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Mammalian polarity proteins have been studied predominantly in cell culture systems, and little is known about
their functions in vivo. To address this issue, we used a shRNA lentiviral system to manipulate gene expression in
mouse mammary stem/progenitor cells. Transplantation of Par3-depleted stem/progenitor cells into the
mammary fat pad severely disrupted mammary development, and glands were characterized by ductal
hyperplasia, luminal filling, and highly disorganized end bud structures that were unable to remodel into normal
ductal structures. Unexpectedly, Par3-depleted mammary glands also had an expanded progenitor population. We
identified a novel function for the atypical protein kinase C (aPKC)-binding domain of Par3 in restricting Par3 and
aPKC to the apical region in mammary epithelia in vivo, and found that mammary morphogenesis is dependent on
the ability of Par3 to directly bind aPKC. These results reveal a new function for Par3 in the regulation of
progenitor differentiation and epithelial morphogenesis in vivo and demonstrate for the first time an essential

requirement for the Par3-aPKC interaction.
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Par3 is an evolutionarily conserved polarity protein that
was originally identified as an essential factor for the
asymmetric cell division of the Caenorhabditis elegans
zygote (Goldstein and Macara 2007). It was later found to
be required for neuroblast and epithelial polarization
during Drosophila embryogenesis, and in vertebrates
regulates various modes of polarization during migration,
neuronal development, and tight junction formation,
as well as tissue organization during heart and brain
development (Mertens et al. 2005; Hirose et al. 2006;
Goldstein and Macara 2007; Pegtel et al. 2007; Costa et al.
2008). Par3 and Par6 can function independently of one
another or as part of the Par complex together with
atypical protein kinase C (aPKC). Each component of this
complex can interact directly with the other two compo-
nents. However, the regulation of the complex is not fully
understood. Par6 binds to the N-terminal regulatory
domain of aPKC and inhibits its kinase activity (Joberty
et al. 2000; Yamanaka et al. 2001). This inhibition is re-
lieved by the binding of Par6 with Cdc42-GTP (Yamanaka
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et al. 2001; Atwood et al. 2007). Par3 also binds aPKC,
through the kinase domain, and can act as an inhibitor or
a substrate of aPKC (Lin et al. 2000; Nagai-Tamai et al.
2002). Phosphorylation of Par3 by aPKC within the aPKC-
binding domain (on Ser827) causes the two proteins to
dissociate (Nagai-Tamai et al. 2002). The interaction
between Par3 and aPKC is likely dynamic since protein
phosphatase 1 can dephosphorylate Ser827 (Traweger
et al. 2008). Despite evolutionary conservation of the
aPKC-binding domain in Par3 orthologs, its biological
function remains unknown. No role has been ascribed to
this domain of Par3 in cell polarization or the symmetric
cell divisions of Drosophila or C. elegans. In mammalian
cells, the overexpression of Par3 that lacks the aPKC
phosphorylation site slightly reduces tight junction for-
mation in MDCK monolayers, as compared with the
wild-type Par3 (Hirose et al. 2002; Nagai-Tamai et al.
2002). However, the mechanism was not investigated.
In general, the establishment and regulation of polar-
ity in mammalian epithelial morphogenesis has been
studied predominantly in two-dimensional (2D) and three-
dimensional (3D) cultures (Zegers et al. 2003; Debnath
and Brugge 2005) but remains poorly understood in vivo,
where more complex cell-cell and cell-matrix interactions
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are present. The ability of the mammary gland to com-
pletely regenerate following the transplantation of mam-
mary cells into a cleared fat pad (Deome et al. 1959)
makes it an ideal model for studying epithelial polariza-
tion and morphogenesis in vivo. Mammary gland stem
cells are necessary for the regenerative potential of the
mammary gland, and the transplant mammary model has
become an excellent tool for understanding stem cell
renewal and differentiation (Shackleton et al. 2006; Stingl
et al. 2006). The mammary gland is a bilayered epithelial
ductal system that consists of a luminal epithelial layer
surrounded by a contractile myoepithelial layer. The
luminal layer is characterized by expression of cytoker-
atin 8 (K8) and cytokeratin 18 (K18), whereas the myo-
epithelial layer expresses cytokeratin 14 (K14) and
smooth muscle actin (SMA). After the onset of puberty
in rodents, terminal end bud structures form at the tips of
growing ducts and consist of two major cell types:
multilayered inner body cells and an outer layer of cap
cells that are thought to be progenitors for the myoepi-
thelial layer (Hinck and Silberstein 2005). The end bud
serves as a stem/progenitor cell niche during develop-
ment (Kenney et al. 2001). Ductal elongation and branch
bifurcation are the result of the coordination of many
processes including proliferation, apoptosis, differentia-
tion and cell motility. However, the cellular mechanisms
that control epithelial organization during branching
morphogenesis are not well understood.

To determine the role of Par3 during epithelial mor-
phogenesis in vivo, we used shRNA lentiviruses to de-
plete Par3d from mammary stem/progenitor cells and
assessed subsequent outgrowth after transplantation into
host mice.

Results

Knockdown of Par3 in mouse mammary cells

We first tested two shRNA sequences for their ability to
deplete Par3 in mouse NIH 3T3 cells (Fig. 1A,B). ShPar3-1
was more effective and was used to further define the
conditions for Par3 depletion in primary mouse mam-
mary epithelial cells (MECs).

To determine the optimal multiplicity of infection
(MOQI) for Par3 silencing, we infected primary MECs at
MOIs ranging from 1 to 50 (Fig. 1C,D). Relative to controls,
Par3 levels were diminished at all MOIs tested and were
maximally depleted at a MOI between 10 and 20, resulting
in >95% loss of Par3 (Fig. 1D). Importantly, we did not
observe toxic effects of lentivirus on primary MECs, even
at a very high MQOI (MOI > 100) (data not shown).

Next, we examined the time course for lentiviral-
mediated knockdown of Par3 by transducing primary
MECs with control or shPar3-1 lentiviruses and culturing
the cells for up to 10 d. Strikingly, Par3 levels were re-
duced by >95% by 3 d after transduction (Fig. 1E,F). Par3
silencing was persistent in culture for at least 8 d (Fig. 1)
and was maintained for at least 8 wk in vivo, as assessed
by immunostaining outgrowths of shPar3-transduced
mammary stem/progenitor cells (Fig. 1G). These data
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Figure 1. Knockdown of Par3 in primary mouse mammary
epithelial and stem cells. (A) NIH 3T3 cells were transduced
with two different shRNA lentiviruses against mouse Par3. Par3
and tubulin levels were assayed by immunoblot 7 d after trans-
duction. (B) Quantification of Par3 knockdown in A. Data
represent means from two independent experiments. Tubulin
was used as an internal control. (C) Primary mouse MECs were
transduced with control or shPar3 lentivirus at MOIs equal to 1,
5, 10, 20, or 50. Par3 and tubulin protein levels were assayed by
immunoblot 10 d after lentiviral transduction. (D) Quantifica-
tion of Par3 knockdown in C. Data represent means from two
independent experiments. Tubulin was used as an internal con-
trol. Error bars, SD. (E) Time course for lentiviral knockdown of
Par3 in primary mouse MECs. Cells were transduced at a MOI =
20 with shPar3-1 lentivirus. Par3 protein levels were assayed
by immunoblot at the indicated times after lentiviral trans-
duction. (F) Quantification of Par3d knockdown in E. Points
represent means from two independent experiments. Tubulin
was used as an internal control. Error bars, SD. (G) Paraffin
sections of control and shPar3 mammary glands 8 wk after
transplantation. Sections were immunostained for Par3 and
ZOl. Bars, 20 pm.

shPar3

demonstrate that lentiviral-mediated RNAI is a fast and
efficient tool for studying loss-of-gene functions in vivo,
even when knockdown results in a severe growth disad-
vantage (see below; Fig. 2).

Par3 depletion in progenitors inhibits mammary
gland growth

To examine a possible role for Par3 in mammary gland
morphogenesis in vivo, single-cell suspensions of freshly
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A
Figure 2. Par3 is essential for normal mammary
gland development. (A,B) Carmine alum-stained £
whole-mount images of control mammary glands &>
after 8 wk. Arrowhead in B shows an end bud in
the developing gland. Bars, 0.5 mm. (C,D) Carmine
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alum-stained whole-mount images of shPar3 mam-
mary glands after 8 wk of regeneration. Arrows in D
show multiple small independent outgrowths in
a single fat pad. The open arrowhead in D shows
regions of small disorganized ducts that lack prom-
inent end buds. Bars, 0.5 mm. (E) The percentage of
the fat pad filled by control (n = 6) and Par3-depleted
(n = 8) mammary glands was quantified. Error bars, 60
SD. (*) P = 0.00004. (F) Distribution of duct diameters

in control (n = 6) and Par3-depleted (n = 8) mammary £
glands. The diameters of all ducts from control and g
Par3-depleted glands were measured and categorized ®
in 20-pm increments. (G) Distribution of end bud
sizes of control and Par3-depleted mammary glands.

The diameters of all terminal ends from control and
Par3-depleted glands were measured and categorized

in 50-pm increments. (H) Tissue sections from con- H
trol and Par3-depleted glands were stained for cleaved
Caspase-3 (red) and Hoechst 33342 (blue). Bars, 20
wm. (I) Quantification of cleaved Caspase-3-positive
cells in control ducts (black bar, n = 5), control end
buds (gray bar, n = 5), and Par3-depleted (white bar,

n =5) glands. Error bars, SD. (*) P = 0.034 control duct
versus control end bud; (**) P = 0.001 shPar3 versus
control duct; (**) P = 0.37 shPar3 versus control end
bud. (J]) Tissue sections from control and Par3-
depleted glands were stained for Ki67 (red) and J
Hoechst 33342 (blue). Bars, 20 pm. (K) Quantification

of Ki67" cells in control ducts (black bar, n = 5),
control end buds (gray bar, n = 4), and Par3-depleted
(white bar, n = 5) glands. Error bars, SD. (*) P = 0.0004,
control duct versus control end bud; (**) P = 0.016,
shPar3 versus control duct; (**) P = 0.20, shPar3
versus control end bud.

Casp3/H33342

Ki67/H33342

isolated MECs were transduced by centrifugation at 300g
for 3 h. Prior to injection into the cleared fat pad of 4-wk-
old hosts, the transduced cells were grown for 2-3 d as
suspension mammospheres, which has been shown to
enrich for mammary progenitors (Dontu et al. 2003; Liao
et al. 2007; Sansone et al. 2007). We transduced 10,000
cells for each mammary fat pad injection, which resulted
in outgrowths in 61% of control transplants (n = 23) and
74% of transplants from Par3-depleted progenitor cells
(n = 27) (Supplemental Table 1). YFP marked transduced
cells and was expressed uniformly throughout the ducts
(Supplemental Fig. S1). Using this method, as few as 1000
cells were sufficient for outgrowths in 33 % of control (n =
6) or 60% of shPar3 (n = 10) transplants (Supplemental
Table 1). The ability to transduce and transplant a small
number of cells is important because it circumvents the
problem of using low-titer viruses, such as those that
encode large cDNAs (Proia and Kuperwasser 2006; Welm
et al. 2008), and has enabled us to perform rescue experi-
ments by expressing a bicistronic lentivirus that contains
both shPar3 and ¢cDNAs for human Par3, a 180-kDa
protein (see below, Fig. 3).
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Regenerated glands were examined by whole-mount
staining and by subsequent immunostaining of paraffin
sections. After 8 wk, control mammary glands filled 46%
+ 20.3% (SD, n = 6) of the fat pad, whereas Par3-depleted
glands filled 2% = 0.8% (SD, n = 8) of the fat pad (Fig. 2
A,C,E). Several of the shPar3 glands had multiple small
outgrowths in a single fat pad (Fig. 2D, arrows), whereas
control glands appeared as single outgrowths (Fig. 2A).

Control mammary glands contained regularly branched
ducts with a uniform diameter (92% were 25-74 pm wide)
(Fig. 2A,F) that penetrated into the mammary fat pad. In
contrast, Par3-depleted mammary glands contained ducts
with nonuniform diameters and some outgrowths had
enlarged primary ducts (26% were >75 wm) (Fig. 2D,F)
with few branches. The enlarged ducts in Par3-depleted
glands were multilayered (see below, Fig 4A, panel c,
arrow) and sometimes contained cells within the lumen
(Fig. 5A, panel b, arrows), features that resemble low-grade
carcinoma in situ (Feeley and Quinn 2008). Par3-depleted
glands also had hyperbranched regions at the ends of the
ducts that consisted of several short disorganized ducts
with normal widths (Fig. 2D, open arrowhead).
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Figure 3. Mammary development requires aPKC-binding do-
main of Par3. (A) Schematic representation of human Par3b and
human Par3c. Domains shown are the conserved region (CR),
PSD95/Dlg/Z01 domain (PDZ), and atypical protein kinase
C-binding domain (aPKC-BD). Numbers indicate amino acid
number. (B) Schematic representation of bicistronic lentiviral
plasmid for expression of shRNA and ¢cDNA. (LTR) long termi-
nal repeat; (EFla) EFla promoter; (H1) H1 RNA polymerase III
promoter. (C) Immunoblots of mammary epithelial lysates
from cells expressing control/YFP-hPar3b, shPar3/YFP-hPar3b,
control/YFPhPar3c, and shPar3/YFPhPar3c bicistronic lenti-
viruses. Blots were probed using anti-Par3 antibodies. The top
band is YFP-hPar3 and the bottom band is endogenous Par3.
(D,E) Carmine alum-stained whole-mount images of shPar3-
YFPhPar3b (D) and shPar3/YFPhPar3c (E) mammary glands after
8 wk. Small arrows show end buds in D. Open arrowheads show
disorganized ducts in E. Bars, 0.5 mm. (F) Distribution of duct
diameters in shPar3-hPar3b and shPar3-hPar3c mammary
glands (n = 3). The diameters of ducts were measured and
categorized in 25-pm increments. (G) Distribution of terminal
end sizes from shPar3-hPar3b and shPar3-hPar3c mammary
glands (n = 3). The diameters of terminal ends were measured
and categorized in 50-pm increments.

In addition to disrupted duct structures, Par3-depleted
mammary glands lacked the normal end bud structures
that are typical of developing mouse mammary glands (Fig.
2B,D,G). As a measure of terminal end morphology, we
measured the size distribution of all termini from control
(n = 6) and shPar3 (n = 8) mammary glands (Fig. 2G) after
8 wk of regeneration. The majority (79%) of terminal ends
in control mammary glands were 50-149 pm, whereas

Par3/aPKC and mammary morphogenesis

shPar3 glands had fewer terminal ends in this range (52 %)
and several were very small (38% were <50 wm), corre-
sponding to the short hyperbranched regions of the glands
(Fig. 2D, open arrowhead). In control mammary glands,
end buds were eight to 12 cells thick, whereas the terminal
end structures from shPar3 mammary glands were only
one to four cell layers thick (Supplemental Fig. S2A).
Together, these results demonstrate that Par3 is necessary
for the development of normal end bud and ductal struc-
tures during mammary morphogenesis.

To confirm that the defects in mammary morphogen-
esis were specific to Par3 depletion rather than off-target
effects, we examined mammary glands from the second
hairpin sequence, shPar3-2 (Supplemental Fig. S3). This
hairpin sequence reduced Par3 levels by >80% in primary
MECs (Supplemental Fig. S3A) and produced glands that
were similar to those observed using shPar3-1 with
disorganized ducts that lack normal end buds (Supple-
mental Fig. S3C).

Control
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Duct Endbud shPar3 hPar3b hPar3c
Control shPar3-hPar3
Figure 4. Loss of Par3 perturbs mammary progenitor differen-
tiation and disrupts the myoepithelial layer. (A) Paraffin sections
of control and shPar3 mammary glands 8 wk after transplanta-
tion were immunostained for K8 (green) and K14 (red). (Panel c)
The arrow shows a multilayered duct. In panel e: (te) Terminal
end; (d) duct. Bars, 10 pm. (B) Quantification of K8*, K14*, and
K8*K14* cells. A uniform threshold was applied to all images
and the proportion of single-positive and dual-positive epithelial
cells were counted. Error bars, SD (n = 5). (*) P = 0.00003; (**) P =
0.009; (***) P =0.02 versus control end bud; (***) P = 0.1 versus
control ducts.
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Figure 5. Par3-depleted mammary glands have dis-
organized basal layers and are surrounded by cap
cells. (A) Paraffin sections of control or Par3-depleted
mammary glands 8 wk after transplantation were
immunostained for K8 (green) and SMA (red). (Panels
b,d) Arrowheads indicate SMA™* cell clusters inside
the luminal compartment. (Panel b) The arrow shows
cells within the lumen. Bars, 10 wm. (B) Paraffin
sections of control or Par3-depleted mammary glands
8 wk after transplantation were immunostained for
K14 (green) and SMA (red). Arrows show K14~ /SMA*
cap cells. The arrowhead shows luminal K14* cells.
Bars, 20 pm.
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To further test the specificity of the Par3 shRNA, we
designed rescue experiments using a wild-type human
Par3 ¢cDNA (hPar3b) that is not recognized by the mu-
rine-specific shRNA (Fig. 3A,C). Human Par3 variants
were expressed as YFP fusion proteins from bicistronic
lentiviral plasmids that contain both YFP-hPar3 and
the murine Par3 shRNA sequences (Fig. 3B). Transduction
of primary MECs with these viruses demonstrated that
endogenous Par3 was effectively knocked down, while the
YFP-hPar3 fusions were each expressed at near-endogenous
levels and were not targets for the mouse-specific sShRNA
(Fig. 3C). Expression of shPar3-YFP-hPar3b (the wild-type,
full-length variant) completely restored mammary gland
development and the development of end bud structures
(Fig. 3D [arrow], G), which further confirms the specificity
of the shPar3 knockdown. While some of the ducts in
shPar3-YFP-hPar3b glands were dilated, they were uniform
in diameter and formed normal bilayers of luminal and
myoepithelial cells (Fig. 5A, panel c).

We next examined the requirement for the interaction
between aPKC and Par3 in mammary gland development
by expressing hPar3c, a naturally occurring splice variant
that lacks the aPKC-binding domain (Fig. 3A; Gao et al.
2002). In contrast to YFP-hPar3b, the expression of YFP-
hPar3c did not restore normal mammary outgrowth. The
transduced glands contained unbranched ducts of varying
diameters (Fig. 3E, arrow) and regions with several small
disorganized ducts (Fig. 3E, open arrowheads), similar
to the outgrowths observed in Par3-depleted glands.
Collectively, these results demonstrate that Par3 is es-
sential for regulating the epithelial organization required
for ductal elongation during mammary morphogenesis.
Furthermore, these data provide the first evidence of a
key biological function for the aPKC-binding domain of
Par3.

Proliferation and apoptosis in Par3-depleted
mammary glands

In the mammary gland, both proliferation and apoptosis
have been shown to be highest in end buds compared
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with mature ducts, and are necessary for mammary
morphogenesis (Humphreys et al. 1996; Mailleux et al.
2007). We speculated that the small size of shPar3
mammary glands could result from either decreased pro-
liferation or increased cell death. To investigate these
possibilities, we stained control and Par3-depleted mam-
mary gland sections for cleaved Caspase-3, a marker for
apoptosis, and Ki67, a proliferation marker. Consistent
with previous reports, cleaved Caspase-3* cells were
detected only within the end buds of control glands
(Humphreys et al. 1996; Mailleux et al. 2007). However,
cleaved Caspase-3* cells were seen throughout the Par3-
depleted mammary glands at levels (4.5% =+ 0.9% [SD])
similar to those detected in control end buds (7.0% =
4.4% [SD]) (Fig. 2H,I). To examine whether prolifera-
tion was altered in Par3-depleted mammary glands, we
stained for Ki67. Surprisingly, although Par3-depleted
mammary glands are very small, they had a relatively
high percentage of Ki67* cells (27% = 12.4% [SD]), which
was significantly greater than the proliferation levels
in control ducts (7% = 5.3% [SD]), but similar to the
percentage of Ki67* cells found in control end buds (42%
+ 10.9% [SD]) (Fig. 2J,K). Therefore, Par3-depleted mam-
mary glands show high levels of both proliferation and
apoptosis. The high proliferation rate of shPar3 mam-
mary glands is offset by apoptosis, expansion of the duct
diameter, generation of multilayered ducts, and luminal
filling, which collectively will reduce gland size.

Expansion of K8*K14* dual-positive cells in
Par3-depleted mammary glands

To examine the architecture of Par3-depleted mammary
glands, we stained for K8 for luminal epithelial cells and
for K14 for the myoepithelial layer. K8 cells were
uniformly present within the luminal layer of control
ducts, as expected, and were surrounded by a single layer
of K14" myoepithelial cells along the ducts, but not
around the end buds (Fig. 4A, panels a,b). In contrast,
the keratin staining profile in Par3-depleted mammary
glands was severely disrupted. K14* single-positive cells



were frequently absent from the basal layer of shPar3-
depeleted mammary ducts (Fig. 4A, panel ¢, arrow) but
were present within the luminal compartment as part
of an unusually large K8"K14* dual-positive population
(20% * 4%) (Fig. 4A [panel c, arrowhead], B).

The end bud represents a potential stem/progenitor
cell niche in the developing rodent mammary gland
(Kenney et al. 2001), and several groups have correlated
bipotential progenitor identity with K8*K14" dual expres-
sion (Woodward et al. 2005; Shackleton et al. 2006;
Villadsen et al. 2007; Wang et al. 2008). In support of this
idea, dual-positive K8"K14* cells were only found in the
end buds (6.0% * 0.8%) of control glands, while none
were detected in mature ducts (Fig. 4A,B). In Par3-
depleted glands, there was a twofold expansion of
K8"K14* dual-positive cells compared with control end
buds (Fig. 4). This expansion appears to be at the expense
of myoepithelial cells, because there is a concomitant
decrease in the proportion of K14* single-positive cells,
with no change in K8* cells. Importantly, Par3-depleted
glands that expressed hPar3b, but not hPar3c, restored the
normal phenotype and exhibited normal K8 and K14
expression profiles in mammary glands (Fig. 4A [panels
d,e], B). This result indicates that the binding of aPKC to
Par3 normally limits the expansion of K8"K14* dual-
positive cells.

Par3-depleted mammary glands have disorganized
myoepithelial layers

To determine whether distinct basal and luminal layers
were present in Par3-depleted mammary glands, we
examined SMA as a myoepithelial marker that, unlike
K14, is also present in cap cells. As expected, SMA* cells
were restricted to the single outer layer of myoepithelial
cells in mature ducts and end buds in control mammary
glands (Fig. 5A [panel a], B [panel a]). Strikingly, the Par3-
depleted mammary ducts also possessed a layer of SMA*
cells outside of the luminal cells, confirming that distinct
luminal and basal layers are present in Par3-depleted
mammary glands (Fig. 5A, panel b). However, in some
glands there were small gaps in the SMA* basal layer
(Supplemental Fig. S4), but this was much less severe
than the gaps between K14% cells in the basal layer.
Furthermore, clusters of SMA™ cells were intermixed
with luminal K8* cells (Fig. 5A, panel b, arrowhead), but
none of these SMA™ cells coexpressed K8, arguing that
they are distinct from the population of K8*K14* dual-
positive cells. Expression of shPar3 plus YFP-hPar3b was
able to restore the wild-type duct morphology, with
a normal distribution of SMA™ cells, whereas mammary
glands expressing shPar3 plus YFP-hPar3c resembled
Par3-depleted glands, with a disorganized basal layer of
SMA* cells (Fig. 5A, panel d, arrowhead). Therefore,
although there are distinct luminal and basal layers in
Par3-depleted glands, the layers are disrupted and disor-
ganized. Moreover, Par3 requires the aPKC-binding do-
main for normal mammary gland organization.

In control mammary glands, ducts are surrounded by
a K14*SMA* myoepithelial layer, whereas end buds are

Par3/aPKC and mammary morphogenesis

surrounded by K14"SMA™ cap cells (Fig. 5B; Mailleux
et al. 2007). Double-staining for SMA and K14 shows that
Par3-depleted mammary ducts are also surrounded by
aK147SMA* cap cell layer (Fig. 5B). Taken together, these
data all argue that in the absence of Par3, mammary end
buds are defective in cell fate determination, which
prevents the generation of mature ducts.

Direct association between Par3 and aPKC is required
for their correct subcellular distribution

We demonstrated that full-length hPar3 is able to restore
normal mammary gland development and that hPar3c is
unable to restore any aspect of mammary development or
prevent progenitor expansion in Par3-depleted mammary
glands, demonstrating for the first time an essential role
for the aPKC-binding domain of Par3. To address the
mechanism underlying the requirement for aPKC binding
to Par3 in mammary development, we examined the
subcellular distribution of YFP-hPar3b and YFP-hPar3c.
Endogenous Par3 and YFP-hPar3b were both apical in
luminal cells, and concentrated at tight junctions (Figs.
1G, 6A). In contrast, although YFP-hPar3c is present at
the apical surface of luminal cells, it was also visible on
the lateral surfaces (Fig. 6A, inset). This result suggests
that binding of aPKC helps restrict Par3 apically, which is
necessary for its function in regulating mammary mor-
phogenesis. The localization of hPar3c on lateral mem-
branes is unlikely to be an artifact of overexpression
because hPar3b and hPar3c were expressed at similar
levels, and were expressed at near-endogenous levels in
MECs transduced with our bicistronic lentiviruses (Fig.
3C). In Drosophila and C. elegans embryos, aPKC locali-
zation is dependent on Par3 (Tabuse et al. 1998; Harris and
Peifer 2005). We asked, therefore, whether aPKC localiza-
tion was disrupted in Par3-depleted mammary glands.
Indeed, while aPKC was concentrated at the apical surface
in control mammary glands, the kinase was completely
absent from membranes in Par3-depleted mammary
glands (Fig. 6B). We further investigated the subcellular
distribution of aPKC in the Par3-depleted glands express-
ing YFP fusions of hPar3b or hPar3c. The expression of
hPar3b completely restored aPKC localization to the apical
surface in luminal epithelial cells (Fig. 6C). In contrast,
expression of hPar3c partially restored aPKC localization
to the apical surface, but aPKC was also mislocalized to
the lateral membranes along with hPar3c (Fig. 6C, arrow).
Unexpectedly, therefore, Par3 and aPKC are mutually
dependent for their restricted apical localization, which
requires the aPKC-binding domain of Par3.

Par3 and aPKC regulate mammary progenitor
differentiation

Since the aPKC-binding domain of Par3 is necessary for
restricting the expansion of K8'K14" progenitors, we
tested directly whether aPKC is involved in the differen-
tiation pathway of MECs. To address this question, we
performed in vitro differentiation assays using Comma-1D
cells. Comma-1D cells are a mammary stem/progenitor
cell line that is capable of regenerating a complete mammary
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Figure 6. Par3 and aPKC are mutually dependent for their
subcellular distribution. (A) Tissue sections of shPar3-YFPhPar3b
and shPar3-YFPhPar3c mammary glands were stained for YFP
(green) and with Hoechst 33342 (H33342, blue). Arrows show
hPar3c localized on the lateral membrane. (B) Control and
Par3-depleted mammary glands were stained for YFP (which
marks transduced cells, green) and aPKC (red). (C) shPar3-
YFPhPar3b and shPar3-YFPhPar3c mammary glands were
stained for YFP (green) and aPKC (red). The arrow shows
mislocalization of aPKC and hPar3c on the lateral membranes.
Bars, 20 pm.

gland when injected into cleared mammary fat pads, and
also undergoes consistent differentiation in vivo and in
vitro (Danielson et al. 1984; Wang et al. 2008; Zhan et al.
2008). Similar to what we observed in vivo, depletion of
Par3 resulted in a twofold increase in the number of
K8K14* dual-positive cells (Fig. 7A,B). There was also
an increase in the number of luminal (K8%) cells in
Par3-depleted cultures at the expense of K8 K14~ dual-
negative cells, but the relevance of this increase is unclear
since we did not observe a similar elevation in the
luminal population in vivo. Importantly, inhibition of
aPKC using a cell-permeable pseudosubstrate inhibitor
also caused a twofold increase in the percentage of
K8*K14* dual-positive progenitors (Fig. 7C,D). To further
examine differentiation of mammary progenitor cells, we
stained for a second putative mammary progenitor
marker, keratin 6 (K6) (Li et al. 2003; Woodward et al.
2005). Depletion of Par3 or inhibition of aPKC each
caused a significant increase in the percentage of K6*
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cells by twofold or threefold, respectively (Fig. 7E-H).
Therefore, depletion of Par3 or inhibition of aPKC dis-
rupts the normal differentiation pathway and causes the
accumulation of mammary progenitors in vitro.

Discussion

Organ regeneration from transplanted stem cells that
have been transduced with lentiviruses provides a power-
ful approach to studying gene function during morpho-
genesis (Siwko et al. 2008). Not only can gene expression
be silenced easily using shRNAs, but the same lentivirus
can be used to rescue expression by a knock-in strategy,
using wild-type or mutant genes that are resistant to the
shRNA. We took this approach to address the question
of polarity protein function during mammary gland
morphogenesis, and identified a novel function for Par3
and aPKC in regulating mammary differentiation and
morphogenesis.

We discovered that silencing of Par3 severely inhibits
ductal elongation of mammary glands. The ducts that do
form are disorganized and lack normal end bud struc-
tures. Some of the ducts are multilayered, with cells
inside the lumen, which resembles hyperplastic tissue
found in ductal carcinoma in situ (Feeley and Quinn
2008). We propose that Par3-depleted glands are com-
posed predominantly of an expanded end bud cell pop-
ulation that does not form normal bulbous end bud
structures and is unable to differentiate and organize into
normal mammary epithelial ducts. This idea is supported
by several lines of evidence. First, the Par3-depleted
glands, like end buds, are highly proliferative and apopto-
tic (Fig. 2). In normal glands, end bud proliferation is
necessary to produce cells to form ducts as they elongate
and invade through the fatty stroma, and apoptosis is also
important for lumen formation (Humphreys et al. 1996;
Mailleux et al. 2007). Second, Par3-depleted glands con-
tain K8*K14* dual-positive cells throughout the glands. In
normal mouse glands, K8*K14" dual-positive cells were
located exclusively in end buds, although a small number
of dual-positive cells have been reported by others in
ducts from human breast tissue (Villadsen et al. 2007).
Third, both end buds and Par3-depleted glands are sur-
rounded by K14~"SMA* cap cells.

How does Par3 regulate mammary morphogenesis?
Using bicistronic lentiviruses that express both a short
hairpin to mouse Par3 and human Par3 cDNAs, we found
that the aPKC-binding domain of Par3 is essential for
mammary development. Full-length Par3 was able to
restore all aspects of mammary gland defects from Par3-
depleted mammary glands, whereas a Par3 variant that
lacks the aPKC-binding domain did not rescue mammary
gland development.

The relationship between Par3 and aPKC is context-
dependent, and is not fully understood. For example, in
the C. elegans zygote, Par3, Par6, and aPKC colocalize in
a mutually dependent fashion (Goldstein and Macara
2007), but in the embryonic epithelium of Drosophila,
Par3 localization is independent of aPKC, and is posi-
tioned below aPKC and Par6, while aPKC localization
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requires Par3 (Harris and Peifer 2005). In mammalian
epithelial cells, Par3 is associated with the tight junc-
tions, and aPKC and Par6 are predominantly apical.
However, the interdependencies of positioning have not
been elucidated in mammalian cells. Moreover, the roles
of direct binding of aPKC to Par3 versus indirect associ-
ation through Par6 are not understood. Here we demon-
strated for the first time that mammalian aPKC
localization is dependent on a direct interaction with
Par3. In the absence of Par3, the apical distribution of
aPKC is completely lost, but can be rescued by the
expression of a human YFP-Par3 fusion. Strikingly, how-
ever, the expression of YFP-Par3c, a splice variant that
cannot directly bind aPKC, resulted in the abnormal
codistribution of aPKC and the YFP-Par3c along the
lateral membranes of the luminal epithelial cells. We
conclude that a direct Par3- aPKC association is needed
both to restrict Par3 to the tight junctions, and to retain
aPKC at the apical surface. What mechanism might
account for this behavior? We propose the following
model (Fig. 7I): (1) Par3 permits the recruitment of the
constitutive aPKC/Par6 complex to tight junctions,
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Qe Figure 7. Par3 and aPKC regulate progenitor
EE;va differentiation. (A) Control or Par3-depleted

COMMA-1D cells were grown for 7 d and stained
for K8 and K14. (B) Quantification of A. (*) P=0.005
(control vs. shPar3); (**) P = 0.01 (control vs.
shPar3). (C) COMMA-1D cells were treated with
40 wM myristoylated aPKC{ pseudosubstrate every
48 h for 7 d, then stained for K8 and Kl14. (D)
Quantification of C. (*) P = 0.003 (control vs.
shPar3). (E) Control or Par3-depleted COMMA-1D
cells were grown for 7 d and stained for Ké6. (F)
Quantification of E. (*) P = 1.2 X 1073 (control vs.
shPar3). (G) COMMA-1D cells were treated with
40 uM myristoylated aPKC{ pseudosubstrate every
48 h for 7 d, then stained for K6. (H) Quantification
of G. (**) P =5.8 X 1077 (control vs. aPKC{-ps).
Bars, 100 wmjerror bars, SD; n = 4. (I) Model for
Par3/aPKC function in MECs. Par3 permits the
recruitment of the constitutive aPKC/Par6 complex
to tight junctions (panel a), where the complex is
handed off to an apical protein (panel b; apical
protein [A?]) that is required for phosphorylating
an apical target (panel c; apical target [T?]). (Panel d)
In the absence of Par3, aPKC is not recruited to the
plasma membrane and cannot phosphorylate apical
targets. (Panel e) The Par3c variant can recruit
aPKC to the plasma membrane, but cannot hand
off aPKC appropriately, so both proteins remain
bound and diffuse onto the apical and lateral
surfaces, but aPKC cannot phosphorylate its nor-
mal targets. See the Discussion for additional
details.

-

where the complex is transferred to an apical binding
partner, such as Palsl or Crumbs (Hurd et al. 2003b;
Harris and Peifer 2005). (2) In the absence of Par3, aPKC is
not recruited to the plasma membrane (Fig. 6B), and
therefore cannot phosphorylate targets at the apical
surface. (3) The Par3c variant can recruit aPKC to the
plasma membrane, but cannot appropriately release
aPKC to the apical surface, and both proteins remain in
a complex that can spread onto the apical and lateral
surfaces (Fig. 6C). Since Par3 can change the target
specificity of aPKC (Wirtz-Peitz et al. 2008), Par3c may
both mislocalize aPKC and prevent the phosphorylation
of its normal targets. (4) Par3 is normally excluded from
the lateral membranes through phosphorylation by Parl,
a serine/threonine kinase located at the lateral cortex of
epithelial cells (Benton and St Johnston 2003; Hurd et al.
2003a). However, if Parl-mediated phosphorylation of
Par3 is dependent on the absence of aPKC, then the Par3c
variant will not dissociate from the lateral domain, and
will accumulate there. The basis for this last part of the
model is that aPKC can phosphorylate and inhibit Parl
(Suzuki et al. 2004). Thus, Par3c, which can associate
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only indirectly with aPKC, would recruit an active kinase
to the lateral membrane, which would inhibit Parl and
prevent Parl from releasing Par3 into the cytoplasm.
Further studies will be required to definitively test this
speculative model.

We found that Par3 depletion from stem/progenitor
cells caused the accumulation of both K8'K14* dual-
positive cells as well as K6* progenitors. Bipotential
progenitors that express both luminal keratins (K8, K18,
or K19) and K14 have been identified in the prostate
(Wang et al. 2006) and mammary gland (Woodward et al.
2005; Shackleton et al. 2006; Villadsen et al. 2007; Wang
et al. 2008). In cultured organoids, K8*K14* cells are
detected in the distal end bud (Fata et al. 2007), a potential
stem cell niche (Williams and Daniel 1983; Kenney et al.
2001), and are also rarely found in ducts from human
mammary tissue (Villadsen et al. 2007). In the mouse
cortex, overexpression of Par3 or Par6 promotes self-
replicating progenitor divisions (Costa et al. 2008). In
the mammary gland, we show that depletion or inhibi-
tion of aPKC activity promotes accumulation of progen-
itors. Therefore, the Par complex may have a general role
in regulating progenitor cell fate determination. This
result supports the idea in the model described above, that
silencing of Par3—or expression of the Par3c variant—
prevents the normal phosphorylation of aPKC targets
(Fig. 71).

One function of Par3 in Drosophila stem cells is to
orient the plane of mitosis to ensure correct segregation
of cell fate determinants (Schober et al. 1999). However, it
is not known whether Par3 has a similar function in
mammals. Oriented divisions are important for mam-
mary morphogenesis, at least during ductal extension,
where cells divide parallel to the plane of the duct (Taddei
et al. 2008), but it is unlikely that cells within the
multilayered terminal end bud possess specific orienta-
tions during mitosis, and it is not yet known whether
mammary progenitor or stem cells undergo asymmetric
cell divisions. We were unable to measure spindle orienta-
tion in Par3-depleted glands because the mitotic cells were
all within multilayered regions and did not contact the
lumen. By analogy to Drosophila, loss of Par3 might disrupt
asymmetric cell division of the mammary stem/progenitor
cells, which would result in an increased population of
such progenitors. Indeed, we found that Par3-depleted
stem/progenitor cells were able to initiate mammary gland
repopulation more frequently than control glands, indicat-
ing that Par3 might regulate mammary stem cell self-
renewal. However, directly testing this hypothesis will
require the ability to track the fate of individual stem cells
during mammary gland morphogenesis.

Materials and methods

Plasmids and shRNAs

GFP in pLVTHM (Wiznerowicz and Trono 2003) was replaced
with seYFP (Venus) with a C-terminal multiple cloning site
(BamHI, Notl, and EcoRI) inserted for generating YFP fusion
proteins (pL-Venus). Additional BamHI, Notl, and EcoRI sites
were removed using the QuikChange XL kit (Stratagene) accord-
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ing to the manufacturer’s instructions, leaving unique restriction
sites within the multiple cloning site. shRNA complementary
DNA strands (19mer sequences: shPar3, 5'-ACAAGCGTGG
CATGATCCA-3’; shPar3-2, 5'-GTAGGCAAGAGGCTCAACA-3’)
with flanking sequences were annealed and ligated into the
Mlul/Clal sites of pLVTHM or pLV-Venus. All shRNAs were
verified by DNA sequencing. Lentiviral vectors for bicistronic
expression of human Par3b and human Par3c with shPar3 were
made in pLV-Venus. Control lentiviruses were virus alone, or
contained shRNA to Luciferase.

Lentivirus transduction of mammary epithelial/stem cells

Lentivirus was produced by calcium phosphate transfecting
293LT cells in 10-cm dishes with 20 pg of lentiviral plasmid,
10 pg of packaging plasmid (psPAX2), and 5 ug of VSVG coat
protein plasmid (pMD2.G). Viral supernatants were collected
after 48 h, filtered (0.45 mm), and concentrated 10X-20X with
100-k ultrafilters (Millipore). Concentrated virus was aliquoted
and frozen at —80°C, then titered using 293LT cells. Typical titers
were 10°-10% transducing units (TU) per milliliter for shRNA
lentiviruses, and 10°-10° TU/mL for cDNA lentiviruses.

The third through fifth mammary gland pairs were removed
from 8-wk-old C3H female mice, minced with scissors, and
digested in Digestion media (DMEM/F12, 2 mg/mL Collagenase
I [Roche]|, 5 pg/mL insulin [Sigma], 600 U/mL Nystatin [Sigma)],
100 U/mL penicillin/streptomycin) for 3 h at 37°C with periodic
mixing. Epithelial organoids were collected by centrifugation at
1000 rpm for 5 min. The cell pellet was resuspended in 5 mL of
DMEM/F12 and centrifuged at 1000 rpm for 5 min. The cell
pellet was resuspended in DMEM/F12 containing DNasel and
centrifuged at 1000 rpm for 10 min. The pellet was resuspended
in 10 mL of 5% calf serum in PBS and cells were collected by
centrifugation five times at 1500 rpm for 15 sec. The cells were
resuspended in 1 mL of trypsin/EDTA (Invitrogen) for 12 min,
dissociated into a single-cell suspension, and passed through
a 45-pm filter (Fisher) to obtain a single-cell suspension of MECs.
Freshly isolated MECs or NIH 3T3 cells were transduced by
centrifugation at 300g for 3 h, without polybrene, in a final
volume of 200 pL, and containing 5 ng/mL insulin. After trans-
duction, cells were mechanically dissociated and transferred to
six-well low-attachment dishes (Corning) and grown as mammo-
sphere cultures for 2-5 d (Dontu et al. 2003). NIH 3T3 cells were
plated directly in six-well tissue culture dishes and were grown
in DMEM with 10% calf serum. Primary mammary cells for
immunoblots were grown as mammospheres for 2 d, then trans-
ferred to six-well tissue culture plates and grown as monolayers
in DMEM/F12 containing 5% FBS, 5 ng/mL EGF, 100 U/mL Pen/
strep, 2 wg/mL hydrocortisone, and 1X insulin/transferring/
selenium.

In vitro differention assays

COMMA-1D cells, generously provided by D. Medina (Baylor
College of Medicine, Houston, TX), were maintained in DMEM/
F12 containing 10 pg/mL insulin, 5 ng/mL EGE, and 2% fetal calf
serum and penicillin/streptomycin. Cells were plated at a density
of 2200 cells per square centimeter in four-well chamber slides.
After 1 wk, cells were fixed in 4% paraformaldehyde and stained
for K6, K8, and K14. The myristoylated aPKC{ pseudosubstrate
was used at a concentration of 40 pM and was added to cultures
every 48 h.

Antibodies and immunoblots

Rabbit anti-Par3 sera raised against a Par3 C-terminal peptide
were affinity-purified and frozen in aliquots at —80C.



Cells were lysed in RIPA buffer (50 mM Tris at pH 8.0, 150 mM
NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 1 mM EDTA,
1 mM EGTA, 1 mM DTT, 2 pM aprotinin, ] mM PMSE, 1 pM
leupeptin) for 30 min on ice, and 30 pg of whole-cell lysate were
separated by SDS-PAGE using 10% gels. Blots were probed using
rabbit anti-Par3 antibody (0.6 pg/mL) and mouse anti-a tubulin
(1:5000; Sigma). Protein was detected using HRP-conjugated
secondary antibodies (Jackson ImmunoResearch) and PicoWest
Chemiluminescent reagent (Pierce). Primary antibodies used for
immunostaining were rat anti-K8 (Univeristy of lowa Hybridoma
Bank, TROMA-1); rabbit anti-GFP (1:1000; Abcam, ab6556); rabbit
anti-K14 (1:500; Covance, PRB-155P); mouse anti-SMA (1:50;
Abcam, ab18147); rabbit anti-Ki67 (1:75; Abcam, ab15580); rabbit
anti-cleaved Caspase-3 (1:100; Covance, 9664); and rabbit anti-K6
(1:100; Covance, PRB-169P).

Mammary transplants

For transplants, mammospheres from 1000 or 10,000 transduced
mammary epithelial cells in 7.5 pL of Injection Medium
(DMEM/F12, 10% Matrigel [BD Biosciences] 5ng/mL EGF [Invi-
trogen], 20 ng/mL FGF2 [R&D Systems], 0.01 % trypan blue) were
injected into the cleared #4 fat pads of 4-wk-old C3H female mice
(Charles River Laboratories) using a Hamilton syringe with a
26-guage needle.

Mammary gland whole mounts and immunostaining

After 7-10 wk of mammary ductal outgrowth, mammary fat pads
were removed and fixed in Carnoy’s fixative (60% ethanol, 30%
chloroform, 10% acetic acid) and stained with Carmine alum.
For immunofluorescence, 5-pm paraffin sections were deparaffi-
nized and boiled in TE buffer (20 mM Tris, ImM EDTA, 0.05%
Tween-20 at pH 9.0) for 20 min in a microwave oven. Sections
were blocked in 10% normal goat serum for 1 h followed by
overnight incubation of primary antibody at 4°C. Sections were
incubated for 1 h with the appropriate secondary antibody con-
jugated to Alexa488 (1:1000 dilution), Alexa546 (1:1000 dilution),
or Alexa633 (1:200 dilution). Confocal images were taken on
a Nikon (Eclipse TE2000-E) with a Yokogawa spinning disk
confocal system (Solamere Technologies) using 40X (NA =
0.95) or 60X (NA = 1.40) objective lenses (Solamere Technology)
or with a Zeiss 510 META with a 60X (NA = 1.40) objective lens.

Contrast enhancement was applied equally for control and
shPar3 images using Image]J.

Statistical analysis

All measurements were made using Image]. To calculate knock-
down efficiencies, Par3 protein levels were normalized to
a-tubulin as an internal control and were reported as means.
Fat pad filling was measured by drawing a shape around the fat
pad using the Freehand tool. Ductal areas were measured by
drawing a shape that connected tips of ducts. The percentage fat
pad filled was measured by the equation (ductal area/fat pad area)
X 100. Measurements are reported as mean (+SD). For measure-
ments of terminal ends and ductal diameters, the diameter of all
terminal ends and ducts were measured at the thickest point
using the Straight line tool.

To measure K8*/K14* cells, a uniform threshold for each
channel (K8, green; K14, red) was applied to control and shPar3
sections, and the number of green, red, and yellow cells was
counted. All epithelial regions were counted from the indicated
number of glands.

Measurements are reported as mean (+=SD). All statistical
analyses were performed using Excel with unpaired, two-tailed
t-tests.

Par3/aPKC and mammary morphogenesis
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Note added in proof

While this manuscript was in press, a study by Horikoshi
et al. (2009) shows that the Par3/aPKC interaction is
necessary for apical domain formation in MDCK mono-
layers and 3D cycsts.
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