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Abstract

Background: Stem cells are precursors for all mammary epithelia, including ductal and alveolar epithelia, and
myoepithelial cells. In vivo mammary epithelia reside in a tissue context and interact with their milieu via receptors
such as integrins. Extracellular matrix receptors coordinate important cellular signalling platforms, of which integrins are
the central architects. We have previously shown that integrins are required for mammary epithelial development and
function, including survival, cell cycle, and polarity, as well as for the expression of mammary-specific genes. In the
present study we looked at the role of integrins in mammary epithelial stem cell self-renewal.

Methods: We used an in vitro stem cell assay with primary mouse mammary epithelial cells isolated from genetically
altered mice. This involved a 3D organoid assay, providing an opportunity to distinguish the stem cell- or luminal

for mammary epithelial stem cell self-renewal.

progenitor-driven organoids as structures with solid or hollow appearances, respectively.

Results: We demonstrate that integrins are essential for the maintenance and self-renewal of mammary epithelial
stem cells. Moreover integrins activate the Rac1 signalling pathway in stem cells, which leads to the stimulation of a
Whnt pathway, resulting in expression of 3-catenin target genes such as Axin2 and Lef].

Conclusions: Integrin/Rac signalling has a role in specifying the activation of a canonical Wnt pathway that is required
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Background
The mammary gland is a highly regenerative organ that
continuously undergoes tissue remodelling in female
mammals during their sexually active life [29]. During
each oestrous cycle, cells proliferate and form alveolar
buds at the tertiary side branches and then regress in an
ordered fashion [27]. A further lobuloalveolar differenti-
ation takes place in pregnancy, with the epithelia
expanding dramatically to fill the whole fat pad with
milk-secreting structures [12]. Upon weaning, involution
is triggered to clear up all milk-secreting cells and return
the gland to a non-pregnant state [4]. These extensive
tissue-remodelling processes repeat with each oestrus
cycle and pregnancy.

The presence of mammary epithelial stem cells (MaSCs)
is the driving force behind this high regenerative capacity
[44]. Their existence and potency has been demonstrated
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by serial transplantation studies. Single-cell transplant ex-
periments have identified MaSCs as Bl-integrin™CD24"
cells, although a6-integrin™CD24" can also be used to
identify MaSCs [33, 36]. These observations suggest that
MaSCs express high levels of specific integrins, all of
which are cell-extracellular matrix (ECM) receptors.
Integrins are central for the behaviour of mammary epi-
thelial cells (MECs) [30, 37]. However, their role in MaSCs
has not been elucidated. MECs can assemble several in-
tegrin heterodimers, including two collagen receptors
(o171 and a,f), three laminin receptors (o3, agP; and
aePs), and three receptors that bind to RGD-containing
ECM proteins such as vitronectin and fibronectin (asp;,
a,B; and ayf3) [19, 20, 31]. Because bipotent cells express
high levels of Bl-integrin, their signalling may play an im-
portant role. Function-perturbing antibodies that block
f1-integrin, but not those that block a6-integrin, dramat-
ically reduce the number of terminal end buds during
pubertal mammary gland development [18]. Genetic dele-
tion of Pl-integrin in basal mammary cells abolishes the
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regenerative potential of the epithelium and impairs ductal
and lobuloalveolar development at pubertal and preg-
nancy stages [40]. Although these observations suggest an
important role of Bl-integrin in bipotent cells, direct evi-
dence is still missing.

To directly address the functional importance of
B1-integrin signalling in bipotent cells, we examined their
role using a 3D organoid assay for mammary stem cells
[14]. Our findings reveal that the B1-integrin/Racl signal-
ling axis regulates the maintenance and self-renewal of
bipotent cells through Wnt signalling. In contrast, a
Racl-independent Pl-integrin signalling pathway is in-
volved in the maintenance of the luminal progenitor pool.

Methods

Primary cell culture

Mammary glands were extracted from 8- to 12-week-old
wild-type female (Institute of Cancer Research (ICR)) mice
or Bl-integrin, Racl, ILK conditional knockout mice, and
enzymatically digested with collagenase/trypsin mix
(195 ml of H,O + 9.8 mg F-10 medium [Sigma-Aldrich,
St. Louis, MO, USA], 120 mg of NaHCO; HEPES-Na
[Sigma-Aldrich], 150 mg of trypsin [840-7250; Life Tech-
nologies, Carlsbad, CA, USA], 300 mg of collagenase A
[Roche Life Sciences, Indianapolis, IN, USA], 5 ml of FBS
[Lonza, Walkersville, MD, USA]) for 1 h at 37 °C. Cells
were spun for 1 min at 300 rpm, and the pellet was
re-digested with collagenase/trypsin mix for an additional
30 min while the supernatant was spun for 3 min at
800 rpm. The pellet was kept on ice and labelled pellet 1,
and the supernatant was spun at 1500 rpm for 10 min.
The pellet from this wash was saved on ice and labelled
pellet A. After the second digestion was completed, cells
were spun at 800 rpm for 3 min. The pellet obtained was
labelled pellet 2. The supernatant was spun for 10 min at
1500 rpm. The supernatant from this wash was then dis-
carded, and the pellet was labelled pellet B. Pellets A and
B were combined and washed with Ham’s F-12 medium
(Lonza) by spinning at 800 rpm for 3 min. This pellet was
labelled pellet 3, and the supernatant was discarded. Pel-
lets 1, 2 and 3 were pooled and washed with 15 ml of
Ham’s F-12 by spinning at 800 rpm for 3 min. This wash-
ing step was repeated three times. This method enriches
for organoids that contain epithelial cells, whereas the
washing steps removed other types of cells such as fibro-
blasts and haematopoietic cells. To culture cells on 2D
collagen, plastic plates were coated with collagen I ex-
tracted from rat tails at a density of 100 pg/cm® or
laminin-rich reconstituted basement membrane coating,
growth factor-reduced Matrigel (EHS) (BD Biosciences,
San Jose, CA, USA) at 20 ul/cmz, conditioned for 1 h at
37 °C with 2x Ham’s F-12 media, 20% FBS, 1 mg/ml fetuin
(Sigma-Aldrich), 200 U/ml penicillin, 200 pg/ml strepto-
mycin, 100 pg/ml gentamicin, 0.5 pg/ml Fungizone,
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10 pg/ml insulin, 2 pg/ml hydrocortisone, and 20 ng/ml
epidermal growth factor (EGF) (Sigma-Aldrich). Cells
were resuspended in equal volume in Ham’s F-12 media,
seeded at a 2.5 x 10°cells/cm® on collagen or at 5 x 10
cells/cm® on EHS plates, fed on alternate days with Ham'’s
F-12 media supplemented with 10% FBS, 100 U/ml peni-
cillin, 100 pg/ml streptomycin, 50 pg/ml gentamicin,
0.25 pg/ml Fungizone, 5 pg/ml insulin, 1 pg/ml hydrocor-
tisone, and 10 ng/ml EGF. To induce gene deletion of
Pl-integrin genes in cells isolated from P1-integrin™
& Cre-ER™ mice, 4-hydroxytamoxifen (4-OHT) was
added at a final concentration of 100 nM. When neces-
sary, immunoblotting was done with antibodies to
-catenin (9582; Cell Signaling Technology, Danvers, MA,
USA) and Lamin-B1 (ab16048; Abcam, Cambridge, UK).

Organoid formation assay

For organoid-forming assays, cells were grown at a clonal
density of 2 x 10® cells/cm? in 24-well ultra-low attachment
plates that had been coated with 1.2% poly(2-hydroxyethyl
methacrylate) to prevent adhesion and growth of the primary
MECs. The cells were grown in media containing EPiCult-B
media (STEMCELL Technologies, Vancouver, BC, Canada)
supplemented with 5% Matrigel, 5% FBS, 10 ng/ml EGE,
20 ng/ml basic fibroblast growth factor, 4 mg/ml heparin,
and 10 uM Y-27632. Cells were left for 10 days to form orga-
noids, which were then counted. For activating Wnt signal-
ling in organoid cultures, recombinant mouse Wnt3A (R&D
Systems, Minneapolis, MN, USA) or glycogen synthase kin-
ase 3 (GSK3) inhibitor (GSK3i, CHIR99021; Sigma-Aldrich)
was added to the organoid cultures on day 0 at concentra-
tions of 100 ng/ml or 50 nM, respectively. For gene expres-
sion analysis, RNA was collected from cells on day 2, and
the RNA expression was measured using qRT-PCR. Note
that addition of Rock inhibitor (Y-27632) is important for
the expansion of pluripotent stem cells because it helps
maintain the stem cells in their undifferentiated state, and
they survive longer in culture, and note also that the Rock
inhibitor increases the efficiency of colony formation.

Cell sorting and analysis using flow cytometry

To stain cells using fluorescence-activated cell sorting anti-
bodies for analysis or sorting, cells were first dissociated
into single cells. To obtain single cells from organoids, cell
pellets were incubated in 2 ml of Trypsin-Versene (Lonza)
for 2 min at 37 °C, mechanically dissociated with rapid pip-
etting, then incubated with 1 pg/ml DNase (New England
BioLabs, Ipswich, MA, USA) for 5 min at 37 °C. Cells were
washed with complete media and spun at 1500 rpm for
5 min, then strained through a 0.45-pm cell strainer to ob-
tain single cells. Cells were washed with 1x PBS and resus-
pended in 400 ul of sorting buffer (2.5% FBS in PBS). To
stain cells, 3 pl of each directly labelled antibody was added
per 10 million cells and incubated on ice for 1 h, washed
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with sorting buffer, resuspended in sorting buffer, and
sorted using a BD FACSAria cell sorter (BD Biosciences).
Antibodies used for sorting experiments were as follows:
epithelial cell adhesion molecule (EpCAM)-allophycocya-
nin (APC) (175791; eBioscience, San Diego, CA, USA),
CD24-APC (170242; eBioscience), [B1l-integrin-eFluor
450 (48-0291; eBioscience), and a6-integrin-eFluor
450 ( 48-0495; eBioscience).

Lentivirus production and infection of primary cells
pLVTHM plasmid was obtained from Addgene (12247;
Addgene, Cambridge, MA, USA). The lentiviral envelope
plasmid CMV-VSVg (PMD2G; Addgene) and packaging
plasmid psPAX2 were kindly provided by the TronoLab
(Lausanne, Switzerland). All oligonucleotides for sequen-
cing, PCR, and mutagenesis were obtained from
Sigma-Aldrich. 293T cells were transfected for 6 h at a
confluence of 50-70% with 6 pug of PLVIHM control
vector, 3 pg of psPAX2 and 4.5 pug of PMDG.2 plasmids
using 1x polyethylenimine transfection reagent. Primary
MECs were transduced with virus in six-well plates
under low-attachment conditions in organoid-forming
media containing 1 pug/ml polybrene; media were chan-
ged the next day, another infection was performed,
media were changed and the cells were left for add-
itional 48 h before being sorted for green fluorescent
protein expression. Integrin-fx mice were used for most
studies where the integrin was deleted. In some experi-
ments (e.g., Fig. 3e, f), fl-integrin was depleted using
short hairpin RNA (shRNA); this approach in mammary
cells is successful in reducing the integrin to barely de-
tectable levels, as shown previously [2, 28].

RNA extraction and qPCR

Primers were designed to anneal only to complementary
DNA and not to genomic DNA, at the junction between
two exons. qPCR was performed using a StepOnePlus
qPCR instrument (Thermo Fisher Scientific, Waltham,
MA, USA): uracil DNA-glycosylase was activated (50 °C,
2 min), followed by AmpliTaq DNA polymerase
(Thermo Fisher Scientific) activation (95 °C, 2 min);
PCR cycles were performed by 40 repeated cycles of DNA
denaturation (95 °C, 15 s), followed by DNA extension
(60 °C, 1 min).

Rac1 activation assay

Lysates from primary MECs were applied to a multi-well
plate containing a Racl-GTP binding protein (GLisa
Racl activity assay, catalogue no. BK128; Cytoskeleton,
Denver, CO, USA). Active Racl present in the lysates
was captured in the wells and detected using an
anti-Racl antibody coupled to a colorimetric assay. Fi-
nally, absorbance was read using a PowerWave 340 plate
reader (BioTek, Winooski, VT, USA) at 490 nm.
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Statistical analysis

Statistical analysis was done using Excel (Microsoft,
Redmond, WA, USA) or Prism (GraphPad Software, La
Jolla, CA, USA) data analysis software. Statistical signifi-
cance was determined by Student’s ¢ test for paired sam-
ples when comparing two groups. One-way analysis of
variance was used when comparing more than two
groups. Differences between samples were significantly
different at p < 0.05. For all graphs shown, error bars rep-
resent SEM. For two groups, the means have one to four
asterisks centred over the error bar to indicate the relative
level of the p value: * p<0.05, * p<0.01, ** p<0.001,
and **** p <0.0001.

Results

B1-integrins are required for the maintenance and self-
renewal of mammary epithelial stem cells

The initial aim of these studies was to address the func-
tional requirement of B1-integrin for bipotent cells and lu-
minal progenitors. Primary MECs were isolated from adult
double-transgenic mice (P1-integrin®/*Rosa-CreERT2)
and cultured as single cells in organoid media at a density
of 5x10°/well in ultra-low-attachment six-well plates.
They were treated with 4-OHT to induce Cre-recombinase
activity, thereby deleting the Bl-integrin gene. Loss of
P1l-integrin was confirmed at both messenger RNA
(mRNA) and protein levels by qRT-PCR and im-
munofluorescence analysis (Fig. 1a, b).

Cells were then dissociated into single cells and cul-
tured in organoid-forming media for 10 days, and the
organoids that formed were counted. Deletion of
B1l-integrin abolished the formation of both solid and
hollow organoids (Fig. 1c, d), suggesting that p1-integrin
is functionally required for both bipotent cells and
luminal progenitors.

B1l-integrin-null MECs analysed by flow cytometry re-
vealed that loss of Pl-integrin led to reduced populations
of bipotent cell-enriched basal (CD49f™, EpCAM") and
luminal (CD49f°, EpCAM*, CD49b"™) progenitors, but
not the differentiated luminal cells (Fig. 1e, f). Treatment
of wild-type MECs with 4-OHT confirmed that the
observed Pl-integrin-null phenotypes were due to loss of
Bl-integrin function rather than to 4-OHT itself
(Additional file 1: Figure S1). Note that in our studies, we
looked at the luminal progenitors without segregating the
ER- and ER+ populations; only those expressing CD49b
were able to form organoids (Additional file 2: Figure S2)
[34]. These results indicate that B1-integrin is functionally
required for the maintenance and self-renewal of both
bipotent cells and luminal progenitor cells.

B1-integrins influence mammary stem cells via Rac1
Bl-integrin can regulate cellular processes through differ-
ent downstream signalling pathways via integrin-binding
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(See figure on previous page.)

Fig. 1 Loss of B1-integrin leads to reduced organoid and luminal progenitor populations. a Primary mammary epithelial cells (MECs) were isolated
from B1-integrin®®CreESR mice and cultured as single cells to form organoids in the absence or presence of 4-hydroxytamoxifen (4-OHT). Gene
expression levels were quantified using gRT-PCR. b Immunofluorescence staining of 31 —integrinfox cells cultured on collagen-coated coverslips for

3 days in the absence or presence of 4-OHT and then stained with antibodies against 31-integrin and 4'6-diamidino-2-phenylindole as counterstain.
Scale bar =50 um. ¢ Representative images of organoid cultures on culture day 10. Spheres formed in the absence of 4-OHT; however, no spheres
were present in cultures treated with 4-OHT, leading to the genetic deletion of B1-integrin. Scale bar = 500 um. d Percentage of organoid-forming
cells within B1-integrin®™™ cells with or without 4-OHT (1 =4). Error bars = SEM (Student’s ¢ test for paired samples). e Basal, total luminal, luminal
progenitor and differentiated luminal cell populations, stained for CD45, CD31, epithelial cell adhesion molecule (EpCAM), a6-integrin (CD49f) and
a2-integrin (CD49b). The fluorescence-activated cell sorting diagrams show the reduction in basal and luminal progenitor populations in 31-integrin-null
MECs (treated with 4-OHT). f Quantification of cell types from B1-integrin®™™ MECs in the absence or presence of 4-OHT (1 = 3). There was a significant
reduction in basal and luminal progenitor cell populations, as well as an increase in the differentiated luminal cells. Error bars = SEM (Student’s t test for

paired samples). * = p <005, ** = p <001, ** = p <0001

proteins [16, 28, 32]. Loss of function of integrin-linked
kinase (ILK), but not focal adhesion kinase (FAK), recapit-
ulates, at least in part, the phenotype of B1-integrin-defi-
cient MECs [46]. One of the major downstream effectors
of Pl-integrin is the small GTPase Racl [1, 16]. We there-
fore asked whether the bipotent cells and luminal progeni-
tor phenotypes of Pl-integrin-null MECs could be
reiterated by either ILK or Racl gene deletion.

MECs were isolated from double-transgenic mice
(ILK"*"*;Rosa-CreERT?2 and Rac1"**"*;Rosa-CreERT2)
and treated with 4-OHT to generate cells deficient in ex-
pressing ILK- or Racl mRNA (Fig. 2a, c) [2]. ILK gene de-
letion had no significant effect on the ability of MECs to
form solid or hollow organoids (Fig. 2b). In contrast, Racl
deletion decreased the formation of solid organoids,
though it had no effect on hollow organoids (Fig. 2d). To
confirm this result, we treated wild-type MECs with
EHT1864, a specific and irreversible Racl inhibitor
(Fig. 2e) [35]. MECs formed fewer solid organoids, but
there was no effect on hollow organoids (Fig. 2f). Racl,
but not ILK, is therefore required for bipotent cell main-
tenance and self-renewal, though both Racl and ILK are
dispensable for the maintenance of luminal progenitors
that form hollow organoids.

To determine whether a constitutively active form of
Racl (Rac1F28) could rescue the Bl-integrin-null bipotent
cell phenotype, we transduced wild-type MECs with a
B1-integrin shRNA together with RaclF28 [24]. As with
B1l-integrin gene deletion, Bl-integrin knockdown abol-
ished the formation of both solid and hollow organoids
(Fig. 2g, h). Ectopic Rac1F28 expression in these cells res-
cued the formation of solid but not hollow organoids.

These results indicate that B1-integrin regulates bipotent
cell maintenance and self-renewal in a Racl-dependent
manner. In contrast, the effect of f1-integrin on luminal
progenitor cells is Racl-independent.

Integrin-Rac signalling maintains mammary epithelial
stem cells through a Wnt pathway

To identify downstream pathways that might link
[1-integrins with bipotent cell maintenance, we examined

the expression of genes previously associated with stem
and progenitor identity [14]. RNA was extracted from
MECs isolated from Bl-integrin™/°;Rosa-CreERT2
mice, which were treated with 4-OHT and cultured in
organoid media for 2 days. The levels of transcription fac-
tors associated with bipotent cells such as Slug, MEF2,
p63 or Twist were not altered in Pl-integrin-deficient
MECs (Fig. 3a). In contrast, those specifically known to
mark luminal progenitors, Sox9, ELF5 and Sox10 genes,
were downregulated (Fig. 3b).

Wnt is an important regulator of bipotent cell mainten-
ance and self-renewal, so we analysed expression of
known Wnt/B-catenin downstream targets. Both Axin2
and Lefl transcripts were significantly downregulated in
B1l-integrin-deficient cells (Fig. 3c). Because Pl-integrin
signalling regulates bipotent cells through Racl, we also
analysed Axin2 and LefI in Racl-deficient MECs and found
that they were similarly downregulated in the absence of
Racl (Fig. 3d). Importantly, ectopic expression of Rac1F28
rescued their levels in cells lacking B1-integrins (Fig. 3e, f).
These results reveal that pl-integrin/Racl signalling influ-
ences canonical Wnt signalling pathway in bipotent cells.

Notch signalling is negatively regulated by Wnt [13].
Moreover it restricts bipotent cell self-renewal and pro-
motes lineage commitment and differentiation into a lu-
minal epithelial fate [7]. We therefore analysed expression
of the Notch target genes, Hesl, Hes5, Heyl and Hey2, in
Bl-integrin- or Racl-null cells. In each case, these target
genes were upregulated in Pl-integrin-deficient MECs
(Fig. 3g). In contrast, their levels were not altered in
Racl-deficient MECs, except for a slight reduction in
Hes1 transcript levels (Fig. 3h).

These results indicate that p1-integrin regulates bipotent
cells through Wnt signalling in a Racl-depenent manner.
Integrins may regulate luminal progenitors via Notch sig-
nalling, but this occurs in a Racl-independent manner.

Rac1 regulates the nuclear translocation of -catenin in
mammary epithelial stem cells

To reveal the mechanism by which p1-integrin/Racl sig-
nalling regulates Wnt signalling in bipotent cells, we
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expression of Wnt target genes, Axin2 and Lef]. d Rac1 regulates the expression of Wnt target genes, Axin2 and Lef]. e Active Racl rescues
downregulated Axin 2 levels in sh-B1-integrin cells. f Active Racl rescues downregulated Lef1 levels in sh-31-integrin cells. g Role of 31-integrin
in Notch signalling in mammary epithelial cells (MECs). RNA in primary MECs was analysed for the expression of Notch target genes, Hes1, Hes5,
Hey1 and Hey2, in B1-integrin-knockout cells compared with controls (31-integrin®™™-4-OHT). h Notch target gene expression in Rac1™™ cells with

or without 4-OHT. * = p < 0.05, ** = p < 0.01

In Bl-integrin-deficient MECs, GSK3i (but not Wnt3A)
rescued the formation of solid organoids (Fig. 4a). In con-
trast, Wnt3A rescued hollow organoid formation (Fig. 4b).

Because we showed that p1-integrins influence Wnt sig-
nalling in bipotent cells, we examined whether this might
occur via [-catenin localisation. [B-catenin translocates

performed phenotype rescue experiments. Wnt signal-
ling was activated in Pl-integrin-deficient MECs either
with the soluble Wnt3A ligand or with a GSK3i.

In wild-type MECs, increased Wnt signalling via either
Wnt3A or GSK3i led to an increase in solid organoids and
a decrease in hollow organoids (black bars in Fig. 4a, b).
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Fig. 4 Organoid formation in the presence of Wnt regulators. a Cells isolated from (31-integrin-flox mice treated without or with 4-OHT were incubated with
either 100 ng/ml Wnt3a or 50 nM glycogen synthase kinase 3 inhibitor (GSK3i), left for 10 days in organoid media to form solid and hollow organoids, and the
percentage of solid organoid-forming cells was determined. Error bars represent SEM (n = 2). ns Non-significant. b Quantification of the hollow organoids that
formed in the experiment shown in @). ¢ Role of integrin-Rac signalling in the formation of solid MEC organoids, after treating control, integrin-depleted cells
or those also expressing active-Rac, and treated with Wnt3a or GSK3i (n = 3). Error bars = SEM (statistical significance determined by one-way analysis of
variance). d Role of integrin-Rac signalling in the formation of hollow MEC organoids. e Inhibiting RacT with EHT1864 prevents solid organoid
formation. f Role of EHT in hollow organoid formation. * = p <0.05, ** = p <0.01, *** = p <0.001

into the nucleus to interact with TCF transcription factors
and thereby activate Wnt target gene expression. We exam-
ined whether GSK3i could increase nuclear -catenin levels
in Pl-integrin-deleted MECs. Indeed, GSK3i-treated [1-
integrin-deficient MECs showed similar levels of nuclear
[-catenin as the Pl-integrin-proficient MECs (not treated
with 4-OHT) that were activated by either Wnt3A or
GSK3i (Additional file 3: Figure S3). The Wnt3A-treated
[1-integrin-deficient MECs did not show this nuclear accu-
mulation of B-catenin. Thus, activating Wnt signalling with
GSKi allows [-catenin to translocate to the nucleus, even in
integrin-deleted MECs.

To determine whether Racl is involved with f1-integrin-
dependent Wnt signalling, we examined organoid

formation after ectopic expression of RacF28. In
B1-integrin-deficient MECs, Rac1F28 and GSK3i both
rescued solid organoid formation (Fig. 4c).

In contrast, neither Rac1F28 nor GSK3i could rescue
the impaired hollow organoid formation of f1-integrin-
deficient MECs (Fig. 4b, d). Thus, crosstalk between
Racl-independent [l-integrin signalling and the
non-canonical Wnt signalling pathways may regulate
the luminal progenitor cell population.

Racl is a key node downstream of many signalling
pathways. We therefore asked whether Racl inhibition
fully recapitulated the Bl-integrin-deficient Wnt pheno-
type. Organoid formation was assessed in EHT1846-
treated cells in the absence or presence of Wnt3A or
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GSK3i. This impaired solid organoid formation but had
no effect on hollow organoids (Fig. 4e, f) — similar to
genetic deletion of Racl in MECs (Fig. 2d). Neither
Wnt3A nor GSK3i could rescue this phenotype, suggest-
ing that pathways other than those involving p1-integrin
signalling may also be involved in Racl activation in
bipotent cells.

Our results indicate that integrin-Rac signalling regu-
lates bipotent cells through Wnt in a pathway that
involves nuclear translocation of p-catenin. In contrast,
integrin-dependent luminal progenitors are Racl-inde-
pendent and likely involve non-canonical Wnt signalling
as well as Notch signalling pathways.

Discussion

In this study, we have discovered a central role for integ-
rins in stem cell maintenance and self-renewal within the
mammary gland. Integrins are receptors for the ECM that
contacts all mammary epithelia, and our genetic approach
has revealed their requirement for stem cells. We found
that p1l-integrin maintains stem cells via a signalling path-
way that involves both the small GTPase Racl, as well as
Wnt. These latter signalling proteins are known to deter-
mine the nuclear localisation of the -catenin. We suggest
that in stem cells, integrins have a new role in specifying
the activation of Wnt and [-catenin.

Integrins in mammary epithelial cells

Integrins are central to the function of metazoan cells
[9]. In the mammary gland, they connect cells to the
ECM and activate cytoplasmic signalling pathways that
control all aspects of cell function [12]. We have previ-
ously shown that integrins are essential in MECs for
their survival, proliferation, and nuclear architecture; for
the formation of a correctly polarised shape; and for
functional differentiation into milk-producing lactating
cells [2, 16, 26, 39].

In order to carry out these behaviours, integrins estab-
lish complex multi-component adhesion complexes that
link ECM signals to intracellular signalling platforms and
to the cytoskeleton [37]. In normal, non-transformed
MECs, integrins signal directly to the cytoskeleton via
talin and vinculin and to enzymatic pathways via ILK
[3, 47]. Although FAK is a key integrin-binding partner,
genetic studies have shown that it is not required for the
development and function of normal MECs in vivo [46].

The role of integrins in bipotent cells has not been ex-
amined directly before. In this study, we have used gen-
etic approaches to delete fl-integrin and demonstrated
that both bipotent cells and luminal progenitor cells re-
quire Pl-integrin function. This extends the role of
integrins in mammary gland biology to include the sur-
vival and maintenance of stem cells.
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Rac signalling in mammary epithelial cells

Signalling components downstream of integrins in-
clude the small GTPases. Both the Ras and Rho fam-
ilies of GTPases are crucial for breast cell function
[50]. These proteins serve to interpret both growth
factor signals as well as those within the immediate
ECM microenvironment [38]. We have previously
demonstrated that Racl is required for many aspects
of MEC behaviour, including cell cycle, expression of
milk proteins, and for tissue modelling during preg-
nancy and post-lactational involution [4].

Here we reveal a novel and central role for Racl in
mammary epithelia, which is required for bipotent cells
downstream of Pl-integrin signalling. The major Rac
isoform in MECs is Racl [28]. We found that when
Racl is removed genetically, or if Rac is inhibited with a
chemical, EHT1864, bipotent cells are deficient in their
ability to form solid organoids. Moreover, the similar
phenotype that occurs after Bl-integrin genetic deletion
is fully rescued by the expression of an active form of
Racl. Thus, integrin-Racl signalling is essential for MEC
function, and this is now extended to the maintenance
and organoid-forming ability of bipotent cells.

Wnt signalling in mammary epithelial cells

The involvement of Bl-integrins in controlling key tran-
scription factors in mammary epithelia has been studied
mainly in alveolar differentiation, milk production and
the cell cycle [23, 28]. It is not yet known whether
B1l-integrin regulates transcription factors that are re-
quired for mammary stem or progenitor cells.

Wnt signalling has a key role in stem cell activity in
the mammary gland [33]. Moreover Wnt/B-catenin sig-
nalling in breast cancer is hyperactive in the basal-like
and cancer stem cells that have high levels of
B1-integrin [22]. In the embryo, Wnt promotes placode
development and is required for initiation of mammary
gland morphogenesis [6, 10, 45]. Wnt is also important
in post-natal mammary branching morphogenesis, and
for bud and alveolar formation during pregnancy [5, 8,
25, 41]. Lineage-tracing experiments showed that Wnt/
B-catenin controls both luminal and basal lineages, de-
pending on the developmental stage of the mammary
gland [43].

However, how stem cells sense the microenvironment
via adhesion receptors and then activate Wnt/f-catenin
signalling to maintain their stem cell property is not
understood. Axin2 is a direct target gene of the canon-
ical Wnt/p-catenin pathway, enabling its mRNA to be
used as a readout for Wnt activity [11, 17, 21]. More-
over, Axin2-expressing cells have stem cell activity in the
mammary gland [49]. Activating the canonical pathway
requires the extracellular ligand for Wnt signalling to
bind to receptor complexes containing Frizzled and
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Lrp5/6 proteins. This recruits the Axin/APC/GSK3p de-
struction complex to the plasma membrane, which
prevents GSK3[B phosphorylating and thus marking
B-catenin for degradation. Consequently, cytoplasmic
[-catenin is stabilised and translocates into the nucleus,
where it induces the transcription of activation of target
genes such as Lefl and Axin2 [2, 17].

Although B1-integrin and Wnt signalling are both cru-
cial for stem cell maintenance, it has not previously been
established whether these pathways interact. Racl may be
a crucial component of Wnt signalling in lymphoid cells
and fibroblasts because it controls B-catenin translocation
into the nucleus. In response to activation of the Wnt
pathway by Wnt3a, Racl activates c-Jun N-terminal kin-
ase 2 (JNK2), which phosphorylates [B-catenin and pro-
motes its nuclear translocation [15, 48]. Racl may also be
directly activated by Wnt3a [42, 48].

We have now established a novel link between
B1-integrin-Rac and canonical Wnt signalling in the
mammary gland. Notably, Bl-integrin-Rac signalling
affects the expression of Wnt target genes. Moreover, ac-
tivating Wnt signalling by inhibiting GSK3p rescued
stem cell frequency in Bl-integrin-null cells.

Conclusions

The main conclusion of the present study is that integrins
are essential for the maintenance of mammary epithelial
progenitor cells. Our data reveal a role for f1-integrin-Rac
signalling in the translocation of B-catenin into the nu-
cleus, thereby activating the transcription of Wnt target
genes and mammary stem cell pathways.

Additional files

Additional file 1: Figure S1. Tamoxifen treatment does not affect cellular
distribution or organoid formation. a 4-OHT did not affect the frequency of
basal or luminal progenitor cells. Primary MECs from WT mice were cultured
at a density of 5 x 10 cells/well with or without 100 nM 4-OHT. Cells were
dissociated using trypsin/EDTA at day 3, passed through a 40-um filter and
stained for CD45, CD31, EpCAM, ag-integrin (CD49f), and a,-integrin
(CD49b) to distinguish the populations of basal/stem, total luminal,
luminal progenitor, and differentiated luminal cells. b Quantification

of the four populations with or without 4-OHT (n = 3). Statistical significance
was determined by Student’s t test for paired samples. Error bars in the
graph represent SEM. ns Non-significant. ¢ Organoid numbers in WT cells
treated with 4-OHT. Primary MECs were isolated from B;-integrin®™™ mice
that do not contain CreESR and cultured as single cells in organoid media
at 5% 10° cells/ml. MECs were collected at day 3, dissociated into single
cells, and re-cultured at 2 x 10° cells/cm?. Solid and hollow organoids were
counted at day 10 and divided by the number of cells seeded at day 0 to
calculate the percentage of organoids formed from WT cells with or without
4-OHT (n = 3). Statistical significance was determined by Student's t test for
paired samples. Error bars in the graph represent SEM. ns Non-significant.
(PDF 479 kb)

Additional file 2: Figure S2. Mammospheres of CD49f-, EpCAM- and
CD49b-expressing cells. Before plating, the cells were selected by FACS
analysis for those expressing CD49f, EpCAM and CD49b. Representative
images of organoids are shown for cells with high or low levels of
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CD49f, high or low levels of EpCAM, and high of low levels of CD49b.
(PDF 445 kb)

Additional file 3: Figure S3. Nuclear translocation of 3-catenin in
response to Wnt3a and GSK3i. Immunoblotting shows nuclear fractions
of control and integrin-depleted cells after cells were treated with Wnt3a
or GSK3i with antibodies to -catenin or Lamin-B1. (PDF 151 kb)

Abbreviations
ECM: Extracellular matrix; MaSC: Mammary stem cell; MEC: Mammary
epithelial cell

Acknowledgements

The authors are grateful for support from Breast Cancer Now, as well as for
the Wellcome Trust for funding The Wellcome Trust Centre for Cell-Matrix
Research.

Funding

This work was supported by Wellcome Trust core funding for The Wellcome
Trust Centre for Cell-Matrix Research, University of Manchester (grant
203128/2/16/2).

Availability of data and materials
All relevant information is provided in the Methods section of the text.

Authors’ contributions

SO and AU conducted the experimental work. CHS, SO and KB were involved in
experimental planning and study design. SO, AU and CHS wrote the manuscript.
All authors read and approved the final manuscript in its submitted form.

Ethics approval

Mice were housed and maintained at the University of Manchester according
to UK Home Office guidelines for animal research. Animals were bred under
Home Office Project Licence 40/3155 and approved by the University of
Manchester ethical review process. Experiments were conducted in accordance
with Section 1 regarding killing of animals in the Animals (Scientific Procedures)
Act 1986.

Consent for publication
The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 9 May 2018 Accepted: 4 September 2018
Published online: 22 October 2018

References

1. Akhtar N, Streuli CH. Rac1 links integrin-mediated adhesion to the control of
lactational differentiation in mammary epithelia. J Cell Biol. 2006;173:781-93.

2. Akhtar N, Streuli CH. An integrin-ILK-microtubule network orients cell
polarity and lumen formation in glandular epithelium. Nat Cell Biol. 2013;15:
17-27.

3. Akhtar N, Marlow R, Lambert E, Schatzmann F, Lowe ET, Cheung J, Katz E, Li
W, Wu C, Dedhar S, et al. Molecular dissection of integrin signalling proteins
in the control of mammary epithelial development and differentiation.
Development. 2009;136:1019-27.

4. Akhtar N, Li W, Mironov A, Streuli CH. Rac1 controls both the secretory
function of the mammary gland and its remodeling for successive
gestations. Dev Cell. 2016;38:522-35.

5. Badders NM, Goel S, Clark RJ, Klos KS, Kim S, Bafico A, Lindvall C, Williams
BO, Alexander CM. The Wnt receptor, Lrp5, is expressed by mouse
mammary stem cells and is required to maintain the basal lineage. PLoS
One. 20094:€6594.


https://doi.org/10.1186/s13058-018-1048-1
https://doi.org/10.1186/s13058-018-1048-1
https://doi.org/10.1186/s13058-018-1048-1

Olabi et al. Breast Cancer Research

22.

23.

24.

25.

26.

27.

(2018) 20:128

Boras-Granic K, Chang H, Grossched! R, Hamel PA. Lef1 is required for the
transition of Wnt signaling from mesenchymal to epithelial cells in the
mouse embryonic mammary gland. Dev Biol. 2006;295:219-31.

Bouras T, Pal B, Vaillant F, Harburg G, Asselin-Labat ML, Oakes SR, Lindeman
GJ, Visvader JE. Notch signaling regulates mammary stem cell function and
luminal cell-fate commitment. Cell Stem Cell. 2008;3:429-41.

Brisken C, Heineman A, Chavarria T, Elenbaas B, Tan J, Dey SK, McMahon JA,
McMahon AP, Weinberg RA. Essential function of Wnt-4 in mammary gland
development downstream of progesterone signaling. Genes Dev. 2000;14:
650-4.

Campbell ID, Humphries MJ. Integrin structure, activation, and interactions.
Cold Spring Harb Perspect Biol. 2011;3(3):a004994.

Chu EY, Hens J, Andl T, Kairo A, Yamaguchi TP, Brisken C, Glick A,
Wysolmerski JJ, Millar SE. Canonical WNT signaling promotes mammary
placode development and is essential for initiation of mammary gland
morphogenesis. Development. 2004;131:4819-29.

Gehrke |, Gandhirajan RK, Kreuzer KA. Targeting the WNT/B-catenin/TCF/
LEF1 axis in solid and haematological cancers: multiplicity of therapeutic
options. Eur J Cancer. 2009;45:2759-67.

Glukhova MA, Streuli CH. How integrins control breast biology. Curr Opin
Cell Biol. 2013;25:633-41.

Gu B, Watanabe K, Sun P, Fallahi M, Dai X. Chromatin effector Pygo2
mediates Wnt-notch crosstalk to suppress luminal/alveolar potential of
mammary stem and basal cells. Cell Stem Cell. 2013;13:48-61.

Guo W, Keckesova Z, Donaher JL, Shibue T, Tischler V, Reinhardt F, ltzkovitz
S, Noske A, Zrrer-Hardi U, Bell G, et al. Slug and Sox9 cooperatively
determine the mammary stem cell state. Cell. 2012;148:1015-28.

Jamieson C, Lui C, Brocardo MG, Martino-Echarri E, Henderson BR. Rac1
augments Wnt signaling by stimulating 3-catenin-lymphoid enhancer
factor-1 complex assembly independent of 3-catenin nuclear import. J Cell
Sci. 2015;128:3933-46.

Jeanes Al, Wang P, Moreno-Layseca P, Paul N, Cheung J, Tsang R, Akhtar N,
Foster FM, Brennan K, Streuli CH. Specific -containing integrins exert
differential control on proliferation and two-dimensional collective cell
migration in mammary epithelial cells. J Biol Chem. 2012,287:24103-12.
Jho E, Zhang T, Domon C, Joo CK, Freund JN, Costantini F. Wnt/beta-
catenin/Tcf signaling induces the transcription of Axin2, a negative
regulator of the signaling pathway. Mol Cell Biol. 2002;22:1172-83.
Klinowska TC, Soriano JV, Edwards GM, Oliver JM, Valentijn AJ, Montesano R,
Streuli CH. Laminin and 1 integrins are crucial for normal mammary gland
development in the mouse. Dev Biol. 1999,215:13-32.

Klinowska TC, Alexander CM, Georges-Labouesse E, Van der Neut R,
Kreidberg JA, Jones CJ, Sonnenberg A, Streuli CH. Epithelial development
and differentiation in the mammary gland is not dependent on alpha 3 or
alpha 6 integrin subunits. Dev Biol. 2001;233:449-67.

Lambert AW, Ozturk S, Thiagalingam S. Integrin signaling in mammary
epithelial cells and breast cancer. ISRN Oncol. 2012;2012:493283.

Leung JY, Kolligs FT, Wu R, Zhai Y, Kuick R, Hanash S, Cho KR, Fearon
ER. Activation of AXIN2 expression by beta-catenin-T cell factor. A
feedback repressor pathway regulating Wnt signaling. J Biol Chem.
2002;277:21657-65.

Li Y, Welm B, Podsypanina K, Huang S, Chamorro M, Zhang X, Rowlands T,
Egeblad M, Cowin P, Werb Z, et al. Evidence that transgenes encoding
components of the Wnt signaling pathway preferentially induce mammary
cancers from progenitor cells. Proc Natl Acad Sci U S A. 2003;100:15853-8.
Li N, Zhang Y, Naylor MJ, Schatzmann F, Maurer F, Wintermantel T, Schuetz
G, Mueller U, Streuli CH, Hynes NE. 31 integrins regulate mammary gland
proliferation and maintain the integrity of mammary alveoli. EMBO J. 2005;
24:1942-53.

Lin R, Cerione RA, Manor D. Specific contributions of the small GTPases rho,
Rac, and Cdc4? to Dbl transformation. J Biol Chem. 1999;274:23633-41.
Lindvall C, Zylstra CR, Evans N, West RA, Dykema K, Furge KA, Williams BO.
The Wnt co-receptor Lrp6 is required for normal mouse mammary gland
development. PLoS One. 2009;4:¢5813.

Maya-Mendoza A, Bartek J, Jackson DA, Streuli CH. Cellular
microenvironment controls the nuclear architecture of breast epithelia
through B1-integrin. Cell Cycle. 2016;15:345-56.

Metcalfe AD, Gilmore A, Klinowska T, Oliver J, Valentijn AJ, Brown R, Ross A,
MacGregor G, Hickman JA, Streuli CH. Developmental regulation of Bcl-2
family protein expression in the involuting mammary gland. J Cell Sci. 1999;
112(Pt 11):1771-83.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 11 of 11

Moreno-Layseca P, Ucar A, Sun H, Wood A, Olabi S, Gilmore AP, Brennan K,
Streuli CH. The requirement of integrins for breast epithelial proliferation.
Eur J Cell Biol. 2017,96(3):227-39.

Muschler J, Streuli CH. Cell-matrix interactions in mammary gland
development and breast cancer. Cold Spring Harb Perspect Biol. 2010;2(10):
a003202.

Naylor MJ, Li N, Cheung J, Lowe ET, Lambert E, Marlow R, Wang P,
Schatzmann F, Wintermantel T, Schiietz G, et al. Ablation of betal integrin
in mammary epithelium reveals a key role for integrin in glandular
morphogenesis and differentiation. J Cell Biol. 2005;171:717-28.

Prince JM, Klinowska TCM, Marshman E, Lowe ET, Mayer U, Miner J,
Aberdam D, Vestweber D, Gusterson B, Streuli CH. Cell-matrix interactions
during development and apoptosis of the mouse mammary gland in vivo.
Dev Dyn. 2002,223:497-516.

Rooney N, Wang P, Brennan K, Gilmore AP, Streuli CH. The integrin-
mediated ILK-Parvin-aPix signaling axis controls differentiation in mammary
epithelial cells. J Cell Physiol. 2016;231:2408-17.

Shackleton M, Vaillant F, Simpson KJ, Stingl J, Smyth GK, Asselin-Labat ML,
Wu L, Lindeman GJ, Visvader JE. Generation of a functional mammary gland
from a single stem cell. Nature. 2006;439:84-8.

Shehata M, Teschendorff A, Sharp G, Novcic N, Russell 1A, Avril S, Prater M,
Eirew P, Caldas C, Watson CJ, et al. Phenotypic and functional
characterisation of the luminal cell hierarchy of the mammary gland. Breast
Cancer Res. 2012;14:R134.

Shutes A, Onesto C, Picard V, Leblond B, Schweighoffer F, Der CJ. Specificity
and mechanism of action of EHT 1864, a novel small molecule inhibitor of
Rac family small GTPases. J Biol Chem. 2007;282:35666-78.

Stingl J. Detection and analysis of mammary gland stem cells. J Pathol.
2009;217:229-41.

Streuli CH. Integrins as architects of cell behavior. Mol Biol Cell. 2016,27:
2885-8.

Streuli CH, Akhtar N. Signal co-operation between integrins and other
receptor systems. Biochem J. 2009;418:491-506.

Streuli CH, Bailey N, Bissell MJ. Control of mammary epithelial differentiation:
basement membrane induces tissue-specific gene expression in the
absence of cell-cell interaction and morphological polarity. J Cell Biol. 1991;
115:1383-95.

Taddei |, Deugnier MA, Faraldo MM, Petit V, Bouvard D, Medina D, Féssler R,
Thiery JP, Glukhova M. Betal integrin deletion from the basal compartment
of the mammary epithelium affects stem cells. Nat Cell Biol. 2008;10:716-22.
Teuliére J, Faraldo MM, Deugnier MA, Shtutman M, Ben-Ze'ev A, Thiery JP,
Glukhova MA. Targeted activation of 3-catenin signaling in basal mammary
epithelial cells affects mammary development and leads to hyperplasia.
Development. 2005;132:267-77.

Valls G, Codina M, Miller RK, Valle-Pérez BD, Vinyoles M, Caelles C, McCrea
PD, de Herreros AG, Dufiach M. Upon Wnt stimulation, Rac1 activation
requires Racl and Vav2 binding to p120-catenin. J Cell Sci. 2012;125:
5288-301.

van Amerongen R, Bowman AN, Nusse R. Developmental stage and time
dictate the fate of Wnt/p-catenin-responsive stem cells in the mammary
gland. Cell Stem Cell. 2012;11:387-400.

Van Keymeulen A, Rocha AS, Ousset M, Beck B, Bouvencourt G, Rock J,
Sharma N, Dekoninck S, Blanpain C. Distinct stem cells contribute to
mammary gland development and maintenance. Nature. 2011;479:189-93.
Veltmaat JM, Van Veelen W, Thiery JP, Bellusci S. Identification of the
mammary line in mouse by Wnt10b expression. Dev Dyn. 2004;229:349-56.
Walker S, Foster F, Wood A, Owens T, Brennan K, Streuli CH, Gilmore AP.
Oncogenic activation of FAK drives apoptosis suppression in a 3D-culture
model of breast cancer initiation. Oncotarget. 2016;7(43):70336-52.

Wang P, Ballestrem C, Streuli CH. The C terminus of Talin links integrins to
cell cycle progression. J Cell Biol. 2011;195:499-513.

Wu X, Tu X, Joeng KS, Hilton MJ, Williams DA, Long F. Rac1 activation
controls nuclear localization of 3-catenin during canonical Wnt signaling.
Cell. 2008;133:340-53.

Zeng YA, Nusse R. Wnt proteins are self-renewal factors for mammary stem
cells and promote their long-term expansion in culture. Cell Stem Cell.
2010,6:568-77.

Zuo Y, Oh W, Ulu A, Frost JA. Minireview: mouse models of rho GTPase
function in mammary gland development, tumorigenesis, and metastasis.
Mol Endocrinol. 2016;30:278-89.



	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Primary cell culture
	Organoid formation assay
	Cell sorting and analysis using flow cytometry
	Lentivirus production and infection of primary cells
	RNA extraction and qPCR
	Rac1 activation assay
	Statistical analysis

	Results
	β1-integrins are required for the maintenance and self-renewal of mammary epithelial stem cells
	β1-integrins influence mammary stem cells via Rac1
	Integrin-Rac signalling maintains mammary epithelial stem cells through a Wnt pathway
	Rac1 regulates the nuclear translocation of β-catenin in mammary epithelial stem cells

	Discussion
	Integrins in mammary epithelial cells
	Rac signalling in mammary epithelial cells
	Wnt signalling in mammary epithelial cells

	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	References

