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Substratum stiffness tunes proliferation downstream of Wnt3a
in part by regulating integrin-linked kinase and frizzled-1
Siyang Han1, Mei-Fong Pang2 and Celeste M. Nelson1,2,*

ABSTRACT
The Wnt/β-catenin pathway controls a variety of cellular behaviors,
aberrant activation of which are associated with tumor progression in
several types of cancer. The same cellular behaviors are also
affected by the mechanical properties of the extracellular matrix
(ECM) substratum, which induces signaling through integrins and
integrin-linked kinase (ILK). Here, we examined the role of substratum
stiffness in the regulation of cell proliferation downstream of Wnt3a.
We found that treatment with Wnt3a increased proliferation of cells
cultured on stiff substrata, with compliances characteristic of breast
tumors, but not of cells on soft substrata, with compliances
comparable to that of normal mammary tissue. Depleting ILK
rendered cells unresponsive to Wnt3a on both substrata. Ectopic
expression of ILK permitted Wnt3a to induce proliferation of cells on
both microenvironments, although proliferation on soft substrata
remained lower than that on stiff substrata.We further showed that ILK
regulates expression of the Wnt receptor frizzled-1 (Fzd1),
suggesting the presence of a positive feedback loop between
Wnt3a, ILK and Fzd1. These findings suggest that tissue
mechanics regulates the cellular response to Wnt under
physiological and pathological microenvironmental conditions.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
The Wnt/β-catenin signaling pathway controls a variety of cellular
behaviors including adhesion, migration, differentiation and
proliferation (Clevers, 2006; Masckauchán et al., 2005). Upon
activation of the frizzled (Fzd) receptors, β-catenin is released from
the cytosolic destruction complex and translocates to the nucleus,
where it acts as a transcriptional co-activator (Taelman et al., 2010).
Aberrant activation of Wnt signaling is closely associated with
the progression of various types of cancer (He et al., 2015).
In particular, Wnt3a is expressed at higher levels by breast cancer cell
lines than by normal mammary epithelial cells (Benhaj et al., 2006).
Cells in epithelial tissues adhere to an underlying extracellular

matrix (ECM) and respond to changes in its physical properties by
altering gene expression and behavior. Themechanical properties of

the ECM are therefore central to developmental, physiological and
pathological processes (Discher et al., 2005; Lu et al., 2012).
Similar to signaling downstream of Wnt, ECM stiffness alters
proliferation, differentiation, adhesion and migration (Engler et al.,
2006; Klein et al., 2009; Raab et al., 2012). ECM stiffness also
regulates epithelial plasticity by promoting epithelial–mesenchymal
transition (EMT) (Lee et al., 2012). Furthermore, stiff substrata with
compliances similar to those of mammary tumors have been shown
to promote neoplastic progression, cancer stem cell properties and a
malignant phenotype (Levental et al., 2009; Pang et al., 2016;
Paszek et al., 2005).

These physiological and pathological processes depend on
the interactions between mechanical and chemical signals in the
cellular microenvironment. Nonetheless, it remains unclear how
mechanical signals, such as ECM stiffness, are integrated with
biochemical signals, such as Wnt, to control these behaviors.
One possible signaling nexus is through the Hippo pathway and its
transcriptional coactivators, YAP (Yes-associated protein; also
known as YAP1) and TAZ (transcriptional coactivator with PDZ-
binding motif ) (hereafter YAP/TAZ). The central components of the
Hippo pathway include the Mst1/2 and Lats1/2 kinase cascade,
which inhibits YAP/TAZ through direct phosphorylation, resulting
in cytoplasmic retention and degradation (Piccolo et al., 2014). In
addition to the canonical Hippo pathway, recent studies have
uncovered a role for Wnt/β-catenin signaling in regulating YAP/
TAZ. Stimulation with Wnt diverts YAP/TAZ away from the β-
catenin destruction complex, causing stabilization of β-catenin and
nuclear accumulation of YAP/TAZ (Azzolin et al., 2014). YAP/TAZ
have also been found to mediate cellular responses to mechanical
cues, including mechanical stretch (Benham-Pyle et al., 2015) and
ECM stiffness (Dupont et al., 2011). Cells cultured on stiff substrata
show high YAP/TAZ nuclear localization, whereas YAP/TAZ
translocate to the cytoplasm and are thus inactive in cells cultured
on soft substrata (Halder et al., 2012; Low et al., 2014). YAP/TAZ
can therefore act as mechanosensors to integrate physical and
biochemical cues from the microenvironment.

In addition to YAP/TAZ, responses to matrix stiffness are also
mediated in part by signaling downstream of integrins through
integrin-linked kinase (ILK), with stiffer substrata promoting
integrin activation and focal adhesion formation (Levental et al.,
2009; Pang et al., 2016; Sakai et al., 2003). These focal adhesion
sites are major signaling complexes and ILK functions as a hub
around which signaling pathways initiated by both diffusible
signals, like Wnt, and cell–matrix interactions are centered.
Elevated levels of ILK have been found to promote anchorage-
dependent cell cycle progression, cancer stem cell-like properties
and tumor progression (Graff et al., 2001; Hsu et al., 2015; Pang
et al., 2016). Pharmacologically inhibiting ILK activity blocks
protein kinase B/Akt phosphorylation and nuclear translocation of
β-catenin in tumorigenic cells but not in their non-tumorigenic
counterparts (Oloumi et al., 2006; Troussard et al., 2006). ThisReceived 31 August 2017; Accepted 27 February 2018
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suggests that ILK may regulate Wnt-induced cellular processes in a
cell type- and cellular context-dependent manner.
In this study, we examined the role of the mechanical properties of

the cellular microenvironment in the regulation of cell proliferation
downstream of Wnt3a. We used engineered synthetic substrata to
recapitulate themechanical stiffness of the normalmammary gland as
well as that of breast tumors. We found that mammary epithelial cells
responded differently to Wnt3a treatment depending on the stiffness
of their underlying substratum. Exposure to Wnt3a increased the
percentage of proliferating cells on stiff substrata, but not on soft
substrata. Surprisingly, blocking nuclear translocation of YAP/TAZ
did not disrupt the ability of Wnt3a to induce proliferation of cells
cultured on stiff substrata. Instead, we found that ECM stiffness
modulates Wnt3a-induced proliferation by signaling through ILK,
which negatively regulates the Wnt receptor frizzled-1 (Fzd1). Taken
together, these results highlight the role of tissue mechanics in tuning
the proliferative and potential tumorigenic responses of mammary
epithelial cells to Wnt3a, providing insight into the molecular
mechanisms underlying the effects of a pathological
microenvironment on neoplastic progression.

RESULTS
Stiff substrata induce nuclear localization of YAP/TAZ and
expression of target genes
To investigate how substratum stiffness affects YAP/TAZ signaling
in mammary epithelial cells, we used fibronectin-coated synthetic
substrata of different stiffness to mimic the average compliance of
the microenvironment in the normal mammary gland (elastic
modulus, E=130 Pa) and in mammary tumors (E=4020 Pa) (Lee
et al., 2012). NMuMGmouse mammary epithelial cells cultured on
these substrata exhibited differences in morphology depending on
substratum compliance (Fig. 1A). Cells cultured on the soft
substrata appeared rounded and formed multicellular clusters. In
contrast, cells cultured on stiff substrata were well spread and
spindle-shaped in morphology. Cells formed adhesions with their
neighbors when cultured on both microenvironments (Fig. S1).
Immunofluorescence analysis revealed that YAP/TAZ were

primarily localized to the nucleus in cells cultured on stiff
substrata, but were mainly cytoplasmic in those cultured on soft
substrata (Fig. 1B,C). These results were confirmed via cellular
fractionation followed by immunoblotting analysis of YAP/TAZ
(Fig. S2A). These findings are consistent with previous reports of
YAP/TAZ localization in MCF10A human mammary epithelial
cells (Aragona et al., 2013), human mesenchymal stem cells
(Dupont et al., 2011) and IMR90 human lung fibroblasts (Liu et al.,
2015), although those studies used different ranges of substratum
stiffness (cells were cultured on soft substrata of 400–700 Pa or stiff
substrata of >40,000 Pa).
YAP/TAZ also respond to biochemical signaling through the Wnt

pathway. When NMuMG cells were treated with Wnt3a, β-catenin
translocated to the nucleus within 2 h and remained nuclear for at
least 8 h (Fig. S2B). We next examined how Wnt signaling and
matrix stiffness are integrated by culturing cells on substrata of
different compliance in the presence or absence of Wnt3a.
Immunofluorescence analysis revealed that on both soft and stiff
substrata, treatment withWnt3a led to enhanced nuclear translocation
of YAP/TAZ (Fig. 1B,C). Quantitative real-time RT-PCR (qRT-
PCR) analysis showed that culture on stiff substrata increased the
expression ofCtgf, Birc5, Ankrd1 and Cyr61, known targets of YAP/
TAZ. However treatment with Wnt3a only led to an additional
increase in expression of Birc5 on both substrata (Fig. 1D–G). These
data suggest that while Wnt3a enhances nuclear localization of YAP/

TAZ regardless of substratum stiffness, this is not sufficient to
activate the expression of all YAP/TAZ target genes.

SubstratumstiffnessmodulatesWnt3a-induced proliferation
independently of YAP/TAZ
Birc5 (also known as baculoviral IAP repeat containing 5 or
survivin) has been found to both promote cell proliferation and
prevent apoptosis (Garg et al., 2016; Ito et al., 2000). Consistent
with this, recent Gene Ontology analysis has revealed that a large
fraction of direct targets of YAP/TAZ are linked to processes related
to cell proliferation (Zanconato et al., 2015). We thus sought to
determine whether the induction of YAP/TAZ nuclear translocation
downstream of Wnt3a and stiffness affects cell proliferation.
Immunofluorescence analysis of the proliferation marker Ki67
(also known as MKI67) revealed that cells were more proliferative
on stiff substrata (Fig. 2A,B). Treatment with Wnt3a increased the
percentage of Ki67-positive cells on stiff substrata, but not on soft
substrata (Fig. 2A,B). Exposure to Wnt3a did not affect apoptosis
on either soft or stiff substrata (Fig. S3). A microenvironment with
physiological compliance thus appears to disrupt the ability of
Wnt3a to induce cell proliferation.

To determine whether YAP/TAZ signaling was required for Wnt-
induced proliferation, we treated cells with cerivastatin, which
inhibits the cholesterol biosynthesis pathway and causes YAP/TAZ
to accumulate in the cytoplasm (Sorrentino et al., 2014) (Fig. 2C,D).
Surprisingly, blocking YAP/TAZ nuclear localization with
cerivastatin did not disrupt the ability of Wnt3a to elevate the
proliferation of cells cultured on stiff substrata (Fig. 2E,F). To
confirm these findings, we treated cells with verteporfin, which
blocks the interaction between YAP and TEAD transcription
factors, and thus suppresses downstream signaling (Liu-Chittenden
et al., 2012). Exposure to Wnt3a still enhanced proliferation of
cells on stiff substrata in the presence of verteporfin (Fig. 2G).
Substratum stiffness thus appears to regulate the ability of Wnt3a to
induce proliferation independently of YAP/TAZ.

ILK is required for Wnt-induced proliferation
Since soft substrata appeared to prevent Wnt3a from inducing
proliferation, we hypothesized that other mechanotransduction
pathways activated by stiff ECM might be involved. Mechanical
cues from the ECM are transmitted from β1-integrin through
ILK (Hannigan et al., 2005). Previously, we found that stiff
microenvironments increase the expression of β1-integrin and ILK in
breast cancer cells, and that signaling through ILK is essential for
cancer stem cell behaviors (Pang et al., 2016). Consistent with this,
here, we found that β1-integrin and ILK were upregulated in
NMuMG cells cultured on stiff substrata (Fig. 3A–C). Treatment
with Wnt3a led to increased ILK expression in cells cultured on stiff
substrata but not on soft substrata (Fig. 3B,C). The expression of
β1-integrin was not affected by Wnt3a treatment (Fig. 3A).

To determine whether ILK plays a role in Wnt3a-induced
proliferation, we used short hairpin RNA (shRNA) to stably deplete
ILK in mammary epithelial cells (denoted shILK), which led to a
∼50% knockdown of ILK compared to scrambled controls
(Fig. 3D). Depleting ILK led to a striking change in the
morphology of cells cultured on stiff substrata – cells exhibited a
rounded morphology, similar to those on soft substrata (Fig. 3E).
Immunofluorescence analysis for Ki67 in shILK-expressing cells
revealed that cell proliferation remained elevated on stiff substrata
compared to that seen on soft substrata (Fig. 3F,G). However,
depleting ILK rendered cells unresponsive to Wnt3a on both
microenvironments (Fig. 3F,G). We found similar effects when
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we examined DNA synthesis using an EdU incorporation assay
(Fig. S4). Moreover, immunofluorescence analysis revealed that
YAP/TAZ remained primarily in the nucleus in shILK-expressing
cells cultured on stiff substrata, similar to what was seen with the
scrambled controls (Fig. 3H,I). These data confirm that nuclear
localization of YAP/TAZ is not necessary for Wnt3a to induce
proliferation of mammary epithelial cells cultured on stiff substrata.
These results suggest that on stiff substrata, ILK plays a critical

role in regulating cell morphology and proliferative responses to
Wnt. Specifically, ILK is required for Wnt3a to induce proliferation
of cells on stiff microenvironments.

Ectopic expression of ILK permits Wnt3a to induce
proliferation of cells on soft substrata
To determine whether ILK expression is sufficient for Wnt3a to
induce proliferation in the absence of a stiff microenvironment, we
ectopically expressed ILK using a recombinant bicistronic
adenovirus encoding for ILK and GFP (adILK). As a control, we
used adenovirus encoding for GFP alone (adGFP). Transduction
with adILK resulted in a doubling of ILK expression, as determined
by qRT-PCR and immunoblotting analysis (Fig. 4A). adILK-
transduced cells exhibited round or spread morphology on soft or
stiff substrata, respectively (Fig. 4B), which was indistinguishable

Fig. 1. Substratum stiffness and Wnt3a
synergistically regulate YAP/TAZ nuclear
localization and activity. (A) Phase-contrast images
of NMuMG cells cultured on soft (E≈130 Pa) or stiff
(E≈4020 Pa) fibronectin-coated polyacrylamide
substrata. Scale bars: 50 μm. (B) Fluorescence
images of cells stained for YAP/TAZ (red) and nuclei
(blue). Scale bars: 10 μm. (C) Quantification of the
nuclear-to-cytoplasmic ratio of YAP/TAZ (n=3; >60
cells per experiment). The box represents the
25–75th percentiles, and themedian is indicated. The
whiskers show the 5–95th percentiles. (D–G)Relative
transcript levels of (D) Ctgf, (E) Birc5, (F) Ankrd1 and
(G) Cyr61. Error bars represent s.e.m. *P<0.05;
**P<0.01; ***P<0.001; ns, not significant.
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from untransduced cells (Fig. 1A). Immunofluorescence analysis
for Ki67 revealed that in adILK-transduced cells, Wnt3a treatment
increased proliferation on both soft and stiff substrata (Fig. 4C,D).
Overall, cell proliferation remained significantly higher on stiff

substrata than on soft substrata, indicating that ILK is sufficient for
Wnt-induced proliferation regardless of substratum stiffness, but not
sufficient to induce proliferation on soft substrata in the absence of
exogenous Wnt3a.

Fig. 2. Wnt3a enhances proliferation on stiff substrata independently of YAP/TAZ nuclear localization. (A) Fluorescence images of NMuMG cells stained
for Ki67 (green) and nuclei (blue). (B) Percentage of Ki67-positive cells (n=3; >500 cells per experiment). (C) Fluorescence images of NMuMG cells stained for
YAP/TAZ (red) and nuclei (blue) treated with DMSO (cntl) or 1 μM cerivastatin (CER) with or without Wnt3a 24 h before fixation. (D) Quantification of the nuclear-
to-cytoplasmic ratio of YAP/TAZ (n=3; >60 cells per experiment) in NMuMG cells treated with DMSO (cntl) or 1 μMCERwith or withoutWnt3a. The box represents
the 25–75th percentiles, and the median is indicated. The whiskers show the 5–95th percentiles. (E) Fluorescence images of NMuMG cells stained for Ki67
(green) and nuclei (blue) treated with 1 µM CER or 5 µM verteporfin (VP). (F) Percentage of Ki67-postive cells after treatment with 1 µM CER. (G) Percentage of
Ki67-positive cells after treatment with 5 µM VP. Scale bars: 10 μm. Error bars represent s.e.m. **P<0.01; ***P<0.001; ns, not significant.
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ILKsignalsthroughFzd1toregulateWnt-inducedproliferation
Our data suggest that culture on soft substratum blocks signaling
downstream ofWnt3a. Consistent with that, we found that depleting

ILK abrogated the ability of Wnt3a to induce nuclear translocation
of β-catenin (Fig. 5A,B). Conversely, treatment with Wnt3a led to
enhanced nuclear translocation of β-catenin in adILK-transduced

Fig. 3. Wnt3a enhances the expression of ILK, which is required forWnt3a-induced cell proliferation.Relative transcript levels of (A) β1-integrin (ITGB1) and
(B) ILK in NMuMG cells cultured on soft or stiff substrata in the presence or absence of Wnt3a. (C) Immunoblotting analysis for ILK in cells cultured on soft or
stiff substrata in the presence or absence ofWnt3a. (D) qRT-PCRand immunoblotting analysis for ILK inNMuMGcells stably expressing shRNAagainst ILK (shILK)
or scrambled sequence control (shcntl). (E) Phase-contrast images of NMuMG-shcntl and NMuMG-shILK cells cultured on soft or stiff substrata. Scale bars: 50 μm.
(F) Fluorescence images of NMuMG-shILK cells cultured on soft or stiff substrata stained for Ki67 (green) and nuclei (blue). Scale bars: 10 μm. (G) Percentage of
Ki67-positive NMuMG-shILK cells (n=3; >500 cells per experiment). (H) Fluorescence images of NMuMG-shILK cells cultured on soft or stiff substrata stained for
YAP/TAZ (red) and nuclei (blue). Scale bars: 10 μm. (I) Quantification of the nuclear-to-cytoplasmic ratio of YAP/TAZ (n=3; >50 cells per experiment). Error bars
represent s.e.m. Whiskers represent 5th and 95th percentiles. *P<0.05; **P<0.01; ***P<0.001; ns, not significant.

5

RESEARCH ARTICLE Journal of Cell Science (2018) 131, jcs210476. doi:10.1242/jcs.210476

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



cells compared to what was seen in control cells (Fig. 5C,D). Since
depleting ILK rendered cells incapable of proliferating in response
to Wnt3a, we hypothesized that knockdown of ILK might

negatively regulate frizzled receptor(s), thus rendering the cells
insensitive to the ligand. We focused on Fzd1, Fzd4 and Fzd6,
which are known to be expressed by NMuMG mouse mammary
epithelial cells (Cheung et al., 2015). We found that the levels of
Fzd4 and Fzd6 were unaffected by substratum stiffness (Fig. 5E,F);
however, stiff substrata increased the expression of Fzd1 at both the
transcript (Fig. 5G) and protein levels (Fig. 5H), as determined by
qRT-PCR and immunoblotting analysis, respectively. We further
found that depleting ILK resulted in a decrease in transcript (Fig. 5I)
and protein (Fig. 5J,K) levels of Fzd1. Conversely, ectopic
expression of ILK led to an increase in Fzd1 transcript (Fig. 5L)
and protein (Fig. 5M,N) compared to control cells. These results
suggest that ILK regulates signaling downstream of Wnt3a by
altering the expression of Fzd1.

To determine whether Fzd1 is required for Wnt3a-induced
proliferation, we transiently decreased its expression in mammary
epithelial cells using shRNA (shFzd1, Fig. 6A). Immunofluorescence
analysis for Ki67 showed that Wnt3a was unable to induce
proliferation in shFzd1-expressing cells (Fig. 6B,C). Taken
together, these results suggest that ILK transduces mechanical
signals from the cellular microenvironment to regulate the expression
of Fzd1, and thereby modulate proliferative signaling downstream
of Wnt3a.

DISCUSSION
Canonical Wnt signaling regulates a diverse array of cellular
behaviors. Here, we found that the canonical Wnt pathway is in turn
controlled by the mechanical properties of the microenvironment. In
particular, Wnt3a induces proliferation of mammary epithelial cells
cultured on stiff but not soft substrata. Our data support a model in
which a mechanically stiff microenvironment elevates the
expression of ILK to prime mammary epithelial cells to be more
sensitive to Wnt3a by enhancing the expression of the Wnt receptor
Fzd1. Conversely, a soft microenvironment characteristic of the
normal mammary gland protects mammary epithelial cells from
excessive growth in the presence of elevated levels of Wnt3a. This
may be particularly relevant for breast cancer. Wnt signaling has
been found to be aberrantly activated in breast tumor tissue (Roelink
et al., 1990; Zhang et al., 2010), and ILK is increasingly recognized
for its role in promoting tumor progression, angiogenesis and
metastasis (Graff et al., 2001; Hannigan et al., 2005; Ito et al., 2003).
Our data suggest the presence of a feedback loop linkingWnt, ECM
and ILK: Wnt signaling increases the expression of ILK in stiff
microenvironments, which alters the levels of Fzd1 to enhance
mitogenic signals downstream of Wnt, resulting in elevated
proliferation; this would further increase mechanical stresses
within a spatially restricted tumor microenvironment. This model
suggests that therapeutic strategies aiming at pharmacologically
reducing ILK activity or softening the tumor microenvironment
back to a normal state may ameliorate malignant effects, such as
uncontrolled proliferation, that are initiated by abnormally high
levels of Wnt signaling.

There is extensive evidence for crosstalk between the Wnt and
Hippo signaling pathways (Bernascone andMartin-Belmonte, 2013).
In several colon cancer cell lines, YAP is required for β-catenin-
dependent proliferation (Rosenbluh et al., 2012). Surprisingly, we
found that the effects of substratum stiffness on proliferation
downstream of Wnt3a were independent of YAP in NMuMG
mouse mammary epithelial cells. Other systems, however, use YAP
as a relay between Wnt and proliferative signaling. In confluent
monolayers of Madin–Darby canine kidney (MDCK) epithelial cells,
mechanical stretch of the underlying substratum induces proliferation

Fig. 4. Ectopic expression of ILK permits Wnt3a to induce proliferation
of cells on soft substrata. (A) qRT-PCR and immunoblotting analysis
for ILK in NMuMG cells transduced with adGFP or adILK. (B) Phase-
contrast images of NMuMG cells transduced with adGFP or adILK cultured on
soft or stiff substrata. Scale bars: 50 μm. (C) Fluorescence images of NMuMG
cells transduced with adILK (IRES-GFP, green) and cultured on soft or stiff
substrata stained for Ki67 (red) and nuclei (blue). Scale bars: 10 μm.
(D) Percentage of Ki67-positive adGFP- or adILK-transduced NMuMG cells
(n=3; >500 cells per experiment). Error bars represent s.e.m. *P<0.05;
**P<0.01; ***P<0.001.
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by activating YAP in an E-cadherin-dependent manner (Benham-
Pyle et al., 2015). Conversely, in the developing mouse heart, Hippo
signaling through YAP negatively regulates the expression of Wnt
target genes and thereby decreases the proliferation of

cardiomyocytes (Heallen et al., 2011). It is likely that the specific
physiological (and mechanical) context defines the role of YAP in
Wnt-mediated induction of tissue growth and that this regulation
depends on the strength or stability of cell–cell adhesions and differs

Fig. 5. See next page for legend.
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between epithelial and mesenchymal cells (Du et al., 2016).
Regardless, our study is the first to show a connection between
canonical Wnt signaling and mechanosensing by ILK.
Fzd1 is the latest example of a protein whose expression is

modulated by ILK. In pancreatic cancer cells, ILK enhances the
expression of the KRAS oncogene by altering the levels of hnRNP1,
which binds to the KRAS promoter (Chu et al., 2016). ILK also
stabilizes Mucin-1 protein by decreasing its phosphorylation via
protein kinase-C, thus altering Mucin-1 levels post-translationally
(Huang et al., 2017). The ILK protein itself appears to contain a
functional nuclear localization sequence and can translocate to the
nucleus, and chromatin immunoprecipitation assays have revealed
that ILK can interact directly with regulatory motifs within DNA
(Acconcia et al., 2007). Our data suggest that ILK regulates the
transcription of Fzd1, but it remains unclear whether it does so by

directly binding to the Fzd1 promoter or enhancer regions, or by
indirectly altering signaling through another pathway.

Cell shape has long been coupled with proliferation in various
cell types. Cell spreading and integrin-mediated adhesion have been
considered to be essential regulators of cell proliferation (Ben-Ze’ev
et al., 1980; Chen et al., 1997; Mammoto et al., 2004; Singhvi et al.,
1994). Our results show that despite having rounded morphology on
both soft and stiff substrata, ILK-depleted cells are still more
proliferative on stiff substrata than on soft substrata. Our data
suggest an interesting disconnect between the mechanical regulation
of cell shape and the regulation of proliferation by the
microenvironment. Based on the striking morphological change
observed in shILK-expressing cells, we expect ILK to act as a
crucial regulator of cell morphology. We further suspect that
additional mechanosensing mediators collaborate with ILK to
translate changes in the mechanical properties of the ECM to
downstream signaling, and may control other cellular behaviors in
addition to proliferation.

Why do mammary epithelial cells respond differently to Wnt
depending on the physical properties of the microenvironment? Our
proposed mechanism may provide clues for the role of Wnt
signaling in the embryonic and pubertal development of the
mammary gland. Canonical Wnt activity has been shown to localize
to developing mammary placodes and buds (Boras-Granic et al.,
2006; Chu et al., 2004), and is essential for mammary gland
morphogenesis (Chu et al., 2004; Lindvall et al., 2006). It was
suggested that the localized activation of Wnt signaling might be
achieved by restricted expression of a specific Wnt pathway gene;
however, no obvious candidate was identified for this role (Chu
et al., 2004). Our investigation provides an alternative mechanism
for Wnt-induced mammary epithelial cell proliferation during
mammary gland development. Instead of localized Wnt gene
expression and activity, it is possible that localized differences in the
mechanical stiffness (perhaps of the underlying mesenchyme) at

Fig. 5. ILK regulates Wnt signaling by altering the expression of Fzd1.
(A) Fluorescence images of NMuMG cells stably expressing scrambled
sequence control (shcntl) or shRNA against ILK (shILK) stained for β-catenin
(red) and nuclei (blue) in the presence or absence of Wnt3a. (B) Quantification
of relative nuclear translocation of β-catenin (n=3; >200 cells per experiment).
(C) Fluorescence images of NMuMG cells transduced with adGFP or adILK
stained for β-catenin (red) and nuclei (blue) in the presence or absence of
Wnt3a. (D) Quantification of relative nuclear translocation of β-catenin (n=3;
>50 cells per experiment). In B and D, the box represents the 25–75th
percentiles, and the median is indicated. The whiskers show the 5–95th
percentiles. (E–G) Relative transcript level of (E) Fzd4, (F) Fzd6 and (G) Fzd1
in NMuMG cells cultured on soft or stiff substrata. (H) Immunoblotting analysis
for Fzd1 in NMuMG cells cultured on soft or stiff substrata. (I) qRT-PCR,
(J) immunoblotting and (K) immunofluorescence analysis for Fzd1 in shILK-
expressing NMuMG cells or control cells. (L) qRT-PCR analysis for Fzd1 in
NMuMG cells transduced with adGFP or adILK. (M) Immunofluorescence
analysis for Fzd1 (red), GFP (green) and nuclei (blue) in NMuMG cells
transduced with adGFP or adILK. (N) Immunoblotting analysis for Fzd1 or ILK
in NMuMG cells transduced with adGFP or adILK. Scale bars: 10 μm. Error
bars represent s.e.m. *P<0.05; **P<0.01; ***P<0.001; ns, not significant.

Fig. 6. Fzd1 is required for proliferation
downstream of Wnt3a. (A) qRT-PCR analysis for
Fzd1 in NMuMG cells transiently transfected with
shRNA against Fzd1 (shFzd1) or scrambled
sequence control (shcntl). (B) Percentage of Ki67-
positive shcntl or shFzd1-expressing NMuMG cells
(n=3; >300 cells per experiment). (C) Fluorescence
images of shFzd1-expressing NMuMG cells stained
for Ki67 (green) and nuclei (blue). Scale bars:
10 μm. Error bars represent s.e.m. *P<0.05;
**P<0.01; ***P<0.001; ns, not significant.
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placodes and buds modulate the levels of frizzled receptors and
thereby control epithelial cell proliferation downstream of a non-
localized Wnt signal.
Future investigations of how the physical properties of the

cellular microenvironment modulate other Wnt-induced processes,
such as adhesion and migration, will broaden our current
understanding of tissue mechanics as it relates to both
physiological processes like mammary gland morphogenesis and
pathological processes like tumor progression.

MATERIALS AND METHODS
Cell culture and reagents
NMuMG mouse mammary epithelial cells (passed at a 1:10 ratio, used
before passage 20, and authenticated by the supplier) were obtained from the
American Type Culture Collection and cultured in high glucose DMEM
(HyClone) supplemented with 10% fetal bovine serum (FBS; Atlanta
Biologicals) and 50 μg/ml gentamicin (Gibco). NMuMGcells were seeded at
a density of 100,000 cells/cm2 and cultured at 37°C and 5% CO2 on
fibronectin-coated polyacrylamide substrata of soft (E≈130 Pa) or stiff
(E≈4020 Pa) compliances for 48 h as described previously (Lee et al., 2012);
the initial seeding density resulted in ∼20% confluence on soft and ∼50%
confluence on stiff substrata within a few hours because of differences in cell
spreading. A saturating dose of purified Wnt3a (80 ng/ml; Peprotech) was
added to the medium for the final 8 h of the experiment (Azzolin et al.,
2014). Cerivastatin (1 μM; Sigma) or verteporfin (5 µM; Sigma) were added
for the last 24 h of the experiment to inhibit nuclear localization of YAP/TAZ
or interaction between YAP and TEAD transcription factors, respectively.

Transfections and viral transductions
Expression plasmids for shRNA against Fzd1 were obtained from Sigma
(TRCN0000341044). The control scrambled shRNA plasmid, pLKO.1-
scramble-shRNA (shcntl), was obtained from Addgene (plasmid 1864,
deposited by D. Sabatini; Sarbassov et al., 2005). Cells were transiently
transfected with shRNA expression constructs by using FuGENE HD
transfection reagent (Promega).

To knock down the expression of ILK, NMuMG cells were transduced
with lentiviral particles carrying short hairpin RNA (shRNA) against ILK
(sc-35667-V and sc-35666-V; Santa Cruz Biotechnology) or control
lentivirus expressing a scrambled shRNA sequence. Stable shRNA-
expressing clones were produced according to the manufacturer’s
instructions and selected using puromycin.

Recombinant adenoviruses encoding ILK (bicistronic with GFP) or GFP
alone were obtained from Vector Biolabs (Pang et al., 2016). Adenovirus
was added directly to culture medium at a multiplicity of infection (MOI) of
100, and the medium was replaced 24 h later.

Immunofluorescence analysis
Samples were fixed with 4% paraformaldehyde (PFA) for 15 min and
washed with PBS. After blocking for 1 h with 5% goat serum (Sigma) and
0.2% bovine serum albumin (BSA), the samples were incubated with
primary antibody against YAP/TAZ (D24E4, 1:500; Cell Signaling), β-
catenin (D10A8, 1:100; Cell Signaling), Ki67 (Ab15580, 1:500; Abcam),
E-cadherin (3195, 1:300; Cell Signaling), cleaved caspase-3 (9961, 1:200;
Cell Signaling) or Fzd1 (sc-398082, 1:50; Santa Cruz Biotechnology).
Samples were then washed with PBS and incubated with Alexa Fluor-
conjugated secondary antibodies (1:400; Invitrogen). Nuclei were
counterstained with Hoechst 33342 (Invitrogen). After additional washes
with PBS, samples were visualized using a 20×/0.45 NA air objective on a
Nikon Eclipse Ti-U inverted fluorescence microscope (Nikon) equipped
with a Hamamatsu ORCA charge-coupled device camera. Image analysis
was performed on at least 50 cells for each experimental group over three
independent experiments using ImageJ.

EdU incorporation assay
Samples were incubated with 10 μM EdU for 1 h before fixation,
permeabilization and EdU staining, using the Click-iT EdU Alexa Fluor 594
Imaging kit (Thermo Scientific) according to the manufacturer’s instructions.

Quantitative real-time reverse-transcription PCR
Total RNA was isolated using TRIzol reagent (Invitrogen). Isolated RNA
was used to synthesize cDNA using a Verso cDNA Synthesis Kit (Thermo
Scientific). Transcript levels were measured by qRT-PCR using a Bio-Rad
Mini-Opticon instrument and iTaq Universal SYBR Green Supermix
(Bio-Rad). Primers for Ctgf, Birc5, Ankrd1, Cyr61, Itgb1, ILK, Fzd1, Fzd4,
Fzd6 and 18S rRNA (Table S1) were determined to be specific by using
BLAST and dissociation curve analysis. All transcript levels were
normalized to that of 18S rRNA in the same sample.

Immunoblotting analysis
Samples were lysed in RIPA lysis buffer (Thermo Scientific) supplemented
with protease inhibitors (Roche) and protein concentrations were measured
using the Pierce bicinchoninic acid (BCA) Protein Assay Kit (Thermo
Scientific). Samples were then mixed with Laemmli sample buffer, boiled at
95°C for 5 min, resolved by SDS-PAGE, and transferred onto nitrocellulose
membranes. Membranes were then blocked in 5% milk and incubated
overnight at 4°C in blocking buffer containing antibodies specific for YAP/
TAZ (1:1000; Cell Signaling), Fzd1 (1:100; Santa Cruz Biotechnology), E-
cadherin (1:800; Cell Signaling), ILK (1:1000; Cell Signaling) or GAPDH
(1:1000; Cell Signaling). For nuclear extracts, samples were prepared with
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific).

Statistical analysis
Data represent the mean±s.e.m. of at least three independent experiments
unless otherwise specified. Statistical analysis was performed using
GraphPad Prism 5.0. Differences between means were tested for
significance using either a Student’s t-test (normally distributed data) or a
Mann–Whitney test (non-normally distributed data). When two different
categorical independent variables were present, differences between means
were tested for significance using a two-way ANOVA followed by
Bonferroni post-test. P<0.05 was considered to represent a significant
difference between experimental groups.
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