC3 cells in 6-well plates. PC3 cell proliferation was

determined by luciferase activity at indicated time points. Data

were plotted as relative luciferase unit (RLU).

(PDF)

Figure S4 Expression level of let-7 in the transfectants
of 3A6 derivatives. The 3A6RWV normal MSCs (A) and the

3A6LNCaP and 3A6PC3 cancer-associated MSCs (B) were trans-

fected with the indicated anti-miR and miRNA precursor for

72 hr, respectively, and then subjected to quantitative RT-PCR

analysis for the expression of let-7c. Values are presented as the

means6 SD of relative expression levels of let-7c expression in the

let-7-specific transfectants compared to that of negative control

(Ctr) oligonucleotide transfectants after normalized with the U6

internal control.

(PDF)

Figure S5 Reverse effects of IL-6 on exogenous let-7c-
suppressed reactive phenotypes of MSCs. Cancer-associ-

ated 3A6PC3 cells transfected with let-7c precursor were induced to

adipogenic differentiation or were cocultured with PC3 prostate

cancer cells for transwell migration and invasion assay with the

indicated concentration of recombinant IL-6. A microRNA

transfection control (pre-mir-Ctr) was used to determine the basal

activity of 3A6PC3. Representative images of Oil red O staining for

adipogenesis and crystal violet staining for transwell migration and

invasion from each condition are shown at top. The quantitative

data represented as the means 6 SD for triplicate incubations are

shown at the bottom. *P,0.05; **P,0.001.

(PDF)

Table S1 List of primers and probes used in quantita-
tive PCR.
(PDF)

Table S2 Immunophenotype of MSC cell lines derived
from 3-D RWV co-culture system at different passages.
(PDF)

Acknowledgments

We thank Professor Shih-Chieh Hung at Taipei Veteran General Hospital

for providing us with the 3A6 cell line and Dr. Mien-Chie Hung at The

University of Texas MD Anderson Cancer Center for helpful discussion.

We also thank NPG Language Editing for editorial assistance.

Author Contributions

Conceived and designed the experiments: SYS JY SHL CLH. Performed

the experiments: SYS CHL HPW WCH IHW. Analyzed the data: SYS

CLH. Contributed reagents/materials/analysis tools: CLH. Wrote the

paper: SYS SHL CLH.

References

1. Roodman GD (2004) Mechanisms of bone metastasis. N Engl J Med 350: 1655–

1664.

2. Bubendorf L, Schopfer A, Wagner U, Sauter G, Moch H, et al. (2000)

Metastatic patterns of prostate cancer: an autopsy study of 1,589 patients. Hum

Pathol 31: 578–583.

3. Hess KR, Varadhachary GR, Taylor SH, Wei W, Raber MN, et al. (2006)

Metastatic patterns in adenocarcinoma. Cancer 106: 1624–1633.

4. McMurtry CT, McMurtry JM (2003) Metastatic prostate cancer: complications

and treatment. J Am Geriatr Soc 51: 1136–1142.

5. Villavicencio H (1993) Quality of life of patients with advanced and metastatic

prostatic carcinoma. Eur Urol 24 Suppl 2: 118–121.

6. Coleman RE (2001) Metastatic bone disease: clinical features, pathophysiology

and treatment strategies. Cancer Treat Rev 27: 165–176.

7. Paget S (1889) The Distribution Of Secondary Growths In Cancer Of The

Breast. Lancet 133: 571–573.

8. Giatromanolaki A, Sivridis E, Koukourakis MI (2007) The Pathology of Tumor

Stromatogenesis. Cancer Biol Ther 6.

9. Tuxhorn JA, McAlhany SJ, Dang TD, Ayala GE, Rowley DR (2002) Stromal

cells promote angiogenesis and growth of human prostate tumors in a differential

reactive stroma (DRS) xenograft model. Cancer Res 62: 3298–3307.

10. Rowley DR (1998) What might a stromal response mean to prostate cancer

progression? Cancer Metastasis Rev 17: 411–419.

11. Chung LW (1991) Fibroblasts are critical determinants in prostatic cancer

growth and dissemination. Cancer Metastasis Rev 10: 263–274.

12. Tuxhorn JA, Ayala GE, Rowley DR (2001) Reactive stroma in prostate cancer

progression. J Urol 166: 2472–2483.

13. Sung SY, Hsieh CL, Law A, Zhau HE, Pathak S, et al. (2008) Coevolution of

prostate cancer and bone stroma in three-dimensional coculture: implications for

cancer growth and metastasis. Cancer Res 68: 9996–10003.

14. Moinfar F, Man YG, Arnould L, Bratthauer GL, Ratschek M, et al. (2000)

Concurrent and independent genetic alterations in the stromal and epithelial

cells of mammary carcinoma: implications for tumorigenesis. Cancer Res 60:

2562–2566.

15. Dakhova O, Ozen M, Creighton CJ, Li R, Ayala G, et al. (2009) Global gene

expression analysis of reactive stroma in prostate cancer. Clin Cancer Res 15:

3979–3989.

16. Ayala GE, Muezzinoglu B, Hammerich KH, Frolov A, Liu H, et al. (2011)

Determining prostate cancer-specific death through quantification of stromo-

genic carcinoma area in prostatectomy specimens. Am J Pathol 178: 79–87.

17. Ayala G, Tuxhorn JA, Wheeler TM, Frolov A, Scardino PT, et al. (2003)
Reactive stroma as a predictor of biochemical-free recurrence in prostate cancer.

Clin Cancer Res 9: 4792–4801.

18. Finak G, Bertos N, Pepin F, Sadekova S, Souleimanova M, et al. (2008) Stromal
gene expression predicts clinical outcome in breast cancer. Nat Med 14: 518–

527.

19. Djouad F, Bony C, Apparailly F, Louis-Plence P, Jorgensen C, et al. (2006)

Earlier onset of syngeneic tumors in the presence of mesenchymal stem cells.
Transplantation 82: 1060–1066.

20. Zhu W, Xu W, Jiang R, Qian H, Chen M, et al. (2006) Mesenchymal stem cells

derived from bone marrow favor tumor cell growth in vivo. Exp Mol Pathol 80:

267–274.

21. Mishra PJ, Humeniuk R, Medina DJ, Alexe G, Mesirov JP, et al. (2008)

Carcinoma-associated fibroblast-like differentiation of human mesenchymal

stem cells. Cancer Res 68: 4331–4339.

22. Bobis S, Jarocha D, Majka M (2006) Mesenchymal stem cells: characteristics and

clinical applications. Folia Histochem Cytobiol 44: 215–230.

23. Nakamizo A, Marini F, Amano T, Khan A, Studeny M, et al. (2005) Human

bone marrow-derived mesenchymal stem cells in the treatment of gliomas.
Cancer Res 65: 3307–3318.

24. Studeny M, Marini FC, Dembinski JL, Zompetta C, Cabreira-Hansen M, et al.

(2004) Mesenchymal stem cells: potential precursors for tumor stroma and

targeted-delivery vehicles for anticancer agents. J Natl Cancer Inst 96: 1593–
1603.

25. Hall B, Andreeff M, Marini F (2007) The participation of mesenchymal stem

cells in tumor stroma formation and their application as targeted-gene delivery

vehicles. Handb Exp Pharmacol: 263–283.

26. Roorda BD, ter Elst A, Kamps WA, de Bont ES (2009) Bone marrow-derived

cells and tumor growth: contribution of bone marrow-derived cells to tumor

micro-environments with special focus on mesenchymal stem cells. Crit Rev

Oncol Hematol 69: 187–198.

27. Hsiao WC, Sung SY, Liao CH, Wu HC, Hsieh CL (2012) Vitamin d(3)-

inducible mesenchymal stem cell-based delivery of conditionally replicating

adenoviruses effectively targets renal cell carcinoma and inhibits tumor growth.

Mol Pharm 9: 1396–1408.

Reactive MSCs in Response to Prostate Cancer

PLOS ONE | www.plosone.org 12 August 2013 | Volume 8 | Issue 8 | e71637



28. Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, et al. (2007)

Mesenchymal stem cells within tumour stroma promote breast cancer
metastasis. Nature 449: 557–563.

29. Potapova IA, Gaudette GR, Brink PR, Robinson RB, Rosen MR, et al. (2007)

Mesenchymal stem cells support migration, extracellular matrix invasion,
proliferation, and survival of endothelial cells in vitro. Stem Cells 25: 1761–

1768.
30. Ramasamy R, Lam EW, Soeiro I, Tisato V, Bonnet D, et al. (2007)

Mesenchymal stem cells inhibit proliferation and apoptosis of tumor cells:

impact on in vivo tumor growth. Leukemia 21: 304–310.
31. Liu CM, Hsieh CL, He YC, Lo SJ, Liang JA, et al. (2013) In Vivo Targeting of

ADAM9 Gene Expression Using Lentivirus-Delivered shRNA Suppresses
Prostate Cancer Growth by Regulating REG4 Dependent Cell Cycle

Progression. PLoS One 8: e53795.
32. Hung SC, Yang DM, Chang CF, Lin RJ, Wang JS, et al. (2004) Immortalization

without neoplastic transformation of human mesenchymal stem cells by

transduction with HPV16 E6/E7 genes. Int J Cancer 110: 313–319.
33. Rhee HW, Zhau HE, Pathak S, Multani AS, Pennanen S, et al. (2001)

Permanent phenotypic and genotypic changes of prostate cancer cells cultured in
a three-dimensional rotating-wall vessel. In Vitro Cell Dev Biol Anim 37: 127–

140.

34. Hung SC, Wu IH, Hsue SS, Liao CH, Wang HC, et al. (2010) Targeting l1 cell
adhesion molecule using lentivirus-mediated short hairpin RNA interference

reverses aggressiveness of oral squamous cell carcinoma. Mol Pharm 7: 2312–
2323.

35. Johnson AN, Chen BH, Sung SY, Liao C-H, Hsiao W-C, et al. (2010) A novel
targeting modality for renal cell carcinoma: human osteocalcin promoter-

mediated gene therapy synergistically induced by vitamin C and vitamin D3.

J Gene Med 12: 892–903.
36. Barron DA, Rowley DR (2012) The reactive stroma microenvironment and

prostate cancer progression. Endocr Relat Cancer 19: R187–204.
37. Wu TT, Sikes RA, Cui Q, Thalmann GN, Kao C, et al. (1998) Establishing

human prostate cancer cell xenografts in bone: induction of osteoblastic reaction

by prostate-specific antigen-producing tumors in athymic and SCID/bg mice
using LNCaP and lineage-derived metastatic sublines. Int J Cancer 77: 887–894.

38. Nemeth JA, Harb JF, Barroso U, Jr., He Z, Grignon DJ, et al. (1999) Severe
combined immunodeficient-hu model of human prostate cancer metastasis to

human bone. Cancer Res 59: 1987–1993.
39. Pascal LE, Vencio RZ, Vessella RL, Ware CB, Vencio EF, et al. (2011) Lineage

relationship of prostate cancer cell types based on gene expression. BMC Med

Genomics 4: 46.
40. McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS (2004) Cell shape,

cytoskeletal tension, and RhoA regulate stem cell lineage commitment. Dev Cell
6: 483–495.

41. Verma S, Rajaratnam JH, Denton J, Hoyland JA, Byers RJ (2002) Adipocytic

proportion of bone marrow is inversely related to bone formation in
osteoporosis. J Clin Pathol 55: 693–698.

42. Zhau HE, He H, Wang CY, Zayzafoon M, Morrissey C, et al. (2011) Human
prostate cancer harbors the stem cell properties of bone marrow mesenchymal

stem cells. Clin Cancer Res 17: 2159–2169.
43. Drachenberg DE, Elgamal AA, Rowbotham R, Peterson M, Murphy GP (1999)

Circulating levels of interleukin-6 in patients with hormone refractory prostate

cancer. Prostate 41: 127–133.

44. Nakashima J, Tachibana M, Horiguchi Y, Oya M, Ohigashi T, et al. (2000)

Serum interleukin 6 as a prognostic factor in patients with prostate cancer. Clin
Cancer Res 6: 2702–2706.

45. Malinowska K, Neuwirt H, Cavarretta IT, Bektic J, Steiner H, et al. (2009)

Interleukin-6 stimulation of growth of prostate cancer in vitro and in vivo
through activation of the androgen receptor. Endocr Relat Cancer 16: 155–169.

46. Giri D, Ozen M, Ittmann M (2001) Interleukin-6 is an autocrine growth factor
in human prostate cancer. Am J Pathol 159: 2159–2165.

47. Lee SO, Lou W, Hou M, de Miguel F, Gerber L, et al. (2003) Interleukin-6

promotes androgen-independent growth in LNCaP human prostate cancer cells.
Clin Cancer Res 9: 370–376.

48. Cavarretta IT, Neuwirt H, Untergasser G, Moser PL, Zaki MH, et al. (2007)
The antiapoptotic effect of IL-6 autocrine loop in a cellular model of advanced

prostate cancer is mediated by Mcl-1. Oncogene 26: 2822–2832.
49. Feng S, Tang Q, Sun M, Chun JY, Evans CP, et al. (2009) Interleukin-6

increases prostate cancer cells resistance to bicalutamide via TIF2. Mol Cancer

Ther 8: 665–671.
50. Rojas A, Liu G, Coleman I, Nelson PS, Zhang M, et al. (2011) IL-6 promotes

prostate tumorigenesis and progression through autocrine cross-activation of
IGF-IR. Oncogene 30: 2345–2355.

51. Sullivan NJ, Sasser AK, Axel AE, Vesuna F, Raman V, et al. (2009) Interleukin-

6 induces an epithelial-mesenchymal transition phenotype in human breast
cancer cells. Oncogene 28: 2940–2947.

52. Yadav A, Kumar B, Datta J, Teknos TN, Kumar P (2011) IL-6 promotes head
and neck tumor metastasis by inducing epithelial-mesenchymal transition via the

JAK-STAT3-SNAIL signaling pathway. Mol Cancer Res 9: 1658–1667.
53. Su YW, Xie TX, Sano D, Myers JN (2011) IL-6 stabilizes Twist and enhances

tumor cell motility in head and neck cancer cells through activation of casein

kinase 2. PLoS One 6: e19412.
54. Tsai KS, Yang SH, Lei YP, Tsai CC, Chen HW, et al. (2011) Mesenchymal

stem cells promote formation of colorectal tumors in mice. Gastroenterology
141: 1046–1056.

55. Huang WH, Chang MC, Tsai KS, Hung MC, Chen HL, et al. (2012)

Mesenchymal stem cells promote growth and angiogenesis of tumors in mice.
Oncogene.

56. Huang J, Zhao L, Xing L, Chen D MicroRNA-204 regulates Runx2 protein
expression and mesenchymal progenitor cell differentiation. Stem Cells 28: 357–

364.
57. Kim YJ, Hwang SJ, Bae YC, Jung JS (2009) MiR-21 regulates adipogenic

differentiation through the modulation of TGF-beta signaling in mesenchymal

stem cells derived from human adipose tissue. Stem Cells 27: 3093–3102.
58. Iliopoulos D, Hirsch HA, Struhl K (2009) An epigenetic switch involving NF-

kappaB, Lin28, Let-7 MicroRNA, and IL6 links inflammation to cell
transformation. Cell 139: 693–706.

59. Yang L, Wang L, Lin HK, Kan PY, Xie S, et al. (2003) Interleukin-6

differentially regulates androgen receptor transactivation via PI3K-Akt, STAT3,
and MAPK, three distinct signal pathways in prostate cancer cells. Biochem

Biophys Res Commun 305: 462–469.
60. Barh D, Malhotra R, Ravi B, Sindhurani P (2010) MicroRNA let-7: an

emerging next-generation cancer therapeutic. Curr Oncol 17: 70–80.
61. Ozen M, Creighton CJ, Ozdemir M, Ittmann M (2008) Widespread

deregulation of microRNA expression in human prostate cancer. Oncogene

27: 1788–1793.

Reactive MSCs in Response to Prostate Cancer

PLOS ONE | www.plosone.org 13 August 2013 | Volume 8 | Issue 8 | e71637


