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Mammary mechanobiology – investigating roles for mechanically
activated ion channels in lactation and involution
Teneale A. Stewart1,2, Katherine Hughes3, Alexander J. Stevenson1,2, Natascia Marino4,5, Adler L. Ju2,
Michael Morehead6 and Felicity M. Davis1,2,*

ABSTRACT
The ability of a mother to produce a nutritionally complete neonatal
food source has provided a powerful evolutionary advantage to
mammals. Milk production bymammary epithelial cells is adaptive, its
release is exquisitely timed, and its own glandular stagnation with the
permanent cessation of suckling triggers the cell death and tissue
remodeling that enables female mammals to nurse successive
progeny. Chemical and mechanical signals both play a role in this
process. However, despite this duality of input, much remains
unknown about the nature and function of mechanical forces in this
organ. Here, we characterize the force landscape in the functionally
mature gland and the capacity of luminal and basal cells to
experience and exert force. We explore molecular instruments for
force-sensing, in particular channel-mediated mechanotransduction,
revealing increased expression of Piezo1 in mammary tissue in
lactation and confirming functional expression in luminal cells. We
also reveal, however, that lactation and involution proceed normally in
mice with luminal-specific Piezo1 deletion. These findings support a
multifaceted system of chemical and mechanical sensing in the
mammary gland, and a protective redundancy that ensures continued
lactational competence and offspring survival.
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INTRODUCTION
The adult mouse mammary epithelium consists of an arborized
ductal network embedded within an adipose stroma (Macias and
Hinck, 2012). The ductal epithelium contains both luminal and
basal cells, which are produced and maintained postnatally by
lineage-restricted precursors (Davis et al., 2016; Lloyd-Lewis et al.,
2017a; Scheele et al., 2017; Sreekumar et al., 2017; Van Keymeulen
et al., 2011, 2017). During gestation, a coordinated program of
epithelial proliferation, side-branching, differentiation and tissue
remodeling takes place (Macias and Hinck, 2012; Zwick et al.,
2018), resulting in the generation of thousands of alveolar structures

that adorn the central ductal epithelium in lobular clusters (Lloyd-
Lewis et al., 2018).

The mammary alveolus is the functional unit of the lactating
gland. Within this structure, luminal epithelial cells produce and
secrete milk into a central lumen, and surrounding basal epithelial
cells contract in response to maternal oxytocin, expelling milk for
the suckling neonate (Davis, 2016; Davis et al., 2015; McManaman
and Neville, 2003). At the end of lactation, alveolar mammary
epithelial cells are removed in one of the largest physiological cell
death cascades that occurs postnatally in mammals (Kreuzaler et al.,
2011; Sargeant et al., 2014). This returns the mammary epithelium
back to a simple ductal tree, enabling further cycles of regeneration,
maturation and milk production over the reproductive lifespan of the
female (Watson and Kreuzaler, 2011). However, the pregnancy-
lactation-involution cycle can permanently alter both mammary
epithelial cells and the extracellular matrix composition, a
phenomenon that may influence the lifetime risk of tumor
development in this organ (dos Santos et al., 2015; Lyons et al.,
2011; McDaniel et al., 2006; Meier-Abt et al., 2014; Schedin and
Keely, 2011; Schedin et al., 2004; Slepicka et al., 2019).

The formation, function and fate of adult mammary epithelial
cells is regulated by a range of local and systemic ligands and their
receptors, including progesterone, prolactin, oxytocin and leukemia
inhibitory factor (LIF) (Brisken and Ataca, 2015; Gimpl and
Fahrenholz, 2001; Kritikou et al., 2003). In addition to the chemical
milieu, mammary epithelial cells reside within a complex physical
environment, which may regulate tissue condition and function
(Nelson and Bissell, 2006; Schedin and Keely, 2011). Mechanical
stresses arising from cell-intrinsic forces (e.g. contractile forces
generated by the actin-myosin skeleton; Charras and Yap, 2018;
Davis et al., 2015; Raymond et al., 2011), cell-extrinsic forces (e.g.
epithelial stretching arising from elevated intraluminal pressure;
VanHouten et al., 2010) and substrate mechanics (e.g. breast density
and tissue tension; Bonnans et al., 2014; Provenzano et al., 2009)
are thought to affect cell signaling and function in the mammary
epithelium. However, although roles for mechanotransduction in
lactation and involution have been proposed (Eisenhoffer et al.,
2012; Quaglino et al., 2009; Schedin and Keely, 2011), the
magnitude, direction and dynamics of these forces, their
mechanisms of reception and transduction, and their physiological
roles and redundancies, remain subject to investigation.

Multiple mechanisms exist within cells to detect, decode and
transmit force, including integrin-mediated adhesions (Schwartz,
2010) and ion channel-mediated mechanotransduction (or
‘mechanoelectrical signaling’) (Árnadóttir and Chalfie, 2010;
Servin-Vences et al., 2017). In 2010, Piezo channels were
identified as bona fide mechanically activated ion channels with
important roles in mammalian sensory perception (Coste et al.,
2010; Gottlieb, 2017). In non-neuronal tissue, PIEZO1 has been
shown to regulate numerous physiological processes ranging from
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the maintenance of epithelial barrier integrity (Eisenhoffer et al.,
2012; Gudipaty et al., 2017) to lymphatic valve development
(Nonomura et al., 2018), red blood cell volume (Cahalan et al.,
2015) and myotube formation (Tsuchiya et al., 2018). In the
pancreas, PIEZO1 mediates pressure-induced pancreatitis (Romac
et al., 2018); however, roles for PIEZO1 channels in the in vivo
pathophysiology of other exocrine organs, including the mammary
gland, remain unexplored (Stewart and Davis, 2019a). Here, we
characterize the mammary force landscape and investigate roles for
PIEZO1 channels in sensing and transducing epithelial cell forces to
sustain or suspend lactation.

RESULTS
Luminal and basal mammary epithelial cells experience
repetitive stochastic forces during lactation
The functionally mature mammary epithelium consists of an inner
layer of luminal milk-producing cells and an outer layer of basal milk-
ejecting cells (Fig. 1A). Differentiated basal cells express smooth
muscle contractile proteins, including alpha-smooth muscle actin
(SMA) (Haaksma et al., 2011), and contract in response to maternal
oxytocin (Davis et al., 2015). To measure the magnitude of basal cell
contractions, we engineered mice expressing the red fluorescent
protein TdTomato in cytokeratin 5+ [K5; also known as keratin 5
(KRT5)] basal cells (TdTomato;K5CreERT2 mice). Using three-
dimensional time-lapse imaging of intact mammary tissue pieces
from lactating reporter mice, we were able to visualize live basal cells
and their thin cellular processes in situ at high cellular resolution
(Fig. 1B). Quantitative assessment of cell morphology before and
after oxytocin stimulation revealed a 32.1±0.8% (mean±s.e.m.;
P<0.05) decrease in surface area during basal cell contraction
(Fig. 1B), making these epithelial cell contractions comparable in
magnitude to those of cardiomyocytes and intestinal smooth muscle
cells (Stevens and Hunter, 2003; Tokita et al., 2015). To visualize
how basal cell-generated forces deform alveolar units for milk
expulsion, we loaded mammary tissue from lactating mice with the
fluorescent cell-permeable dye CellTracker Red, under conditions
that led to the preferential labeling of alveolar luminal cells. These
data support stochastic deformations to alveolar structures as a
consequence of repetitive basal cell contractions with oxytocin
stimulation (Movie 1; Fig. 1C) (21.7±2.8% reduction, Feret’s
diameter) (Davis et al., 2015; Stevenson et al., 2020).

Milk stasis during involution causes sustained epithelial cell
stretching
Post-lactational involution occurs in two stages in mice; the first
(reversible) phase (0-48 h), in which return of the offspring can lead
to the resumption of lactation; and the second (irreversible) phase
(>48 h) marked by alveolar collapse, epithelial cell death and
adipocyte regeneration (Fig. 1D) (Hughes et al., 2012; Li et al.,
2002; Stein et al., 2007; VanHouten et al., 2010). The first phase of
involution is characterized by milk accumulation in the alveolar
lumen, resulting in increased intraluminal pressure (Fig. 1D;
Fig. S1A) (Hughes et al., 2012; Stein et al., 2007; VanHouten
et al., 2010). The sustained overextension of the alveolar
epithelium during early involution causes apical cell shedding
(Fig. 1D, arrow; Fig. S1A,B) (Lund et al., 1996; Watson, 2006;
Watson and Kreuzaler, 2011), a well-established phenomenon that
may prolong epithelial barrier integrity by limiting cell density
(Eisenhoffer et al., 2012).
Mammary epithelial cells have the potential to sense and respond

to extrinsically generated forces arising from the accumulation of
milk during post-lactational involution. To quantify the extent and

distribution of luminal cell compression experienced during
involution, we performed immunohistochemistry (IHC) on mouse
mammary tissue. Using E-cadherin immunostaining (to define the
basolateral cell membrane) and the fluorescent lectin WGA (to
demarcate the apical membrane), we were able to visualize large
cellular protrusions extending from the lateral contact sites deep into
the alveolar lumen during lactation (Fig. 2A, arrow). Similar apical
curvature was observed in lactating human breast tissue (Fig. S1C).
Apical projections were absent in tissue samples collected during
phase 1 involution (Fig. 2A), suggesting that the apical membrane
absorbs a substantial component of the pressure generated through
milk stasis. Indeed, luminal cell length and area were reduced by
more than 50% by the end of the first phase of involution (Fig. 2B).

Next, we visually inspected luminal cell morphology and volume
using serial block face electron microscopy (SBEM). As expected,
apical membrane protrusions were visible during lactation (Fig. 2C,
asterisks; Movies 2, 3), but absent during early involution (Fig. 2C;
Movies 4, 5). Scanning electron microscopy (SEM) of freeze-
fractured mammary tissue at different developmental stages enabled
visualization of the degree of apical surface distortion during post-
lactational involution (Fig. 2D; Fig. S1D) (Pitelka et al., 1973).
Consistent with IHC and SBEM imaging, luminal cell length was
reduced during involution [Fig. 2D(i) versus D(iv)]. In lactating
tissue, microvilli were intact and signs of active secretion were
observed [Fig. 2D(ii) and D(iii)]. In contrast, apical surfaces were
compressed during involution [Fig. 2D(v) and D(vi)] and microvilli
could be observed in endocytic vesicles [Fig. 2D(vi), arrow],
consistent with the conversion of these cells to non-professional
phagocytes during involution (Hughes et al., 2012; Sargeant et al.,
2014). In summary, these data reveal, using a range of techniques
for visualization of cell shape and surface characteristics, the
changes in luminal cell morphology from lactation to involution.
Quantification of cell parameters from IHC experiments confirmed
that apical-to-basal length and cell area were reduced during the
phase of involution.

Mammary epithelial cells respond to fluid shear stress
in vitro
To determine how mammary epithelial cells sense force, we first
examined intracellular calcium responses in HC11 immortalized
mouse mammary epithelial cells in a cell-based fluid flow
stimulation assay. HC11 cells treated with lactogenic hormones
undergo in vitro lactogenic differentiation (Doppler et al., 1989),
expressing the lactation markers β-casein (Fig. 3A) and
phosphorylated (p)STAT5 (Fig. 3B). The use of the HC11 model
overcomes difficulties associated with the culture of primary
mammary epithelial cells isolated during the phase of lactation.
Non-differentiated (control) and differentiated HC11 cells were
loaded with the ratiometric calcium indicator Fura-5F/AM (Xing
et al., 2014) and intracellular Ca2+ responses to fluid shear stress
were examined in real-time using aMolecular Devices ImageXpress
Micro high-content imaging system. Using this assay, robotic fluid
addition (at a controlled speed and height) inflicts fluid shear stress
on HC11 cells cultured on the bottom of the 96-well imaging plate
(Xu et al., 2018). A fraction of non-differentiated HC11 cells
responded to fluid shear stress via a transient increase in intracellular
calcium (ratio of fluorescence at 340 nm to that at 380 nm) (Fig. 3C;
Fig. S2A, Movie 6). In contrast, large calcium waves that were
propagated from the site of fluid addition were observed in HC11
cells induced to undergo lactogenic differentiation (Fig. 3D,E;
Fig. S2A, Movie 6). These data demonstrate that mammary
epithelial cells in vitro are able to sense force via a pathway that
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involves activation of calcium-permeable ion channel(s). To further
explore this in a more physiologically relevant system, we next
examined the ion channel ‘mechanome’ in mouse mammary gland
tissue.

Functional PIEZO1 is selectively expressed in luminal
epithelial cells
We performed quantitative RT-PCR to examine the expression of
putative and established mechanically activated ion channels
(Martinac, 2014) in virgin, lactating and involuting mouse
mammary tissue (Fig. 4A). RNA samples were validated by β-
casein mRNA. Although mRNA for the oxytocin receptor (Oxtr) is

reported to be enriched in purified basal cells during lactation (Bach
et al., 2017), mRNA levels of Oxtr and the basal cell marker Krt14
exhibited a trend to lower expression when examined in lysates
prepared from whole tissue (comprised of luminal, basal and stromal
cells) (Fig. 4A). This likely reflects the shift in the proportion of basal
cells from 33±2.75% (mean±s.e.m.) of total epithelial cells in virgin
ducts to 13±1.38% in lactating alveoli (Fig. S2B).

As previously reported (McAndrew et al., 2011; Reinhardt and
Horst, 1999), mRNA levels of the calcium ATPase Pmca2 (also
known as Atp2b2) and the store-operated calcium entry subunit
Orai1 were significantly enriched in lactating mammary tissue
(Fig. 4A). In contrast, gene expression of all transient receptor

Fig. 1. Mammary epithelial cells experience repetitive stochastic forces during lactation and sustained stretching during early involution. (A) Three-
dimensional maximum intensity projection of lactating mammary tissue showing luminal (secretory) epithelial cells stained with CellTracker (red) and basal
(contractile) cells with SMA immunostaining (green). Nuclei are blue (DAPI). Representative image from n=3mice. (B) Four-dimensional (x, y, z, t) ex vivo imaging
(see Materials and Methods) of live lactating mammary tissue from TdTomato;K5CreERT2 reporter mice, showing basal cell surface area before and after
oxytocin-mediated cell contraction (85 nM). Dotted-line shows a single tracked cell. Graph shows average relative surface area before and after oxytocin
stimulation [mean±s.e.m.; 15 cells (total) from n=3 mice, *P<0.05, unpaired two-tailed Student’s t-test]. (C) Four-dimensional imaging of live ex vivo lactating
mammary tissue showing alveolar unit warping due to basal cell-generated force. Tissue was stimulated with oxytocin (85 nM). Dotted line shows a single
alveolus through time. Images are depth-coded (see scale bar). See also Movie 1. Representative image stack from n=3 mice. (D) Hematoxylin and eosin (H&E)
staining of mammary tissue during lactation and involution (24, 48 and 96 h after forced weaning). Arrow shows an apically shed cell; L, alveolar lumen.
Representative image from n=3 mice at each developmental stage. Further images are shown in Fig. S1A.
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potential (TRP) calcium-permeable channels analyzed in this study
– the K+ channels Trek1 and Trek2 (also known as Kcnk2 and
Kcnk10, respectively) – and the epithelial Na+ channel Enac (also
known as Scnn1g) were unchanged or were significantly reduced in
lactating samples (Fig. 4A). Trpa1 and Traak (also known as
Kcnk4) transcripts were undetectable in mammary tissue. Reduced
expression of ion channels involved in mechanosensory
transduction may be a feature of lactogenic differentiation or
could be in-part attributable to their lineage-biased expression (as
observed with Oxtr and Krt14). Piezo1 was the only mechanically
activated ion channel examined in this study to exhibit increased
expression (2.7±0.58-fold, P<0.05) in mammary tissue during
lactation (Fig. 4A).
To determine whether PIEZO1 is expressed in both luminal and

basal mammary epithelial cell populations, we assessed single-cell
calcium responses to the selective PIEZO1 channel activator Yoda1
(Syeda et al., 2015). Primary cells isolated from pregnant mice that
express the genetically-encoded calcium indicator GCaMP6f (Chen
et al., 2013) in mammary luminal cells (GCaMP6f;K8CreERT2
mice) showed large, sustained increases in intracellular calcium in
response to Yoda1 stimulation (Fig. 4B,C; Movies 7, 8). Yoda1
responses were abolished under extracellular calcium-free
conditions, supporting the expression of functional plasmalemmal
PIEZO1 channels in mammary luminal epithelial cells (Fig. S3). In
contrast, GCaMP6f+ basal cells (isolated from GCaMP6f-TdTom;
K5CreERT2 mice) did not exhibit global increases in cytosolic

calcium in response to Yoda1 in single-cell recordings (Fig. 4D,E;
Movies 9, 10), but responded, as expected, to stimulation with
oxytocin (Stevenson et al., 2020; Stewart and Davis, 2019b). Based
on these data, we focused our studies on defining functional roles
for PIEZO1 in luminal mammary epithelial cells during lactation
and involution.

Luminal PIEZO1 expression is not essential for lactation or
involution
To conditionally delete Piezo1 in luminal epithelial cells, we
generated Piezo1fl/fl;WAPCre mice. In this model, Cre-mediated
excision occurs downstream of activation of the whey acidic protein
(WAP) gene promoter in luminal cells during pregnancy/lactation
(Fig. 5A) (Wagner et al., 1997). Female mice were taken through
one full pregnancy-lactation-involution cycle and the consequence
of genetic deletion of Piezo1 on mammary gland function was
assessed after a second pregnancy (Fig. 5B), at which point more
than 90% knockdown of Piezo1 mRNA was observed (Fig. 5C).
Alveologenesis and secretory activation were not altered in
Piezo1fl/fl;WAPCre mice (Fig. 5D; Fig. S3B-D). Pups nursed by
Piezo1fl/fl;WAPCre mothers gained weight normally (Fig. 5E) and
were indistinguishable from pups nursed by control mothers
(Fig. 5F), indicating that total milk production and secretion were
unaffected by luminal Piezo1 knockdown.

Advances in our understanding of the molecular mechanisms that
enable milk calcium enrichment during lactation have recently been

Fig. 2. Intraluminal pressure during mammary gland involution is absorbed by the apical cell membrane of luminal epithelial cells. (A) Representative
immunofluorescence staining of lactating (Lac d10) and involuting (Inv, 24 and 48 h) mouse mammary tissue. Immunostaining for SMA reveals basal cells (green)
and E-cadherin shows the basolateral membrane of luminal epithelial cells (blue). Apical membranes are stained with WGA (red), nuclei are stained with
DAPI (cyan). Arrow shows an apical cell protrusion. Representative of n=3mice at each developmental stage. (B) Quantification of luminal cell length (basal to apical
membrane, maximum distance), width (lateral cell junctions, maximum distance) and area. Graphs show mean±s.d.; 60 cells (total) from n=3 mice at each
developmental stage. *P<0.05, one-way ANOVA with Bonferroni post-tests. (C) Single slices from SBEM image stacks showing luminal epithelial cells of lactating
(Lac d10) and involuting (Inv 24 h) mouse mammary tissue. Boxed region is magnified in adjacent sub-panel; asterisk shows an apical cell protrusion; L,
alveolar lumen. See also Movies 2-5. (D) SEM images of freeze-fractured mouse mammary tissue taken from lactating (Lac d10) and involuting (24 h) mice. Boxed
region is magnified in subsequent sub-panel; arrow shows endocytic vesicle. Representative images from n=3 mice. Further images are shown in Fig. S1D.
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made, with the store-operated calcium channel subunit, ORAI1,
identified as a major contributor (Davis et al., 2015). The role of
other calcium-permeable ion channels (including mechanically
activated channels) in this process, however, remains to be
elucidated (Montalbetti et al., 2014). It is tempting to speculate
that mechanosignaling may help to match milk demand (magnitude
and duration of alveolar pumping) with milk composition.

However, our study confirmed that milk calcium levels were
comparable in control and Piezo1fl/fl;WAPCremice (Fig. 5G). These
data demonstrate that, unlike store-operated channels (Davis et al.,
2015), mechanically gated PIEZO1 ion channels are not essential
for the basolateral flux of calcium that is required for milk calcium
enrichment during lactation (Davis, 2016). Collectively, these data
reveal that PIEZO1 channels are either not involved in alveolar
morphogenesis, luminal epithelial mechanosensing and milk
calcium enrichment during lactation, or they have redundant or
compensated roles in these processes. However, our assessment of
established and known mechanically activated ion channels in
control and Piezo1fl/fl;WAPCre mice revealed no evidence of
compensation (at least by channel-mediated mechanotransduction
pathways) at the mRNA level (Fig. S4A).

PIEZO1 has also been proposed to regulate cell shedding and
death during the early phase of mammary gland involution
(Eisenhoffer et al., 2012). Gross morphology of mammary glands
stained with the histochemical stain methyl green (Lloyd-Lewis
et al., 2016) and analysis of mammary tissue sections showed no
discernible differences between control and Piezo1fl/fl;WAPCre
mice at either 24 h involution (reversible phase; Fig. 5H) or 72 h
involution (irreversible phase; Fig. 5I). The number of cleaved
caspase-3+ (CC3+) shed cells was unaffected by luminal Piezo1
knockdown (Fig. 5J,K; Fig. S4B) (Lloyd-Lewis et al., 2017b).
Moreover, luminal cell morphology was unaltered in Piezo1fl/fl;
WAPCre mice (Fig. S4C). At the molecular level, conditional
deletion of Piezo1 had no effect on the expression or activation of
caspase 7, STAT3 or cathepsin B. We did observe an apparent
increase in the expression of the active form of cathepsin L in some
tissue samples isolated from Piezo1fl/fl;WAPCre mice during
involution (both 24 h and 72 h) (Fig. 5L). However, this
difference was not statistically significant (P>0.05, Student’s
t-test, n=3 independent biological replicates) and activity of this
enzyme in tissue lysates was unaltered (Fig. 5M). Finally, we
assessed the activity of the calcium-activated proteolytic enzymes
calpain-1 and calpain-2. These proteases are induced on weaning
(Arnandis et al., 2012) and their activity is diminished in Piezo1-
null embryos (Li et al., 2014). However, no difference in calpain
activity was observed in mammary tissue in this study (Fig. 5N).

Collectively, the data presented here suggest that luminal cell
expression of Piezo1 is not essential for lactation or post-lactational
regression.We note, however, that a combination of visual, auditory and
tactile sensory inputs are required for the initiation and maintenance of
lactation in most mammalian species (Gimpl and Fahrenholz, 2001),
and that PIEZO1 channels may have a role in sensing, decoding and
transmitting these signals. Moreover, optimal alveologenesis and
angiogenesis during gestation depend on cell types that exist outside
of the mammary epithelial cell compartment, including tissue
macrophages and endothelial cells. Roles for PIEZO1 ion channels in
these mammary resident cell types cannot be discounted and should be
the subject of future targeted investigations (Fig. S5).

DISCUSSION
The perception and transduction of mechanical signals is ubiquitous
in nature. Plants alter their growth and physical form in response to a
range of environmental force stimuli, including wind, touch and
gravity (Bringmann and Bergmann, 2017). Mechanical inputs guide
locomotion in insects (Tuthill and Wilson, 2016). In mammals,
mechanosensation underpins fundamental biological processes,
ranging from the perception of sound and touch (Pan et al., 2018;
Ranade et al., 2014) to the regulation of limb position (Woo et al.,
2015) and blood pressure (Zeng et al., 2018). An integrated

Fig. 3. Mammary epithelial cells respond to fluid shear stress in lactation.
(A) HC11 mouse mammary epithelial cells induced to undergo lactogenic
differentiation (Diff) express β-casein mRNA. Graph shows mean±s.e.m., n=4
independent experiments, *P<0.05, unpaired two-tailed Student’s t-test.
(B) HC11 mouse mammary epithelial cells induced to undergo lactogenic
differentiation have higher levels of activated STAT5 (pSTAT5), as observed in
protein lysates from lactating mouse mammary tissue (right). Representative
immunoblot (n=4). (C) Non-differentiated (control) HC11 cells stimulated with
shear stress (at 15 s) exhibit some transient intracellular calcium responses
emanating from the site of fluid addition (black arrow). Images show ratio of
fluorescence intensity at 340 nm to 380 nm for Fura-5F. Representative of nine
wells from n=3 independent experiments. See also Movie 6 and Fig. S2A.
(D) Differentiated HC11 cells stimulatedwith shear stress (at 15 s) exhibit a large
increase in intracellular calcium propagating from the site of fluid addition
(arrow). Images show ratio of fluorescence intensity at 340 nm to 380 nm for
Fura-5F. (E) Heatmap shows relative intensity (F/F0, blue to red) of ratioed
calcium response as a function of distance from the fluid addition and time.
Representative of 9 wells from n=3 independent experiments. See alsoMovie 6.
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approach to understanding the function and malfunction of tissues
in complex multicellular organisms, which incorporates both
mechanical and biochemical elements, is therefore essential.
Here, we characterized in greater detail the nature and scale of the

mechanical load that mammary epithelial cells experience during

lactation and the post-lactational period. These data reveal that,
similar to contractile cells in other force-generating organs (Stevens
and Hunter, 2003), basal cells in the mammary gland undergo
substantial radial shape changes during contraction and relaxation.
Using four-dimensional ex vivo tissue imaging, we were able to

Fig. 4. See next page for legend.
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demonstrate how this basal cell-mediated force is transmitted to the
inner layer of compliant luminal epithelial cells. Finally, we
characterized a third form of force in the functionally mature
mammary epithelium, which arises as a result of milk accumulation
in the alveolar lumen, and were able to visualize, by scanning
electron microscopy, the physical footprint of this force on the
apical membrane of alveolar luminal epithelial cells.
How mechanical forces are sensed by luminal and basal epithelial

cells in the namesake organ of mammals remains an outstanding
question in mechanobiology. It is also unclear at this stage whether
these forces direct or drive mammary form and function, or whether
the tissue develops, functions and remodels despite these mechanical
inputs. Our observation that themajority of mammalianmechanically
activated ion channels are downregulated during lactation
supports the latter theory. In our study, PIEZO1 was the only
mechanosensitive ion channel to be upregulated during lactation, at
which point stimulation with the specific chemical activator Yoda1
(Syeda et al., 2015), produced an intracellular calcium response in the
luminal epithelial lineage. These data suggest that mammary
epithelial cells are able to dynamically adapt their mechanosensing
machinery in a developmental stage-specific manner to ‘channel’
mechanoelectrical signaling in lactation through PIEZO1. Of interest,
PIEZO1 has also been shown to be expressed in MCF7 luminal-like
breast cancer cells grown in vitro (Li et al., 2015), and treatment with
GsMTx4, a spider toxin that inhibits PIEZO1, reduces the motility of
these cells. Moreover, a separate study has shown that mechanical
compression, analogous to that whichmay occur as a result of cellular
overcrowding in the primary tumor, triggers aggressive breast cancer
cells to adopt a more invasive phenotype (Tse et al., 2012). Whether
breast cancer cells in vivo can also dynamically adapt their
mechanosensing machinery and upregulate PIEZO1 ion channels,
either in response to compressive stress within tumors or in pregnancy
associated breast cancer, remains to be determined.
To investigate roles for PIEZO1 in the alveolar epithelium during

lactation, we generated a luminal cell-specific Piezo1 knockout mouse
model. In this model, lactation and involution proceeded without
major impairment. It is currently unclear what role upregulated and
activatable PIEZO1 channels play in the luminal epithelium, whether
an as yet unidentified mechanosensitive ion channel or non-channel
mechanosignaling protein is able to alter expression and compensate in
its absence, or whether inherent biological redundancies exist.
Interestingly, although Piezo1 disruption is embryonic lethal in
mice, human patients with homozygous disruption causing
generalized lymphatic dysplasia survive into adulthood (Beech and

Kalli, 2019; Fotiou et al., 2015). Species-specific differences in the
physiological roles of this mechanosensitive ion channel, or in the
mechanisms of compensation upon its loss, may exist. In other cell
systems, such as stomatal stem cells of Arabidopsis, chemical signals
are able to override mechanical input to establish cell polarity
orientation (Bringmann and Bergmann, 2017). Similar signal
duplication with chemical domination may also exist in mammalian
cells and systems. Indeed, remarkable redundancy in the creation of the
alveolar epithelium by mammary stem/progenitor cells has already
been observed in this evolutionarily essential organ (Davis et al., 2016;
Lloyd-Lewis et al., 2017a), enabling the mammary gland to fulfil its
sole biological role, which is essential for offspring survival in nearly
every species in the class Mammalia. The lactating mammary gland,
therefore, truly is a ‘force’ to be reckoned with!

MATERIALS AND METHODS
Reagents
The following reagents were purchased from Sigma Aldrich: RPMI-1640
(R8758), Dulbecco’s modified Eagle’s medium (DMEM)/F12 (D6434),
bovine insulin (I6634), murine epidermal growth factor (E4127), ovine
prolactin (L6520), dexamethasone (D4902), collagenase A (11088793001),
hyaluronidase (H3506), ammonium chloride (R7757), DNase I
(10104159001) and oxytocin (O3251). The following reagents were
purchased from Life Technologies: CellTracker Red (C34552), [1,2-bis(o-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid] (BAPTA) tetrasodium
salt (B1214) and DAPI dilactate (D3571). The following kits were
purchased from Abcam: cathepsin L Activity Assay (ab65306) and
calpain Activity Assay (ab65308). Yoda1 (5586) was purchased from
Tocris. Dispase (07913) was purchased from Stem Cell Technologies.
MycoAlert Myocoplasma Testing Kit (LT07-218) was purchased from
Lonza. Primary and secondary antibody details and dilutions are provided in
the histology and immunofluorescence staining or immunoblotting sections.
TaqMan Gene Expression assays are provided in Table S1.

Mice
All experimentation was carried out in accordance with the Australian Code
for the Care and Use of Animals for Scientific Purposes, the Queensland
Animal Care and Protection Act (2001), the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals, the Animal
(Scientific Procedures) Act 1986, and the European Union Directive 86/609
with local animal ethics committee approvals. Animals were kept in a
specific pathogen free facility, and housed in individually ventilated cages
under a 12:12 h light-dark cycle, with water and food available ad libitum.
The following mice were purchased from The Jackson Laboratory: WAP-
Cre [B6.Cg-Tg(Wap-cre)11738Mam/JKnwJ, stock number 008735]
(Wagner et al., 1997), Piezo1-flx (Piezo1tm2.1Apat/J, stock number 029213)
(Cahalan et al., 2015), K8-CreERT2 [Tg(Krt8-cre/ERT2)17Blpn/J, stock
number 017947] and K5-CreERT2 [B6N.129S6(Cg)-Krt5tm1.1(cre/ERT2)Blh/
J, stock number 029155]. TdTomato-flxmice were a kind gift from Prof. Ian
Frazer (University of Queensland, Australia). GCaMP6f-flx mice were a
kind gift from Dr. James W. Putney (National Institute of Environmental
Health Sciences/NIH). C57BL6/J mice were obtained from the Animal
Resources Centre (Western Australia). All strains were acquired
and maintained on a C57BL6/J background. WAP-Cre, K8-CreERT2 and
K5-CreERT2 mice were maintained as hemi/heterozygotes. Genotyping
was performed on mouse toe, ear or tail DNA by PCR using the
following primers: to distinguish Cre positivity in the WAP-Cre
and K8-CreERT2 models, 5′-GCGGTCTGGCAGTAAAAACTATC-3′
and 5′-GTGAAACAGCATTGCTGTCACTT-3′ (transgene, 100 bp), and
5′-CTAGGCCACAGAATTGAAAGATCT-3′ and 5′-GTAGGTGGAAA-
TTCTAGCATCATCC-3′ (internal positive control, 324 bp); to distinguish
Piezo1-flx, 5′-GCCTAGATTCACCTGGCTTC-3′ and 5′-GCTCTTAAC-
CATTGAGCCATCT-3′ (wild type, 188 bp; mutant, 380 bp); to distinguish
K5-CreERT2, 5′-GCAAGACCCTGGTCCTCAC-3′, 5′-GGAGGAAGTC-
AGAACCAGGAC-3′ and 5′-ACCGGCCTTATTCCAAGC-3′ (wild type,
322 bp; mutant, 190 bp); to distinguish TdTomato-flx and GCaMP6f-flx

Fig. 4. Expression of putative and establishedmechanically activated ion
channels in lactation and involution. (A) Assessment of mRNA levels
(qRT-PCR) in whole-tissue lysates isolated from virgin, lactating (day 10) and
involuting (24 h) mice. Graphs show mean±s.e.m., n=4 mice, *P<0.05, one-
way ANOVA with Bonferroni post-tests. mRNA for Trpa1 and Traak were
undetectable. (B) Intracellular calcium response to the PIEZO1 channel
activator Yoda1 (12 μM) in luminal epithelial cells isolated from pregnant
GCaMP6f;K8CreERT2 mice. Cells were loaded with CellTracker™ (red) for
morphology; however, only luminal cells in this mixed mammary cell
preparation express the calcium sensor (green). See also Movies 7 and 8.
(C) Individual cell traces from two representative cells from each control (buffer
only) and Yoda1-stimulated primary luminal cells. (D) Intracellular calcium
response to the PIEZO1 channel activator Yoda1 (12 μM) in basal epithelial
cells isolated from GCaMP6f-TdTom;K5CreERT2 mice. In this mixed cell
population, basal cells express both TdTomato (red) and the calcium sensor
GCaMP6f (green). Cells were stimulated with oxytocin (OT) at the end of the
assay to demonstrate their ability to respond. See also Movies 9 and 10.
(E) Individual cell traces from two representative cells from each control (buffer
only) and Yoda1-stimulated primary basal cells.
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5′-CTCTGCTGCCTCCTGGCTTCT-3′, 5′-CGAGGCGGATCACAAGC-
AATA-3′ and 5′-TCAATGGGCGGGGGTCGTT-3′ (wild type, 330 bp;
mutant, 250 bp).

To induce recombination in K5CreERT2 and K8CreERT2 mice, animals
were injected with tamoxifen (1.5 mg) in sunflower oil at 4 weeks of age. A
further three tamoxifen injections were administered every second day on

Fig. 5. See next page for legend.

8

RESEARCH ARTICLE Journal of Cell Science (2021) 134, jcs248849. doi:10.1242/jcs.248849

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



alternating sides at 8 weeks of age (total dose, 6 mg). The dose and timing of
tamoxifen administration (1.5 mg at the onset of puberty) had little effect on
ductal morphogenesis (Rios et al., 2014) and resulted in 95.7±1.6%
recombination in basal cells (measured by fluorescent reporter expression)
(Stevenson et al., 2020). Mice were taken through a 6-week washout before
mating. To induce recombination in WAPCre mice, animals were taken
through one full pregnancy-lactation-involution cycle. Pups (average 8;
range 6-10) were weaned on postnatal day (P)21. Mothers were mated
1 week later in their second (experimental) mating. For all experimental
litters, pup number was standardized to six to eight.

To obtain tissue during lactation and involution, adult female mice were
mated with C57BL6/J sires and allowed to litter naturally. Lactating tissue
was harvested on day 10 of lactation. For forced involution studies, pups
were removed on day 10 of lactation (range 10-12) and tissue was harvested
from involuting mothers 24, 72, or 96 h later, as indicated (Stewart and
Davis, 2020).

Cell lines
HC11 cells (originally isolated from the mammary gland of a pregnant
mouse) (Hynes et al., 2015) were a gift from Prof. Melissa Brown (The
University of Queensland, Australia). Cells were maintained in RPMI 1640
medium with L-glutamine and sodium bicarbonate (R8758, Sigma-
Aldrich), supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher Scientific), bovine insulin (5 µg/ml, I6634, Sigma-Aldrich) and
murine epidermal growth factor (10 ng/ml, E4127, Sigma-Aldrich). To
induce differentiation, HC11 cells were first cultured for 48 h in
maintenance media, followed by 24 h in pre-differentiation media
containing RPMI-1640, FBS (10%) and bovine insulin (5 µg/ml).
Cells were grown for a further 96 h in differentiation media containing

RPMI-1640, FBS (10%), bovine insulin (5 µg/ml), ovine prolactin (5 µg/ml,
L6520, Sigma-Aldrich) and dexamethasone (1 µM, D4902, Sigma-
Aldrich), with daily media changes. HC11 cells were maintained in a
humidified incubator at 37°C with 5% CO2, and routinely (every 6 months)
tested negative for mycoplasma (MycoAlert, LT07-218, Lonza).

Human subjects
Breast tissue biopsies from lactating women, who showed no evidence of
breast cancer at the time of donation, were obtained from the Susan
G. Komen Tissue Bank at the Indiana University Simon Cancer Center,
USA (www.komentissuebank.iu.edu/) (Sherman et al., 2012). All samples
were obtained with informed consent, and patients (females aged 25-42)
were recruited under a protocol approved by the Indiana University
Institutional Review Board (IRB protocol number 1011003097) and
according to The Code of Ethics of the World Medical Association
(Declaration of Helsinki). The current project received additional site-
specific approval from the Mater Misericordiae Ltd Human Research Ethics
Committee. Tissue was formalin fixed and paraffin embedded, as per
standard protocols. Women classified as lactating had at least one live birth
(range 1-4) and were actively breastfeeding at the time of tissue donation (at
least once daily).

Live-cell imaging
HC11 fluid sheer stress calcium imaging experiments were performed in
physiological salt solution (PSS; 10 mM HEPES, 5.9 mM KCl, 1.4 mM
MgCl2, 1.2 mM NaH2PO4, 5 mM NaHCO3, 140 mM NaCl, 11.5 mM
glucose and 1.8 mM CaCl2; pH 7.3-7.4). For fluid shear stress experiments,
HC11 cells were plated in 96-well optical-grade TC-treated black
microplates (353219, BD Biosciences) and differentiated (as indicated),
as described above. HC11 cells were loaded with the ratiometric calcium
indicator Fura-5F/AM (4 µM, 6616, Setareh Biotech) for 30 min at 37°C.
Excess dye was removed by washing in PSS-Ca2+, containing bovine serum
albumin (0.3%), and then PSS-Ca2+, before being allowed to settle for
∼5 min before imaging. Cells were bathed in 100 µl of PSS-Ca2+ and were
‘stimulated’ by the addition of 100 µl of PSS-Ca2+ at a 90° angle below the
liquid-air interface at a defined rate of 200 µl s−1 using an ImageXpress
Micro XLS widefield high-content system with fluidic control (Molecular
Devices) (Bassett et al., 2018). In this assay, the moving fluid, dispensed
close to the cell monolayer over 500 ms, imposes transient flow stimulus on
cells at the bottom of the well. Images were recorded every 1.5 s for 150 s
using a 10× Plan Fluor objective. The ImageJ custom built plug-in Ratio
Plus (Rudolf et al., 2006) was used to create 340/380 ratios. The Time Series
Analyzer (v3) plugin was used to create 30 regions of interest diagonally
from the determined origin of the shear stress stimulus. Starting fluorescence
(F0) was calculated by averaging the intensity ratios for the first four frames
before stimulation. A heatplot of fluorescence intensity (F/F0) through time
(x) as a function of distance from the origin of the shear stress stimulus (y)
was generated using the Heatmapper web server developed and published
by Babicki et al. (2016).

For live imaging of primary cells isolated from GCaMP6f;K8CreERT2
and GCaMP6f-tdTom;K5CreERT2 mice, tissue was removed and cells
dissociated as described previously (Prater et al., 2013) with minor changes.
Briefly, tissue was finely minced and incubated in DMEM/Ham’s F12
(D6434, Sigma-Aldrich) containing collagenase (1 mg/ml, 11088793001,
Roche) and hyaluronidase (100 U/ml, H3506, Sigma-Aldrich), at 37°C with
gentle rocking for 3 h. The cell slurry was broken up further by pipetting
with a sterile transfer pipette every 30 min. The cell slurry was then
centrifuged at 1500 rpm for 5 min at 4°C, and the cell pellet was
resuspended in dissociation buffer (Hank’s balanced salt solution with 2%
FBS). Red blood cell lysis was performed using ammonium chloride
solution (R7757, Sigma-Aldrich). The cell suspension in dissociation buffer
was treated with trypsin (0.25%) for 1 min, then treated with dispase (5 mg/
ml, 07913, Stem Cell Technologies) and DNase (1 mg/ml, 10104159001,
Sigma-Aldrich), strained through a 40 µm cell strainer and plated on
collagen-coated (50 µg/ml) optical-grade imaging plates in DMEM/F12
containing FBS (10%) and gentamycin (50 µg/ml, G1272, Sigma-Aldrich).
Following dissociation, cells were left to attach for at least 3 h in a
humidified incubator at 37°C with 5% CO2. GCaMP6f;K8CreERT2

Fig. 5. Luminal epithelial cell expression of Piezo1 is not essential for
lactation or involution. (A) Schematic representation of the Piezo1 luminal
conditional knockout mouse model. (B) Experimental timeline for Piezo1fl/fl;
WAPCre and control mice. (C) Piezo1 mRNA levels in control and Piezo1fl/fl;
WAPCre mice (second lactation). Graph shows mean±s.e.m., n=3 mice,
*P<0.05, unpaired two-tailed Student’s t-test. (D) Mammary gland wholemounts
(methyl green) and histology (H&E) show normal alveolar development and
secretory activation in lactating (day 10) control and Piezo1fl/fl;WAPCre mice
(second lactation). Representative of n=3 mice from each genotype. (E) Weight
gain in pups nursed by control or Piezo1fl/fl;WAPCre dams from postnatal day
(P)1 to P10. Graph shows mean±s.e.m., n=4 mice, P>0.05. (F) Representative
images (n=3 litters per genotype) of pups born to and nursed by control or
Piezo1fl/fl;WAPCremice. (G) Milk calcium concentrations in control and Piezo1fl/
fl;WAPCre mice. Graph shows mean±s.e.m., n=3 mice, P>0.05, unpaired two-
tailed Student’s t-test. (H) Wholemounts (methyl green) and histology (H&E) of
control and Piezo1fl/fl;WAPCre mouse mammary tissue 24 h after forced
weaning (second lactation). Representative of n=4 mice of each genotype.
(I) Wholemounts (methyl green) and histology (H&E) of control and Piezo1fl/fl;
WAPCre mouse mammary tissue 72 h after forced weaning (second lactation).
Representative of n=3 (wholemount) or n=6 (H&E) mice of each genotype.
(J) Immunofluorescence staining for cleaved caspase 3 (CC3, magenta),
E-cadherin (red) andK14 (green) at 24 h involution. Nuclei are stainedwithDAPI
(blue). Representative images from n=4 mice of each genotype. Arrows show
CC3 positive apically shed cells. Further images are shown in Fig. S4B.
(K) Quantification of the number of apically shed cells in control and Piezo1fl/fl;
WAPCre at 24 h involution. Graph showsmean±s.e.m. from 37-40 fields of view
(total) averaged from n=4 mice, P>0.05, unpaired two-tailed Student’s t-test.
(L) Western blot analysis of whole-tissue lysates from lactating (day 10) and
involuting (24 h and 72 h) control and Piezo1fl/fl;WAPCremice showing pro- and
cleaved caspase 7 (pro c7 and cc7, respectively), total and active STAT3
(STAT3 and pSTAT3, respectively), and cathepsins L and B (cts L, B; pro sc,
single chain and dc, heavy chain of the double-chain form); n=3 independent
biological replicates. (M) Cathepsin L (cts L) activity in whole-tissue lysates from
control andPiezo1fl/fl;WAPCremice during involution (72 h). Activity is displayed
as fold-increase relative to the negative control. Graph showsmean±s.e.m., n=3
independent biological replicates, P>0.05, unpaired two-tailed Student’s t-test.
(N) Calpain activity [shownas arbitrary fluorescence units (AFU)] in whole-tissue
lysates from control and Piezo1fl/fl;WAPCremice during involution (72 h). Graph
shows mean±s.e.m., n=6 independent biological replicates, P>0.05, unpaired
two-tailed Student’s t-test.
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primary cells were loaded with CellTracker Red (1 µM, C34552, Life
Technologies) in DMEM/F12 containing 10% FBS and gentamycin (50 µg/
ml) for at least 30 min at 37°C before imaging. Primary cells were imaged in
DMEM/F12 containing 10% FCS and gentamycin (50 µg/ml), and were
stimulated with either PSS-Ca2+ or Yoda1 (12 µM final, 5586, Tocris) in
PSS-Ca2+. For extracellular calcium-free experiments, cells were imaged in
calcium-free PSS (supplemented with 500 µMBAPTA) and stimulated with
Yoda1 (final concentration 15 µM). For studies assessing responses under
physiological calcium concentrations, cells were bathed in PSS-Ca2+ and
stimulated with either buffer (PSS-Ca2+) or Yoda1 (final concentration
15 µM). Images were acquired using an Olympus FV3000 inverted confocal
microscope with a UPLSAPO 30×/1.05 silicone objective, resonant scanner
and a z-drift compensator (ZDC).

Ex vivo four-dimensional tissue imaging
Live three-dimensional time-lapse (4D) imaging was performed as
described previously (Davis et al., 2015). Briefly, mammary tissue was
harvested from lactating dams, diced into 3-5 mm3 pieces and loaded with
CellTracker Red (1.5 µM) in DMEM containing 10% FBS for at least
20 min at 37°C. Tissue was imaged in a glass bottom (1.5) 35 mm µ-dish
(Ibidi) using anchored inert netting to loosely secure the tissue in position.
Tissue was bathed in PSS-Ca2+ and stimulated with oxytocin (85 nM,
O3251, Sigma-Aldrich) in PSS-Ca2+.

Mouse milking
For mouse milking studies, lactating dams were removed from the nest for
2 h before milking on lactation day 5. Lactating mice were lightly
anesthetized using isoflurane (2%). Mice were administered oxytocin (2
IU) by intraperitoneal injection, and milking from the right abdominal
mammary gland was initiated 2 min later. Milk was discharged by light
manual manipulation of the mammary gland and was immediately collected
from the tip of the nipple using a pipette (Stewart and Davis, 2020).

Milk Ca2+ measurements
Free calcium concentrations in mouse milk were determined using a
phenolsulphonephthalein reaction with a QuantiChrom Calcium Assay Kit
(DICA-500, BioAssay Systems) as per the manufacturer’s instructions and
as previously reported in mouse milk samples (Davis et al., 2015).

Histology and immunofluorescence staining
Mouse tissue was dissected, spread on biopsy pads and fixed in neutral
buffered formalin (NBF, 10%) overnight at room temperature. Routine
processing and paraffin embedding was performed by immersion in 70%
ethanol (45 min), 90% ethanol (45 min), 95% ethanol (45 min), 100%
ethanol (45 min, three times), xylene (30 min, three times) and then paraffin
(1 h, 60°C, three times) (Stewart and Davis, 2020). Formalin-fixed paraffin-
embedded (FFPE) slides were cut to 4-5 µm. Immunofluorescence staining
was performed by heat-induced epitope retrieval, as described previously
(Davis et al., 2016). Briefly, FFPE slides were deparaffinized by immersion
in xylene (3 times for 5 min each time) and rehydrated through a reducing
ethanol series. Permeabilization was performed by immersion in PBS
containing Triton X-100 (0.5%). Antigen retrieval in sodium citrate buffer
(0.01 M, pH 6) was performed using a Decloaking Chamber NxGen digital
pressure system (Biocare Medical) at 110°C for 11 min. Tissue sections
were blocked for 1 h in normal goat serum (10%) in PBS containing Triton
X-100 (0.05%). Primary antibody incubation was performed overnight in a
humidified chamber at 4°C. Secondary antibody incubation (1:500) and
wheat germ agglutinin (WGA; 5 µg/ml) staining was performed for 1 h at
room temperature. Nuclear DAPI (625 ng/ml) staining was performed for
10 min at room temperature (Stewart and Davis, 2020). The following
primary antibodies and dilutions were used in this study: rabbit anti-SMA
(ab5694, Abcam, 1:400-800), rabbit anti-E-cadherin (3195S, Cell Signaling
Technology, 1:400), mouse anti-E-cadherin (610182, BD Biosciences,
1:200), rabbit anti-CC3 (9611, Cell Signaling Technology, 1:200), chicken
anti-K14 (906004, BioLegend, 1:200), anti-rabbit PGP9.5 (108986, Abcam,
1:100) and rabbit anti-PMCA2 (P1244, Sigma-Aldrich, 1:200). The following
secondary antibodies were used: goat anti-mouse IgG Alexa Fluor 647
(A21236, Life Technologies), goat anti-rabbit IgG Alexa Fluor 647 (A21245,

Life Technologies), goat anti-mouse IgG Alexa Fluor 555 (A32727,
Life Technologies), goat anti-mouse IgG Alexa Fluor 488 (A11001, Life
Technologies), goat anti-rabbit IgG Alexa Fluor 488 (A32731,
Life Technologies) and goat anti-chicken IgG Alexa Fluor 488 (11093, Life
Technologies). Sections were imaged using an Olympus BX63F upright
epifluorescent microscope with UPlanSAPO 10×/0.4, 20×/0.75, 40×/0.95,
60×/1.35 and 100×/1.35 objective lenses. Hematoxylin and eosin (H&E)-
stained slides were imaged on an Olympus VS120-L100-W Slide Scanner.
Rabbit mammary tissuewas collected and fixed in NBF (10%), processed and
sectioned at 5 µm, as previously described (Hughes and Watson, 2018). H&E
staining was performed using standard histological protocols.

CUBIC tissue clearing and whole-mount immunostaining
Mammary tissue was dissected and fixed for 6 to 9 h, as previously
optimized for whole-mount immunostaining in the mammary gland (Lloyd-
Lewis et al., 2016, 2018). Tissue clearing was performed using a modified
CUBIC protocol (CUBIC 1A) (Lloyd-Lewis et al., 2016; Susaki and Ueda,
2016) or SeeDB (Ke et al., 2013). Whole-mount immunostaining was
performed following immersion in CUBIC Reagent 1A for 1 to 3 days
(depending on tissue size) and overnight blocking in PBS with normal goat
serum (10%) and Triton X-100 (0.5%) (Lloyd-Lewis et al., 2016). SeeDB
immersion clearing was performed as described previously (Davis et al.,
2016). The following primary antibodies were used: anti-rabbit SMA
(1:300) and anti-PGP9.5 (1:150). DAPI (5 µg/ml) staining was performed at
room temperature for 2 h. For imaging CellTracker in cleared mammary
tissue, tissue was loaded with CellTracker Red (1.5 µM) in complete
medium for 30 min before fixing. All tissue cleared using the CUBIC
protocol was immersed in CUBIC Reagent 2 for at least 24 h before
imaging. Cleared and immunostained tissue was imaged using an Olympus
FV3000 laser scanning confocal microscope with UPLSAPO 10×/0.40,
UPLSAPO 20×/0.75, UPLSAPO 30×/1.05 and UPLFLN 40×/0.75
objective lenses. Visualization and image processing was performed in
ImageJ (v1.52e, National Institutes of Health) (Linkert et al., 2010;
Schindelin et al., 2012). Denoising of three-dimensional image sequences
was performed as described previously (Boulanger et al., 2010).

Whole-mount histochemistry
Intact abdominal and inguinal mammary glands were dissected, spread on
Tetra-Pak card and fixed overnight in 10% NBF at room temperature. Fixed
tissue was immersed in CUBIC reagent 1 for 3 days at 37°C and then placed
in methyl green (0.5%) for 1.5 h (Stewart and Davis, 2020). Following
staining, tissue was rinsed twice in tap water and once in distilled water
before de-staining for 20 min in acid alcohol [50% ethanol and HCl
(25 mM)]. After de-staining, tissue was transferred to CUBIC reagent 2 for
24 h and imaged using an Olympus SZX10 stereo microscope with a DF
PLAPO 1× objective.

Real-time RT-PCR
For RNA isolation fromHC11 cell cultures, cells were lysed in Qiagen Buffer
RLT Plus. For RNA isolation from mouse mammary tissue, tissue was
dissected from the abdominal mammary gland of virgin, lactating (day 10)
and involuting (24 h) mice, and immediately snap frozen in liquid nitrogen
(Stewart and Davis, 2020). Frozen tissue pieces (50-100 mg) were crushed
using a mortar and pestle, resuspended in Qiagen Buffer RLT Plus and
homogenized using QIAshredder homogenizer columns (79651, Qiagen).
RNA was isolated and purified using the RNeasy Plus Mini Kit with gDNA
Eliminator columns (74134, Qiagen). Reverse transcription was performed
using the QuantiTect Reverse Transcription Kit with integrated removal of
genomic DNA contamination (205311, Qiagen), and resulting cDNA was
amplified using an Applied Biosystems ViiA 7 Real-time PCR System, using
TaqMan Fast Universal PCRMasterMix (4352042, Applied Biosystems) and
TaqMan Gene Expression Assays (Applied Biosystems) (see Table S1).
Relative quantification was calculated with reference to 18S ribosomal RNA
and analysed using the comparative CT method (Suchanek et al., 2002).

Immunoblotting
HC11 total cellular protein was isolated using protein lysis buffer [100 mM
NaCl, 50 mM Tris base pH 8.0, 1% IGEPAL CA-630 (I3021,
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Sigma-Aldrich), 0.5% (w/v) sodium deoxycholate (D6750, Sigma-Aldrich)]
supplemented with protease and phosphatase inhibitors (A32959, Thermo
Fisher Scientific), and immunoblotting was performed as described
previously (Davis et al., 2014). The following primary antibodies were
used in this study: mouse anti-β-actin (A5441, Sigma-Aldrich, 1:10,000),
rabbit phospho-STAT5 (4322, Cell Signaling Technology, 1:1000), and
mouse anti-STAT5 (sc-74442, Santa Cruz Biotechnology, 1:500). Samples
were incubated with these antibodies at 4°C overnight. The following
secondary antibodies were used: goat anti-mouse IgG horseradish peroxidase
(HRP) conjugate (170-6516, Bio-Rad, 1:10,000) and goat anti-rabbit IgG
HRP conjugate (170-6515, Bio-Rad, 1:10,000). Samples were incubated with
these antibodies for 1 h at room temperature. Images were acquired using a
Fusion SL chemiluminescence imaging system (Vilber Lourmat).

For total protein isolation from mouse mammary tissue, tissue was
dissected from the abdominal mammary gland of lactating (day 10) and
involuting (24 h and 72 h) mice, and immediately snap frozen in liquid
nitrogen. Frozen tissue pieces (50-100 mg) were crushed using a mortar and
pestle, and homogenized in protein lysis buffer supplemented with protease
and phosphatase inhibitors. Protein concentration was estimated by
Bradford Assay (5000006, Bio-Rad) and immunoblotting was performed
as described previously (Davis et al., 2014). The following primary
antibodies were used: mouse anti-β-actin (AC-15) (A5441, Sigma-Aldrich,
1:10,000), rabbit anti-caspase 7 (9492, Cell Signaling Technology, 1:1000),
rat anti-cathepsin L (MAB9592, R&D Systems, 1:1000), rat anti-cathepsin
B (MAB965, R&D Systems, 1:1000), mouse anti-STAT3 (124H6) (9139,
Cell Signaling Technology, 1:1000) and rabbit anti-pSTAT3 (Tyr705)
(9145, Cell Signaling Technology, 1:1000). Samples were incubated with
these antibodies at 4°C overnight. The following secondary antibodies were
used: goat anti-mouse IgG HRP conjugate (170-6516, Bio-Rad, 1:10,000),
goat anti-rabbit IgG HRP conjugate (170-6515, Bio-Rad, 1:10,000) and
goat anti-rat IgG HRP conjugate (ab205720, Abcam, 1:10,000). Samples
were incubated with these antibodies for 1 h at room temperature. Images
were acquired using a Fusion SL chemiluminescence imaging system
(Vilber Lourmat). Densitometry was performed using ImageJ.

Enzyme activity assays
Assessment of cathepsin L and calpain activity in fresh frozen mammary
tissue was performed using commercial kits (ab65306, Abcam and
ab65308, Abcam, respectively). Lysates were prepared according to the
manufacturer’s instructions. Calpain assay inputs were standardized
according to total protein concentration, as per the manufacturer’s
instructions. Cathepsin L activity is based on the cleavage of the synthetic
substrate Ac-FR-AFC to free amino-4-trifluoromethyl coumarin (AFC).
Calpain activity is based on the cleavage of the synthetic substrate Ac-LLY-
AFC to free AFC. AFC fluorescence was detected using a PHERAstar FS
microplate reader (BMG LabTech) equipped with a 400 nm excitation filter
and 500 nm emission filter. Activity was calculated as indicated in the figure
legend following subtraction of background.

Electron microscopy
For electronmicroscopy studies, animals were euthanized and on confirmation
of death, abdominal and inguinal mammary glands were immediately
harvested and processed into ∼3 mm3 pieces in the presence of fixative
containing glutaraldehyde (2.5%) and formaldehyde (3%) in cacodylate. For
serial block-face electron microscopy (SBEM), samples were processed using
a PELCO BioWave microwave (Ted Pella) as per Webb and Schieber (2018),
according to the microwave processing protocol. Samples were imaged and
sectioned using a Zeiss Sigma scanning electron microscope fitted with a
3View (Gatan) at 2 kV (involution 24 h) or 3 kV (lactation d10). The resultant
SBEM images were aligned using the StackReg ImageJ plug-in (Thévenaz
et al., 1998), and image segmentation was performed semi-automatically via
the Ilastik segmentation toolkit carving workflow (Sommer et al., 2011).
Image segmentation was further proofed and corrected using the Seg3D open-
source software package (NIH/NIGMS Center for Integrative Biomedical
Computing). SBEM movies were created in virtual reality using syGlass
(Pidhorskyi et al., 2018 preprint).

For scanning electron microscopy (SEM), samples were post-fixed in
osmium tetroxide (1%) and dehydrated in an ethanol series before being

dried in an Autosamdri critical point dryer (Tousimis). Samples were freeze-
fractured in liquid nitrogen before mounting on SEM pin mounts (G0404,
ProSciTech) and gold-coated in a sputter coater (SPI). Images were acquired
using a JCM-5000 NeoScope (Jeol) at 10 kV.

Analysis of basal cell contraction and alveolar unit warping
Basal cell surface area was analyzed using the surface tool in Imaris 9.2.1
(Bitplane). Cells were selected based on intensity and visibility in the field
of view (five cells per animal) and surface area for each cell measured before
oxytocin stimulation (range 3.25-19.54s) and at maximal contraction post-
oxytocin stimulation (range 104-472.27s). To determine alveolar warping,
we created maximum intensity z-projections in ImageJ from image
sequences of alveolar units loaded with CellTracker Red. We manually
traced the perimeter of three alveolar units (selected based on visibility
within the field of view) from each animal before oxytocin stimulation and at
maximal contraction post-oxytocin (85 nM) stimulation. Feret’s diameter
was calculated using ImageJ.

Luminal cell size measurements
Luminal cell length (basal to apical, maximum distance), width (lateral,
widest point) and area were calculated in FIJI using the straight line and
freehand drawing tools, and measure function.

Histological analyses
Quantification of the number of shed cells was performed on mammary
tissue sections (H&E staining) at lactation day 10, and involution (24 h and
48 h), based on morphological characteristics (highly condensed nuclei and
swollen appearance of cells) (Lund et al., 1996; Watson, 2006; Watson
and Kreuzaler, 2011). Histological sections of mammary tissue from control
and Piezo1fl/fl;WAPCre mice were analyzed by an American College of
Veterinary Pathologists board certified pathologist experienced in mouse
mammary histopathology and blinded to mouse genotype. Evaluation used
whole slide images and digital microscopy. Histological assessment
included all aspects of glandular morphology, including consideration of
both the epithelial and stromal compartments, taking into account the
proportion of alveolar units, the degree of expansion/collapse of alveolar
units, lumen size, epithelial cell morphology and degree of adipocyte
infiltration.

Relative stromal (non-alveolar tissue) area and lumen (ductal and
alveolar) area of representative H&E-stained lactating (day 10) mammary
tissue sections from control and Piezo1fl/fl;WAPCre dams (second lactation)
were quantified in FIJI using area selection tools and the measure function.
The ratio of either stromal or lumen area was calculated by dividing the sum
of either stromal or lumen areas by total tissue area. Results are expressed as
the percentage of total tissue area.

Statistical analysis
Statistical analysis was performed using GraphPad Prism (v7.03). Statistical
tests are detailed in the figure legends. All statistical analyses were
performed using the average value for each independent repeat, where n=3
to 6 mice, as indicated.
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