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Abstract. Carcinoma-associated fibroblasts (CAF) are considered to contribute to tumor growth, invasion and metastasis. How-

ever, the cell type of origin remains unknown. Since human adipose tissue-derived stem cells (hASCs) are locally adjacent to

breast cancer cells and might directly interact with tumor cells, we investigated whether CAFs may originate from hASCs. We

demonstrated that a significant percentage of hASCs differentiated into a CAF-like myofibroblastic phenotype (e.g., expres-

sion of alpha smooth muscle actin and tenascin-C) when exposed to conditioned medium from the human breast cancer lines

MDAMB231 and MCF7. The conditioned medium from MDAMB231 and MCF7 contains significant amounts of transforming

growth factor-beta 1 (TGFβ1) and the differentiation of hASCs towards CAFs is dependent on TGFβ1 signaling via Smad3 in

hASCs. The induction of CAFs can be abolished using a neutralizing antibody to TGFβ1 as well as by pretreatment of the hASCs

with SB431542, a TGFβ1 receptor kinase inhibitor. Additionally, we found that these hASC-derived CAF-like cells exhibit func-

tional properties of CAFs, including the ability to promote tumor cell invasion in an in vitro invasion assay, as well as increased

expression of stromal-cell-derived factor 1 (SDF-1) and CCL5. Taken together, these data suggest that hASCs are a source of

CAFs which play an important role in the tumor invasion.
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1. Introduction

Cancer invasion is influenced by tumor stroma

which consists of a variety of cell types, including

inflammatory cells, immune cells, fibroblasts, myofi-

broblasts and vascular cells [5]. Among these stro-

mal cells the importance of cancer-associated fibrob-

lasts (CAFs), which display traits of myofibroblasts,

has been described intensively [14]. Myofibroblasts

are abundant in most invasive human breast cancers

and consist mostly of α-smooth muscle actin (α-SMA)

expressing cells [24]. It has been shown that these

cells stimulate tumor growth and promote angiogene-

sis through secretion of stromal-cell-derived factor 1
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(SDF-1) [21] that binds to the chemokine receptor

CXCR4 expressed by cancer cells [19]. Moreover,

CAFs affect the invasive potential of cancer cells by

producing proinvasive factors such as tenascin-C and

scatter factor [6]. Translational studies of tumor stroma

in both breast and colorectal cancer have demonstrated

that CAFs may be a useful indicator of disease out-

come or recurrence [27,31].

The origin of CAFs is not conclusively established

and remains controversial [9]. It is known that fibrob-

lasts acquire a myofibroblast-like phenotype upon ex-

posure to TGFβ1 [23]. Recent studies have shown that

at least a subset of myofibroblasts in cancer is de-

rived from circulating bone marrow derived stem cells

(BMSCs) [7,11,17]. However, the involvement of tis-

sue resident stem cells in tumor stroma formation has

not been investigated so far. Recent studies indicate

that adipose tissue contains multipotent stem cells ca-

pable of multilineage differentiation [7,8,32]. Since

these stem cells are locally adjacent to the breast tis-
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sue, we sought to elucidate whether CAF-like cells

can originate from human adipose tissue-derived stem

cells (hASCs) within the tumor microenvironment. In

a recent study we showed that the direct interaction

of hASCs with breast cancer cells stimulates cancer

cell invasion through secretion of the chemokine CCL5

from tissue resident stem cells [22]. Here we demon-

strate for the first time that hASCs differentiate to-

wards CAF-like cells under the influence of cancer

cell-derived TGFβ1 and that the differentiation can be

abolished by inhibition of the TGFβ1 signaling path-

way in hASCs. Furthermore, we found that these al-

tered hASCs secrete elevated levels of SDF-1, CCL5

and promote the invasion of breast cancer cells in vitro.

2. Materials and methods

2.1. Isolation and culture of hASCs

Unprocessed subcutaneous adipose tissue was ob-

tained in accordance with the Institutional Review

Board from patients undergoing elective body contour-

ing procedures as described previously [22]. Briefly,

for isolation of human adipose tissue-derived stem

cells (hASCs) tissue was minced and dissociated using

Liberase Blendzyme 3 (F. Hoffman–La Roche Ltd.)

at a concentration of 2 units/g tissue in phosphate-

buffered saline (PBS; Cellegro) for 60 min at 37◦C

with intermittent shaking. The digested tissue was

then passed through a 100 µm filter (Millipore) and

the floating adipocytes were separated from the stro-

mal–vascular fraction by centrifugation at 1000 rpm

for 10 min. The pelleted cells were washed twice

with Hank’s balanced salt solution (HBSS; Cellegro)

and finally resuspended in alpha-modification of Ea-

gle’s medium (αMEM; Cellegro) supplemented with

10% fetal bovine serum (FBS; Atlanta Biologicals),

2 mM L-glutamine (Cellegro), 100 U/ml penicillin and

100 µg/ml streptomycin (Cellegro). The cells were cul-

tured on tissue culture plates at 37◦C in a humidi-

fied atmosphere containing 5% CO2 and the medium

was changed every 3 days. hASCs were subcultured

every 4 to 5 days and cells passaged for 2–5 popu-

lation doublings (PDs) were used for all experiments.

All experiments were performed with hASCs isolated

from three different donors and each experiment was

repeated at least three times independently from each

other. hASCs were positive for the mesenchymal stem

cell markers CD29, CD44, CD90, CD105 and negative

for CD14, CD34 and CD45 in line with previous stud-

ies performed by our group for cell surface markers on

hASCs [2,3]. The multi-lineage differentiation poten-

tial of these cells into adipogenic, osteogenic, neuro-

genic and hepatogenic lineage has been demonstrated

in our laboratory [3].

2.2. Tumor cell lines

The human breast cancer cell lines MDAMB231

and MCF7 were purchased from the American Type

Culture Collection and cultured in αMEM supple-

mented with 10% FBS, L-glutamine and penicillin–

streptomycin at 37◦C in a 5% CO2 containing cham-

ber.

2.3. Flow cytometric analysis of CD surface markers

on hASCs

For flow cytometric analysis of phenotype in

hASCs, cells in passage 3 were treated with 0.05%

trypsin–0.53 mM EDTA, washed twice with PBS and

cell aliquots (105 cells/100 µl) were stained with

primary-conjugated antibodies at room temperature

for 30 min. The conjugated antibodies used for these

experiments were PE-conjugated anti-human CD14,

CD29, CD34, CD90, CD105 and PerCP-conjugated

anti-human CD44 and CD45. Normal mouse and rat

IgG at the same concentrations as the primary antibod-

ies were used as isotype-matched controls. All antibod-

ies and matching IgG isotype controls were purchased

from eBioscience. At least 104 events were counted for

each sample using a fluorescence-activated cell sorter

(FACSCalibur, BD Biosciences) and data analysis was

performed with Flow Jo software (Tree Star, Inc.).

2.4. Exposure of hASCs to conditioned medium

Tumor conditioned medium (TCM) was collected

from 90% confluent T175 flasks ((8–10) × 106 can-

cer cells) after 24 h of incubation at 37◦C with 25 ml

of fresh, serum-free αMEM. The medium was then

harvested, centrifuged at 3000 rpm for 5 min at 4◦C

and passed through Millipore sterile 50 ml filtra-

tion system with 0.45 µm polyvinylidene difluoride

membrane. CM was stored at −80◦C in aliquots for

subsequent use. hASCs were serum-starved with 0%

FBS αMEM and subsequently exposed to conditioned

medium (CM) and the CM was changed every second

day for the entire culturing period (24 h to 4 days).
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2.5. TGFβ receptor kinase inhibition and

anti-TGFβ1 treatment

For inhibition of the TGFβ type 1 receptor-like ki-

nase, cells were preincubated with SB431542 (10 µM;

Sigma-Aldrich) or DMSO as a vehicle for 30 min. To

neutralize TGFβ1, cells were cultured in the presence

of anti-TGFβ1 neutralizing antibody (0.2 µg/ml; R&D

Systems; catalog number: AF-101-NA) or the control

Normal Chicken IgY (R&D Systems; catalog number:

AB-101-C).

2.6. Immunofluorescence analysis

For immunostaining, cells were grown to subconflu-

ence in 6-well plates with growth medium containing

10% FBS, and then incubated with serum-free medium

for 24 h. The serum-starved cells were treated un-

der appropriate conditions, fixed in 4% paraformalde-

hyde (PFA) for 10 min at room temperature, washed

with PBS, blocked with 10% goat serum (Sigma-

Aldrich), and then incubated with anti-alpha smooth

muscle actin (1:250; Clone 1A4; Sigma-Aldrich) or

anti-tenascin-C (1:250; Clone BC-24) antibodies for

1 h at room temperature. Following further wash-

ing the cells were incubated with Alexa Fluor 488-

conjugated goat anti-mouse secondary antibody (Invit-

rogen, Molecular Probes) for 1 h at a dilution of 1:500.

For TGFβ type II receptors staining, the cells were

stained with the fluorescein conjugated anti-TGFβ RII

antibody (1:50; Clone H-567; Santa Cruz Biotechnol-

ogy). Finally, all cells were counterstained with the nu-

clear dye Hoechst 33342 (Sigma-Aldrich) and exam-

ined with a fluorescence microscope. hASCs cultured

under different conditions were quantified for the ex-

pression of alpha smooth muscle actin (α-SMA) and

cells staining positive for α-SMA were counted as a

fraction of total cell numbers (>70 counted cells per

view field) in nine independent fields in each group at

a 10× magnification under the microscope. The exper-

iments were repeated at least three times.

2.7. Enzyme-linked immunosorbent assay

ELISA was performed using the Human TGFβ1,

CXCL12/SDF-1α and CCL5 Quantikine Kit (R&D

Systems; catalog number: DB100B, DSA00 and

DRN00B) according to the manufacturer’s description

and experiments were repeated at least three times.

Briefly, cells were treated under appropriate condi-

tions and cell culture supernatants were collected, cen-

trifuged and filtered through a 0.45 µm Steriflip Filter

Unit (Millipore). The absorbance 450 nm for each sam-

ple was analyzed by an ELISA reader and interpolated

with a standard curve.

2.8. Western blot analysis

Serum-starved hASCs were treated under appropri-

ate conditions, washed with ice-cold PBS, and cells

were resuspended in lysis buffer (Cell Signaling), in-

cluding protease inhibitor cocktail (Roche Diagnos-

tics). Approximately 24 µg protein extract were run

on pre-cast SDS PAGE gels (BioRad) for each sample

and transferred to polyvinylindene difluoride (PVDF)

membranes (Millipore) with a semi-dry blotting device

(Bio-Rad). After blocking with 5% nonfat milk/1×

TBST for 1 h at RT primary antibodies were diluted

in 5% nonfat milk/1× TBST and membranes were

incubated with antibody mixtures overnight at 4◦C.

Primary antibodies used were anti-phospho-Smad3

(1:1000; Epitomics), anti-Smad3 (1:1000; Abcam),

anti-α-SMA (1:400, Abcam) and anti-β-actin (1:1000;

Sigma-Aldrich). Membranes were probed with cor-

responding HRP-conjugated secondary antibodies (1:

2000; Cell Signaling) in 5% nonfat milk/1× TBST and

incubated for 1 h at RT. Blots were developed using

ECL™ detection reagents (GE Healthcare). The ex-

periments were repeated at least three times indepen-

dently.

2.9. DiI staining

The hydrophobic cyanine dye DiI (1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine perchlorate) al-

lows fast and easy fluorescent cell labeling of can-

cer cells. For cell staining confluent T25 flask of

MDAMB231 cells were incubated with 3 ml of their

regular culture medium containing 15 µl of DiI (Invit-

rogen, Molecular Probes) for 1 h. Cells were washed

twice with PBS and regular medium was added for

5 min. This procedure was repeated twice and then

cells were seeded for the following experiment.

2.10. Invasion assays

The invasion potential of MDAMB231 cancer cells

was evaluated using a Boyden chamber with filter in-

serts (pore size, 8 µm) coated with Matrigel in 24-well

dishes (BD Biosciences). According to the manufac-

turer’s protocol the invasion chambers were allowed

to come to RT for an hour. Then PBS was added and
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the chambers were rehydrated for 2 h at 37◦C. DiI

stained MDAMB231 (35 × 103cells/well) were seeded

alone or in co-culture with hASCs (70 × 103/well) pre-

exposed to TCM or recombinant TGFβ1 (0.2 ng/ml)

for 4 days or with normal hASCs (70 × 103/well)

at a ratio of 1:2 (MDAMB231:hASCs) in 600 µl of

αMEM 5% FBS in the upper chamber. The lower

chamber contained αMEM 10% FBS. For invasion as-

says of MDAMB231 with conditioned medium (CM),

35 × 103 cancer cells/well were seeded with CM

from hASCs treated under appropriate conditions. For

preparation of hASC-CM, cells were pretreated with

10 µM SB431542 or DMSO as a vehicle for 30 min

and then cultured in serum free medium, 0.2 ng/ml re-

combinant TGFβ1 or MDAMB231-CM over 4 days.

The medium was then changed to αMEM 5% FBS and

conditioned for 72 h before use. For all invasion as-

says the chambers were incubated for 40 h at 37◦C

in 5% CO2 and non-invaded cells were removed from

the top surface of the insert by scrubbing with cot-

ton tip swabs. Invaded cells were fixed on the mem-

brane in 5% PFA, washed twice with PBS and coun-

terstained with Hoechst 33342 dye as a nuclear stain.

Invaded DiI/Hoechst positive cancer cells on the un-

derside of the filters where counted in five independent

view fields at 20× magnification of each insert and the

experiment was repeated at least three times. Each ex-

periment was repeated at least three times.

2.11. FACS sorting analysis of hASC expressing

tenascin-C

For FACS sorting analysis of tenascin-C in hASCs,

cells were grown to subconfluence (60%) in T175

flasks with growth medium containing 10% FBS.

(5–7) × 105 cells were incubated with serum-free me-

dium for 24 h. The serum-starved cells were sub-

sequently treated for 48 h under appropriate condi-

tions, harvested, washed twice with PBS and cell

aliquots were incubated with anti-tenascin-C antibody

(5 µg/ml; R&D Systems; catalog number: MAB2138)

for 20 min. Following further washing the cells were

incubated with Alexa Fluor conjugated goat anti-rat

IgG secondary antibody (1:200; R&D Systems; cat-

alog number: NL014) for 20 min, washed twice and

used for FACS sorting to separate tenascin-C posi-

tive from tenascin-C negative cells. The M.D. An-

derson Cancer Centre core facility was used to sort

the cells using the BD FACSAria II cell sorter and

FACSDiva Version 6.1.1 software. Positive and nega-

tive tenascin-C cells were then cultured separately in

10% FBS αMEM over 4 days; conditioned medium

was collected from approximately 5 million cells of

each group and used for CCL5 ELISA.

2.12. Statistical analysis

All values are presented as means ± standard devia-

tion (SD). For statistical analysis, Student’s t-test was

performed using SPSS 16.0 software; P < 0.05 was

considered significant.

3. Results

3.1. Flow cytometric analysis of phenotype in hASCs

shows expression of stem cell markers

The phenotype of hASCs in passage 3 was analysed

for different antibodies typically expressed by mes-

enchymal stem cells (Fig. 1). Flow cytometric analysis

revealed that hASCs are positive for the mesenchymal

stem cell markers CD29, CD44, CD90 and CD105.

The cells are negative for CD34 and CD45, which pre-

cludes contamination with hematopoietic cells.

3.2. Tissue resident stem cells express myofibroblast

markers under the influence of the tumor

microenvironment

To explore whether tissue resident stem cells could

be a potential source of myofibroblast, we estab-

lished a direct co-culture system in which hASCs

and MDAMB231 or MCF7 breast cancer cells were

co-seeded at a 2:1 ratio (Fig. 2Aa and 2Ab) and

myofibroblasts were detected by immunostaining us-

ing a specific antibody against α-SMA. Our data

showed that hASCs contain only a small number of

α-SMA positive cells and this number increased sig-

nificantly after co-culture with MDAMB231 or MCF7

cells for 4 days, suggesting that hASCs differen-

tiated into myofibroblast in this co-culture system

(Fig. 2Ac–2Af). A myofibroblast phenotype (expres-

sion of α-SMA and tenascin-C) could also be induced

by incubating hASCs with both conditioned medium

from MDAMB231 or MCF7 cancer cells over a period

of 4 days (Fig. 2B), indicating that tumor cell-derived

humoral factors are responsible for the differentiation.

The percentage of cells expressing α-SMA was

quantified at different time points and revealed that the

differentiation of hASCs towards myofibroblast-like

cells was time-dependent. After culturing hASCs with
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Fig. 1. hASCs express CD surface markers typical for mesenchymal stem cells. Flow cytometric analysis of CD surface markers on hASCs. Black histograms indicate isotype-matched controls;

red histograms show surface antigen expression level. (The colors are visible in the online version of the article.)
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(C)

Fig. 2. Tissue resident mesenchymal stem cells express myofibroblast markers under the influence of tumor-derived factors. (A) Brightfield picture of direct co-culture of MDAMB231 cells

or MCF7 cells with hASCs grown in serum-free medium over four days (a, b). The co-culture of hASCs with MDAMB231 (c) or MCF7 (d) and monocultures of either MDAMB231 (e),

MCF7 (f) or hASCs (g) were grown four days in serum-free medium and the expression of α-SMA (green channel) was determined by immunostaining with an anti-α-SMA antibody. Nuclei

were counterstained with Hoechst 33342 and appear blue. Scale bar: 100 µm. (B) hASCs were cultured in serum-free medium (a, d) or with serum-free tumor conditioned medium from either

MDAMB231 (b, e) or MCF7 cancer cells (c, f) for 4 days and stained with anti-α-SMA (a–c) and anti-tenascin-C (d–f) antibodies, respectively. Scale bar: 100 µm. Representative pictures from

at least three independent experiments are shown. (C) Quantitative analysis of the expression of α-SMA in hASCs cultured for one to four days in either MDAMB231 or MCF7 serum-free

conditioned medium or serum-free medium alone was analyzed by immunofluorescence staining (see Section 2 for details). The experiments were repeated at least three times. *P < 0.0001

as compared to hASC alone on day IV. CM – conditioned medium; α-SMA – alpha smooth muscle actin. (The colors are visible in the online version of the article.)
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TCM for one day, only 2% (MDAMB231-CM) and 3%

(MCF7-CM) of the cells expressed α-SMA, whereas

50% (MCF7-CM) and 52% (MDAMB231-CM) of the

cells expressed α-SMA after 4 days (Fig. 2C).

3.3. Breast cancer cell-derived TGFβ1 converts

hASCs into myofibroblast-like cells

It has been shown previously that α-SMA expres-

sion could be induced by transforming growth factor-

beta 1 (TGFβ1) in quiescent human breast gland fi-

broblasts [23]. We wondered whether MDAMB231

and MCF7 secrete TGFβ1 and whether it is involved in

myofibroblast differentiation. MDAMB231 and MCF7

conditioned medium was collected at different time

points for the detection of TGFβ1 by ELISA. A sig-

nificant amount of TGFβ1 (204.9 ± 31.9 pg/ml in CM

from MDAMB231; 283.32 ± 24.8 pg/ml in CM from

MCF7) was detected in the medium after 24 h condi-

tioning and TGFβ1 secretion from MDAMB231 and

MCF7 reached a maximum level after 48 h in culture,

respectively (Fig. 3A). TGFβ1 was not detected in con-

ditioned media from hASCs cultured for 24 and 48 h,

respectively (Fig. 3A). It is known that TGFβ1 induces

α-SMA expression through binding to its type II re-

ceptor and subsequent phosphorylation and activation

of Smad3 [10,16]. Immunofluorescence staining with

anti-TGFβ type II receptor antibody (TGFβ RII) re-

vealed that hASCs expressed the receptor (Fig. 3B).

Furthermore, Western blot analysis demonstrated that

hASCs expressed higher protein levels of p-Smad3

and α-SMA after exposure to CM from MDAMB231

over 4 days (Fig. 3C). Similarly, hASCs stimulated

with recombinant TGFβ1 (0.2 ng/ml) revealed strong

phosphorylation of Smad3 and high protein levels of

α-SMA (Fig. 3C), which correlates with the expres-

sion of α-SMA by immunofluorescence as shown by

immunostaining (Fig. 4). More importantly, TGFβ re-

ceptor kinase inhibition with 10 µM SB431542 as well

as anti-TGFβ1 treatment with a neutralizing antibody

markedly reduced the phosphorylation of Smad3 and

protein levels of α-SMA in hASCs (Fig. 3D). To fur-

ther confirm the role of TGFβ1 in myofibroblast dif-

ferentiation, we treated hASCs with different concen-

trations of TGFβ1 and quantitatively analyzed α-SMA

expression. We found, that exogenously added TGFβ1

dose-dependently increased the expression of α-SMA

in hASCs (Fig. 4). Furthermore, we showed that treat-

ment with 0.2 ng/ml recombinant TGFβ1 over 4 days,

which is exactly the amount of TGFβ1 secreted by

MDAMB231 cells after 24 h, elicited a stem cell re-

sponse indistinguishable from that obtained with TCM

(0% FBS; 24 h conditioning time) (Fig. 4). Addition-

ally, we found that abrogation of TGFβ1-dependant

activity was achieved using a neutralizing antibody

against TGFβ1 in both hASCs cultured with TGFβ1

or cultured in MDAMB231-CM (Fig. 4). Furthermore,

the percentage of TCM-induced expression of α-SMA

(both by MDAMB231-CM as well as MCF7-CM) was

markedly reduced by pretreatment of hASCs with the

TGFβ1 receptor kinase inhibitor SB431542 (Fig. 4).

Hence, these results clearly indicate the involvement

of cancer cell-derived TGFβ1 in the differentiation of

hASCs to myofibroblast like cells.

3.4. Secretion of SDF-1α from hASCs increases upon

stimulation with tumor conditioned medium

In breast cancer a key feature of tumor activated

myofibroblasts is their potential to stimulate tumor

growth and to promote angiogenesis partially through

their ability to secrete SDF-1 [21]. We therefore ex-

amined whether MDAMB231- or MCF7-CM could in-

duce SDF-1α protein production in hASCs. The secre-

tion of SDF-1α from TCM-activated hASCs was time-

dependent reaching a maximum level after 72 h in cul-

ture (Fig. 5A and Suppl. Fig. 1: http://www.qub.ac.uk/

isco/JCO). As shown in Fig. 5B, the increase in

SDF-1α protein-level after 72 h was 5.2 fold for

hASCs cultured in MDAMB231-CM compared to the

control group of hASCs cultured in regular medium

(P < 0.001). Additionally, we assessed the involve-

ment of TGFβ1 in the production of SDF-1α. As

shown in Fig. 5B, the increased expression of SDF-1α

in TCM-activated hASCs was significantly reduced by

pretreatment with SB431542 (P < 0.01). Interest-

ingly, we found that 72 h stimulation with recombi-

nant TGFβ1 did not affect the secretion of SDF-1α

from hASCs (Fig. 5B), suggesting that TGFβ1 alone

is not sufficient for the TCM-induced production of

SDF-1α, although the TGFβ1 signaling pathway may

be involved in SDF-1 production.

3.5. hASC-derived myofibroblasts promote cancer

cell invasion

An important feature of myofibroblasts is their abil-

ity to promote cancer cell invasion [6]. We estab-

lished an in vitro invasion assay in order to assess

the impact of hASC-derived myofibroblast on the in-

vasion of MDMB231 cells. On the surface of a ma-

trigel coated insert we seeded either DiI stained can-
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(A)

(B)

Fig. 3. Breast cancer cell-derived TGFβ1 induces the phosphorylation of Smad3 in hASCs. (A) The amounts of TGFβ1 in regular serum-free

medium or serum-free conditioned medium from MDAMB231, MCF7 and hASCs measured by ELISA at different time points. Data represent

mean ± SD (n = 3). *P < 0.0001 as compared to serum-free medium. (B) Immunofluorescence staining of hASCs with a fluorescein

conjugated anti-TGFβ type II receptor antibody (green channel). Nuclei were counterstained with Hoechst and appear blue in the photograph.

Scale bar: 50 µm. A representative picture from at least three independent experiments is shown. (C) hASCs were exposed to either serum-free

medium alone, MDAMB231-CM (0% FBS; 24 h conditioning time), or 0.2 ng/ml recombinant TGFβ1 over 4 days. The expression levels of

Smad3, phoshorylated Smad3, α-SMA and β-actin were determined by Western blot analysis using anti-Smad3, anti-p-Smad3, anti-α-SMA and

anti-β-actin antibodies, respectively. β-actin was used as a loading control. Representative data from three independent experiments are shown.

(D) hASC were pretreated with vehicles or 10 µM SB431542 (TGFβ1 activin receptor-like kinases inhibitor) for 30 min and then exposed to

serum-free medium (control) or MDAMB231-CM for 4 days. To neutralize TGFβ1, cells were cultured in TCM for 4 days in the presence of

anti-TGFβ1 neutralizing-antibody (0.2 µg/ml). The expression levels of Smad3, phoshorylated Smad3, α-SMA and β-actin were determined by

Western blot analysis. For all Western blot experiments representative data from three independent experiments are shown. CM – conditioned

medium; TGFβ RII – transforming growth factor beta type II receptor; p-Smad3 – phosphorylated Smad3. (The colors are visible in the online

version of the article.)
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(C)

(D)

Fig. 3. (Continued.)

cer cells alone or in co-culture with hASC previously

grown in regular medium, tumor conditioned medium

or in regular medium containing 0.2 ng/ml TGFβ1,

respectively. When counting the cancer cells that in-

vaded into the matrigel after 40 h, we found that sig-

nificantly more cancer cells (96.9 ± 23.2 cells/view

field) invaded the coated membrane when co-seeded

with hASCs as compared to the mono-culture control

group (33.6 ± 14.9 cells/view field, Fig. 6). Further-

more, we found that MDAMB231 cells become more

invasive when co-cultured with hASCs that have been

pre-incubated with either TCM or TGFβ1 for 4 days

(Fig. 6). To assess the influence of conditioned medium

from “CAF-like” cells on the invasion of breast can-

cer cells, we performed another series of invasion as-

says with MDAMB231 cells. For this assay the cancer

cells were seeded alone on the surface of the coated

inserts and exposed to conditioned medium (72 h con-

ditioning time; 5% FBS) from hASCs, TGFβ1-treated

hASCs, TCM-activated hASCs and TCM-activated

hASCs previously incubated with 10 µM SB431542.

After 40 h the cells were stained with the nuclear dye

Hoechst 33342 and the invaded cells were counted in

five independent view fields (representative pictures of

invaded cells are shown in Fig. 7Aa–7Ae). As shown

in Fig. 7B, the invasion assay revealed that both CM

from “CAF-like” cells as well as CM from TGFβ1-

treated hASCs significantly increased the invasion of

MDAMB231 cancer cells (P < 0.005 as compared

to CM from hASCs). Moreover, the invasive capacity

of cancer cells grown in CM from “CAF-like” cells

pretreated with the tyrosine kinase inhibitor SB431542

was significantly reduced when compared to the inva-

sive rate of cancer cells grown in CM from “CAF-like”

cells for the same time (P < 0.0001).

3.6. CCL5 secretion is elevated in hASC-derived

myofibroblasts

We previously have shown that hASC-derived CCL5

promotes breast cancer cell invasion in vitro [22].

In order to assess the role of CCL5 in our current
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Fig. 4. TGFβ1 is critical to hASC differentiation towards myofibroblast-like cells. Serum-starved hASCs were treated with different concentrations of recombinant TGFβ1 (0.2 and 2 ng/ml)

or cultured in MDAMB231 conditioned medium (0% FBS; 24 h conditioning time) for 4 days in the presence of anti-TGFβ1 neutralizing antibody (0.2 µg/ml) or control normal chicken

IgY (0.2 µg/ml). For inhibition of TGFβ1 activin receptor-like kinases hASCs were pretreated with vehicles (DMSO) or 10 µM SB431542 for 30 min and then exposed to CM from either

MDAMB231 or MCF7 cancer cells for 4 days. The quantitative expression of α-SMA in hASCs was analyzed by immunofluorescence staining and cells positive for α-SMA where counted as

a fraction of total cell numbers in each group. Data represent average value ± SD (n = 3). *P < 0.0001, **P < 0.0004. CM – conditioned medium; α-SMA – alpha smooth muscle actin;

rTGFβ1 – recombinant transforming growth factor beta 1. (The colors are visible in the online version of the article.)
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(A) (B)

Fig. 5. Tumor conditioned medium stimulates the secretion of SDF-1α from hASCs. (A) Protein levels of SDF-1α secreted from hASCs exposed to MDAMB231 conditioned medium over

time (12–72 h) was measured by ELISA. The experiment was repeated three times. *P < 0.0001 versus 12 h MDAMB231-CM. (B) Serum-starved hASCs were pretreated with vehicles, or

10 µM SB431542 (TGFβ1 receptor kinase inhibitor) and then cultured in serum-free regular medium, MDAMB231 conditioned medium or exposed to 0.2 ng/ml rTGFβ1 for 72 h. Cell culture

supernatants were subjected to ELISA for the measurement of SDF-1α levels. Data represent mean ± SD (n = 3). *P < 0.001, **P < 0.01. SDF-1α – stromal-cell-derived factor 1 alpha;

rTGFβ1 – recombinant transforming growth factor beta 1. (The colors are visible in the online version of the article.)



C
.
Jo

tzu
et

a
l.

/
T

h
e

o
rig

in
o
f

m
yo

fi
b
ro

b
la

st
7
3

(A)

(B)

Fig. 6. Tumor conditioned medium activated hASCs and recombinant TGFβ1-treated hASCs promote tumor cell invasion. (A) Fluorescent images of DiI stained MDAMB231 cancer cells

(red channel) that invaded into matrigel after 40 h. The nuclei were counterstained with Hoechst (blue). Overlay of red with blue signal shows invaded cancer cells when (a) seeded alone or

co-cultured with hASCs previously grown in (b) regular medium, (c) MDAMB231 tumor conditioned medium (TCM) or with (d) 0.2 ng/ml recombinant TGFβ1 for 4 days. Representative

pictures of three independent experiments are shown. Scale bar: 50 µm. (B) Invaded DiI/Hoechst-positive MDAMB231 cancer cells were counted in five independent view fields in each group

and are shown as mean ± SD with experiments being repeated at least three times. *P < 0.001. TCM – tumor conditioned medium; rTGFβ1 – recombinant transforming growth factor beta 1.

(The colors are visible in the online version of the article.)
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(A)

Fig. 7. Conditioned medium from both rTGFβ1-treated hASCs and CAF-like hASCs promotes tumor cell invasion. (A) Fluorescent images of

MDAMB231 cancer cells that invaded into matrigel after 40 h. The nuclei of the invaded cells were stained with the nuclear dye Hoechst 33342

and appear blue. Images show invaded cancer cells when cultured in (a) regular medium containing 5% FBS, (b) CM from hASCs, (c) CM from

rTGFβ1-treated hASCs, (d) CM from “CAF-like” hASCs and (e) CM from “CAF-like” hASCs pretreated for 30 min with 10 µM SB431542 (tyro-

sine kinase inhibitor). Representative pictures of three independent experiments are shown. Scale bar: 50 µm. (B) Hoechst-positive MDAMB231

cancer cells were counted in five independent view fields in each group and are shown as mean ± SD. Experiments were repeated at least three

times. *P < 0.001; **P < 0.005; ***P < 0.0001. CM – conditioned medium; rTGFβ1 – recombinant transforming growth factor beta 1. (The

colors are visible in the online version of the article.)

study, we performed additional experiments and ex-

plored whether hASC-derived CAFs are a source of

CCL5. hASCs were cultured in either MDAMB231-

CM (0% FBS; 24 h conditioning time) or serum-free

regular growth medium over 4 days and subsequently

separated by cell sorting using anti-tenascin-C anti-

body. FACS sorting analysis revealed that after 4 days

in tumor conditioned medium 24.8% of the cells ex-

pressed tenascin-C whereas only 0.4% of the cells

cultured in serum-free regular medium expressed this

myofibroblast marker (Fig. 8Ab and 8Ac). The sep-

arated cell fractions of tenascin-C positive and nega-

tive cells were subsequently cultured in regular growth

medium over 4 days and conditioned medium from

these cells was used for CCL5 ELISA experiments.

We found that cells positive for tenascin-C produced

significantly more CCL5 than the tenascin-C negative

cell fraction (744.13 ± 67.95 as compared to 217.38 ±

21.95 pg/500,000 cells; Fig. 8B). Together these data

confirm that hASCs contain a subpopulation of cells

that are tenascin-C positive and these cells are the main

source of CCL5.

4. Discussion

Bone marrow derived mesenchymal stem cells have
recently been found to integrate into the tumor as-
sociated stroma and differentiated into myofibroblasts
which act in a paracrine fashion on the cancer cells
to enhance their invasion [25]. However, the poten-
tial of adjacent tissue resident stem cells to differ-
entiate into myofibroblasts and support breast cancer
cell invasion has not yet been investigated. In this
study we showed for the first time that hASCs ex-
hibit increased expression of myofibroblast markers
tenascin-C and α-SMA when exposed to tumor cell
conditioned medium from two different breast can-
cer cell lines MDAMB231 and MCF7. Additionally,
hASCs secrete increased protein levels of SDF-1 when
cultured in tumor cell conditioned medium and these
TCM-activated hASCs promote the invasion of can-
cer cells in vitro. We further showed that tumor con-
ditioned medium from MDAMB231 and MCF7 cells
contains significant amounts of TGFβ1 and that the
differentiation of hASCs towards CAFs is dependent
on TGFβ1 signaling via Smad3 in hASCs.
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(B)

Fig. 7. (Continued.)

TGF-β1 is considered to have a central role in in-

ducing the myofibroblastic phenotype, because it is ca-

pable of up-regulating fibroblast α-SMA and collagen

both in vitro and in vivo [28]. In many types of cancers,

TGF-β1 is overexpressed by carcinoma cells [26], and

it has been proposed previously that the expression of

this cytokine by prostate carcinoma cells induces reac-

tive stroma [30].

Moreover, mesenchymal stem cells undergo myofi-

broblast differentiation, including increased produc-

tion of α-SMA in response to TGF-β [29]. Our find-

ings that addition of either a TGFβ1 neutralizing an-

tibody or pretreatment with a TGFβ receptor kinase

inhibitor completely blocked the phenotypic switch of

hASCs towards α-SMA expressing phenotype are con-

sistent with these previous reports.

The CXCR4/SDF-1 axis plays a crucial role in the

targeting of metastatic cancer cells of various origins

(e.g., breast, kidney, lung, pancreas and prostate), as

well as leukemic cells, to the bone marrow, lymph

nodes and lung; this is achieved by promoting the

migration of the malignant cells towards SDF-1 pro-

duced by the stroma of these target organs [4]. We

have shown previously that the SDF-1/CXCR4 axis

plays an important role in mediating ASC’s tumor-

promoting effect [18]. Orimo et al. [21] showed that

the α-SMA protein present on myofibroblasts in tumor

stroma was largely co-localized with the SDF-1 pro-

tein. In contrast, they failed to detect any fibroblast-like

cells positive for SDF-1 in non-cancer stroma. These

findings are in line with our data that hASCs exposed

to tumor conditioned media produced more SDF-1.

These findings suggest that tumor cells produce spe-

cific factors that induce the production of SDF-1 by

myofibroblasts. In an attempt to define the specific fac-

tor, we asked whether TGFβ1 could be a potential

candidate since our data indicate that TGFβ1 treat-

ment resulted in increased percentage of α-SMA pos-
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(A)

Fig. 8. Tenascin-C positive myofibroblasts produce elevated levels of CCL5. (A) FACS sorting analysis of hASCs for tenascin-C expression.

Serum-starved hASCs were cultured in MDAMB231 conditioned medium (0% FBS; 24 h conditioning time) or serum-free regular growth

medium over 4 days and subsequently sorted with FACS cell sorter using anti-tenascin-C antibody (5 µg/ml). Green dots in population P4 indicate

tenascin-C negative cell counts; red dots in population P5 indicate tenascin-C positive cell counts. Representative images show cell counts from

(b) FACS sorting of hASCs cultured in serum-free regular growth medium over 4 days (0.4% positive tenascin-C cells) and (c) hASCs grown in

MDAMB231-CM over 4 days (24.8% positive tenascin-C cells). Unstained hASCs were used as negative control for sorting (a). (B) Cell fractions

of tenascin-C positive and negative cells as sorted by FACS were cultured in regular growth medium over 4 days and conditioned medium from

these cells was used for detection of CCL5 protein levels by ELISA. Data represent mean ± SD (n = 3). *P < 0.0003. P4 – tenascin-C negative

cell population; P5 – tenascin-C positive population; CM – conditioned medium. (The colors are visible in the online version of the article.)

itive cells within the hASCs. Our data showed that al-

though pharmacological inhibition of TGFβ1 receptor

significantly reduces the secretion of SDF-1 in TCM-

activated hASCs, direct stimulation of hASCs with

TGFβ1 does not change the protein level of SDF-1.

These data suggest that the TGF signaling pathway

may be involved but might not be sufficient by itself to

induce SDF-1 production.

Another key feature of cancer associated myofi-

broblasts is their ability to promote the invasion of

cancer cells [5]. We demonstrated that hASCs pro-

mote cancer cell invasion in co-culture. We further

showed that the invasion promoting effect is more

pronounced in hASCs that have been cultured either

with tumor cell conditioned medium or recombinant

TGFβ1. These data indicate that myofibroblasts are re-

sponsible for the enhanced invasion. We have shown

previously that hASC-derived CCL5 is responsible for

enhanced tumor cell invasion [22]. We conducted fur-

ther experiments to find out the cellular sources of

CCL5. Our results showed that CCL5 is mainly pro-

duced by tenascin-C positive cells. Hence these data
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(B)

Fig. 8. (Continued.)

suggest that CCL5 is produced by myofibroblast that

developed from tumor activated hASCs.

Jeon et al. [12] showed that ovarian cancer cell-

derived LPA stimulates the production of TGFβ1 in

hASCs. TGFβ1 then activates its receptor and stim-

ulates the expression of αSMA through an autocrine

mechanism. Our data confirmed that hASCs indeed

express TGFβ receptor, however, breast cancer cell-

derived TGFβ1 was responsible for the induction of

the myofibroblast-like phenotype in a paracrine fash-

ion. It is therefore conceivable that different types of

cancer might be able to use different mechanisms to

induce the expression of αSMA in hASCs. Jeon et

al. [12] further showed that LPA stimulates produc-

tion of SDF-1 from hASCs through a TGF-β1-Smad-

dependent pathway. Recent studies indicate that stro-

mal cells in the primary tumor are an important source

of SDF-1. In myofibroblasts isolated from breast can-

cer specimens, SDF-1 expression was significantly

up-regulated compared to fibroblasts obtained from

normal breast tissue [1,21]. Myofibroblasts-derived

SDF-1 not only increases carcinoma cell growth di-

rectly through the CXCR4 receptor displayed on tumor

cells, but also serves to recruit endothelial progenitor

cells into tumors, thereby stimulating neoangiogene-

sis [20]. We demonstrated here that hASCs secrete in-

creased protein levels of SDF-1 when cultured in tu-

mor cell conditioned medium, and these data are in line

with that reported by Jeon et al. [12].

It has been shown that tenascin-C and scatter fac-

tor/hepatocyte growth factor produced by myofibrob-

lasts provide proinvasive signals to cancer cells in vitro

[6]. In the present study we found that hASCs previ-

ously cultured in TCM or with recombinant TGFβ1

(in concentrations present in TCM) promote the inva-

sion of MDAMB231 cancer cells more potently than

control hASCs without any pre-treatment. Moreover

the proinvasive potential of CAF-like CM can be abol-

ished through inhibition of the TGFβ tyrosine kinases

in hASCs. Together with our findings that these acti-

vated hASCs express myofibroblast-like immunocyto-

chemical markers, these results further corroborate the

assumption that hASCs can differentiate into CAF-like

cells under the influence of TGFβ1 secreted from can-

cer cells.

Our recently published findings, that co-injection of

ASCs with 4T1 promotes tumor growth in a SDF1/

CXCR4 dependent manner, and that ASCs isolated

from these tumors show increased expression of

α-SMA [18], strongly support the in vivo relevance of

our current in vitro findings. The essential features of

this model system for tumor invasion is that under the

influence of tumor cell-derived TGF beta, hASCs can

differentiate into myofibroblasts which in turn produce

CCL5 and promote tumor cell invasion. We showed

that the differentiation of hASCs towards myofibrob-

lasts is dependent on TGFβ1 secreted from breast can-

cer cells since the induction of myofibroblasts was

abolished using neutralizing antibodies to TGFβ1 as

well as by pretreatment of the hASCs with SB431542,

a TGFβ1 receptor kinase inhibitor. More importantly,

these hASC-derived myofibroblasts exhibit functional

properties including the ability to promote tumor cell

invasion shown by an in vitro invasion assay. Our data

suggest that hASCs are a source of myofibroblasts

which play an important role in the tumor microenvi-

ronment and that this differentiation can be abolished

by inhibition of TGFβ1.

Together, these findings are of special interest, since

hASCs derived from adipose tissue are particularly

abundant in breast tissue and might therefore be the

most potent early response cells during cancer expan-

sion. These findings identify TGFβ1 as a key factor

in the differentiation of tissue resident stem cells to-

wards CAF-like cells and suggest that inhibition of the

TGFβ1 pathway in hASCs could offer a possible way

to inhibit these cells from promoting the tumor mi-

croenvironment. Future studies on tissue-derived stem
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cells within the breast cancer microenvironment un-

der special consideration of TGFβ1 should be of in-

terest for the development of anti-cancer therapies in

the future. The interaction with other mechanisms such

as genomic instability [13] and protein oxidation [15]

should be considered and evaluated as further mecha-

nisms contributing to tumorigenesis.
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