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SUMMARY

Tissue homeostasis requires somatic stem cell main-
tenance; however, mechanisms regulating this pro-
cess during organogenesis are not well understood.
Here, we identify asymmetrically renewing basal and
luminal stem cells in the mammary end bud. We
demonstrate that SLIT2/ROBO1 signaling regulates
the choice between self-renewing asymmetric cell
divisions (ACDs) and expansive symmetric cell divi-
sions (SCDs) by governing Inscuteable (minsc), a
key member of the spindle orientation machinery,
through the transcription factor Snail (SNAI1). Loss
of SLIT2/ROBO1 signaling increases SNAI1 in the
nucleus. Overexpression of SNAI1 increases minsc
expression, an effect that is inhibited by SLIT2 treat-
ment. Increased minsc does not change cell prolifer-
ation in the mammary gland (MG) but instead causes
more basal cap cells to divide via SCD, at the
expense of ACD, leading to more stem cells and
larger outgrowths. Together, our studies provide
insight into how the number of mammary stem cells
is regulated by the extracellular cue SLIT2.

INTRODUCTION

Stem cells use division type, symmetric cell division (SCD)
versus asymmetric cell division (ACD), to balance stem cell
expansion with self-renewal and generate daughter cells with
different cell fates. This balance is critical to maintaining tissue
homeostasis, as illustrated by a study in which the overexpres-
sion of ErbB2 resulted in the increased proliferative capacity of
murine mammary tumors by favoring SCD (Cicalese et al.,
2009). The distinction between these division types depends
on the equal (SCD), or unequal (ACD), partitioning of molecular
components between the daughter cells, with SCDs generally
resulting in two equivalent daughter cells and ACDs resulting in
daughter cells with two different fates. However, when a
daughter is placed in a different niche, an SCD can yield daugh-
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ters with different cell fates, even though cellular components
are symmetrically partitioned. Orientation of the mitotic spindle
can play an important role in this process: for example, when
perpendicular orientation of a cell undergoing mitosis places
the daughter cell in another environment where extrinsic cues
promote a different cell fate. This type of division, resulting in
asymmetric fate outcomes through symmetric cell division, is
sometimes referred to as extrinsic ACD (Williams and Fuchs,
2013). Extrinsic ACDs have been observed in the MG with misre-
gulation of aurora A kinase and huntingtin proteins, both of which
change spindle pole orientation in basal cells, thereby promoting
Notch signaling in displaced daughter cells, which subsequently
acquire luminal cell fates (Regan et al., 2013; Elias et al., 2014).

In contrast to SCDs, classic ACDs involve the unequal parti-
tioning of cellular components along with spindle reorientation.
Classic ACDs are regulated by the formation of a NUMA/LGN
complex above one mitotic spindle pole, whereas this does
not occur during SCDs, not even during SCDs in which the spin-
dle reorients (i.e., extrinsic ACDs). mINSC serves as a link be-
tween the apically localized complex (PAR3/PAR6/aPKC) and
the microtubule-associated complex (NUMA/LGN/Gai). Recent
biochemical studies showed that mINSC and NuMA bind to
the same site on LGN (Culurgioni and Mapelli, 2013). mINSC,
recruited by the PAR complex, initially engages LGN before
handing this adaptor protein off to NuMA, resulting in the co-
localization of LGN and NuMA at the apical pole, facilitating spin-
dle pole tethering, and contributing to the unequal distribution of
cell fate determinants. In its role as a molecular baton, mMINSC
has the potential to be a very specific regulatory target, capable
of governing the balance between classic ACD and SCD.

One consequence of these divisory events during classic ACD
is that stem cell self-renewal occurs by generating daughter cells
that are molecularly distinct from each other. This distinction
may be only in potency, renewing the basal stem cell and gener-
ating a basal progenitor cell, or the distinction may additionally
involve a change in cell lineage, renewing the basal stem cell
while generating a luminal progenitor. The former is an example
of unipotent self-renewal, whereas the latter is an example of bi-
potent self-renewal. Recently in the MG, lineage-tracing studies
have provided evidence for mammary stem cells that renew via
both mechanisms (Van Keymeulen et al., 2011; de Visser et al.,
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2012; van Amerongen et al., 2012; Rios et al., 2014; Wang et al.,
2015). These stem cells generate the substantial post-natal
growth of the MG and persist through pregnancy, suggesting
that they must self-renew, but mechanisms governing this self-
renewal are unknown.

The Snail family of transcription factors plays a central role in
tissue morphogenesis, and all members of this family are ex-
pressed in the MG (Nassour et al., 2012). SNAI1 plays a key
role in breast tumorigenesis by enhancing a tumor cell’s commit-
ment to undergo epithelial-to-mesenchymal transition (EMT)
through its role as a transcriptional repressor of genes such as
E-cadherin. Less is known, however, about the role of SNAI1
as a transcriptional activator, although there is growing evidence
that it can function in this fashion (Hu et al., 2010; Rembold et al.,
2014). For example, in Drosophila, genetic analysis has provided
evidence for Snail acting to enhance Inscuteable expression
(Ashraf and Ip, 2001; Cai et al., 2001), but whether SNAI1 func-
tions in this way to govern somatic stem cell self-renewal in
vertebrate tissue has not been determined.

The bulk of MG growth and development occurs during pu-
berty and is driven by terminal end buds (TEBs) that traverse
the fat pad, potentially disseminating stem/progenitor cells along
the ducts during their outgrowth (Srinivasan et al., 2003; Rios
et al.,, 2014). TEBs are composed of an outer, basal layer of
cap cells and multiple, inner layers of luminal epithelial body
cells. Rapid proliferation of these cells results in the forward
movement of TEBs through the fat pad, while behind the TEB,
cells of the subtending duct resolve into a bilayered tubular
structure comprising an outer, basal layer of myoepithelial cells
(MECs) and an inner layer of luminal epithelial cells (LECs). SLITs
are a highly conserved family of extracellular proteins and have
been shown to influence ACD of ganglion mother cells in
Drosophila by indirectly regulating the asymmetric cellular local-
ization of Inscuteable (Mehta and Bhat 2001). In the developing
MG, SLIT2 is expressed in both body and cap cells of the end
bud, whereas expression of its receptor, ROBO1, is restricted
to basal cap cells (Strickland et al., 2006). Here we hypothesize
that SLIT2/ROBO1 signaling governs the balance between
classic ACD and SCD during MG morphogenesis. Our study
identifies a role for SLIT2 as an extracellular regulator of stem
cell number by signaling through SNAI1 to regulate the abun-
dance of mINSC and, consequently, the frequency of classic
ACD during mammary gland (MG) development.

RESULTS

SLIT2/ROBO1 Signaling Regulates minsc Expression

To investigate ACD during MG development, we focused on a
core component of the spindle machinery, the evolutionarily
conserved mINSC. First, we separated mammary epithelial cells
into basal and luminal cell fractions and observed by western
blotting mINSC in both fractions, with higher expression in
LECs (Figure 1A). We noted the mINSC antibody recognized a
doublet with the lower band contained in the nuclear fraction
and the upper band in the cytoplasmic fraction of fractionated ly-
sates (Figure S1A). Next, we assessed whether SLIT2/ROBO1
signaling regulates minsc by SLIT2-treating colonies that had
been grown in Matrigel from single, fluorescent-activated cell

sorted (FACS)-purified, basal (Lin"CD24*CD29"") and luminal
(Lin~CD24*CD29"%) cells. After 7 days, we harvested the col-
onies and found a 6.1-fold decrease in minsc expression in
SLIT2-treated basal colonies, but no significant change in
luminal colonies (Figures 1B and S1B), suggesting that SLIT2
regulates minsc at the transcript level. We also examined the
expression of minsc in Robo1** and Robo1~’~ basal fractions
harvested from 5.5-week-old mice. We observed a concordant
5.1-fold increase in minsc in Robo1~/~ cells, but no change in
the level of NuMA and Lgn (Figure 1C), which encode additional
core components of the spindle orientation machinery. Similarly,
at the protein level, we observed a 2.7-fold increase in mINSC in
the Robo1~/~ basal fraction and no changes in NuMA and LGN
(Figures 1D and S1C-S1E). Examining Robo?~'~ luminal frac-
tions, we saw no difference in the levels of these three proteins
(Figure S1F), which is consistent with the restricted expression
of ROBO1 in MECs of developing glands (Strickland et al.,
2006). To determine whether loss of Robo2 also affects minsc
expression, we analyzed minsc in Robo2*/* and Robo2~'~ basal
and luminal fractions and found no significant difference, sug-
gesting that SLIT2 regulates minsc via ROBO1 (Figure S1G).
To confirm that SLIT2/ROBO1 signaling regulates minsc expres-
sion, we examined mINSC levels in different cell types that ex-
press ROBO1: normal murine MG (NMuMG) cells treated with
purified SLIT2, three different clones of basal-like, MDA-MB-
231 breast cancer cells that stably express empty vector
(pSecTagB) or SLIT2-HA (Marlow et al., 2008) and HMES50 cells
infected with bicistronic Robo71 shRNA-GFP (shRobol) or
scramble shRNA-GFP (SCR) and treated with SLIT2 (Figure S1H).
The presence of SLIT2 reduced mINSC (2.2-, 1.9-, and 1.5-fold,
respectively) in these cell lines, a reduction that was significantly
attenuated by the knockdown of Robo1 in HMES5O0 cells (Figures
S11-S1K). Finally, we assessed the expression of mINSC by
immunohistochemistry in Robo?1™’~ and Robo1** MG end
buds and observed diffuse localization throughout cells with
significantly higher levels seen in the basal cap cells of
Robo1~'~ end buds (Figures S1L-S1N). Taken together, our re-
sults show that SLIT2/ROBO1 signaling downregulates the level
of minsc and, consequently, may influence division type.

SLIT2/ROBO1 Signaling Regulates minsc via SNAI1

In searching for possible transcriptional regulators of minsc that
may be targeted by SLIT2, we identified SNAI1 as a candidate
because it has been implicated in the activation of Inscuteable
expression in Drosophila (Ashraf and Ip 2001; Cai et al., 2001).
To investigate, we examined SNAI1 expression by western
analysis and found increased SNAI1 levels in the Robol™/~
basal, but not luminal, fraction (Figures 2A and S2A), consistent
with the restricted expression of Robo7 in MECs during MG
development. Next, we transfected NMuMG cells with
pcDNA3-Snai1-HA and observed a significant increase in
mINSC that is inhibited by SLIT2 treatment (Figures 2B and
S2B), suggesting that SLIT2 regulates minsc via SNAI1. Since
minsc is regulated transcriptionally by SLIT2/ROBO1 signaling,
we interrogated the minsc promoter region for potential SNAI1
binding sites and found such a site, which includes the
consensus binging sequence, TCACA (Hu et al., 2010). This
sequence is flanked by binding sites for stimulatory protein 1

Cell Reports 13, 290-301, October 13, 2015 ©2015 The Authors 291

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

A B c
0.87 . 1.25- % 8
LEC MECkDa O 2 |x*x
22 0.6 T 3 1.00- %6
0g = 65 <0 T 0
35 Z5 &
OE i WB: mINSC x2 0.75- 25
o 0.4 . E8 = S 4
g3 |37 2% 0.50- T<
0.2 - WB: GAPDH E2 *kxkk QG o
£ 0.25 8¢
I © ~WT
J . o) o 8
LEC MEC = 0.00- S 0-
D SLIT2 = 4 & & ¢
= 4 M Robo1 +/+ ¢ A\
fg O Robot -/-
£ INSC LGN NuMA
5531 ++ ~-"wa kDa +/4+ /- myckDa *+ ---FaGkDa
(207
®© = —
25, T e A e | |
25 WB: mINSC WB: LGN WB: NuMA
%.g ns NS
o 17 | — 37 ---l-37 ——-—I-ss
2
% WB: GAPDH WB: GAPDH WB: -Tubulin
o _

MINSC LGN NuMA

Figure 1. SLIT2/ROBO1 Signaling Regulates minsc Expression in the MG
(A) Immunoblot of mMINSC in WT LEC and MEC lysates from 5.5-week tissue. Lines represent nuclear (lower) and cytoplasmic (upper) endogenous mINSC.
(B) gRT-PCR analysis of mIinsc mRNA levels in SLIT2-treated and control FACS-purified basal colonies grown for 7 days in Matrigel.

(C) gRT-PCR analysis of minsc, Lgn, and Numa mRNA levels in Robo1*'* and Robo1~'~ MECs. Dashed line represents normalized mRNA level in Robo1*/*

cells.

(D) Quantification and representative immunoblots of mINSC, LGN, and NuMA protein levels in Robo?~'~ and Robo1*/* basal cells and in lysates from HEK293

cells overexpressing either mMINSC-HA, LGN-MYC, or NUMA-FLAG as positive
mINSC.

controls. Lines represent nuclear (lower) and cytoplasmic (upper) endogenous

Data are represented as mean + SEM; n = 3 independent experiments. See also Figure S1.

(SP1) and early growth response gene 1 (EGR1) that were pre-
viously shown to be required for TCACA-mediated SNAI1
enhancer function (Hu et al., 2010). To determine whether this
site is capable of inducing minsc transcription, a 224 bp DNA
fragment containing this region was placed in front of the lucif-
erase gene in a construct containing the thymidine kinase (TK)
minimal promoter. HEK293 and MDA-MB-231 cells expressing
the TCACA construct showed a significant increase in promoter
activity compared with TK-expressing cells (Figures 2C and
S2C). This increase was not observed in HEK293 cells trans-
fected with a mutant construct containing TGTGA (Figures 2C
and S2C). The relatively modest increase in promoter activity
could be due to the labile nature of SNAI1, which is rapidly
degraded by the proteasome (Zhou et al., 2004). Thus, to in-
crease the endogenous levels of SNAI1, we treated HEK293
cells with GSK3beta and proteasome inhibitors and observed
a significant increase in SNAI1 levels and promoter activity in
cells expressing the TCACA, but not TGTGA, reporter con-
structs (Figures 2D, 2E, and S2D). Taken together, these data
suggest that SLIT2 regulates minsc through SNAI1, which en-

hances minsc expression by binding to a TCACA sequence in
the minsc promoter.

Next we addressed the mechanism by which SLIT2 regulates
SNAI1. To determine whether SLIT2/ROBO1 signaling regulates
SNAI1 at the level of transcription, we performed gRT-PCR anal-
ysis on cDNA from Robo1~/~ and Robo1*/* basal fractions, but
found no difference in Snail mRNA levels (Figure S2E). This
result suggests the regulation occurs post-transcriptionally;
therefore, we examined SNAI1 levels in three clones of MDA-
MB-231 cells stably overexpressing SLIT2 and in NMuMG cells
treated with purified SLIT2. In both cell lines we observed a sig-
nificant decrease in SNAI1 levels (Figures 2F, S2F, and S2G),
demonstrating an effect of SLIT2 on SNAI1 protein levels.
Studies have shown that the subcellular localization and degra-
dation of SNAI1 are regulated through the GSK3beta pathway
(Zhou et al., 2004, Tseng et al., 2010). We previously showed
that SLIT2/ROBO1 signaling activates GSK3beta by inhibiting
AKT in cap and MECs of the developing gland (Macias et al.,
2011). To investigate whether this mechanism regulates SNAI1
signaling downstream of SLIT2/ROBO1, we inhibited GSK3beta

292 Cell Reports 13, 290-301, October 13, 2015 ©2015 The Authors
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Figure 2. SLIT2/ROBO1 Signaling Regulates minsc by Controlling the Activity of SNAI1

(A) Quantification and representative immunoblots of SNAI1 levels in Robo1** and Robo1~'~ MECs and LECs harvested at 5.5 weeks.

(B) Quantification and representative immunoblots of mINSC expression in SLIT2-MYC treated and nontreated NMuMG cells transfected with either pcDNA3 or
PcDNA3-Snai1-HA.

(C) Quantification of luciferase promoter activity in HEK293 cells expressing either pGL4CP-TK (TK), pGL4CP-TK-TCACA (TCACA), or pGL4CP-TK-TGTGA
(TGTGA), together with pRL-SV40 (Renilla luciferase).

(D and E) Immunoblot analysis shows SNAI1 expression (D) and promoter activity (E) in HEK293 cells transfected with TK, TCACA, or TGTGA constructs for 48 hr
and treated with MG132 and LiCl for the indicated times.

(F) Quantification of SNAI1 protein levels in MDA-MB-231 cells stably expressing pSecTagB or pSecTagB-Slit2-HA (SLIT2-HA) and treated with CHIR99021 or
DMSO.

(G) Representative images of SNAI1 and Hoechst immunostaining in MDA-MB-231 cells stably expressing pSecTagB-Slit2-HA or pSecTagB.

(legend continued on next page)
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signaling by treating SLIT2-overexpressing MDA-MB-231 clonal
lines with the GSK3beta inhibitor CHIR99021. This treatment
increased SNAI1 levels to that of the vector-expressing control
MDA-MB-231 clonal lines (Figures 2F and S2F), suggesting
that SLIT2 regulates the overall levels of SNAI1 through
GSK3beta. Next, we examined whether SLIT2 regulates the sub-
cellular localization of SNAI1 by immunostaining SLIT2-overex-
pressing MDA-MB-231 clonal lines and NMuMG cells that had
been treated with SLIT2. We observed a striking reduction in
punctate, nuclear SNAI1 staining, along with a reduced overall
level of SNAI1 in cells exposed to SLIT2 (Figures 2G, 2H, S2G,
and S2H). These changes in the subcellular localization of
SNAI1 were confirmed by biochemical fractionation of lysates
generated from SLIT2-expressing MDA-MB-231 cells (Fig-
ure S2lI). To address whether this regulation also occurs in
primary cells, we immunostained colonies derived from FACS-
purified, single basal cells. This analysis revealed increased
overall SNAI1 levels, as well as a significantly increased nuclear
SNAI1 accumulation in Robo7~/~ colonies, indicating that the
SLIT2/SNAI1 signaling axis also occurs in primary mammary
cells (Figures 21-2K). Taken together, these data support a
model in which SLIT2/ROBO1 signaling activates GSK3beta to
inhibit the activity of SNAI1 by regulating both its subcellular
localization and degradation.

Overexpression of minsc Enhances Ductal Outgrowth
Our data show that the level of minsc is regulated by SLIT2/
ROBO1 signaling, with loss of Robo1 leading to elevated minsc
levels (Figures 1C and 1D). To investigate the effects of excess
mINSC on MG development, we analyzed transgenic mice that
ubiquitously express minsc-GFP from the Rosa26 locus
(minsck”Ky (Postiglione et al., 2011). Immunostaining for GFP
confirmed the expression of the transgene in both cap and
body cells of end buds (Figure S3A). Similarly, immunostaining
for mINSC showed a low level of diffuse expression in both
body and cap cells of minsc*’* TEBs, and as expected, higher
expression in the same pattern in TEBs from minsc®”" glands
(Figure 3A). To quantify, we performed western analysis on
minsc*’* and minsc”¥' glands and found a 3-fold increase in
mINSC expression that is similar to the increase observed in
Robo1~/~ glands (Figures 1D and 3B).

Next we investigated the morphological consequences of
increased mMINSC expression. Given our observation that
Robo1~~ and minsc"”! glands contained a similar excess of
mINSC (Figures 1E and 3B), one possibility is that minsc<" ' tis-
sue resembles Robo1~/~ tissue. During development, there is
enhanced MEC proliferation in Robo?™~ glands as a conse-
quence of elevated beta-catenin signaling, leading to disorga-
nized tissue structure and increased ductal branching (Macias
et al., 2011). However, there was not increased beta-catenin
signaling in minscX"¥ tissue, as measured by gqRT-PCR of

target genes Axin2 and CyclinD1 (Figures S3B and S3C) or
immunoblot of CYCLIND1 levels (Figure S3D), nor did we
observe similar morphological phenotypes (Figure 3C and
S3E). Instead, we found an expansion of a normally branched
ductal network, as evidenced by a significant increase in the per-
centage of the fat pad filled with minsc”<' epithelium at
5.5 weeks (Figures 3C and S3E). To confirm this enhanced
growth phenotype, we injected 2,000 minsc*’* or minsck/K!
cells into pre-cleared fat pads and analyzed the outgrowths after
8 weeks. Again, we observed a significant increase in the per-
centage of the fat pad filled with epithelia generated from
minsc®”¥! cells (Figure 3D). This enhanced growth cannot be
explained by either increased cell proliferation, decreased cell
death, or changes in cell viability because we observe no
changes in these events as measured by Ki67 staining (Fig-
ure S3F), cleaved caspase 3 staining (Figure S3G), and FACS
analysis of 7AAD uptake by cells (Figure S3H). We also did not
observe a change in the size of the minsc’”¥ in comparison to
minsc*’*, basal or luminal cell fractions, as measured by FACS
(Figure S8I). Thus, overexpression of minsc enhanced the
expansion of the epithelial compartment, without altering cell
growth or cell death. These results point to excess mINSC lead-
ing to a change in the behavior of the stem cells. Studying the
consequence of minsc overexpression in Robo1™/~ tissue is
difficult, however, due to the overall decrease in GSK3beta activ-
ity in this tissue (Macias et al., 2011), resulting in a number of
downstream signaling events, which include but are not limited
to the upregulation of SNAI1 and minsc (Figures 1 and 2). There-
fore, in order to investigate the specific consequences of
increased MINSC on stem cells of the MG, we focused our
studies on minsc’"¥! tissue.

Surplus mINSC Expands the Mammary Stem Cell
Population

One way to investigate stem cell activity is to serially passage
FACS-purified basal cells in 3D Matrigel. Robo7** basal cells
possess a limited capacity for self-renewal with colonies
becoming progressively smaller until they senesce at passages
4to 5. Overexpression of minsc led to a two-passage extension,
accompanied by increased colony number and colony size at
each passage, suggesting an expansion of the stem cell fraction
(Figures 4A-4C). Since the basal population is not pure, but only
enriched for basal stem cells, we also performed limiting dilution
assays using FACS-purified basal cells harvested from minsc*’*
or minsc’” glands to calculate the frequency of mammary re-
populating units (MRUs). We found a significant increase in
MRU frequency from 1/304 in minsc*’* to 1/97 in minsck"! tis-
sue (Figure 4D). Not only do these data suggest that there are
more stem cells in the minscX”¥ tissue, but the cells appeared
to be more robust because injection of only ten cells produced
larger outgrowths more frequently (Figures 4E-4G). A similar

(H) Quantification of the percentage of total MDA-MB-231 cells with nuclear or cytoplasmic localization of SNAI1 by immunostaining with SNAI1 and Hoechst.
(I and J) Representative images of SNAI1 and Hoechst immunostaining in Robo7*/* (I) and Robo1~/~ (J) colonies grown for 7 days in Matrigel from single FACS-

purified basal (Lin~CD24*CD29"9") cells.

(K) Quantification of SNAI1 fluorescence (pixel) intensity in Robo1*"* and Robo1~'~ MEC colonies.
Scale bar represents 10 um (l) and 5 um (I and J). Data are represented as mean + SEM; n = 3 independent experiments (D-J). Experiments were performed using

three clonal cell lines for each construct (F-H). See also Figure S2.
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Figure 3. Overexpression of minsc in Mammary Tissue Enhances Ductal Outgrowth

(A) Immunostaining tissue from 5.5-week-old mice reveals increased mINSC levels in minsc

KI/KI +/+

glands compared with minsc** glands. Small panels are

magnified views of boxed inset. Arrow points to mMINSC accumulation in basal cytoplasmic region of cap cells.
(B) Quantification and representative blot of mINSC expression in whole-gland lysates from 5.5-week-old minsc*’* and minsc"”%' mice. Arrowhead represents

mINSC-GFP and the line represents endogenous mINSC.

(C and D) Representative images and quantification of ductal outgrowth in carmine-stained minsc*’* and minsc
cells into pre-cleared fat pads (D).

+/+ KI/KI

after injection of 2,000 m/nsc** and minsc

KIKI glands at 5.5 weeks of age (C) and 8 weeks

Scale bars 12 um (A) and 1.2 mm (C and D). Data are represented as mean + SEM; n = 3 biological replicates. See also Figure S3.

3-fold expansion of the stem cell population was observed in
Robo1~/~ tissue (1/176) compared with Robo1** (1/551) (Fig-
ure S4). Taken together, our results suggest that changes in
mINSC expression are sufficient to influence the number of
stem cells.

Excess mINSC Converts ACD to SCD

Stem cells use ACD/SCD to balance self-renewal with expan-
sion. We observed an increased number of stem cells in both
minsc’’"' and Robo1~/~ MGs, suggesting that this balance
has been shifted toward SCD in stem cells that overexpress
minsc. To investigate, we employed an in vitro PKH26 label-re-
taining assay that measures the proliferative history of cells in
culture and has been used to identify stem cells (Figure 5A) (Ken-
ney et al., 2001; Cicalese et al., 2009). This method discriminates
between slowly and highly cycling cells, the former of which are
presumptive stem cells. FACS-purified basal cells were labeled
with this fluorescent dye and grown in Matrigel. PKH26 binds

to cell membranes and is distributed to daughter cells upon divi-
sion. Classic ACDs generate one quiescent stem cell that main-
tains fluorescence and another cell that continues to divide,
diluting the dye and diminishing fluorescence. The resulting col-
onies were distinguished by the presence of a single PKH26™ cell
(Figures 5A and 5B). In contrast, SCDs result in dye dilution, and
the resulting colonies were composed of unlabeled cells. In addi-
tion, a fraction of plated cells remains single and is PKH26™ (Fig-
ures 5A and 5B). To model this assay, we labeled WT cells and
assessed ACD frequency by image analysis at 3 and 7 days in
culture (Figures 5B, 5C, S5A, and S5B). We observed that 24%
of 3-day-old and 25% of 7-day-old colonies contained a single
PKH26™" cell, indicating that these colonies arose from a classic
ACD, with the stem cell maintaining quiescence for 7 days in cul-
ture (Figures 5C and S5A). The remaining colonies (~75%) con-
tained no PKH26" cells, indicating that they arose from either a
stem or progenitor cell undergoing SCD (Figures 5A, 5B, S5A,
and S5B). Next, we assessed PKH26 labeling in minsck"«!
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(C) Representative images of colonies at specified passages. Insets are magnified views of boxed colonies.
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Scale bars represent 0.5 mm (black bar) and 125 um (white bars) (C) and 1.2 mm (E and F). Data are represented as mean + SEM; n = 3 independent experiments

(A and B) and as indicated in (D)-(F). See also Figure S4.

and Robo1~'~ colonies and observed a significant decrease in
ACD frequency, with fewer colonies containing one PKH26"
cell and a concomitant increase in the number of unlabeled col-
onies generated via SCD (Figures 5C and 5D). We also assessed
the frequency of single PKH26" cells that were not incorporated
into colonies and found no significant difference between geno-
types (Figure 5E). Next, we used a second method to quantify the
number of PKH26-positive cells in the 7-day-old basal colonies
that contained sufficient cells for FACS analysis. Again, this anal-
ysis revealed a significant decrease in the number of PKH26*
minsc®”%! and Robo1~'~ cells compared with WT (Figure 5F),
with no change in viability as measured by the uptake of 7AAD
(Figure S5C). Taken together, our data support a model whereby
elevated mINSC levels result in expansion of the stem cell pop-
ulation by favoring SCDs at the expense of ACDs.

mINSC Regulates ACD in Cap and Body Cells

of End Buds

PKH26 labeling is a surrogate assay for stemness that is per-
formed on cells that have been removed from the tissue. In order
to evaluate classic ACD in situ, we turned to an immunohisto-
chemical assay that measures classic ACD by examining the un-
equal partitioning of cellular components. We focused on TEBs
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during puberty and generated serial, longitudinal sections of
WT glands, immunostaining for proteins associated with ACD:
NuMA and LGN. We observed enrichment of both proteins in a
crescent-like structure above one spindle pole in a subpopula-
tion of dividing end bud cells (Figure 6A), indicating an ACD. Of
the over 700 mitotic cells observed along the ducts, not a single
cell contained a NUMA/LGN crescent, suggesting that these
dividing cells are progenitors. In end buds, however, we deter-
mined that 11% of all mitotic cap cells undergo ACD (Figure 6B),
with 69% residing in the outer cap cell layer (Figures 6B and 6C)
and 31% residing in the luminal compartment as “drop-down”
cap cells (Figures 6B and 6D). During this analysis, we also iden-
tified ACDs in 8% of mitotic body cells (Figures 6E and 6F). These
data suggest that stem cells in each compartment of the post-
natal gland undergo self-renewal via ACD (Figures 6B and 6F).
Next, we examined the frequency of ACD in end buds of
minscX"¥! tissue and observed a significant decrease compared
with WT in the number of cap and body cells undergoing ACD
(Figures 6G and 6H). Notably, there was a concomitant increase
in SCD frequency of 15% and 11% in minsc”’%' cap and body
cells, respectively, compared with WT (Figures 6l and S6). We
also assessed the frequency of ACD in Robo?~'~ TEBs and
found a similar significant decrease in the number of cap cells
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undergoing ACD and a concomitant (16%) increase in SCD (Fig-
ures 6G and 6l). We did not observe a decrease in the number of
body cells undergoing ACD in Robo1~/~ TEBs, nor did we see an
increase in SCD in these cells, consistent with the lack of ROBO1
expression in luminal cells during development (Figures 6H and
S6H). These results indicate that excess mINSC inhibits the fre-
quency of classic ACD, thereby increasing the frequency of
SCDs and expanding the stem cell compartment. Altogether,
our data support a model in which SLIT2/ROBO1 signaling reg-
ulates stem cell frequency in cap cells of the mammary TEB by
governing stem cell division type through a SNAI1/minsc axis.

DISCUSSION

Somatic stem cells are essential for tissue growth during devel-
opment, homeostasis in the adult animal, and repair after injury.
However, our understanding of how somatic stem cell hierar-
chies provide the necessary progenitors required to achieve
these processes is incomplete, particularly in actively cycling,
solid tissues such as the mammary epithelium. Research in
model organisms suggests that classic ACD is required for
stem cell self-renewal and concomitant generation of progeni-
tors, but how such divisions are regulated, especially by extra-
cellular factors, is largely unknown. Here, we show through the
immunolocalization of NuMA and LGN, mammary stem cells un-
dergoing ACD in situ, in both luminal and basal compartments of
the mammary end bud. We identify an extracellular cue, SLIT2,
signaling through its ROBO1 receptor, that targets the expres-
sion of a key member of the spindle orientation machinery,
minsc, by regulating the subcellular localization and level of the
transcription factor SNAI1. We identify a SNAI1 target sequence
in the minsc promoter that drives minsc expression. This rela-

SCD

Figure 5. mINSC Regulates the Frequency
of ACD In Vitro

(A) Cartoon depicting the method of ACD quanti-
fication by PKH26 assay, in which FACS-purified
basal cells are fluorescently labeled with PKH26
and allowed to grow in Matrigel for 7 days.

(B) Representative images of a colony with a single
PKH26" cell (left, ACD), a colony with no PKH26*
cell (middle, SCD) and a single PKH26™ cell (right)
after 7 days in culture.

(C and D) Quantification of the number of colonies
containing a PKH26" cell (C) and colonies that do

not contain a PKH26" cell (D) in WT, Robo1~'~,
KIKI

Single PKH26+ Cell

and minsc’ cultures from FACS-purified en-
F riched basal stem cells after 7 days in culture; n =
»15 1,338 WT, 1,002 Robo1~/~, and n = 330 minsc<" !
9 2 colonies.

& jg 1. (E) Frequency of single PKH26" cells as a percent
%—) 8 of the total number of cells/colonies in the cultures
2 go 5 FrE xx after 7 days; n = 3,133 (WT), n = 2,720 (Robo1 /"),

Qo™ and n = 751 (minsc"¥) cells and colonies.
f_=3 (F) Quantification of the PKH26 fluorescence in-
0-0. +/ tensity in dissociated colonies as analyzed by

O Robo1 /- FACS.

O minsc KI/KI Scale bars represent 12.5 um (B). Data are repre-

sented as mean + SEM; n = 3 independent ex-
periments (C-E); n = 4 independent experiments
(F). See also Figure S5.

tionship between SNAI1 and minsc was further supported by a
search of the Geo Profiles database that revealed an upregula-
tion of minsc in breast cancer cell lines that overexpress SNAI1
(Edgar et al., 2002). Increased levels of mINSC in the MG, which
also occur in the absence of SLIT2/ROBO1 signaling, enhances
ductal outgrowth due to an overabundance of stem cells that are
generated through a switch in division type from classic ACD to
SCD. This study elucidates a mechanism for regulating stem cell
division type during tissue morphogenesis.

The role for SNAI1 as an EMT inducer is well established, and
its reactivation in many types of tumors, including breast, pro-
motes metastasis, and negatively correlates with survival.
Recently, there is growing appreciation that activation of EMT
is associated with the acquisition of stem cell traits by normal
and tumor cells. SNAI1, which is a transcription factor with
many targets, is a prime candidate for a protein that bridges
these programs. In numerous cancer models (Lim et al., 2013;
Hwang et al., 2014; Zhou et al., 2014), and in our studies on
normal development, SNAI1 expression is associated with
enhanced stem cell properties such as increased colony forma-
tion. Here, we show that one mechanism generating enhanced
stemness is a SNAI1-mediated switch from ACD to SCD through
target minsc. Such an influence of SNAI1 on division type was
also observed in a colorectal cancer model, but in this context,
through nuclear accumulation of beta-catenin, activation of
miR-146a and repression of Numb, leading to increased SCD
(Hwang et al., 2014). Loss of SLIT2/ROBO1 signaling also leads
to increased nuclear beta-catenin (Tseng et al., 2010; Macias
et al., 2011), and while this could mean that miR-146a/Numb
signaling is contributing to SCD in mammary stem cells, we
show that miInsc overexpression alone can achieve the same in-
crease in SCD and stem cell number observed in the Robo1~/~
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Figure 6. mINSC Regulates the Frequency of ACD and SCD in Body and Cap Cells

(A) Representative image of a dividing cell obtained by immunostaining for Hoechst, NuMA, and LGN to mark the ACD machinery at the apical pole during an ACD.
Magnified views show the apical LGN (left) and NuMA (right) crescents (arrowheads).

(B) Quantification of ACD frequency in cap cells (n = 122 cells in metaphase through anaphase from three 5.5-week-old mice). Outset bar shows distribution of

classic ACDs in outer, versus drop down, cap cells.

(C) Representative images of SMA* outer (white box) undergoing classic ACD. (Right, bottom) A 3D rendering of NuMA crescent with dashed box enlarged.
(D) Representative images of SMA* drop-down cap cell (white box) undergoing classic ACD.

(E) Representative image of a SMA™ body cell (white box) undergoing classic ACD.

(F) Quantification of classic ACD frequency in body cells (n = 308 cells in metaphase through anaphase from three 5.5-week-old mice).

(G) Quantification of ACDs in cap cells in WT (n = 146), Robo1~'~ (n = 106 cells), and minsc’' (n = 39 cells) end buds from at least three 5.5-week-old

mice/genotype.

(H) Quantification of ACDs in body cells in WT (n = 292 cells), Robo1~"~ (n = 106 cells), and minsc! (n = 90 cells) end buds from at least three 5.5-week-old

mice/genotype.

() Quantification of SCDs in cap cells in WT (n = 146), Robo?1~'~ (n = 106 cells), and minsc’%' (n = 39 cells) end buds from at least three 5.5-week-old

mice/genotype.

Scale bars represent 12 um (A and C-E). Small images show magnified views of dividing cell in white boxes and arrowheads point to crescents (A and C-E). Data
are represented as mean (B and F) and as mean + SEM (G-l). See also Figure S6.

MG, suggesting that mINSC plays the key role in regulating a
switch between classic ACD and SCD during mammary
morphogenesis.

Recent biochemical studies offer a mechanistic explanation
for the observed effects of excess mINSC by showing that
mINSC and NuMA bind to the same site on LGN, with mINSC
having a higher affinity for this site (Mapelli and Gonzalez,
2012). This structural insight suggests that the levels of mINSC
can have profound effects on classic ACD by controlling how
the spindle orientation machinery is assembled. In mammary
epithelial cells, our data support a model in which excess mINSC
effectively titrates all the binding sites on LGN. This prevents
NuMA and associated astral microtubules from tethering to
LGN, thereby obstructing self-renewal via classic ACD. In this
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way, mINSC shifts the balance from ACD toward SCD, as evi-
denced by enhanced MG growth and an increase in mammary
stem cells in Robo?~'~ and minsck"¥! tissue.

A burst of minsc may be more analogous to the type of regu-
lation of mMINSC occurring during normal development, when
changes in mINSC level at specific times could regulate whether
a cell undergoes ACD. We discovered a defect in ACD by exam-
ining Robo1 ™~ and minsc“"X" MGs, which chronically overex-
press minsc. During normal development, however, we specu-
late that finely tuned regulation of SLIT2/ROBO1 signaling may
have the capacity to govern ACDs by regulating the amount of
minsc in cells. The extracellular availability of SLIT and its asso-
ciation with ROBOs is regulated by a number of extracellular ma-
trix components, including heparin sulfate proteoglycans and



collagen types XV and XVIII (Ballard and Hinck 2012). Indeed,
studies in the nervous system show that different heparin sulfo-
transferases play distinct roles in modifying the axon guidance
functions of SLITs (Conway et al., 2011), suggesting that similar
to the glycosaminoglycan codes regulating WNT and FGF
signaling (Zhang 2010), extracellular mechanisms also modify
SLIT action. These modifications would have the capacity to
induce a classic ACD by temporally and spatially restricting the
presentation of ligands to cells, as recently demonstrated by im-
mobilizing WNT3A on a bead and delivering it to a single embry-
onic stem cell (Habib et al., 2013).

Here, we demonstrate that the extracellular cue SLIT2 has the
capacity to influence the balance between ACD and SCD in the
breast through mINSC and thus plays a role in determining
the number of stem cells. This finding may have implications
for tumor biology because SLIT/ROBO signaling is altered in
40.7% of basal breast tumors, a subtype associated with EMT
and stem-like characteristics (Cancer Genome Atlas Network,
2012). In basal tumors, the switch from ACD to SCD that we
observed in the absence of Robo7 and in the presence of excess
mINSC may occur in cancer stem cells and facilitate tumor
growth. Thus, we propose that one of the ways SLIT2/ROBO1
signaling keeps cellular proliferation in check is to specify divi-
sion mode by modulating the levels of minsc through regulating
SNAIT1 activity.

EXPERIMENTAL PROCEDURES

Mouse Strains

Robo1~/~ (C57BI/6J/CD1) mice were generated as described (Long et al.,
2004), as were minsc’’% mice (C57BI/6J/FVB) (Postiglione et al., 2011). This
research conformed to guidelines set by the University of California, Santa
Cruz, animal care committee.

Mammary Cell Preparation, FACS Analysis, Colony Formation Assay
Whole tissue, LEC and MEC cell fractions were prepared from MGs and
lysed to obtain purified cell fractions (Macias et al., 2011). For preparation
of single-cell suspensions for FACS, thoracic and inguinal MGs were har-
vested, and mammary epithelial single-cell suspensions were prepared as
previously described (Harburg et al., 2014). All cells for the limiting dilution
analysis and basal colony 3D Matrigel cultures were generated from
FACS-purified Lin"CD24*CD29"9" (basal) cells. To stain colonies, FACS-pu-
rified basal cells were resuspended in 100% Matrigel (Corning), and 5,000
cells were plated per 20 pl Matrigel in eight-well chamber slides (Labtek).
Colony media (DMEM-F12, 1% fetal calf serum [FCS], 0.5 pg/ml hydrocorti-
sone, 1 pg/ml insulin, 10 ng/ml epidermal growth factor (EGF), 20 ng/ml
cholera toxin, 1% Pen/Strep) was added after Matrigel had solidified and col-
onies grown at 37°C in hypoxic conditions. After 7 days in culture, colonies
were either paraffin embedded and immunostained or counted, harvested
from Matrigel using BD Recovery Solution (BD), dissociated using 0.05%
Trypsin-EDTA, counted and re-plated (for PKH26 and colony passaging as-
says) (Harburg et al., 2014). Colony counts and diameter measurements were
performed using Fiji.

In Vitro Assays

MDA-MB-231 cells were treated with 2 uM CHIR99021 (Cayman Chemical) for
4 hr and lysed and analyzed by immunoblot. Purified SLIT2-MYC was pre-
pared as described (Brose et al., 1999) and used at 1 ug/ml for 24 hr (NMuMGs)
or at 0.5 pg/ml for 7 days, treating every 3 days (basal and luminal colonies).
For luciferase assay, the pGL4CP-TK and pGL4CP-TK-TCACA constructs
were co-transfected into HEK293 or MDA-MB-231 cells with pRL-SV40
(Promega) using Lipofectamine 2000 (Sigma). After treatments, cells were har-
vested and assayed for Renilla and Firefly luciferase activities using a dual-

luciferase reporter assay system, as described in the protocol (Promega), us-
ing Victor Light 1420 Luminescence Counter and software (PerkinElmer).
Firefly luciferase activity was normalized to that of Renilla to generate promoter
activity. Cells were treated with 40 mM MG132 (a gift from Dr. Sullivan, Univer-
sity of California, Santa Cruz) and 10 um lithium chloride (Thermo Fisher Scien-
tific) every 6 hr for the indicated times before being lysed and analyzed for
promoter activity. Each experiment was performed three times in duplicate.
For knockdown of Robo1, production of lentiviral particles for scrambled
and Robo1 knockdown experiments involved combination transfection of
psPAX2, pMD2.G, and pLVTHM-scrambled-GFP (SCR) or pLVTHM-
shRobo1-GFP (shRobo1) into HEK293T cells. Filtered (0.45 um) viral particles
were then diluted in media to infect HMES0s. At 48-hr post-infection, cells
were treated with SLIT2, or not, and harvested 24 hr later for western blot anal-
ysis of ROBO1 and mINSC protein levels.

In Vivo Limiting Dilution Assay and Ductal Outgrowth Analysis
Robo1~’~ and minsck”K' FACS-purified cells were manually counted and
transplanted contralaterally with WT control cells at limiting dilution (or 2,000
cells) into mice that had been pre-cleared of endogenous epithelium (Strickland
et al., 2006; Harburg et al., 2014). Outgrowths were harvested 8 weeks post-
transplant and imaged for GFP fluorescence (minsc! tissue) and subjected
to carmine alum staining for whole-mount outgrowth analysis. Limiting dilution
analysis was performed using extreme limiting dilution analysis (ELDA) program
(http://bioinf.wehi.edu.au/software/elda/index.html) (Hu and Smyth, 2009).

PKH26 Assay

FACS-purified Lin"CD24*CD29"9" (basal) cells were stained with PKH26 per
manufacturer’s protocol (Sigma). PKH26 concentration was titrated and opti-
mized to 1:750; 5,000 labeled cells were cultured in 20 pl Matrgiel with media
changed every 2-3 days. After 7 days, colonies were imaged in the TRITC chan-
nel, counted, dissociated, stained with 7AAD (Life Technologies, 1:250) to select
live cells, and FACS analyzed for PKH26 fluorescence intensity and viability.

ACD Assay

Mitotic cells were identified based on chromatin condensation and NuMA
localization at mitotic spindle poles. Each dividing cell was imaged and z
stacks reconstructed into a 3D image that contained the entire cell (at least
32 um above and below each mitotic spindle pole). Cell division type (ACD
or SCD) was determined based on presence or absence of a NUMA crescent
above one mitotic spindle pole and quantified as a percentage of total mitotic
cells. Only cells in metaphase and anaphase were analyzed in the NuMA ACD
assay.

Western Blotting and Immunohistochemistry

Transformed cell, MEC, LEC, and whole-tissue protein lysates were prepared
and analyzed by western blot as described (Marlow et al., 2010; Macias et al.,
2011). Cell fractionation was performed using the Qproteome Cell Compart-
ment kit (QIAGEN). Immunostaining was performed as described (Marlow
et al., 2010; Harburg et al., 2014); for more details, see the Supplemental
Experimental Procedures.

RNA Extraction and qRT-PCR

Total RNA was isolated from MEC and LEC primary cell fractions (separated as
described; Macias et al., 2011) or from FACS-purified basal (Lin"CD24*CD29-
high) and luminal (Lin-CD24*CD29'") cells using TRIzol reagent (Invitrogen)
and prepared as previously described (Macias et al., 2011). cDNA was pre-
pared from 1 pg RNA using an iScript cDNA synthesis kit (Bio-Rad). qRT-
PCR was performed in triplicate using LightCycler 480 SYBR Green | Master
(Roche) and quantified using either Rotor Gene 6000 real-time PCR machine
and software or Bio-Rad CFX Connect Real-Time System and CFX Manager
software (Bio-Rad). Quantification of gene expression was carried out using
the method of Livak and Schmittgen (2001). Results were normalized to that
of Gapdh or Actin.

Statistics
Statistics were performed using Prism software (GraphPad). A two-tailed un-
paired Student’s t test was used in all figures except in Figures 4C and S4:
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one-way ANOVA and chi-square test. Significance is indicated by *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001, ns: p > 0.05. Graph columns represent
the mean, and error bars represent the SEM.

Further details of experimental methods and reagents are described in the
Supplemental Experimental Procedures.
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