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Cooperation of membrane-translocated syntaxin4 and basement
membrane for dynamic mammary epithelial morphogenesis

Yuina Hirose' and Yohei Hirai'-?*

ABSTRACT

Mammary epithelia undergo dramatic morphogenesis after puberty.
During pregnancy, luminal epithelial cells in ductal trees are arranged
to form well-polarized cystic structures surrounded by a myoepithelial
cell layer, an active supplier of the basement membrane (BM). Here,
we identified a novel regulatory mechanism involved in this process
by using a reconstituted BM-based three-dimensional culture and
aggregates of a model mouse cell line, EpH4, that had either been
manipulated for inducible expression of the t-SNARE protein
syntaxin4 in intact or signal peptide-connected forms, or that were
genetically deficient in syntaxin4. We found that cells extruded
syntaxin4 upon stimulation with the lactogenic hormone prolactin,
which in turn accelerated the turnover of E-cadherin. In response
to extracellular expression of syntaxin4, cell populations that were
less affected by the BM actively migrated and integrated into the cell
layer facing the BM. Concurrently, the BM-facing cells, which were
simultaneously stimulated with syntaxin4 and BM, acquired unique
epithelial characteristics to undergo dramatic cellular arrangement
for cyst formation. These results highlight the importance of the
concerted action of extracellular syntaxin4 extruded in response
to the lactogenic hormone and BM components in epithelial
morphogenesis.

KEY WORDS: Mammary gland, Syntaxin4, Epithelial
morphogenesis, Epimorphin, Basement membrane,
Epithelial-mesenchymal transition

INTRODUCTION

Epithelial morphogenesis is an important biological process for
building tissue-specific epithelial architectures, whereby epithelial
cells are assembled into three-dimensional (3D) structures
composed of well-polarized epithelial sheets in which cells are
tightly connected by several junctional apparatuses. In this process,
an array of systemic signaling factors and extracellular matrix
proteins coordinately and spatiotemporally regulate intercellular
junctional components connected to cytoskeletons, creating
mechanical forces to produce a 3D configuration of the epithelial
cell sheets (Friedl and Mayor, 2017; Roignot et al., 2013).
Although active epithelial morphogenesis occurs in several tissues
during embryogenesis, this process is accompanied by cellular
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differentiation and is substantially irreversible. In contrast, the
postnatal mammary gland is unique: fully differentiated epithelial
cells undergo morphogenesis, which is accompanied by their
prominent cellular arrangement under the strict control of lactogenic
hormones (Macias and Hinck, 2012; Paine and Lewis, 2017). Thus,
the gestation-induced morphological changes in the mammary
epithelia are considered one of the most relevant models for
understanding the molecular basis of epithelial morphogenesis
(Ivanova et al., 2021; Shamir and Ewald, 2015).

In the pubertal mammary gland, luminal epithelial cells form
single-layered tubes in primary ducts and side branches, the tips of
which are often occupied by piled-up cells. In virgin mammary
glands, they also exist as stratified aggregates at the end of
elongating ducts termed terminal end buds (TEBs). Upon
stimulation with lactogenic hormones, however, they undergo a
dramatic cellular arrangement to actively form lobular structures
comprising well-polarized cysts called acini or alveoli (Brisken
and O’Malley, 2010; Macias and Hinck, 2012; Sternlicht et al.,
2006). During this morphogenic process, all the luminal
epithelial cells in the ducts and the outermost cells in the stratified
ductal tips are surrounded by myoepithelial cells that actively
produce major basement membrane (BM) components
(Gudjonsson et al., 2005; Paine and Lewis, 2017). Moreover,
these luminal cells are often in direct contact with BM components
that lie outside the myoepithelial cell layer (Vidi et al., 2013).
Focusing on the characteristics of lumen formation, three
compelling mechanisms have been proposed: (1) apoptotic
elimination of specific cell populations (Martin-Belmonte et al.,
2008), referred to as the cavitation model (Debnath and Brugge,
2005); (2) expansion of apical cargo trafficking sites between cells
as a result of coordinated cell division and polarization (Bryant
et al., 2010); and (3) fusion of microlumens by hydraulic fracturing
of cell—cell contacts (Dumortier et al., 2019). Recently, Neumann
et al. clearly showed that apoptosis is not involved in mammary
lumen formation (Neumann et al., 2018); however, a causal cue
for the hormone-dependent quick cellular arrangement, as well as
its regulatory mechanism in the mammary epithelia, remains
elusive.

From a mechanistic point of view, the spatial epithelial-
mesenchymal transition (EMT), which is accompanied by a
reduction in polarity and intercellular adhesion in certain cell
populations, has been suggested to be a leading cause of collective
cell migration (Campbell and Casanova, 2016; Ewald et al., 2012).
So far, the plausible regulators of the local EMT process include
insoluble BM components; their impacts on the cells vary
depending on the position in the tissue (Ewald et al., 2012).
Indeed, epithelial cells are known to exhibit anchorage-dependent
behaviors (Martin-Belmonte et al., 2008), and those adhering
directly to the BM exhibit profound epithelial characteristics, such
as enhanced cell—cell adhesion, decreased motility and stronger
polarity (Bryant etal., 2014; Chen et al., 2013). In fact, cells situated
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within the TEB, a location that is substantially free from the effects
of the BM, frequently show reduced intercellular adhesion, thereby
potentially rearranging and exchanging their positions even in the
absence of hormonal stimuli (Ewald et al., 2008, 2012; Hinck and
Silberstein, 2005).

E-cadherin (also known as CDHI1), an abundantly expressed
intercellular adhesion molecule in mammary epithelia, is a key
element responsible for the arrangement and maintenance of
organized epithelial structures throughout their developmental
stages. It is well known that functional ablation or downregulation
of this molecule is accompanied by increased EMT-like cell
behavior, and vice versa (Lamouille et al., 2014). In addition, E-
cadherin-mediated adhesion often influences signaling pathways
and regulates several genes involved in cell survival and
proliferation (Shamir and Ewald, 2015). E-cadherin interacts with
actin filaments or microtubules via catenins, its cytoplasmic binding
partners, or via a member of the calmodulin-regulated spectrin-
associated proteins (CAMSAPs), CAMSAP3 (Meng et al., 2008;
Takeichi, 2014). While a number of studies have identified
molecular elements that hamper E-cadherin-mediated intercellular
adhesion, most of them target cytoplasmic junctions between E-
cadherin and epithelial cytoskeletons (Fukata et al., 1999; Kuroda
et al., 1998). We recently reported a direct interaction between the
extracellular domain of E-cadherin and specific plasmalemmal
syntaxins at the cell surface, which severely affected E-cadherin
functions (Hirose et al., 2018).

Syntaxins are t-SNARE proteins that mediate intravesicular
fusion in the cytoplasm. Among syntaxins, syntaxin2 (also known
as epimorphin) and syntaxin4 temporally translocate across the cell
membrane in response to external stimuli and subsequently execute
their latent morphogenic and differentiation-inducing functions in
several cell types (Hagiwara-Chatani et al., 2017; Kadono et al.,
2015; Okugawa and Hirai, 2008; Radisky et al., 2009). Given that
their extracellular exposure occurs without the requirement of a
time-consuming transcription and translation process, the effect of
their morphogenic actions is thought to be very quick and sensitive.
Using a mammary epithelial cell line, SCp2, we have shown
previously that certain cell populations extrude syntaxin4 upon
stimulation with the lactogenic hormone, prolactin, which in turn
perturbs E-cadherin function and propagates EMT-like signals.
Consistently, the local presence of extracellular syntaxin4d in Scp2
aggregates leads to asymmetric tissue organization in collagen gels
(Hirose et al., 2018). In contrast, another study using the same cell
line cultured on plastic has shown that the effect of syntaxin4 is
possibly deregulated by an insoluble BM component, laminin-111,
as a consequence of direct intermolecular interactions between them
(Shirai et al., 2017).

In the present study, we analyzed the functional relationship
between prolactin-provoked extracellular syntaxin4 and BM
components in the spatial cellular arrangement of murine
mammary epithelial cells, and revealed that the spatiotemporal
coordination of extruded syntaxin4 and BM components could play
a key role in mammary epithelial morphogenesis.

RESULTS

Expression of syntaxin4 in the mammary gland

Luminal epithelial cells in mammary glands undergo stage-specific
morphogenesis under hormonal control. For example, those in the
pubertal period gradually transform into elongating ducts with side
branches, the tips of which often exhibit stratified structures. In
young mice, the tips of the elongating ductal tree exhibit unique
TEB structures that function as a platform for subsequent

morphogenesis. In contrast, those after a gestational period are
actively rearranged to build up lobular structures, comprising
single-layered epithelial cysts surrounded by a myoepithelial cell
layer, which gradually inflates and exhibits clear apicobasal polarity
for milk secretion. Syntaxin4 was detected in all the cellular
compartments regardless of the developmental stage, including
luminal epithelial, myoepithelial, fibroblastic and adipocytic
cells. At the tip of a side branch in the pubertal gland (at 7 weeks
of age), all multilayered luminal epithelial cells expressed syntaxin4
at the cell membrane in an apolar fashion. In contrast, single-
layered luminal epithelial cells in the alveoli of a lactating gland
expressed this molecule at the basolateral membrane (Fig. 1A).
Immunostaining of luminal epithelial cells cultured with the
lactogenic hormone prolactin revealed membrane translocation
and extracellular expression of syntaxin4 in a subpopulation of cells
(Fig. 1A).

Prolactin provokes membrane translocation of syntaxind,
which instructs dynamic cellular arrangements

Given that the non-tumorigenic murine mammary epithelial cell line
EpH4 reportedly retains hormonal responses, morphogenic
potential and clear apicobasal polarity, we next tested whether
these cells also extruded endogenous syntaxin4 under lactogenic
conditions. As observed in the primary cells, the extracellular
expression of syntaxind upon treatment with prolactin was obvious
in some EpH4 cells (Fig. 1B), suggesting that EpH4 cells are a
useful model system to define the role of syntaxin4. We next
investigated possible changes in 3D cell behaviors upon alteration
of the amount of extracellular syntaxin4 provoked by treatment with
prolactin. To this end, we generated EpH4 cells deficient in
syntaxind (Stx4 KO EpH4) and EpH4 cells with inducible
expression of T7-tagged syntaxind (T7-Stx4 EpH4) (Fig. 1C).
These cells were then aggregated as previously described (Hirai
etal., 1998) and were cultured in reconstituted BM matrix Matrigel,
because the myoepithelial cells enveloping luminal epithelial cells
in vivo actively produce BM components. In conventional hormone-
free medium, aggregates of these EpH4 derivatives, which either
were deficient in syntaxin4 or inducibly expressed exogenous
syntaxin4, did not exhibit any discernible phenotypes (Fig. 1C). In
contrast, in the medium containing prolactin, T7-Stx4 EpH4 cell
aggregates, regardless of the expression of exogenous syntaxin4,
underwent a dramatic cellular arrangement to form multiple lumens
inside, somewhat similar to lobular-alveolar development during
pregnancy and lactation. Although apicobasal polarity was not
clearly established in these cells, such a meaningful cell behavior
was not observed in syntaxin4-deficient Stx4 KO EpH4 cells and
was more prominent in T7-Stx4 EpH4 cells expressing exogenous
syntaxind (Fig. 1C). To determine whether syntaxin4 impacts
fundamental cell behavior, we compared the shapes of Stx4 KO
EpH4 cells to those of parental EpH4 cells in two-dimensional (2D)
culture. Treatment with prolactin led to flattened morphology in
EpH4 cells, and r-F3, a membrane-impermeable recombinant
fragment of syntaxin4 (Glul98-Lys272) that has been shown to
act as a potent antagonist of extracellular syntaxin4 (Hirose et al.,
2018), substantially attenuated this effect. In contrast, the
morphology of Stx4 KO EpH4 cells was unaffected by prolactin
and r-F3 treatments, suggesting that the effects of prolactin can be
attributed, at least in part, to extracellularly extruded syntaxin4
(Fig. S1). However, we could not test the effect of this antagonistic
fragment in 3D culture, since this fragment is rapidly trapped by
laminin in Matrigel (Shirai et al., 2017) and would not be accessible
to the cells.
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Fig. 1. Effect of syntaxin4 on 3D morphogenesis of mammary gland epithelia. (A) Left upper: schematic diagrams of a tip of side branch (multilayered epithelia)
and cystic alveoli in the lobule (single layered epithelial cells). The luminal epithelial cells (Eps, arrow) are surrounded by a layer of myoepithelial cells (Myoeps,
arrowhead). Left lower: tip of a side branch or possibly a terminal end bud (left; 7 weeks of age), and alveali (right; lactation period day 1) in the mouse mammary
gland were stained for syntaxin4 (Stx4, green) and E-cadherin (E-cad, red). Nuclei were counterstained with DAPI (blue). Scale bars: 25 pm. Right: mouse mammary
Eps were isolated from developing alveoli (13 days of gestation), cultured with prolactin (1 pg/ml) and stained for total (permeabilized) or cell surface (non-
permeabilized) p-actin (red) and syntaxin4 (green). Nuclei were counterstained with DAPI (blue). Arrow indicates intercellularly extruded syntaxin4. Bold arrow
indicates cell surface syntaxin4. Scale bars: 50 um. Images are representative of three experiments. (B) EpH4 cells stimulated with prolactin extruded syntaxin4 at the
cell surface. Left: biotinylated surface proteins retrieved with NeutrAvidin beads (pull down) from lysate of EpH4 cells (input, 2% of total lysate) were tested for
syntaxin4 and cytoplasmic o-tubulin (a-tub). Representative blots are shown, and data are presented as meants.d. (N=4). **P<0.01 (two-tailed, paired Student's
t-test). Right: EpH4 cells cultured with (+Prolactin) or without (+ PBS) prolactin were stained for total (permeabilized) or cell surface (non-permeabilized) p-actin (red)
and syntaxin-4 (green). Nuclei were counterstained with DAPI (blue). Scale bars: 25 pm. Stimulation with prolactin for 24 h led to the translocation of syntaxin4 across
the cell membrane in some EpH4 cells. Images are representative of three experiments. (C) Left upper: EpH4 cells with inducible expression of T7-tagged syntaxin4
(T7-Stx4 EpH4) in the presence (Tet+, OFF) or absence (Tet—, ON) of tetracycline and those with complete depletion of syntaxin4 (Stx4 KO EpH4) were assayed for
exogenous (T7) and total Stx4. Upon removal of tetracycline, T7-Stx4 EpH4 cells expressed exogenous syntaxin4. Left lower: expression of syntaxin4 in control
EpH4 cells and Stx4 KO EpH4 cells generated using different gRNAs (clones 1 and 2). B-actin is shown as a loading control. Blots are representative of three
experiments. Right upper: morphology of aggregates of EpH4 derivatives (T7—Stx4 EpH4 cells with Stx4 OFF, T7—Stx4 EpH4 cells with Stx4 ON and Stx4 KO EpH4
cells) cultured in Matrigel with (+) or without (—) prolactin for five days. Scale bars: 50 um. In response to prolactin, aggregates of the T7—Stx4 EpH4 cells produced
multiple lumens, the expansion speed of which roughly depended on the amount of syntaxin4 expressed. By contrast, Stx4 KO EpH4 cells never underwent such a
cellular arrangement. As the phenotypic appearance was indistinguishable between clones 1 and 2, only that of clone 2 is shown. Images are representative of three
experiments. Right lower: aggregates of T7—-Stx4 EpH4 cells cultured in the presence of prolactin in Matrigel were stained for E-cadherin (green) and ZO-1 (red).
Nuclei were counterstained with DAPI (blue). Treatment with prolactin induced formation of multiple lumens, regardless of the induction of exogenous syntaxin4;
however, clear apicobasal polarity was not established as judged by the localization of ZO-1. Scale bars: 20 pm. Images are representative of six experiments.
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Fig. 2. Analyses of the cystic structures induced by extracellular syntaxin4. (A) Aggregates of EpH4 cells carrying a construct for tetracycline-repressive
T7-syntaxin4 containing an N-terminal fusion of a signal peptide (Sig—T7-Stx4 EpH4) were embedded in Matrigel and analyzed for morphological characteristics on
day 5 (right). In response to forced expression of extracellular syntaxin4, as assessed by western blotting (left), dramatic cellular arrangements of the cystic structures
were induced even in a prolactin-free medium. OFF, Sig—T7—-Stx4 expression repressed due to presence of tetracycline (Tet+); ON, Sig—T7-Stx4 expressed in
absence of tetracycline (Tet—). The p-actin blot is shown as a loading control. Scale bars: 50 ym. Blots and images are representative of four and ten experiments,
respectively. (B) Percentage of cell aggregates with large (more than 30 ym in diameter) central lumen (red) for the indicated EpH4 cell lines and tetracycline
conditions (n=20). (C) Left: murine mammary gland at lactation period day 1 stained with Carmine Alum solution. Staining indicates mammary epithelia in the whole
gland. Middle: microscopic image of the alveoli (arrows) in the enzymatically dissociated gland is shown. Right: overall structure of the syntaxin4-induced cystic
architecture (arrows) of Sig—T7-Stx4 EpH4 aggregates resembles that of alveoli of a lactating gland. Scale bars: 50 um. Images are representative of six samples.
(D) Transmission electron micrographs showing microstructural features of EpH4 cell aggregates with (Stx4 ON; panels 2, 2’ and 2”) or without (Stx4 OFF; panels 1,
1" and 1”) extracellular expression of Stx4 (Sig—T7-Stx4). Scale bar is indicated in each image. L.I. panels show light micrographs for each category. Scale bars:
50 um. While the cells without extracellular syntaxin4 remained as tightly packed cell clumps, those with extracellular syntaxin4 formed single-cell-layered cysts
possessing developed desmosomes (white arrowhead), polarized TJs (black arrowhead) and microvilli facing toward luminal spaces (arrows). Images are
representative of four samples. (E) Left: EpH4 cysts induced by Sig—T7-Stx4 were stained for TJ protein ZO-1 (red) and E-cadherin (green), and are shown in cross-
section and as reconstructed 3D images. Nuclei were counterstained with DAPI (blue). ZO-1 was localized at lumen-proximal regions of the cell membrane (arrows)
in cells with extracellular syntaxin4 (ON). Cell aggregates without expression of Sig—T7-Stx4 (OFF) are shown for comparison. Scale bars: 20 um. Right: schematic
diagram of the cystic architecture induced by extracellular syntaxin4. Images are representative of four experiments.

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-



RESEARCH ARTICLE

Journal of Cell Science (2021) 134, jcs258905. doi:10.1242/jcs.258905

A B

* day5

50 n=15 Sig-TZ Stx4 EpH4
*:P<0.05 e —
Stx4 OFF ON

—
-

B-actin

the size of cell
aggregates ( relative)
8

o T7
EpH4 OFF ON

Sig-T7-Stx4 EpH4

MDCK T cell *

*%

(relative)

0.5

B-actin(relative)
-

0
Stx4 OFF ON
Sig-T7-Stx4 EpH4

The area of cell aggregate

8
6
4 *kk
2
0

b4 P >

Fig. 3. Comparison of cysts induced in EpH4 cells
by syntaxin4 and in MDCK Il cells without
syntaxind. (A) Relative size of EpH4 cell aggregates
with (ON) and without (OFF) expression of
extracellular syntaxin4 (Sig—T7-Stx4) after 5 days of
incubation. Data are presented as meanzs.d., n=15.
(B) The amount of B-actin, a representative of total cell
number, was analyzed to determine cellular
proliferation in aggregates with (ON) and without
(OFF) extracellular syntaxin4 (T7). A representative
experiment is shown, and quantitative data are
presented as mean#s.d. N=3. Extracellular syntaxin4
led to cyst expansion without cell proliferation. (C) Cyst
formation in cell aggregates of another epithelial cell
line, MDCKII, in Matrigel. Left: microscopic and
immunofluorescence images. Green, E-cadherin; red,
Z0-1; blue, DAPI. Scale bars: 50 pm. Right: time-
dependent size changes in aggregates of Sig—T7—
Stx4 EpH4 (Stx4 ON; red) and MDCK Il (gray) cells.
Data are presented as meants.d., n=20. While the cyst
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Induction of clear cystic structure by extracellularly
presented syntaxind

To clarify the effect of extracellular syntaxin4, we generated EpH4
cells with inducible expression of T7-tagged syntaxin4 fused with a
signal peptide for extracellular translocation (Sig—T7-Stx4). Upon
induction of syntaxin4 on the surface of all cells, Sig—T7-Stx4 cell
aggregates underwent dramatic cellular arrangement to form cystic
structures with a large central lumen, even in the absence of
prolactin (Fig. 2A,B). Although the cellular arrangement was so
dramatic that the additive effects of prolactin on these cells were not
appreciable, the phenotypic appearance (exhibiting either multiple
lumens or single lumen) was clearly dependent upon the mode of
extracellular expression (either by a subset of cells or by all cells in
an aggregate) of syntaxin4 (Figs 1C and 2A; Fig. S2). These results
highlight the effect of extracellularly extruded syntaxin4 on
epithelial morphogenesis in the mammary gland. The overall
cystic structure of Sig—T7-Stx4 cells in Matrigel was similar to that

day5 day7 day10

0
Stx4 OFF DMSO Z-VAD-FMK
Stx4 ON

size of the aggregates of Sig—T7-Stx4 EpH4 cells
dramatically increased in a week, that of MDCK Il
aggregates remained practically unchanged.

(D) Aggregates of MDCK Il and Sig—T7-Stx4 EpH4
cells were cultured for 3 days and stained for cleaved
caspase-3 (red) and E-cadherin (green). Nuclei were
counterstained with DAPI (blue). Cleaved caspase-3
was detected in the growing lumen of MDCK I cell
aggregates (arrows), but not of Sig—T7-Stx4 EpH4 cell
aggregates. Scale bars: 50 um. Images are
representative of four samples. (E) Left: treatment with
ZVAD-FMK (20 uM), a pan-caspase inhibitor, for five
days did not prevent cyst formation (Stx4 ON condition)
in Sig—T7-Stx4 EpH4 aggregates. DMSO, vehicle
control. Upper panels, microscopic images. Lower
panels, transverse sections stained for E-cadherin
(green) and cleaved-caspase3 (red). Nuclei were
counterstained with DAPI (blue). Scale bars: 50 pm
(upper panel) and 20 um (lower panel). Right:
quantification of the ZVAD-FMK effect on lumen
formation induced by extracellular syntaxin4, showing
the percentage of aggregates with (red) or without
(gray) lumens. Sig—T7-Stx4 EpH4 cells developed
palpable lumens, even in the presence of a pan-
caspase inhibitor (n=20). In A-C, *P<0.05; **P<0.01;
***P<0.001; N.S., not significant (two-tailed, paired
Student’s t-test).

of the alveoli in lactating mammary glands (Fig. 2C). Transmission
electron microscopy analyses revealed that these cysts were
composed of single-layered epithelial sheets with representative
intercellular junctional complexes, including desmosomes and tight
junctions (TJs) (Fig. 2D,E). In addition, the well-developed
microvilli of cells in the cystic structure were exposed only toward
the luminal spaces, with an accumulation of a TJ component, zonula
occludens-1 (ZO-1, also known as TJP1), at the lumen-proximal
region, suggesting that these cells acquired apicobasal polarity
(Fig. 2D.E). According to the 3D images, the basal surface of the
cysts appeared smooth (Fig. 2E). In contrast, in the absence of
induction of extracellular syntaxin4, these cells were alive but
remained in tightly packed cell clumps (Fig. 2D,E). These results
demonstrate that extracellularly presented syntaxin4 contributes to
the reorganization of cell aggregates into cystic structures with
apicobasal polarity in Matrigel, which is reminiscent of the
epithelial compartment in the mammary alveoli.
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extracellular syntaxin4. (A) Time-lapse images of aggregates
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arrangement towards the formation of the cystic structure
became apparent. Subsequently, the overall size of the cell
aggregates gradually increased as the inner portion became
transparent. Arrowheads, cell aggregates producing a large
central lumen. Scale bars: 50 pm. Images are representative of
eight samples. (B) Left: micrographs of Sig—T7-Stx4 EpH4 cells
cultured on dishes with (ON) or without (OFF) induction of
extracellular syntaxin4 for two days. Scale bars: 50 ym. Right:
percentage of the cells exhibiting direct cell-cell contact in each
condition. The number of cells adhering to each other was
counted on days 0 and 2. Data are presented as mean#s.d. n=5.
Extracellular syntaxin4 disrupted intercellular adhesion and
elicited migratory responses. (C) mRNA expression, as
assessed using qRT-PCR, of Mmp3 and Mmp9 in EpH4 cells
with (ON) or without (OFF) extracellular syntaxin4. Data are
presented as meants.d. N=4. (D) RNA sequencing analyses
revealed the induction of the onset of EMT-like cell behaviors by
extracellular syntaxin4. Among the comprehensive data sets, all
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Syntaxind-induced morphogenesis is independent of cell
growth and apoptosis

Although the size of syntaxin4-induced cysts continued to increase for
several days, there were no significant differences in the total number
of cells, regardless of induction by extracellular syntaxin4, as judged
by the amount of B-actin (Fig. 3A,B). This was not the case when the
same experiments were performed using another epithelial cell line,
MDCK II, which reportedly exhibits clear polarity and possesses the
ability to form cystic structures in Matrigel, even in the absence of
hormonal stimuli and exogenous transgenes. While the sizes of
MDCK II cell aggregates were practically unchanged during culture,
each formed a luminal space within a few days (Fig. 3C). Given that
the production of lumen in MDCK II cells involves apoptotic
elimination of Matrigel-free central cells in the aggregates (Martin-
Belmonte et al., 2008), those formed by aggregates of EpH4 cells in
the presence of extracellular syntaxind4 might be independent of
apoptotic cell death. As expected, the active form of effector caspase
(caspase 3) was detectable in the luminal side of MDCKII cysts, but
not in the syntaxin4-induced ones (Fig. 3D), and the formation and
expansion of the latter were not hindered by the functional ablation of
caspases with the inhibitor ZVAD-FMK (Fig. 3E).

Sig-T7-Stx4 EpH4

‘keratin’ (11 keratins in total) or ‘MMP’ (13 MMP's in total) that are
assigned to the cell migration category in the Gene Ontology
terms were extracted and listed. The fold change in expression
for genes that were upregulated and downregulated in response
to extracellular syntaxin4 are shown in red and blue, respectively
(asterisk indicates Mmp3; although Mmp3 is listed as one of the
upregulated genes, the qRT-PCR analysis shown in C did not
detect this change). ***P<0.001; N.S., not significant (two-tailed,
paired Student’s t-test).

EpH4 cells improve locomotive ability in response to
extracellular syntaxind

Next, we addressed successive cellular migratory behaviors in the
aggregates in response to extracellular syntaxin4. Time-lapse
imaging revealed that the inner cells in the aggregates do not
succumb to apoptosis but actively migrate (Fig. 4A; Movie 1). In 2D
cultures, these cells with morphological changes dissociated from
colonies and migrated outward upon induction of extracellular
syntaxin4 (Fig. 4B), implying an onset of EMT. Among all keratin
genes tested (11 keratins in total), six keratins exhibited significant
changes in their expression (more than 1.5-fold change) in response
to extracellular syntaxin4, with five of these appearing to be
downregulated. In addition, eight of 13 genes encoding matrix
metalloproteinases (MMPs) showed significant changes, and the
three genes with the largest changes, which included MMP9,
appeared to be clearly upregulated (Fig. 4C,D).

Behaviors of Matrigel-attached EpH4 cells expressing
extracellular syntaxind

The cell behaviors observed were quite different when cells were
directly attached to Matrigel; changes in mobility and intercellular
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Fig. 5. See next page for legend.

adhesiveness in response to extracellular syntxind were visibly
attenuated in the 2D culture (Fig. 5A). In addition, confluent cell
sheets on Matrigel displaying sustained expression of extracellular
syntaxin4 often formed dome-like structures with clear intercellular
junctions (Fig. 5B). We have previously shown that the C-terminal
globular domain of laminin, a major BM component, and
glycosaminoglycan (GAG) side chains of a laminin receptor
interact with extracellular syntaxin4 so as to potentially counteract
its function (Shirai et al., 2017). However, RNA sequencing analyses
revealed that changes in the expression of EMT markers affected by
extracellular syntaxin4 (Fig. 4C,D) were not restored in cells
stimulated simultaneously with Matrigel. Although some keratin
genes were prone to reactivation, the augmented expression of the

OFF ON
Sig-T7-Stx4 EpH4

MMPs remained constant or was further upregulated (Fig. 5C). In
addition, expression of several molecular elements involved in
intercellular adhesions or epithelial polarity were dramatically
upregulated in response to simultaneous stimulation with both
extracellular syntaxin4 and Matrigel (Fig. 5D), suggesting that
extracellular syntaxin4 and BM components do not simply
antagonize each other or propagate individual signals
independently, but cooperatively elicit unique responses in the
epithelial cells (Fig. 5C,D). Furthermore, we also found that EpH4
cells situated away from Matrigel could smoothly integrate into the
confluent cell sheet on Matrigel if they expressed extracellular
syntaxin4 (Fig. SE). Such syntaxin4-triggered distinct regulatory
effects depending on the influence of Matrigel might account for the
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Fig. 5. Distinct behaviors in syntaxin4-expressing EpH4 cells in contact
with Matrigel. (A) Left: micrographs of growing Sig—T7-Stx4 EpH4 cells
expressing extracellular syntaxin4 (ON) on dishes coated with and without
Matrigel. Scale bars: 20 um. Right: percentage of cells exhibiting direct cell-cell
contacts on day 2. The reduction of intercellular adhesion induced by
extracellular syntaxin4 was apparently recovered if cells directly adhered to
Matrigel. Data are presented as meanzts.d. n=4. (B) Confluent Sig—T7-Stx4
EpH4 cells expressing extracellular syntaxin4 (ON) on dishes coated with and
without Matrigel. Left: representative micrographs. Right: cells in the upper and
lower planes were stained for ZO-1 (red) and DAPI (blue). The z-stack image for
Z0O-1 is presented below. Scale bars: 50 um. The cells on Matrigel with
extracellular syntaxin4 retained the intercellular adhesion and often formed
enclosed dome-like structures (arrows). Images are representative of six
samples. (C) RNA-sequencing analyses of Sig—T7-Stx4 EpH4 cells expressing
extracellular syntaxin4 (Stx4 ON) cultured on Matrigel versus on collagen. With
regard to all keratin and MMP genes showing more than 1.5-fold expression
change in response to extracellular syntaxin4 (Fig. 4D), expression of only Krt15
and Krt8 was restored, but expression of Mmp9, Mmp3 and Mmp 10 was further
facilitated by culturing on Matrigel. Genes showing significant upregulation
(more than 1.5-fold) are colored red. (D) Left: genes showing significant changes
in expression (more than 1.5-fold) in the RNA-sequencing analysis described in
C that are also assigned to the Gene Ontology category ‘cell—cell adhesion’ (the
six genes with greatest increase in expression in the Matrigel sample are shown
in descending order, from 65 genes in total) or ‘apical/basal part of the cell’ (the
seven genes with greatest increase in expression in the Matrigel sample are
shown in descending order, from 31 genes in total) appeared to be upregulated
when cells with extracellular syntaxin4 were affected simultaneously by Matrigel.
Right: heatmap analysis of the expression of these genes in the indicated
experimental conditions demonstrates synergistic effects of extracellular
syntaxin4 and Matrigel on the acquisition of unique epithelial characteristics.
(E) Left: diagram of aggregate integration on Matrigel. Middle: reconstructed 3D
images of the integration of cell aggregates into a single cell layer on Matrigel.
The floating aggregates of Sig—T7-Stx4 EpH4 cells pre-labeled with a lipophilic
green fluorescent dye (DiO) were seeded onto a confluent cell sheet on Matrigel,
followed by five days of incubation with (ON) or without (OFF) induction of
extracellular syntaxin4. Red, E-cadherin; blue, DAPI. Scale bars: 50 pm. Right:
relative area of DiO-labeled cells integrated into Matrigel-bound cell sheets. Data
are presented as meants.d. n=4. The cell aggregates free from Matrigel
smoothly integrated into the Matrigel-adherent confluent cell sheet if they
expressed extracellular syntaxin4. ***P<0.001 (two-tailed, paired Student's
t-test).

multicellular arrangement, that is, in response to extracellular
syntaxin4, cells that are less affected by BM actively move to and
smoothly integrate into the polarized cell layer facing the BM, and
this layer acquires unique epithelial characteristics to undergo
dramatic cellular arrangements for the formation and expansion of
cystic structures. Consistent with this, when cell aggregates were
embedded in collagen gel, the outermost cell population was radially
scattered instead of contributing to luminal morphogenesis (Fig. S3).

Extracellular syntaxing triggers turnover of E-cadherin

We next addressed the effect of syntaxind-dependent dysregulation
on cell—cell adhesion systems in the absence of the BM effect.
Previously, we have shown that extracellular syntaxin4 directly binds
to E-cadherin, a critical player in epithelial cell—cell adhesion (Hirose
et al., 2018), to hinder its intrinsic cell adhesive function without
affecting its mRNA expression. The direct association between the
central and membrane-proximal domains of syntaxin4 and E-
cadherin extracted from EpH4 cells was ascertained again
(Fig. S4). We observed a significant reduction in the intact form
of syntaxin4 in cells after treatment with prolactin, which was
partly prevented by addition of chloroquine (an inhibitor of the
protein-elimination system in lysosomes) in a dose-dependent
manner (Fig. 6A,B). Intriguingly, extracellular expression followed
by lysosomal degradation of extracellular syntaxin4 appeared to be
coincident with the appearance and lysosomal degradation of

a 90kDa form of E-cadherin protein (Fig. 6B). To further
clarify whether the extracellular but not the intracellular form of
syntaxin4 is responsible for these phenomena, we compared the
effects of intact syntaxin4 and its signal peptide-connected
form in the absence of prolactin but in the presence of chloroquine.
We found that the dose-dependent effects of chloroquine treatment
were reproduced only for the extracellular form of syntaxind,
demonstrating that extracellularly present syntaxin4 readily
undergoes lysosomal degradation along with the 90kDa
E-cadherin (Fig. 6C,D). Based on the assumption that a direct
interaction between syntaxin4 and E-cadherin at the cell surface
initiates the elimination process, we analyzed the expression pattern
and physical characteristics of these proteins in cells treated with
chloroquine. A subpopulation of syntaxin4 and E-cadherin
co-assembled to converge on the same dot-like structures in the
cytoplasm, although their original expression was at the cell
surface, exhibiting insoluble characteristics (Fig. 6E,F; Fig. S5A).
Regarding the 90 kDa form of truncated E-cadherin, polyclonal
antibodies against cytoplasmic domains of E-cadherin failed to
recognize this form (Fig. S5B), and its abundance was clearly
decreased by treatment with the proteasome inhibitor lactacystin
(Fig. 6G), suggesting that the shift in the molecular mass of
E-cadherin (from 124 kDa to 90 kDa) can be ascribed to the
proteasomal processing of its cytoplasmic tail. However, despite the
fact that E-cadherin was processed, internalized and degraded in cells
with extracellular syntaxin4, the amount of the functional 124 kDa
form was unaltered (Fig. 6D). Taken together with the observation
that mRNA expression of E-cadherin was not affected by
extracellular syntaxin4 in this cell system (Fig. S5C), these results
suggest a dramatic increase in E-cadherin turnover with intermittent
exposure of ‘tailless’ E-cadherin in cells with extracellular syntaxin4.
Interestingly, the syntaxin4-induced turnover of E-cadherin remained
in cells that were in contact with Matrigel (Fig. S5D), confirming that
signals by extracellular syntaxin4 and BM components do not simply
antagonize each other.

Syntaxin4-dependent E-cadherin turnover and the role of
Matrigel in a simple cell system

To further define the biological significance of the effect of
extracellular syntaxin4 on E-cadherin turnover, the subsequent
intermittent exposure of tailless E-cadherin, and the concerted
action with BM components, we conducted experiments using
fibroblastic L cells, which have no intrinsic cell adhesion molecules
and are much less responsive to BM components (Kiener et al.,
2009; Nagafuchi et al., 1987). L cells with stable expression of the
full-length E-cadherin transgene (designated as EL cells) exhibit
cell-adhesive properties caused solely by E-cadherin (Nagafuchi
et al., 1987). Notably, however, expression of the E-cadherin
transgene alone is sufficient to induce strong cell-adhesive
properties in L cells (Nagafuchi et al., 1994), and EL cells do not
lose features of fibroblasts (Chen and Obrink, 1991), suggesting that
L cells endogenously possess or can rapidly form catenin—actin
complexes for the cytoskeletal linkage of E-cadherins. We found
that EL cells additionally expressing the ‘tailless’ form of
E-cadherin appeared to retain cell—cell adhesion in 2D, but this
gradually weakened the E-cadherin-mediated cell-cell adhesion
without affecting the amount of functional full-length E-cadherin
(Fig. S6). Based on these observations, we generated EL cells with
inducible expression of extracellular syntaxin4 and used them for
biological validation. Upon induction of extracellular syntaxin4, the
abundance and insolubility of syntaxin4 and the 90 kDa form of
E-cadherin appeared to increase in the presence of chloroquine,
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Fig. 6. See next page for legend.

indicating that the acceleration in E-cadherin turnover also occurs in
this cell system (Fig. 7A,B). Although the instantaneous activity of
E-cadherin was practically unchanged by the extracellular
expression of syntaxin4 (Fig. S7), cells in syntaxin4-expressing
EL cell aggregates gradually weakened cell—cell contacts in 3D
culture, and the outermost cells became scattered with exposed
filopodial protrusions (Fig. 7C), confirming the extracellular role of
syntaxin4 as a functional repressor of E-cadherin.

This study demonstrates a novel and plausible mechanism
underlying dynamic cellular arrangements for epithelial
morphogenesis that could explain how mammary epithelial cells
build the alveolar structure during pregnancy. Hormones actively
secreted during the gestational period trigger temporal translocation
of syntaxin4 across the membrane, and extracellularly extruded

syntaxin4 exerts distinct morphogenic functions depending on the
cellular context, modulated by BM signals. In cell populations that
are less affected by BM-producing myoepithelial cells, extracellular
syntaxin4 causes cells to migrate and integrate into the cell layer
facing the BM and myoepithelial cells, whereas in the cell
population that is in contact with the BM and myoepithelial cells,
extracellular syntaxind4 propagates unique signals for the
construction of cystic structures (Fig. 8).

DISCUSSION

Membrane translocation of syntaxin4

We first demonstrated that the lactogenic hormone prolactin induces
membrane translocation of the t-SNARE protein syntaxin4 in EpH4
cells, as observed in cultured lactogenic mammary epithelial cells.
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Fig. 6. Effect of extracellularly extruded syntaxin4 on E-cadherin
expression. (A) The amount of exogenous syntaxin4 (without the signal
peptide; T7) in T7—Stx4-expressing EpH4 cells was decreased by prolactin,
which provoked extracellular translocation of syntaxin4. p-actin was used as an
internal control. A representative example of three experiments is shown. (B)
Left: the decrease in syntaxin4 shown in A was ascribed to lysosomal
degradation, as judged by treatment with chloroquine (CQ), a potent inhibitor of
lysosomal degradation. Treatment with prolactin in addition to CQ increased
abundance of the 90 kDa form of E-cadherin (Ecad, lower band), which is
readily degraded in lysosomes. OFF, expression of T7-tagged Stx4 repressed;
ON, expression of T7-tagged Stx4 induced. Right: quantification of the effects
of CQ. Data are presented as meants.d. n=3. (C) Left: extracellularly
expressed syntaxin4 (Sig—T7-Stx4), but not the intact form of syntaxin4 (T7—
Stx4), was actively degraded in lysosomes, even in the absence of prolactin.
Western blots show exogenous Stx4 (T7) in the indicated cell lines treated with
CQ orwith PBS as a control. -actin was used as an internal control. Right: CQ-
dependent changes in the amount of extracellular (Sig—T7-Stx4, n=3) and
intact (T7—-Stx4, n=4) forms of exogenous syntaxin4. Data are presented as
meanzs.d. (D) E-cadherin (E-cad) expression in Sig—T7-Stx4 cells treated
with CQ for 12 h. Left: the amount of cleaved E-cadherin (90 kDa), which is
readily degraded in lysosomes, was significantly higher in cells with
extracellular syntaxin4. B-actin was used as an internal control. Right:
CQ-dependent changes in the amount of intact (124 kDa) and cleaved

(90 kDa) forms of E-cadherin. Data are presented as meants.d. n=4.

(E) CQ-treated Sig—T7-Stx4 EpH4 cells with (ON) or without (OFF) induction
of Sig—T7—-Stx4 expression were stained for E-cadherin (E-cad, magenta) and
syntaxin4 (T7, green). Nuclei were counterstained with DAPI. In the presence
of CQ, E-cadherin and syntaxin4 were colocalized in the cytoplasm (arrows).
Scale bars: 20 um. Images are representative of three experiments. (F) Sig—
T7-Stx4 EpH4 cells with or without induction of Sig—T7-Stx4 expression that
were cultured with or without CQ (CQ or PBS alone, respectively) were treated
with a lysis buffer, and the soluble (Sup) and insoluble (Ppt) fractions were
tested for E-cadherin and extracellular syntaxin4 (T7). Both cleaved E-
cadherin (90 kDa) and extracellular syntaxin4 were detectable almost
exclusively in the insoluble fraction. (G) Treatment of Sig—T7-Stx4 EpH4 cells
with a proteasome inhibitor, lactacystin (Lact; 10 pM), dramatically reduced the
appearance of 90 kDa E-cadherin. DMSO, vehicle control. B-actin was used as
an internal control. Data in F and G are representative of three experiments.
*P<0.05; **P<0.01 (two-tailed, paired Student's t-test).

While this could be a key event for the subsequent cellular
arrangement, the machinery for extracellular extrusion of syntaxin4
is completely unknown to date. However, extrusion of epimorphin, a
cognate membrane-tethered syntaxin, may provide referential
information, such as the involvement of Ca?* influx, which leads to
extracellular extrusion of a multi-protein complex containing
epimorphin and phosphatidylserine-bound annexin II (ANXA2)
from cells (Hirai et al., 2007). Prolactin has been reported to
consistently increase Ca>* uptake in the cytoplasm (Bolander, 1985),
and annexin II is involved in prolactin-induced milk secretion
(Burgoyne et al., 1991; Zhang et al., 2018). Alternatively, stimulated
mammary epithelial cells that are capable of secreting
intracytoplasmic lipids containing phosphatidylserine (Smoczynski,
2017) are thought to export syntaxin4 extracellularly together with
milk fat globules.

Extracellular syntaxin4 increases cellular motility and
accelerates E-cadherin turnover

Once presented extracellularly, syntaxin4d cooperated with BM
components to trigger a dramatic arrangement in cells. While a
previous study suggested the possible contribution of apoptosis to
mammary luminal morphogenesis (Debnath et al., 2002), a recent
report has demonstrated that this process could proceed without the
requirement of cell demise (Akhtar and Streuli, 2013; Neumann
et al., 2018). In line with these observations, we demonstrated that
syntaxin4-induced mammary cyst formation proceeds solely by

spatiotemporal changes in epithelial cell adhesion, mobility and
polarity. Notably, extracellularly exposed syntaxin4 elicited the
onset of EMT-like cell responses if the cells were free from the
effects of BM. This raises the question as to how syntaxin4 confers
locomotive ability in these cells. To this end, we showed that
syntaxin4 extruded extracellularly became accessible and directly
bound to the major intercellular adhesion molecule E-cadherin via
its central and membrane-proximal domains, which could be a cue
for the degradation of E-cadherin. Experiments using inhibitors of
protein elimination systems showed that the cytoplasmic domain of
E-cadherin is degraded by the proteasome upon being associated
with syntaxin4 in the extracellular environment, which gives rise
to the production of a 90 kDa form that lacks a cytoplasmic tail
for cytoskeletal linkage. The protein complex containing the
‘tailless’ form of E-cadherin and syntaxin4 was then rapidly
internalized, delivered to lysosomes and displayed highly insoluble
characteristics, after which it was ultimately eliminated.
Dysfunctional E-cadherin is known to be ubiquitylated in the
juxtamembrane domain and degraded by the proteasome and
subsequently by lysosomes (Sako-Kubota et al., 2014). In addition,
internalization of E-cadherin in EpH4 cells upon EMT has been
shown to be mediated by clathrin-coated vesicles, which are
retrievable only from the highly insoluble fraction (Janda et al.,
2006). Given that E-cadherin homeostasis is regulated by the small
GTPase Cdc42, which is indispensable for alveolar development in
mammary glands (Druso et al., 2016; Georgiou et al., 2008;
Leibfried et al., 2008), elucidation of its relationship with
extracellular syntaxin4 is an important issue that needs to be
addressed in future research. While the rapid elimination of ‘tailless’
E-cadherin and unaltered E-cadherin mRNA expression was
obvious in cells with syntaxin4, the amount of functional full-
length E-cadherin appeared to be constantly maintained, implying
that translation of this adhesion molecule is augmented by
syntaxin4. Although further experiments using syntaxin4-
transfected cells and translation inhibitors were not feasible
because the expression of the syntaxind-transgene would also be
repressed, we have shown previously that the abundance E-cadherin
protein, but not mRNA, is dramatically decreased in response to
extracellular syntaxin4 in some other cell types (Hagiwara-Chatani
et al., 2017; Hagiwara et al., 2013), indicating that E-cadherin
translation is facilitated only in certain cell types. Nevertheless, the
constant expression and active elimination of E-cadherin suggests
active turnover and intermittent disruption of the E-cadherin-
mediated intercellular adhesion system.

Cooperation between extracellular syntaxin4 and

BM components

E-cadherin, as a major intercellular adhesion molecule, is linked to
the cytoskeleton, and its turnover has been shown to severely affect
the collective migration of epithelia (Briiser and Bogdan, 2017;
Kota et al., 2019; Kowalczyk and Nanes, 2012; Song et al., 2013;
Takeichi, 2014). Temporal reduction in epithelial identity, including
loss of polarity and increased cell motility, has been reported in
inner cell populations of stratified epithelia during active
morphogenesis (Ewald et al., 2012). In contrast, E-cadherin
dynamics are not the sole determinant of locomotive behavior in
these cells. We observed that the effect of forced expression of
‘tailless’ E-cadherin was relatively weak in EL cells compared to the
effect in EpH4 cells; both cell types similarly expressed functional
full-length E-cadherin, but changes in the cellular context
(expression of EMT-related markers, for example) were more
prominent in EpH4 cells (data not shown). In addition, although
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Fig. 7. Validation of the functional coordination model involving syntaxin4 and laminin. (A) Left: L cells expressing exogenous E-cadherin (EL cells), which
display intercellular adhesive properties only with E-cadherin (E-cad), were stably transfected with the tetracycline-regulatable Sig—T7—Stx4 construct (Sig—T7—
Stx4 EL; OFF, repression of Sig—T7-Stx4 expression; ON, induction of Sig—T7-Stx4 expression) and cultured in the presence or absence of chloroquine (CQ;
100 pM). EL cells readily produced the degraded form of E-cadherin (90 kDa) when they expressed extracellular syntaxin4 (T7). B-actin was used as an internal
control. Right: quantification of exogenous extracellular syntaxin4 and 90 kDa E-cadherin. Data are presented as meanzts.d. N=3. **P<0.01 (two-tailed, paired
Student’s t-test). (B) Expression of extracellular syntaxin4 conferred the characteristic feature of insolubility upon E-cadherin expression. In response to
exogenous extracellular syntaxin4 (ON), EL cells produced 90 kDa E-cadherin, which was detectable in the insoluble (Ppt), but not in the soluble (Sup) fraction
with extracellular syntaxin4. Cells were cultured either with CQ (0.1 mM) or with PBS as a control, as indicated. A representative of three experiments is shown. (C)
Aggregates of Sig—T7-Stx4-EL cells were cultured for 7 days in Matrigel. Upper panels: representative light micrographs. Lower panels: aggregates
immunostained for E-cadherin (green), and nuclei were counterstained using DAPI (blue). EL cells, which adhere each other solely by E-cadherin and are much
less responsive to BM signals than EpH4 cells, gradually disseminated and scattered in Matrigel in response to the extracellular expression of syntaxin4. Scale

bars: 25 um. Images are representative of three experiments.

active turnover of E-cadherin also occurred in syntaxin4-expressing
EpH4 cells adhering to reconstituted BM Matrigel, EMT-like cell
behaviors were not observed even in the presence of extracellular
syntaxin4. Instead, these cells were tightly connected to each other,
with a well-developed intercellular junctional apparatus, and
displayed apicobasal polarity. Furthermore, cells cultured on
Matrigel often formed enclosed, single-layered, dome-like
structures when they expressed extracellular syntaxin4. RNA
sequencing analyses revealed that these cells acquired unique
epithelial characteristics for the formation of enclosed and well-
polarized cysts. Conversely, cell populations that were less affected
by BM might actively migrate in response to extracellular syntaxin4
and smoothly integrate into cell layers facing the BM, thus
participating in the production of cystic structures. This model of
functional coordination involving both prolactin-induced
extracellular syntaxin4 and BM components clearly rationalizes
the spatial cellular dynamics and plasticity observed in prolactin-
triggered luminal morphogenesis in mammary epithelia in vivo. We
consistently detected a significant difference in the locomotive
behaviors of the same cells with extracellular syntaxin4 in collagen

gels, and of syntaxin4-expressing EL cells that were less responsive
to laminin. The outermost cell populations in both cases dissociated
and radially scattered in the 3D substrates.

Extracellular extrusion of syntaxins and the possible role of
plasmalemmal syntaxins

We have previously shown that extracellularly extruded epimorphin
exerts a function similar to that of syntaxin4 in terms of induction of
luminal morphogenesis (Bascom et al., 2005; Hirai, 2001; Hirai
etal., 1992; Lehnert et al., 2001). Whereas epimorphin is produced
in mammary myoepithelial cells and secreted extracellularly upon
proteolytic cleavage at the juxtamembrane site, it is substantially
underexpressed in luminal epithelial cells (Bascom et al., 2005;
Hirai et al.,, 1998). In contrast, syntaxin4 is ubiquitously and
abundantly detectable in a wide variety of epithelial cell types
(Bennett et al., 1993; Ding et al., 2018) and lacks a cleavage site for
secretion (Hirai et al., 2007). Although this protein undoubtedly
exists on the cytoplasmic surface of the plasma membrane as a
t-SNARE protein and temporarily forms unique protein complexes
with certain cytoplasmic components for intravesicular fusion
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Fig. 8. Schematic diagram of a model for
functional coordination of mammary epithelial
morphogenesis by syntaxin4 and BM
components. In response to the lactogenic
hormone prolactin, cells in certain areas of the
mammary epithelia (Eps) extrude syntaxin4,
which actively triggers E-cadherin turnover and
induces dramatic cellular arrangements. Cell
populations that are situated away from BM-
producing myoepithelial cells (Myoeps), such as
at the tip of side branches, actively migrate
outward and integrate into the outermost cell
layers facing the BM-producing Myoeps.
Concurrently, cells in contact with BM-producing
Myoeps, such as in the single layered ducts or the
outermost cell population in multiple layered Eps,
reinforce E-cadherin-independent intercellular
adhesion and establish apicobasal polarity to
undergo a dramatic cellular arrangement for the
formation of well-polarized cystic structures.
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(Duan et al., 2020), it would be interesting to investigate whether a
subpopulation of syntaxin4 is extruded extracellularly upon external
stimuli in these tissues, to exert its latent morphogenic functions. If
this is the case, extracellular syntaxin4 might be a critical
morphogenic regulator or at least contribute to the development of
well-polarized epithelial architectures. To date, the extracellular
extrusion with limited secretion of syntaxin4 (Kadono et al., 2012)
and its involvement in tissue morphogenesis and/or cell
differentiation is evident in the skin epidermis and embryonic
stem cells (Hagiwara-Chatani et al., 2017; Hagiwara et al., 2013;
Kadono et al., 2015). Attempts to identify signals and molecular
elements involved in the membrane translocation of syntaxin4 in
these tissues are now underway.

MATERIALS AND METHODS

Mice and mammary glands

Mammary glands were collected from ICR or BALB/C mice (7 weeks of age,
pregnancy period day 13, and lactation period day 1) purchased from SLC
(Shizuoka, Japan). For whole-mount staining, the glands were fixed with
Methacarn solution and stained with Carmine Alum solution (Stem Cell

Basement
membrane
(from Myoeps)

Technologies, Vancouver, Canada), as previously described (Murata et al.,
2015). Some glands were fixed with methanol at —20°C, cryosectioned and
analyzed using immunohistochemistry. All experiments using mice were
approved by the Committee for Animal Experimentation at Kwansei Gakuin
University (approval number: 2020-27).

Cells and transfectants

The mouse mammary luminal epithelial cell line EpH4 (gifted by Dr Ernst
Reichmann, IMP, Vienna, Austria; Fialka et al., 1996), Madin—Darby
canine kidney cell line MDCK II (CRL2936 from ATCC) and mouse
fibroblast cell line L and its derivative EL (gifted by Dr Masatoshi Takeichi,
RIKEN, Kobe, Japan; Nagafuchi et al., 1987) were maintained in DMEM/
Ham’s F12 medium (Wako, Japan) supplemented with 10% fetal bovine
serum (FBS; MP Bio, Tokyo, Japan) and penicillin and streptomycin (Meiji,
Tokyo, Japan) (referred to here as DH10). Cells with a tetracycline-
repressive expression system were maintained in DH10 supplemented with
5 ug/ml tetracycline (tet). To generate cells with tet-regulated T7-tagged
syntaxin4, or T7-tagged syntaxin4 containing an N-terminal fusion of an
exogenous signal peptide from IL-2, cDNA encoding the corresponding
polypeptide (Hagiwara-Chatani et al., 2017) was subcloned into a
PiggyBac-based tet-regulatable expression plasmid (Woltjen et al., 2009).
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EpH4 cells and EL cells were stably transfected with the generated plasmid
together with pTet-TAK (Thermo Fisher Scientific, St Louis, USA), pCAG-
PBase (gifted by Dr Yoshiyuki Seki, Kwansei Gakuin University, Hyogo,
Japan), and pSV40Neo (gifted by Dr Masatoshi Takeichi, RIKEN, Kobe,
Japan) using Lipofectamine 2000 (Invitrogen, St Louis, USA). After G418
selection (0.2 mg/ml), cell clones expressing exogenous syntaxin4 upon
removal of tetracycline were isolated and expanded. To knockout the
syntaxin4 gene in EpH4 cells, the CRISPR/Cas9 system was used. EpH4
cells were transfected with pSpCas9 BB-2A-Puro plasmid (Addgene, MA,
USA) in which one of the annealed DNAs (target-1 positive strand, 5'-
CACCGCGACAGGACCCACGAGTTG-3'; target-1 negative strand, 5'-
AAACCAACTCGTGGGTCCTGTCGC-3’; target-2 positive strand, 5'-
CACCGTGGGTCCTGTCGCGCATGG-3'; target-2 negative strand, 5'-
AAACCCATGCGCGGACAGGACCCAC-3’) was inserted into BbsI
restriction sites, selected using puromycin-containing DH10, cloned, and
tested for complete ablation of syntaxin4 expression. Because the sequence
of target-2 contained the syntaxin4 5'-UTR, cells generated using this target
(clone 2) could re-express syntaxin4 by introduction of the syntaxin4
expression cassette containing only the syntaxin4-coding region.

Reagents for cell treatment

Prolactin was purchased from Sigma-Aldrich and was added to some
cultures at a concentration of 3 pg/ml, along with 1 pg/ml hydrocortisone
(Wako, Tokyo), which reportedly improves the organization of organelles
(Mills and Topper, 1970). Some cells were labeled with a lipophilic
carbocyanine dye, DiO (Thermo Fisher Scientific, St Louis, MO, USA),
following the manufacturer's protocol. Chloroquine, an inhibitor of
lysosome degradation (Sigma-Aldrich, St Louis, USA) was dissolved in
phosphate-buffered saline (PBS) and used at concentrations of 50 or
100 uM. A pan-caspase inhibitor, ZVAD-FMK (Selleck, Tokyo, Japan) and
a selective proteasome inhibitor, lactacystin (Abcam, Cambridge, UK), were
dissolved in DMSO and used at a concentration of 20 uM and 10 uM,
respectively.

Three-dimensional culture

Cells (2.0x10%/500 pl) were seeded in each well of a 24-well plate, the
bottom of which was pre-coated with 1% agarose gel, and then rotated at
100 rpm for 24 h at 37°C, resulting in the formation of well-rounded cell
aggregates, as previously described (Hirai et al., 1998). The cell aggregates
were then collected, suspended in ice-cold Matrigel (Corning, NY, USA),
seeded in 96-well plates, and incubated at 37°C. After gelation, DH10
medium with (syntaxind OFF) or without (syntaxind ON) 5 pg/ml
tetracycline was added to each well.

Transcriptional analysis

Total RNA was extracted using a Total RNA Extraction Miniprep system
(VIOGENE, USA) and reverse-transcribed using an RNA-PCR kit (Takara,
Shiga, Japan). Quantitative real-time PCR (QRT-PCR) was performed using
Fast Start Essential DNA Green Master on a Right Cycler Nano system
(Roche, Basel, Switzerland). The cDNAs were amplified using primer pairs
for MMP-3 (5'-TGCAGCTCTACTTTGTTCTTTGA-3" and 5'-AGAGA-
TTTGCGCCAAAAGTG-3’) and MMP-9 (5'-AGACGACATAGACGG-
CATCC-3" and 5'-TCGGCTGTGGTTCAGTTGT-3’). The relative
expression of mRNA was normalized to that of GAPDH. To determine
the transcriptional profiles of cells with and without syntaxin4, and on
collagen and Matrigel, total RNA was extracted as described above, and
RNA-sequencing analysis was outsourced to Macrogen Japan Corp.
(Tokyo, Japan), which successfully processed data on 13,095 genes in a
single experiment. To analyze the molecular elements of EMT-like cell
behaviors, all genes encoding keratins and MMPs in the Gene Ontology
terms ‘keratin’ (11 genes) and ‘MMP”’ (13 genes) that exhibited substantial
changes in expression compared to the comparative group (more than 1.5-
fold) were extracted and listed. To analyze the molecular elements regulated
by the synergistic effects of syntaxin4 and Matrigel, all genes in the word
categories ‘cell-cell adhesion’ and ‘apical/basal part of the cells’ that
exhibited substantial expression changes between syntaxin4-expressing
cells (Sig—Stx4 ON) cultured on Matrigel and on the collagen control were

listed (65 genes from the former, and 31 genes from the latter). The six (for
cell—cell adhesion) or seven (for apical/basal part of the cells) genes at the
top of the list showing the profound upregulation in the cells on Matrigel
were extracted, and the expression of these genes was further analyzed in the
data from cells without syntaxin4 (Sig—Stx4 OFF) but with Matrigel.

Immunodetection

Antibodies used for experiments included those against B-actin (A3854
from Sigma-Aldrich, St Louis, USA) at 1:5000 dilution, alpha-tubulin
(T9026 from Sigma-Aldrich, St Louis, USA) at 1:1000 dilution, T7-tag
(PM022 from MBL Life Science, Tokyo, Japan) at 1:1000 dilution, and
caspase-3 (9664S from Cell Signaling Technology, MA., USA) at 1:1000
dilution. Monoclonal antibodies against E-cadherin and ZO-1 were gifted
by Drs Takeichi (RIKEN, Kobe, Japan) and Nagafuchi (Nara Medical
University, Nara, Japan), respectively. Immunoblot analysis was performed
according to standard procedures, and immunohistochemistry and
immunocytochemistry were performed using the following protocol. Cell
aggregates were fixed with 4% paraformaldehyde (PFA) in Tris-buffered
saline (TBS) for 1 h and permeabilized with 0.5% Triton X-100 for 30 min.
Cells cultured on dishes were fixed with 4% PFA in TBS for 10 min and
permeabilized with 0.1% Triton X-100 for 10 min. Each sample was then
incubated with 5% FBS for 1 h, primary antibody overnight, and labeled
with secondary antibodies for 2 h, followed by extensive washing with TBS
at each interval. Nuclei were counterstained with DAPI (Sigma-Aldrich, St
Louis, USA). Samples were mounted on glass slides and analyzed using an
Al confocal microscope system (Nikon, Tokyo, Japan) or Leica TCS SPE
(Leica, Wetzlar, Germany) with 20x, 40 x or 60x objectives.

Detection of proteins expressed at the cell surface

To detect extracellularly expressed proteins in EpH4 cells, living
cells cultured in Transwell chambers (1.0 um in diameter; Costar, NY,
USA) were washed with PBS and treated with 0.1 mg/ml Sulfo-NHS-SS
biotin (Thermo Fisher Scientific, MA, USA) in PBS from both apical
(0.5 ml) and basal (1 ml) sides for 30 min. After washing with DH10
several times to inactivate the NHS group in the residual NHS-SS-
biotin, cells were lysed in lysis buffer (1%Triton-X100 and 1% NP-40 in
TBS). Biotinylated cell surface proteins were then retrieved with
NeutrAvidin beads (Thermo Fisher Scientific, MA, USA) and analyzed
by immunoblotting.

Cell fraction insolubilized in cell lysis buffer

Cells treated with lysis buffer were centrifuged at 9,500 g for 15 min, and the
resultant supernatant and pellet were treated as the soluble and insoluble
fractions, respectively.

Time-lapse imaging

Cell migratory behavior in the aggregates was analyzed by recording
microscopic images every 60 min for 5 days using a Cellwatcher (Corefront,
Tokyo, Japan). Time-lapse movies were obtained from the recorded images.

Ultrastructural analyses

To determine the ultrastructural characteristics of cysts induced by
extracellular syntaxin4, the cultured samples with and without tetracycline
were treated with 2% glutaraldehyde in PBS. These samples were sent to the
Hanaichi Ultrastructure Research Institute (Aichi, Japan) to obtain
transmission electron microscopy images.

Dissociation assay for instantaneous cell-cell adhesion
mediated by E-cadherin

To determine the instantaneous cell adhesive properties of EL cells, we
conducted a dissociation assay according to an established protocol
(Nagafuchi et al., 1994). EL cells that had been introduced with tet-
regulatable expression plasmid for extracellular syntaxin4 were pre-cultured
for three days with or without tetracycline. These cells were then treated with
0.01% trypsin for 20 min in HEPES-buffered saline containing 2 mM
CaCl,, dissociated by passing through a pipette tip ten times, and the
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number of dissociated single cells and the size of the undissociated cell
aggregates were analyzed. Parental L cells were used as a control.

Statistical analyses

Results are expressed as the mean+s.d. from at least three independent
experiments. Data were analyzed by a two-tailed, paired Student’s 7-test, and
a P-value of <0.05 was considered statistically significant.
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Fig. S1. Prolactin induced flattened morphology in parent EpH4 cells, but not in Stx4 K.O. EpH4
cells, which was blocked by the addition of membrane-impermeable syntaxin4 antagonist r-F3 (Hirose
et al., 2017), but not of r-GFP control (50 pg/ml). As Stx4 K.O. clones generated by different
gRNAs behaved similarly and exogenous syntaxin4 could be expressed in clone2, the cell size was
quantitated only for clone2. Compared to parent EpH4 cells, the size of Stx4 K.O. cells was
apparently small, however, re-expression of syntaxin4 recovered the cell size. Bars, 50 um. Area

occupied by a cell is shown. n= 40, ***; p< 0.001, **; p< 0.01.
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Fig. S2. Upper, the relationship between the mode of expression of extracellular syntaxin-4 and the
phenotype. Lower, amount of extracellular syntaxin4 (Stx4) in parental EpH4 cells with prolactin, T7-
Stx4 EpH4 cells (ON) with prolactin, and Sig-T7 Stx4 EpH4 cells (ON) without prolactin. Non-
permeabilized cells in 96-well plate were incubated with primary antibody against syntaxin4 or -
actin, and with HRP-conjugated secondary antibodies. After excessive washing with TBS, amount of
syntaxin4 or B-actin on the cell surface was quantified with TMB solution (Scy Tek, UT, USA) using
the plate leader (Thermo Scientific, Finland) . n = 4. **: P < 0.01. As the signal intensity of syntaxin4
in the permeabilized cells is weaker than or similar to that of -actin (Fig 1B), the lower left graph

reflects the expression amount of extracellular syntaxin4.
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Sig-T7 Stx4 EpH4 (ON)
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Fig. S3. Sig-T7 Stx4 EpH4 cell aggregates with extracellular syntaxin-4 (ON) were embedded in
Matrigel or collagen | and compared the morphological appearance on day 5. In collagen gel Sig-

T7 Stx4 EpH4 cells scattered/disseminated and never underwent luminal morphogenesis.
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r-GFP r-F1 r-F2 r-F3

CBB

Fig. S4. Syntaxin4 binds to E-cadherin in EpH4 cells via its central and membrane
proximal domain. Syntaxin4 fragments (r-F1:Met1-Glu110, r-F2:Alal11-Arg197, r-F3:Glu198-
Lys272) tagged with 6X histidine residues were prepared, trapped to Ni-NTA agarose beads, and
incubated with EpH4 cell lysate. Unbound and bound materials to the beads were collected and
analyzed for E-cadherin by immunoblotting (upper). Equivalent amount of each fragment on
the beads was apparent, as judged by Coomassie Brilliant Blue (CBB) staining (lower).
The central domain (F2) and membrane proximal domain (F3) bound to E-cadherin expressed in

EpH4 cells.
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Fig. S5. A, Line scan analyses of E-cadherin (magenta) and sig-T7-Stx4 (green) in sig-T7-Stx4 EpH4 (ON)
treated with CQ (same as a lower panel in Fig. 6E). Signal intensities of E-cadherin and sig-T7-Stx4 were
analyzed along lines @, @, @ using imagel. Overlap of each maximum signal intensity shows co-
localization of E-cadherin and sig-T7-Stx4 (triangles). B, The 90 kDa form of E-cadherin lacks cytoplasmic
tail for cytoskeletal linkage. A monoclonal antibody against extracellular domain of E-cadherin (ECCD2)
bound both the full length and the 90 kDa form of E-cadherin, whereas polyclonal antibodies against the
cytoplasmic tail (Takara, Japan) failed to recognize the latter. C, Expression of extracellular syntaxin4 for 3
days did not affect the expression of E-cadherin mRNA in EpH4 cells. n=4. D, Signals from Matrigel did
not affect the generation of 90 kDa E-cadherin. Sig-T7 Stx4 EpH4 cells on Matrigel or collagen | were
treated with various amount of CQ, then the expression of E-cadherin was analyzed. These cells produced

90kDa E-cadherin in response to extracellular syntaxin4 even on Matrigel. N= 3, **; p< 0.01.
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Fig. S6. A, Left, a schematic image of full length (functional) and “tailless” E-cadherin-mutant (E-cad
AT735: Metl~Arg735). Right, EL cells with inducible expression of “tailless” E-cadherin-mutant (E-
cadA735 EL). EL cells were stably transfected with the PiggyBac-based tet-regulatable expression
plasmid containing cDNA for Met1-Arg735 in E-cadherin (NCBI 12550). Upon removal of tetracycline
(ON), these cells expressed “tailless” E-cadherin-mutant without affecting the amount of functional E-
cadherin. B, Left, microscopy images and distribution of E-cadherin in E-cadA735 EL cell aggregates
embedded in Matrigel for three days. Bars, 50 um (upper) and 25 um (lower). Right, quantification of the
perimeter of the cell aggregates. n= 30, *; p< 0.05. Cell aggregates with only functional E-cadherin

remained as cell clumps, whereas those additionally with E-cadA735 were dissociated and scattered.
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Fig. S7. Upper, light microscopy images of sig-T7-Stx4-EL cells with (ON) and without (OFF)
extracellular expression of syntaxin4 in the cell dissociation assay. L cells that have no cadherins
were completely dissociated by this treatment. Bars, 50 um. Lower, relative number of dissociated
single cells (left, n=6), and the size of the undissociated cell aggregates (right, n=40) after

treatment with trypsin in the presence of Ca?*.
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Movie 1. Sig-T7-Stx4 EpH4 aggregates were embedded in Matrigel and time-lapse
images was acquired from 48 h of culture and ran for 120 h. Movie was constructed
from expanded images from 99 h to 164 h when active cell movement was

observed. Red circle indicates the inner cell populations in the aggregate.
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