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INTRODUCTION
Tissue function emerges from tissue structure and depends upon
precise organization of its specialized cell types. Loss of normal
tissue organization is a defining characteristic of many diseases and
can be a prerequisite for the development of disease (Bissell et al.,
2003; Chapin and Caplan, 2010; Collins and Bonnemann, 2010).
Epithelial tissue organization is established during development
when cells acquire apicobasal polarity (Bryant and Mostov, 2008;
Nelson, 2003). The polarity of individual cells must additionally be
coordinated at the tissue level, yet the molecular mechanisms
governing tissue-level coordination of polarity are not well
understood.

Epithelial cell organization and function require positional
information from the surrounding microenvironment (Bryant and
Mostov, 2008; Kass et al., 2007); such cues include contacts with
both adjacent cells and the basement membrane. A prominent role
for cell-cell junctions in the establishment of apicobasal polarity
has been identified (Vega-Salas et al., 1987a; Vega-Salas et al.,
1987b; Wheelock and Johnson, 2003a; Wheelock and Johnson,

2003b), and basement membrane-mediated signaling is a
prerequisite for apical domain establishment and cell-cell junction
formation in many developmental and 3D cell-based model
systems (Li et al., 2003; Miner and Yurchenco, 2004; Plachot et al.,
2009; Weir et al., 2006). The basement membrane underlies
epithelial cells at their basal surface; it provides structural support,
forms a scaffold for cell adhesion (Sequeira et al., 2010; Yurchenco
and Wadsworth, 2004), separates epithelial cells from the
surrounding stroma and regulates cell behavior (Kalluri, 2003;
Yurchenco et al., 2004). Active remodeling of the basement
membrane mediates changes in tissue shape during epithelial
morphogenesis (Bernfield and Banerjee, 1982; Bernfield et al.,
1984; Nakanishi and Ishii, 1989) and is essential for tissue
homeostasis (Larsen et al., 2006a; Xu et al., 2009). Thus, defining
the molecular mechanisms by which basement membrane is
localized and impacts epithelial tissue organization is essential to
understand epithelial organ development and disease.

Studies using mammalian cell lines have revealed complex
regulation of cell polarity (Goldstein and Macara, 2007; Suzuki
and Ohno, 2006). The apical PAR complex and the basolateral
PAR-1b (also known as MARK2 and EMK1) kinase are required
for the establishment of epithelial polarity (Etemad-Moghadam
et al., 1995; Guo and Kemphues, 1995; Hung and Kemphues,
1999; Suzuki and Ohno, 2006; Tabuse et al., 1998), and their
complementary localization is controlled, in part, through a
process of mutual exclusion (Benton and St Johnston, 2003;
Suzuki et al., 2004). Although the apical PAR complex is
required for the establishment of epithelial cell-cell junctions
(Hirose et al., 2002; Suzuki et al., 2001), the mechanism by
which PAR-1b defines the basolateral domain is not well
understood. However, a recent study demonstrated that PAR-1b
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SUMMARY
The basement membrane is crucial for epithelial tissue organization and function. However, the mechanisms by which basement
membrane is restricted to the basal periphery of epithelial tissues and the basement membrane-mediated signals that regulate
coordinated tissue organization are not well defined. Here, we report that Rho kinase (ROCK) controls coordinated tissue
organization by restricting basement membrane to the epithelial basal periphery in developing mouse submandibular salivary
glands, and that ROCK inhibition results in accumulation of ectopic basement membrane throughout the epithelial compartment.
ROCK-regulated restriction of PAR-1b (MARK2) localization in the outer basal epithelial cell layer is required for basement
membrane positioning at the tissue periphery. PAR-1b is specifically required for basement membrane deposition, as inhibition of
PAR-1b kinase activity prevents basement membrane deposition and disrupts overall tissue organization, and suppression of PAR-
1b together with ROCK inhibition prevents interior accumulations of basement membrane. Conversely, ectopic overexpression of
wild-type PAR-1b results in ectopic interior basement membrane deposition. Significantly, culture of salivary epithelial cells on
exogenous basement membrane rescues epithelial organization in the presence of ROCK1 or PAR-1b inhibition, and this
basement membrane-mediated rescue requires functional integrin 1 to maintain epithelial cell-cell adhesions. Taken together,
these studies indicate that ROCK1/PAR-1b-dependent regulation of basement membrane placement is required for the
coordination of tissue polarity and the elaboration of tissue structure in the developing submandibular salivary gland.
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promotes laminin deposition within the basement membrane in
cultured cells by restricting laminin receptor localization
(Masuda-Hirata et al., 2009).

To determine how basement membrane and cell polarity control
epithelial tissue architecture, we utilized ex vivo organ culture of
mouse embryonic submandibular salivary glands (Grobstein, 1953;
Patel et al., 2006), the development of which requires interactions
with the basement membrane (Bernfield and Banerjee, 1982;
Larsen et al., 2006b; Rebustini et al., 2009; Sakai et al., 2003).
Rho-associated coiled-coil containing kinase (ROCK) regulates
epithelial morphogenesis in the lung (Moore et al., 2005), kidney
(Meyer et al., 2006; Michael et al., 2005) and salivary gland (Daley
et al., 2009). During salivary gland and lung development, ROCK
promotes basement membrane remodeling to mediate changes in
tissue shape through a myosin II-dependent pathway that requires
cellular contractility (Daley et al., 2009; Moore et al., 2005).
Recent studies have also implicated ROCK in the control of cell
polarity via interactions with the apical PAR complex (Ishiuchi and
Takeichi, 2011; Nakayama et al., 2008; Simoes Sde et al., 2010).
Here, we identify a novel function for ROCK1 in the regulation of
PAR-1b function and resultant basement membrane positioning to
control tissue polarity in developing salivary glands, a role that is
biochemically distinct from the previously reported myosin-
dependent pathway by which ROCK regulates epithelial
morphogenesis. We demonstrate that ROCK aligns cell polarity via
restriction of the basement membrane to the epithelial periphery to
create an ordered tissue architecture. We also demonstrate that a
basement membrane-mediated outside-in signal downstream of
ROCK and PAR-1b that requires functional integrin 1 promotes
the maintenance of epithelial cell morphology and cell-cell
adhesions. These studies provide new insight into the mechanisms
by which basement membrane controls epithelial integrity and
organization.

MATERIALS AND METHODS
Ex vivo organ culture
Mouse submandibular salivary glands were dissected from timed-pregnant
female mice (strain CD-1, Charles River Laboratories) at embryonic day
(E) 13 (day of plug defined as E0), following protocols approved by the
University at Albany IACUC Committee, and cultured as previously

described (Daley et al., 2009; Rebustini and Hoffman, 2009; Sakai and
Onodera, 2008). The reaggregation assays were performed as described
(Wei et al., 2007). For virus infection, epithelial rudiments were infected
for 1 hour with a 1:100 dilution of kinase-dead PAR-1b or a 1:20 dilution
of wild-type PAR-1b adenovirus (Bohm et al., 1997; Cohen et al., 2004)
and were recombined with four E13 mesenchymes or cultured in Matrigel
(BD Biosciences; diluted 1:1 with media). The pharmacological inhibitors
Y27632 and (–)-blebbistatin (Calbiochem) and ROCK1 and ROCK2
siRNAs were used as described (Daley et al., 2009). PAR-1b siRNA was
used similarly (s65472 and s65473, Applied Biosystems). Morphometric
analysis was performed as described (Daley et al., 2009).

Immunocytochemistry and immunoblotting
Immunostaining and confocal microscopy were performed essentially as
described (Daley et al., 2009; Larsen et al., 2003) with all antibody
incubations performed overnight at 4°C. Protein assays and
immunoblotting were performed as described (Daley et al., 2009; Larsen
et al., 2003). For antibodies and dilutions see Table 1.

Cell culture assays
Mouse SIMS cells, an adult submandibular ductal epithelial cell line
(Laoide et al., 1996; Laoide et al., 1999), were cultured in DMEM
containing 10% FBS and antibiotics (Invitrogen). SIMS cells were treated
with either 20 M Y27632 for up to 18 hours or transfected for 48 hours
with 1 g PAR-1b siRNA (s65472 and s65473). In some experiments, cells
were treated with Y27632 or PAR-1b siRNA for 18 hours on glass,
trypsinized, transferred to microwell dishes coated with a thin layer (20 l)
of Matrigel diluted 1:1 with DMEM/F12 media, and cultured for an
additional 18 hours in the continued presence of inhibitor.

For hanging drop cultures (Foty, 2011; Foty and Steinberg, 2005),
2�103 SIMS cells were resuspended in 20 l drops on tissue culture dish
lids, inverted over PBS, and cultured for up to 48 hours. For siRNA
treatment, cells were transfected on glass for 18 hours, transferred to
hanging drops, and cultured for an additional 18 hours. Cells were fixed
and processed for immunocytochemistry as described (Cukierman et al.,
2001; Daley et al., 2009) and imaged with a Zeiss Cell Observer Z1. See
Table 1 for antibodies and dilutions.

For cell migration assays, SIMS cells were cultured with vehicle control
or 20 M Y27632 on glass or 1:1 Matrigel. Time-lapse microscopy was
performed as described using a Zeiss Cell Observer Z1 (Daley et al., 2009)
and quantified as described (Larsen et al., 2006b) using Volocity
(Improvision). Graphs were displayed and two-way analysis of variance
(ANOVA) with a Bonferroni post-test was performed using GraphPad
Prism.
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Table 1. Antibodies 
Antigen Source Application Dilution 

E-cadherin Clone 36, BD Transduction ICCc, ICCwm 1/250
Na+/K+-ATPase EP1845Y, Epitomics ICCwm 1/100
Collagen IV AB769, Millipore ICCc, ICCwm 1/100

AB769P, Millipore ICCc, ICCwm 1/100
Collagen IV 2 T-15, Santa Cruz IB 1/1000
Perlecan Clone A7L6, Millipore ICCwm 1/100
Laminin-111 Dr H. Kleinmann* ICCwm 1/100
Fibronectin R5386, Dr K. M. Yamada* ICCwm 1/100
PAR-1b (MARK2) HPA038790, Sigma ICCc, ICCwm 1/100

C-16, Santa Cruz IB 1/500
ZO-1 Clone 1A12, Invitrogen ICCc, ICCwm 1/100
ROCK1 EP786Y, Abcam ICCc 1/250
ROCK2 H-85, Santa Cruz ICCwm 1/100
c-Myc 9E10, Santa Cruz ICCwm 1/250
GFP ab290, Abcam ICCwm 1/250
GAPDH Fitzgerald IB 1/10,000
Rhodamine phalloidin Invitrogen ICCc, ICCwm 1/350
SYBR Green I Invitrogen ICCc, ICCwm 1/100,000

ICCc, immunocytochemistry in cells; ICCwm, immunocytochemistry in whole-mounts; IB, immunoblot.
*NIH, NIDCR, Laboratory of Cell and Developmental Biology, Bethesda, MD 20892, USA. D
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RESULTS
ROCK1 restricts basement membrane to the basal
periphery of developing salivary gland epithelium
The mouse E13 submandibular salivary gland epithelium consists
of epithelial buds with a single layer of organized outer columnar
cells (OCCs) surrounding a less organized cluster of central, or
inner, polymorphic cells (IPCs) (Kadoya and Yamashina, 2010;
Walker et al., 2008). When cultured with the ROCK inhibitor
Y27632, the columnar morphology of the OCCs was lost, and they
took on a less organized appearance (Fig. 1A). Since the OCCs
directly contact the basement membrane, we questioned whether
this ROCK inhibitor-induced loss of cellular organization was
associated with misregulated basement membrane. In control
cultures, the basement membrane proteins fibronectin, perlecan,
collagen type IV and laminin-111 (1, 1, 1) were present at the
basal periphery of epithelial buds, whereas treatment with Y27632
or ROCK1 siRNAs, but not ROCK2 or non-targeting siRNAs,
induced accumulations of basement membrane within epithelial
buds (Fig. 1B, supplementary material Fig. S1A). xz projections of
confocal stacks revealed that such accumulations occurred
throughout the epithelium (Fig. 1B), are largely colocalized
(supplementary material Fig. S1A,B) and are extracellular
(supplementary material Fig. S1C,D). Myosin light chain 2 is a

downstream effector of ROCK (Totsukawa et al., 2000) that is
required for the assembly of fibronectin and subsequent branching
morphogenesis in the developing salivary gland (Daley et al.,
2009); yet glands treated with the myosin inhibitor blebbistatin
showed virtually no aberrant interior basement membrane
accumulations (Fig. 1C). Thus, non-muscle myosin type II activity
is not required for basement membrane positioning, suggesting that
another pathway downstream of ROCK is required for this
function.

Since the OCCs directly contact the basement membrane, we
reasoned that these cells might be responsible for its production. To
test this hypothesis, we used a primary cell aggregation assay, in
which salivary glands are dissociated into a single-cell suspension
that can reaggregate and undergo branching morphogenesis (Wei
et al., 2007). In the presence of Y27632, the tissue aggregates were
less organized than in controls, suggesting that although ROCK
inhibition does not prevent the reassociation of primary cells, it
does affect their organization (Fig. 2A). In control aggregates 8
hours post-dissociation, a subset of cells at the basal periphery
showed cytoplasmic and basal localization of collagen IV and, by
72 hours, collagen IV showed continuous peripheral basal
localization in each aggregate, indicating that the basement
membrane had been reassembled (Fig. 2B). In Y27632-treated
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Fig. 1. ROCK1 restricts basement membrane
position in developing submandibular salivary
glands. (A)Mouse E13 salivary glands consist of
outer columnar cells (OCCs) surrounding inner
polymorphic cells (IPCs), as shown schematically and
with the nuclear dye SYBR Green (green) and by
membrane staining of Na+/K+-ATPase (red). With the
ROCK inhibitor Y27632, OCC morphology is lost
(arrows). Dashed line indicates the basal periphery of
the bud. (B)E13 glands cultured with Y27632 or
ROCK1 siRNA exhibit fibronectin (green) and
perlecan (cyan) within the epithelium (E-cadherin,
red), whereas vehicle control and ROCK2 siRNA-
transfected glands localize these proteins solely in the
basement membrane (arrows). A single central
confocal section and xz projection are shown.
(C)Inhibition of myosin II in E13 glands with
blebbistatin does not alter OCC morphology
(arrows), nor does it induce interior basement
membrane (collagen IV, cyan). E, epithelium; M,
mesenchyme. Scale bars: 10m.
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aggregates 8 hours post-dissociation, cellular collagen IV was
detected throughout the aggregate and, by 72 hours, assembled
collagen IV was present throughout the epithelial bud (Fig. 2B).
Fibronectin and perlecan also demonstrated inappropriate
deposition within the interior of ROCK-inhibited aggregates (data
not shown). These results indicate that in the absence of ROCK
activity, basement membrane is synthesized, secreted and
assembled by cells throughout the epithelial compartment, rather
than solely by cells at the basal periphery of the tissue as in control
glands.

Since salivary epithelial cells move dynamically during
embryonic development (Larsen et al., 2006b), and epithelial cells
within the interior of tissue aggregates synthesize and secrete
basement membrane upon ROCK inhibition, we questioned
whether outer cells that normally synthesize basement membrane
instead migrate into the bud interior when ROCK signaling is
perturbed. We analyzed the migration of SIMS salivary gland
epithelial cells on glass or on the basement membrane substitute
Matrigel. ROCK-inhibited SIMS cells migrated more slowly than
vehicle control-treated cells and traveled a shorter distance on glass
(Fig. 2C, supplementary material Fig. S2). SIMS cells grown on
Matrigel to simulate salivary OCCs migrated significantly more
slowly than cells on glass and traveled a shorter distance; however,
in this context, ROCK inhibition had no effect on cell migration
(Fig. 2C, supplementary material Fig. S2). These results indicate
that basement membrane modulates the effects of ROCK inhibition
on cell motility and suggest that, in the context of Y27632-treated
intact tissue, enhanced migration of OCCs into the bud interior is
unlikely to be the primary cellular response leading to interior
basement membrane accumulations. Instead, ROCK likely
functions to restrict basement membrane production to the
epithelial periphery.

ROCK1 coordinates epithelial tissue organization
through regulation of basement membrane
placement
Our results indicate that the IPCs, which normally do not produce
basement membrane, can produce it when ROCK is inhibited, and
we hypothesized that these interior cells might undergo apicobasal

polarization. Glandular epithelial tissues have specialized apical
membrane domains, which in the adult tissue contact the lumen
and are surrounded by intracellular tight junctions. In E13 salivary
glands, -actin and the tight junction protein ZO-1 (TJP1 – Mouse
Genome Informatics) accumulate in the center of cellularized ducts
and buds, where the lumen will later form. In timecourse assays of
control glands, ZO-1 and actin progressively localized to the center
of epithelial buds, so that by 96 hours each bud contained a well-
defined apically localized lumen (Fig. 3A). In Y27632-treated
glands, we instead observed cell clusters surrounding centrally
localized accumulations of actin and ZO-1 throughout the bud,
with ectopic basement membrane located opposite to the apical
accumulations, as confirmed by line profiling (Fig. 3A,B). This
contrasts with the single aligned OCC layer at the basal periphery
in control buds resting on a continuous basement membrane and
suggests that, in the absence of ROCK signaling, interior cells
undergo aberrant polarization, albeit in an uncoordinated manner
relative to the whole tissue.

Given the previously identified role of basement membrane in
orienting epithelial apical polarity (O’Brien et al., 2001; Yu et al.,
2005), we hypothesized that ectopic basement membrane might
directly induce polarization of interior cells. To test whether
basement membrane can induce apical polarity in salivary gland
epithelial cells we compared ZO-1 localization in SIMS cells
cultured on glass versus Matrigel. Whereas ZO-1 was present
across the entire lateral membrane of cells on glass, it was more
apically localized in cells on Matrigel (Fig. 3C). Since integrin 1
is a primary transducer of basement membrane-mediated polarity
signals (Yu et al., 2005), we tested a function for integrin 1-
mediated polarity signaling. When SIMS cells on Matrigel were
treated with Ha2/5, a function-blocking antibody that specifically
perturbs integrin 1 function, but not with isotype-matched control
IgG, ZO-1 localization at cell-cell boundaries resembled that of
SIMS cells on glass (Fig. 3C). A web of cortical actin was also
apically localized in cells on Matrigel and was disrupted by Ha2/5
(data not shown). Thus, a basement membrane-mediated outside-
in signal that is mediated through integrin 1 orients apical polarity
in salivary epithelial cells and may drive the uncoordinated
alignment of epithelial cells in the absence of ROCK.
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Fig. 2. Salivary gland interior cells secrete and
assemble basement membrane in the absence
of ROCK signal. (A)Schematic of cell aggregation
assay. Mouse E13 salivary glands that have been
dissociated into single cells undergo reaggregation.
Aggregate formation occurs in the presence of
Y27632, but aggregates branch less and are more
disorganized than in vehicle controls. (B)After 8
hours, basement membrane (collagen IV, cyan) is
synthesized and assembled by cells only at the
periphery in vehicle controls, but by cells throughout
the epithelium (E-cadherin, red) in Y27632-treated
cultures (arrows). By 72 hours, collagen IV has
assembled into basement membrane in vehicle
controls but is present as accumulations within
epithelial buds of ROCK-inhibited aggregates.
(C)SIMS cell velocity, displacement and total distance
traveled are decreased when cultured on glass, but
not on Matrigel (Mat), in the presence of Y27632.
Error bars indicate s.e.m. ANOVA, *P<0.05,
**P<0.01; ns, not significant. Scale bars: 250m in
A; 10m in B.
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ROCK1 regulates PAR-1b
The polarity protein PAR-1b is localized to the basolateral domains
of polarized epithelial cells, where it functions in part to promote
laminin accumulation within the basement membrane by restricting
laminin receptor localization (Masuda-Hirata et al., 2009;
Yamashita et al., 2010). Thus, ROCK might regulate PAR-1b to
influence basement membrane positioning in developing salivary
glands. ROCK inhibition increased total PAR-1b protein levels
(Fig. 4A). Additionally, in control glands, PAR-1b was
preferentially localized to the basolateral cortex of the OCCs and
was diffusely localized in the IPCs (Fig. 4B), whereas in ROCK-
inhibited glands the coordinated basolateral localization of PAR-1b
was lost in the OCCs and an increase in cortical PAR-1b was
detected in the IPCs (Fig. 4B). Significantly, cortical PAR-1b in
ROCK-inhibited IPCs was closely associated with basement
membrane accumulations throughout the epithelium (Fig. 4C).
Consistent with the independence of OCC morphology from non-
muscle myosin type II function (Fig. 1C), PAR-1b localization in
blebbistatin-treated salivary glands was indistinguishable from that
in controls (Fig. 4B). These data indicate that ROCK,
independently of myosin II, promotes PAR-1b protein localization
to the basolateral cortices of epithelial cells adjacent to the
basement membrane.

PAR-1b is necessary and sufficient to drive ectopic
basement membrane deposition
To determine whether PAR-1b regulates basement membrane
deposition, E13 salivary glands were treated with PAR-1b-specific
siRNAs and assayed for effects on basement membrane. These
experiments demonstrated reduced collagen IV production (Fig.
5A) and localization (Fig. 5B) in PAR-1b siRNA-treated glands
relative to controls. To determine whether the ROCK inhibitor-
induced ectopic accumulations of basement membrane within the
epithelial interior require PAR-1b, we treated glands with Y27632
and PAR-1b siRNA. Collagen IV accumulations inside epithelial
buds were greatly reduced with PAR-1b but not control siRNAs
(Fig. 5B). Furthermore, several other basement membrane proteins
were decreased at the epithelial periphery in PAR-1b siRNA-
treated glands and throughout the epithelial compartment with both
PAR-1b siRNA and Y27632 treatment (supplementary material
Fig. S3), indicating that PAR-1b is required for global basement
membrane deposition.

To determine whether PAR-1b kinase activity is required for
basement membrane deposition, adenovirus expressing
dominant-negative PAR-1b lacking its kinase domain (Myc-
PAR1b-KD) (Bohm et al., 1997; Cohen et al., 2004) was used to
infect glands, and its effects on the basement membrane were

415RESEARCH ARTICLEROCK1 and basement membrane restriction

Fig. 3. ROCK coordinates individual cell polarity
at the global tissue level. (A)After 96 hours of
culture, control mouse salivary glands exhibit
centralized accumulations of -actin (red) and ZO-1
(green) within epithelial buds. By contrast, in glands
treated with Y27632 these proteins are present at
multiple locations throughout the distended
epithelial buds. (B)Fluorescence intensity line profiles
(at the locations indicated in A) of ROCK-inhibited
epithelial buds reveal that actin (red arrows) and ZO-
1 (green arrows) occur on the opposite side of cells
to the basement membrane, as demarked by
collagen IV (cyan arrows). (C)SIMS cells cultured on
glass localize ZO-1 (green) along cell boundaries (xy
projections), but apically in cells cultured on Matrigel
(collagen IV, cyan) (xz projections) for 48 hours. SIMS
cells cultured on Matrigel with the integrin 1
function-blocking antibody Ha2/5, but not with
control IgG, exhibit diffuse ZO-1 in the z dimension.
Ap, apical; Bas, basal. Scale bars: 5m in A right;
20m in A left and C.
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compared with those of PAR-1b siRNA. Since adenoviral
infection of the salivary gland epithelium requires removal of the
mesenchyme (Larsen et al., 2006b), we infected epithelial
rudiments with Myc-PAR1b-KD or a control GFP adenovirus
and recombined epithelium and mesenchyme to recapitulate
glandular structure (supplementary material Fig. S4).
Significantly, collagen IV localization at the basal periphery of
epithelial buds was reduced with either PAR-1b siRNA or Myc-
PAR1b-KD (Fig. 5C), demonstrating that basement membrane
deposition requires PAR-1b kinase activity.

Since under conditions of ROCK inhibition PAR-1b is
mislocalized at IPC cortices, where it is required for the ROCK
inhibitor-induced accumulations of basement membrane, we
questioned whether the ectopic overexpression of wild-type PAR-
1b throughout the epithelial buds would be sufficient to recapitulate
this effect. As demonstrated in intact E13 organ explants (Fig. 4B),
PAR-1b was also mislocalized at IPC cortices in recombination
cultures treated with ROCK inhibitor (Fig. 5D). Similarly, when
we infected recombination cultures with a wild-type PAR-1b
adenovirus (Myc-PAR1b-WT), we observed high levels of PAR-1b
expression correlating with the myc tag throughout the epithelium,
even in the IPCs, where it is normally diffusely localized (Fig. 5D,
supplementary material Fig. S4D). Significantly, recombination
cultures infected with Myc-PAR1b-WT showed increased collagen
IV expression throughout the epithelium after 48 hours that was
closely associated with myc- and PAR-1b-expressing IPCs (Fig.
5D, supplementary material Fig. S4D), and by 96 hours the
collagen IV appeared to be extracellular (Fig. 5E). Taken together,
these data demonstrate that ectopic PAR-1b mislocalization is both
necessary and sufficient for basement membrane deposition in the
epithelial compartment.

PAR-1b function is required for the coordinate
polarization of salivary gland epithelium
Basement membrane remodeling regulates tissue shape during
salivary gland branching morphogenesis (Bernfield and
Banerjee, 1982; Kadoya et al., 2003; Rebustini et al., 2009;
Rebustini et al., 2007; Sakai et al., 2003). Consistent with a
requirement for PAR-1b in basement membrane deposition,
branching morphogenesis was decreased in intact E13 salivary
gland or recombination cultures treated with PAR-1b siRNA or
Myc-PAR1b-KD, respectively. Interestingly, Myc-PAR1b-WT
overexpression also inhibited branching morphogenesis in
recombination cultures, indicating that appropriate levels of
PAR-1b are required for salivary gland development
(supplementary material Fig. S5A,B).

To investigate a role for PAR-1b in the acquisition of
coordinated epithelial architecture, we examined OCC
morphology in E13 glands lacking PAR-1b function. As shown
in Fig. 6A, when PAR-1b protein levels were reduced with PAR-
1b-specific siRNAs, OCC morphology was greatly disrupted
relative to negative controls (Fig. 6A). OCC organization was
also disrupted in Myc-PAR1b-KD-infected recombination
cultures (Fig. 5C), indicating that PAR-1b kinase activity is
required to maintain OCC columnar morphology. To determine
whether this loss of OCC organization was caused by decreased
basement membrane deposition when PAR-1b function was
inhibited, we treated E13 gland epithelial rudiments with PAR-
1b siRNA or Myc-PAR1b-KD and cultured them on Matrigel.
Although basement membrane deposition at the basal periphery
of epithelial rudiments was reduced in the presence of PAR-1b
siRNA or Myc-PAR1b-KD, the outer cells appeared to be more
organized and columnar in the presence of exogenous basement
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Fig. 4. ROCK, independently of myosin, regulates PAR-
1b localization in developing salivary glands.
(A)Immunoblotting reveals that PAR-1b protein levels are
increased in mouse E13 salivary glands cultured for 24 hours
with Y27632. Quantification is shown relative to GAPDH.
(B)Immunocytochemistry reveals that PAR-1b (cyan) is
preferentially localized to the basolateral domain of E13
salivary gland OCCs and is diffuse in IPCs. Whereas PAR-1b
localization is indistinguishable from the vehicle control in
blebbistatin-treated E13 glands, ROCK inhibition with Y27632
results in the coordinate loss of PAR-1b restriction to the
basolateral domain of OCCs and leads to its accumulation at
the cortices of IPCs (arrows). Epithelial cells are labeled with E-
cadherin (red) and nuclei with SYBR Green (blue). (C)Line
profiling of ROCK-inhibited epithelial buds reveals that
mislocalized PAR-1b (cyan) at IPC cortices is closely associated
with the ROCK inhibitor-induced accumulations of basement
membrane (perlecan, red) (arrows). Scale bars: 5m in B;
10m in C.
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membrane than in intact or recombination cultures in which
PAR-1b function was perturbed (Fig. 6B), despite the defect in
endogenous basement membrane deposition. To directly test
whether exogenous basement membrane can rescue a loss of
cytoarchitecture in cells lacking PAR-1b, SIMS cells cultured on
glass were treated with PAR-1b siRNA, and increased cell
spreading and loss of epithelial organization were observed. By
contrast, culture on a thin layer of Matrigel rescued these
changes in cell morphology (supplementary material Fig.
S6A,B). Since PAR-1b-mediated regulation of the basement
membrane affects salivary gland tissue organization it might also
regulate apical membrane accumulations in the IPCs with ROCK
inhibition. As shown in Fig. 6C, treatment of E13 salivary glands
with both Y27632 and PAR-1b siRNA decreased both the
accumulations of basement membrane and the opposing apical
protein accumulations relative to glands treated with Y27632 and
control siRNA (Fig. 6C). These results demonstrate that PAR-1b
kinase activity is a crucial determinant of salivary gland
epithelial cell cytoarchitecture and suggest that PAR-1b mediates
this function via regulation of basement membrane deposition.

A basement membrane-mediated outside-in
signal downstream of ROCK1 and PAR-1b
maintains epithelial cell-cell adhesions
Our data suggest that ROCK1 controls basement membrane
positioning via regulation of PAR-1b localization in developing
salivary glands. However, ROCK might also be required for the
maintenance of cell-cell adhesions in the epithelium, and basement
membrane deposition might be indirectly controlled through cell-
cell interactions. In fact, previous studies demonstrated that PAR-
1b is a positive regulator of cell-cell adhesions (Bohm et al., 1997;
Cohen et al., 2011), and our finding of disrupted OCC morphology
with ROCK or PAR-1b inhibition suggests that cell-cell adhesions
might be negatively affected under these conditions. When SIMS
cell monolayers cultured on glass were treated for 18 hours with
Y27632, cell-cell adhesions were dramatically disrupted leading to
cell scattering within the monolayer. E-cadherin (Fig. 7A) and ZO-
1 (supplementary material Fig. S8B) were reduced at cell
boundaries, demonstrating that, for SIMS cells cultured on glass,
ROCK inhibition disrupts cell-cell adhesions, including both
adherens and tight junctions. Similarly, E-cadherin was reduced in
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Fig. 5. PAR-1b is necessary and sufficient
for basement membrane protein
deposition in salivary gland epithelial
buds. (A)Immunoblotting reveals a decrease in
both PAR-1b and collagen IV 1 and 2 chain
protein levels with PAR-1b, but not with non-
targeting negative control (NS) siRNA, relative
to GAPDH after 48 hours.
(B)Immunocytochemistry for collagen IV (cyan)
demonstrates that basal basement membrane
localization in intact mouse E13 salivary glands
is reduced with decreased PAR-1b. The ROCK
inhibitor-induced interior basement membrane
is reduced when treated with both Y27632 (Y)
and PAR-1b siRNA. Images are overlaid on DIC
images with the dashed white line indicating
the basal periphery of the bud.
(C)Recombination cultures transfected with
PAR-1b siRNA or transduced with Myc-PAR1b-
KD exhibit decreased collagen IV deposition
(red) at the basal periphery of epithelial buds,
with E-cadherin (cyan) demarking epithelium.
(D,E)Recombination cultures infected with
Myc-PAR1b-WT show ectopic expression of
collagen IV (cyan), coincident with PAR-1b (red)
and myc (green), inside epithelial buds after 48
(D) and 96 (E) hours. Arrows, collagen IV
accumulations coincident with myc. Scale bars:
10m.
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SIMS monolayers on glass treated with PAR-1b siRNA for 48
hours (Fig. 7A). Consistent with a loss of epithelial monolayer
integrity, the overall height of cells in the z dimension decreased in
the presence of either ROCK or PAR-1b inhibition (Fig. 7A).
These data support a requirement for ROCK and PAR-1b in the
maintenance of cell-cell adhesions in salivary epithelial cells
cultured on glass.

To test the contribution of ROCK and PAR-1b signaling to the
maintenance of cell-cell adhesions in 3D, we cultured cells in two
3D environments. We used hanging drop cultures (supplementary
material Fig. S7A) to grow cells in 3D without basement
membrane. Although basement membrane is produced by the cells

over time, very little is detected after 18 hours (supplementary
material Fig. S7B). SIMS cells cultured overnight in hanging drops
exhibited decreased E-cadherin localization at cell-cell boundaries
and appeared to adhere more loosely to one another when treated
with Y27632, ROCK1 siRNA or PAR-1b siRNA (Fig. 7B,
supplementary material Fig. S7C), similar to cells cultured on
glass. We compared these with cells cultured on a thin layer of
Matrigel. Control SIMS monolayers on Matrigel exhibited cell-cell
adhesions that appeared to be more organized than those of cells
on glass, as revealed by E-cadherin (Fig. 7A) and ZO-1 (Fig. 3C)
staining. When SIMS cells cultured on Matrigel were treated with
Y27632 or PAR-1b siRNA, the majority of cells retained E-
cadherin, ZO-1 localized apically, and cells did not dissociate as
they did on glass or in hanging drops. Furthermore, the decrease in
SIMS height (z dimension) observed on glass with ROCK and
PAR-1b inhibition was partially rescued by culture on Matrigel
(Fig. 7A). These data demonstrate that, although ROCK and PAR-
1b are required for the maintenance of salivary gland epithelial
cell-cell adhesions in cells cultured on glass, the basement
membrane has a dominant effect on cell-cell adhesions on
exogenous basement membrane, such that loss of ROCK or PAR-
1b has little effect on cell adhesions in this context. Similarly, in
ROCK-inhibited salivary gland cultures we did not detect any
changes in adherens junction protein expression or distribution
(data not shown). Thus, in the context of the whole tissue 3D
environment, basement membrane mislocalization in ROCK-
inhibited salivary glands is unlikely to be due to a loss of epithelial
tissue integrity caused by disrupted cell-cell adhesions. Rather, a
basement membrane-mediated outside-in signal modulates the
effect of ROCK inhibition to maintain cell-cell adhesions in the
salivary gland epithelium.

Basement membrane-mediated maintenance of
cell adhesions is integrin 1 dependent
Since culture of SIMS cell monolayers on Matrigel modulates the
effects of ROCK and PAR-1b on the maintenance of adherens and
tight junctions, we questioned whether integrin signaling is
required for this effect. Because integrin 1 is implicated in
basement membrane-mediated polarity signaling (Weir et al., 2006;
Yu et al., 2005), we treated SIMS cells on Matrigel with the Ha2/5
function-blocking antibody. Importantly, whereas culture on
Matrigel prevented cell scattering and junctional protein loss at cell
boundaries in ROCK-inhibited SIMS monolayers, treatment with
Ha2/5 prevented basement membrane-induced rescue (Fig. 7C,
supplementary material Fig. S8B). We conclude that a basement
membrane-mediated outside-in signal requiring integrin 1
promotes cell-cell adhesion in the absence of ROCK signaling.
Interestingly, we also observed the apparent remodeling of
basement membrane proteins at the basal surface of SIMS
monolayers on Matrigel (supplementary material Fig. S8C).
Inhibition of integrin 1 function with Ha2/5 prevented such
remodeling of exogenous basement membrane in both control- and
Y27632-treated monolayers (Fig. 3C, Fig. 7C). Thus, integrin 1-
mediated inside-out signaling also appears to be required for
basement membrane remodeling, which then may feed-forward to
modulate cell-cell adhesions and cell polarity signaling.

DISCUSSION
Here, we report a mechanism by which ROCK1 activity
coordinates global tissue polarity through basal restriction of
basement membrane positioning. We demonstrate that inhibition of
ROCK1 in embryonic mouse salivary gland cultures prevents
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Fig. 6. PAR-1b-mediated regulation of basement membrane
positioning is required for the coordinate polarization of salivary
gland epithelium at the tissue level. (A)Mouse E13 salivary gland
OCC columnar morphology (white outline) is disrupted with PAR-1b
but not NS siRNAs. Peripheral basement membrane (perlecan, cyan) is
also reduced with PAR-1b siRNA; E-cadherin marks epithelial
membrane. (B)OCC organization is rescued by transfection with PAR-
1b siRNA or infection with Myc-PAR1b-KD when cultured in Matrigel.
Immunocytochemistry for collagen IV (cyan) shows basement
membrane disruption when PAR-1b function is perturbed, but OCC
morphology (E-cadherin, red; SYBR Green, blue) remains columnar with
Matrigel. (C)Both apical actin (red) and ZO-1 (green), and basement
membrane throughout the epithelial compartment (collagen IV, cyan),
are reduced when E13 glands are cultured with Y27632 and PAR-1b
siRNA but not with Y27632 and NS siRNA (arrows). Scale bars: 10m
in A,B; 20 m in C left; 5m in C right.
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basement membrane restriction to the basal periphery of epithelial
buds and instead triggers inappropriate basement membrane
deposition throughout the epithelial compartment. ROCK-mediated
control of PAR-1b activity is the molecular mechanism responsible
for basal basement membrane positioning. Our results demonstrate
that ROCK maintains the localization of PAR-1b in the outer
epithelial cells that normally produce basement membrane and
prevents PAR-1b function in the inner cells that do not (Fig. 8). We
not only demonstrate that PAR-1b is required for basement
membrane deposition and that it mediates this function through its
kinase activity, but also that overexpression of PAR-1b is sufficient
to drive ectopic basement membrane production. Our data
demonstrate that PAR-1b is a master regulator of basement
membrane deposition in developing salivary glands, and that
ROCK control of PAR-1b function is essential for normal epithelial
integrity and organ development.

Using both organ and 3D cell culture methods we demonstrate
that the basement membrane acts as a polarity cue, guiding the
coordinate alignment of cells within the developing gland, and that
uncoordinated basement membrane production upon loss of ROCK
activity drives the uncoordinated alignment of cells within the
tissue, leading to destruction of tissue architecture (Fig. 8). Since

coordinated cell alignment can be rescued by exogenous basement
membrane, we propose that the loss of organization in the outer cell
layer when ROCK and PAR-1b functions are perturbed is due to
the loss of basement membrane localization at the basal periphery
of the tissue. Based on these results, as well as our finding that
exogenous basement membrane directs apical polarity in a salivary
gland epithelial cell line, we propose that the inappropriate
positioning of basement membrane within epithelial buds drives
the uncoordinated polarization of the IPCs under conditions of
ROCK inhibition. Indeed, these findings are consistent with studies
in MDCK cells which reported that basement membrane assembly
directs apical pole orientation to the opposite side of the cell
(Chambard et al., 1981; O’Brien et al., 2001; Yu et al., 2005). To
the best of our knowledge, however, ours is the first study to
demonstrate this principle in the context of an intact mammalian
epithelial tissue, where we demonstrate that the molecular
mechanism involves ROCK-mediated regulation of PAR-1b
activity to coordinate the orientation of apicobasal polarity via
basal basement membrane restriction. Our findings suggest that the
establishment of polarity in individual cells is not in itself sufficient
to give rise to an organized multicellular tissue and highlight the
apparent independent nature of the establishment of polarity within
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Fig. 7. A basement membrane-mediated outside-in
signal promotes the maintenance of cell-cell
adhesions by salivary gland epithelial cells in the
absence of ROCK and PAR-1b.
(A)Immunocytochemistry for E-cadherin (red), shown in
both the xy and xz dimensions, reveals that for SIMS cells
cultured on glass in the presence of Y27632 (Y) or
transfected with PAR-1b siRNA, E-cadherin localization is
lost, but it is rescued by culture on Matrigel (Mat). Cell
height was measured as the distance between the top and
bottom of the monolayer from confocal z-stacks. (B)SIMS
cells cultured as hanging drops with Y27632 fail to
localize E-cadherin (red) at cell-cell contacts (xy and xz
projections). (C)Treatment of ROCK-inhibited SIMS cells on
Matrigel with Ha2/5 results in loss of E-cadherin (red)
localization. Ha2/5 also interferes with the ability of SIMS
cells to remodel Matrigel (collagen IV, green) at their basal
surfaces (arrows). Error bars indicate s.e.m. ANOVA,
*P<0.05, **P<0.01, ***P<0.001. Scale bars: 20m in
A,C; 10m in B.

D
E
V
E
LO

P
M
E
N
T



420

individual cells and the orientation of the apicobasal axis in a
coordinated manner to give rise to a higher-order tissue structure
via basal basement membrane positioning.

Our findings indicate that ROCK-mediated restriction of PAR-
1b activity to the basolateral domains of salivary gland OCCs is the
critical downstream mediator of basement membrane positioning
and subsequent coordination of tissue polarity. Other studies
provide insight into the possible mechanisms by which PAR-1b
regulates basement membrane deposition. PAR-1b regulates
microtubule dynamics (Drewes et al., 1997) via its phosphorylation
of microtubule-associated proteins (MAPs) and the acquisition of
a polarized microtubule array (Cohen et al., 2004; Cox et al., 2001;
Doerflinger et al., 2003). In chick epithelial cells, a polarized
microtubule array is required to maintain basement membrane
stability, possibly through the stabilization of basally localized
basement membrane receptors (Nakaya et al., 2011; Nakaya et al.,
2008). Alternatively, a polarized microtubule array may be required
for the polarized secretion of basement membrane components
(Gilbert et al., 1991; Grindstaff et al., 1998), which could also
explain the generalized defect in basement membrane deposition
observed upon PAR-1b siRNA knockdown in the salivary gland
organ cultures. Our data indicate that PAR-1b also regulates
basement membrane protein expression. Since multiple basement
membrane proteins in the developing salivary glands can stimulate

their own expression upon cell surface binding (Rebustini et al.,
2009; Rebustini et al., 2007), PAR-1b regulation of basement
membrane protein expression might be indirect. Taken together
with our observation that the expression of PAR-1b itself increases
when ROCK is inhibited, it is intriguing to speculate that a
basement membrane-mediated feed-forward signal might function
to promote PAR-1b activity and the continued maintenance of
basement membrane protein expression and positioning.

An important outstanding question is how ROCK regulates
PAR-1b localization in developing salivary glands? Although we
cannot rule out the possibility that ROCK directly regulates PAR-
1b localization, we could not detect a direct interaction between
ROCK1 and PAR-1b by co-immunoprecipitation from cultured
salivary epithelial cells or organ cultures (W.P.D., D. Trufanoff and
M.L., unpublished). Alternatively, ROCK might indirectly regulate
PAR-1b through interactions with other polarity proteins. In
mammalian cells, ROCK phosphorylation of PAR-3 (PARD3)
prevents its association with PAR-6 (PARD6) and aPKC
(Nakayama et al., 2008), and in Drosophila ROCK
phosphorylation of PAR-3 (Bazooka – FlyBase) prevents its
cortical association (Simoes Sde et al., 2010). aPKC can
reciprocally regulate ROCK localization (Ishiuchi and Takeichi,
2011). Thus, given the established mechanism of mutual exclusion
between the apical PAR complex and PAR-1b (Goldstein and
Macara, 2007; Suzuki and Ohno, 2006), ROCK regulation of PAR-
1b activity might be mediated through the apical PAR complex.
Polarity protein asymmetries also depend on cytoskeletal
rearrangements (Harris and Peifer, 2005; Munro et al., 2004).
Although myosin II is not required for the restriction of PAR-1b to
salivary gland OCCs, ROCK can regulate actin polymerization and
microtubule stability via LIM kinase (Narumiya et al., 2009),
which may impact localization of PAR polarity proteins (Chen and
Macara, 2006).

Another interesting question that arises from this study concerns
the mechanism of apical polarity establishment and lumen
formation in developing salivary glands. Our results demonstrate
that PAR-1b can regulate the orientation of an apical membrane,
consistent with results in MDCK cells (Cohen et al., 2004; Cohen
et al., 2011; Cohen and Müsch, 2003), and that it does so indirectly
through regulation of basement membrane deposition. Although
the mechanism by which an apical membrane forms is not
completely understood in the salivary gland, it occurs first in the
developing ducts (Patel et al., 2011; Walker et al., 2008) and might
be independent of basement membrane as apical proteins appear
first in cells that do not contact basement membrane, consistent
with data showing that the establishment of an axis of polarity can
be a cell-autonomous process (Baas et al., 2004). Nevertheless, our
results indicate that basement membrane can promote the
establishment of an apical membrane in salivary gland epithelial
cells.

Our data also indicate that a basement membrane-mediated
outside-in signal downstream of ROCK and PAR-1b promotes the
maintenance and/or reinforcement of epithelial cell-cell adhesions.
Although our data indicate that integrin 1 is required for this
basement membrane-mediated effect, other basement membrane
receptors might also be involved. We also cannot exclude a role for
the apical PAR complex, but our results are consistent with studies
indicating that basolateral polarity is a prerequisite for apical
polarity, and that basement membrane-mediated signals are
required for the maturation of cell-cell adhesions (Li et al., 2003;
Miner and Yurchenco, 2004; Plachot et al., 2009; Weir et al., 2006).
Furthermore, our data help to explain why certain cell junction
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Fig. 8. Model for ROCK1 coordination of tissue polarity via basal
basement membrane positioning. At the tissue level, ROCK1
restricts basement membrane positioning to maintain a polarized
epithelium with coordinately aligned cell apical surfaces directed
towards the center of the tissue. With ROCK inhibition, basement
membrane is inappropriately positioned within the epithelial interior,
leading to uncoordinated cell polarization and loss of overall tissue
polarity. At the cellular level, ROCK1 promotes and inhibits PAR-1b
activity in salivary gland OCCs and IPCs, respectively, with PAR-1b being
necessary and sufficient for basement membrane deposition. A
basement membrane-mediated signal promotes the maintenance of
cell-cell adhesions in salivary epithelial cells.
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molecules are more cortically localized in epithelial cells that
directly contact the basement membrane than in interior cells that
do not (Menko et al., 2002; Walker et al., 2008).

ROCK controls tissue architecture through myosin-independent
effects on tissue polarity, as we report here, and through myosin-
dependent effects on cell contractility and basement membrane
remodeling, which we reported previously (Daley et al., 2009),
both of which are required for proper branching morphogenesis.
Thus, characterizing the molecular mechanisms that govern the
subcellular localization and activation of ROCK will provide
crucial insights into the molecular mechanisms controlling tissue
integrity. The impact of these signaling pathways and the basement
membrane on cell differentiation is also of interest. Additionally,
as inhibition of ROCK activity is implicated in the regulation of
embryonic stem cell survival and differentiation, and as heightened
ROCK expression and activity correlate with cancer (Ohgushi et
al., 2010; Olson, 2008), it will be important for the development of
improved therapeutics and regenerative medicine strategies to
determine how the spatiotemporal regulation and/or activation of
ROCK functions to maintain tissue organization through
downstream effectors.
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