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ABSTRACT. The salivary epithelium initiates as a solid mass of epithelial cells that are organized
into a primary bud that undergoes morphogenesis and differentiation to yield bilayered acini
consisting of interior secretory acinar cells that are surrounded by contractile myoepithelial cells in
mature salivary glands. How the primary bud transitions into acini has not been previously
documented. We document here that the outer epithelial cells subsequently undergo a vertical
compression as they express smooth muscle a-actin and differentiate into myoepithelial cells. The
outermost layer of polarized epithelial cells assemble and organize the basal deposition of basement
membrane, which requires basal positioning of the polarity protein, Par-1b. Whether Par-1b is
required for the vertical compression and differentiation of the myoepithelial cells is unknown.
Following manipulation of Par-1b in salivary gland organ explants, Par-1b-inhibited explants showed
both a reduced vertical compression of differentiating myoepithelial cells and reduced levels of
smooth muscle a-actin. Rac1 knockdown and inhibition of Rac GTPase function also inhibited
branching morphogenesis. Since Rac regulates cellular morphology, we investigated a contribution
for Rac in myoepithelial cell differentiation. Inhibition of Rac GTPase activity showed a similar
reduction in vertical compression and smooth muscle a-actin levels while decreasing the levels of
Par-1b protein and altering its basal localization in the outer cells. Inhibition of ROCK, which is
required for basal positioning of Par-1b, resulted in mislocalization of Par-1b and loss of vertical
cellular compression, but did not significantly alter levels of smooth muscle a-actin in these cells.
Overexpression of Par-1b in the presence of Rac inhibition restored basement membrane protein
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levels and localization. Our results indicate that the basal localization of Par-1b in the outer epithelial
cells is required for myoepithelial cell compression, and Par-1b is required for myoepithelial
differentiation, regardless of its localization.

KEYWORDS. apicobasal polarity, branching morphogenesis, differentiation, myoepithelial cells,
Par-1b, Rac1, ROCK, submandibular gland

INTRODUCTION

Organogenesis of complex 3-dimensional
organs during development requires coordination
of morphogenesis and cellular differentiation.
During embryonic development, the mouse sub-
mandibular salivary gland (SMG) undergoes a
series of morphogenetic events that result in the
spatial ordering of cells that are collectively
referred to as the process of branching morpho-
genesis.1-3 Branching morphogenesis is a con-
served developmental mechanism that is utilized
by many other organs, including the lungs and
mammary glands, to increase the epithelial sur-
face area for either secretion or absorption.4,5 The
embryonic mouse SMG serves as an ideal system
for studying the molecular mechanisms govern-
ing branching morphogenesis and differentiation
as glands can be grown ex vivo on a floating filter
at the air/media interface and can be manipulated
genetically or pharmacologically while recapitu-
lating the normal developmental processes that
occur in vivo.6 In mice, SMG development
begins in utero on embryonic day 11 (E11), as a
protrusion of a solid mass of epithelial cells from
the oral epithelium into the surrounding mesen-
chyme to form a primary bud. Branching initiates
at E12 as clefts, or invaginations, form in the pri-
mary bud.7,8 Rapid and iterative rounds of cleft
formation and proliferation of newly formed epi-
thelial buds characterize the early branching
morphogenesis stages (E11-E14). During late
development (E15-E18), secretory units begin to
form that consist of differentiating secretory aci-
nar cells surrounded by a layer of differentiating
stellate, contractile myoepithelial cells, which are
embedded in and participate in the assembly of
the surrounding basement membrane, a special-
ized form of extracellular matrix that provides
structural support as well as outside-in signals.9-
12 While the myoepithelial cells are presumably

critical for effective saliva secretion by the bilay-
ered acinar units, little is understood regarding
the molecular events required for myoepithelial
cell differentiation.

Branching morphogenesis of the salivary
gland is highly dependent upon the assembly of
the epithelial basement membrane. The basal
restriction of the serine-threonine kinase Par-1b
(also known as MARK2 or EMK1) is required
for the basal placement and assembly of the base-
ment membrane by the outer cuboidal cells
(OCCs), the first polarized cell layer to form in
the epithelium.8 Which mature cell population
the OCCs contribute to has not been clearly dem-
onstrated. The PAR family of proteins were ini-
tially identified in C. elegans as partition
defective mutants13-15 and are also critical play-
ers in establishment of apicobasal polarity in dro-
sophila and mammalian epithelial cells.16,17 In
previous work, we have shown that the basal
localization of Par-1b is regulated by ROCK1
(Rho-associated coiled-coil containing kinase) to
control the deposition and organization of the
basement membrane surrounding the OCCs in a
manner that is independent of its regulation of
non-muscle myosin II.8,18 How Par-1b partici-
pates in the shape changes required for the devel-
opment of bilayered acini has not been
examined.

Actin dynamics are known to be critical for
branching morphogenesis in the salivary
gland19,20 and yet the control of actin dynamics
is incompletely understood. One class of mole-
cules that regulates many morphogenetic pro-
cesses through regulation of the actin
cytoskeleton are Rac proteins, which are a sub-
family of the Rho family of small GTPases.21

Rac1 (Ras-related C3 botulinum substrate 1) is
an ubiquitously expressed member of the Rho
family of small GTPases21-23 and is the most
abundantly expressed Rho GTPase in the mouse
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embryo. Rac2 and Rac3 are also expressed in the
mouse SMG, but both are found at significantly
lower levels than Rac1 based on microarray pro-
filing (http://sgmap.nidcr.nih.gov/).24,25 Like
other Rho GTPases, Rac1 acts as a molecular
switch, cycling between a GTP-bound active
signaling state and a GDP-bound inactive state.
In Drosophila melanogaster, loss of Rac1 func-
tion disrupted salivary gland tube invagina-
tion,26 demonstrating Rac1’s importance in
salivary gland branching morphogenesis; how-
ever, this specific event does not occur in mam-
malian salivary glands. Since the Rac1 null
mouse is embryonic lethal before the formation
of the salivary gland,27,28 a function for Rac1
in mammalian salivary gland development has
not previously been investigated.

In the current study, we investigated the roles
of Rac, ROCK, and Par-1b in myoepithelial cell
differentiation. SMG organ explants are a robust
model system to study morphogenesis and cell
differentiation, as we previously demonstrated
that SMG organ explants undergo differentiation
with smooth muscle a-actin being expressed dur-
ing ex vivo culture.29 Here we describe and quan-
tify the vertical compression of the OCCs and
expression of SM a-actin during myoepithelial
cell differentiation. We manipulated Par-1b in
organ explants using targeted siRNA or Par-1b
delivered with an adenoviral vector. siRNAs and
pharmacological inhibitors were used to manipu-
late Rac levels and activity, and pharmacological
inhibitors were used to inactivate ROCK. We

examined changes in cellular morphology and
quantified protein levels using immunocytochem-
istry (ICC) with confocal imaging and Western
analysis, respectively. We report here that Par-1b
is required for the morphological changes and dif-
ferentiation of myoepithelial cells. The localiza-
tion of Par-1b is controlled by both Rac and
ROCK, and Par-1b levels are maintained by Rac
in developing submandibular salivary glands dur-
ing myoepithelial cell differentiation.

RESULTS

To investigate a role for Rac1 in the devel-
oping mouse submandibular salivary gland
(SMG), we cultured embryonic day 13 (E13)
SMG whole organ explants in which we manip-
ulated Rac levels and activity. We used either a
targeted siRNA construct to decrease Rac1 lev-
els directly, or a pharmacological inhibitor that
targets Rac family members, Rac1, Rac2, and
Rac3 (EHT1864, or EHT), and inhibits their
binding to GTP, rendering them inactive.30 We
observed an inhibition of branching morpho-
genesis using brightfield imaging of live
explants that were treated with either 10 mM
EHT1864 (Fig. 1A) or 400 nM Rac1 siRNA
(Fig. 1B) for 96 hours when compared to
respective controls. Morphometric analysis
through whole bud counting indicates that Rac
inactivation using EHT resulted in a statisti-
cally significant reduction in branching

FIGURE 1. (Continued on next pages.) Decreased Branching Morphogenesis of the Mouse Sub-
mandibular Salivary Gland with Pharmacological Inactivation of Rac GTPase activity or siRNA
Knockdown of Rac1. Representative brightfield images of E13 SMG organ explants cultured for
96 hours (A) with vehicle control or 10 mM EHT, (B) non-targeting (NT) siRNA or Rac-1 siRNA
indicate Rac1 expression and activity are both required for proper branching morphogenesis of
the developing SMG. Scale bars, 100 mm. (C) Morphometric analysis of control and 10 mM
EHT-treated E13 SMGs show a statistically significant decrease in the number of buds in EHT-
treated glands (**p � 0 .01) and (D) morphometric analysis of Rac1 siRNA-treated glands show
a decreasing trend in bud number relative to NT siRNA-treated glands. (E) Representative west-
ern blots and (F) quantification of Rac1 levels in glands treated with 10 mM EHT or Rac1 siRNA,
normalized to GAPDH, and compared to controls shows a decrease after siRNA treatment (46%
reduction) but not with EHT treatment, as expected (n � 3 experiments) (n.s.). (G and H) Immu-
nocytochemistry (ICC) for Rac1 (cyan) and ECAD (green), with DAPI (blue) staining for nuclei
shows Rac1 localized primarily in the outer epithelial cells with no change in localization follow-
ing 10 mM EHT treatment for 96 hours but a decrease in Rac1 levels within the ECADC epithe-
lium after Rac1 siRNA treatment. Scale bars, 10 mm.
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morphogenesis when compared to controls at
72 and 96-hour time points (Fig. 1C). The
reduction of branching morphogenesis using
EHT is reversible, as branching morphogenesis
was rescued following a washout of the inhibi-
tor (data not shown). Rac1 siRNA treatment
also resulted in decreased branching (Fig. 1D).
Following treatment with Rac1 siRNA, western
analysis shows a 46% reduction in Rac1 levels
after 96 hours in culture, and no significant

change in Rac1 levels was detected after
96 hours of EHT treatment when compared to
vehicle control (Fig. 1E and F), as expected.
Immunocytochemistry (ICC) of treated
explants confirms that that the siRNA treatment
significantly reduces the levels of Rac1
(Fig. 1H) and that there are no major changes
to the levels of Rac1 after EHT treatment
(Fig. 1G). Based on these results, in subsequent
experiments we used EHT to inhibit Rac
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FIGURE 2. (Continued on next page.) Epithelial Proliferation is Not Affected by the Inhibition of Rac
GTPase. (A) ICC to detect histone H3 phosphorylated on Serine 10 (pHH3, white) and DAPI to stain
nuclei (blue) following treatment with vehicle or 10 mM EHT for 48 hours shows no major change in
pHH3 staining or localization of positive cells within the epithelium. Boxed area in the top panel shows
the zoom in area for the bottom panel for each condition. All scale bars, 100 mm. (B and C) A repre-
sentative protein gel blot and quantification (n � 3) indicate no significant change in pHH3 with EHT-
mediated inactivation of Rac1 when compared to total histone H3 levels and GAPDH. (D and E) Pixel
intensity quantifications performed on 63X confocal images of E13 glands treated with vehicle or
10 mM EHT for 48 hours and subjected to ICC indicate no notable change in pHH3 levels in the epi-
thelium but an increase in pHH3 in the mesenchymal compartment (p �0.05) when quantified sepa-
rately (n�10 images per condition).
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function. Together, these results indicate that
Rac GTPase activity is required for branching
morphogenesis of the SMG.

Since Rac inhibition leads to a significant
decrease in branching morphogenesis, we
examined the levels of apoptosis and cell pro-
liferation within the glands following treatment
with the Rac inhibitor. Following 48–72 hours
of culture, glands were either fixed or lysed and
both ICC and western analysis was performed
to detect cleaved caspase 3 (CC3), an execu-
tioner caspase that is activated by cleavage by
both extrinsic and intrinsic apoptosis path-
ways.31 Analysis of CC3 indicated that there
was no difference in the levels of apoptosis in
glands treated with the Rac inhibitor in compar-
ison with vehicle controls, as measured with
western analysis or quantification of ICC at 48–
72 hours (data not shown). Since apoptosis
appears not to be operative in Rac-mediated
regulation of branching morphogenesis, we
examined the levels of proliferation within the

glandular epithelium by examining mitosis-
specific phosphorylation on Serine 10 of his-
tone H3 (pHH3) in glands treated with the Rac
inhibitor and compared to vehicle control
(Fig. 2A). Following treatment of glands with
10 mM EHT over 48 hours, quantification of
levels of pHH3 normalized to total histone H3
and GAPDH by western analysis indicated that
there was no change in EHT-treated glands rel-
ative to vehicle control (Fig. 2B and C). These
data suggest that Rac does not globally regulate
apoptosis or cell proliferation during early sali-
vary gland branching morphogenesis.

Since western analysis takes into account
levels of pHH3 within both the mesenchyme
and the epithelial compartments of the gland,
we wanted to determine whether there was a
change in the number of proliferative cells in
either the epithelial or mesenchymal compart-
ments in response to Rac inhibition. Following
treatment of glands with 10 mM EHT over
48 hours and ICC to detect pHH3, no change in
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the pattern of pHH3 in the Rac inhibitor-treated
glands vs vehicle control was observed. We
used E-cadherin, an epithelial cell-cell adhe-
sion protein to demark the epithelium. We
quantified the pixel intensity of the pHH3 sig-
nal within the epithelial area independently of
the mesenchymal area within RO1s and nor-
malized to the DAPI pixel intensity. No signifi-
cant difference in the pHH3 staining pattern or
pixel quantifications was observed within the
E-cadherin-positive epithelium (Fig. 2D), but
there was an increase in the pHH3 signal within
the mesenchyme after treatment with EHT for
48 hours when compared to the negative con-
trol (Fig. 2E). In addition, we quantified the
average size of nuclei in both the epithelium
and mesenchyme and used this number to esti-
mate the number of nuclei within each sample
from the total DAPI staining. While the nuclear
size was larger in the EHT-treated glands than
in controls, there was no significant change to
the calculated number of cells in response to
EHT treatment (data not shown). Together,
these results indicate that the decreased size of
the gland with Rac inhibition is not due to
decreased proliferation in the epithelium or
mesenchyme. The decrease in the number of
buds and change in nuclear size in response to
Rac1 inhibition is likely due to Rac’s regulation
of cellular morphogenesis, independent of pro-
liferation and apoptosis.

Salivary gland branching morphogenesis
requires basement membrane remodeling,8,32

leading us to question whether the basement
membrane was disrupted by the inactivation of
Rac. After inhibition of Rac with EHT for
96 hours, we performed an ICC to detect colla-
gen IV, a major component of the basement
membrane, and noted a significant loss in colla-
gen IV (Fig. 3A) which was similar to the
reduction in collagen IV following treatment
with targeted Rac1siRNA for 96 hours (Sup-
plementary Fig. 1). The loss of collagen IV
was also detected via western analysis
(Fig. 3B), which revealed a 48% reduction in
collagen IV protein levels in glands treated
with EHT for 48 hours (data not shown) or
96 hours (Fig. 3C). We also detected a marked
decrease in laminin-111 and perlecan, two
other major components of the basement

membrane, after treatment with EHT for
96 hours when compared to controls (data not
shown). These data taken together suggest that
Rac1 directly or indirectly regulates the levels
of and/or assembly of basement membrane
proteins.

Since we previously reported that the basal
localization of the polarity protein Par-1b is
critical for the basal deposition of basement
membrane by the OCC layer of epithelial cells
in the developing SMG,8 we questioned
whether Rac1 regulates Par-1b. In Rac-inhib-
ited glands relative to controls, we identified a
significant decrease in Par-1b protein levels via
ICC as well as a mislocalization of the remain-
ing Par-1b protein from its basal localization in
the OCCs to a more lateral localization in these
cells (Fig. 3D). To further confirm that Par-1b
functions downstream of Rac, we performed
western analysis following EHT treatment in
E13 glands cultured for 96 hours and found a
decrease of approximately 35% in Par-1b levels
in the EHT-treated glands when compared to
controls (Fig. 3E and F), similar to the Par-1b
reductions detected at 48 hours (data not
shown). These data suggest that Par-1b locali-
zation and protein levels are both regulated by
Rac1 and that the disruption of basement mem-
brane following Rac inhibition is likely to be
Par-1b mediated. We previously demonstrated
that Par-1b controls the localized deposition of
multiple basement membrane proteins, includ-
ing collagen IV and perlecan, after 24 hours of
culture.8 To confirm that Par-1b controls base-
ment membrane deposition after 96 hours in
culture, we treated SMGs with either Par-1b or
non-targeting (NT) control siRNA and exam-
ined collagen IV. Following culture, western
analysis was performed and quantified, and we
confirmed 60% loss of collagen IV levels fol-
lowing Par-1b siRNA treatment (Fig. 3G and
H). The loss in collagen IV following Par-1b
siRNA knockdown is greater than the loss fol-
lowing EHT treatment, likely due to the greater
loss in Par-1b with siRNA knockdown. We
then overexpressed Par-1b in EHT-treated
SMG epithelial rudiments using an adenoviral
construct and recombined the epithelium with
mesenchyme (Fig. 3I). The loss of collagen IV
in EHT-treated epithelial rudiments was
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partially rescued by Par-1b (Fig. 3I, bottom
panel), further indicating that Rac1 functions
upstream of Par-1b in basement membrane
deposition.

Since loss of Rac1 and Par-1b affected base-
ment membrane in the developing glandular
epithelium, we questioned whether there was a
defect in the maturation of the outer epithelial
cells that are closely associated with the basement
membrane. We harvested SMG tissue from
embryos at 24 hour increments at E14, 15, 16,
and 17, embedded the tissues in paraffin, and per-
formed fluorescent immunohistochemistry (IHC)
on the non-cultured glands to detect E-cadherin

(ECAD) to demark epithelial cells and smooth
muscle a-actin (SM a-actin), which has been
used as a marker of the mature myoepithelial cell
type in the mammary gland33,34 and of both
immature and mature myoepithelial cells the sali-
vary gland27-29 (Fig. 4). Consistent with our pre-
vious observations,35-37 from this time-course, we
noted that the OCCs expressed ECAD but not SM
a-actin at E14 and 15. By E16, many of the OCCs
expressed SM a-actin, and a subset of cells were
beginning to flatten. By E17, the SM a-actin-posi-
tive cells had assumed the flattened, stellate
appearance typical of myoepithelial cells. This
time-course data reveals that the OCCs undergo a

FIGURE 3. (Continued on next pages.) Rac GTPase Inactivation Results in Disruption of the Base-
ment Membrane and Cellular Polarity. (A) ICC for collagen IV (green) and DAPI staining (blue) follow-
ing 96-hour culture of E13 SMGs treated with vehicle or 10 mM EHT indicate Rac1 inactivation
reduces collagen IV in the basement membrane surrounding epithelial buds. Scale bars, 10 mm. (B
and C) Representative western analysis and quantification performed following 96-hour culture with or
without 10 mM EHT demonstrates a slight loss in collagen IV levels (42% reduction) in E13 SMG with
EHT treatment (pD 0.66, n� 3 Experiments). (D) ICC following 96-hour culture with or without 10 mM
EHT for Par-1b (cyan) and collagen IV (green) with DAPI staining (blue) demonstrates a loss in Par-1b
levels in the outer epithelial cells with EHT treatment. Scale bars, 20 mm. (E and F). Western analysis
for Par-1b following EHT treatment indicates a loss of total Par-1b within the gland (25% reduction),
quantified relative to GAPDH (n � 3). (G) SMGs were treated with either Par-1b or NT control siRNA,
andWestern analysis was performed to detect collagen IV and GAPDH. (H) Quantification of collagen
IV levels demonstrated 60% reduction in Par-1b levels relative to GAPDH (n D 3). (I) E13 epithelial
rudiments treated with vehicle or Par-1b WT adenovirus were recombined with untreated mesen-
chyme, and cultured for 96 hours either with or without 7.5 mM EHT. ICC was performed for collagen
IV (green) and Par-1b (cyan), together with DAPI staining for nuclei (blue). Par-1b WT adenovirus
treatment shows increased collagen IV levels relative to control, and glands treated with bothWT Par-
1b adenovirus and EHT show an intermediate phenotype indicating partial rescue of collagen IV with
exogenous Par-1b in the presence of EHT. Scale bars, 10 mm.
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morphological change and express SM-a-actin in
vivo as they transition into myoepithelial cells.

Since we previously noted that vertical com-
pression occurs together with myoepithelial
differentiation in organ explants after 96 hours
of culture,35 we examined the effect of Rac
inhibition on these cells. Interestingly, we
noted that the inhibition of Rac signaling for
96 hours in organ explants appeared to prevent
the compression of the OCC population that
normally occurs in vivo and after 96 hours in
culture (Fig. 5A, arrows); the cells in the EHT-
treated glands remained cuboidal in shape
(Fig. 5A). We saw a similar phenotype follow-
ing 96 hours of treatment with a targeted Rac1

siRNA when compared to NT siRNA controls
(Supplementary Fig. 1). We measured the
height of SM a-actin-positive outer epithelial
cells in control glands and in glands treated
with EHT to confirm that the loss of Rac activa-
tion inhibited the morphological changes in the
differentiating myoepithelial cells. Cells in
the control glands were significantly more com-
pressed than SM a-actin-positive cells in EHT-
treated glands, indicating that loss of Rac
activation inhibits the transition of SM a-actin-
positive cells from the cuboidal shape of the
immature cells toward the flattened shape of
the differentiated myoepithelial cells (Fig. 5B).
We therefore questioned whether there was a
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defect in the differentiation of the myoepithe-
lium, as measured by levels of SM a-actin,
with Rac inhibition using ICC and western
analysis. We found that differentiation is
markedly reduced with Rac inhibition as seen
with the reduction in the levels of SM a-actin,
detected by both ICC and western analysis
(Fig. 5D-E), Since SM a-actin is not specific to
the myoepithelial cells, we counted the number
of SM a-actinC/ECADC cells C/¡ EHT and
found a significant decrease in the number of
these cells with Rac Inhibition (Fig. 5C). These
data suggest that Rac GTPase activity is
required for the morphological changes that
occur during maturation of OCCs into myoepi-
thelial cells.

Given that Rac appears to function upstream
of Par-1b and that the deposition of the
basement membrane is reduced following
knockdown of Par-1b after 96 hours in culture
(Fig. 3G and H), we questioned whether
ROCK1, also known to be an upstream regula-
tor of Par-1b,8 regulates Par-1b at this time

point and if it influences myoepithelial differ-
entiation. We treated E13 SMGs with a phar-
macological inhibitor for ROCK, Y27632,8

over a 96-hour culture period. Time course
images show decreased branching morphogen-
esis, consistent with our previous report that
ROCK inhibition inhibits branching at 24 hours
(Fig. 6A).8 ICCs performed for Par-1b showed
no major change to the levels of Par-1b in
response to Y27632 treatment for 96 hours;
however, the localization of Par-1b is markedly
different in response to Y27632 at this time
point, showing redistribution of Par-1b away
from the basal side of the cell (Fig. 6B). To
determine whether ROCK inhibition was also
affecting the levels of Par-1b protein, we per-
formed western analysis. Western analysis con-
firmed there was no significant change in the
levels of Par-1b protein following 96 hours of
Y27632 treatment in E13 SMG organ explants
(Fig. 6C and D). Although ICC performed to
detect SM a-actin as an indicator of myoepithe-
lial cell differentiation showed a minor

FIGURE 4. In Vivo Morphogenesis and Differentiation of the Myoepithelium in the Developing
SMG. E14, E15, E16 and E17 SMGs were removed from embryos, immediately fixed, and sub-
jected to ICC for SM a-actin (red), ECAD (green), and staining for DAPI (blue). The immature OCC
epithelial cells do not express detectable SM a-actin until the E16 stage, coincident with the verti-
cally compression that occurs as they differentiate into myoepithelial cells. Scale Bar, 100 mm top
panel and 50 mm in bottom panel.
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FIGURE 5. (Continued on next page.) Rac GTPase Inhibition Disrupts the Morphogenesis and Dif-
ferentiation of the Myoepithelium in the Developing SMG. (A) ICC for SM a-actin (red) and ECAD
(green) with DAPI staining (blue) performed on E13 SMGs treated with 10mM EHT for 96 hours
shows that the SM a-actinC cells undergo a vertical compression after 96 hrs culture relative to the
glands that were treated with EHT. Scale bar, 10mm (rows 1 and 3) and 2mm (rows 2 and 4). (B)
The cell height (mm) of individual ECADC/SM a-actinC epithelial cells was quantified in glands
treated with or without 10mM EHT for 96 hours. The height of these cells in the EHT-treated glands
was significantly greater than in the control glands (***p � 0.001, n D 45). (C) The number of SM
a-actinC cells within an epithelial ROI (n � 35) was significantly decreased following EHT treatment
when compared to controls (****p< 0.0001). (D-E) Representative western analysis and quantifica-
tion (n � 3) performed on whole E13 glands following 96-hour culture C/¡ EHT treatment indicated
a decrease of approximately 40% in SM a-actin levels in EHT-treated relative to control glands.
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increase, there was no significant change to lev-
els of SM a-actin (Fig. 6C and D) following
Y27632 treatment. We also measured cell
heights of SM a-actin-positive cells and con-
firmed that there was a statistically significant
decrease in vertical compression of SM
a-actin-positive cells in the Y27632-treated
glands when compared to vehicle controls
(Fig. 6E). Although Rho is known to regulate
Rac, we found no evidence that ROCK regu-
lates Rac1 levels in this context as Y27632

inhibition did not change levels of Rac1, as
measured by western analysis (Fig. 6C and D),
nor did EHT treatment affect ROCK1 levels
(Supplementary Fig. 2). These results taken
together indicate that ROCK regulates the
localization of Par-1b, which may contribute to
regulation of the vertical compression of the
myoepithelial cells, but ROCK is not required
for myoepithelial differentiation.

We next questioned whether Par-1b itself is
required for the vertical compression of OCCs

FIGURE 6. (For figure, see next page.) ROCK is Required for the Morphogenesis but Not the Dif-
ferentiation of the Myoepithelial Cells in the Developing Mouse SMG (A) Representative brightfield
images of E13 SMG explants cultured for 96 hours with vehicle control media or with 140mM
Y27632 to inactivate ROCK. Scale bar, 100mm. (B) ICC was performed on E13 explants grown in
culture for 96 hours and treated with vehicle or with 140mM Y27632 ECAD (green), Par-1b (cyan),
and SM a-actin (red) with DAPI staining (blue). Y27632-treated glands show a mislocalization of
Par-1b throughout the cytoplasm of ECADC cells rather than a basolateral restriction in these cells.
Additionally, SM a-actinC cells appeared to be less compressed with Y27632 treatment. Scale
bars, 10mm top panels, 2mm bottom panels. Lower panels are zooms from boxed areas in top pan-
els (C and D) Representative western analysis and quantification (n � 3) following 96-hour culture
C/¡ 140mM Y27632 treatment shows no significant change in the levels of Par-1b, Rac1, or SM
a-actin. (E) The height (mm) of individual epithelial cells expressing SM a-actin (n �100 ) was mea-
sured in glands treated C/¡ 140mM Y27632 for 96 hours. Height of the ECADC/SM a-actinC cells
in the glands treated with Y27632 was significantly larger than in the vehicle control-treated glands
(*** p � 0.001)
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and/or myoepithelial differentiation. We
knocked down Par-1b using a targeted siRNA
(Fig. 7A) and confirmed the reduction in Par-
1b levels by ICC and by quantification of west-
ern analysis (Fig. 7B and C). ICC to detect SM

a-actin distribution in explants treated with
Par-1b siRNA revealed a phenotype that very
closely mimics that seen after inactivation of
Rac (Fig. 5A). After treatment with targeted
Par-1b siRNA, the height of the cells
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expressing SM a-actin was measured, and we
found a significant reduction in vertical com-
pression, consistent with results following inac-
tivation of either Rac or ROCK (Fig. 5B and
6E). We also examined SM a-actin protein lev-
els via western analysis, and results indicated a
significant reduction in SM a-actin (Fig. 7B
and D), indicating that Par-1b is also required
for myoepithelial differentiation. These data
indicate that Par-1b is required for both the ver-
tical compression and differentiation of myoe-
pithelial cells in the developing SMG.

DISCUSSION

Myoepithelial differentiation has long been
of interest in the cancer field due to the
tumor-suppressive effects of myoepithelial
cells in breast cancer38 and the prevalence of
myoepithelial-derived tumors, but little is
understood regarding the early development of
this cell type in the salivary gland. Actin
dynamics participate in myoepithelial differen-
tiation,39 but the signaling pathways that con-
trol myoepithelial differentiation are not well
characterized. In developing submandibular
salivary glands in vivo and in cultured organ
explants, the outer epithelial cell population
undergoes a vertical compression, or flattening,
as the cells begin to express SM a-actin, a
marker of myoepithelial cell differentiation,
and differentiate into myoepithelial cells. Here

we report a function for Par-1b in the vertical
compression and differentiation of the myoepi-
thelial cell type in mammalian submandibular
salivary glands. In organ explants with reduced
levels of Par-1b, we noted a reduced level of
SM a-actin and less vertical compression of the
OCCs (Fig. 7A). We here identified Rac and
ROCK as regulators of Par-1b localization to
control myoepithelial vertical compression,
and Rac regulation of Par-1b levels to control
myoepithelial differentiation. Inhibition of Rac
GTPase signaling showed a similar reduction
in OCC vertical compression and SM a-actin
levels. Since Rac inhibition decreased total lev-
els of Par-1b protein and disrupted its basal
membrane localization, we propose that Rac
directly or indirectly regulates the localization
and levels of Par-1b protein. Inhibition of
ROCK, which we previously showed regulates
Par-1b localization,8 showed only a mislocali-
zation of Par-1b protein and lack of OCC com-
pression but no change in SM a-actin.
Overexpression of WT Par-1b in epithelial cells
in the presence of Rac inhibitor restores base-
ment membrane protein levels, indicating that
Par-1b-mediated assembly of the basement
membrane is likely functioning downstream of
Rac and is required for myoepithelial vertical
compression and/or differentiation (summa-
rized in Fig. 8). Together, these data support a
model that Par-1b localization to the basal
membrane is a biological determinant required
for the vertical compression of the

FIGURE 7. (For figure, see next page.) Par-1b is Required for the Morphogenesis and Differentia-
tion of Myoepithelial Cells in the Developing Mouse SMG. (A) ICC was performed on E13 glands
grown in culture for 96 hours that were treated with either NT siRNA or Par-1b siRNA (500nM) to
detect Par-1b (cyan), ECAD (green), and SM a-actin (red), with DAPI staining (blue). The lower
panel of images are zooms from boxed area in the top panel. A significant decrease in the number of
SM a¡actin-positive cells was observed following Par-1b siRNA treatment as well as an increase in
ECADC/SM a¡actinC cell height. Scale bars, 10mm top panels, 2mm bottom panels. (B) Western
analysis was performed on whole glands following 96-hour culture with Par-1b or NT siRNA to detect
the same proteins relative to GAPDH. Representative Westerns are shown. n � 3 experiments for
each blot. (C) Par-1b siRNA-induced knockdown was confirmed. (D) Par-1b siRNA treatment led to
a reduction in the levels of SM a-actin relative to NT siRNA. (E) The height (mm) of individual epithe-
lial cells expressing SM a-actin were measured in glands treated with NT siRNA or Par-1b siRNA for
96 hours. The height of the ECADC/SM a-actinCPar-1b siRNA-treated cells was significantly greater
than that of ECADC/SM a-actinCNT siRNA-treated cells (n� 25 cells/condition). (** p� 0.01).
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differentiating myoepithelial cells and that Par-
1b expression is also required for myoepithelial
cell differentiation, regardless of its cellular
localization.

The events leading to activation of Rac and
ROCK signaling and subsequent activation of
Par-1b during myoepithelial differentiation
remain to be clarified. It is possible that
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inhibition of ROCK leads to inactivation of
Rac1, although this is unlikely as we do not see
all of the consequences of Rac1 inactivation fol-
lowing ROCK inhibition. We also cannot rule
out that Rac acts on Par-1b through an interme-
diate signaling protein or mechanism. Previous
work indicated that Rac1 may control Par-1b
levels indirectly through its interactions with
the apical PAR complex via its guanine
exchange factor, T-lymphoma invasion and
metastasis 1 (Tiam1), which can directly bind to
Par3.40-42 Rac1 is recruited to Par-3 and can
bind to Par-6, leading to activation of atypical
protein kinase C (aPKC).43 Alternatively, Rho
GTPase-mediated signaling pathways have pre-
viously been demonstrated to regulate morpho-
genetic behaviors in developing salivary glands.

Rac but not ROCK also regulates the levels of
Par-1b in the developing myoepithelial cells,
and it is not known whether Rac increases levels
of Par-1b through transcriptional mechanisms
or by stabilizing Par-1b mRNA or protein.
ROCK has been previously shown to be
required for differentiation of myofibroblasts,
including playing a role in ECM expression,44

and it is not clear how similar the signaling path-
ways are in myoepithelial cells. Since Rac and
ROCK are both expressed in both the epithelium
and mesenchyme, signaling within the mesen-
chymal cells may contribute to myoepithelial
differentiation. Further investigation into the
detailed mechanisms through which Rac and
ROCK regulate Par-1b and contribute to myoe-
pithelial differentiation is required.

FIGURE 8. Summary of Myoepithelial Cell Differentiation and Morphogenesis. (A) Outer cuboidal
cells (OCCS) in E13 SMGs localize Par-1b (blue lines) to the basal periphery, adjacent to the
assembled basement membrane (green lines). Following 96-hour culture, untreated OCCs
undergo vertical compression and begin to express the myoepithelial cell marker, SM a-actin
(orange rectangle), and localization of Par-1b and basement membrane is extended laterally in as
the cells undergo vertical compression and myoepithelial differentiation. (B) Working model for
molecular control of myoepithelial cell differentiation. Par-1b localization is controlled directly or
indirectly downstream of both Rac and ROCK. Localized Par-1b regulates vertical compression in
differentiating myoepithelial cells. Par-1b protein levels are controlled directly or indirectly by Rac
and maintain levels of SM a-actin, a myoepithelial marker.
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Understanding how acinar structures are
formed from progenitor cells is critical for the
design of regenerative medicine strategies and
for bioengineering of such structures. The mech-
anism through whichmyoepithelial cells are gen-
erated from a precursor cell having a cuboidal
cell type is not fully understood. Although the
outer epithelial cells are the first epithelial cell
type to polarize during salivary gland develop-
ment,8 we here report that as myoepithelial cells
differentiate in vivo, these cells or a subpopula-
tion of these cells assume a flattened morphol-
ogy. Differentiation of the myoepithelial cells,
although requiring Par-1b, does not appear to
require basal positioning of Par-1b, but the basal
localization of Par-1b appears to be required for
myoepithelial cell vertical compression.

We hypothesize that the localization of Par-1b
in the OCCs of the SMG is critical to the process
of vertical compression. Par-1b is a kinase with
many downstream targets. Recently, Par-1b was
shown to phosphorylate RNF41, an E3 ubiquitin
ligase for epithelial cells to basally localize lami-
nin receptors and achieve apicobasal polarity.45

Par-1b localization is tightly restricted to the basal
periphery of the OCCs in early glandular develop-
ment, but as the gland undergoes many morpho-
logical changes, the tight basal restriction of Par-
1b is lost. We hypothesize that this loss of basal
restriction allows for the movements of dystrogly-
can and/or integrins around the lateral edges of
the OCCs. This movement of basement mem-
brane receptors would allow for the cell to make
contact with the basement membrane over a
broader surface area which may contribute to the
vertical compression of the OCCs. Further inves-
tigation is required into the signaling mechanisms
through which Par-1b regulates myoepithelial cell
vertical compression and differentiation in the
developingmouse submandibular salivary gland.

EXPERIMENTAL PROCEDURES

Ex vivo organ culture

Embryonic mouse submandibular salivary
glands (SMGs) were dissected from timed-preg-
nant female mice (strain CD-1, Charles River
Laboratories, Wilmington, MA) at embryonic

day 12.5 or 13 (E12.5 or E13, with the day of
plug discovery designated as E0), following
protocols approved by the University at Albany
IACUC committee. Embryonic tissues were
microdissected as previously described46,47 and
cultured at the air/media interface on Nuclepore
Track-Etch polycarbonate membrane filters
(0.2 mm pore size, Whatman) floating on 1:1
DMEM/Ham’s F12 medium (F12) (Invitrogen)
supplemented with 150 mg/ml Vitamin C,
50 mg/ml Transferrin and 1X pen/strep. Five or
more intact SMGs or epithelial rudiments were
tested in each condition with experiments
repeated at least 3 times. For culture experi-
ments lasting longer than 48 hours, the media
was replaced at the 48 hour time point, includ-
ing replacement of siRNA or inhibitors.

For recombination experiments, SMG epi-
thelial rudiments removed from the surround-
ing mesenchyme were prepared and cultured
after recombination with previously removed
mesenchyme tissue pieces, as previously
described.8,46 Briefly, dissected E13 epithelial
rudiments and mesenchyme were separately
incubated at room temperature in DMEM/F12
containing 0, or 2ml adenovirus construct in
100ml culture media for 2 hours. Epithelial
rudiments were then washed in DMEM/F12
and recombined on top of Nuclepore filters
with previously removed mesenchymes from >

3 glands. Recombination media consisted of
1:1 DMEM/Ham’s F12 medium (F12) supple-
mented with 150 mg/ml Vitamin C, 50 mg/ml
Transferrin, 1X pen/strep, 20ng/ml Epidermal
Growth Factor (EGF), and 200ng/ml and Fibro-
blast Growth Factor 7 (FGF7).

Targeted siRNAs to Rac1 (sc-36352, Santa
Cruz Biotechnology) or Par-1b (s65473, Abcam)
were delivered to explants at 400nM or 500nM,
respectively, using RNAiFect (Qiagen, 301605)
according to the manufacturer’s protocol. Target
knockdown was confirmed by western analysis.
Morphometric analyses are representative of
experiments repeated at least 3 times, with at
least 10 SMGs per condition in each experiment.
The pharmacological Rac inhibitor, EHT1864
(Sigma)30,49 was dissolved in DMEM/F12 and
used at either 7.5mM or 10mM for times indi-
cated. The pharmacological ROCK inhibitor
Y27632 (Calbiochem, 688000) was dissolved in
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DMEM/F12 and used at 140mM for times indi-
cated. Par-1b wild type (Par-1b WT) adenovirus
was a generous gift from Dr. Anne Meusch8 and
was amplified in HEK293 cells and purified
using cesium chloride density gradient centrifu-
gation before infecting SMG rudiments in cul-
ture, as previously described.46

Brightfield images of glands for morphomet-
ric analysis were captured initially at 2 hours
and every 24 hours thereafter using a Nikon
Eclipse TS100 microscope equipped with a
Canon EOS 450D digital camera using a 4X
objective. Quantification of branching morpho-
genesis in whole glands is represented as the
fold-change in number of buds at each time
point divided by the number of buds at time
zero (2 hours) (MetaMorphTM Version 61.
MDS Analytical Technologies). Statistical
analyses were completed using freeware (Vas-
sarStats) to perform a 2-tailed Student’s t-test
using the number of buds per time point.

Western analysis

Western analysis was performed as previ-
ously described.46 Briefly, cultured SMGs were
lysed for total protein and protein concentra-
tions of the resulting supernatants were deter-
mined using a Micro-BCA assay kit (Pierce,
Rockford, IL). Western blots were developed
on X-ray film in ECL or SuperSignal solution
(Thermo Scientific), scanned (CanoScan,
Canon, USA), and quantified using ImageJ
software (Version 1.46r) or BioRad Quanti-
tyOne software (Version4.6.1). All western
analyses were repeated with lysates from at
least 3 independent experiments. A representa-
tive image from a single experiment and quan-
tification averaged from at least 3 experiments
are presented in each figure. Western analysis
was performed for GAPDH (Fitzgerald Labs,
10R-G109A), Collagen IV (Millipore, AB769),
Par-1b (Sigma, HPA038790), Rac1 (Millipore,
05–389), Smooth Muscle a-actin (Sigma,
C6198), phosphorylated histone H3 (Ser 10)
(Cell Signaling, 9701), and total histone H3
(Cell Signaling, 9715). Statistical analyses
were completed using freeware (VassarStats)
to perform 2-tailed Student’s t-tests using the
pixel intensities from digitized data.

Immunocytochemistry,
immunohistochemistry, and fluorescent
imaging

Whole-mount SMG immunocytochemistry
(ICC) analysis was performed as previously
described.18,46 Specimens were fixed in freshly
prepared 2 or 4% paraformaldehyde containing
5% w/v sucrose, in 1x PBS for 20–30 minutes.
Fixed samples were permeabilized, blocked,
and exposed to primary antibodies and incu-
bated overnight at 4�C. After washing, samples
were incubated with donkey anti-species cya-
nine or Alexa Fluor dye-conjugated F(ab’)2 sec-
ondary antibodies (Jackson ImmunoResearch
Laboratories) for 1 hour at room temperature,
protected from light. Nuclei were stained with
DAPI (Life Technologies, D1306) after second-
ary antibody treatment. The samples were
mounted on slides with mounting media (Flu-
oro-Gel, Electron Microscopy Sciences) and
glass coverslips before imaging. Laser scanning
confocal fluorescent microscopy on immunocy-
tochemistry (ICC) samples was performed using
a Zeiss 710 or Zeiss 510 confocal microscope,
and images were acquired at 20X or 63Xmagni-
fication. Confocal images were processed in
Zen (2012, Carl Zeiss Microscopy) and all con-
focal images within a given experiment were
captured using the same laser intensity and gain
settings so that intensities of each signal could
be compared across samples. Antibodies used
and their sources are as follows: Rac1 (Cyto-
skeleton, ARC03), Par-1b (Sigma, HPA038
790), Smooth muscle a-actin (Sigma, CY3 Con-
jugated, A2574), ECAD (BD Biosciences,
610182 and C20824-1), Collagen IV (Millipore,
AB769), phosphorylated histone H3 (Ser 10)
(Cell Signaling, 9701).

Immunohistochemistry was performed as pre-
viously described.48 Briefly specimenswere fixed
in 10% neutral buffered saline and then moved to
70% ethanol until paraffin embedding. 0.5 mm
sections were mounted on slides, deparaffinized,
and immunostained with Smooth muscle a-actin,
ECAD and DAPI. Images were captured using an
Olympus IX-81 microscope with a 20X Plan Apo
0.75 NA objective and processed as previously
described.48 Images were manually overlaid in
Photoshop CS6 (13.0.1£64).
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Quantification of immunocytochemistry

Quantification of fluorescent pixel intensity
from a single equatorial projection of confocal
images (n � 3), encompassing either the entire
512£512 image or a region of interest (ROI)
drawn around the epithelial bud within an
image, was calculated using ImageJ software
(FIJI version 1.49J10). The intensity of fluores-
cent staining was expressed as a ratio normal-
ized to the intensity of DAPI and/or ECAD
stain within the same image. Statistical analy-
ses were completed using freeware (Vassar-
Stats) to perform a 2-tailed Student’s t-tests
using the pixel intensities from images (n �
10).

Cell height measurements were performed
on cells that were dually positive for E-cad-
herin and SM a-actin. Measurements of cell
height were performed using Image J, and were
made perpendicular to the cell edge in contact
with the basement membrane (n � 25). Meas-
urements made in pixels were then converted
to mm. Statistical analyses were completed
using VassarStats to perform a 2-tailed
Student’s t-test using the height measurements
in pixels from all measured cells (n � 25).

The number of SM a-actinC cells was
counted in each of 2 ECADC 1600 square pixel
regions of interest (ROI) per image for both
EHT-treated and control tissues after 96 hours
of culture. Averages of at least 35 ROIS per
treatment were included in statistical analyses
which were completed using VassarStats to
perform a 2-tailed Student’s t-test.
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