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Metastasis is the main cause of cancer-related deaths. How a single
oncogenic cell evolves within highly organized epithelium is still
unknown. Here, we found that the overexpression of the protein
kinase atypical protein kinase C 1 (aPKCi), an oncogene, triggers
basally oriented epithelial cell extrusion in vivo as a potential mech-
anism for early breast tumor cell invasion. We found that cell seg-
regation is the first step required for basal extrusion of luminal cells
and identify aPKCi and vinculin as regulators of cell segregation. We
propose that asymmetric vinculin levels at the junction between
normal and aPKCi* cells trigger an increase in tension at these cell
junctions. Moreover, we show that aPKCi* cells acquire promigra-
tory features, including increased vinculin levels and vinculin dy-
namics at the cell-substratum contacts. Overall, this study shows
that a balance between cell contractility and cellcell adhesion is
crucial for promoting basally oriented cell extrusion, a mechanism
for early breast cancer cell invasion.
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ost cancers in humans originate from mutations in epi-
thelial cells. Tumorigenesis is a multistep process initiated
from a single oncogenic cell in the epithelium (1, 2). Recent data
suggest that metastatic dissemination can occur at an early stage
during tumor formation. Certain cancer cells, particularly those in the
breast, may spread before primary tumor detection and form me-
tastases that can evolve independently and in parallel to the primary
tumor (3, 4). The mechanisms responsible for the early escape of
breast cancer cells from the epithelium are currently unknown.
Normal epithelial cells preserve the physiological barrier func-
tion of the epithelium and maintain tissue integrity by recognizing
and actively eliminating aberrant or supernumerary cells through a
mechanism called apical cell extrusion (5-8). This process is de-
pendent on actomyosin contractility (9) and E-cadherin-mediated
cell-cell adhesion (5, 10, 11). However, the overexpression of
certain oncogenes, such as RasV12, has been shown to promote
apical cell extrusion, although, importantly, RasV12 cells can also
be basally extruded. Once basally extruded, these cancer cells,
under the influence of survival factors, may be able to survive in
the stroma (5, 10). Therefore, basally oriented cell extrusion may
be a mechanism that allows transformed cells to escape from
untransformed/normal epithelia (5, 10, 12, 13). How the apical
versus basal direction of extrusion is controlled is yet to be elu-
cidated. The asymmetric boundary between a transformed epi-
thelial cell and surrounding normal counterparts is yet to be
characterized, and its importance in cell extrusion is unknown.
Polarity proteins are often deregulated in cancers (14, 15). Loss
of epithelial cell polarity is a hallmark of cancer cells that corre-
lates with tumor aggressiveness. As polarity proteins are important
for regulating cell—cell adhesion (16) and cell contractility (17),
they may play essential roles in triggering cell extrusion and early
tumor cell dissemination. Among them, the polarity protein kinase
atypical protein kinase C 1 (aPKCi) is an oncogene (18), of which
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the overexpression (aPKCi*) is associated with a poor prognosis,
in particular in breast cancer (19, 20).

Here, we show that aPKCi* cells are excluded from their normal
counterparts in the breast luminal epithelial layer, suggesting that
cell segregation is the first step for basal extrusion of aPKCi* lu-
minal cells. We show an increase in cell tension at the interface
between aPKCi* and wild-type (WT) cells dependent on myosin 1T
activity, associated with a decrease of vinculin at the cell junctions.
We identify aPKCi and vinculin as regulators of cell segregation and
propose that a balance between cell contractility and cell-cell ad-
hesion at the interface between normal and aPKCi* cells is crucial
for promoting basally oriented epithelial cell extrusion in vivo. The
decrease of vinculin at cell—cell junctions is concomitant with an
increase in vinculin dynamics at focal adhesions in aPKCi* cells,
which may contribute to the acquisition of promigratory features by
these cells. In light of our results, we propose that basally oriented
epithelial cell extrusion could be a mechanism underlying previously
reported events of early breast cancer cell dissemination (3, 4).

Results and Discussion

We first investigated the effect of aPKCi overexpression in lu-
minal epithelial cells in the mouse mammary gland in vivo.
aPKCi was overexpressed in a limited number of mammary luminal
cells to mimic the early steps of oncogenesis. We achieved limited
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expression by developing an in vivo assay in which mammary gland
organoids from FVB mouse were virally transduced ex vivo with
GFP, as a control (GFP*), or GFP-aPKCi (GFP-aPKCi™) at a sub-
optimal multiplicity of infection, and then grafted into the cleared
mammary fat pad of a syngeneic animal (Fig. 14). After 5 to
9 wk, grafted organoids successfully regenerated a mammary
gland containing only a few GFP* or GFP-aPKCi™ cells surrounded
by WT luminal cells. We quantified GFP and GFP-aPKCi" epi-
thelial cells negative for basal smooth muscle actin (SMA) or
cytokeratin-5 markers and/or positive for cytokeratin-8 in the
regenerated glands. Almost all GFP* epithelial cells were localized
into the ducts, whereas 65% of GFP-aPKCi* cells were found out-
side the myoepithelial cell layer (Fig. 1 B and C) and 21% were also
able to breach the basement membrane (BM) (Fig. 1 D and E).
These data suggest that GFP-aPKCi* cells escaped from the duct
and transmigrated through the myoepithelium and BM. Escaping
GFP-aPKCi" cells were still positive for the luminal markers
cytokeratin-8 and E-cadherin, suggesting that they have not un-
dergone epithelial-mesenchymal transition (EMT) (Fig. 1 B and D).
This result is similar to that of a previous study in which KRasV12
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overexpression drove basal cell extrusion in pancreatic cancer cells
without the involvement of classical EMT mechanisms (21). These
results demonstrate that, in our in vivo model, which preserves a
physiological microenvironment, aPKCi overexpression pro-
motes basal extrusion of mammary luminal epithelial cells and
cell invasion, without formation of a primary tumor.

We wanted to dissect the mechanisms involved in basally
oriented epithelial cell extrusion. We thus turned to a simpler
experimental setup based on a 3D mouse mammary organoid
culture model (22, 23). We investigated the effect of aPKCi
overexpression in a limited number of epithelial cells in mam-
mary organoids imbedded in a 3D matrix of type I collagen and
Matrigel. GFP-aPKCi* cells formed dynamic actin protrusions
(SI Appendix, Fig. S14 and Movie S1) but retained features of
polarized epithelial cells, such as subapical ZO-1 localization (S/
Appendix, Fig. S1B). In addition, apoptotic markers were absent
(SI Appendix, Fig. S1C), indicating that the extruding GFP-
aPKCi" cells were alive. Forty-six percent of the GFP-aPKCi*
luminal cells had breached the myoepithelial cell layer (SMA
positive) versus 13% for the GFP* luminal cells (Fig. 2.4 and B).
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Fig. 1.

aPKCi overexpression triggers basal extrusion of luminal cells in vivo. (A) Scheme of mouse mammary organoid transplantation experiments. (B)

Confocal images of regenerated mammary glands from infected mouse organoids. Myoepithelial and luminal cells were stained with anti-cytokeratin-5
(cyan) and anti-cytokeratin-8 (magenta) antibodies, respectively. (C) Quantification of GFP* cells breaching the myoepithelial cell layer. A Fisher test was
performed. (D) Confocal images of regenerated mammary glands from infected mouse organoids. The basement membrane (BM) and epithelial cells were
stained with anti-laminin-5 (cyan) and anti-E-cadherin (magenta) antibodies, respectively. The white arrowheads show GFP-aPKCi cells escaping from the
duct. (E) Quantification of GFP* cells breaching the BM. A Fisher test was performed. Nuclei were stained with DAPI (blue in B and D). (Scale bars, 10 um.)

Villeneuve et al.

PNAS | November 26,2019 | vol. 116 | no.48 | 24109

CELL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906779116/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1906779116/video-1
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906779116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906779116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906779116/-/DCSupplemental

In addition, the BM continuity was interrupted in 33% of the cases
(compared to none for GFP* luminal cells) (Fig. 2 C and D). We
obtained similar results using mCherry-tagged constructs (SI Ap-
pendix, Fig. S2 A and B). In contrast to the transplantation ex-
periments described above, complete basally oriented extrusion of
GFP-aPKCi* luminal cells rarely occurred in the ex vivo model
(8% of the cases compared to none for the GFP™ cells). This may
have been due to a reduced capacity of the organoid culture
conditions to support the survival of isolated cells. However, the ex
vivo organoid model recapitulates the in vivo situation, at least
partially, and these data validate the mouse mammary organoid
3D culture system as an adequate model to study the first steps of
basal extrusion of luminal epithelial cells in the mammary gland.

We then investigated the mechanisms involved in aPKCi-
mediated BM breaching and cell extrusion. aPKCi controls the
transport of membrane type I matrix metalloproteinase (MT1-
MMP) to the surface, a key metalloproteinase for cell invasion
(20). First, we tested the effect of MT1-MMP overexpression and
observed that it had no effect on basal protrusion formation
through the myoepithelial cell layer (SI Appendix, Fig. S2 A and
B). However, there was a decreased number of aPKCi-dependent
myoepithelium-breaching protrusions in the presence of GM6001,
an inhibitor of MMP activity (SI Appendix, Fig. S2 C and D),

suggesting that aPKCi-mediated protrusion formation is depen-
dent on MMP activity. Additionally, we investigated whether
overexpression of aPKCi can affect the apical polarity of the cen-
trosome, as aPKC is known to control centrosome polarity (24).
GFP* or GFP-aPKCi™ cells were divided into 4 equal sectors
(apical, basal, and 2 lateral sectors), and the number of centro-
somes in each sector quantified by immunostaining using the
centrosome marker, pericentrin. The centrosomes of 37% of
GFP-aPKCi™" epithelial cells were not located in the apical sec-
tor, compared to only 15% in control cells (SI Appendix, Fig. S3
A and B), suggesting aPKCi overexpression affects centrosome
localization. In addition, inhibition of MMP activity by GM6001 (S/
Appendix, Fig. S2 C and D) resulted in the centrosomes remaining
polarized in the apical sector (S Appendix, Fig. S3 C and D). These
results suggest that changes in centrosome polarity are a consequence
rather than a cause of basal protrusion formation (SI Appendix, Fig.
S2 C and D). Basally extruded aPKCi-overexpressing cells, now in
contact with the extracellular matrix, may engage receptors, such
as integrins, which in turn may promote the reorientation of the
centrosome at the front of the protrusive cell (24).

We next investigated whether GFP-aPKCi* cells segregate away
from normal neighboring epithelial cells as an alternative mechanism.
We thus set up a simpler model using immortalized nontransformed
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Fig. 2.

aPKCi overexpression triggers basal epithelial cell protrusions breaching the BM and cell segregation from the MCF10A WT cell counterparts. (A)

Confocal images of mouse mammary organoids with a few epithelial cells overexpressing GFP or GFP-aPKCi. Myoepithelial cells were detected with anti-SMA
antibodies (red). Nuclei were stained with DAPI (blue). (B) Quantification of the total number of GFP* epithelial cells breaching the myoepithelial cell layer
(***P < 0.001). Five independent experiments were performed. (C) Confocal images of mouse mammary organoids. Luminal cells and the BM are labeled with
anti-cytokeratin-8 and anti-laminin-5 antibodies, respectively. (D) Quantification of the total number of GFP™ epithelial cells breaching the BM (*P < 0.05).
Two independent experiments were performed. Quantification of all GFP* cells was pooled from the independent experiments, and x? tests were performed
for all data. (Scale bars, 10 pm.) n, number of cells. (E) Confocal images of MCF-10A spheroids mixed with GFP* or GFP-aPKCi* cells and mCherrry™ cells. (Scale
bars, 50 pm.) (F) Quantification of GFP* cell distribution. The graph shows the ratio between the distance of GFP* cells from the center of the spheroid and the
radius of the spheroid (from 3 independent experiments). n, number of spheroids. A Mann-Whitney test was performed (***P < 0.001). (G) Images of mi-
cropipette aspiration of MCF-10A spheroids at the resting pressure P, (Top) and at the critical pressure P, for which the deformation of the spheroid reaches
the micropipette radius (Bottom). (Scale bars, 50 pm.) (H) Individual (dots) and mean + SEM (bars) surface tension measurements on spheroids containing a mix of
WT and GFP* or GFP-aPKCi* cells. A Student t test was performed (***P < 0.001). Three independent experiments were performed. n, number of spheroids.
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mammary epithelial MCF-10A cells. We validated this model by
testing the effect of aPKCi overexpression in a subset of MCF-
10A cells in polarized acini that formed when cells were cultured
on top of Matrigel (25). We observed basal extrusion of GFP-
aPKCi" luminal cells from the surrounding normal cells (SI Ap-
pendix, Fig. S4A4), validating the use of the MCF-10A cell to dis-
sect the mechanisms triggered by aPKCi overexpression. Then, we
addressed whether GFP-aPKCi* epithelial cells can segregate
from normal cells by adapting a 3D segregation assay described
previously (26). Spheroids were generated by mixing MCF-10A
cells overexpressing GFP-aPKCi with MCF-10A cells expressing
mCherry in agarose. Agarose was used to avoid interference
caused by cell adhesion to the substrate. GFP- aPKCi™ cells segre-
gated from mCherry-positive cells at the periphery of the spheroids
(Fig. 2 E and F and SI Appendix, Fig. S4B). On the contrary, MCF-
10A cells depleted of aPKCz/i preferentially localized to the center
of the spheroids (SI Appendix, Fig. S4 D and E). These results show
that the expression level of aPKCi in mammary epithelial cells
controls their segregation from their normal counterparts. Previous
studies have shown that cell segregation is driven by differences in
cell surface tension (27). We examined whether aPKCi over-
expression could affect the mechanical properties of the spheroids
by measuring the surface tension of the spheroids at the cell-
medium interface using the micropipette aspiration assay (28). The
surface tension of the spheroids containing GFP-aPKCi* cells was
one-half that of spheroids containing the same proportion of GFP*
control cells (Fig. 2 G and H). Therefore, this increased surface
tension of GFP-aPKCi* could be responsible for cell segregation.

Cell contractility and cell—cell adhesion are known to contribute
to surface tension (29), as well as cell segregation (26) and cell
extrusion (9, 10). For that reason, we impaired cell contractility
and cell—cell adhesion in MCF-10A GFP™ cells using small in-
terfering RNA (siRNA) against RhoA or E-cadherin, respectively
(ST Appendix, Fig. S4 F-H). Similarly to GFP-aPKCi* cells, cells
with reduced contractility or adhesion were enriched at the pe-
riphery of the spheroids, confirming an important role for these
2 processes in cell segregation, as described in other models (26).
We next investigated the effect of aPKCi overexpression on cell
contractility to understand the mechanisms underlying the segre-
gation and extrusion of GFP-aPKCi* cells. Although aPKCi
overexpression had no effect on the overall expression of MLC2
or phospho-Ser19-MLC2 (SI Appendix, Fig. S54), there was a
large increase in actomyosin staining in apicolateral cell-cell
junctions and in the protrusions of GFP-aPKCi™" cells specifically
when surrounded by their WT counterparts, both in MCF-10A
monolayers (SI Appendix, Fig. S5 B-D) and mammary organoids
(SI Appendix, Fig. S5E). Increased actomyosin density was specific
to GFP-aPKCi* cells and was not observed in adjacent WT cells
(81 Appendix, Fig. S5 B and C and Movie S2) or at the symmetrical
interface between 2 GFP-aPKCi™ cells (SI Appendix, Fig. S5 F and
G). This result suggests that the surrounding normal epithelial
cells may play an active role in the basally oriented extrusion of
aPKCi-overexpressing cells, as proposed for the apical extrusion of
oncogene-transformed cells (5, 30). We analyzed the tension at
the junction between GFP-aPKCi* and WT cells (called asym-
metric junctions) by laser ablation of individual junctions (SI Ap-
pendix, Fig. S5 H and I and Movie S3). Quantification of the initial
recoil velocity of various cell vertices after ablation (31) suggested
greater tension at the asymmetric GFP-aPKCi*/WT cell-cell
boundaries than at the symmetrical GFP*/WT cell—ell junctions
(SI Appendix, Fig. S5J). One possibility is that the increase in
contractile force generated in GFP-aPKCi* cells surrounded by
normal cells favors the active segregation and escape of GFP-
aPKCi* cells from the normal epithelium. We assessed whether
the greater tension at the junctions is required for cell extrusion by
treating organoids with blebbistatin, an inhibitor of nonmuscle myosin
IT (32). Treatment of mouse mammary organoids with blebbistatin
blocked the formation of basal protrusions in GFP-aPKCi* cells,
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suggesting that contractility is required for the formation of basal
protrusions (SI Appendix, Fig. S5 K and L). Collectively, these find-
ings show that the greater tension at the cellular junctions of asymmetric
GFP-aPKCi*/WT cell-cell boundaries is associated with apical enrich-
ment of actomyosin in GFP-aPKCi* cells, as observed in apical cell
extrusion (10), and may contribute to generate forces to allow the GFP-
aPKCi* cell to extrude from the normal epithelium into the stroma.
Cells with reduced contractility segregate at the periphery of
spheroids (SI Appendix, Fig. S4 F-H and ref. 26). Thus, the in-
crease of contractility in GFP-aPKCi* cells surrounded by WT cells
cannot explain the observed segregation of GFP-aPKCi* cells from
their WT counterparts at the periphery of spheroids. Therefore, we
investigated the effect of aPKCi overexpression on cell—ell adhe-
sion and whether this could explain the segregation of GFP-
aPKCi* cells from their WT counterparts. There was no signifi-
cant change in the expression of the cellcell adhesion proteins
E-cadherin, a-catenin, or vinculin in MCF-10A GFP-aPKCi* cells (ST
Appendix, Fig. S54). The distribution of E-cadherin and a-catenin
was normal at GFP-aPKCi*/WT cellcell junctions (Fig. 3 A-C and
SI Appendix, Fig. S64). Here, we cannot exclude that aPKCi
overexpression in epithelial mammary cells might also control
recycling of E-cadherin proteins to the cell surface to engage in
cell—cell adhesion. In contrast to the apical cell extrusion process
(5, 10, 11), little is known about whether a change in E-cadherin
turnover at the junction could impact basally oriented cell extru-
sion and this aspect should be addressed in the future. In-
terestingly, vinculin staining was lower in both MCF-10A and
primary mouse mammary luminal cells compared to other inter-
faces (Fig. 3 A, D, and E and SI Appendix, Fig. S6B). Vinculin is an
a-catenin and F-actin-binding partner that localizes at cell—cell
junctions and in focal adhesions that form cell-substratum contact
sites (33). Vinculin is also known to be a tension sensor neces-
sary for mechanosensing and force adaptation at adherens junc-
tions; increased tension at junctions induces the reinforcement of
vinculin (34, 35). Therefore, the observed decrease of vinculin in
GFP-aPKCi*/WT cell—ell junctions was unexpected, given the
increase in contractility at these junctions (SI Appendix, Fig. S5).
However, vinculin staining also decreased at the level of sym-
metric GFP-aPKCi*/GFP-aPKCi* cell—cell junctions, in which
E-cadherin localization was maintained (SI Appendix, Fig. S6 C-E).
In addition, we did not also observe an increase in phospho-
MLC2 at these symmetrical junctions (S Appendix, Fig. S5 B
and C). Vinculin could be a potential aPKCi substrate, as de-
scribed for other PKCs (36), as the overexpression of aPKCi in-
creased the phosphorylation of vinculin on serine residue(s) (S/
Appendix, Fig. S6F). Phosphorylated vinculin may be unable to be
recruited to cellular junctions independently of the level of tension
at the cell junction. Overall, these data suggest that aPKCi may
regulate vinculin phosphorylation in a cell-autonomous manner.
Vinculin is thought to stabilize cell-cell junctions through its in-
teraction with a-catenin (37, 38). We thus investigated whether
vinculin may have a role in cell segregation that could explain the
effect of aPKCi overexpression on cell segregation. MCF-10A cells
silenced for vinculin were mixed with WT cells in the 3D spheroid
segregation assay (Fig. 2 E and F and SI Appendix, Fig. S4 D and E).
Vinculin-depleted cells localized to the periphery of the spheroids
when mixed with normal cells (Fig. 3 F-H), suggesting a role for
vinculin in cell segregation. Consistent with this result, GFP-aPKCi*
cells no longer segregated to the periphery of MCF10A cell
spheroids when mixed with vinculin-depleted cells (Fig. 3 7 and J). A
possible explanation is that the decrease in vinculin recruitment at
asymmetrical GFP-aPKCit/WT cell—cell junctions (Fig. 3 C and D)
destabilizes the junctions, which in turn may favor the segregation of
GFP-aPKCi* cells away from their normal neighbors. We assessed
whether the increase in contractility and decrease in vinculin at
GFP-aPKCi*/WT cell junctions were linked by mixing MCF-10A
cells silenced for vinculin with WT cells and observed a specific
increase of phospho-MLC2 at the asymmetrical junctions between
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Fig. 3. A decrease of vinculin at junctions between WT and aPKCi* cells triggers the segregation of aPKCi* cells from normal cells. (A4) Images of a monolayer
of MCF-10A WT cells mixed with MCF-10A GFP or GFP-aPKCi cells on glass stained for nuclei (DAPI in blue), E-cadherin (cyan), and vinculin (red or gray). The z
plane of focal adhesions (FAs) is 0.9 um from the z plane of the junction (E-cadherin plane). (Scale bars, 20 pm and 10 pm for the zoom.) (B) Representative line
scans of E-cadherin fluorescence intensity, in arbitrary units (AU), at the interface between a WT cell and a GFP* cell (black line) and between a WT cell and a
GFP-aPKCi* cell (red line). (C) Quantification of the maximum intensity of E-cadherin staining at the interface between MCF-10A WT and GFP™ cells or be-
tween MCF-10A WT and GFP-aPKCi* cells. A Mann-Whitney test was performed (ns, not significant). n, number of junctions. (D) Representative line scan of
vinculin fluorescence intensity, in arbitrary units (AU), at the interface between a WT cell and a GFP™ cell (black line) and between a WT cell and a GFP-aPKCi*
cell (red line). (E) Quantification of the maximum intensity of vinculin staining at the interface between WT and GFP™ cells or between MCF-10A WT and GFP-
aPKCi* cells. A Mann-Whitney test was performed (***P < 0.001). n, number of boundaries. (F) Expression levels of vinculin in MCF-10A GFP cells treated with
siNT, or 2 independent siVinculins (siVCLs). (G) Mixed spheroids of MCF-10A mCherry cells and MCF-10A GFP treated with the indicated siRNA. (H) Quanti-
fication of cell segregation between mCherry and GFP* cells from 3 independent experiments. A Kruskal-Wallis test was performed (***P < 0.001). (/)
Spheroids of MCF-10A mCherry cells treated with the indicated siRNA were mixed with MCF-10A GFP* or GFP-aPKCi* cells. (/) Quantification of GFP* cell
distribution. The graph represents the ratio between the distances of GFP* cells from the center of the spheroid and the radius of the spheroid in 3 in-
dependent experiments. The Mann-Whitney test was performed (*P < 0.05, **P < 0.01; ns, not significant). n, number of spheroids. (Scale bars, 20 pm.)

siVinculin and WT cells (ST Appendix, Fig. ST A and B, white ar-
rows) but not at the symmetrical junctions between vinculin-
depleted cells (ST Appendix, Fig. STA). Consistent with this result,
mixing of vinculin-depleted WT cells with GFP-aPKCi~overexpressing
cells abolished the increase of phospho-MLC2 at GFP-aPKCi*/WT
cell junctions (SI Appendix, Fig. S7 C and D). Overall, these results
strongly suggest that the occurrence of an asymmetrical junction, in
terms of aPKCi or vinculin levels, triggers an increase in contractility
at the cell junction, driving epithelial basally oriented cell extrusion
of the aPKCi* cell from the epithelium.

Concomitant to the decrease in vinculin levels at cell-cell
junctions in aPKCi-overexpressing cells, we observed a strik-
ing reinforcement of vinculin at focal adhesions in the basal
protrusions extending underneath WT cells in the MCF10A cell
monolayer (Fig. 34 and Movies S4-S6). Moreover, live-cell
imaging of cells overexpressing fluorescently tagged vinculin
revealed that focal adhesions were more dynamic in GFP-aPKCi*
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cells than in control GFP™ cells (Movies S5 and S6). Therefore,
similarly to previous studies (20, 39), our results suggest that
aPKCi overexpression may lead to the acquisition of migratory and
invasive properties of mammary epithelial cells that extrude from
the epithelium, facilitating invasion into the surrounding extracel-
lular matrix. Our data suggest that vinculin may switch between cell
junctions and focal adhesions in an aPKCi-dependent manner. To
date, it is not known whether vinculin can shuttle between cell—cell
junctions and focal adhesions (40). Vinculin shuttling from cell-
cell junctions to focal adhesion sites may not only control cell
extrusion, but also promote efficient collective tumor cell invasion
by affecting the dynamics of focal adhesions (41-43).

This study reveals a role for aPKCi in driving cell segregation
by affecting vinculin localization at cell-cell junctions, which in
turn increases cortical tension at the interface between aPKCi-
overexpressing cells and normal cells. Together, these effects
may contribute to drive basal extrusion of aPKCi* cells into the
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extracellular matrix. Moreover, aPKCi overexpression leads to the
acquisition of promigratory features by reinforcing the localization
and function of vinculin at focal adhesions. The reinforcement of
vinculin at cell-matrix adhesion sites in combination with its de-
pletion at cell—cell junctions may also contribute to cell extrusion.
Our results identify aPKCi as a key regulator of cell contractility,
similar to what has been reported in blastomeres of mouse pre-
implantation embryos (17), suggesting that mechanical properties
of the tissue may control tumor cell invasion at the onset of tumor
progression. A balance between increased contractility and de-
creased adhesiveness between normal and oncogenic cells, medi-
ated by asymmetric vinculin levels at the junction, is required to
drive the initial cell segregation and subsequent basally oriented cell
extrusion events of the transformed cell from the normal epithelium.
How an asymmetrical junction, in terms of vinculin levels, triggers
an increase in contractility at cell junctions is yet to be elucidated.
We show cell segregation to be the first step in the promotion of cell
extrusion and that it may be important for controlling the direction
of the extrusion. It will be crucial to explore whether the orien-
tation of cell extrusion can be dictated by the nature of the onco-
genes and the biophysical properties of cancer cells.

Materials and Methods

Antibodies and Dyes for Live Imaging. References are provided in S/ Appendix,
Table S1. Rabbit polyclonal antibody against laminin 5 (laminin 322) was kindly
provided by Monique Aumailley, University of Cologne, Cologne, Germany.

DNA Constructs, Lentivirus Production, MCF10A Cell Culture and Acini, Transfection,
and Stable Cell Lines. For DNA constructs, lentivirus production, cell culture,
transfection, and stable cell lines, see SI Appendix, SI Experimental Procedures.

Immunostaining of MCF-10A Cell Monolayers on Glass Coverslips and MCF10A
Acini. See S/ Appendix, SI Experimental Procedures.

Segregation Assays. MCF-10A spheroids were grown in 96-well plates coated
with 50 pL of 1.5% low-melting-point agarose (#16520-050; Invitrogen). A
drop of 100 pL of a heterogeneous population of MCF-10A cells (mCherry/GFP
or mCherry/GFP-aPKCi at a ratio of 5:1) was deposited at a concentration of
10,000 cells per mL. Spheroids were grown for 20 h in MCF-10A medium.

Micropipette Experiments. MCF-10A spheroids were assembled as for segre-
gation assays. Each spheroid was composed of an equal mix of WT/GFP or WT/
GFP-aPKCi cells. Spheroids were placed in suspension in a nonadhesive glass-
bottom culture dish and incubated at 37 °C and 5% CO, for microaspiration.
The microaspiration setup (28) was built on an inverted Leica microscope
equipped with an Eppendorf Transferman micromanipulator holding mi-
cropipettes connected to a Fluigent MFCS EZ microfluidic pump. Images
were acquired with a 40x/0.8 numerical aperture dry objective. The surface
tension at the cell-medium interface (y.,) of spheroids was measured as
previously described (28). Surface tension was calculated using Laplace’s law:

Pc
Yem = g
1 1
2(4-#)

in which R is the resting radius of curvature of the spheroid at the location
of the measurement, and P is the critical pressure at which spheroid de-
formation reaches R, the micropipette radius. Shape analysis was per-
formed using ImageJ and FlJI (44).
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Mouse Strains. FVB mice from Charles River Laboratories were used in this
study. The cytokeratin-14:Actin-GFP transgenic line was a gift from Elaine
Fuchs, The Rockefeller University, New York, NY. The cytokeratin-14-GFP-actin
transgene construct containing the human cytokeratin-14 promoter, rabbit
B-globin intron, and EGFP-actin cDNA was randomly inserted into FVB mice.
The mice express EGFP-tagged murine B-actin under the control of the
cytokeratin-14 promoter, as previously described (45).

Isolation, Infection, and 3D Culture and Immunostaining of Primary Mammary
Epithelial Organoids Cultivated in a 3D Matrix. For isolation, infection, and 3D
culture and immunostaining of primary mammary epithelial organoids cul-
tivated in a 3D matrix, see S/ Appendix, SI Experimental Procedures.

In Vivo Transplantation Experiment and Tissue Immunofluorescence. Isolated
mammary epithelial organoids from adult mammary tissues were infected as
described above and directly transplanted into the inguinal fat pads, which
had been cleared of endogenous epithelium as previously described (46, 47),
of 3-wk-old FVB females (Charles River) of the same genetic background
(syngeneic transplantation). Control and GFP-aPKCi organoids were devel-
oped in the identical hormonal context by colaterally injecting control and
mutant mammary fragments into the fat-pad cushions of the same recipient
mouse. Thus, the interindividual variability linked to the hormonal cycle was
minimized, reducing the number of required animals. Primary outgrowths
were collected after 5 to 9 wk and stained as described below. For tissue
immunofluorescence, see S/ Appendix, SI Experimental Procedures.

Microscopy, Laser Ablation, and Image Analysis. For microscopy, laser ablation,
and image analysis, see SI Appendix, SI Experimental Procedures.

Immunoprecipitation Assay. For immunoprecipitation assay, see S/ Appendix,
Sl Experimental Procedures.

Statistical Analysis. For statistical analysis, see SI Appendix, SI Experimental
Procedures.
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