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Substratum stiffness tunes membrane voltage in mammary
epithelial cells
Brian B. Silver1, Sherry X. Zhang2, Emann M. Rabie1,3 and Celeste M. Nelson1,2,*

ABSTRACT
Membrane voltage (Vm) plays a critical role in the regulation of several
cellular behaviors, including proliferation, apoptosis and phenotypic
plasticity. Many of these behaviors are affected by the stiffness of the
underlying extracellular matrix, but the connections between Vm

and the mechanical properties of the microenvironment are unclear.
Here, we investigated the relationship between matrix stiffness and Vm

by culturing mammary epithelial cells on synthetic substrata, the
stiffnesses of whichmimicked those of the normalmammary gland and
breast tumors. Although proliferation is associated with depolarization,
we surprisingly observed that cells are hyperpolarized when cultured
on stiff substrata, a microenvironmental condition that enhances
proliferation. Accordingly, we found that Vm becomes depolarized as
stiffness decreases, in a manner dependent on intracellular Ca2+.
Furthermore, inhibiting Ca2+-gated Cl− currents attenuates the effects
of substratum stiffness on Vm. Specifically, we uncovered a role for
cystic fibrosis transmembrane conductance regulator (CFTR) in the
regulation of Vm by substratum stiffness. Taken together, these results
suggest a novel role for CFTR and membrane voltage in the response
of mammary epithelial cells to their mechanical microenvironment.

KEY WORDS: Mechanical stress, Tissue morphodynamics,
Bioelectricity

INTRODUCTION
Membrane voltage (Vm) is defined as the difference between the
electric potential in the cytoplasm and that in the surrounding
extracellular medium (Yang and Brackenbury, 2013). Vm is
associated with several behaviors often dysregulated in cancer,
including apoptosis, proliferation and phenotypic plasticity (Levin,
2014). In addition to regulating processes at the cellular level,
gradients of Vm can form across populations of cells (bioelectricity)
that profoundly impact growth at the tissue level during
regeneration, organogenesis and tumorigenesis (Adams et al.,
2007; Beane et al., 2011; Chernet and Levin, 2013; Sundelacruz
et al., 2009; Yang and Brackenbury, 2013). It should, therefore, be
possible to exploit bioelectric signals in order to reprogram ailments
such as cancer or to induce the repair of damaged organs.
Artificially manipulating Vm results in dramatic tissue-level
changes, including ectopic organ formation and tumor
suppression (Beane et al., 2011, 2013; Chernet and Levin, 2014;

Pai et al., 2012). As a result, it will be useful to understand the
biochemical machinery that transduces bioelectric signals into
physiological states, as well as the extracellular stimuli that trigger a
cell to change its Vm.

Vm generally ranges from 0 mV to −90 mV; proliferative and
cancerous cells are thought to be more positively charged
(depolarized) than quiescent or resting cells, which are thought to
be more negatively charged (hyperpolarized) (Adams and Levin,
2013). However, Vm is not a static cellular property. Cells use ion
channels, pumps, transporters and gap junctions to modulate Vm.
These channels may be gated in response to ion concentration, Vm

itself (voltage-gated ion channels) (Adams and Levin, 2006) or
mechanical forces (Martinac, 2004; Silver et al., 2020). Vm is thus a
dynamic property that is impacted by the surrounding cellular
microenvironment. However, it is unclear what microenvironmental
signals specify the Vm of cells within a tissue.

Although the mechanical microenvironment plays an instructive
role at both the cellular and tissue levels (Chowdhury et al., 2010;
Engler et al., 2006; Ko et al., 2016; Kostic et al., 2009; Lee et al.,
2012; Lee and Nelson, 2013; Provenzano et al., 2009; Tilghman
et al., 2010; Ulrich et al., 2009; Zhang et al., 2011), and
mechanosensitive ion channels can regulate the influx of cations
in response to mechanical stimuli including stretch or compression
(Coste et al., 2010; Gudipaty et al., 2017; Wu et al., 2017), the
connections between tissue mechanics and Vm are only beginning to
emerge. Cells sense the stiffness of their substratum through cell-
surface receptors linked to the actomyosin cytoskeleton, akin to how
we sense the rigidity of a surface using our muscles (Kobayashi and
Sokabe, 2010). This enhances cytoskeletal tension (Katsumi et al.,
2004). Substratum stiffness has been found to regulate cellular
behaviors including proliferation (Ulrich et al., 2009), apoptosis
(Chiu et al., 2007; Wang et al., 2000; Zhang et al., 2011),
differentiation (Engler et al., 2006) and epithelial–mesenchymal
transition (EMT) (Lee et al., 2012). Substratum stiffness and
cytoskeletal tension have also been found to regulate Ca2+ influx
(Chiu et al., 2007; Kim et al., 2009; Pathak et al., 2014). This
observation suggests a possible link between matrix rigidity and Vm,
as some mechanosensitive ion channels that permit Ca2+ influx are
nonspecific (Wu et al., 2017) and thus allow the influx of other
positively charged ions including K+ and Na+. However, it remains
unclear whether Vm is regulated by the mechanical properties of the
microenvironment.

Here, we examined the relationship between substratum stiffness
and Vm in mammary epithelial cells. We found that cells cultured on
soft substratawith compliances reminiscent of the normal mammary
gland were substantially more depolarized (more positively
charged) than cells cultured on stiff substrata with compliances
similar to mammary tumors. We observed substratum-induced
regulation of Vm in several cell lines, including functionally normal
and tumorigenic mouse and human mammary epithelial cells. This
regulation appears to occur in a switch-like manner, wherein a
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threshold level of stiffness is required to trigger hyperpolarization (a
more negative charge). Subsequent increases in stiffness promoted
further decreases in Vm. Finally, we uncovered a role for Ca

2+-gated
Cl− channels (CaCCs) in the mechanical regulation of Vm. A wide
range of stimuli, including mechanical inputs, are believed to be
involved in the gating of CaCCs (Slack-Davis et al., 2007). Cystic
fibrosis transmembrane conductance regulator (CFTR) is an
epithelial Cl− channel primarily known for its dysfunction in
cystic fibrosis (Sheppard and Welsh, 1999), but this channel is also
expressed by mammary epithelial cells and has been implicated in
breast cancer (Blaug et al., 2001). CFTR can be activated indirectly
by increased intracellular Ca2+ in a pathway involving
phosphorylation of the channel by protein kinase A, resulting in
the flow of Cl− out of the cell (depolarization) (Brennan et al.,
2016). We observed that inhibiting either CFTR or Ca2+ release-
activated channels (CRACs) abolished the ability of substratum
stiffness to tune Vm. Taken together, these observations reveal that
the mechanical microenvironment regulates the Vm of mammary
epithelial cells through differential gating of CFTR in a Ca2+-
dependent manner.

RESULTS
To examine how Vm is affected by the mechanical compliance of the
microenvironment, we used the fluorescent voltage-reporter dye
bis-(1,3-dibutylbarbituric acid)-trimethine oxonol [DiBac4(3)].
This anionic compound more easily enters the plasma membrane
of less negatively charged (depolarized) cells, yielding stronger
fluorescence. More negatively charged (hyperpolarized) cells show
weaker fluorescence, with each 1% change in fluorescence intensity
corresponding to 1 mV change in Vm (Bräuner et al., 1984;
Klapperstück et al., 2013; Silver et al., 2020; Yamada et al., 2001).
We cultured EpH4 cells, a phenotypically normal mouse mammary
epithelial cell line, overnight on soft [elastic modulus (E) ∼130 Pa]
or stiff (E ∼4020 Pa) polyacrylamide gels, which mimic the
stiffnesses of normal and tumorigenic mammary tissue, respectively
(Paszek et al., 2005). We found that cells cultured on stiff substrata
exhibited weaker DiBac4(3) signal than those cultured on soft
substrata (Fig. 1A,B), suggesting that they were hyperpolarized
compared to cells on soft microenvironments.
Gramicidin is a peptide that inserts into the plasmamembrane and

allows ions to pass freely between the cytoplasm and the external
medium (Kelkar and Chattopadhyay, 2007), thus setting cellular Vm

to 0 mV.We used gramicidin as a control to calculate the Vm of cells
on the different microenvironments. In cells cultured on stiff
substrata, treatment with gramicidin led to an increase in DiBac4(3)
fluorescence intensity, consistent with our conclusion that cells were
hyperpolarized on stiff microenvironments (Fig. 1B). Curiously, the
fluorescence of gramicidin-treated (Vm=0 mV) cells on stiff
substrata was slightly lower than that of cells on soft substrata,
perhaps due to differences in intracellular morphology on the
different microenvironments. For this reason, we used a separate
gramicidin-treated control for each substratum stiffness in order to
calculate Vm. This analysis confirmed that cells cultured on stiff
substrata are hyperpolarized (−53.9 mV) compared to those on soft
substrata (−1.6 mV) (Fig. 1C).
To determinewhether the response of Vm to stiffness is altered after

oncogenic transformation, we examined the Ras-transformed EpH4
mammary epithelial cell line, EpRas (Oft et al., 1996). Similar to
EpH4 cells, EpRas cells cultured on stiff substrata are hyperpolarized
compared to cells cultured on soft substrata (Fig. 1C). SCp2 and SCg6
are isogenic mouse mammary epithelial cell lines; SCg6 cells are
larger and form invasive tumors upon injection into nude mice, in

contrast to their smaller, nontumorigenic SCp2 counterparts (Desprez
et al., 1993). We found that, in SCp2 and SCg6 cells, Vm is regulated
by substratum stiffness to a similar extent as in EpH4 cells. We
observed a similar trend in highly metastatic, tumorigenic murine 4T1
cells as well as in MCF10A human mammary epithelial cells.
Altogether, these results suggest that Vm is regulated by substratum
stiffness in several mammary epithelial cell lines, including those that
are phenotypically normal (EpH4, SCp2, MCF10A) as well as those
that are tumorigenic (EpRas, 4T1, SCg6).

To define more precisely how Vm varies with substratum
stiffness, we cultured EpH4 cells on polyacrylamide substrata
of intermediate stiffnesses (E∼910 Pa and 2030 Pa) and measured
Vm by comparing DiBac4(3) fluorescence to gramicidin-treated cells
as described above. We found no significant difference in the Vm of
cells cultured on 130 Pa and 910 Pa substrata (Fig. 2A). However,
we observed a substantial and significant voltage drop
(hyperpolarization) of −37 mV between 910 Pa and 2030 Pa.
Between 2030 Pa and 4020 Pa, there was a lesser, but still
significant, drop of an additional −17 mV. These data suggest that
mammary epithelial cells become hyperpolarized above a threshold

Fig. 1. Mammary epithelial cells cultured on stiff substrata are
hyperpolarized compared to those on soft substrata. (A) EpH4 mouse
mammary epithelial cells were cultured on soft (130 Pa) or stiff (4020 Pa)
substrata and DiBac4(3) fluorescence was measured under each condition.
(B) Background fluorescence was subtracted from the total integrated intensity
measurements of images shown in A, and then normalized to the control.
Fluorescence was compared quantitatively for cells on each substratum.
(C) Membrane voltage (Vm) was calculated as the percentage difference
between gramicidin-treated and untreated EpH4, EpRas, SCp2, SCg6, 4T1,
and MCF10A cells cultured on each substratum; a 1% difference in
fluorescence corresponds to a 1 mV change in Vm. Cancer cell lines are
indicated by the striped bars. Scale bars: 50 μm. Shown are mean+s.d.
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; as determined by an unpaired
parametric t-test with Welch’s correction. N=3 independent replicates.
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substratum stiffness. Curiously, the change in Vm correlated with a
significant increase in projected cell area between 910 Pa and
2030 Pa (Fig. 2B). We observed that culture on stiff substrata
correlated with a significant increase in projected cell area in all cell
lines (Fig. 2C). We also observed a significant increase in
hyperpolarization with increasing substratum stiffness in 4T1 cells
(Fig. 2D,E).
To further investigate the relationship between cell spreading and

Vm, we used microfabricated substrata (Tan et al., 2004) to control
the projected area of mammary epithelial cells and measured the
resulting Vm. This approach enabled us to compare round
(∼200 μm2) with spread (∼450 µm2) cells (Fig. 3A–D), the
projected areas of which were comparable to those of EpH4 cells
cultured on soft or stiff microenvironments, respectively. We
observed that round EpH4 (Fig. 3E,F) or 4T1 (Fig. 3G,H) cells were
more depolarized than their spread counterparts. Differences in the
degree of cell spreading could impact the height of a cell. However,
cell height was only slightly decreased in EpH4 cells cultured
on stiff substratum, and not in a manner proportional to projected
cell area (Fig. S1). Furthermore, these modest differences in cell
height did not affect the intensity of cells stained with a voltage-
independent dye (Fig. S1). Together, these results suggest that

substratum stiffness may regulate Vm, in part, by impacting the
degree to which a cell spreads, which is controlled by cell-matrix
adhesion and actomyosin contractility (Califano and Reinhart-King,
2010; Fu et al., 2010; Kong et al., 2005; Rhee et al., 2007).

Integrin-mediated activation of focal adhesion kinase (FAK;
also known as PTK2) is a primary mechanism by which
matrix compliance is transduced into changes in cell shape and
phenotype (Guan, 2010; Provenzano et al., 2009). We used
immunofluorescence analysis of phosphorylated, activated FAK
(pFAK) to visualize and quantify focal adhesions in EpH4 and 4T1
cells cultured on soft or stiff substrata and round or spread
microfabricated islands. EpH4 (Fig. 4A–E) and 4T1 (Fig. S2A–D)
cells cultured on stiff substrata or fully spread on microfabricated
islands formed more focal adhesions with larger total focal adhesion
coverage per cell than those cultured on soft substrata or constrained
to round islands. To determine whether signaling through FAK is
required for stiffness-mediated regulation of Vm, we disrupted its
activity using the small-molecule inhibitor PF-573228 (Ma et al.,
2017a) (Fig. S2E) at a concentration that did not affect cell
spreading (Fig. S2F). Treatment with PF-573228 increased the
variability in Vm in cells cultured on soft and stiff substrata, without
significantly affecting the mean Vm in either microenvironment

Fig. 2. A threshold substratum stiffness is required for mammary
epithelial hyperpolarization. (A,B) Vm (A) and projected area (B) of
EpH4 mouse mammary epithelial cells cultured on substrata of
different stiffnesses. (C) Violin plots showing projected areas of
different mammary epithelial cell lines on soft (130 Pa) or stiff
(4020 Pa) substrata. Shown are distributions with indicated median
and quartiles of the projected area of EpH4 (n=129, soft; n=184, stiff ),
EpRas (n=410 soft; n=561, stiff ), SCp2 (n=74 soft; n=137, stiff ), SCg6
(n=45, soft; n=54, stiff ), 4T1 (n=245, soft; n=249, stiff ) and MCF10A
(n=90, soft; n=266, stiff ) cells taken across three independent
replicates each. (D) Vm of 4T1 cells cultured on substrata of different
stiffnesses. (E) Phase-contrast and fluorescence images of 4T1 cells
on soft or stiff substrata reveal increased DiBac4(3) fluorescence in
cells cultured on soft substrata. Scale bars: 50 μm. Shown are
mean+s.d. *P<0.05; **P<0.01; ****P<0.0001; ns, not significant; as
determined by an unpaired parametric t-test with Welch’s correction
(A,B,D) or an unpaired Mann–Whitney test (C). N=3 independent
replicates.
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(Fig. 4F), suggesting that FAK is required for cells to sense the
stiffness of their underlying substratum and tune Vm. These data
suggest that substratum stiffness signals through cell spreading and
FAK to regulate Vm.
We next investigated other molecular mechanisms that might

link mechanosensing and Vm. Piezo ion channels open in response
to mechanical stimuli, including substratum stiffness (Wu et al.,
2017). To determine whether Piezo1 plays a role in stiffness-
induced changes in Vm, we treated EpH4 cells with the
mechanosensitive ion-channel blocker GdCl3 (Coste et al., 2010;
Ermakov et al., 2010). Surprisingly, this treatment did not

significantly impact Vm in cells cultured on soft or stiff substrata
(Fig. S3A,B). We therefore investigated other types of channels.
Large-pore channels such as pannexin1 and connexin hemichannels
can be gated by mechanical force (Batra et al., 2012). The activity of

Fig. 3. Vm correlates with projected cell area. (A,B) Phase-contrast images
of round (A) or spread (B) EpH4 cells cultured on micropatterned substrata.
(C,D) DiBac4(3) fluorescence was measured for the round (C) and spread
(D) EpH4 cells. (E–H) Vm was calculated for each condition by comparing the
total integrated intensity of DiBac4(3) fluorescence in gramicidin-treated and
untreated EpH4 (E,F) or 4T1 (G,H) cells, and normalizing to the untreated
condition. Scale bars: 50 μm. Shown are mean+s.d. *P<0.05; **P<0.01; as
determined by an unpaired parametric t-test with Welch’s correction. N=3
independent replicates.

Fig. 4. The regulation of Vm by substratum stiffness is regulated, in part,
by signaling through FAK. (A) Immunofluorescence analysis of focal
adhesions in EpH4 cells cultured on soft or stiff substrata (blue, nuclei; red,
vinculin; green, pFAK). Scale bars: 10 µm. (B,C) Mean number (B) and total
area (C) of focal adhesions in EpH4 cells cultured on soft (n=54 cells) or stiff
substrata (n=75 cells). (D,E) Mean number (D) and total area (E) of focal
adhesions in round (n=15 cells) or spread (n=53 cells) EpH4 cells cultured on
micropatterned substrata. (F) Inhibiting FAK significantly reduced the
difference in Vm between EpH4 cells cultured on soft (n=110, control; n=84,
PF-573228) versus stiff (n=595, control; n=429, PF-573228) substrata. Shown
are mean+s.d. *P<0.05; **P<0.01; ***P<0.001; ns, not significant; as
determined by an unpaired parametric t-test with Welch’s correction. N=3
independent replicates.
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these channels can be visualized by uptake of the cationic vital dye
YoPro in nonapoptotic cells (Patel et al., 2014). However, we
observed no significant difference in the uptake of YoPro dye
(Fig. S3C) or in the Vm of EpH4 cells cultured on soft or stiff

substrata when we blocked connexin-43 hemichannels using the
specific peptide TAT-gap19 (Abudara et al., 2014) (Fig. S3D,E).
These data suggest that neither the mechanosensitive ion channel
Piezo1 nor pannexin or connexin hemichannels are responsible

Fig. 5. Ca2+-gated Cl− currents are implicated in the regulation of Vm by substratum stiffness. (A) CG1 fluorescence in EpH4 cells cultured on soft or stiff
substrata. (B) CG1 fluorescence of EpH4 cells cultured on soft or stiff substrata and treated with or without BAPTA-AM. Fluorescence values were normalized to
control cells (DMSO) cultured on soft substrata. (C) Vmmeasurements of EpH4 cells cultured on soft or stiff substrata and treated with or without BAPTA-AM. (D)
CG1 fluorescence in EpH4 cells cultured on soft or stiff substrata and treated with or without gramicidin. (E) Difference in CG1 fluorescence in EpH4 cells cultured
on soft or stiff substrata and treated with or without gramicidin. (F) CG1 fluorescence in EpRas cells cultured on soft or stiff substrata. (G,H) Vm of EpH4 cells
cultured on soft or stiff substrata in the presence or absence of iberiotoxin (IbTx) (G) or NPPB (H). (I,J) Vm of EpRas cells (I) or 4T1 cells (J) cultured on soft or stiff
substrata in the presence or absence of NPPB. (K) Absolute difference in Vm between 4T1 cells cultured on soft or stiff substrata in the presence or absence of
NPPB. Shown are mean+s.d. *P<0.05; **P<0.01; ***P<0.001; ns, not significant; as determined by an unpaired parametric t-test with Welch’s correction (A,C-K)
or by a one-sample unpaired t-test between control cells cultured on a soft substratum (hypothetical value of 1.0) and control cells cultured on a stiff substratum
(B). N=3 independent replicates.
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for the regulation of Vm by substratum stiffness in mammary
epithelial cells.
Intracellular Ca2+ is regulated by substratum stiffness (Kim et al.,

2009). Furthermore, mammary tumors show alterations in the
expression and activation of CaCCs (Hartzell et al., 2005; Ohkubo
and Yamazaki, 2012). Breast tumors frequently show decreased
expression of CFTR (Zhang et al., 2013), which is often mutated in
cancer (Zhang et al., 2018) and can be gated by Ca2+ (Brennan et al.,
2016). CaCCs can exert a depolarizing effect on the cell. Therefore,
increased Ca2+ uptake in cells cultured on soft substrata might be
expected to trigger the activation of such channels. To test this
possibility, we first visualized intracellular Ca2+ in cells cultured on
soft or stiff substrata using the fluorescent indicator, Calcium Green
1 (CG1). We observed higher CG1 intensity in EpH4 cells cultured
on soft substrata compared to those on stiff substrata (Fig. 5A),
in agreement with previous observations (Chiu et al., 2007).
To determine whether Ca2+ is required for stiffness-dependent
changes in Vm, we depleted intracellular Ca2+ using the membrane-
permeable chelator BAPTA-AM (Fig. 5B). This treatment
abolished the difference in Vm between cells cultured on soft and

stiff substrata (Fig. 5C). These data suggest that Ca2+-gated ion
channels may be involved in the regulation of Vm by substratum
stiffness. Not only does Ca2+ regulate Vm, but Vm can alter levels of
intracellular Ca2+ via voltage-gated Ca2+ channels (VGCCs)
(Catterall, 2011). Therefore, this feedback may serve as a way to
amplify Ca2+ signaling in the context of mechanosensing in
mammary epithelial cells. Accordingly, treatment with gramicidin
significantly reduced the difference in CG1 intensity between EpH4
cells cultured on soft and stiff substrata (Fig. 5D,E). EpRas cells also
showed a significant decrease in intracellular Ca2+ on stiff substrata
(Fig. 5F). Taken together, these data suggest a connection between
Vm, intracellular Ca

2+ and substratum stiffness.
To determine the role of Ca2+-gated ion channels, we blocked

Ca2+-gated potassium channels with iberiotoxin (IbTx) (Candia et al.,
1992) or CaCCs with 5-nitro-2-(3-phenylpropylamino)benzoic acid
(NPPB) (Ishikawa and Cook, 1993). We observed that IbTx did not
affect Vm in EpH4 cells cultured on soft or stiff substrata (Fig. 5G).
However, NPPB abolished the regulation of Vm by substratum
stiffness in EpH4 cells (Fig. 5H), suggesting a role for CaCCs.
Consistently, treatment with NPPB diminished the regulation of

Fig. 6. CFTR is required for the regulation of Vm by
substratum stiffness. (A) Vm of EpH4 cells cultured on
soft or stiff substrata in the presence or absence of
CFTRinh-172. (B,C) CG1 fluorescence (B) or Vm (C) of
EpH4 cells cultured on soft or stiff substrata in the presence
or absence of 5J-4. (D,E) EpRas cells (D) or 4T1 cells (E)
cultured on soft or stiff substrata in the presence or absence
of CFTRinh-172. Shown are mean+s.d. *P<0.05; **P<0.01;
***P<0.001; ns, not significant; as determined by an
unpaired parametric t-test with Welch’s correction. N=3
independent replicates.
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Vm by substratum stiffness in EpRas cells (Fig. 5I) and 4T1 cells
(Fig. 5J,K). These data indicate that a CaCC is required for the
regulation of Vm by substratum stiffness in mammary epithelial cells.
To identify which Ca2+-gated ion channels are involved in

the stiffness-induced changes in Vm, we treated cells with specific
inhibitors. We found that the CFTR inhibitor CFTRinh-172
(Verkman et al., 2013) blocked the ability of substratum stiffness
to regulate Vm in EpH4 cells (Fig. 6A). It was previously reported
that culture on soft substrata can induce the translocation of Stim1
from the endoplasmic reticulum to the plasma membrane in a
manner dependent on inositol 1,4,5-trisphosphate (IP3) (Chiu et al.,
2008, 2007). At the plasma membrane, Stim1 interacts with
Orai1, forming a CRAC. The resulting influx of Ca2+ might then
activate Ca2+-gated ion channels such as CFTR. Consistently,
inhibiting CRAC current using the pharmacological inhibitor 5J4
(Kim et al., 2014) disrupted the regulation of intracellular Ca2+

(Fig. 6B) and Vm (Fig. 6C) by substratum stiffness. Further,
inhibiting CFTR blocked the regulation of Vm by substratum
stiffness in EpRas (Fig. 6D) and 4T1 (Fig. 6E) cells. Together, these
data suggest that substratum stiffness regulates Orai1/Stim1
channels, which modulate Ca2+ levels that differentially gate
CFTR, leading to changes in Vm (Fig. 7).
Constitutive activation of Ras is known to alter the expression of

Ca2+-gated ion channels (Huang and Rane, 1994). We therefore
postulated that CaCCs might be differentially expressed between
EpH4 and EpRas cells cultured on soft or stiff substrata.
Consistently, we observed increased CFTR expression in EpRas

cells cultured on stiff substrata, but not in EpH4 or 4T1 cells
(Fig. S4). Although EpRas cells express more CFTR when cultured
on stiff substrata than on soft substrata, Vm is still hyperpolarized
compared with cells cultured on soft substrata. These data suggest
that the regulation of Vm by substratum stiffness depends on CFTR
activity, and not necessarily on expression levels.

DISCUSSION
The mechanical microenvironment plays an essential role in the
regulation of cellular behaviors associated with normal development
as well as cancer (Levental et al., 2009; Park et al., 2011; Tilghman
et al., 2010; Ulrich et al., 2009; Zhang et al., 2011). For example,
extracellular matrix stiffness regulates EMT (Tilghman et al., 2010),
differentiation (Engler et al., 2006; Lee and Nelson, 2013; Pathak
et al., 2014), proliferation (Tilghman et al., 2010; Ulrich et al., 2009)
and apoptosis (Zhang et al., 2011). Consequently, tissue density is
now recognized as a risk factor for tumor initiation and progression
(Martin and Boyd, 2008). Vm regulates many of the same cellular
behaviors as substratum stiffness (Adams and Levin, 2006, 2013;
Beane et al., 2013; Chernet and Levin, 2014; Chowdhury et al., 2010;
Engler et al., 2006; Ko et al., 2016; Kostic et al., 2009; Martinac,
2004; Pai et al., 2012, 2015; Sundelacruz et al., 2009; Tilghman et al.,
2010; Ulrich et al., 2009; Wang, 2004; Zhang et al., 2011). Our data
reveal, for the first time, that substratum stiffness controls Vm in
mammary epithelial cells. These findings are not entirely unexpected.
Cellular depolarization has been found to reduce the stiffness of
vascular endothelial cells (Callies et al., 2011), and cells cultured on

Fig. 7. Proposed mechanism by which the
mechanical microenvironment regulatesVm.On
soft substrata, upregulation of IP3 triggers the
translocation of Stim1 from the endoplasmic
reticulum (ER) to the plasma membrane, where it
associates with Orai1. Together, these proteins
form a Ca2+ release-activated channel that
conducts influx of Ca2+ (Chiu et al., 2008).
Intracellular Ca2+ levels influence the gating of
CFTR, resulting in differences in Vm between cells
cultured on soft and stiff substrata.
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softer substrata are expected to have decreased stiffness (Tee et al.,
2011). Therefore, although we focused our study on individual,
functionally normal and tumorigenic mammary epithelial cells, we
predict that substratum stiffness regulates Vm in other cell types as
well. Future studies will investigate the effects of the mechanical
properties of the microenvironment on Vm in 3Dmulticellular tissues.
We observed that depolarization correlates with a decrease

in projected cell area, which is concordant with a decrease in
the number of focal adhesions that are formed in cells on soft
microenvironments (Katsumi et al., 2004; Levental et al., 2009;
Pelham and Wang, 1997). Accordingly, we found that the ability of
substratum stiffness to regulate Vm is lost upon inhibition of the key
focal adhesion signaling protein, FAK. These findings suggest that
substratum stiffness signals, at least in part, through focal adhesions
to regulate Vm. Cytoskeletal tension caused by increased focal
adhesion engagement gates mechanosensitive ion channels such as
Piezo1 (Coste et al., 2010; Gudipaty et al., 2017; Pathak et al.,
2014). However, we found that inhibiting Piezo channels had no
effect on the ability of substratum stiffness to regulate Vm.
Instead, we observed that both Orai1/Stim1 and CFTR channels

are required for substratum stiffness to modulate Vm. Specifically, we
hypothesized that increased Ca2+ entry throughOrai1/Stim1 channels
in cells cultured on soft substrata opens CFTR, leading to outflux
of negatively charged Cl− ions, depolarizing the cell. Therefore,
blocking either Orai1/Stim1 or CFTR channels would be expected to
cause hyperpolarization of cells cultured on soft substrata. Indeed, we
observed that blocking Orai1/Stim1 channels caused significant
hyperpolarization of EpH4 and EpRas cells cultured on soft substrata,
as anticipated. In addition, we observed that inhibiting CFTR
hyperpolarized 4T1 cells cultured on soft substrata. However,
inhibiting CFTR in EpH4 and EpRas cells unexpectedly caused
depolarization of cells cultured on stiff substrata, with no effect in
cells cultured on soft substrata. These differences in response to
inhibiting CFTR correlate with a difference in change in cell
spreading (Fig. S4), which emphasizes the tight coupling between
cell morphology and Vm. From these data, we conclude that both
Orai1/Stim1 and CFTR channels are required for the regulation of Vm

by substratum stiffness. However, the exact activity of CFTR
(direction of ion flow) appears to be cell type-specific, and could
depend on many factors including Cl− concentration in the
extracellular media and cytoplasm.
Mammary epithelial cells express high levels of CFTR in apical

membranes (Blaug et al., 2001). This channel has been proposed
to play a role in regulating fluid flow (Blaug et al., 2001) as well
as milk secretion and acid/base balance in the mammary gland
(Ma et al., 2020). Furthermore, low CFTR expression at both
the transcript and protein levels has been correlated with decreased
survival and poor prognosis in breast cancer patients, and
hypermethylation of the CFTR gene has been associated with
cancer (Liu et al., 2020; Zhang et al., 2013). Based on these
observations, CFTR has been proposed to function as a novel tumor
suppressor (Ma et al., 2017b). However, studies that examined
tumor formation in mouse xenograft models found that CFTR
could exert either a tumor-suppressing or tumor-promoting
role, depending upon whether the host tissues or cancer cells
downregulated channel expression. This dichotomy emphasizes the
importance of studying ion channel function within the context of the
cellular microenvironment. Consistently, we observed upregulation
of CFTR at the transcript level in EpRas cells cultured on stiff
substrata, a hallmark of the tumor microenvironment. Future studies
should focus on the signaling downstream of matrix mechanics
that regulates the activity of CFTR and other ion channels.

MATERIALS AND METHODS
Cell culture
Mouse mammary epithelial cells (EpH4, SCp2 and SCg6) were maintained
in 1:1 Dulbecco’s modified Eagle medium (DMEM):F12 (Gibco)
supplemented with 2% heat-inactivated fetal bovine serum (FBS; Atlanta
Biologicals), 0.1% gentamicin (Gibco) and 5 μg/ml insulin (Sigma-
Aldrich). The 4T1 mouse mammary carcinoma line was cultured in RPMI
medium (GE Life Sciences) supplemented with 10% FBS and 0.1%
gentamicin. EpRas cells are a Ras-transformed variant of EpH4 cells (Oft
et al., 1996) and were cultured under the same conditions as the parental cell
line. Human mammary epithelial cells (MCF10A) (Soule et al., 1990) were
maintained in 1:1 DMEM:F12 supplemented with 5% horse serum (Atlanta
Biologicals), 5 μg/ml insulin, 20 ng/ml epidermal growth factor (EGF;
Sigma-Aldrich), 0.5 mg/ml hydrocortisone (Sigma-Aldrich), 100 ng/ml
cholera toxin (Sigma-Aldrich) and 1× penicillin–streptomycin (Gibco).
Cells were determined to be free of mycoplasma using a commercially
available kit (Lonza).

Ca2+-activated K+ channels were inhibited using IbTx (500 nM, Tocris).
Ca2+-sensitive Cl− currents were inhibited using NPPB (50 µM, Tocris).
CFTR channels were inhibited using CFTRinh-172 (17.5 µM, Tocris).
Stim1/Orai1 channels were inhibited using 5J4 (20 µM, Tocris). Piezo1
channels were inhibited using GdCl3 (200 µM, Alfa Aesar). Cx43 (also
known as GJA1) hemichannels were inhibited using the peptide TAT-gap19
(Abudara et al., 2014) (50 µM, Tocris). FAKwas inhibited using PF-573228
(5 µM, Sigma-Aldrich). All inhibitors were applied to cells for 24 h.
Intracellular Ca2+ was chelated using BAPTA-AM (3 µM, Thermo Fisher
Scientific), which was applied to cells for 24 h.

Preparation of polyacrylamide substrata
Polyacrylamide substrata were prepared as described previously (Lee and
Nelson, 2013). Briefly, glass coverslips were cross-linked with a solution of
12.5% (w/v) acrylamide monomer (Bio-Rad), 0.5% ammonium persulfate
(Sigma-Aldrich), 0.1% N,N,N′,N′-tetramethylethylenediamine (TEMED;
Sigma-Aldrich) and bis-acrylamide (Bio-Rad). The elastic moduli of the
gels were tuned by altering the concentration of bis-acrylamide cross-linker.
Substrata of 130, 910, 2030 or 4020 Pa were prepared using bis-acrylamide
concentrations (w/v) of 0.5%, 1.5%, 3.0% or 17.5%, respectively (Lee
and Nelson, 2013). To promote cellular adhesion, the gels were
functionalized with 0.2 mg/ml fibronectin (Corning Life Sciences)
using sulfosuccinimidyl-6-(4′-azido-2′-nitrophenyl-amino)-hexanoate
(sulfo-SANPAH; Thermo Fisher Scientific). Mammary epithelial cells
were seeded onto the substrata at a density of ∼280 cells/mm2 and cultured
for 16–24 h before imaging. Carewas taken to image the cells after adhesion
to the substrata but before mitosis to enable analysis of single cells.

Microcontact-printed substrata
We used a microfabrication-based approach (Tan et al., 2004) to control the
projected area of cells by confining adhesion to a defined island of fibronectin.
Briefly, stamps of polydimethylsiloxane (PDMS; Sylgard 184)were sterilized
using 200-proof ethanol, then coated with 25 μg/ml fibronectin in PBS
overnight. Sterilized water was used to remove excess fibronectin from the
stamps, which were then dried under compressed nitrogen. The stamps were
then applied onto custom-made, UV/ozone-treated, PDMS-coated glass-
bottom tissue culture dishes for at least 15 min to allow transfer of fibronectin
from the stamp to the culture dish. Unstamped regions were blocked with 1%
Synperonic F108 (Fluka) in PBS. Cells were seeded onto the fibronectin
islands at a concentration of ∼3×105 cells/ml for 2–3 h. Nonadherent cells
were removed by washing once with culture medium. Adherent cells were
cultured for ∼16 h on the islands. We compared unconstrained cells to those
confined to circular (16 μm-diameter) fibronectin islands. These projected
areas were comparable to those of cells on stiff (519±54 μm2) or soft
(199±40 μm2) substrata, respectively.

Immunoblotting analysis
EpH4 cells were cultured for 24 h in the presence of different concentrations
of PF-573228. Cells were then treated with RIPA lysis buffer (Thermo
Fisher Scientific) supplemented with protease inhibitor (Roche). The Pierce
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Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Fisher Scientific)
was used to measure protein concentration. Samples were heated at 95°C for
10 min with LDS sample buffer and reducing agent (Thermo Fisher
Scientific), resolved by electrophoresis on a 4–12% bis-tris gel and
transferred onto nitrocellulose membranes. The membranes were blocked in
5% nonfat milk in TBST [0.1% Tween 20 (Sigma-Aldrich) in Tris-buffered
saline] and incubated overnight at 4°C in TBST containing antibodies
specific to FAK (1:1000; 3285S, Cell Signaling Technology), pY397-FAK
(1:1000; 44-625G, Cell Signaling Technology) or horseradish peroxidase-
conjugated GAPDH (1:5000; Cell Signaling Technology).

Quantitative RT-PCR analysis
Standard Trizol extraction (Invitrogen) procedures were used to isolate total
RNA from cells cultured on soft or stiff substrata. A commercially available
kit (Verso cDNA synthesis kit, Thermo Fisher Scientific) was used to
reverse-transcribe the RNA into cDNA. A StepOnePlus Realtime PCR
System (Applied Biosystems) was used to perform quantitative RT-PCR
using iTaq Universal SYBR Green SuperMix (Bio-Rad). CFTR expression
was evaluated using primers validated by BLAST (F, 5′-CAGCGATGGA-
GAAAATGATTG-3′; R, 5′-GGGAAGCACAGATAGAAAGAC-3′) and
analysis of standard curve. Target gene expression was normalized to that of
18S rRNA in each sample using previously published primer sequences
(Han et al., 2018).

Vm measurements, Ca2+ visualization and YoPro uptake assay
The reporter dye DiBac4(3) (2 µg/ml in culture medium) was used to
estimate cellular Vm. This dye more easily crosses the plasma membrane of
depolarized (more positively charged) cells in a manner in which the
percentage increase in fluorescence intensity is approximately linearly
proportional to the millivolt increase in Vm depolarization (Bräuner et al.,
1984; Klapperstück et al., 2013; Silver et al., 2020; Yamada et al., 2001).
DiBac4(3) is used in a live-cell assay that requires an equilibrium to be
reached across the cell membrane and, as a result, remains in the culture
medium during imaging. All samples were imaged in culture medium
containing 2% FBS to reduce background autofluorescence caused by
higher serum concentrations. Gramicidin-treated cells were prepared by
adding gramicidin (3 µg/ml, Sigma-Aldrich) and DiBac4(3) (2 µg/ml) to the
culture medium. EpH4, EpRas, SCp2, SCg6 and MCF10A cells were
incubated in these solutions for 5 h before imaging; 4T1 cells, which were
found to be more sensitive to gramicidin, were incubated for 2 h prior to
imaging. Intracellular Ca2+ was visualized using CG1 (10 µM, Thermo
Fisher Scientific) applied for 24 h, then washed 3× with culture medium
prior to imaging. To visualize Ca2+ in cells in which Vm had been disrupted,
gramicidin was applied at 0.5 µM or 1 µM over a 24-h period. To assess
YoPro uptake, cells werewashed 3× in PBS, then incubated in YO-PRO™-1
(Thermo Fisher Scientific) diluted 1:1000 in PBS for 15 min at room
temperature in the dark prior to imaging. Tomeasure cell height and volume,
EpH4 cells were cultured on soft or stiff substrata for 24 h, treated with
Calcein-AMdye for 30 min, and then washed 3×with culture medium. Prior
to imaging, samples were washed at least 3× to remove excess dye (CG1,
YoPro and Calcein-AM dye).

Microscopy
All samples were imaged using a Nikon Eclipse Ti-U inverted fluorescence
microscope (Melville, NY) equipped with an ORCA charge-coupled device
camera (Hamamatsu, Japan). Images were taken at 488 nm using a 20× air
objective. An image of cell-free substratum (glass or hydrogel) was used to
subtract background fluorescence prior to image analysis. Mean fluorescence
intensity was determined by taking the mean fluorescence of cells imaged on
either soft or stiff substrata for both the gramicidin-treated and untreated
samples. Percentage difference between the gramicidin-treated and untreated
samples on each substratum was then calculated, normalizing to the
gramicidin-treated samples. This percentage difference corresponded to Vm
inmV.Measurements were performed on at least 20 cells across three separate
biological replicates for both gramicidin-treated and untreated samples. For
cell height measurements, confocal stacks were taken of at least 30 cells using
a Nikon A1 laser-scanning confocal microscope.
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Figure S1. Substratum stiffness has minimal effects on cell height. (A) Height and (B) 

volume of EpH4 cells cultured on soft or stiff substratum in the presence or absence of 

gramicidin. Shown are minimum, maximum, and mean values. (C) Intensity of calcein-AM 

fluorescence of cells on soft or stiff substratum. ****, P<0.0001; as determined by an unpaired 

parametric t-test with Welch’s correction. 

J. Cell Sci.: doi:10.1242/jcs.256313: Supplementary information
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Figure S2. Substratum stiffness regulates focal adhesions. Average (A) number and (B) 

total area of focal adhesions in 4T1 cells cultured on soft (17 cells) or stiff (14 cells) substrata. 

Average (C) number and (D) total area of focal adhesions in round (16 cells) or spread (8 cells) 

4T1 cells cultured on micropatterned substrata. (E) Immunoblot showing levels of pFAK, total 

FAK, and GAPDH in EpH4 cells treated with different concentrations of 

PF-573228. 

J. Cell Sci.: doi:10.1242/jcs.256313: Supplementary information
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Figure S3. Piezo1 and connexin hemichannels are not required for the regulation of Vm by 

substratum stiffness. (A) Vm measurements of EpH4 cells cultured on soft or stiff substrata 

treated with or without GdCl3. (B) Difference in Vm between cells cultured on soft or stiff 

substrata treated with or without GdCl3. (C) Vm of EpH4 cells cultured on soft or stiff substrata 

treated with or without TAT-gap19. (D) Difference in Vm between cells cultured on soft or stiff 

substrata treated with or without TAT-gap19. (E) Percentage of EpH4 cells showing YoPro dye 

uptake on soft or stiff substrata. Scale bars represent 25 μm. Shown are mean + SD. *, P<0.05; 

**, P<0.01; as determined by an unpaired parametric t-test with Welch’s correction. N=3 

independent replicates. 

J. Cell Sci.: doi:10.1242/jcs.256313: Supplementary information
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Figure S4. Ras-transformed cells upregulate CFTR on stiff substrata. (A) qRT-PCR analysis 

for CFTR in EpH4, EpRas, and 4T1 cells cultured on soft (130 Pa) or stiff 

(4020 Pa) substrata. Projected area of (B) EpH4, (C) EpRas, and (D) 4T1 cells cultured on soft 

or stiff substrata in the presence or absence of CFTRinh-172. Shown are mean + SD. *, P<0.05; as 

determined by an unpaired parametric t-test with Welch’s correction. N=3 independent 

replicates. 

J. Cell Sci.: doi:10.1242/jcs.256313: Supplementary information
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