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Tissue Geometry Patterns Epithelial-Mesenchymal Transition
Via Intercellular Mechanotransduction
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ABSTRACT

Epithelial-mesenchymal transition (EMT) is a phenotypic change in which epithelial cells detach from their neighbors and become motile.
Whereas soluble signals such as growth factors and cytokines are responsible for stimulating EMT, here we show that gradients of mechanical
stress define the spatial locations at which EMT occurs. When treated with transforming growth factor (TGF)-f3, cells at the corners and edges
of square mammary epithelial sheets expressed EMT markers, whereas those in the center did not. Changing the shape of the epithelial sheet
altered the spatial pattern of EMT. Traction force microscopy and finite element modeling demonstrated that EMT-permissive regions
experienced the highest mechanical stress. Myocardin-related transcription factor (MRTF)-A was localized to the nuclei of cells located in
high-stress regions, and inhibiting cytoskeletal tension or MRTF-A expression abrogated the spatial patterning of EMT. These data

suggest a causal role for tissue geometry and endogenous mechanical stresses in the spatial patterning of EMT. J. Cell. Biochem. 110:

44-51, 2010. © 2010 Wiley-Liss, Inc.
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T he spatial patterning of cellular behaviors plays an important
role during tissue development, differentiation, and wound
healing. Localized patterns may result from a variety of stimuli,
including concentration gradients of diffusible factors (morpho-
gens), adhesion to the extracellular matrix, and mechanical forces
[Nelson, 2009]. Endogenous (cell-generated) mechanical stresses
arising from isometric cytoskeletal tension are transmitted within
tissues between cells, their neighbors, and the surrounding
extracellular matrix. In culture, gradients in mechanical stress
can arise as a result of the geometry of the tissue, with free edges or
areas of high curvature experiencing the greatest stress [Nelson
et al., 2005]. Mechanical stress has been increasingly implicated as a
key regulator of a wide range of cellular behaviors, including
proliferation [Nelson et al., 2005], stem cell lineage commitment
[Engler et al., 2006], and the tumorigenic phenotype [Paszek et al.,
2005].

Epithelial-mesenchymal transition (EMT) is a phenotypic shift
that governs a variety of morphogenetic processes, including
gastrulation, neural crest development, and heart valve formation

[Thiery et al., 2009]. During EMT, epithelial cells loosen attachments
to their neighbors, acquire a mesenchymal-like morphology and
become motile. These phenotypic changes are accompanied by
alterations in gene expression patterns, including attenuation of
epithelial markers (such as epithelial cytokeratins and E-cadherin)
and neo-expression of mesenchymal markers (such as vimentin and
a-smooth muscle actin («SMA)) [Zeisberg and Neilson, 2009].
Developmental EMTs occur at specific times and locations to ensure
proper patterning of the embryo [reviewed in Shook and Keller,
2003]. Pathologic EMTs can also be spatially patterned, having been
observed at the edges of wounds and the invasive front of metastatic
lesions [Oft et al., 1998; Arnoux et al., 2005]. EMT can be induced by
soluble stimuli including cytokines, growth factors, and metallo-
proteinases [Thiery et al., 2009], but mechanisms for spatially
patterning EMT are largely unexplored.

Here, we investigated the spatial patterning of EMT in two-
dimensional (2D) sheets of epithelial cells. We found that when
treated with transforming growth factor (TGF)-B, microfabricated
monolayers of mammary epithelial cells of defined shape and size
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underwent EMT preferentially at specific locations, notably the
edges and corners of square sheets. Given that endogenous
mechanical stress was concentrated in these regions, we explored
how cell-cell contact and the transmission of intercellular
tension affected TGFB-induced EMT. We demonstrated that spatial
patterning of EMT can result from endogenous gradients in
mechanical stress, suggesting a role for the physical microenviron-
ment in the regulation of EMT.

CELL CULTURE AND REAGENTS

SCp2 mouse mammary epithelial cells were cultured as previously
described [Nelson et al., 2008]. NMuMG mouse mammary epithelial
cells (ATCC) were cultured in DMEM supplemented with 10% fetal
bovine serum (Atlanta Biologicals), 10 pg/ml insulin and 50 pg/ml
gentamicin. Microfabricated epithelial sheets were treated with
10 ng/ml recombinant human TGFB1 (R&D Systems) for 48 h and
with the following reagents: Y27632 (Tocris; 10 uM); NSC23766
(Tocris; 100 wM); cytochalasin D (Tocris; 200nM); ML-7
(EMD Chemicals, 25 uM); blebbistatin (Sigma, 25 pM); CCG-1423
(Cayman Chemical, 10 pwM).

MICROFABRICATION

Microfabricated substrata containing fibronectin-coated islands
were created as previously described [Nelson et al., 2008]. Briefly,
poly(dimethylsiloxane) (PDMS; Ellsworth Adhesives) stamps were
coated with fibronectin (BD Biosciences), rinsed in PBS, and dried
under a stream of compressed nitrogen. PDMS-coated glass
coverslips were UV-oxidized, stamped with fibronectin, blocked
with 1% pluronics F108 (BASF), and rinsed in PBS before seeding
cells. Samples were rinsed after 2 h to remove non-adherent cells.

TRANSFECTIONS AND ADENOVIRAL TRANSDUCTIONS

Mouse pLKO.1 lentiviral MKL1 shRNA (shMRTF-A#1 5'-CCCACT-
CAGGTTCTTTCTCAA-3’ and shMRTF-A#2 5-CAGATTTCAAAG-
AGCCACCAT-3') were obtained from Open Biosystems. Human
FLAG-tagged MRTF-A (p3xFLAG-MKL1) and pLKO.1 lentiviral
scramble shRNA were obtained from Addgene. For controls, YFP
was subcloned into the p3xFLAG-CMV-7.1 vector. MRTF-A-AN was
generated using site-directed mutagenesis. Cells were transfected
with plasmids using Fugene HD (Roche). Recombinant adenovirus
encoding human E-cadherin lacking the p-catenin-binding
domain (Ad-EA) was a gift from Christopher Chen (University of
Pennsylvania) [Nelson et al., 2005]; control adenovirus encoding
GFP (Ad-GFP) was obtained from Vector Biolabs. High titer
preparations of recombinant adenoviruses were generated using
the AdEasy virus purification kit (Stratagene). Cells were transduced
at an MOI resulting in >99% transduction efficiency.

REAL-TIME PCR

Total RNA was isolated using Trizol reagent followed by cDNA
synthesis using a Super Script First-Strand Synthesis kit (Invitro-
gen). Transcript levels were measured by quantitative real-time PCR
using SYBR green chemistry. Amplification was followed by melting
curve analysis to verify the presence of a single PCR product. The

primers used include: 18s forward primer 5'-TCAGATACCGTC-
GTAGTTC-3' and reverse 5-CCTTTAAGTTTCAGCTTTGC-3'; and
MRTF-A forward primer 5-ATGGAGCTGGTGGAGAAGAATATC-3’
and reverse 5'-GAAGGAGGAACTGTCTGCTACC-3'.

IMMUNOFLUORESCENCE ANALYSIS

For staining cytoskeletal proteins, samples were fixed with 1:1
methanol/acetone at —20°C, rinsed in PBS, blocked with 10% goat
serum (Sigma), and incubated with the following primary
antibodies: pan-keratin (Dako), «SMA (Sigma), or vimentin (Sigma).
For all other staining, samples were fixed with 4% paraformalde-
hyde, rinsed in PBS, permeabilized with 0.1% Triton-X-100 in PBS,
blocked with 10% goat serum, and incubated with the following
primary antibodies: phospho-Smad1/5/8 (Cell Signaling), TGFBRII
(Santa Cruz), B-catenin (Sigma), FLAG (Sigma), or SRF (Santa Cruz).
Samples were then rinsed and incubated with Alexa-conjugated
secondary antibodies (Invitrogen), and nuclei were counterstained
with Hoechst 33342 (Invitrogen).

MICROSCOPY AND ANALYSIS

Samples were imaged using either a 4x (NA=0.2), 10x (NA=0.3)
or 20x (NA =0.45) air objective on a Nikon Eclipse Ti-U inverted
fluorescence microscope equipped with a Hamamatsu ORCA CCD
camera. Frequency maps were created using ImageJ and Photoshop
software. First, gray-scale images were converted to black-and-
white images using a binarize function. Black-and-white images
were then summed to create a composite gray-scale image which
was converted into a color-coded frequency map using the indexed
color mode in Photoshop.

TRACTION FORCES

Finite element method (FEM) models of cell monolayers were
generated as previously described [Nelson et al., 2005]. Bead
displacements were measured using polyacrylamide (PA) gels.
Briefly, PA gels comprised of 5% monomer and 0.03% bis-
acrylamide were prepared using an adapted protocol [Pelham and
Wang, 1997]. Fluorescent microbeads (1-wm diameter, Invitrogen)
were embedded in the gels and fibronectin-coated islands were
stenciled onto the surface [Wang et al., 2002]. Cells were plated to
confluence onto the fibronectin-coated islands, and bead locations
were imaged before and after relaxation with 0.05% Triton-X-100.
Displacement maps were generated using Imaris tracking software
(Bitplane) and MATLAB.

TGFB INDUCES EMT AT THE EDGES AND CORNERS OF SQUARE
EPITHELIAL SHEETS

TGFB-induced EMT is characterized by down-regulation of
epithelial cytokeratins and up-regulation of mesenchymal markers
including vimentin and aSMA. To investigate the role of tissue
geometry in the spatial regulation of EMT, we used a microfabri-
cation technique to generate confluent two-dimensional (2D)
epithelial sheets of defined shape and size. SCp2 mouse mammary
epithelial cells were cultured on substrata which contained 100 pm-
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square fibronectin-coated islands surrounded by non-adhesive
regions. When treated with TGF(3, the expression of epithelial
cytokeratins decreased moderately, with a greater reduction in the
cells located along the edges and corners of the square sheets
(Fig. 1A,B). Conversely, de novo expression of the mesenchymal
markers, aSMA and vimentin, was restricted to the edges and
corners of the monolayers (Fig. 1C-F). We observed no spatial
differences in marker expression in the absence of treatment
with TGFB (Fig. S1). These data indicate that TGFB induces EMT
preferentially at the edges and corners of square mammary epithelial
sheets, suggesting that spatial asymmetries in EMT can arise within
these model tissues.

IF (one sheet)

/IDNA keratin/DNA

/DNA

Fig. 1.
vimentin for TGFB-treated tissues. Scale bars, 25 um.

In the canonical signaling pathway, binding of TGFp ligand to its
type I (TGFBRI) and type II (TGFBRII) receptors stimulates
phosphorylation and nuclear translocation of Smad proteins
[Shi and Massague, 2003]. Spatial patterning of EMT could thus
result from spatial differences in the levels of receptors or their
downstream signaling. However, immunofluorescence analysis of
TGFRRII indicated that this receptor was evenly localized across the
square sheets (Fig. S2). Similarly, we found even nuclear localization
of phosphorylated Smad1/5/8 in sheets treated with TGFB (Fig. S2).
Thus, TGFR signaling to the nucleus through the canonical pathway
appears homogeneous across the square sheets, suggesting that the
spatial patterning of EMT is due to other factors.

frequency (>50 sheets)
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TGFB induces spatial patterning of EMT in 2D epithelial sheets. Inmunofluorescence staining and frequency maps for (A,B) cytokeratins, (C,D) aSMA, and (E.F)
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PATTERNED INDUCTION OF EMT REQUIRES TRANSMISSION OF
INTERCELLULAR ISOMETRIC TENSION

Cells located along the edges of tissues simultaneously experience
reduced cell-cell adhesion (due to the presence of a neighbor-free
edge) and increased mechanical stress (due to propagation of
isometric contractile tension) [Keller et al., 2003; Nelson et al.,
2005]. Indeed, the square epithelial sheets generated gradients in
endogenous mechanical stress, with cells on the corners and edges
experiencing the highest magnitudes of stress [Nelson et al., 2005]
(Fig. S3). Both of these microenvironmental signals have been
shown to independently influence TGFp signaling. In addition to the
canonical signaling pathway, TGFf can mediate changes in gene
expression by activating any of several kinase cascades or by
cooperating with cytoplasmic (3-catenin or cytoskeletal mediators
[Derynck and Zhang, 2003]. Furthermore, the ability of TGFB to
induce aSMA expression in fibroblasts is regulated by cytoskeletal
tension [Tomasek et al., 2002; Li et al., 2007].

/keratin/DNA

aSMA frequency

To distinguish between effects due to cell-cell contact and those
due to gradients of mechanical stress, we varied the geometry of the
epithelial sheets. In rectangular monolayers, the TGFB-mediated
expression of aSMA was concentrated on the short edges
(Fig. 2A,B), regions predicted to experience the highest mechanical
stress (Fig. 2C). Similarly, alterations in the expression of EMT
markers were restricted to the high-stress convex regions of
sinusoidal monolayers (Fig. 2D-F) as compared to the low-stress
concave regions. These spatial distributions are consistent with a
role for mechanical stresses in the spatial patterning of EMT
markers. In epithelial sheets, gradients of mechanical stress are
generated by intercellular transmission of tension from the
actomyosin cytoskeleton, which is regulated in part by signaling
through RhoA, its effector Rho kinase (ROCK), and myosin light
chain kinase (MLCK). Decreasing contractile tension through
treatment with the ROCK inhibitor Y27632, the MLCK inhibitor
ML-7, or the non-muscle myosin ATPase inhibitor blebbistatin all
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Fig. 2. Spatial patterning of EMT correlates with endogenous gradients of cytoskeletal tension. A: Immunofluorescence staining and (B) frequency map for «SMA expression
in rectangular epithelial sheets treated with TGFB. C: Sites of EMT correlate with FEM-predicted endogenous mechanical stress. D: Immunofluorescence staining and
(E) frequency map for «SMA expression, and (F) FEM-predicted distribution of mechanical stress in sinusoidal epithelial sheets treated with TGF@. G: Frequency of epithelial
sheets with patterned «SMA expression after simultaneous treatment with TGF@ and DMSO vehicle, Y27632, ML-7, blebbistatin, or CCG-1423. Scale bars, 50 m. **P < 0.005;

***P< 0.0001 compared to DMSO.
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reduced the number of epithelial sheets exhibiting spatial patterning
of EMT markers (Fig. 2G). Although other Rho family GTPases can
affect tissue contractility, inhibiting signaling through Rac by
treatment with NSC23766 disrupted formation of lamellipodia but
had no effect on TGFR-induced patterning of EMT (Fig. S4).

Cells within sheets transmit tension to and from their neighbors
through cadherin-mediated intercellular adhesions [Adams and
Nelson, 1998]. To determine whether the spatial patterning of EMT
is directed by intercellular transmission of cytoskeletal tension,
we infected cells with recombinant adenovirus containing a

Ad-GFP

B-catenin

/DNA

aSMA frequency

cytoplasmic deletion mutant of E-cadherin (Ad-EA) that blocks
the connection between E-cadherin and the actin cytoskeleton by
inhibiting junctional localization of B-catenin [Nelson et al., 2005]
(Fig. 3A,B). Immunofluorescence staining revealed that TGFB
induced spatially uniform expression of «SMA within EA-
expressing sheets, as compared to patterned expression of aSMA
observed in control sheets infected with adenovirus containing
GFP (Ad-GFP) (Fig. 3C-F). These data are consistent with the
spatial patterning of EMT being regulated by intercellular
tension.

Ad-EA

Fig. 3. Spatial patterning of EMT arises from intercellular transmission of stress. Inmunofluorescence staining for 3-catenin in epithelial sheets transduced with (A) Ad-GFP
or (B) Ad-EA. Immunofluorescence staining for «SMA (green) and DNA (blue) in epithelial sheets transduced with (C) Ad-GFP or (D) Ad-EA and simultaneously treated with
TGFB. Frequency maps of aSMA expression in epithelial sheets transduced with (E) Ad-GFP or (F) Ad-EA and simultaneously treated with TGF@. Scale bars, 25 um.
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TISSUE GEOMETRY PATTERNS EMT BY GOVERNING THE NUCLEAR
LOCALIZATION OF MRTF-A

In addition to signaling through Smads, TGFP has been demon-
strated to enhance binding of serum response factor (SRF) to CArG
boxes within the promoter regions of genes including aSMA
[Hautmann et al., 1999]. SRF regulates the transcription of many
genes involved in proliferation and differentiation, including
immediate early genes and actin-regulatory proteins [reviewed by
Posern and Treisman, 2006]. A subgroup of SRF-target genes is
sensitive to Rho-actin signaling;; this differential control is mediated
by the SRF cofactors, myocardin-related transcription factors
(MRTF)-A and -B (also known as MAL and MKL1/2) [Miralles
et al., 2003]. MRTF-A regulates the transcription of «SMA [Elberg
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et al., 2008] and was also recently shown to affect TGFB-mediated
EMT by associating with Smad3 to enhance the transcription of Slug
[Morita et al., 2007]. Immunofluorescence analysis revealed that
nuclear localization of SRF was evenly distributed across the
epithelial sheets (Fig. S5). However, we found patterned nuclear
localization of FLAG-tagged MRTF-A along the edges and corners
(Fig. 4A,B). The patterned nuclear localization of MRTF-A was
correlated with patterned « SMA expression in these epithelial sheets
(Fig. 4C). Down-regulating the expression of MRTF-A with shRNA
reduced the number of epithelial sheets exhibiting patterned a SMA
expression in comparison to controls (Fig. 4D,E). Furthermore,
treatment with CCG-1423, which inhibits the interaction between
SRF and MRTF-A [Evelyn et al., 2007], decreased TGFB-mediated
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Fig. 4. Spatial patterning of the nuclear localization of MRTF-A governs spatial patterning of EMT. Nuclear localization of FLAG-tagged MRTF-A correlates with «SMA

expression. Shown are (A) immunofluorescence staining for «SMA (green) and FLAG (red), (B) frequency map of nuclear FLAG-tagged MRTF-A, and (C) frequency map of aSMA
expression in FLAG-tagged MRTF-A-expressing sheets treated with TGF(3. Down-regulating MRTF-A expression blocks patterned EMT. Shown are (D) transcript levels of MRTF-

A for cells transfected with shRNA and (E) frequency of shRNA-transfected epithelial sheets with patterned aSMA expression after treatment with TGFB. Forced nuclear
localization of MRTF-A disrupts patterned EMT. Shown are (F) immunofluorescence staining for «SMA (green) and FLAG (red), (G) frequency map of nuclear FLAG-tagged
MRTF-A-AN, and (H) frequency map of «SMA expression in FLAG-tagged MRTF-A-AN-expressing sheets treated with TGF@. Scale bars, 25 pm. *“P< 0.05; ***P< 0.005

compared to shScrambled.
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EMT (Fig. 2G). These data suggest that TGFB induces patterned EMT
by cooperating with SRF/MRTF-A.

The activity and nuclear localization of MRTF-A are regulated by
its association with monomeric G-actin [Posern and Treisman, 2006;
Asparuhova et al., 2009]. Increased cytoskeletal tension causes
nuclear translocation of MRTF-A by reducing the available pool of
monomeric actin [Posern and Treisman, 2006]. Consistent with the
localization patterns, treatment with cytochalasin D, which drives
MRTF-A into the nucleus by disrupting its association with actin
monomers [Busche et al., 2008], resulted in EMT over the entire
surface of the epithelial sheets (Fig. S6). Conversely, over-expressing
a constitutively active form of MRTF-A (MRTF-A-AN), which lacks
the RPEL motifs responsible for binding to actin monomers [Miralles
et al., 2003; Busche et al., 2008], resulted in unpatterned nuclear
localization of MRTF-A. MRTF-A-AN-expressing monolayers
treated with TGF( showed expression of aSMA over the entire
epithelial sheet (Fig. 4F-H). These data suggest that tissue geometry
patterns EMT by regulating the nuclear localization of MRTF-A.

In this study, we found that spatial patterns of EMT can arise within
epithelial sheets and that the patterning is consistent with gradients
of mechanical stress sculpted by tissue geometry. We observed
similar results in TGFB-treated monolayers of NMuMG mouse
mammary epithelial cells (Fig. S7), a widely used model for EMT.
Gradients of mechanical stress have previously been reported to
yield spatial asymmetries in a diverse array of cellular behaviors,
including proliferation [Nelson et al., 2005], motility [Parker et al.,
2002], and stem cell differentiation [Ruiz and Chen, 2008]. Our
results may give insight into the mechanisms by which mechanical
stress is transduced into these phenotypes. Here, TGFf-mediated
EMT is controlled by patterns of nuclear localization of the SRF
cofactor, MRTF-A. SRF is a widely expressed transcription factor
responsible for regulating a plethora of genes involved in cell
proliferation and differentiation. Actin cytoskeletal dynamics
modulated by Rho family GTPases control the localization of
MRTF-A, which in turn controls binding of SRF to CArG boxes in the
promoters of responsive genes. Given the recently uncovered links
between EMT and stem cell differentiation [Mani et al., 2008], it will
be interesting to determine whether Rho-mediated mechanical
gradients influence both differentiation programs through MRTF-A.

Previous studies have implicated contact disassembly in the
nuclear accumulation of MRTF-A and subsequent EMT [Masszi
et al., 2004; Fan et al., 2007; Busche et al., 2008; Sebe et al., 2008].
Our data suggest that loss of cell-cell contact per se is not sufficient
for nuclear translocation of MRTF-A and induction of EMT in
monolayers of mammary epithelial cells. That is, not all cells located
at the edges of monolayers undergo EMT. The edges refractory to the
EMT stimulus are those predicted to be located in the low-stress
regions of the monolayer, suggesting that nuclear translocation of
MRTEF-A is co-regulated by cell-cell contacts (or the lack thereof)
and isometric tension within the tissue. This interpretation is
validated by previous studies which found that applying exogenous
forces induced aSMA expression in fibroblasts [Zhao et al., 2007;

Chan et al., 2009], whereas inhibiting isometric tension prevented
EMT in sub-confluent cultures of kidney tubular cells [Fan et al.,
2007]. These data also suggest that edge-free regions of tissues
(such as three-dimensional tissues in vivo) that experience high
mechanical stress may also show enhanced EMT.

A number of cytokines and other soluble stimuli can induce EMT
during normal and pathological development. Our data add to the
growing evidence suggesting a role for the physical microenviron-
ment in the regulation of EMT. Insoluble ECM molecules within the
microenvironment impart signaling information and control cell
morphology. Indeed, ECM components can regulate EMT in some
cell lines [Shintani et al., 2008], and cell morphology regulates the
induction of EMT by matrix metalloproteinase-3 [Nelson et al.,
2008]. The size and shape of a tumor control the distribution of
oxygen within its mass; tumorigenic EMT is affected profoundly by
hypoxia [reviewed by Hill et al., 2009]. Furthermore, spatial
segregation of EMT has been observed at the edges of healing
wounds [Arnoux et al., 2005] and the leading edge of invasive
metastatic cohorts [Oft et al., 1998; Brabletz et al., 2001]. This
patterning may be due to geometrically prescribed intercellular
tension such as described here. Dissecting how EMT is patterned may
thus help to reveal the mechanisms involved in normal and
metastatic development.
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