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yoﬁbroblasts are often observed in the stroma of various
human carcinomas that include those of the breast (1). The
presence of these cells in large numbers is also associated with
higher-grade malignancy and poor prognosis in patients (2–4).
Myoﬁbroblasts express α-smooth muscle actin (α-SMA) that distinguishes these cells from ﬁbroblasts and represents a hallmark of
activated ﬁbroblasts (5–10). The activated myoﬁbroblast state of
stromal ﬁbroblasts also correlates with their ability to promote tumor growth (11–14). Although different types of mesenchymal cells
and epithelial cells are proposed to be precursors of the myoﬁbroblasts present in tumors (15–20), their precise cellular origins and
functional contributions to tumor growth still remain unclear.
In recent years, the tumor-promoting roles of stromal ﬁbroblasts
and α-SMA-positive myoﬁbroblasts, collectively termed carcinoma-associated ﬁbroblasts (CAFs), have been studied (21).
CAFs, when inoculated with carcinoma cells, have potently promoted the in vivo proliferation of carcinoma cells and tumor growth
in mouse xenograft models (14, 21–25). We previously demonstrated that CAFs, prepared directly from invasive human mammary carcinomas, contain substantial numbers of myoﬁbroblasts
that secrete elevated levels of the proangiogenic chemokine, stromal cell-derived factor-1 (SDF-1, also called CXCL12) (14). SDF-1
signaling via its cognate receptor CXCR4, expressed on the surface
of carcinoma cells, directly boosts the proliferation of these cells
and can stimulate neoangiogenesis by recruiting circulating endothelial progenitor cells (EPCs) into the tumor stroma (14, 26).
www.pnas.org/cgi/doi/10.1073/pnas.1013805107

Previous research has shed little light on the molecular mechanisms that mediate formation of the myoﬁbroblastic state and
the associated tumor-promoting capability of CAFs. The similarities between tumor-associated myoﬁbroblasts and those present in sites of wound healing and chronic ﬁbrosis have long been
recognized (5, 27, 28). Though TGF-β-Smad autocrine signaling is
apparently responsible for the activated state of myoﬁbroblasts in
ﬁbrosis (29–31), it is not known if myoﬁbroblastic CAFs also depend on TGF-β autocrine signaling and/or additional signaling to
maintain their unique phenotypes.
We therefore investigated the biochemical alteration(s) underlying the tumor-promoting myoﬁbroblastic phenotype of CAFs
and the cellular origins of these cells. Our ﬁndings show that the
establishment of two autocrine signaling loops, mediated by TGFβ and SDF-1 cytokines, endows resident ﬁbroblasts with the tumor-promoting myoﬁbroblastic phenotype, thereby driving their
differentiation into CAF myoﬁbroblasts.
Results
Experimental Generation of CAFs from Human Mammary Fibroblasts.

Myoﬁbroblasts have been generated in vitro from ﬁbroblasts
through their transdifferentiation following exposure to TGF-β
(32, 33). Moreover, the CAF populations in tumor-associated
stroma are known to include both ﬁbroblasts and myoﬁbroblasts
(14, 34). For these reasons, we speculated that preexisting normal stromal ﬁbroblasts could potentially convert into myoﬁbroblasts in vivo, speciﬁcally during the course of tumor progression.
Such conversion has not previously been demonstrated.
To test this hypothesis, primary normal human mammary ﬁbroblasts were isolated from reduction mammoplasty tissue and
immortalized with hTERT, the catalytic subunit of the telomerase
holoenzyme (35). Retroviral constructs encoding GFP and puromycin-resistance protein were also introduced into these ﬁbroblasts. The resulting ﬁbroblasts were then mingled with MCF-7ras human breast carcinoma cells expressing an activated ras
oncogene (36), and the mixtures were injected s.c. into immunodeﬁcient nude mice.
As described in Fig. 1A, the tumor xenografts were resected at
42, 70, and 200 d after implantation and dissociated into singlecell suspensions. These cells were then cultured in vitro in the
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Much interest is currently focused on the emerging role of tumorstroma interactions essential for supporting tumor progression.
Carcinoma-associated ﬁbroblasts (CAFs), frequently present in the
stroma of human breast carcinomas, include a large number of
myoﬁbroblasts, a hallmark of activated ﬁbroblasts. These ﬁbroblasts have an ability to substantially promote tumorigenesis.
However, the precise cellular origins of CAFs and the molecular
mechanisms by which these cells evolve into tumor-promoting
myoﬁbroblasts remain unclear. Using a coimplantation breast tumor xenograft model, we show that resident human mammary
ﬁbroblasts progressively convert into CAF myoﬁbroblasts during
the course of tumor progression. These cells increasingly acquire
two autocrine signaling loops, mediated by TGF-β and SDF-1 cytokines, which both act in autostimulatory and cross-communicating
fashions. These autocrine-signaling loops initiate and maintain
the differentiation of ﬁbroblasts into myoﬁbroblasts and the concurrent tumor-promoting phenotype. Collectively, these ﬁndings
indicate that the establishment of the self-sustaining TGF-β and
SDF-1 autocrine signaling gives rise to tumor-promoting CAF
myoﬁbroblasts during tumor progression. This autocrine-signaling
mechanism may prove to be an attractive therapeutic target to
block the evolution of tumor-promoting CAFs.

s.c. into nude mice as pure cultures without MCF-7-ras cells. The
ﬁbroblasts that survived at the site of injection for the same period
as the exp-CAF-2 cells were isolated in the same way and termed
control ﬁbroblast-2 cells (242 d old; Fig. S1A). The mesenchymal
nature and human origin of exp-CAFs and the control ﬁbroblasts
were conﬁrmed by immunoﬂuorescence analysis (Fig. S1B).
Conversion of Resident Fibroblasts into Tumor-Promoting CAF
Myoﬁbroblasts Within the Tumor. To determine whether the ini-
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Fig. 1. exp-CAFs mimic the tumor-promoting behavior of CAFs prepared
from breast cancer patients. (A) Isolation of exp-CAFs. Normal GFP-labeled,
puromycin-resistant, immortalized human mammary ﬁbroblasts were coinjected with MCF-7-ras breast cancer cells s.c. into nude mice. Tumors were
dissected at the indicated days and dissociated. The injected human ﬁbroblasts were isolated under puromycin selection in culture and were termed
exp-CAFs. See result for details. (B) Immunoﬂuorescence of exp-CAF2 cells and
control ﬁbroblast-2 cells (control f.) to detect α-SMA (red) and tenascin-C (TNC, red). Cell nuclei were stained with 4′,6-diamino-2-phenylindole (DAPI,
blue). (Scale bar, 50 μm.) Error bars indicate SEM. (C and D) Western blotting of
ﬁbroblasts using an anti-α-SMA antibody. The membranes were also probed
by an anti-α-tubulin antibody. The ratios of the signal intensity of α-SMA
relative to α-tubulin are indicated. PDs, population doublings. (E) MCF-7-ras
breast carcinoma cells were injected alone (n = 12) or coinjected with control
ﬁbroblast-2 cells (control f.; n = 10), 42-d-old exp-CAF1 cells (n = 12), or 242-dold exp-CAF2 cells (n = 10) s.c. into nude mice. Tumor volume (i) was measured
at the indicated days and microvascular density (ii) was quantiﬁed in tumors
admixed with various ﬁbroblasts 150 d after injection. *P < 0.05. Error bars, SE.

presence of puromycin for 5 d to eliminate any contaminating
carcinoma cells and host stromal cells. The resulting puromycinresistant cells were termed experimentally generated CAF1 (expCAF1) cells. These cells, resected 42 d after implantation, were
once again mixed with MCF-7-ras cells and implanted s.c. into
host mice as before. The resulting second group of tumors, which
were allowed to grow for an additional period of 200 d, were
once again dissected, dissociated, and cultured in the presence of
puromycin. The isolated puromycin-resistant cells were termed
experimentally generated CAF2 (exp-CAF2) cells (242 d old).
As a control, normal GFP-labeled, puromycin-resistant, immortalized human mammary stromal ﬁbroblasts were injected
20010 | www.pnas.org/cgi/doi/10.1073/pnas.1013805107

tially admixed normal human ﬁbroblasts had converted into a
myoﬁbroblast-rich population during the course of tumor growth,
we performed immunoﬂuorescence using an anti-α-SMA antibody. We observed that ∼48% of the total cell population of 242-dold exp-CAF2 cells stained positive for α-SMA, a far greater
number than the ∼14% of myoﬁbroblasts present in the 42-d-old
exp-CAF1 and the ∼2.5% present in the 242-d-old control ﬁbroblast-2 cell populations (Fig. 1B). The expression level of the extracellular matrix glycoprotein tenascin-C, another marker of
myoﬁbroblasts (11, 37), was also dramatically elevated in expCAF2 cells relative to the control ﬁbroblast-2 cells (Fig. 1B),
providing additional evidence to support for the myoﬁbroblastic
state of these cells.
Western blot analysis further conﬁrmed progressive up-regulation of α-SMA expression in 42- (5.6-fold), 70- (27.2-fold),
200- (29.1-fold) day-old exp-CAF1 cells, and exp-CAF2 cells
(29.8-fold) relative to the control ﬁbroblast-2 cells (Fig. 1C).
Exp-CAF2 cells also retained their increased α-SMA expression,
when propagated as pure populations for periods of 14 population doublings (PDs) in vitro following their extraction from
tumors (Fig. 1D). Moreover, exp-CAF2 cell populations extracted from four different tumor xenografts also showed similar
increased levels of α-SMA protein expression (Fig. S1C).
We wished to determine whether the myoﬁbroblast differentiation was due to the transfer of the ras oncogene from the
admixed MCF-7-ras cells. We therefore checked for the presence of oncogenic ras in the exp-CAFs by PCR and Western blot
analyses. No oncogenic ras gene and protein expression could be
detected in these cells (Fig. S1D). Collectively, these observations indicate that myoﬁbroblast differentiation is progressively
increased during tumor progression and, once established, the
differentiated state of the resulting cell populations is stably
maintained in a cell-autonomous manner.
To determine the ability of exp-CAFs to promote tumor growth,
we performed a tumor xenograft assay. In accordance with previous observations (14), tumors from MCF-7-ras cells admixed
with 42-d-old exp-CAF1 or exp-CAF2 cells showed increased
growth kinetics and larger volumes by 1.4- or 2.2-fold, respectively,
at 147 d after injection compared with tumors containing control
ﬁbroblast-2 cells (Fig. 1E, i). Moreover, signiﬁcant numbers of
GFP-positive exp-CAF2 and control ﬁbroblast-2 cells were still
present in 150-d-old tumors, as determined by immunoﬂuorescence (Fig. S1E, e and f). Tumors containing 42-d-old exp-CAF1
and exp-CAF2 cells also showed an increase in microvessel density
by 2.2- and 5.5-fold, respectively, compared with the control ﬁbroblast-containing tumors (Fig. 1E, ii and Fig. S1E). Taken together, these various observations demonstrate that exp-CAFs
closely mimic the tumor-promoting behavior of CAFs extracted
from actual human invasive breast carcinomas (14).

Role of TGF-β Autocrine Signaling Responsible for Myoﬁbroblast
Differentiation in exp-CAFs. As TGF-β autocrine signaling regu-

lates myoﬁbrogenesis during ﬁbrosis, we wondered if this was also
the case for the myoﬁbroblast differentiation observed in CAFs.
We therefore measured TGF-β mRNA expression in these cells
by real-time PCR analysis. Levels of TGF-β1 and -β2 expression
progressively increased in 42- (1.6- and 1.6-fold, respectively), 70(2.0- and 2.2-fold), and 200- (2.4- and 2.4-fold) day-old exp-CAF1
cells and exp-CAF2 cells (2.7- and 4.4-fold) compared with the
Kojima et al.

control ﬁbroblast-2 cells (Fig. 2A, i). TGF-β3 expression, however,
remained unchanged (Fig. S2A). We also observed increased TGF-β
bioactivity in culture medium conditioned by 42-d-old exp-CAF1
(2.7-fold) and exp-CAF2 (4.5-fold) cells compared with control
ﬁbrobroblast-2 cells (Fig. 2A, ii).
Given the increases in TGF-β expression and bioactivity observed in exp-CAF myoﬁbroblasts, we speculated that TGF-β
ligands may induce Smad signaling via their receptor in an autocrine fashion, thereby contributing to the myoﬁbroblastic state
of these cells. Indeed, immunoﬂuorescence using an antibody
against Smad2/3 revealed intense nuclear staining in exp-CAF2
cells (Fig. 2B, b) and in normal ﬁbroblasts treated with TGF-β1
(10 ng/mL) for 1 h (Fig. 2B, d). In contrast, the nuclear Smad2/3
staining was rarely observed in control ﬁbroblast-2 cells (Fig. 2B,
a). Moreover, exp-CAF2 cells treated with SB431542 (10 μM),
an inhibitor of the TGF-β type I receptor (TβRI) kinase, for 24 h
signiﬁcantly reduced the level of nuclear staining (Fig. 2B, c),
indicating constitutive induction of Smad signaling via activation
of the TβRI in these cells. Western blot analysis further conﬁrmed
progressive elevation of phosphorylated Smad2 expression in 42(2.9-fold), 70- (6.2-fold), and 200- (7.1-fold) day-old exp-CAF1
cells and exp-CAF2 cells (14.3-fold) relative to the control ﬁ-

broblast-2 cells (Fig. 2C). Taken together, these observations
indicate that exp-CAF-secreted TGF-β activates Smad2/3 signaling in these cells in an autocrine fashion, ostensibly through
the TGF-β I/II receptor.
To determine if TGF-β autocrine signaling contributes to
maintaining the myoﬁbroblastic state and up-regulation of TGF-β
synthesis in exp-CAFs, we generated shRNAs to suppress significantly either TGF-β type II receptor (TβRII) or Smad4 expression (Fig. S2B). Inhibition of Smad signaling by treatment with the
TβRII-shRNA, Smad4-shRNA, or SB431542 (10 μM) for 5 d attenuated expression levels of α-SMA (by 85%, 99%, or 85%, respectively), TGF-β1 (by 68%, 48–74%, or 65%), and TGF-β2 (by
66%, 71%, or 75%) in exp-CAF2 cells, compared with the relevant controls (Fig. 2 D and E). Furthermore, activation of Smad
signaling by expressing a constitutively active TGF-β1 construct
(38), or by adding recombinant TGF-β1, induced α-SMA and
TGF-β expression in normal mammary ﬁbroblasts (Fig. S2C),
consistent with previous literature (39). Taken together, these
ﬁndings suggest that activation of TβR-Smad signaling in expCAFs induces and maintains their myoﬁbroblast differentiation
and TGF-β synthesis, thereby generating a positive feedback
TGF-β signaling loop.
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Fig. 2. TGF-β autocrine signaling sufﬁces to induce and maintain myoﬁbroblast differentiation in exp-CAFs. (A, i) TGF-β1 and TGF-β2 mRNA expression in ﬁbroblasts measured by real-time PCR. (ii) Active TGF-β
concentrations in the media conditioned by ﬁbroblasts measured by a luciferase assay. Error bars, SE. (B) Immunoﬂuorescence for Smad2/3. Fibroblasts were incubated with control DMSO (a and b), SB431542, an inhibitor
of the TGF-β type I receptor kinase (c), or recombinant TGF-β1 (d ). Arrows
(b, black; d, white) indicate nuclear Smad2/3 staining. (Scale bar, 100 μm.)
(C ) Western blotting of ﬁbroblasts using anti-pSmad2 and anti-β-actin
antibodies. The ratios of the signal intensity of pSmad2 relative to β-actin
are indicated. (D) Western blotting of ﬁbroblasts treated with the indicated shRNAs or SB431542 (10 μM). The membrane stripped was probed
using different antibodies to detect α-SMA, pSmad2, Smad2/3, and
α-tubulin. (E ) Real-time PCR analysis of the ﬁbroblasts described above.
Error bars, SE.
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viously been observed in CAF myoﬁbroblast populations in vitro
and in vivo (14, 40–42). Consistently, real-time PCR analysis
showed progressive up-regulation of SDF-1 expression in the 42(5.9-fold), 70- (10.3-fold), and 200- (38-fold) day-old exp-CAF1
cells and exp-CAF2 cells (34-fold) relative to the control ﬁbroblast2 cells (Fig. 3A). An ELISA also showed increased levels of SDF-1
released by 42-d-old exp-CAF1 (2.3-fold) and exp-CAF2 (20-fold)
cells (Fig. S3A). Moreover, Western blot and immunoﬂuorescence analyses revealed a ﬁvefold increase in expression of the
SDF-1 cognate receptor, CXCR4, in exp-CAF2 cells (∼14 PDs)
relative to the control ﬁbroblasts (Fig. 3B), consistent with previous literature (43). We therefore speculated that the released
SDF-1 may act via CXCR4 upon these cells in an autocrine
fashion, thus contributing to their myoﬁbroblastic phenotype.
We examined this possibility using two different shRNA constructs against SDF-1 or CXCR4. The SDF-1 and CXCR4 protein expression levels were signiﬁcantly inhibited by 72–76% and
by 66–78%, respectively, in exp-CAF2 cells compared with the
effect of control GFP-shRNA (Fig. S3B and Fig. 3C). Immunoblot and immunoﬂuorescence analyses also demonstrated
attenuated levels of α-SMA expression in exp-CAF2 cells expressing SDF-1-shRNA (by 67–77%), CXCR4-shRNA (by 62–75%),
or treated with AMD3100, a CXCR4-speciﬁc inhibitor (44) for 6
d (Fig. 3C and Fig. S3C). These data suggest that SDF-1-CXCR4
autocrine signaling is required for maintaining the myoﬁbroblastic phenotype of exp-CAF2 cells.
To determine whether triggering the SDF-1-CXCR4 signaling
induces the myoﬁbroblastic phenotype, a retroviral construct encoding CXCR4 cDNA (45) was introduced into human mammary ﬁbroblasts (Fig. S3D). We observed that α-SMA expression
was increased by ∼100-fold in these CXCR4-expressing cells
when exposed to SDF-1 (200 ng/mL) for 72 h compared with the
control GFP-expressing ﬁbroblasts (Fig. 3D). The ligand-induced
activation of CXCR4 could also sufﬁce to induce and continuously maintain elevated levels of SDF-1 expression in exp-CAFs
(Fig. S3E). Taken together, these ﬁndings suggest that, like the
described TGF-β autocrine signaling, the SDF-1 autocrine signaling pathway also operates in a self-stimulating fashion and
contributes to the myoﬁbroblastic differentiation in exp-CAFs.
Importantly, MCF-7-ras tumors with admixed exp-CAF2 cells
expressing either CXCR4-shRNA exhibited a reduction in tumor
volume by 49% or 52%, respectively, and in neoangiogenesis by
45% at 128 d after injection compared with tumors containing
PNAS | November 16, 2010 | vol. 107 | no. 46 | 20011
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Role of Self-Stimulating SDF-1-CXCR4 Autocrine Signaling in Myoﬁbroblast
Differentiation. Elevated expression levels of SDF-1 have pre-

induction and maintenance of the ability of these mesenchymal
cells to accelerate tumor growth in vivo.
Crosstalk Between TGF-β and SDF-1 Autocrine Signaling Loops in expCAFs. As both the TGF-β and SDF-1 autocrine signaling pathways
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Fig. 3. SDF-1 autocrine signaling crosstalks with the TGF-β signaling to
further boost myoﬁbroblastic differentiation in exp-CAFs. (A) SDF-1 mRNA
expression in ﬁbroblasts measured by real-time PCR. Error bars, SE (B, i)
Immunoblotting of ﬁbroblasts using anti-CXCR4 and anti-α-tubulin antibodies. (ii) Immunoﬂuorescence using an anti-CXCR4 antibody (red). Cell
nuclei are stained with DAPI (blue). (Scale bar, 50 μm.) (C ) Western blotting
of ﬁbroblasts expressing the indicated shRNAs to detect CXCR4. The
membrane was also probed using antibodies against α-SMA and α-tubulin.
The ratios of the signal intensity of either α-SMA or CXCR4 relative to
α-tubulin are indicated. (D) Immunoblotting of human mammary ﬁbroblasts expressing GFP or CXCR4 treated with or without SDF-1. (E ) ExpCAF2 (n = 12) or control ﬁbroblast-2 (n = 10) cells expressing CXCR4- or
GFP-shRNAs were injected with MCF-7-ras cells s.c. into nude mice. *P <
0.05. Error bars, SE. (F, i) Real-time PCR analysis of normal mammary
ﬁbroblasts treated with TGF-β1. (ii) Real-time PCR of ﬁbroblasts treated
with the indicated shRNAs. Error bars, SE. (iii) Western blotting of mammary ﬁbroblasts expressing GFP- or CXCR4-shRNA treated with or without
TGF-β1. The membrane stripped was probed with different antibodies to
detect α-SMA, CXCR4, and α-tubulin. The observed CXCR4 signal in CXCR4shRNA-expressing cells could only be detected using an enhanced chemiluminescence substrate. (G) Real-time PCR analysis of ﬁbroblasts expressing CXCR4- or GFP-shRNA. Error bars, SE.

control GFP-shRNA-expressing cells (Fig. 3E and Fig. S3F, a). In
contrast, MCF-7-ras tumors that grew in the presence of CXCR4expressing ﬁbroblasts exhibited a 56% increase in tumor volume
at 116 d after injection relative to tumors containing GFPexpressing ﬁbroblasts (Fig. S3F, b). Collectively, these data suggest that SDF-1-CXCR4 autocrine signaling is responsible for the
20012 | www.pnas.org/cgi/doi/10.1073/pnas.1013805107

are required for myoﬁbroblast differentiation of exp-CAFs, we
reasoned that these pathways may cross-communicate and activate one another to further boost the myoﬁbroblastic phenotype.
Indeed, PCR analysis showed that exposure of mammary ﬁbroblasts to TGF-β1 (10 ng/mL) for 24 h up-regulated SDF-1 (fourfold) and CXCR4 (2.5-fold) expression (Fig. 3F, i and Fig. S4A).
Inhibition of TβR-Smad signaling by TβRII- (by 70%) or Smad4(by 62–70%) shRNA attenuated the induction of SDF-1 expression
by TGF-β1 in these cells compared with the control GFP-shRNA
(Fig. S4B). SDF-1 mRNA expression was also decreased in expCAF2 cells expressing TβRII- or Smad4-shRNA by 67% or 74–
83%, respectively (Fig. 3F, ii), indicating that SDF-1 expression is
mediated by TβR-Smad signaling in these cells. In contrast, inhibition of Smad signaling by Smad4-shRNA failed to suppress
CXCR4 expression induced by TGF-β1 (10 ng/mL) for 24 h in
mammary ﬁbroblasts (Fig. S4C). Collectively, these data suggest
that TGF-β signaling induces and maintains SDF-1-CXCR4 autocrine signaling by elevating SDF-1 expression through a Smaddependent pathway and by increasing CXCR4 expression through
a Smad-independent pathway in mammary ﬁbroblasts.
We further demonstrated that this TGF-β–induced SDF-1CXCR4 signaling mediates the myoﬁbroblast formation induced by
TGF-β. Inhibition of CXCR4 expression by CXCR4-shRNA in
mammary ﬁbroblasts incubated with TGF-β1 (10 ng/mL) for 72 h
resulted in attenuated induction of α-SMA expression by 3.4-fold
compared with the 10.8-fold induction observed in control
GFP-shRNA–expressing cells (Fig. 3F, iii). These data indicate the
requirement of CXCR4 signaling for the TGF-β-induced myoﬁbroblastic state. We therefore conclude that TGF-β autocrine signaling boosts myoﬁbroblast differentiation in exp-CAFs, not only
directly through TβR-Smad signaling pathway, but also through the
subsequently induced SDF-1-CXCR4 autocrine signaling pathway.
We also observed that activation of SDF-1-CXCR4 signaling
induces and helps to maintain elevation of TGF-β expression in
exp-CAFs. Inhibition of CXCR4 expression by CXCR4-shRNA
resulted in attenuation of TGF-β1 (by 46–59%) and TGF-β2 (by
47–51%) mRNA expression in exp-CAF2 cells compared with the
control GFP-shRNA, indicating some dependence of TGF-β expression on SDF-1-CXCR4 autocrine signaling (Fig. 3G). In
contrast, exposure of CXCR4-expressing ﬁbroblasts to recombinant SDF-1 protein (100 ng/mL) for 24 h resulted in up-regulation
of endogenous TGF-β1 (4.4-fold) and TGF-β2 (4.2-fold) mRNA
expression compared with control GFP-expressing ﬁbroblasts
cultured without SDF-1 (Fig. S4D). Taken together, these ﬁndings
strongly suggest that TGF-β and SDF-1 autocrine signaling loops
converge to stimulate each other within exp-CAFs.
SDF-1 and TGF-β Autocrine Signaling Loops Exist in Myoﬁbroblasts in
Invasive Human Breast Cancers. To determine whether both SDF-1

and TGF-β autocrine signaling loops operate within actual human breast carcinomas, we performed immunostaining of tumor
sections prepared from two invasive ductal breast cancers that
displayed a nontriple negative phenotype. SDF-1, CXCR4, and
phosphorylated Smad2 proteins were readily detected in tumorassociated, α-SMA–positive myoﬁbroblasts, but not stromal ﬁbroblasts in normal human breast tissue (Fig. 4A and Fig. S5).
Importantly, we also observed that primary CAF myoﬁbroblasts
extracted from three different breast carcinoma patients showed
elevation of SDF-1 and TGF-β mRNA expression and increased
TGF-β bioactivity (Fig. S6A). We further conﬁrmed the signiﬁcance of cross-communicating, self-stimulating SDF-1 and TGFβ autocrine signaling pathways in maintaining the myoﬁbroblast
state of these cells using shRNAs (Fig. S6B). Taken together, we
Kojima et al.
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conclude that the stromal myoﬁbroblasts present within invasive
human mammary carcinomas require both SDF-1 and TGF-β
autocrine signaling loops in self-stimulating and cross-communicating fashions to maintain myoﬁbroblast differentiation.
Discussion
CAFs, myoﬁbroblast-rich cell populations, extracted from human carcinomas maintain an ability to promote tumorigenesis.
These cells, passaged for 10 PDs in vitro without ongoing interaction with carcinoma cells, retained their ability to promote
tumor growth when coinjected with carcinoma cells into immunodeﬁcient mice (14, 46). However, the molecular mechanisms
Kojima et al.

Materials and Methods
Primary stromal ﬁbroblasts were extracted from healthy human breast tissue,
as described previously (14). The retroviral pMIG (MSCV-IRES-GFP) vector,
expressing both hTERT and GFP, and a pBabe-puro vector encoding a puromycin resistance gene, were infected into these ﬁbroblasts before coimplantation with breast carcinoma cells into nude mice to generate exp-CAFs.
Cell culture, immunoblotting, immunostaining, real-time PCR, ﬂow cytometry, ELISA, virus infection, tumorigenicity assay, and evaluation of angiogenesis are performed according to standard procedures. Details are given
in SI Materials and Methods. Antibodies, chemicals, and DNA constructs used
are also described in SI Materials and Methods.
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Fig. 4. TGF-β and SDF-1 autocrine signaling operates in CAFs in invasive
human breast carcinomas. (A) Immunohistochemistry of sections prepared
from invasive human breast carcinomas using antibodies against SDF-1 (a,
brown), CXCR4 (b, brown; e and f, red), pSmad2 (c, brown; h and i, red), and
α-SMA (d, f, g, and i, green). The sections were also stained with hematoxylin
(a–c, pale blue) or DAPI (d–i, blue). Cells staining positive are highlighted by
arrows. A group of carcinoma cells is indicated by an asterisk. (Scale bar, 50
μm.) (B) During tumor progression, resident stromal ﬁbroblasts within the
tumor increasingly acquire two autocrine signaling loops involving TGF-β
and SDF-1 that mediate transdifferentiation into tumor-promoting CAF
myoﬁbroblasts. (C) Schematic illustration describing two self-stimulating
and cross-communicating signaling loops mediated by TGF-β and SDF-1 in
CAF myoﬁbroblasts. CAF-secreted TGF-β and SDF-1 ligands act upon TβR and
CXCR4, respectively, in an autocrine fashion. The subsequent activation of
TβR-Smad2/3 and CXCR4 signaling pathways drives myoﬁbroblast differentiation and endogenous TGF-β and SDF-1 expression, thereby generating
self-stimulating autocrine signaling loops that act in a feed-forward manner.
Importantly, the TβR-Smad2/3 signaling also increases SDF-1 expression,
thereby boosting SDF-1-CXCR4 autocrine signaling. This in turn elevates
endogenous TGF-β expression. Cross-talk between these autocrine signaling
loops therefore stimulates one another and further boosts myoﬁbroblast
differentiation in CAFs. A thick straight arrow indicates direct stimulatory
modiﬁcation, and thin straight arrows depict transcriptional contribution.

underlying their tumor-promoting ability are poorly understood.
Some have reported the importance of somatic genetic alterations in forming the tumor-promoting stroma, yet their existence
remains controversial (47–49). The cellular origins of tumorassociated myoﬁbroblasts and the molecular processes that regulate their myoﬁbroblastic state also remain unclear.
In the present experiments, we show that mammary ﬁbroblasts
present within a tumor mass can be substantially converted into
tumor-promoting CAFs, presumably through their myoﬁbroblast
differentiation. We cannot formally exclude the possibility that
a small population of α-SMA-positive cells preexisting in normal
mammary ﬁbroblasts served as precursors of the tumor-associated
myoﬁbroblasts. This alternative origin is rendered less likely, however, by the fact that such myoﬁbroblastic conversion can be efﬁciently induced in stromal ﬁbroblasts exposed to media conditioned by carcinoma cells (50, 51).
During the course of tumor progression, preexisting stromal
ﬁbroblasts acquire progressively enhanced TGF-β and SDF-1
autocrine signaling loops in a self-sustaining fashion that mediate
their myoﬁbroblast differentiation and the associated tumorpromoting capability (Fig. 4 B and C). Such autostimulating
signaling may fulﬁll the prerequisites of an epigenetic mechanism
that can stably maintain a cellular phenotype—in the present
case the myoﬁbroblast differentiation state. We note, in passing,
that positive feedback loops are used, for example, to maintain
the undifferentiated state of embryonic stem cells and hematopoietic progenitor cells (52, 53).
We imagine that during the course of tumor progression, the
autocrine signaling is initially triggered by TGF-β released in
signiﬁcant quantities by carcinoma cells (54–57). TGF-β can
elicit enhanced endogenous TGF-β and SDF-1 production via
TβR-Smad signaling and induce CXCR4 expression in stromal
ﬁbroblasts, thereby facilitating the generation of two autocrine
signaling loops, mediated by TGF-β and SDF-1, acting in a positive feedback manner. Such autocrine signaling loops selfstimulate and cross-communicate with each other to maintain
the myoﬁbroblastic phenotype.
We cannot exclude the possibility that genetic alterations, acquired in the initially present normal ﬁbroblasts during their incubation within the tumor, inﬂuenced the observed autocrine
signaling and myoﬁbroblast differentiation. However, we have
found that two types of CAFs—those prepared from human invasive breast carcinomas and those extracted from experimental
xenografted tumors—exhibited a normal karyotype and were,
when implanted on their own, nontumorigenic (14). We also indicated that wild-type p53 continues to be expressed in both types
of CAFs (Fig. S7), strongly suggesting that alteration in p53 signaling is not responsible for the induction or maintenance of such
autocrine signaling in tumor-promoting myoﬁbroblasts.
The present observations show that tumor-promoting CAF
myoﬁbroblasts can originate from preexisting stromal ﬁbroblasts
by establishing TGF-β and SDF-1 autocrine signaling in a cell
autonomous fashion during tumor progression. Pharmacological
approaches to target and disrupt such autocrine signaling preventing the formation and maintenance of tumor-promoting
myoﬁbroblasts may prove to be a useful antitumor therapeutic
strategy in the future.
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