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Abstract The regenerative capacity of the mammary gland
following post-lactational involution depends on the presence
of multipotent stem or progenitor cells. Mammary progen-
itor cells exist as a quiescent and self-renewing population
capable of differentiating into luminal epithelial and myoep-
ithelial cells and generating ductal and alveolar structures.
The fate choices of these cells are regulated by several solu-
ble signals as well as their surrounding extracellular matrix.
Whereas matrix stiffness has been implicated in organ-spe-
cific differentiation of embryonic and mesenchymal stem
cells, the effects of substratum compliance on the more lim-
ited fate switches typical of tissue-specific progenitor cells
are unknown. Here, we examined how the mechanical prop-
erties of the microenvironment affect the differentiation of
mammary progenitor cells. Immortalized human mammary
progenitor cells were cultured on synthetic hydrogels of vary-
ing stiffness, and their self-renewal and fate decisions were
quantified. We found that cells cultured on soft substrata
differentiated preferentially into luminal epithelial cells,
whereas those cultured on stiff substrata differentiated pref-
erentially into myoepithelial cells. Furthermore, pharmaco-
logical manipulations of cytoskeletal tension in conjunction
with analysis of gene expression revealed that mechanical
properties of the microenvironment signal through the small
GTPase RhoA and cytoskeletal contractility to modulate the
differentiation of mammary progenitor cells. These data sug-
gest that subtle variations in the mechanical compliance of a
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tissue can direct the fate decisions of its resident progenitor
cells.
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FAK Focal adhesion kinase
MLCK Myosin light chain kinase
MSCs Mesenchymal stem cells
PA Polyacrylamide
ROCK Rho-associated kinase
TDLU Terminal ductal lobular unit

1 Introduction

Multipotent stem cells, or progenitor cells, maintain homeo-
stasis of adult tissues and are unique in their ability to
self-renew and differentiate into specialized cell types. In
the adult human mammary gland, progenitor cells reside
in nests within the terminal ducts (Villadsen et al. 2007)
and are responsible for the formation of terminal ductal
lobular units (TDLUs), the basic components of mammary
epithelial architecture (Tiede and Kang 2011; Visvader
and Smith 2011). Mammary progenitor cells differenti-
ate into the luminal epithelial and myoepithelial cells that
make up the bilayered structure of the duct (Visvader and
Smith 2011; Woodward et al. 2005). The differentiation
of such progenitors is governed by a multitude of sig-
nals from other cells and the extracellular matrix (ECM)
(LaBarge et al. 2009; Lim et al. 2010; Taddei et al. 2008;
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Anderson et al. 2011; Liu et al. 2006; Dontu et al. 2004;
Korkaya et al. 2009).

The morphogenesis and functional differentiation of the
mammary epithelium depends also on its mechanical envi-
ronment (Gjorevski and Nelson 2011). The formation and
branching morphogenesis of tubular structures in culture is
tuned by the compliance of the surrounding microenviron-
ment (Wozniak et al. 2003; Gjorevski and Nelson 2010),
and abnormally stiff settings can promote tissue dysplasia
(Paszek et al. 2005). In the mouse mammary gland in vivo,
genetic alterations that enhance tissue stiffness lead to dis-
tortions in epithelial structure and promote tumor formation
and progression (Levental et al. 2009; Sternlicht et al. 1999).
Furthermore, luminal epithelial cells respond to basement
membrane and lactogenic hormones by synthesizing and
secreting milk proteins when in soft, but not stiff, environ-
ments (Alcaraz et al. 2008; Emerman et al. 1979). Based
on these data, it is intriguing to speculate that the mechan-
ical environment might also play a role in the maintenance
and differentiation of the progenitor cells that occupy the
gland.

The mechanical environment of a tissue is defined by the
inherent contractility of its resident cells and the mechan-
ical properties, or compliance, of their surrounding matrix.
Cell-ECM adhesions contain mechanically sensitive proteins
such as vinculin, which both respond to force and allow the
force generated from actomyosin contraction to be transmit-
ted to the substratum (Alenghat and Ingber 2002; Beningo
et al. 2001; Bershadsky et al. 2003; Tamada et al. 2004). In
response to contraction, the counterbalancing resistance from
the substratum results in the generation of tensile stresses in
the cytoskeleton (Ingber 2004; Engler et al. 2006), allow-
ing cells to pull on and sense their physical environments.
Cellular contractility is regulated in part by the small GTPase
RhoA, which modulates cytoskeletal tension through its
effectors, including Rho-associated kinase (ROCK) (Ishizaki
et al. 1997; Kimura et al. 1996). Activated ROCK and myosin
light chain kinase (MLCK) increase the level of phosphory-
lated myosin light chain, which promotes myosin activation
(Amano et al. 1996; Ishizaki et al. 1997; Kimura et al. 1996),
a necessary component for cells to contract and pull against
a matrix to generate cellular tension.

Substratum stiffness and actomyosin contractility play a
critical role in regulating the differentiation of pluripotent
cells including human mesenchymal stem cells (MSCs) and
embryonic stem (ES) cells. In contrast to tissue-specific pro-
genitor cells such as those in the mammary gland, MSCs and
ES cells can generate a diverse array of cell types from several
different organs (Pittenger et al. 1999; Thomson et al. 1998),
each with widely different mechanical properties. For exam-
ple, MSCs can differentiate into osteogenic cells that occupy
rigid bone or neurons typical of those found in the brain; bone
is >100-fold stiffer than brain. Soft substrata that mimic the

elasticity of brain tissue promote neuronal differentiation,
intermediate substrata that mimic the elasticity of muscle
tissue are myogenic, and stiff substrata that mimic bone are
osteogenic (Engler et al. 2006). Information about the elastic-
ity of the substratum is likely transmitted to changes in gene
expression that drive these switches in differentiation through
cellular contractility. Inhibiting RhoA by ectopic expression
of a dominant negative mutant causes MSCs to differentiate
into adipocytes, whereas activating RhoA induces differen-
tiation into bone (McBeath et al. 2004). Similarly, ES cells
express mesendodermal genes and undergo osteogenic dif-
ferentiation on stiff but not soft substrata (Evans et al. 2009).
Substratum compliance and cellular contractility thus play
significant roles in the differentiation of pluripotent MSCs
and ES cells.

Whereas these previous studies have demonstrated that
substratum compliance is capable of modulating the fate
of pluripotent stem cells by directing them down different
lineages, the effects of substratum compliance on the more
limited differentiation programs of organ-specific progenitor
cells are unknown. Here, we examined how the mechanical
properties of the microenvironment affect the differentiation
of mammary progenitors. We cultured immortalized human
mammary progenitor cells on synthetic substrata of vary-
ing elastic modulus and monitored the resulting changes in
cell fate. We found that substratum compliance profoundly
affected the self-renewal of the mammary progenitor cells
and their differentiation into luminal epithelial or myoepi-
thelial cells. Using this system in conjunction with pharma-
cological manipulations of cytoskeletal tension and analysis
of gene expression, we implicate the RhoA pathway as a
possible mechanism through which mechanical signals from
the microenvironment may modulate the differentiation of
mammary progenitor cells.

2 Materials and methods

2.1 Cell culture and reagents

Immortalized human mammary progenitor D920 cells
(Villadsen et al. 2007) were maintained in H14 medium (1:1
DMEM/F12, 250 ng/ml insulin (Sigma), 10 μg/ml human
transferrin (Sigma), 2.6 ng/ml sodium selenite (BD Biosci-
ence), 0.1 nM estradiol (Sigma), 1.4 μM hydrocortisone
(Sigma), 5 μg/ml prolactin (Sigma), and 0.1 μM gentami-
cin (Sigma)) and used between passages 8 and 18. Progenitor
cells were cultured on collagen-functionalized substrata with
a range of compliances. For pharmacological manipulation,
samples were seeded and cultured for 24 h, at which point the
H14 medium was replaced with media containing one of the
following reagents, including blebbistatin (12.5μM, Sigma),
Y27632 (10μM, Tocris), or calyculin A (2 nM, Calbiochem).
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Samples were then maintained in the presence of these agents
for the remainder of the experiments.

2.2 Synthesis and functionalization of synthetic substrata

Polyacrylamide gels with a fixed acrylamide monomer
concentration of 5% and bisacrylamide crosslinker con-
centrations ranging from 0.01 to 0.35% were prepared
using a protocol adapted from Pelham and Wang (1997).
Briefly, glass coverslips were etched in 0.1 N NaOH for
5 min followed by rinsing in Millipore water and dry-
ing. Coverslips were then soaked in a 2% (v/v) solution of
aminopropyltrimethoxysilane (Sigma) in acetone for 10 min,
rinsed extensively with acetone, and air dried. Next, the cov-
erslips were incubated in a solution of 0.5% (v/v) glutar-
aldehyde (Sigma) in phosphate-buffered saline (PBS) for
30 min followed by extensive rinsing with Millipore water.
Acrylamide was mixed with bisacrylamide, ammonium per-
sulfate (1/200), and N,N,N′,N′-tetramethylethylenediamine
(1/2,000, TEMED; BioRad) and was placed on the sur-
face of the activated coverslip. The acrylamide solution was
then covered with a dichlorodimethylsilane-treated (Sigma)
coverslip and allowed to polymerize for 30 min. The top
coverslip was carefully removed, and the gel was rinsed with
PBS.

The bulk viscoelastic properties of ∼1 mm-thick poly-
acrylamide gels prepared as described above were character-
ized using an Anton Paar MCR 501 rheometer (Ashland, VA).
Measurements were taken in the linear viscoelastic regime
for gels hydrated with culture media and maintained at a
temperature of 37◦C. Young’s moduli (E) of the polyacryl-
amide gels were computed from measured shear moduli, G,
using the following equation: E = 2G(1 + v), where v is
the Poisson ratio (v = 0.48 for polyacrylamide Boudou et al.
2006).

Type I collagen was crosslinked to the surfaces of the gel
through the use of sulfosuccinimidyl-6-(4′-azido-2′-nitro-
phenyl-amino)-hexanoate (sulpho-SANPAH; Pierce) chem-
istry. Polyacrylamide gels were rinsed in a solution of 50
mM HEPES, pH 8.5. The gel surfaces were then treated
with a 2 mM solution of sulfo-SANPAH and exposed to
a germicidal UV lamp for 10 min. Gels were rinsed once
with 50 mM HEPES, pH 8.5, and then the sulfo-SAN-
PAH treatment was repeated. Gels were rinsed twice with
HEPES and then treated with 0.2 mg/mL of bovine collagen
(Koken, Japan) overnight at 4◦C. Before plating the cells, gels
were rinsed extensively with PBS followed by incubation in
culture media at 37◦C for 1 h.

2.3 Real-time PCR

Total RNA was isolated using Trizol reagent (Invitrogen)
followed by cDNA synthesis using a Super Script First-

Table 1 Primers used for quantitative real-time PCR

Gene Sequences

18S rRNA Fwd: CGCCGACGACCCATTCGAAC

Rev : GAATCGAACCCTGATTCCCCGTC

Keratin-8 Fwd: AGTTACGGTCAACCAGAG

Rev : GTCTCCAGCATCTTGTTC

Keratin-14 Fwd: AACCACGAGGAGGAGATG

Rev : GTTCAGAATGCGGCTCAG

Keratin-19 Fwd: GCGACTACAGCCACTACTAC

Rev : GTCTCAAACTTGGTTCGGAAG

E-cadherin Fwd: TGAAGGTGACAGAGCCTCTGGAT

Rev : TGGGTGAATTCGGGCTTGTT

P-cadherin Fwd: GCTGAACATCACGGACAAG

Rev : CCTTCCTCGTTGACCTCTG

p63 Fwd: TTGTTGGAAAGTAACTGTGAGAAC

Rev : CAAGGGAACTCTTCGTTTAAGTG

α SMA Fwd: GAGTTACGAGTTGCCTGATG

Rev : GGTCCTTCCTGATGTCAATATC

Strand Synthesis kit (Invitrogen). Transcript levels were mea-
sured by quantitative real-time PCR (qRT-PCR) using SYBR
Green chemistry and a Bio-Rad Mini-Opticon instrument.
Amplification was followed by melting curve analysis to
verify the presence of a single PCR product. Primers for
keratin-8, keratin-14, keratin-19, p63, E-cadherin, P-cad-
herin, alpha-smooth muscle actin (αSMA), vimentin, and
18S rRNA were designed using Beacon Designer software
(BioRad) and determined to be specific by BLAST and dis-
sociation curve analysis (Table 1).

2.4 Immunofluorescence analysis

Samples were rinsed once with PBS prior to fixation in 4%
paraformaldehyde solution for 15 min. The samples were
then rinsed twice with PBS and permeabilized with 0.3%
Triton-X-100 in PBS for 10 min. The samples were blocked
with 0.1% Triton-X-100 in 10% goat serum in PBS for 6
h at room temperature or overnight at 4◦C. Incubation with
rabbit anti-keratin-14 (1:1,000, Covance) and mouse anti-
keratin-8 (1:100, AbCam) primary antibodies overnight was
followed by three consecutive 15-min rinses with PBS and
a 2-h incubation with the following secondary antibodies:
Alexa 594 goat-anti-rabbit (1:1,000) and Alexa 488 goat-
anti-mouse (1:1,000). The samples were then washed for 15
min 3 times with PBS and incubated for 10 min with Hoechst
33342 (1:1,000, Invitrogen) to counterstain the nuclei. Sam-
ples were then washed for 15 min 3 times with PBS prior to
imaging.
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2.5 Microscopy and analysis

Samples were imaged using a 20× air objective on a
Nikon Eclipse Ti-U inverted fluorescence microscope
equipped with a Hamamatsu ORCA CCD camera. Each
sample was examined at five random locations, and image
analysis was performed using ImageJ. Original images were
merged, and the numbers of cells expressing keratin-8, kera-
tin-14, both or neither of the markers was recorded. Analysis
was performed on at least 300 cells over at least three inde-
pendent experiments. Confocal images were taken with a
Hamamatsu ER camera coupled to a spinning disk confo-
cal microscope (BioRad). Statistical analysis was conducted
with Tukey’s multiple comparison test and the Bonferroni
post-tests. Graphs were created in GraphPad PRISM 5, and
figures were assembled with Macromedia FreeHand MXa.

3 Results

The fate decisions of stem and progenitor cells are typically
assessed by tracking the expression of lineage-specific mark-
ers at the mRNA and protein levels. Human mammary pro-
genitor cells express, among other markers, keratin-14 (K14)
and keratin-19 (K19), two epithelial-specific intermediate fil-
ament proteins (LaBarge et al. 2009). In two-dimensional
culture on type I collagen-coated surfaces, human mam-
mary progenitors stochastically differentiate into a mixture
of luminal epithelial and myoepithelial cells (LaBarge et al.
2009). In three-dimensional culture, these cells can give rise
to structures reminiscent of TDLUs, with an inner layer of
luminal epithelial cells and an outer layer of myoepithelial
cells (LaBarge et al. 2009; Villadsen et al. 2007). Luminal
epithelial cells retain expression of K19 and also express
keratin-8 (K8) and E-cadherin (LaBarge et al. 2009; Villad-
sen et al. 2007). In contrast, myoepithelial cells retain expres-
sion of K14 while also expressing P-cadherin, α-smooth
muscle actin (α SMA), and p63 (LaBarge et al. 2009; Vil-
ladsen et al. 2007; Batistatou et al. 2003). The three cell
types can thus be distinguished from one another by virtue of
their expression patterns: progenitors are K8−/K14+/K19+,
luminal epithelial cells are K8+/K14−/K19+ and express
E-cadherin, whereas myoepithelial cells are K8−/K14+/

K19− and express P-cadherin, α SMA, and p63.
The human mammary gland presents a heterogeneous

mechanical environment, with elastic moduli ranging from
0.5 to 7 kPa, depending on measurement technique, loca-
tion in the breast, and stage in the menstrual cycle (Samani
et al. 2007; Lorenzen et al. 2002; Srivastava et al. 2011;
Lorenzen et al. 2003). To investigate whether the mechan-
ical properties of the microenvironment affected the fate of
mammary progenitors, we cultured immortalized mammary
progenitor cells on gels of polyacrylamide (PA) in which

the elastic modulus was tuned by controlling the density
of crosslinker (Pelham and Wang 1997). Progenitor cells
were seeded on collagen-coated PA gels or glass coverslips
and assessed for marker expression via immunofluorescence
analysis as a function of time (Fig. 1a). On soft gels (those
with Young’s modulus, E < 1 kPa), the cells exhibited a
cobblestone morphology typical of a simple epithelium. On
stiff gels (those with E > 2 kPa), a subset of individual cells
displayed a more elongated morphology. Within 24 h of cul-
ture, we also observed statistically significant differences in
the expression of keratin markers as a function of the elas-
tic modulus of the PA gels (Fig. 1b). A larger population
of cells expressed the progenitor/myoepithelial marker K14
when cultured on stiff gels than on soft gels. Conversely, cells
cultured on soft gels expressed preferentially the luminal epi-
thelial marker K8. These differences persisted over 3 days
of culture (Fig. 1c, d). These data suggest that soft substrata
favor differentiation into the luminal epithelial phenotype.
Because K14 is expressed by both myoepithelial cells and
progenitor cells, these data also suggest that stiff substrata
promote either differentiation into myoepithelium or main-
tenance of the progenitor state.

In general, substratum compliance influences cellular phe-
notype by altering the assembly of focal adhesions and sub-
sequent downstream signaling through the small GTPase
RhoA (Eyckmans et al. 2011; Schwartz et al. 2010). Indeed,
mammary progenitor cells formed prominent focal adhe-
sions that contained both vinculin and active phosphorylated
focal adhesion kinase (FAK) when cultured on stiff substrata
(Fig. 2a, b). Cells cultured on stiff substrata also contained
abundant stress fibers, as demonstrated by labeling filamen-
tous actin with phalloidin (Fig. 2c). In contrast, progeni-
tors cultured on soft substrata formed very few adhesions
containing vinculin or phosphorylated FAK, and contained
predominantly cortical actin rather than stress fibers.
Culture on stiff substrata thus appeared to induce cytoskel-
etal contraction and focal adhesion formation in mammary
progenitor cells, whereas soft substrata appeared to relax the
cells.

To determine directly whether substratum stiffness mod-
ulates the differentiation of mammary progenitor cells
through the RhoA pathway, we disrupted downstream sig-
naling in progenitors cultured on PA gels. Blocking signal-
ing through ROCK by using the pharmacological inhibitor
Y27632 (Davies et al. 2000) abrogated the stiffness-depen-
dent increase in K14-expressing cells (Fig. 3a); cells prefer-
entially expressed K8 on all substrata. Similarly, blocking
actomyosin contraction by using blebbistatin, a selective
inhibitor of non-muscle myosin II ATPase activity (Straight
et al. 2003), reduced the fraction of K14-expressing cells on
all substrata, again in favor of the expression of K8 (Fig. 3b).
Conversely, increasing contractility by using the myosin light
chain phosphatase inhibitor calyculin A (Ishihara et al. 1989)
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(A)

(B) (C) (D)

Fig. 1 Matrix compliance affects mammary progenitor cell differenti-
ation. a Phase-contrast and fluorescence images of mammary progenitor
cells cultured on polyacrylamide gels of varying compliances and col-
lagen-coated glass, stained for keratin-14 (red) and keratin-8 (green).

Scale bar, 50μm. Fraction of keratin-14- and keratin-8-expressing cells
on substrata of varying compliance after 24 h (b), 48 h (c), and 72
h (d) after plating, as quantified from immunofluorescence images.
(*P < 0.05; **P < 0.01; ***P < 0.001)

resulted in statistically significant increases in the fraction of
K14-expressing cells on soft substrata (Fig. 3c). These data
suggest that soft substrata promote progenitor differentiation
into luminal epithelial cells in part by decreasing signaling
through RhoA and reducing cytoskeletal contractility.

To complement our immunofluorescence assays of mark-
ers at the protein level, we used qRT-PCR analysis to monitor
changes in marker expression at the mRNA level (Fig. 4).
Consistently, the expression levels of K8 and K14 showed
opposing responses to treatment with Y27632, blebbistatin,
and calyculin A. In particular, relaxing the cells increased the
levels of K8 and decreased those of K14, whereas enhanc-
ing contractility had the inverse effect (Fig. 4a, b). These
data are consistent with the hypothesis that soft substrata
induce differentiation to the luminal epithelial phenotype

by reducing actomyosin contractility. Our confidence in this
conclusion was further bolstered by examining the effects
of these manipulations on the levels of E-cadherin, which
is expressed by luminal epithelial but not myoepithelial or
progenitor cells. Treatment with Y27632 and blebbistatin
increased the levels of E-cadherin, whereas treatment with
calyculin A decreased the levels of E-cadherin (Fig. 4c).

However, the data regarding expression levels of K14 still
left us with two possibilities for the effects of stiff substrata:
either maintenance of the progenitor state or differentiation
toward a myoepithelial phenotype. To distinguish between
these possibilities, we examined the expression of several
additional markers of myoepithelial cell fate. In particular,
we focused on P-cadherin, α SMA, and p63, all of which
are expressed predominantly in the myoepithelium. We
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Fig. 2 Fluorescence images of
mammary progenitor cells
cultured on 130 and 4,020 Pa
polyacrylamide gels and
collagen-coated glass, stained
for vinculin (a), pFAK (b), and
F-actin (c). Scale bar, 10μm

A

B

C

found that enhancing cytoskeletal contractility using caly-
culin A increased the expression levels of all three markers
(Fig. 4d–f); relaxing the cells had the opposite effect. Fur-
thermore, the levels of K19, which is expressed by progeni-
tor cells and lost when they differentiate into myoepithelial
cells, were decreased in response to induction of cytoskele-
tal contractility (Fig. 4g). These data suggest that enhancing
contractility induces mammary epithelial progenitor cells to
differentiate preferentially into myoepithelium and are con-
sistent with the hypothesis that stiff substrata promote dif-
ferentiation toward a myoepithelial phenotype by enhancing
cytoskeletal contractility.

4 Discussion

Here, we report that substratum compliance plays an inte-
gral role in modulating the differentiation of mammary pro-
genitor cells into either myoepithelial or luminal epithelial
cells. Immunofluorescence analysis of keratin expression
combined with quantitative RT-PCR demonstrated that soft
substrata promote differentiation to the luminal epithe-
lial lineage, whereas stiff substrata promote differentiation
to the myoepithelial lineage. Additionally, pharmacological

manipulations of intracellular tension implicate the RhoA
pathway as the possible route through which mechanical sig-
nals affect the differentiation of mammary progenitor cells.

Signaling through FAK can activate RhoA, which leads
to the local assembly of actin into stress fibers, reorganiza-
tion of the cytoskeleton, and increased intracellular tension
(Mitra et al. 2005). Consistent with previous evidence, our
immunofluorescence images of cells cultured on stiff sub-
strata revealed an increased prevalence of focal adhesions and
the formation of prominent stress fibers, all of which indicate
increased intracellular tension as compared to cells cultured
on soft substrata. Furthermore, immunofluorescence analy-
sis indicated a correlation between substratum compliance
and the fraction of cells expressing luminal and myoepithe-
lial markers, suggesting RhoA as a possible pathway through
which mechanical signals affect differentiation.

Signaling through RhoA was previously shown to direct
the differentiation of MSCs into bone or fat (McBeath et al.
2004). Our findings from the pharmacological treatments
of cells cultured on substrata of varying compliances mim-
icking that of normal human breast tissue indicate that the
RhoA pathway is also instrumental in regulating the dif-
ferentiation of mammary progenitors downstream of sub-
stratum compliance. Disrupting signaling downstream of
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(A)

(B)

(C)

Fig. 3 Fractions of keratin-14- and keratin-8-expressing cells on sub-
strata of varying compliances for untreated controls (white) and phar-
macologically manipulated samples (black), for treatment with Y27632

(a), blebbistatin (b), and calyculin A (c), as quantified from fluorescence
images. (*P < 0.05; **P < 0.01; ***P < 0.001)

RhoA decreased the fraction of K14-expressing cells on all
substrata. Conversely, treatment with calyculin A to induce
focal adhesion assembly, promote actin phosphorylation,
and inhibit myosin light chain phosphatase led to increased
intracellular tension and significantly increased fractions of
K14-expressing cells on the softest substrata. Furthermore,
qRT-PCR analysis of pharmacologically manipulated cells
cultured on glass demonstrated that inhibiting the RhoA path-
way resulted in downregulation of myoepithelial markers and

upregulation of luminal epithelial markers, whereas activat-
ing cytoskeletal contractility downstream of RhoA resulted
in downregulation of luminal epithelial markers and upreg-
ulation of myoepithelial markers.

Previous analysis of the biochemical regulation of human
mammary progenitor cells identified the ECM protein lam-
inin-111 as important for inducing a quiescent state and the
Notch-family ligand Jagged-1 as important for maintain-
ing the progenitor phenotype (LaBarge et al. 2009). The
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(A)

(C)

(E)

(G)

(B)

(D)

(F)

Fig. 4 Modulating RhoA signaling pathway regulates the expres-
sion levels of myoepithelial and luminal epithelial markers. Mammary
progenitor cells cultured on collagen-coated glass were treated with
Y27632, blebbistatin, or calyculinA and analyzed for the expression
levels of keratin-8 (a), keratin-14 (b), E-cadherin (c), P-cadherin (d),
α SMA (e), p63 (f), and keratin-19 (g). The mRNA levels were nor-
malized to the levels of 18S rRNA in each sample, and each value was
expressed relative to the levels in vehicle (cntl); shown are mean ± SEM
(n = 3). (*P < 0.05; **P < 0.01; ***P < 0.001) versus cntl (one-way
ANOVA with Bonferroni comparison)

microenvironment of the mammary gland in vivo presents
cells with both these biochemical moieties and the biophys-
ical signals we describe in this study. It will be interesting
to determine how the identity of the ECM, interactions with
neighboring cells, and the compliance of the surrounding
microenvironment integrate in the fate decisions of these
tissue-specific progenitor cells.

Taken together, the results from this study demonstrate
that signals from the mechanical microenvironment, specif-
ically substratum compliance, may regulate the differentia-
tion of mammary progenitor cells through the RhoA pathway,
with stiff substrata promoting differentiation to the myoep-
ithelial lineage and soft substrata promoting differentiation
to the luminal epithelial lineage. The range of substratum
compliance examined here was representative of that of the
normal human mammary gland and suggests regional and
temporal variations in the mechanical tone of the gland may
play an important role in progenitor fate. Just as cytoskele-
tal contractility and matrix compliance affect the branching
morphogenesis process that builds the epithelial tree during
puberty (Gjorevski and Nelson 2010), these same mechani-
cal parameters may modulate remodeling of the gland during
the pregnancy-lactation-involution cycles.
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