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Connexin 43 maintains tissue polarity and regulates mitotic
spindle orientation in the breast epithelium
D. Bazzoun1,2,*, H. A. Adissu1,*, L. Wang1,§, A. Urazaev3, I. Tenvooren4, S. F. Fostok2, S. Chittiboyina1,
J. Sturgis1, K. Hodges1, G. Chandramouly1, P.-A. Vidi4, R. S. Talhouk2,‡,¶ and S. A. Leliev̀re1,5,‡,¶

ABSTRACT
Cell–cell communication is essential for tissue homeostasis, but its
contribution to disease prevention remains to be understood. We
demonstrate the involvement of connexin 43 (Cx43, also known as
GJA1) and related gap junction in epithelial homeostasis, illustrated
by polarity-mediated cell cycle entry and mitotic spindle orientation
(MSO). Cx43 localization is restricted to the apicolateral membrane of
phenotypically normal breast luminal epithelial cells in 3D culture and
in vivo. Chemically induced blockade of gap junction intercellular
communication (GJIC), as well as the absence of Cx43, disrupt the
apicolateral distribution of polarity determinant tight junction marker
ZO-1 (also known as TJP1) and lead to random MSO and cell
multilayering. Induced expression of Cx43 in cells that normally lack
this protein reestablishes polarity and proper MSO in 3D culture.
Cx43-directed MSO implicates PI3K–aPKC signaling, and Cx43 co-
precipitates with signaling node proteins β-catenin (CTNNB1) and
ZO-2 (also known as TJP2) in the polarized epithelium. The
distribution of Cx43 is altered by pro-inflammatory breast cancer
risk factors such as leptin and high-fat diet, as shown in cell culture
and on tissue biopsy sections. The control of polarity-mediated
quiescence andMSOmay contribute to the tumor-suppressive role of
Cx43.
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INTRODUCTION
The formation of multilayers of cells during cancer onset reflects the
loss of epithelial architecture that results from disruption of the
polarity axis (Lesko et al., 2015), and particularly, its apical portion
established by tight junctions. The implication of tight junction
proteins in proliferation control and tumor suppression (Bazzoun
et al., 2013), and of tight junction structures in the maintenance of
cell quiescence (Chandramouly et al., 2007; Yue et al., 2012), has
established apical polarity as essential for epithelial homeostasis.
The contribution of apical polarity to the control of cancer onset
makes this architectural feature worthy of consideration for cancer
prevention research (Eccles et al., 2013; Leliev̀re, 2010).

Another tissue structure involved in epithelial homeostasis is the
gap junction (GJ) built from connexins. Lack of cell coupling via
GJs and/or downregulation of connexins have been initially
reported in liver, thyroid, stomach, lung, prostate, cervical and
intestinal tumors (Kanno and Matsui, 1968; Ruch et al., 1998;
Yamasaki et al., 1995). The ectopic reintroduction of connexin 43
(Cx43), Cx26 or Cx40 (also known as GJA1, GJB2 and GJA5,
respectively) into tumor cells has been shown to reduce tumor
growth and partially redifferentiate transformed cells (Hirschi et al.,
1996; McLachlan et al., 2006). In the mammary gland GJs have
been implicated in normal development and their dysregulation has
been correlated with tumorigenesis (Kanczuga-Koda et al., 2003).
Specifically, the downregulation of Cx43 and Cx26 expression in
primary breast tumors (Laird, 2006; Lee et al., 1992), and
the transfection of breast cancer cells with either of these
connexins leading to mesenchymal to epithelial transition and
partial reversion of the tumor phenotype, indicate tumor suppressor
function in these proteins (McLachlan et al., 2007; Qin et al., 2002;
Talhouk et al., 2013).

Connections between GJs and tight junctions exist. Indeed, Cx30
(also known as GJB4), Cx40, Cx43 or Cx26 may regulate the
expression of ZO-1 (also known as TJP1), claudins and occludins in
epithelia and sometime interact with these proteins (Go et al., 2006;
Li et al., 2010; Nagasawa et al., 2006; Nusrat et al., 2000).
Interestingly, in light of the overlap of Cx43-mediated GJs, but not
Cx32 (also known as GJB1)-mediated GJs, and tight junctions in
the subapical region of the thyroid follicular cells, it has been
suggested that the location of Cx43 might be linked to apical
polarity (Guerrier et al., 1995). Moreover, Cx43 assembly into GJs
and its association with ZO-2 (also known as TJP2) – and also
adherens junction-related α- and β-catenins – has been related to
mammary epithelial differentiation (Talhouk et al., 2008). Whether
GJs and tight junctions work together or separately to prevent tumor
development remains to be investigated.

Originally, Cx43 had been documented to mediate GJ
intercellular communication (GJIC) in mammary myoepithelial
cells that are notoriously lacking in tight junctions (El-Sabban et al.,
2003; Locke et al., 2004; Mroue et al., 2015; Plante et al., 2010;
Talhouk et al., 2005). Yet, induced expression of Cx43 in human
breast cancer cells could drive mesenchymal to epithelial transition
(Talhouk et al., 2013). The expression of Cx43 in luminal epithelial
cells has been indicated in human breast in the past (Monaghan
et al., 1996) and was shown to be present in mice (Dianati et al.,
2016). Homomeric Cx32 and heteromeric Cx26–Cx32, Cx26–
Cx30 and Cx30–Cx32 form channels in the murine luminal
epithelium. Cx26 is variably expressed through murine
development, with a peak during pregnancy and lactation (Locke
et al., 2004; Talhouk et al., 2005), and appears to have a low impact
on mammary function (Stewart et al., 2014). Cx26 has been
detected in low amounts and localized intracellularly when humanReceived 24 September 2018; Accepted 8 April 2019
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luminal cells are separated from the myoepithelium and cultured
in vitro, but only rare displays of dye transfer and no formation of
GJ plaques were detected (Monaghan et al., 1996). Cx30 and
Cx32 are transiently expressed as well; in contrast, Cx43 is
continuously present, at similar levels, throughout development
stages of the murine mammary gland (Dianati et al., 2016).
Although suspected to act as a major contributor to the normal
behavior of cells, the function of Cx43 remains poorly appreciated
in polarized epithelia.
Here, we report the presence of Cx43 specifically at the apical

cell–cell contacts of the luminal breast epithelium in 3D cell culture
and in resting human breast. Cx43-mediated GJs are required for the
establishment and maintenance of apical polarity, and obesity, a risk
factor for mammary cancer, is associated with loss of the apical
distribution of Cx43. We further demonstrate that Cx43-dependent
polarity controls glandular morphogenesis, not only by influencing
cell cycle entry, but also by directing mitotic spindle orientation
(MSO) through the PI3K–aPKC–NuMA pathway. Our findings
establish a preventive function of Cx43 in major aspects of cancer
onset that are polarity loss, random MSO and cell multilayering.

RESULTS
Cx43 is distributed apically in differentiated breast luminal
epithelial cells
The non-neoplastic human mammary epithelial HMT-3522 S1 cell
line (Briand et al., 1987) forms well-differentiated glandular
structures or acini, characterized by cell cycle exit and a polarity
axis with apicolateral tight junctions (Plachot and Leliev̀re, 2004)
when cultured in 3D, in the presence of basement membrane
components. Such a level of differentiation renders the S1 cells
suitable for studying mechanisms of phenotypically normal
homeostasis associated with connexins. Analyses of mRNAs from
GJA1, GJB6, GJB1 and GJB2 genes coding for Cx43, Cx30, Cx32
and Cx26, respectively, detected only expression of GJA1 in acini
formed by S1 cells. Western blotting confirmed that Cx43, but not
Cx26, Cx30 or Cx32, was present in these cells (Fig. 1A; Fig. S1).
Immunofluorescence staining revealed the expected dotted pattern
correlated with cell–cell junction localization of Cx43 in S1 cells
cultured as 2D monolayer, whereas Cx43 was mainly concentrated
into foci towards the center of the acini, and thus within the apical
cellular poles, in 3D cell culture (Fig. 1B). Immunohistochemistry
performed on archival biopsy sections of normal-appearing breast
tissue reaffirmed the presence of Cx43 in myoepithelial cells (Laird
et al., 1999), but it also showed an apicolateral concentration of the
protein in the luminal epithelium, similar to the pattern observed in
acini in 3D cell culture (Fig. 1C). In vivo basal Cx43 colocalized
with α-smooth muscle actin (α-SMA, also known as ACTA2)
protein, a marker of myoepithelial cells; however, apicolateral Cx43
appeared strictly confined to luminal cells since it did not overlap
with α-SMA, ruling out the possibility that myoepithelial
cytoplasmic extensions brought Cx43 toward the apical pole of
acini (Fig. 1D).
In cells defective for connexin trafficking and GJ assembly,

connexins are found in lysosomes owing to their lysosomal
degradation (Qin et al., 2001). The distribution pattern of Cx43 in
acini seen in 3D cell culturewas not linked to lysosomal degradation
of the protein since dual immunostaining for Cx43 and lysosomal
marker LAMP-2 did not reveal striking colocalization (Fig. 1D). In
contrast, dual immunostaining for Cx43 and ZO-1 revealed
extensive colocalization at the apical side of luminal cells
(Fig. 1E), suggesting a close association of Cx43 with tight
junction proteins. Moreover, Cx43 was primarily localized along

lines marked by cell–cell adhesion marker β-catenin (also known as
CTNNB1), indicating its presence at cell–cell junctions and
consequently, its possible involvement in GJIC (Fig. 1E).

GJIC controls epithelial homeostasis
Communication among S1 cells via GJ was initially determined by
scrape loading of a mixture of Lucifer yellow (LY) and rhodamine-
B isothiocyanate–dextran (RD) in 2D culture. The GJ-permeable

Fig. 1. Cx43 is located apically in the breast luminal epithelium. S1 non-
neoplastic mammary epithelial cells were cultured in 2D (A,B) or in 3D (B,D,E),
as indicated, for 10 days. A thin section from breast tissue biopsy was used in
C. (A) Western blot shows that Cx43, but not Cx26, is expressed in S1 cells;
lamin B is used as loading control. (B) Immunostaining for Cx43 (red), with
apical localization indicated by the arrow. (C) Immunohistochemistry for Cx43
(reddish-brown) in normal-appearing breast glandular tissue, with display of
basal localization in myoepithelial cells (arrowheads) and apical localization in
luminal cells (asterisks). Nuclei are counterstained with hematoxylin (blue).
(D) Left: dual fluorescence staining for Cx43 (green) and a myoepithelial cell
marker (α-smooth muscle actin protein, α-SMA; red) in normal-appearing
breast glandular tissue. Cx43 staining overlap with α-SMA staining in
myoepithelial cells appears in yellow (arrows). Right: dual immunostaining for
Cx43 (red) and a lysosomal marker (lysosomal-associated membrane protein
2, LAMP-2) (green) in an acinus formed by S1 cells; the arrow points to a rare
spot with colocalization (yellow). (E) Dual staining for Cx43 (red) and ZO-1
(green) or β-catenin (green). Colocalization of Cx43 and ZO-1 staining appears
yellow (short arrows); cell–cell contacts with Cx43 aligned with β-catenin are
indicated (long arrows). Nuclei are counterstained with DAPI (blue). Scale
bars: 10 µm. Single immunofluorescence staining was done on multiple (>5)
biological replicates (cell cultures and tissue samples); dual immunostaining
was done on 2–3 biological replicates.
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LY diffused over a longer distance inside the cell layer compared to
RD, a dye too large to diffuse through GJ and that remained at the
wound site (Fig. S2A). For the assessment of GJIC in the
differentiated glandular epithelium, microinjection of a mixture of
LY and RDwas performed into a single cell, in at least 10 acini. The
localization of RD confirmed that only one cell had received the
injection, whereas LY diffused throughout each of the acini,
indicating the presence of functional GJs (Fig. 2A). A concentration
of 18α-glycerrhitinic acid (AGA) that effectively blocked GJs
without toxicity, based on TUNEL and Trypan Blue exclusion
assays, was first determined in 2D culture (Fig. S2B). The treatment
of cells with AGA in 3D culture at day 4, during the proliferation
stage of acinar morphogenesis (Fig. S2C), or at day 10, upon
completion of acinar morphogenesis, confirmed the blockade of GJ
communication, as shown by the strict localization of both RD and
LY to the injected cells (Fig. 2A).
The effect of blocking GJIC was examined by assessing

proliferation, acinar morphology, and basoapical polarity
following treatment of S1 cells with AGA during the 10-day
process of acinar morphogenesis. A marked defect in morphology
was illustrated by acini that appeared bumpy and lacked the usual
organization of cells like ‘slices in a pie’ (Fig. 2B). Noticeably,
immunostaining for β-catenin revealed the aberrant presence of cells
in the center of the acini of the AGA-treated group (Fig. 2C). The
alteration of the arrangement of cells was not accompanied by a
change in proliferation rate as measured by BrdU labeling on day 4
of 3D culture (Fig. 2D). Furthermore, the distribution of polarity
marker ZO-1, typically apicolateral in differentiated breast acini
in vivo (Martin et al., 2004) and in vitro (Plachot and Leliev̀re,
2004), was significantly altered by AGA treatment during (days 1–
10) or following (days 9–12) acinar differentiation, and displayed a
diffused and/or basal staining pattern (Fig. 2E). There was no
apparent alteration in the localization of α6-integrin (ITGA6)
compared to untreated acini (Fig. 2E), ruling out the possibility that
loss of apical polarity was a consequence of gross perturbations in
basal polarity. The alteration of ZO-1 distribution was not
accompanied by a noticeable change in the expression levels of
this protein (Fig. 2F).
These results suggest that GJIC is required for the proper

organization of tight junctions, and hence for the establishment
of apical polarity in acini. We have shown previously that acini
lacking apical polarity can be pushed into the cell cycle
(Chandramouly et al., 2007). Initially, this demonstration was
done by altering the distribution of mitotic spindle and chromatin
organizer NuMA (also known as NUMA1), a protein involved in
mammary acinar differentiation (Abad et al., 2007), with an
antibody (B1C11) targeted against this protein and introduced in
live acinar cells. To determine whether apical polarity loss induced
by GJ blockage also primed acinar cells for cell cycle entry, we
treated S1 acini, in which GJs were blocked by AGA treatment,
with the B1C11 antibody against NuMA. There was a significant
increase in the percentage of cells positive for cell proliferation
marker Ki67 (also known as MKI67) in acini with combined AGA
and B1C11 treatments compared to those treated either with a
nonspecific immunoglobulin (IgG), regardless of AGA treatment,
or with B1C11 alone (Fig. S3). The impact of GJIC blockage on
fostering cell cycle entry was confirmed by exposing AGA-treated
S1 acini to insulin-like growth factor 1 (IGF-1), a potent
mitogenic stimulus implicated in normal and cancerous mammary
development (Fig. 2G). Thus, GJs influence apical polarity and cell
quiescence, two features of normal homeostasis that need to be
disrupted for tumor onset.

Cx43 directs the establishment of apical polarity
The most abundantly expressed gap junction protein in several
epithelial tissues, including breast, is Cx43, and it has been shown
to be involved in the maintenance of epithelial homeostasis in
organs other than the breast (Ey et al., 2009; Li et al., 2010;
Marquez-Rosado et al., 2012). To confirm its direct implication
in the regulation of mammary acinar differentiation, Cx43 was
downregulated in S1 breast luminal cells through retroviral delivery
of shRNA (Shao et al., 2005). The expression of Cx43 was
markedly reduced at mRNA and protein levels in Cx43 shRNA-
treated cells compared to cells infected with a non-specific sequence
(NSS) or the empty vector (EV), without exhibiting compensatory
expression of Cx30, Cx32 and Cx26 (Fig. 3A; Fig. S4A). As
evaluated using immunofluorescence staining, at least 65% of the
acini in the shRNA-treated group did not express Cx43, whereas
almost 90% of the acini in the control groups exhibited Cx43
expression (Fig. 3B). Upon GJA1 silencing GJ-mediated
communication was inhibited in the majority (at least 75%) of the
acini analyzed, as determined by the lack of transfer of
microinjected neurobiotin (NB), a fixable GJ permeable dye. In
contrast, acinar cells in the control group had an effective dye
coupling, as evidenced by the distribution of NB throughout the
multicellular structures (Fig. 3C). All the acini that lacked GJIC
were deficient in Cx43, as shown by immunostaining in the acini
injected with NB.

Based on β-catenin immunostaining, the typical arrangement of
luminal epithelial cells, like slices in a pie, was lost in the Cx43-
shRNA acini population, with >75% of acini properly organized in
the control group compared to <40% in the Cx43-shRNA group
(Fig. 3D). There was no observable effect on basal polarity, as
shown by α6-integrin distribution (Fig. S4B), yet apical polarity
was compromised. Indeed, apical localization of ZO-1 was evident
in <50% of the acini in the Cx43-shRNA group compared to >80%
of the acini in the NSS group (Fig. 3E). ZO-1 mislocalization was
not accompanied with a detectable change in the expression level of
this protein (Fig. 3F). These data resemble those obtained upon
blockage of GJs, confirming that Cx43-mediated GJIC is essential
for the morphological differentiation of S1 cells.

The interaction of connexins with proteins that control polarity is
selective and depends on stages of murine mammary development,
which supports the idea that connexins participate in signaling
nodes and hubs involved in epithelial homeostasis (Dianati et al.,
2016). In particular, Cx43 interacts with β-catenin in mammary
luminal cells as we showed in a murine 3D culture model (Talhouk
et al., 2008). We have repeatedly observed the accumulation of
β-catenin at the apical portion of polarized human acini in 3D
culture (Yue et al., 2012), with some overlap of Cx43 and β-catenin
staining patterns (Fig. 1E). Indeed, β-catenin was present in Cx43
precipitates in human mammary epithelial cells differentiated into
acini (Fig. 3G). We have also observed that ZO-2, a partner of Cx43
in murine mammary epithelial tissue (Talhouk et al., 2008), has a
location and behavior similar to ZO-1 in mammary acini (Yue et al.,
2012). Here, ZO-2 coimmunoprecipitated with Cx43 in polarized
acini (Fig. 3H). Thus, Cx43 connects with proteins essential for
polarity organization and signaling in differentiated mammary
epithelium.

We reasoned that if Cx43 were essential to mediate apical polarity
formation in the mammary epithelium, its induced expression
in non-neoplastic mammary epithelial MCF10A cells, which
normally harbor negligible endogenous Cx43, might rectify their
demonstrated inability to polarize apically (Plachot et al., 2009).
Following infection with a lentiviral construct coding for Cx43, the
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Fig. 2. Loss of GJIC disrupts acinar differentiation and primes luminal epithelial cells for cell cycle entry. S1 cells were cultured in 3D for 10 days and
treated with AGA (50 μM) or vehicle (A–F). (A) One cell per acinus was ionophoretically microinjected with a mixture of Lucifer Yellow (LY, 2.5% w/v) and
rhodamine B isothiocyanate-dextran (RD, 2% w/v) in 0.1 mM LiCl. Cells were observed with epifluorescence microscopy 15 min following injection.
Representative acini are shown (n=10 acini in different cell cultures). The gap junction impermeable dye, RD (red), marks the injected cells; LY diffuses throughout
the acinus when gap junctions are functional. (B) Phase contrast images with accompanying drawings of a normal-looking acinus (left panel) and an acinus with
cells positioned abnormally (right panel, arrows). (C) Immunostaining for β-catenin (green) and DAPI (blue) to better visualize the arrangement of cells. The
correct acinar morphology is defined as one layer of cells; the arrow indicates an aberrantly localized (central) cell observed on the optical section through the
middle of an acinus. Graph shows the mean±s.e.m. percentages of acini with correct morphology; at least 100 acini analyzed per condition; n=3 (biological
replicates corresponding to distinct cell cultures usually of different passages). (D) Mean±s.e.m. percentages of BrdU-positive cells at day 4 of 3D culture; a
minimum of 500 cells analyzed per condition; n=3. (E) Dual immunostaining for apical polarity marker ZO-1 (red) and basal polarity marker α6 integrin (green);
arrowheads indicate aberrant basal localization of ZO-1. Graph shows mean±s.e.m. percentages of S1 acini with apical location of ZO-1 during (days 1–10) or
following (days 9–12) acinar differentiation; at least 100 acini analyzed per condition; n=3. (F) Western blot for ZO-1 shows no effect of AGA treatment on
expression levels; lamin B is used as loading control. (G) S1 cells were cultured for nine days in 3D with or without AGA (50 µM) followed by incubation with
100 ng/ml of insulin-like growth factor I (IGF-1) or vehicle for 36 h. Graph shows mean±s.e.m. percentages of cells positive for cell proliferation marker Ki67. In
representative dual fluorescence immunostaining for ZO-1 (green) and Ki67 (red) under different treatment conditions, nuclei are counterstainedwith DAPI (blue).
Diffuse ZO-1 distribution is indicated by arrowheads; positive intranuclear Ki67 localization is shown by arrows in some of the cells. At least 100 cells analyzed for
each condition, n=3. **P<0.01, ***P<0.001; unpaired t-test (C,D,E) and one-way ANOVA with Dunn’s comparison (G). Scale bar: 10 µm.
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expression of this connexin was increased in MCF10A/HuCx43
cells compared to uninfected cells and cells infected with the empty
vector (EV) control in both 2D and 3D culture conditions (Fig. 4A).

Accordingly, the percentage of MCF10A/HuCx43 acini with
immunostaining signals for Cx43 was drastically higher than
in the EV group (Fig. 4B,C), and expression of Cx43 was

Fig. 3. Downregulation of Cx43 expression disrupts GJIC and apical polarity in S1 cells. (A) Western blot (upper image) and quantitative real-time PCR
(bottom graph) for Cx43 expression in S1 cells following retroviral delivery of empty vector (EV) or non-specific sequence shRNA (NSS) used as negative controls,
and Cx43-specific shRNA (shRNA). Lamin B serves as loading control; n=3. Cx43 mRNA expression normalized to EV control; data represented as mean±s.e.m.
(B) Fluorescence immunostaining for Cx43 (red) in S1 cells treated as indicated and cultured for 10 days in 2D or 3D conditions. Arrows indicate Cx43 foci.
Graph shows themean±s.e.m. percentages of acini that express Cx43 in each treatment condition; at least 200 acini were analyzed per condition; n=3. (C) S1 cells
infected with NSS (upper panel) or Cx43 shRNA (lower panel) were cultured in 3D for 10 days and microinjected with 3% NB in 0.15 M LiCl, followed by dual
fluorescence stainingwith streptavidin–FITCandan antibodyagainst Cx43 (red).Merged images show the extent of NB spreadwithin the acini; n=10 acini. (D) Dual
immunostaining of acini for Cx43 (red) and β-catenin (green; indicating cell–cell limits) in S1 cells treated as indicated. The peripheral organization of cells around a
hollow center (left lower panel) is considered morphologically correct. Graph shows mean±s.e.m. percentages of acini with correct morphology; at least 100 acini
analyzed per condition; n=3. (E) Dual immunostaining for Cx43 (red) and ZO-1 (green) in acini formed by S1 cells treated as indicated. The arrow points to the
peripheral location of ZO-1 and the asterisk indicates the central location of a cell (optical section through the middle of the acinus), illustrating abnormal
morphogenesis. Graph shows mean±s.e.m. percentages of acini with apical ZO-1 staining; at least 100 acini analyzed per condition; n=3. (F) Western blots
show unchanged levels of total ZO-1 expression in 10-day-old S1 acini treated as indicated. LaminB was used as loading control. (G,H)Western blots for Cx43 and
co-immunoprecipitated β-catenin (G) or ZO-2 (H) following immunoprecipitation with Cx43 antibody in S1 acini. *P<0.05, **P<0.01, ***P<0.001; one way ANOVA,
with Dunn’s comparison (A,B), nonpaired t-test (D,E). Nuclei are counterstained with DAPI (blue). Scale bar: 10 µm.
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accompanied by apical localization of the protein in a majority of the
acini population. As much as 50% of MCF10A/HuCx43 acini
displayed apicolateral ZO-1 when Cx43 was at the apical pole of

cells, which was significantly higher than in acini with non-apical
Cx43. In contrast, <15% of the Cx43-positive MCF10A/EV
multicellular structures displayed ZO-1 apically localized, which
represents a mere 2% of the whole population of structures made by
MCF10A/EV cells (Fig. 4C). It is to be noted that Cx43-positive
MCF10A/EV acini usually do not display Cx43 apically. The
change in ZO-1 distribution associated with de novo expression of
Cx43 was not accompanied by striking alterations in ZO-1
expression level (Fig. 4A). In contrast, plasmid-induced de novo
expression of Cx32 was observed throughout the cytoplasm and not
at cell–cell junctions (with rare exceptions upon transfection of S1
cells) and appeared to be associated with a mesenchymal shape of
MCF10A cells (Fig. S4C,D). We conclude that Cx43 is capable of
driving apical polarity in the mammary epithelium.

Cx43-mediated gap junction intercellular communication
influences acinar morphology via the control of mitotic
spindle orientation
The loss of epithelial tissue polarity has been linked to multilayering
of cells within the ductal lumen in pathological specimens (Jones and
Young, 1994; Fitzgibbons et al., 1998; Tobi, 1999). A recurrent
observation following blockage of GJIC and silencing of GJA1
coding for Cx43 in the experiments presented above is the disruption
of acinar morphogenesis shown by the aberrant presence of cells in
the center of the acinus (see Fig. 2B,C,G, Fig. 3B–D). We further
investigated the link between Cx43 localization and epithelial
multilayering. Immunohistochemical analysis of Cx43 in archival
biopsy sections from breast cancer-free women revealed that most of
the acini displayed apically localized Cx43 in the luminal epithelium
compared to only basally localized Cx43 (i.e., Cx43 localized in the
myoepithelial cells of the acini) in myoepithelial cells (Fig. 5A).
Furthermore, the apical localization of Cx43 significantly correlated
with a typical epithelial organization (i.e. only one layer of luminal
cells lining the inner side of the layer of myoepithelial cells) (Fig. 5B,
C). An atypical epithelium (i.e. with cells piling up in places,
suggesting additional layering compared to the layer ofmyoepithelial
cells and the layer of luminal cells) was more frequently associated
with exclusively basal Cx43 localization than with normally
distributed Cx43 (i.e. both at the apical pole of the luminal
epithelium and basally in the myoepithelial layer). Similarly, GJA1
silencing-mediated loss of Cx43 in luminal S1 cells was
accompanied by a significant increase in the number of acini
displaying abnormal multilayering of cells (Fig. 5D).

Factors such as cell–cell adhesion, polarityand theorientationof cell
divisions contribute to the formation ofmonolayered epithelia (Martin-
Belmonte and Perez-Moreno, 2011; Akhtar and Streuli, 2013);
however, the mechanisms underlying abnormal cell multilayering
remain poorly understood. Compromised adhesion linked to impaired
interaction of epithelial cells with their ECM (Myllymaki et al., 2011;
Daley et al., 2012) or mutations in adhesion receptor E-cadherin
(CDH1) (Jia et al., 2011) can give rise to aberrantly polarized epithelial
structures along with the loss of monolayered epithelium. Cx43might
participate in cellular organization by influencing adhesion, since a
significant correlation between its expression and that of E-cadherin
has been reported (Jin et al., 2010; Tang et al., 2011). We found no
difference in the percentage of acini displaying E-cadherin at cell–cell
junctions (versus a diffused cytoplasmic distribution, for instance)
upon AGA treatment (leading to loss of apical Cx43) (Fig. S5A,B),
thus ruling out the possibility that disruption of cell–cell adhesion
underlies acinus malformation.

Cell multilayeringmight result from aberrant directional division, a
known phenomenon for altered morphogenesis and disorganization

Fig. 4. Cx43 expression induces apical polarity in MCF10A acini.
(A) Western blots for Cx43 and ZO-1 expression from 10-day 2D and 3D
cultures of MCF10A cells that were uninfected (Un) or infected with empty
vector (EV) for controls, or infected with HuCx43 vector (HuCx43). Lamin B is
used as loading control. (B) MCF10A cells stably infected with EV (MCF10A/
EV) or with HuCx43 (MCF10A/HuCx43) were cultured in 3D for 10 days to
induce acinar differentiation. Graphs showmean±s.e.m. percentages of acinar
structures expressing Cx43 (left) and of acinar structures with Cx43 apically
localized among those expressing Cx43 (right). (C) Representative images of
dual immunostaining for Cx43 (green) and ZO-1 (red) in acini formed by
MCF10A/HuCx43 and by MCF10A/EV with (Cx43+) and without (Cx43−)
Cx43 expression. Red arrows on merged image indicate the apical location of
ZO-1. Nuclei are counterstained with DAPI (blue). Graph shows mean±s.e.m.
percentages of acini with apically localized ZO-1 among thosewith apical Cx43
and non-apical Cx43. A minimum of 100 acini were analyzed in each condition
although the number of acini analyzed was less in EV population due to the
paucity of structures expressing ZO-1 in C; n=3; unpaired-test (B) and one-way
ANOVA with Dunn’s comparison (C), **P<0.01, ***P<0.001 (significance only
shown for comparison of interest in C). Scale bar: 10 µm.
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of the neuroepithelium (Zheng et al., 2010; Peyre et al., 2011). In the
mammary gland an aberrant MSO would be any direction
whereby the spindle poles are not tangential to the circumference of
the acinus, in other words, not ‘parallel to the basement membrane or
substratum’. In such a situation, one or more of the daughter cells
would remain in the center of the acinar structure upon completion of
cytokinesis (Fig. 6A). The orientation of the mitotic spindle was
assessed in cells treated with AGA and with vehicle until day 4 of 3D
culture by immunostaining for α-tubulin. A significantly reduced
number of mitotic cells in the AGA-treated cultures displayed proper
MSO (i.e. tangential to the acinar circumference) compared to the
control group (Fig. 6B,C). Dual immunostaining for α-tubulin and
Cx43 revealed that at least 70% of acini containing mitotic cells
with proper MSO (there is usually at most one mitotic cell per
acinus) displayed apical Cx43 (Fig. 6D). Furthermore, S1 acini in
the Cx43 shRNA-treated group exhibited proper MSO at a
significantly lower rate than the control group (Fig. 6E). To confirm
that expression of Cx43 is required for proper MSO, we analyzed
MCF10A/EV cells that barely express Cx43, and MCF10A/HuCx43
cells in which Cx43 expression is mainly apical (see Fig. 4B). Proper
MSO was significantly less frequently observed in MCF10A/EV
group than in the group ofMCF10A/HuCx43 cells (Fig. 6F). A higher
percentage of MCF10A/HuCx43 acini displayed proper MSO when

Cx43 was apically localized compared to structures with nonapical
Cx43 (Fig. 6G).

Cx43-mediated control of MSO involves the PI3K–AKT
pathway
It has been established that β1-integrin regulates MSO in many cell
types including epithelial cells (Théry et al., 2005; Reverte et al.,
2006; Toyoshima and Nishida, 2007). Since β1-integrin participates
in mammary acinar development (Berdichevsky et al., 1994), we
investigated the potential role of this adhesion molecule in regulating
MSO in the breast epithelium. Upon incubation of S1 cells with
15 µg/ml of AIIB2, a function-blocking antibody against β1-integrin
(Damsky et al., 1992), between day 4 and day 6 of 3D culture, there
was a slight, but significant, increase in the percentage of cells with
proper MSO compared to mitotic cells in acini treated with 15 µg/ml
of nonspecific IgG, suggesting that β1-integrin can influenceMSO to
be perpendicular to the lining of the epithelium; thus, an effect
opposite to the impact of Cx43. Inhibition of both GJs and β1-
integrin (AGA+AIIB2 treatment) also resulted in a significant
increase in the number of acini with proper MSO compared to acini
with GJ blockage only (Fig. S6A); however, blocking β1-integrin
was insufficient to bring the percentage of cells with proper MSO
back to the level measured in the control.

Fig. 5. Absence of luminal expression of
Cx43 is associated with cell multilayering.
(A–C) Immunohistochemical staining for Cx43 was
performed on archival breast tissue biopsy sections
from 22 women with no history of breast cancer. Graphs
show mean±s.e.m. percentages of acini with apical
localization of Cx43 in the luminal epithelium (in addition
to basal myoepithelial localization; see drawing in red)
and basal localization of Cx43 only (A); percentages of
acini displaying typical (one layer of luminal cells at the
inner side of the layer of myoepithelial cells) or atypical
(piling up of cells) organization depending on the
location of Cx43 (B), n=22 acini; paired t-test.
(C) Representative images of acini with basal (red
arrows) and apical (orange arrowheads) Cx43
localization in a typical (normal-appearing) epithelial
structure and only basal Cx43 (red arrows) in an atypical
structure. Nuclei are stained with hematoxylin (blue).
(D) S1 cells stably silenced for Cx43 expression were
cultured in 3D for 10 days and immunolabeled for Cx43.
Graph shows mean±s.e.m. percentages of acini with a
monolayer of cells in acini of cells transduced with non-
specific sequence (NSS) control and Cx43 shRNA.
Shown are representative images of a monolayered
acinus with Cx43 (red) apically localized and a
multilayered (arrows) acinus lacking Cx43 staining.
Nuclei are stained with DAPI. At least 100 acini
analyzed; n=3, unpaired t-test. **P<0.01, ***P<0.001.
Scale bars: 10 µm.
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The protein kinase PI3K pathway has been involved in the
regulation of MSO; notably its orientation parallel to the cell layer
(Tuncay and Ebnet, 2016). Inhibition of PI3K in S1 cells up to day 4

of 3D culture, during the proliferation stage (pre-lumen assembly),
with 1 µM of LY294002 induced a significant decrease in the
percentage of cells with MSO ‘tangential to the circumference’ of

Fig. 6. Cx43-mediated GJs regulatemitotic spindle orientation (MSO). (A–D) S1 cells were cultured in 3D and treated, pre-lumen assembly, with vehicle or with
AGA until day 4. Resulting multicellular structures were dual-immunostained for Ki67 (red) and α-tubulin (green). MSO was analyzed based on the directionality of
the α-tubulin poles, either parallel to the basement membrane (or tangential to the circumference of the growing acini), which is the proper MSO to maintain a
monolayered epithelium, or non-tangential to the circumference (conducive to cell multilayering) as drawn in A, and shown on representative structures in B. Red
arrows in α-tubulin panels point to mitotic spindles and double-headed arrows inmerge panels indicateMSO; the asterisk indicates the center of the acinar structure;
nuclei are counterstained with DAPI (blue). (C) Graph shows mean±s.e.m. percentages of S1 cells that demonstrate proper MSO; at least 60 mitotic cells
analyzed per group; n=3; non-paired t-test. (D) Mean±s.e.m. percentages of acinar structures with mitotic cells that show ‘correct’MSO depending on the location of
Cx43 (usually only one mitotic cell seen per acinus). At least 60 cells in each treatment group analyzed; n=3. (E) Representative acinar structures of S1 cells
transduced with non-specific sequence (NSS) shRNA or with Cx43 shRNA (shRNA-Cx43) and immunostained for α-tubulin (red); double-headed arrows indicate
MSO; the asterisk indicates the center of the acinar structure; nuclei are counterstained with DAPI (blue). Graph shows mean±s.e.m. percentages of S1 cells
that show proper MSO; at least 60 mitotic cells analyzed per group; n=3; unpaired t-test. (F,G) MCF10A/HuCx43 and MCF10A/EV cells were cultured in 3D for four
days and dual immunostained for Cx43 and α-tubulin. Graphs show mean±s.e.m. percentages of cells that display ‘correct’ MSO; n=3 (F) and percentages of
MCF10A/HuCx43aciniwithmitotic cells that that show ‘correct’MSOdependingon the locationofCx43 (G).At least 60mitotic cells analyzedper group;n=3. *P<0.05,
**P<0.01, ***P<0.001; unpaired t-test (C,F,G), one-way ANOVAwith Dunn’s comparison (D). Scale bars: 10 µm.
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the growing acini, as shown with α-tubulin immunostaining
(Fig. 7A). The low percentage of cells with proper MSO in the
group treated with both LY294002 and AGA was comparable to
the groups treated either with AGA or with LY294002. Thus,
PI3K proteins (PI3K hereafter) are also important players in
Cx43-mediated control of MSO in the mammary epithelium.
Indeed, phosphorylated (p)-AKT1 (p-AKT hereafter), a
downstream target of PI3K, was significantly downregulated in
the AGA-treated group and in the LY294002-treated group
compared to control (Fig. 7B). A twofold decrease in p-AKT
activity was also measured in acini formed by S1 cells treated with
Cx43 shRNA compared to controls, without a decrease in PI3K
levels (Fig. 7C). We conclude that blocking GJs inhibits PI3K,
consequently disrupting the PI3K-dependent pathway that normally
directs proper MSO.
Among the top candidates that might act as effector proteins

downstream of PI3K to control MSO is aPKCζ (also known as
PRKCZ); this kinase is part of the Par6–aPKC polarity complex.
Once activated it excludes NuMA–LGN, a major protein complex
controlling MSO, from the apical domain of epithelial cells during
mitosis (Zheng et al., 2010; Tuncay and Ebnet, 2016), ultimately
allowing NuMA to interact at the lateral cortex with dynein, a
member of the motor complex that orients the spindle in the
equatorial cell membrane area (Johnston et al., 2009). As with α-
tubulin staining, GJ inhibition in acini following AGA treatment
resulted in a significant decrease in the number of cells with proper
MSO when measured by the presence of NuMA at the mitotic
spindle pole; inhibiting β1-integrin with function-blocking AIIB2
antibody increased the percentage of cells with proper MSO in
control and AGA-treated acini, confirming results obtained with
tubulin staining (Fig. S6B). NuMA has been considered a major
anchor to orient the mitotic spindle via an interaction with proteins

linked to the cell membrane (di Pietro et al., 2016; Tuncay and
Ebnet, 2016). In an attempt to visualize a potential spatial
relationship between Cx43 and NuMA for MSO control, we
cultured S1 cells as a monolayer on a flat surface with induction of
polarity by coating the culture surface with laminin 111 (Grafton
et al., 2011). Proliferation rate is typically very low in the non-
neoplastic epithelium. Among eight images of spindle poles
recorded with confocal microscopy, we saw colocalization of
Cx43 and NuMA at a mitotic spindle pole located next to a
neighboring cell with MSO in the equatorial portion of the cell
membrane only in one instance; thus, we could not correlate a
specific location of Cx43 to MSO (Fig. S6C). Nevertheless, we
could confirm the involvement of aPKCζ in MSO in S1 acini since
treatment between day 1 and day 4 with 5 μM aPKC
pseudosubstrate inhibitor (to halt aPKCζ activity) resulted in a
significantly decreased occurrence of proper MSO compared to the
control group (Fig. 7D).

The apical localization of Cx43 is compromised under
conditions associated with mammary cancer risk
We have shown previously with the S1 model of acini that treatment
with pro-inflammatory ω6 polyunsaturated fatty acid, arachidonic
acid, leads to the disruption of tight junctions (Yue et al., 2012).
Poor diet leading to a pro-inflammatory environment and
overweight or obesity condition have been associated with
increased risk for breast cancer (Calle and Kaaks, 2004; Deng
et al., 2016). Here, we found that S1 acini co-cultured with adipose
tissue explants derived from reduction mammoplasties performed
on overweight women had a markedly reduced proportion of
multicellular structures with strictly apical Cx43 (Fig. 8A,B).
Similar results were obtained for growth-arrested acini in culture
treated on day 10 (post-lumen formation) with fat-conditioned

Fig. 7. Regulation of MSO by Cx43 involves PI3K–
pAKT. (A,B) S1 cells were treated with vehicle
(control) or with AGA, or with 1 μM of PI3K inhibitor
LY294002 (LY), or with AGA+LY294002 pre-lumen
assembly and until day 4 in 3D culture. Graphs show
mean±s.e.m. percentages of cells with proper MSO
(i.e. tangential to the acinus circumference) based on
immunostaining for α-tubulin and analysis of at least
60mitotic cells per group (A), andmean±s.e.m. ratios
of expression levels of downstream effector of PI3K,
p-AKT, over AKT, normalized to the control group
based on quantification of western blot bands (B);
n=3, one-way ANOVA with Dunn’s comparison.
A representative image of western blots for one of
the replicates is also shown in B; lamin B is used
as loading control. (C) Representative images of
western blots for PI3K, AKT and p-AKT expression
from 3D cultures of S1 cells transduced with Cx43
shRNA (shRNA), non-specific sequence shRNA
(NSS) or empty vector (EV). Graph shows mean
±s.e.m. relative levels of p-AKT expression
compared to total AKT upon Cx43 silencing,
normalized to expression in NSS control cells. (D) S1
cells were treated with 5 μM aPKC pseudosubstrate
inhibitor until day 4 of 3D culture. Graph shows mean
±s.e.m. percentages of cells with MSO tangential
to the acini circumference based on α-tubulin
immunostaining and analysis of a minimum of 60
cells; n=3; *P<0.05, ***P<0.001; unpaired t-test.
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medium, consistent with a paracrine mechanism. Fat-tissue-derived
adipokine leptin is a key mediator of the oncogenic effects of
obesity (Andò and Catalano, 2012; Saxena and Sharma, 2013).

Leptin treatment of S1 acini upon differentiation (day 10 of 3D
culture) significantly altered Cx43 distribution, and this effect was
abrogated by a leptin receptor antagonist, as well as with
LY294002-mediated inhibition of PI3K, a downstream effector of
leptin signaling (Fig. 8C,D). Since we could not include live breast
adipose tissue from women who were not overweight in our
conditioned medium experiments, we obtained mammary tissue
sections from mice fed a normal or an obesity-inducing diet. The
proportion of mammary acini displaying Cx43 at the apical side of
the luminal cells was significantly reduced in animals fed the
obesity-inducing diet compared to controls (Fig. 8E).

DISCUSSION
We demonstrate the implication of Cx43 and its connexon in
epithelial homeostasis. In cell culture, Cx43 controls the
establishment and maintenance of apical polarity and, thus, cell
cycle entry. Moreover, it directs MSO, contributing to the
maintenance of epithelial organization. The absence of Cx43 from
the luminal epithelium is associated with an atypical structure (with
cells piling up) as observed in breast tissue sections.

We show that both leptin and adiposity activate the loss of
apicolateral distribution of Cx43. These results substantiate our
recent publication that these risk factors disrupt apical polarity (as
measured by the distribution of tight junctions) and alter MSO in the
breast epithelium (Tenvooren et al., 2019). Ultimately, as shown in
mammary tissue sections related to obesity, Cx43 is lost from the
luminal epithelium. Possible routes for Cx43 gene silencing include
disruption of GATA-3 binding or expression of oncogenic
microRNAs (Hao et al., 2012; Liu et al., 2015). Further work will
determine the place of Cx43 in obesity-mediated risk of tumor
development. Interestingly, the response to Cx43 alterations in cell
culture involved only a portion of the acini. The epigenetic status of
the mammary epithelium might condition the response to polarity
disruptors, since we have shown previously that apical polarity is
under epigenetic control (Plachot and Leliev̀re, 2004).

Relationship between the location of Cx43 and epithelial
polarity
Thepresence ofCx26,Cx30,Cx32 andCx43has been reported in the
mammary gland, but in humans Cx43 was considered a feature of
myoepithelial cells. Yet, only Cx43 was associated with better
prognosis of breast cancer (Teleki et al., 2014), stressing its
importance for normal breast homeostasis. Our immunohistological
investigation of archival breast tissue sections revealed the punctate
apicolateral location ofCx43 in the luminal epithelium, aswe initially
observed in breast acini in vitro. We wish to point out that apical
staining for Cx43 is also observable on some of the epithelial
structures in Fig. 3 of the report fromTeleki et al. (2014), although not
indicated in their manuscript. Apical polarity is a labile feature that is
modulated by many factors, including aging; thus, certain polarity
components can be easily missed from tissue sections. Cx43 is
present at luminal cell–cell interactions in the murine mammary
gland and is expressed in these cells throughout developmental stages
(Dianati et al., 2016).Our observation ofCx43 at the apical side of the
breast epithelium was essential to pursue the functional study of the
role of this connexin in luminal epithelial differentiation. Cx43 was
previously reported to be apical in the intestine and the lens epithelia
where it forms functional GJs, but it was not studied in the context of
epithelial polarity (Donaldson et al., 1994; White et al., 2001).

Polarity is critical for epithelial homeostasis (McCaffrey and
Macara, 2011). The plethora of different connexins enables
selectivity in channel permeability and selective participation in

Fig. 8. Cx43 localization is altered in models of overweight condition.
(A) Representative images of Cx43 localization in S1 acini, treated for 72 h on
day 10 of culture (post-lumenassembly) withmammaryadipose tissueexplants
(adipose coculture), with conditionedmedium (CM) from adipose tissue, or with
recombinant leptin (100 ng/ml). Nuclei were stained with DAPI. Arrows and
arrowhead indicate non-apical distribution of Cx43. Scale bar: 10 µm.
(B–D)Mean±s.e.m. quantification of apical Cx43 localization in acini cultured in
the presence of adipose tissue explants or CM (B), and in acini treated post-
lumen assembly with leptin, a leptin receptor antagonist (LA) (C), or leptin and
PI3K inhibitor LY294002 (D). *P<0.05, one-way ANOVAwith Tukey test. (E)
Immunohistochemical analysis of Cx43 distribution in whole-mount mammary
glands frommice fed control or obesity-inducing diets (OID). Cx43 signals were
extracted from immunohistochemistry images using spectral imaging (bottom
images). The arrow points to apical Cx43 signals. Cx43 localization was
evaluatedwith a three-grade scale (0=no apical signal; 1=partial, discontinuous
apical signal lining the lumen; 3=continuous apical signal) by two investigators
blind to the treatment conditions (≥25 acini or mammary ducts analyzed for
each animal). Cx43 localization is quantified in the graph. Data represented
as mean±s.e.m.; *P<0.01; unpaired t-test. Scale bar: 25 µm.
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homeostasis via interaction with other proteins depending on the
tissue type and development stage (Dianati et al., 2016). We show
that breast luminal differentiation is influenced by the apical
location of Cx43, where this connexin forms gap junctions and
interacts with homeostasis signaling protein β-catenin. Apical
polarity (illustrated by core protein ZO-1) is restored in MCF10A
acini when Cx43 is apical upon do novo expression (Fig. 4).
Moreover, Cx43 and ZO-2 interact in differentiated mammary
epithelial cells (Fig. 3H), which reinforces the proposed existence of
a cross-talk between GJs and tight junctions (Kojima et al., 2002;
Morita et al., 2004; Zemljic-Harpf et al., 2014). The literature
supports the assembly of junctional nexuses with overlapping and
common regulatory pathways between GJ, tight and adherens
junctions (Bazzoun et al., 2013; Dianati et al., 2016), which
suggests that components of these junctions might influence each
other during polarity development and maintenance; thus, we
cannot rule out that Cx43 might help recruit specific elements of the
tight junctions.

Cx43 controls the direction of cell division
Normally, luminal cells divide within the plane of the epithelium
(Villegas et al., 2014). A randomMSO upon blocking gap junctions
or via the silencing of Cx43 in the luminal epithelium revealed the
involvement of connexins in the control of cell multilayering.
Interestingly, stratification of skin has been shown to be positively
influenced by β1-integrin (Lechler and Fuchs, 2005), whereas in
other cell types, this integrin has been reported to direct MSO
tangential to the epithelium (LaFlamme et al., 2008). Indeed, a lack
of functional β1-integrin has been shown to induce mammary
myoepithelial cell division perpendicularly to the basement
membrane (Taddei et al., 2008). The mammary gland is part of
the integumentary system and develops as an ectodermal skin
specialization; yet, we show that Cx43 is paramount for MSO
instead of β1-integrin. We speculate that the interaction between
Cx43 junctional complex and tight junction ZO proteins, or with
molecules like Par3 that are involved in the PI3K–AKT pathway
controlling MSO (Tenvooren et al., 2019), might underlie Cx43-
mediated MSO. It is unlikely that Cx43 exerts an impact on MSO
via its known interaction with tubulin (Sorgen et al., 2018;
Vanderpuye et al., 2016), since we rarely observed Cx43 localized
near the mitotic spindle (Fig. S6C).
An altered MSO might contribute to cancer progression by

increasing aneuploidy, expanding the cancer stem cell pool and
facilitating tissue disorganization (Caldwell et al., 2007; Qin et al.,
2010; Quyn et al., 2010). Our immunohistochemical analysis of
normal human breast tissues supports a relation between Cx43 and
maintenance of an organized or typical luminal epithelium (without
cells piling up towards the lumen) in vivo. Piling up of epithelial
cells is already seen in premalignant mammary lesions such as
ductal hyperplasia (Godde et al., 2014). Even if misoriented
spindles have been observed in certain tumor models, not all tumors
display striking spindle misorientation, and not all spindle
misorientation events are tumorigenic (Fischer et al., 2006;
Fleming et al., 2009; Patel et al., 2008). Nevertheless, altered
MSO might play a synergistic role with other changes during
tumorigenesis.
We have reported a dominant involvement of Cx43-mediated GJs

in the control of apical polarity and MSO. Specifically, the loss of
activity of PI3K (an activator of Cdc42) due to Cx43 silencing and
loss of GJIC reduced aPKC activity (usually triggered by Cdc42–
GTP) that regulates MSO (Jaffe et al., 2008; Bray et al., 2011).
Moreover, the fact that Par3 (also known as PARD3), typically

localized to tight junctions, complexes with Cdc42–GTP and aPKC
(Joberty et al., 2000; Etienne-Manneville and Hall, 2003) integrates
the control of polarity and MSO in a single pathway. Indeed, altered
MSO has been linked with loss of controllers of apical polarity, such
as Par3 and aPKC, that resulted in the formation of mammary ducts
with multilayers of cells (Kojima et al., 2008; McCaffrey et al.,
2012; Xue et al., 2013). Interestingly, adherens junction cadherins
control MSO in a NuMA–LGN-dependent manner and require
β-catenin (Gloerich et al., 2017). As apicolateral Cx43 also interacts
with β-catenin in acini, it suggests a powerful control of Cx43 over
MSO via an impact on two distinct regulatory pathways (Fig. S7).

Somehow, the apicolateral localization of Cx43 may contribute to
the structure necessary to establish polarity in tissues, notably since
polarity is organized as part of a morphogenesis process, like acinus
formation, in which cell–cell interaction is paramount. The GJs
might mediate this role early on when cells make contact via
E-cadherins, in a channel-dependent manner, by enabling the
exchange of signals involved in polarity initiation. For instance, in
Drosophila, polarity is mediated across the tissue by the passage of
yet-to-be-determined polarity signals through direct cell–cell
interactions; in zebrafish, communication through GJ has been
shown to control important aspects of polarity related to
morphogenesis (Park et al., 1994; Mathews and Levin, 2017).
The GJs might also be involved in later stages of basoapical axis
formation, possibly in a channel-independent manner by regulating
core polarity and signaling molecules via an interaction with Cx43
(Fig. S7). The question remains whether channel-dependent
GJ communication or Cx43 per se (i.e. channel-independent
mechanism) is a key element in polarity control. Possibly, both
might be involved with loss of Cx43 leading to a more profound
impact on homeostasis if connections with control proteins for
major channel-independent signaling pathways, such as β-catenin,
are lost. Earlier studies showed that transfecting breast cancer cells
with full-length Cx43 downregulated replication and invasion in a
GJIC-independent manner, due to the association of Cx43 (via its
carboxy terminus) with β-catenin and ZO-2 at the cell membrane.
Carboxy-terminus truncated Cx43 restored GJIC but did not reduce
proliferation or invasion (Talhouk et al., 2013). New information
suggests that Cx43 loss induces cell cycle entry (Fostok et al.,
2019), whereas AGA treatment only primed the cells for cycle entry
(Fig. 2G).

Finally, the concentration of gap junctions to apicolateral tight
junctions might provide local signaling to maintain the integration
of polarity and MSO homeostasis. Interestingly, ZO-1, localized
with ZO-2 in tight junctions in the mammary gland, plays a role in
MSO specifically in the context of an acinar geometry (Odenwald
et al., 2017). Mechanical tension linked to the curvature of the
acinus or duct might exert a specific impact on homeostasis,
possibly favored by signaling in its vicinity. Deciphering the role of
Cx43 in the mechanotransduction of acinar morphogenesis would
be interesting, considering the importance of this type of signaling
to complement biochemical pathways.

MATERIALS AND METHODS
Cell culture
Non-neoplastic S1 HMT-3522 human mammary epithelial cells (Briand
et al., 1987), between passages 52 and 60, were routinely maintained as a
monolayer (2D culture) in chemically defined serum-free H14 medium
(Blaschke et al., 1994; Plachot and Leliev̀re, 2004). MCF10A cells (ATCC,
Manassas, VA) were cultured in DMEM/F12 supplemented with 5% donor
horse serum, 20 ng/ml epidermal growth factor (EGF), 10 µg/ml insulin,
0.5 µg/ml hydrocortisone and 100 ng/ml cholera toxin. The drip method of
three-dimensional (3D) cell culture was used to induce the formation of
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acini. Briefly, S1 and MCF10A cells were plated on Matrigel (50 µl/cm2,
BD Biosciences, Bedford, MA) at a density of 4.2×104 cells/cm2 in the
presence of culture medium containing 5% Matrigel (Plachot and Leliev̀re,
2004). The EGF was omitted from the culture medium after day 7 to allow
completion of acinar differentiation (usually observed on day 8 or 9)
(Plachot and Leliev̀re, 2004). To induce basoapical polarity formation in S1
cells cultured as a flat monolayer, cells were seeded on coverslips coated
with 2.07 μg/cm2 laminin (entactin-free) (Corning, Corning, NY) (Plachot
et al., 2009). S1 cells were obtained in 2000 from Mina J. Bissell’s
laboratory (Lawrence Berkeley National Laboratory, Berkeley, CA); the
most recent genetic test on their characteristics was performed a few years
ago by the Leliev̀re laboratory during experiments done for the present
manuscript (Jayaraman et al., 2017). These cells were shipped to the
Talhouk laboratory. Assessment of contamination with mycoplasma is done
regularly. In addition, the phenotype of S1 and MCF10A cells is frequently
assessed in 3D cell culture by the Leliev̀re and Talhouk laboratories to
confirm proper differentiation and identity since the differentiation status of
each of these cell lines is typical and easily recognizable with polarity
markers (Plachot et al., 2009). Finally, to avoid cross-contamination of cell
lines, each cell line is split for passage on an individual basis.

Treatments encompassed 18α-glycerrhitinic acid (AGA; 10–100 μM)
(Sigma-Aldrich, St Louis, MO), 5 μM of aPKCζ pseudosubstrate
(myristoylated) inhibitor (Enzo LifeSciences, Farmingdale, NY), 1 or
8 µM LY294002 (Cell Signaling Technology, Danvers, MA), 15 µg/ml rat
IgG anti-human β1 integrin (AIIB2) antibody (a kind gift from Caroline
Damsky, University of California San Francisco, CA) and 15 µg/ml
nonspecific IgG (Jackson ImmunoResearch, West Grove, PA). The cell
culture medium was changed every 48 h.

Co-culture with fat tissue explants or conditioned medium
Breast adipose tissue from reduction mammoplasties were obtained with the
patients’ consent. The Purdue BioMedical Institutional Review Board (IRB)
(IRB registration number: 0004580) can affirm that S.A.L. and colleagues
obtained approval of the document (Purdue IRB protocol 1206012467,
entitled Interplay Between Tissue Architecture and Nuclear Organization
in the DNA Damage) used to obtain written informed consent from the
subjects. The IRB conducted an ethical review of the study protocol in
accordance with recognized ethical guidelines (e.g. the Belmont Report and
U.S. Common Rule).

Within 30 min following surgery, tissues were resected to trim ≥1 cm of
the surgical margins, minced to ∼0.5 cm fragments, and then immediately
rinsed with RPMI and transferred into RPMI-containing vials for transport.
Adipose tissue explants were co-cultured for 72 h with differentiated acini in
3D culture (day 10 of culture, post-lumen assembly). Histological
assessment of the adipose tissue explants revealed minimal content of
epithelium and confirmed viability. To generate conditioned medium (CM),
adipose tissue explants were transferred into H14 culture medium (10 ml
CM were made per tissue collection, corresponding to 2.1±0.2 g of tissue
per ml of medium) supplemented with penicillin (50 U/ml), streptomycin
(50 µg/ml), and amphotericin B (0.5 µg/ml). After 48 h incubation at 37°C
in a humidified cell culture incubator, CM was collected, centrifuged,
sterile-filtered, and flash-frozen.

Transfection and infection protocols
The recombinant shRNA retroviral constructs against Cx43 have been
described previously (Shao et al., 2005). Retroviral vectors (2 µg)
containing Cx43 shRNA, non-specific sequence shRNA (NSS), and
empty vector control (EV) were transfected into Phoenix packaging cells
using calcium phosphate (Stratagene, La Jolla, CA) according to the
supplier’s protocol. For infection, filtered retroviral supernatants were
applied to monolayers of S1 cells at day 3. Cells were incubated with
hexadimethrine bromide (polybreen) (6 µg/ml; Sigma-Aldrich) for 8 h. The
infection medium was removed, and cells were incubated in regular H14
medium for 24 h. Infection was repeated two additional times and selection
with hygromycin-B (150 µg/ml; Calbiochem, San Diego, CA) was started
72 h after the last infection.

The pCDF-MCS1 plasmid vectors containing HuCx43 and EV control
were transfected into 293TN cells according to the supplier’s protocol.

MCF10A cells were plated in a 60 mm dish 72 h prior to viral infection in
3.8 ml of H14+EGF. Viral supernatant (2 ml) was added directly to
MCF10A cells and incubated with polybreen (5 μg/ml) at 37°C overnight.
The medium was replaced with a polybreen-free medium the next day and
left overnight. Infection was repeated two additional times and selection
with puromycin (50 µg/ml; Sigma-Aldrich) in H14+EGF medium was
started 48 h after the last infection.

mEmerald-Cx32-7 used for transient transfection was deposited by
Michael Davidson (Addgene plasmid 54054). MCF10A cells and S1 cells
cultured on laminin 111 (133 μg/ml final concentration corresponding to
2.07 μg/cm2 of culture surface) were transfected, at 30% confluence, with
1 μg of plasmid DNA (Fort et al., 2011) using Lipofectamine 3000 (Thermo
Fisher Scientific). Transfection efficiency was determined based on the
percentage of cells positive with mEmerald staining (green). Control cells
were transfected with empty vector.

GJIC assay by scrape-loading and microinjection
The scrape-loadingmethod (El-Fouly et al., 1987) was used to determine the
minimum concentration of AGA that blocks GJ in S1 cells. Cells were plated
as a monolayer in 35 mm dishes and cultured for 10 days. Cells were then
treated for 1 h with AGA (10, 20, 50, 75 and 100 µM) or corresponding
concentrations of vehicle (DMSO). After rinsing the cells with warm
phosphate-buffered saline (PBS) twice, a dye mixture of 2.5% Lucifer
Yellow CH (LY) (Sigma-Aldrich) and 2% rhodamine-B isothiocyanate-
dextran (RD) (Sigma-Aldrich) in PBS was added. Scrapes were made
through the monolayer with a surgical scalpel blade #20 (Swann-Morton,
UK) and culture dishes were incubated at 37°C for 5 min. The dye mixture
was removed and cultures were rinsed three times with warm PBS, and fixed
with 4% buffered paraformaldehyde (Sigma-Aldrich). Dye spread was
observed using epifluorescence microscopy and images were recorded.

GJ assay in 3D culture was performed by microinjection of a dye mixture
of LY (2.5%) and RD (2%) dissolved in 0.15 M LiCl in single S1 cells of
acini formed in 3D culture, in 35 mm dishes. Some of the acini populations
were treated with AGA as described above. Penetration of the cell membrane
was determined by monitoring the membrane potential, which ranged
between −19 mV and −35 mV (AxoClamp 2B amplifier, Axon
Instruments, Foster City, CA). Cells were injected ionophoretically with
micropipettes using hyperpolarizing pulses, 4–5.5 nA/500 ms at a
frequency of 0.75 Hz for 1 min, produced by a Grass S88 stimulator
(Grass Instruments, WestWarwick, RI). The micropipettes, when filled with
3 M KCl, had tip resistance of 15–20 MΩ and were pulled using a P-97
microelectrode puller (Sutter Instruments, Novato, CA). Single cells in 9–12
acini in each experiment group were microinjected. During microinjections,
acini were kept in culture medium at room temperature (RT). Intercellular
dye diffusion was allowed to proceed for 15 min and acini were observed
using epifluorescence microscopy. Dye coupling was determined by
assessing the spread of LY from the injected cell (marked by RD) to the
other cells in the acinus.

GJ assay also encompassed microinjection of neurobiotin (NB)
(Invitrogen Molecular Probes, Eugene, OR). Cells were plated in 3D on
Matrigel-coated 13 mm diameter cell culture Thermanox coverslips (Nunc,
Rochester, NY). The coverslips were then transferred into 35 mm cell
culture dishes and maintained in H14 medium. On day 10, 10–12 acini were
microinjected with 3% NB in 0.15 M LiCl. A single cell in an acinus was
injected ionophoretically with depolarizing pulses of 2 nA/600 ms at a
frequency of 1 Hz for 2 min. Intercellular dye diffusion was allowed to
proceed for 15 min. NBwas revealed with streptavidin–FITC (1:40 dilution,
Vector Laboratories, Burlingame, CA) according to the protocol described
in the immunostaining section.

Immunohistochemistry
Archival formalin-fixed normal adult breast tissues were obtained from the
Department of Surgical Pathology at the Indiana School of Medicine,
Indianapolis, IN. Tissue samples were used according to IRB approval
0502000712. For immunohistochemistry, tissue sections (4 µm) were
sequentially processed for deparaffinization, rehydrated and antigens were
revealed by boiling in Antigen Unmasking Solution (Vector). Following
washes with Tris-buffered saline (TBS) (10 mM Tris base, 150 mM NaCl),
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endogenous peroxidase was blocked by incubating in 0.03% hydrogen
peroxide in TBS for 15 min. Samples were then washed with TBS and
TBST (TBS with 0.05% Tween-20) and incubated for 1 h at RT with
blocking reagents (Avidin/Biotin Blocking Kit, Vector) followed by
overnight incubation at 4°C with rabbit anti-Cx43 primary antibody
(0.5 mg/ml; C6219, Sigma-Aldrich). Samples were washed with TBS and
TBST and incubated with biotynyl-conjugated anti-rabbit polyclonal
antibody (1:1000; E043, DakoCytomation, Carpinteria, CA) for 1 h at
RT. Following washes with TBS and TBST, specimens were incubated for
30 min at RT in streptavidin–horse radish peroxidase (SA–HRP)
(PerkinElmer Life Sciences, Waltham, MA) diluted to 1:100 in blocking
reagent. Following washes with TBS and TBST, specimens were incubated
for 15 min at RT with biotinyl-tyramide signal amplification solution
(PerkinElmer Life Sciences). Specimens were then washed with TBS and
TBST and incubated with SA–HRP for 30 min at RT. After washes with
TBS and TBST, specimens were incubated with 3, 3’-diaminobenzidine
(DAB) (Peroxidase Substrate Kit, Vector) for 5 min. Nuclear
counterstaining was performed for 45 s with Gill III Hematoxylin (Leica
Biosystems, Buffalo Grove, IL), and coverslips were fixed to the tissue
sections on slides with Permount mounting reagent (Fisher Scientific, Fair
Lawn, NJ).

For the study with animal tissues, we obtained sections of mammary
glands from mice fed a normal diet (TD.08806) or an obesity-inducing diet
(60% kcal from fat; TD.06414), both from Teklad diets (Envigo,
Indianapolis, IN, USA) (Tenvooren et al., 2019). Animal experimentation
was compliant with ethical standards and was approved by the Animal Care
and Use Committee of the Wake Forest School of Medicine (IACUC
protocol A16-010). The animals were not euthanized as part of this work.
Instead, control groups from another study on obesity and carcinogenesis
were repurposed for the present study. Mammary glands had been collected
at 20 weeks of age, fixed, and embedded in paraffin. Immunohistochemistry
was performed using an antibody against CX43 (0.5 µg/ml; C6219, Sigma-
Aldrich). Tissue sections were stained with hematoxylin, and a Mantra
system (Perkin Elmer, Waltham, MA) was used for spectral imaging and
channel separation of diaminobenzidine (DAB) and hematoxylin signals.

Immunofluorescence labeling
Fresh 3D cultures or cryosections from frozen embedded cultures were
stained for markers of differentiation as described previously (Plachot and
Leliev̀re, 2004). Briefly, cells were either permeabilized with 0.5% peroxide
and carbonyl-free Triton X-100 (Sigma-Aldrich) in cytoskeleton buffer
(100 mM NaCl, 300 mM sucrose, 10 mM PIPES pH 6.8, 5 mM MgCl2,
1 mM pefabloc, 10 µg/ml aprotinin, 250 µM NaF) prior to fixation in
4% paraformaldehyde (Sigma-Aldrich), or directly fixed with 4%
paraformaldehyde. Antibodies used were rabbit polyclonal against Cx43
(0.5 mg/ml; C6219, Sigma-Aldrich; Tong et al., 2009), Ki67 (100 μg/ml;
VP-K451, Vector; Knezevic et al., 2015), mouse monoclonal against
NuMA (1:2; B1C11, a gift from Dr Jeffrey Nickerson, University of
Massachusetts, Worcester, MA; Vidi et al., 2011), ZO-1 (2.5 μg/ml;
33-9100, Life Technologies; Grand Island, NY; Mao et al., 2017), α-tubulin
(1:500; T5168, Sigma-Aldrich; Piao et al., 2014), β-catenin (2.5 μg/ml;
C19220, BD Biosciences; Gomes et al., 2013), E-cadherin (1:50; 610181,
BD Biosciences; Elisha et al., 2018), and rat anti-α6 integrin (5 μg/ml;
clone NKI-GoH3, EMD Millipore, Billerica, MA; Villa-Diaz et al.,
2016). For immunostaining for lysosomal associated membrane 2
(LAMP-2) (1:100; mouse, A15464, Life Technologies), cells were fixed
with methanol acetone solution (1:1 ratio) without permeabilization.
Secondary antibodies conjugated with Alexa Fluor 488 (green), Alexa
Fluor 594 (red) and Alexa Fluor 568 (red) (Invitrogen Molecular Probes)
were used at the manufacturer’s proposed dilutions. Nuclei were
counterstained with 0.5 µg/ml 4′,6-diamidino-2-phenylindole (DAPI) and
specimens were mounted in ProLong Gold antifade reagent (Invitrogen
Molecular Probes).

BrdU labeling
Active cell proliferation was determined by immunofluorescence detection
of 5-bromo-2′-deoxy-uridine (BrdU) incorporated into DNA during the
S phase of the cell cycle. The BrdU assay was performed on day 4 of cell

culture using a BrdU labeling kit according to the manufacturer’s
instructions (Roche Diagnostics Corporation, Indianapolis, IN).

Preparation of whole cell protein extracts and western blot
analysis
Cells were harvested from 3D cultures as described earlier (Plachot and
Leliev̀re, 2004). Briefly, acini were released from theMatrigel by incubation
with Dispase (BD Biosciences), and whole cell extracts were prepared in
lysis buffer (2% SDS in PBS with 10 mg/ml aprotinin, 100 mM Pefabloc,
250 mMNaF) (Leliev̀re et al., 1998), except for p-AKT that was prepared in
RIPA buffer (25 mM Tris HCl, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS). For western blot analysis equal amounts of
proteins were separated and immunoblotted with rabbit polyclonal
antibodies against Cx43 (0.16 μg/ml; C6219 and 5 μg/ml; SAB4501175,
Sigma-Aldrich; Ni et al., 2017), p-Akt (1:100; 9271, Cell Signaling
Technology; Zhang et al., 2018), Akt (9272, 1:1000, Cell Signaling
Technology; Geyer et al., 2018), β-catenin (0.04 μg/ml; sc7199, Santa Cruz
Biotechnology; Nedvetsky et al., 2012); goat polyclonal antibody against
ZO-2 (2 μg/ml, sc-8148, Santa Cruz Biotechnology; Talhouk et al., 2008);
and monoclonal antibodies against Cx26 (0.5 μg/ml; 13-8100, Zymed
Laboratories, San Francisco, CA), Cx43 (2 μg/ml; sc-271837, Santa Cruz
Biotechnology; Lai et al., 2018) and ZO-1 (1 μg/ml; 33-9100, Life
Technologies). Equal protein loading was verified by immunoblotting for
lamin B (0.6 μg/ml; rabbit, Ab16048, Abcam; Jayaraman et al., 2017) and
β-actin (1:1000; rabbit, A8227, Abcam; Chen et al., 2018). Protein levels
were quantified using Scion NIH Image software (Scion Image, Scion
Corporation, NIH) or ImageJ (http://imagej.nih.gov/ij/) and normalized to
lamin B or β-actin expression levels.

Immunoprecipitation
Acini from 3D culture were collected after dispase treatment as published
(Plachot and Leliev̀re, 2004) and immunoprecipitation followed a
previously described protocol (Talhouk et al., 2008) with the following
modifications: samples were sheared using a 27 gauge needle and protein G
sepharose beads were used for this experiment with 0.25 μg rabbit
polyclonal Cx43 antibody (710700, Invitrogen; Mroue et al., 2015). At
the end, supernatants were loaded into a 12% polyacrylamide gel for
electrophoresis.

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from cells using RNeasy Minikit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. Total RNA
(1 µg) was reverse transcribed to cDNA using Revertaid first strand cDNA
synthesis kit (Fermentas, Grand Island, NY). qRT-PCR was performed
using iQSYBR Green Supermix in a CFX96 system (Bio-Rad Laboratories,
Hercules, CA). Products were amplified using primers for: Cx43, 5′ CAA
TCA CTT GGC GTG ACT TC 3′ (forward) and 5′ GTT TGG GCA ACC
TTGAGT TC 3′ (reverse); Cx30, 5′ TCAACAAACACTCCACCAGC 3′
(forward) and 5′ CAATCC CACATT TCA ACACC 3′ (reverse); Cx32, 5′
GAC AGG TTT GTA CAC CTT GC 3′ (forward) and 5′ CGT CGC ACT
TGACCAGCCGC 3′ (reverse); Cx26, 5′ TCT TTTCCAGAGCAAACC
GC 3′ (forward) and 5′ GAC ACG AAG ATC AGC TGC AG 3′ (reverse);
Cx45, 5′ GGA GCT TTC TGA CTC GCC TG 3′ (forward) and 5′ CGG
CCA TCA TGC TTA GGT TT 3′ (reverse); GAPDH, 5′ AAG GTG AAG
GTCGGAGTCAAC 3′ (forward) and 5′GGGGTCATTGATGGCAAC
AAT A 3′ (reverse). To quantify changes in gene expression, the ΔCt
method was used to calculate the relative fold-changes normalized to
GAPDH gene expression levels.

Image processing and analysis
Images of immunofluorescence labeling were recorded using an inverted
IX70 fluorescence microscope (Olympus) equipped with a Retiga 1300
camera (QImaging, Surrey, BC, Canada) and 40×, NA 1.4 fluor lens, and a
multiphoton laser scanning confocal Radiance 2100 MP (Bio-Rad
Laboratories, Hemel Hampstead, UK) linked to a TE2000 (Nikon, Tokyo,
Japan) inverted microscope, and oil immersion 60×, numerical aperture
(NA) 1.4 apochromatic. Brightfield images of H&E-stained slides were
acquired on a Nikon Diaphot 300 equipped with a QImaging color Retiga
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1300i FAST. Images were processed using Confocal Assistant 4.02 (Bio-
Rad Laboratories) and assembled using Adobe Photoshop 6.0 (Adobe
Systems, San Jose, CA).

Statistical analysis
Data are presented as mean±s.e.m. Statistical comparisons were done using
GraphPad Prism 3.0 software (GraphPad Software Inc., San Diego, CA).
Unpaired t-test was used for comparison of two groups in general; paired
t-test was used for comparison of two conditions within a same culture or
archival tissue sample (e.g. multilayering depending on Cx43 polarity on
archival tissue sections; ZO-1 location depending on Cx43 in acini formed
byMCF10A); whereas one-way ANOVAwith Dunn’s multiple comparison
test or with Tukey test was employed for three or more groups of treatments.
P<0.05 was considered significant. For immunofluorescence, when
quantification was used, two investigators analyzed the same slides or
experiments; if only one investigator was analyzing, whenever possible s/he
was blinded to the group allocation (code used on slides). Unless otherwise
specified, ‘n’ in the figure legends corresponds to the number of biological
replicates (i.e. independent cell cultures usually of different passages).
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