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ABSTRACT
The cell polarity protein scribble (SCRIB) is a crucial regulator of
polarization, cell migration and tumorigenesis. Whereas SCRIB is
known to regulate early stages of mouse mammary gland
development, its function in the adult gland is not known. Using an
inducible RNA interference (RNAi) mouse model for downregulating
SCRIB expression, we report an unexpected role for SCRIB as a
positive regulator of cell proliferation during pregnancy-associated
mammary alveologenesis. SCRIB was required in the epithelial cell
compartment of the mammary gland. Lack of SCRIB attenuated
prolactin-induced activation of the JAK2–STAT5 signaling pathway. In
addition, loss of SCRIB resulted in the downregulation of prolactin
receptor (PRLR) at cell surface and its accumulation in intracellular
structures that express markers of the Golgi complex and the
recycling endosome. Unlike its role in virgin gland as a negative
regulator cell proliferation, SCRIB is a positive regulator of mammary
epithelial cell proliferation during pregnancy.
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INTRODUCTION
Scribble (SCRIB) is a scaffolding protein that contains 16
N-terminal leucine-rich repeats and four PSD95, Disc Large,
ZO-1 (PDZ) domains. In Drosophila, SCRIB regulates apical-basal
polarity and morphogenesis in epithelial cells (Bilder and Perrimon,
2000; Legouis et al., 2003), and spindle polarity in dividing
neuroblasts (Albertson and Doe, 2003). In mammals, SCRIB
regulates apical-basal polarity in epithelial cells (Qin et al., 2005;
Godde et al., 2014; Pearson et al., 2011), front-back polarity in
migrating astrocytes, T cells, fibroblasts and epithelial cells (Dow
et al., 2007; Ludford-Menting et al., 2005; Nola et al., 2008;
Osmani et al., 2006) and planar cell polarity of the stereociliary
bundle in the inner ear cochlea (Montcouquiol et al., 2003).
Loss of SCRIB in mammals leads to perinatal lethality due to

severe neural tube closure defects (Murdoch et al., 2003).
Conditional loss studies have identified SCRIB as a regulator of
biology in both lung and corneal epithelial cells (Yates et al., 2013;
Yamben et al., 2013). In the mammary gland, loss of SCRIB

activates RAS–MAPK signaling, and induces multilayering of the
luminal epithelium and hyperbranching of ductal structures (Godde
et al., 2014).

Apart from in early development, during pregnancy and in
response to prolactin (PRL) and progesterone mammary epithelial
cells undergo a large increase in cell number to develop
lobuloalveolar structures that are used for production of milk
(Oakes et al., 2006; Macias and Hinck, 2012). Luminal epithelial
cells in these structures have well-established apical-basal polarity
to facilitate vectoral secretion of milk into the lumen and mature
tight junctions that create a permeability barrier to hold milk within
the luminal space (Barcellos-Hoff et al., 1989; Nguyen and Neville,
1998). It is not known whether polarity proteins, such as SCRIB,
have a role to play during alveologenesis. Conditional knockout
approaches, where the SCRIB gene is inactivated during early
stages of mammary gland development, are not well suited for
investigating adult tissues.

To enable controlled inactivation of SCRIB in adult tissues, we
have developed an inducible RNA interference (RNAi) mouse
model to knockdown expression of SCRIB in adult mice. Using this
model, we knockdown SCRIB expression in 12-week-old mice and
report an unexpected role for SCRIB as a positive regulator of cell
proliferation during alveologenesis and a regulator of prolactin
receptor (PRLR) trafficking to the cell surface.

RESULTS AND DISCUSSION
Generation and characterization of an inducible knockdown
mouse model for SCRIB
Mice expressing an inducible short hairpin RNA (shRNA)
targeting SCRIB (ishSCRIB) (Fig. 1A; Fig. S1A) were
generated by subcloning the SCRIB shRNA into a vector that
contained a minimal tetracycline-responsive promoter to drive
expression of the shRNA and green fluorescent protein (EGFP)
(Fig. 1A, Fig. S1A) and that was targeted to the collagen A1
(ColA1) locus in mouse chromosome 11 in KH2 mouse
embryonic stem cells (ESCs) (Fig. S1A). KH2 ESCs, derived
from a C57BL/6-129/sv hybrid genetic background, contain a
reverse tetracycline transactivator (rtTA) knocked-in to the
ubiquitously expressed Rosa26 locus (Fig. 1A, Fig. S1A). Adult
(12-week-old) transgenic mice were treated with doxycycline
(dox) for 8 weeks and mammary glands were isolated.
Immunoblots of lysates revealed a dox-induced expression of
EGFP and a decrease in SCRIB levels (Fig. 1B). Dox treatment
resulted in green tails (Fig. S1C) and loss of SCRIB expression in
the mammary epithelial cells (Fig. 1C). In the control mammary
gland, SCRIB expression was observed primarily in the
E-cadherin-positive luminal epithelial cell population, but not in
the cytokeratin (KRT) 14- or KRT5-positive basal epithelial cells
of ducts and terminal end buds (Fig. S1D,E). SCRIB expression
was undetectable in the luminal epithelial cells of dox-treatedReceived 31 December 2015; Accepted 30 April 2016
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Fig. 1. Generation and characterization of an inducible knockdown mouse model for SCRIB. (A) Schematic of the collagen 1 (ColA1) and Rosa26
locus in KH2 ESCs for generation of ishSCRIB mouse. TRE, tetracycline response element. (B) Cell lysates from mammary glands isolated from control and
ishSCRIB mice treated with dox for 8 weeks analyzed for expression of SCRIB, EGFP and E-cadherin (E-Cad). (C) Expression of E-cad, KRT14 and SCRIB
analyzed by immunohistochemistry in mammary glands isolated from control and ishSCRIB mice treated with dox for 8 weeks. Scale bars: 50 μm. (D)
Immunohistochemical staining of GM130 (red) and ZO-1 (green) in mammary glands isolated from control and ishSCRIBmice treated with dox for 8 weeks. Scale
bars: 30 μm. (E) Schematic diagram of the method used to quantify changes in Golgi localization (see Materials and Methods for details). The graph on the right
represents percentage of mislocalized Golgi (mean±s.e.m.; n=50 in five ducts). P>0.05 by Student’s t-test.
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mice, whereas, the expression patterns of E-cadherin and KRT14
remained unaffected (Fig. 1C). Moreover, loss of SCRIB did not
alter the expression of the epithelial or the mesenchymal markers
(Fig. S1F), or alter localization of the apical polarity markers ZO-1
(also known as TJP1) and GM130 (also known as GOLGA2)
(Fig. 1D,E; Fig. S1G). Thus, we have generated an inducible
knockdown mouse model of SCRIB and demonstrated that SCRIB
is dispensable for maintaining differentiation and polarization of
adult mammary epithelial cells.

SCRIB is required for epithelial expansion during pregnancy-
induced alveologenesis
To determine whether SCRIB plays a role during pregnancy-
induced alveologenesis, 12-week-old virgin mice were treated
with dox and mated at 20 weeks of age. Their mammary glands
were subjected to whole-mount analysis during early (day 7.5),
mid (day 13.5) and late (day 17.5) pregnancy (Fig. 2A). Dox-
treated mice displayed an unexpected decrease in the number of
alveolar buds and overall epithelial content during early, mid
and late pregnancy as compared to untreated mice (Fig. 2B).
However, ishSCRIB mice did not show defects in litter size
with litter numbers ranging from 7–11 in untreated mice and 6–
10 in dox-treated mice (n=10). ishSCRIB mice were able to
lactate, as monitored by lipid droplets in mammary glands
collected from day 1 of lactation, and observation of milk spots
in 1-day-old pups (Fig. S2A,B). The ability of mammary
glands to recover from early defects is consistent with several
studies that show phenotypic recovery (Jones and Stern, 1999;
Mailleux et al., 2007). The recovery in alveologenesis might be
due to the restoration of SCRIB levels by late pregnancy
(Fig. S2C).
Epithelia in dox-treated ishSCRIB glands had a significantly

lower rate of cell proliferation compared to control mice during early
and mid pregnancy (Fig. 2C). However, neither the apical-basal
polarity nor the bilayered epithelial organization surrounding a
central lumen was affected by SCRIB loss (Fig. S2D,E). Thus,
SCRIB is required for pregnancy-induced alveolar proliferation and
not epithelial differentiation or polarization.
Previous studies using an MMTV-Cre-driven knockout mouse

have demonstrated that loss of SCRIB induces hyperproliferation
and disrupted ductal morphogenesis due to elevated levels of
MAPK signaling (Godde et al., 2014). Consistent with that study,
we observed increased ERK1 and ERK2 (ERK1/2, also known as
MAPK3 and MAPK1, respectively) phosphorylation upon
SCRIB loss in pregnant glands (Fig. S2F), suggesting that the
alveologenesis phenotype reported here might not be related to
SCRIB-mediated regulation of MAPK signaling.
We validated the SCRIB-induced alveolar defect using a non-

tumorigenic mouse luminal epithelial cell line, EpH4, which
undergoes alveolar morphogenesis in three-dimensional (3D)
culture. EpH4 cells respond to lactogenic hormones (insulin,
hydrocortisone and prolactin) by forming alveoli-like structures that
secrete milk proteins (Barcellos-Hoff et al., 1989). Knockdown of
SCRIB did not affect the epithelial differentiation state of EpH4
cells (Fig. S3A–C), but significantly inhibited formation of alveoli-
like structures in response to lactogenic hormones (Fig. S3D,E),
with a 7.5-fold decrease in β-casein mRNA levels compared to
control cells (Fig. S3F). The defect in proliferation was specific to
differentiation conditions and not observed in monolayers under
serum stimulation (Fig. S3G). The data suggests that SCRIB is
required for both alveolar morphogenesis and differentiation of
EpH4 acini.

A cell-autonomous role for SCRIB in the epithelial
compartment
Given that the Rosa26 promoter is ubiquitously expressed, we
investigated whether the alveologenesis defect was autonomous to
the epithelial compartment or involved the stroma. Control and
ishSCRIB cells were isolated from 10-week-old mice and injected
into a cleared fat pad of a 3-week-old ishSCRIB or control mouse,
respectively. Mice were then treated with dox, mated six weeks
following transplantation, and mammary glands were isolated at
early pregnancy (day 7.5). ishSCRIB cells injected into control
mouse mammary fat pads displayed fewer alveolar buds compared
to the control cells injected into the ishSCRIB knockdown
mammary fat pads (Fig. 2D). Thus the alveologenesis defect in
ishSCRIB mice was cell autonomous to the epithelial cells.

SCRIB knockdown impairs PRL signaling in vivo
Mice containing deletions in PRL, its receptor, PRLR, or the
downstream signaling pathway effectors JAK2 or STAT5 display
impaired lobuloalveolar development in the mouse mammary gland
(Ormandy et al., 1997; Gallego et al., 2001; Horseman et al., 1997;
Miyoshi et al., 2001; Shillingford et al., 2002; Liu et al., 1997).
These studies demonstrate that the PRL–PRLR–JAK2–STAT5
signaling axis is a dominant regulator of alveologenesis. We found
that levels of phosphorylated STAT5 were decreased during early
pregnancy (day 7.5) (Fig. 2E) in mammary glands from ishSCRIB
mice compared to the control. In addition, we did not observe any
changes in the total levels of PRLR in ishSCRIB mice. This
suggests that decreased alveologenesis in ishSCRIB glands is likely
due to impaired prolactin signaling.

Loss of SCRIB attenuates PRL-induced JAK2–STAT5
signaling
To gain mechanistic insight, we decided to use mouse and human
cell culture models. Mouse EpH4 cells do not respond to PRL
stimulation in monolayer cultures, but respond when held in
suspension. Consistent with the in vivo data, EpH4 cells expressing
shRNA against SCRIB (shSCRIB) showed a reduction in STAT5
phosphorylation upon PRL stimulation in suspension (Fig. S3H).
Unlike EpH4 cells, T-47D, a human breast-cancer-derived cell line,
is commonly used for investigating PRL-induced signaling and
biology in monolayer conditions (Johnson et al., 2010; Gallego
et al., 2001). T-47D cells stably expressing shSCRIB displayed a
marked decrease in STAT5 phosphorylation starting at 15 min of
PRL stimulation compared to control cells (Fig. 3A). To rule out
off-target effects of the shRNA, we rescued shSCRIB cells lines
with full-length, shRNA-resistant, SCRIB cDNA. Re-expression of
SCRIB rescued STAT5 phosphorylation to control levels (Fig. 3B).
Upon binding to PRL, PRLR undergoes dimerization and induces
tyrosine phosphorylation of JAK2, PRLR and STAT5 (Bole-Feysot
et al., 1998). T-47D cells expressing shSCRIB showed a two-fold
decrease in prolactin-induced tyrosine phosphorylation of PRLR
and JAK2 (Fig. 3C–E). SCRIB loss neither affected the half-life
of PRLR, as determined by cycloheximide assay (Fig. 3F), nor
the formation of the PRLR–JAK2 complex, as determined by
co-immunoprecipitation analysis (Fig. S4A), demonstrating that
SCRIB neither affects the stability of PRLR nor functions as a
scaffolding molecule to assemble the signaling complex.

SCRIB regulates steady state levels of PRLR at the cell
surface
We next investigated whether SCRIB affects localization of PRLR.
In T-47D shSCRIB cells, there was less PRLR receptor at the
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Fig. 2. SCRIB is required for expansion of epithelial cells during pregnancy-induced alveologenesis. (A) Schematic of experimental timeline. (B) Whole-
mount analysis (left) and a representative hematoxylin and eosin (H&E) image (middle) of mammary glands collected from control and ishSCRIB mice
with or without (control) dox treatment at the indicated time points. Scale bars: 50 μm (left-hand panels); 20 μm (middle panels). The graphs (right) show
quantification of epithelial content calculated fromH&E sections of three pairs of mice for each time point (mean±s.e.m.; n=3). ***P<0.0001, *P<0.05 by Student’s
t-test. (C) Ki-67 staining of alveolar structures from control and ishSCRIB mice with or without (control) dox treatment during early (day 7.5) and mid (day 13.5)
pregnancy. Scale bars: 20 μm. Quantification of Ki-67-positive nuclei (below) in three pairs of glands (mean±s.e.m.). ***P<0.0001. **P<0.001 by Student’s
t-test. (D) Whole-mount analysis of mammary glands isolated from mice during early (day 7.5) pregnancy following cleared fat pad transplantation. Scale bars:
50 μm. The graph (right) shows the percentage of area covered (mean±s.e.m.; n=3). *P<0.05 by Student’s t-test. (E) Cell lysates from three different mammary
glands (#1, #2, #3) isolated from control and ishSCRIB mice during early pregnancy (day 7.5) and analyzed for expression of SCRIB, phosphorylated (p)-STAT5
and PRLR.
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membrane but more in an intracellular compartment compared to
the shLuc control cells (Fig. 4A). In spite of our efforts, we were
unable to determine PRLR localization by immunohistochemistry
in the mouse mammary gland (see Fig. S4B for details). In contrast

to PRLR, surface levels of E-cadherin were not changed in T-47D
shSCRIB cells (Fig. 4A). Further analysis showed that in control
cells, PRLR colocalized with the cell adhesion molecule E-cadherin
at the cell membrane (Fig. 4A; Fig. S4C), in contrast, shSCRIB

Fig. 3. Loss of SCRIB attenuates prolactin-induced JAK2–STAT5 signaling. (A) T-47D shLuc and shSCRIB cells were serum starved overnight and
stimulated with prolactin (20 ng ml−1) for the indicated times. Protein lysates were analyzed for phosphorylation of STAT5 (p-STAT5). (B) T-47D shLuc, shSCRIB
and shSCRIB cells expressing shRNA-resistant SCRIB cDNA were serum starved and stimulated with prolactin (20 ng ml−1) for 15 min. Protein lysates were
analyzed for phosphorylation of STAT5. (C) T-47D shLuc and shSCRIB cells were serum starved and stimulated with prolactin (20 ngml−1) for 15 min. PRLRwas
immunoprecipitated (IP) and immunoblotted (IB) with anti-phosphotyrosine (pY) and PRLR antibodies. (D) Stimulation of T-47D shLuc and shSCRIB cells were
performed as in C. Tyrosine-phosphorylated proteins were immunoprecipitated using phosphotyrosine agarose beads and immunoblotted with anti-JAK2 and
anti-paxillin (control) antibodies. (E) Protein from T-47D shLuc and shSCRIB cells were analyzed for total levels of PRLR and JAK2. (F) T-47D shLuc and
shSCRIB cells were serum starved overnight and treated with 50 μgml−1 cycloheximide (CHX) for the indicated times. Cell lysates were analyzed for PRLR.
Receptor levels were normalized to loading control (α-tubulin) and these normalized values were used to determine fold change in levels compared to the receptor
levels in shLuc cells at time zero. Results represent mean±s.e.m. (n=3). P>0.05 by Student’s t-test.
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cells, PRLR partially colocalized with the cis-Golgi protein GM130
and the recycling endosome associated protein RAB11 (Fig. 4A,
Fig. S4C). No colocalization was observed with the endoplasmic
reticulum protein calnexin (CANX) in either shLuc or shSCRIB
cells (Fig. S4D).
To quantify the differences in surface PRLR levels, cells were

labeled with membrane-impermeable biotin and labeled proteins
were affinity purified using strepavidin–Sepharose beads. T47D
cells lacking SCRIB had a more than two-fold decrease in the
levels of PRLR at the cell surface (Fig. 4B) with no detectable
effect on surface levels of E-cadherin. In addition, EpH4 cells

lacking SCRIB also showed a decrease in PRLR at cell surface
(Fig. S4E), demonstrating that regulation of cell surface levels of
PRLR is observed in both human and mouse cells. Loss of β1
integrin impairs alveologenesis and lactation (Naylor et al.,
2005) and activation of RAC1 downstream of integrins is
required for PRL-induced JAK2–STAT5 activation in mammary
epithelial cells (Akhtar and Streuli, 2006). However, surface
levels of β1 integrin did not decrease in shSCRIB cells
(Fig. 4B), demonstrating that the SCRIB effects are specific of
modulation of PRLR surface levels among the regulators of PRL
signaling.

Fig. 4. SCRIB regulates the steady-state levels of PRLR at the cell surface. (A) T-47D shLuc and shSCRIB cells were immunostained for DAPI (blue), PRLR
(red) and SCRIB, E-cad, GM130 or RAB11 (green). Scale bars: 10 μm. (B) T-47D shLuc and shSCRIB cells were surface labeledwith biotin for 10 min. Cells were
lysed and surface proteins were pulled down using avidin beads (Avidin pulldown). Changes in surface levels of PRLR, E-cad and β1-integrin were analyzed by
immunoblotting (IB). The graph on the right represents quantification of surface levels of PRLR normalized to E-cad. Results represent mean±s.e.m. (n=4).
***P<0.0001 by Student’s t-test. (C) T-47D shLuc, shSCRIB and shSCRIB cells stably overexpressing JAK2 (WT JAK2) and a constitutively active JAK2 (CA
JAK2) were stimulated with prolactin (20 ngml−1) for 15 min. Cell lysates were analyzed for changes in STAT5 phosphorylation (p-STAT5).
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Evidence for the role of SCRIB in trafficking was first
demonstrated in neuroendocrine cells, where loss of SCRIB
impaired Ca2+-dependent exocytosis (Audebert et al., 2004). In
Drosophila, SCRIB modulates retromer-dependent sorting events
that can return internalized cargo to the cell surface (de Vreede et al.,
2014). In mammals, SCRIB is required for ligand-stimulation-
induced recycling of thyroid stimulating hormone receptor,
N-methyl-D-asparate receptor and integrin α5 back to the plasma
membrane (Lahuna et al., 2005; Piguel et al., 2014; Michaelis et al.,
2013). Our results demonstrate a role for SCRIB in unstimulated
cells, thus identifying a new role for SCRIB as regulator of steady-
state surface levels of a membrane receptor.

SCRIB regulates PRL signaling upstream of JAK2
To determine whether the defect in PRLR surface levels can be
rescued by activation of downstreammolecules, we expressed either
full-length wild-type JAK2 (WT JAK2), or a constitutively active
JAK2 construct (V617F, CA-JAK2) (Fig. 4C) in shSCRIB cells.
Expression of WT JAK2 restored the prolactin-induced increase in
STAT5 phosphorylation levels. As expected, expression of
CA-JAK2 induced phosphorylation of STAT5 in the absence of
PRL stimulation, which was not enhanced upon PRL stimulation.
Thus, the defect in PRLR signaling observed in shSCRIB cells can
be rescued by increasing the level of JAK2 to compensate for
decrease in PRLR at the cell surface. This demonstrated that the
PRL signaling defect in shSCRIB cells is specific to the limiting
levels of activation of JAK2 activation.
In summary, we identified an unexpected role for the polarity

protein SCRIB as a positive regulator of cell proliferation during
early stages of alveologenesis in the adult mammary gland.
Mechanistically, SCRIB was required for PRL-induced JAK–
STAT5 signaling by regulating cell surface levels of PRLR. In
SCRIB-knockdown cells, PRLR was partially colocalized with the
Golgi and the recycling-endosome-associated protein RAB11.
Therefore, SCRIB regulates steady-state surface levels of PRLR
and plays an important role in regulating cell proliferation during
pregnancy-induced alveologenesis.

MATERIALS AND METHODS
Reagents and antibodies
Antibodies against the following proteins were purchased from commercial
sources: SCRIB (C-20), PRLR (H-300) and β1-integrin (M-106) (Santa
Cruz Biotechnology); β-actin, α-tubulin (Sigma); EGFP (Zymed);
E-cadherin, STAT5, GM130, RAB11 (BD Bioscience); KRT5, KRT14
(Covance); KRT18 (TROMA-1, Developmental Studies Hybridoma Bank);
phosphorylated (p)-STAT5, ZO-1, PRLR ECD (Life Technologies); Ki-67,
calnexin (Thermo Scientific); p-ERK1/2, ERK1/2, RAB7, EEA1, JAK2,
paxillin, cleaved caspase 3 (Cell Signaling); AP1 and AP2, LAMP1
(Abcam); p-Tyrosine (4G10, Millipore). Details of catalog numbers and
dilutions can be found in Table S1. Alexa-Fluor- and horseradish peroxidase
(HRP)-conjugated secondary antibodies (Life Technologies) and secondary
antibodies were used (GE Healthcare Life Science). Additional reagents,
unless otherwise stated, were obtained from Sigma.

Plasmids
Control and SCRIB shRNA vectors used were previously described (Zhan
et al., 2008; Aranda et al., 2006). The WT SCRIB rescue construct was
generated by cloning out the 5′ and 3′ UTR region of the full-length
SCRIB construct (Zhan et al., 2008) using the following PCR primers:
forward, 5′-ATGATGTCTAGAATGCTCAAGTGCATCCCGCTGT-3′
and reverse, 5′ATGATGGAATTCCTAGGAGGGCACAGGGCCCAG-3′.
The PCR product was subcloned into the pMSCV puro vector (Addgene)
using the XhoI and EcoRI restriction sites. pMSCV WT JAK2 and V617F
JAK2 constructs were a kind gift from Dwayne Barber (Department of
Medical Biophysics, Princess Margaret Cancer Centre, Canada).

Generation of the ESC-derived inducible SCRIB RNAi mouse
model
SCRIB shRNA (Zhan et al., 2008) was subcloned into the ColA1 targeting
vector (cTGM) using the restriction enzymes EcoRI and XhoI. Mice were
generated as previously described (Dow et al., 2012). All animal
experiments were performed according to approved guidelines.

Cell culture
EpH4 cells were cultured in DMEM with F-12 (Life Technologies)
supplemented with 2% fetal bovine serum (FBS; Life Technologies),
gentamycin (5 mg ml−1) and insulin (5 mg ml−1). T-47D cells were cultured
in Phenol-Red-free RPMI-1640 (Life Technologies) supplementedwith 10%
FBS and insulin (5 mg ml−1). Stable cell lines were generated by retroviral
infection (Debnath et al., 2003; Ory et al., 1996).

Immunobloting
Mouse mammary glands were lysed and analyzed as previously described
(Zhan et al., 2008). Western blots were quantified using CareStream MI
Software.

Golgi localization quantification
Mouse mammary tissue sections were stained with the Golgi marker
GM130, and 0.4-μm z-stack images were acquired using a Nikon™ C2 plus
si microscope using a 60× (NA 1.3) oil objective. A cell was divided along
the apical-basal axis and this division was used to gauge the position of the
GM130 staining; apical localization was taken as 0–180°, and basal or
mislocalized as 180–360°. A minimum of five ducts were imaged through
the z-plane spanning the entire tissue section and was used to determine the
orientation of the Golgi. From each ductal structure, ten cells were quantified,
starting at an arbitrary position and continued in direct succession.

Mammary fat pad transplantation
Single-cell mammary gland suspensions were generated from freshly
isolated 4th and 9th inguinal glands of 10–12-week-old control and
ishSCRIB mice by enzymatic digestion as previously described (Joshi et al.,
2010). Cells were resuspensed in Hanks buffer plus 2% FBS and 20%
Matrigel at a concentration of 7500 cells μl−1. 10 μl volumes were injected
using a 10-μl 22-gauge Hamilton syringe into the inguinal glands of 3-week-
old ishSCRIB and control mice that have been cleared of endogenous
epithelium. All reagents for enzymatic digestion were purchased from
StemCell™ Technologies.

EpH4 differentiation assay
50 μl matrigel was spread evenly on each well of a four-well chamber
slide (BD Bioscience) and allowed to solidify for 30 min at 37°C. 2×104

EpH4 cells were plated in 350-μl differentiation medium plus serum per
chamber (DMEM/F12, 10% FBS, 1 μg ml−1 hydrocortisone, 5 μg ml−1

insulin, 3 μg ml−1 prolactin). At 24 h after plating, mediumwas changed to
differentiation medium without serum. Medium was changed every day
until day 6.

Quantification of number of cells per acinus
Acini at day 6 of culture were fixed in methanol at −20°C for 5 min and
stained with 1 μg ml−1 DAPI (Life Technologies) with 3% BSA for 1 h at
room temperature. z-stacks of 0.3 μm optical thickness were obtained using
a Nikon™ C2 plus si microscope with a 20× (NA 0.4) objective,
reconstituted using the Imaris software and manually counted.

Quantitative polymerase chain reaction
RNAwas isolated from EpH4 cultures using Trizol (Life Technologies) and
reverse transcribed as previously described (Zhan et al., 2008). β-casein
primers were as follows: forward, 5′-CATATGCTCAGGCTCAAACCAT-
CTCT-3′ and reverse, 5′-GTACTGCAGAAGGTCTTGGACAGAC-3′.

Immunofluorescence
shLuc and shSCRIB cells were fixed in 4% paraformaldehyde for 15 min at
room temperature and permeabilized with 0.1% Triton X-100 in PBS for
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5 min. Cells were blocked with 3% BSA for 1 h and incubated in primary
antibody overnight, and then incubated with fluorochrome-conjugated
secondary antibody and 1 μgml−1 DAPI (Life Technologies) for 1 h at room
temperature. Cells stained with AP1/2, EEA1, RAB7 and LAMP1
were fixed with methanol and remainder of the procedure was performed
as described above. Images were acquired using a Nikon™ C2 plus
si imaging platform and images were processed and quantified using
ImageJ.

Biotin labeling and strepavidin immunoprecipitation
T-47D cells were labeled with 400 μM EZ-link-sulfo-NHS-SS-Biotin (in
PBS) for 30 min at 4°C. The reaction was quenched with 150 mM glycine.
The cells were lysed in 1% Triton X-100 lysis buffer [50 mM Tris-HCl
pH 7.4, 100 mM NaCl, 5 mM EDTA, 1% Triton X-100, 5 mM NaF, plus
protease inhibitor and phosphoSTOP tablets (Roche)]. 500 μg of protein
lysate was incubated with 20 μl of strepavidin–Sepharose high-performance
beads and rotated for 3 h at 4°C. The immunoprecipitated proteins were
further analyzed by SDS-PAGE and immunoblotting.

Statistical analysis
The specific statistical tests used are indicated in the figures alongside the
P values.
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