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Epithelial cells polarize and orient polarity in response to cell–cell and cell–matrix adhesion. Although there has been
much recent progress in understanding the general polarizing machinery of epithelia, it is largely unclear how this
machinery is controlled by the extracellular environment. To explore the signals from cell–matrix interactions that control
orientation of cell polarity, we have used three-dimensional culture systems in which Madin-Darby canine kidney
(MDCK) cells form polarized, lumen-containing structures. We show that interaction of collagen I with apical �1-integrins
after collagen overlay of a polarized MDCK monolayer induces activation of Rac1, which is required for collagen
overlay-induced tubulocyst formation. Cysts, comprised of a monolayer enclosing a central lumen, form after embedding
single cells in collagen. In those cultures, addition of a �1-integrin function-blocking antibody to the collagen matrix gives
rise to cysts that have defects in the organization of laminin into the basement membrane and have inverted polarity.
Normal polarity is restored by either expression of activated Rac1, or the inclusion of excess laminin-1 (LN-1). Together,
our results suggest a signaling pathway in which the activation of �1-integrins orients the apical pole of polarized cysts
via a mechanism that requires Rac1 activation and laminin organization into the basement membrane.

INTRODUCTION

Polarization of cells is a fundamental process in biology.
Epithelial cells polarize into apical and basolateral poles.
Much has been learned recently about the mechanisms of
epithelial polarization. Three major polarization complexes,
the Par3/Par6/atypical protein kinase C (aPKC), Crumbs/
PATJ/Stardust, and Scribble/Discs Large/Lethal Giant Lar-
vae complexes are conserved from Caenorhabditis elegans and
Drosophila to mammals and are essential for epithelial po-
larization (Roh and Margolis, 2003; Macara, 2004). Cell po-
larization also requires interactions of the cells with each
other and the extracellular matrix (ECM), as well as polar-
ized organization of the cytoskeleton and membrane traffic,
although how these processes are connected to the three
polarization complexes is largely obscure (Vega-Salas et al.,
1987; Yeaman et al., 1999; O’Brien et al., 2002; Mostov et al.,
2003; Nelson, 2003; Zegers et al., 2003).

Formation of epithelial tissues requires that the orienta-
tion of polarity of individual epithelial cells be coordinated
in space and time. This was underappreciated in studies

using cells grown on filter supports, because the filter pro-
vides an overriding extrinsic cue to orient the cells with the
basolateral surface facing the filter and the apical surface
opposite. Building on earlier observations (Wang et al.,
1990a), we found that generation of epithelial polarity can be
uncoupled from the orientation of that polarity (O’Brien et
al., 2001). Madin-Darby canine kidney (MDCK) epithelial
cells grown in three-dimensional (3D) collagen gels form
cysts, where the apical surface of a polarized monolayer of
cells faces a central lumen. Importantly, expression of a
dominant negative mutant of the Rho-family GTPase, Rac1
(N17Rac1), causes inversion of polarity, so that the apical
surface is at the periphery of the lumen-less cysts. This
suggests that Rac1 is a component of a polarity orientation
pathway. More generally, Rho-GTPases control various pro-
cesses that regulate cell polarity, including cytoskeletal dy-
namics, polarized protein trafficking, and cell adhesion
(Hall, 1998; Etienne-Manneville and Hall, 2002; Van Aelst
and Symons, 2002).

Orientation of polarity also requires interaction of the
epithelial cell with the ECM. Such interactions often involve
integrins, heterodimers of � and � subunits. Inte-
grin-mediated adhesion provides signals that control cell
motility, proliferation, survival, differentiation, and gene ex-
pression (Giancotti and Ruoslahti, 1999). The role of �1-
containing integrins in orientation of polarity has been stud-
ied in MDCK cells in some detail. In suspension culture (i.e.,
without exogenous ECM), these cells form hollow cysts
where a monolayer of cells has the apical surface facing the
outside (i.e., opposite to that of the collagen-grown cysts
described above) (Wang et al., 1990b). When these cysts are
placed in a collagen I gel, polarity reverses by a mechanism
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that depends on �1 integrin (Ojakian and Schwimmer, 1994).
In a similar process, a �1 integrin-dependent reorientation of
the apical pole is induced after overlaying the apical surface
of a filter-grown, polarized monolayer with collagen I
(Schwimmer and Ojakian, 1995; Zuk and Matlin, 1996; Oja-
kian et al., 2001). Laminins are a family of heterotrimeric
proteins consisting of �, �, and � chains. Currently, 15
different laminin isoforms (LN-1–LN-15) have been identi-
fied (Miner and Yurchenco, 2004). Although it has been
known for a long time that MDCK cells secrete laminin from
their basolateral surface (Caplan et al., 1987), the particular
isoforms still have to be identified. Normally, laminin se-
creted by MDCK cell cysts grown in collagen I gels assem-
bles into a basement membrane (BM)-like network sur-
rounding the cyst (O’Brien et al., 2001). In cysts of MDCK
cells expressing N17Rac1, laminin is not properly assembled
into this BM. However, addition of a high concentration of
exogenous LN-1, which can spontaneously assemble, can
largely rescue the inverted polarity of N17Rac1 cysts, yield-
ing nearly normal cysts with the apical surfaces of the cells
facing a central lumen.

Here, we show that �1 integrin lies upstream of Rac1 in a
pathway controlling orientation of polarity. Collagen I bind-
ing to �1 integrin causes activation of Rac1. This in turn
orients the polarity of the cell, in a process that also requires
laminin-dependent assembly of BM.

MATERIALS AND METHODS

Antibodies and Reagents
Ascites of function-blocking rat monoclonal antibody AIIB2 anti-�1-integrin
were a gift from Caroline Damsky (Department of Stomatology, School of
Dentistry, University of California, San Francisco, CA). Concentrations of this
rat IgG in the mouse ascites were determined by Western blotting, by using
purified rat IgG as a standard. Functionality of the AIIB2 antibodies in the
ascites was confirmed by analyzing adhesion to collagen I and LN-1, by using
affinity-purified AIIB2 as a standard. AIIB2 was affinity purified using a
HiTrap protein G column (Amersham Biosciences, Piscataway, NJ). Both
analyses indicated a similar concentration of AIIB2 in the ascites. Other
primary antibodies used in this study were: mouse anti-gp135 (from George
Ojakian, Department of Anatomy and Cell Biology, SUNY-Downstate Med-
ical Center), rabbit anti-�-catenin, mouse anti-Rac1 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), mouse anti-cis-Golgi enzyme GM130 (BD Transduction
Laboratories, Lexington, KY), rabbit anti-occludin (Zymed Laboratories,
South San Francisco, CA), rat IgG (Pierce Chemical, Rockford, IL), rat GoH3
anti-�6 integrin, rabbit anti-�3 integrin, mouse anti-collagen IV (Chemicon
International, Temecula, CA), and mouse anti-myc and mouse anti-�-tubulin
(Sigma-Aldrich, St. Louis, MO). Rabbit anti-LN-1 antiserum (Sigma-Aldrich)
was raised against LN-1, which consists of �1, �1, and �1 chains. Secondary
antibodies used were highly cross-absorbed anti-mouse Alexa Fluor 555 and
anti-rabbit Alexa Fluor 488 (Molecular Probes, Eugene, OR). Actin filaments
were stained with Alexa Fluor 488 or 549 phalloidin (Molecular Probes).
Nuclei were labeled with DRAQ5 (Biostatus, Leicester, United Kingdom).
l-[35S]Methionine protein labeling mix was from PerkinElmer Life and Ana-
lytical Sciences (Boston, MA).

Cell Culture
MDCK cells were maintained in minimal essential medium (MEM) contain-
ing Earle’s balanced salt solution (Cellgro, Washington, DC) supplemented
with 5% fetal bovine serum and antibiotics in 5% CO2, 95% air. T23 MDCK
cells expressing N17Rac1 and V12Rac1 under control of the tetracycline-
repressible transactivator (Jou and Nelson, 1998) were maintained in growth
medium with 20 ng/ml doxycycline.

For collagen gel overlays, confluent cells grown on 24-mm Transwell
(0.4-�m pore size) were covered with type I collagen gel (66% vitrogen, 3
mg/ml, Cohesion; Palo Alto, CA) in growth medium, essentially as described
previously (Zuk and Matlin, 1996), and cultured in MEM for 5 d.

Cyst cultures were prepared as described previously (O’Brien et al., 2001;
Yu et al., 2003). Briefly, cells were trypsinized into a single-cell suspension of
4 � 104 cells/ml in type I collagen gel. Then, 160 �l of cells in collagen
solution were plated onto Nunc filters (10 mm in diameter, 0.02-�m pore) for
immunostaining, and 300 �l was plated on the top of a cell-free gelled
collagen layer for biochemical experiments. The collagen mixture was al-
lowed to gel at 37°C and then medium was added. Cells were fed every 3 d
and grown for 7–10 d until cysts with lumen were formed. To treat cysts with

AIIB2, the antibody was added to the collagen gel as well as to the culture
medium in a final concentration of 8 �g/ml. For the laminin rescue experi-
ment, LN-1 (BD Biosciences, San Jose, CA) was added to the collagen I
solution at a final concentration 500 �g/ml (final collagen I concentration was
1.0 g/ml). For the collagen IV rescue experiment, collagen IV (BD Biosciences)
was added to collagen I solution at a final concentration of 0.15 mg/ml (final
concentration of collagen I was 1.33 g/ml). To induce the V12Rac1 expression
in cyst cultures, cells expressing V12Rac1 were stimulated with 2.5 mM
sodium butyrate overnight in the absence of doxycycline. Cells were plated in
collagen 6 h after removing sodium butyrate and grown in the absence of both
doxycycline and sodium butyrate.

Immunofluorescence Staining
The procedure for the immunofluorescence staining of cysts cultured in
collagen gel was previously described in detail (Pollack et al., 1998; O’Brien et
al., 2001; Yu et al., 2003). Samples were rinsed with phosphate-buffered saline
(PBS)� (PBS containing Mg2� and Ca2�) twice quickly, treated with collage-
nase type VII (Sigma-Aldrich) at 37°C for 10 min, and fixed with 3% parafor-
maldehyde for 30 min. Cells were permeabilized with 0.25% Triton X-100 in
PBS for 10 min, quenched with 50 mM NH4Cl for 10 min, and blocked with
0.7% gelatin in PBS/0.1% saponin for 30 min. Samples were then incubated in
primary antibodies at 4°C overnight, followed by an overnight incubation at
4°C with Alexa Fluor 532- or Alexa Fluor 488-conjugated secondary antibody
(1:200) dilution and Alexa Fluor 488 phalloidin (1:50). Samples were mounted
with Prolong antifade (Molecular Probes). To stain laminin and collagen IV
staining, cysts were incubated with anti-LN-1 (1:100) or anti-collagen IV
(1:100) for 4 h before fixation.

Cells overlaid with collagen gel were rinsed with PBS�. Then, the collagen
gel was gently removed, and the cells on the filter were fixed with 3%
paraformaldehyde for 20 min, quenched with 50 mM NH4Cl for 10 min, and
blocked and permeabilized with 0.7% gelatin in PBS/0.1% saponin for 30 min.
Samples were incubated with primary antibodies overnight at 4°C, followed
by incubation with Alexa Fluor 532 and Alexa Fluor 488-conjugated second-
ary antibodies (1:200) at 37°C for 1 h. After washing, the samples were
incubated with DRAQ5 at a 1:1000 dilution for 5 min at 37°C, and mounted
with Fluorosave (Calbiochem, San Diego, CA).

Transmission Electron Microscopy
Cysts grown in collagen gel in the absence or presence of AIIB2 were fixed
with 2% glutaraldehyde and 0.8% paraformaldehyde. The procedures for
electron microscopy were described in detail previously (O’Brien et al., 2001).
Ultrathin sections were examined with a transmission electron microscope
(Zeiss 10CA).

Image Analysis
To quantitate cyst polarity, cysts were stained for gp135, �-catenin, and nuclei
and analyzed with a Zeiss 510 LSM confocal microscope. Cysts with gp135
staining at the interior surface, and �-catenin facing the surrounding ECM
were identified as cysts with normal polarity (interior apical pole). Cysts that
had gp135 at the peripheral surface and in which �-catenin was absent from
the periphery were considered as cysts with inverted polarity (peripheral
apical pole). Per condition, 300 cysts were analyzed.

Immunoprecipitaton and Western Blotting
Laminin and integrin levels in cysts were determined by immunoprecipita-
tion or Western blot as described in detail previously (O’Brien et al., 2001)
with some modifications. To determine �1 and �3 integrin levels and cell-
associated laminin, cysts were isolated from collagen by collagenase treat-
ment. To detect intracellular laminin levels, isolated cysts were treated with
trypsin (O’Brien et al., 2001). Lysates of isolated cysts were normalized for
protein concentration using a BCA assay (Pierce Chemical). Laminin in the
culture medium and in the solubilized collagen gel was determined by
immunoprecipitation. The concentration of SDS in the samples was adjusted
to 0.5%, and samples were normalized based on the protein concentration of
isolated cysts. Western blotting of �-tubulin was used as control for normal-
ization of lysates used for the immunoprecipitation of the solubilized cyst and
for lysates of the isolated cysts.

Metabolic Labeling of Cysts
Cysts, grown in the absence or presence of AIIB2 were metabolically labeled
for 20 h with 100 �Ci of l-[35S]Met in Met/Cys-free DMEM, containing 10%
normal growth medium and 10% fetal calf serum. The cysts in collagen were
washed with PBS, and cyst-associated and intracellular laminin was immu-
noprecipitated as described above, by using anti-LN1 antiserum. Immuno-
precipitated proteins were separated on a 6% SDS-PAGE gel and radiolabeled
proteins were identified by autoradiography as described previously
(Schoenenberger et al., 1994)
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Rac1 Activation Assay
Confluent MDCK cells grown on filter were overlaid with collagen solution
for the indicated time periods. Both filter and collagen gel, which had a total
volume of 450–500 �l, were transferred to a tube containing 500 �l of ice-cold
2� Gold lysis buffer (2% Triton X-100, 40 mM Tris-HCl, pH 7.5, 1000 mM
NaCl, 20 mM MgCl2, 30% glycerol, 1 mM dithiothreitol, and EDTA-free
protease inhibitors; Roche Diagnostics, Indianapolis, IN), To determine GTP-
Rac1 levels in V12Rac1-expressing cells, collagen and overlay cultures were
harvested and diluted in equal volumes of 2� GLB after 7-d culture. Samples
were then tumbled at 4°C for 20 min. This treatment dissolved �95% of the
collagen gel. Samples were then centrifuged in a microcentrifuge at 15,000
rpm for 5 min to remove the remaining fragments of collagen and cell debris.
A 50-�l sample from the supernatant was taken aside for determination of
Rac levels in the total lysate, and GTP loading on Rac1 was determined using
a pull-down assay with GST-Pak3-CRIB beads as described previously (Han-
sen et al., 2001). Western blotting for �-tubulin levels in the total lysate served
as loading control.

RNA Extraction and Reverse Transcription-Polymerase
Chain Reaction (RT-PCR) Analysis of Laminin � Chains
RNA from cysts were extracted using the RNeasy Mini kit (QIAGEN, Valen-
cia, CA). Cysts were homogenized in lysis buffer with a homogenizer and
treated with 200 �g/ml protein kinase (QIAGEN) for 30 min previous to the
RNA extraction on column. DNase I treatment was done directly on the
column. 1 �g of total RNA was reverse transcribed, and relative RT-PCR was
done as described previously (Leroy et al., 2004). The yield of cDNA was
measured using the expression of the gene coding for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as an internal standard. Starting from 1
�l of cDNA, more than 20 cycles were necessary to detect GAPDH, and the
volume of each cDNA was adjusted to give the same PCR signal strength for
GAPDH after 23 cycles i.e., in its exponential amplification range. Laminin �5
chain exponential amplification range was tested and experiments were done
with 38 cycles for laminin �5 and 23 cycles for GAPDH. Internal standard and
the laminin � chain were amplified in the same tube (Meadus, 2003) with
GAPDH primers added when 23 cycles remained for the amplification of
laminin chain. Primers were as follows: for laminin �5 chain, forward: 5�
TGGGCAAGTATGTGGACCTC 3� and reverse: 5� TGCTGATGCAGCCACT-
GAAG 3�; and for GAPDH, forward: 5� CAGTTGTGGATCTGACCTGC 3�
and reverse: 5� CCTTGGAGGCCATGTAGACC 3�. Annealing was done at
55°C for laminin �5, and the expected fragments (500 base pairs for laminin
�5 and 271 base pairs for GAPDH) were visualized on a 2% agarose gel.

RESULTS

Activation of �1-Integrin by Collagen Overlay Induces
Rac1 Activation
Application of collagen I gel overlay to the apical domain of
a polarized monolayer of MDCK cells induces dramatic
changes in the organization of the cells and the orientation of
their polarity. Specifically, the apical domain is reoriented
away from the new ECM-cell contact site, and multilayered,
polarized lumen-containing structures, or tubulocysts are
formed (Schwimmer and Ojakian, 1995; Zuk and Matlin,
1996; compare control monolayers in Figure 1A and collagen
overlays in C). This therefore provides a simple system to
study how collagen I is involved in the orientation and
organization of epithelial cells and can be considered inter-
mediate in complexity and physiological relevance between
growing cells as a monolayer on a filter and growth as cysts
in thick collagen gels. Although not affecting the monolayer
in the absence of overlay (Figure 1B), the �1 integrin func-
tion-blocking antibody AIIB2, but not nonspecific control
antibodies (Figure 1, E and F), inhibited the collagen I-in-
duced formation of tubulocysts when added to the collagen
I (Figure 1D, (Schwimmer and Ojakian, 1995; Zuk and Mat-
lin, 1996).

Rac1 regulates orientation of apical polarity in MDCK
cysts grown in collagen (O’Brien et al., 2001) and is activated
through integrins in 3D cultures of mammary epithelial cells
(Zahir et al., 2003). To determine whether Rac1 has a role in
the pathway downstream of �1 integrin that regulates tubu-
locyst formation, we examined whether collagen I overlay
activates Rac1. We analyzed Rac1-GTP levels by using a
Cdc42/Rac interactive binding (CRIB)-domain pull-down

assay (Price et al., 1998). For this experiment, the collagen
overlay approach is advantageous compared with growing
cysts in thick collagen gels, in that the overlay technique
causes synchronous interaction of collagen I with large num-
bers of polarized cells, induces synchronous remodeling of

Figure 1. �1 integrin-mediated activation of Rac1 is required for the
formation of tubulocysts upon collagen overlay. (A–F) Confocal im-
ages of gp135 (red) and �-catenin (green) of vertical sections show
MDCK cells grown on Transwell filters at indicated conditions. (A)
Confluent MDCK in the absence of AIIB2 and collagen gel have a
polarized monolayer morphology. (B) Treatment with 8 �g/ml AIIB2
for 5 d does not change the monolayer phenotype. (C) MDCK cells
overlaid on the apical surface with type I collagen gel for 5 d induces
the formation of tubulocysts. (D) Addition of AIIB2 to the collagen
inhibits tubulocyst formation in response to apical collagen overlay. (E
and F) Control Rat IgG and mouse ascites 9E10 do not inhibit tubulo-
cyst formation in response to collagen overlay. Arrowheads indicate
lumens. (G) Time course of Rac1 activation by collagen overlay in the
absence (white column) or presence (black column) of AIIB2 was
assessed by a GST-CRIB-PAK pull-down assay. The apical surface of a
polarized MDCK monolayer was overlaid with collagen for the indi-
cated periods. Results were normalized to GTP-Rac1 levels in the
0-min lane. The graph represents five independent experiments � SD.
*p � 0.03, **p � 0.01, relative to no overlay (0 min). (H) Representative
Western blots of Rac1 activation for Figure 1G, �-tubulin serves as
loading control. Bar, 10 �m.
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cell polarity, and permits the rapid isolation of the cells for
measurement of the level of Rac1-GTP. Collagen overlay
resulted in a threefold increase in GTP-Rac1 levels after 15
min, which was the earliest time point we were able to
analyze after overlay (Figure 1, G and H). The activation of
Rac1 was transient and 6 h after overlay, GTP-Rac1 levels
had declined to control levels. In contrast, when cells were
overlaid in the presence of the AIIB2 antibody, Rac1 activa-
tion was not observed. Rather, we found that 30 and 60 min
after overlay, AIIB2 treatment resulted in GTP-Rac1 levels
that were statistically indistinguishable from (and slightly
below) baseline. Hence, these results suggest that apical
collagen overlay activates Rac1 via activation of �1 integrins.

Rac1 Activation Is Required for Tubulocyst Formation
We next examined whether the increase in GTP-Rac1 was
required for tubulocyst formation. We used MDCK cells that
expressed dominant-negative (N17Rac1) or activated
(V12Rac1) forms of Rac1 under control of a tetracycline-
repressible promoter system (Jou and Nelson, 1998). In this
system, ectopic gene expression is repressed by addition of
20 ng/ml doxycycline (Dox) to the culture medium. Control
experiments showed that, when not induced (�Dox), colla-
gen I overlay resulted in elevated GTP-Rac1 level after 15
min, similar to untransfected controls (compare Figure 2A,
�Dox, to Figure 1H). As expected, no GTP-Rac1 was ob-
served in N17Rac1-expressing cells, either with or without
collagen overlay, whereas GTP-Rac1 levels in V12Rac1-ex-
pressing cells were consistently high but not affected by
collagen overlay (Figure 2A, �Dox).

In the absence of overlay, the monolayer was not affected
by expression of N17Rac1 (Figure 2B, compare the nonex-
pressing cells in 2B-1 with the N17Rac1-expressing cells in
2B-2). However, unlike the noninduced N17Rac1 control
cells (2B-3), which formed well-established tubulocysts, cells
expressing N17Rac1 did not form tubulocysts upon collagen
overlay (2B-4). Instead, they retained their polarized pheno-
type and resembled monolayers that were overlaid in the
presence of AIIB2 (compare Figure 2B-4 with Figure 1D).
Cells that expressed the activated V12Rac1 mutant (2B-6),
but not the noninduced controls (2B-5) formed slightly ir-
regular and partly flattened monolayers in the absence of
overlay, but they did not develop tubulocysts on their own.
On collagen I overlay, the V12Rac1-expressing cells formed
tubulocysts similar to noninduced cells (compare 2B-8 with
2B-7), although they formed generally faster compared with
noninduced cells (our unpublished data). Moreover, in con-
trast to noninduced cells (2B-9), V12Rac1 expression rescued
the AIIB2-induced block on tubulocysts formation (2B-10).
Together, these data indicate that the Rac1 activation we
observed upon collagen overlay is downstream of activated
�1 integrin and necessary for tubulocyst formation. How-
ever, because V12Rac1 did not induce formation of tubulo-
cysts in the absence of collagen overlay (2B-6), Rac1 activa-
tion is not sufficient for this morphological response in
monolayer cultures. This may suggest that other signals
activated by �1 integrins are required for tubulocyst forma-
tion as well. Alternatively, collagen may act as a mechanical
support needed for attachment and cellular movements
and/or for deposition of autocrine signaling molecules such
as laminin.

�1 Integrins Regulate Orientation of Polarity in MDCK
Cysts via Rac1
Single MDCK cells embedded in a collagen I matrix form
cysts with an apical pole oriented toward the central lumen
and a basolateral pole toward the matrix. Expression of

Figure 2. Rac1 activation is required for tubulocyst formation. (A)
Endogenous and mutant Rac1 protein levels and Rac1 activation in
cells that express myc-tagged N17Rac1 and V12Rac1 under control
of the tetracycline-repressible transactivator. MDCK monolayers
grown on filters in the absence or presence of Dox were overlaid
with collagen gel for the indicated times. Western blots show total
Rac1 expression. Double bands in total lysates of mutant Rac1-
expressing cells (�Dox) show expression of endogenous (top band)
and myc-tagged mutant Rac1 (bottom band). Activated Rac1 (GTP-
Rac1) was determined by a GST-CRIB-PAK pull-down assay. GTP-
Rac1 was not detected in cells expressing N17Rac1, but it was high
in V12Rac1 cells. �-Tubulin was used as a loading control. (B)
Vertical sections of monolayers stained for gp135 (red) and �-cate-
nin (green) show mutant Rac1-expressing cells grown with or with-
out collagen overlay and AIIB2 as indicated. Both noninduced and
induced N17Rac1 cells remain a polarized monolayer in the absence
of collagen overlay (2B-1 and 2B-2). Noninduced N17Rac1 cells
develop normal tubulocysts (2B-3), whereas N17Rac1-expressing
cells do not form tubulocysts (2B-4). Both noninduced V12Rac1 and
induced V12Rac1 cells have polarized monolayer phenotypes in the
absence of collagen overlay (2B-5 and 2B-6) and form tubulocysts in
the presence of collagen overlay (2B-7 and 2B-8). When AIIB2 is
present in the collagen overlay, tubulocyst formation is blocked in
noninduced V12Rac1 cells (2B-9), but not in cells expressing
V12Rac1 (2B-10). Arrowheads indicate lumens. Bar, 10 �m.
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N17Rac1 causes an inversion of apical polarity in these cysts
(O’Brien et al., 2001). Because the data indicate that apical
pole reorientation during tubulocyst formation requires sig-
naling from �1 integrin to Rac1, we asked whether the same
pathway controls the de novo formation of the apical pole in
MDCK cysts. To this end, we grew cysts in the presence of
8 �g/ml AIIB2 antibody for 7–10 d. The phenotype of cysts
grown in presence of AIIB2 (Figure 3 B, B�, D, F, F�, and H)
was strikingly similar to what we observed previously in
cysts expressing N17Rac1 (O’Brien et al., 2001). Analysis by
immunofluorescence staining revealed that markers for an
apical membrane protein (gp135), a tight junctional marker
(occludin), and a Golgi marker (GM130) that are normally
oriented toward the cyst lumen were oriented toward the
collagen matrix upon AIIB2 treatment (compare Figure 3A,
C, E, and E� with 3B, D, F, and F�). Electron microscopic
images were consistent with these results and showed that
structures resembling intercellular junctional complexes
were near the lumen in control cells (Figure 3G, arrowhead),
whereas they were localized at cell-cell contacts facing the
collagen in AIIB2-treated cysts (Figure 3H, arrowhead).
Costaining of cysts with apical gp135 and basolateral �-cate-
nin showed that the polarity of cells within AIIB2-treated
cyst was inverted, rather than randomized; in both control
(Figure 3, A and A�) and AIIB2-treated cysts (Figure 3, B and
B�), the localization of apical and basolateral antigens ex-
cluded each other. The latter finding was in contrast to cells
expressing N17Rac1, which have inverted apical polarity,
but basolateral markers, including �-catenin (our unpub-
lished data) were found at all cell surfaces (O’Brien et al.,
2001). A possible explanation is that in addition to activating
Rac1, binding of �1 integrins to collagen also may activate
other signaling components that regulate epithelial morpho-
genesis. Finally, AIIB2 cysts had filled lumens, suggesting
alterations in cell proliferation and/or apoptosis (our un-
published data); this will be the subject of future investiga-
tion.

The cyst phenotype induced by AIIB2 treatment was spe-
cific for inhibition of �1 integrins. Control experiments
showed that neither rat IgG1 (Figure 3I) in a concentration
range of 6–60 �g/ml nor nonreactive antibodies added as
an ascites (our unpublished data) affected the morphology of
the cysts. Moreover, the concentrations of AIIB2 required to
inhibit adhesion to collagen I strongly correlated with the
ability to induce a phenotype in cysts. Specifically, addition
of 8 �g/ml AIIB2 resulted in a 95% inhibition of adhesion to
collagen I (our unpublished data) in a standard adhesion
assay (Schoenenberger et al., 1994) and gave rise to cyst
cultures in which �90% of cysts had an inverted phenotype
(Figure 5D). Much higher concentrations of AIIB2, up to 80
�g/ml, yielded similar results. Addition of 1 �g/ml AIIB2,
on the other hand, resulted in a 35% inhibition of adhesion
and induced a phenotype in �50% of the cysts (our unpub-
lished data).

MDCK cells express �2�1, �3�1, and �6�4 integrin het-
erodimers (Schoenenberger et al., 1994). The �1-containing
integrins, but not �6�4, act as receptors for collagen I, IV,
and LN-1 (Schoenenberger et al., 1994). Because the �6 inte-
grin function-blocking antibody GoH3 inhibits adhesion to
ECM secreted by MDCK cells (our unpublished data), �6�4
is likely to interact with another, currently unidentified com-
ponent of the endogenous ECM of MDCK. We found that
inhibition of the �6�4 integrin with GoH3 did not affect the
phenotype of the cysts (Figure 3J), consistent with our find-
ings that the AIIB2-induced phenotype specifically depends
on inhibition of �1-containing integrins.

We next attempted to identify which �1-containing inte-
grin was responsible for the AIIB2-induced phenotype.
None of the known function-inhibiting anti-�2 and anti-�3
integrin antibodies that were available to us inhibited adhe-
sion of MDCK cells to collagen I (our unpublished data).
Hence, we were unable to test the effect of inhibition of these
� integrin subunits on cyst cultures. Western blot analysis of
AIIB2-treated cysts however, showed that �1 integrin levels
were unchanged but that levels of �3-integrin were de-
creased by 80% compared with untreated controls (Figure
3K). Because �1 integrin levels are found in excess in MDCK
cells (Schoenenberger et al., 1994), these data suggest a pos-
sible role for �3�1 integrin in normal cyst morphogenesis.

Inhibition of �1 Integrins Affects Laminin Organization
Cells in MDCK cysts secrete and assemble laminin into a
BM-like network around the cyst periphery. The BM-like
network produced by MDCK may not be as fully developed
as basement membranes seen underlying most epithelia in
vivo, but as described below it contains laminin and colla-
gen IV organized into a network(s), and for the purposes of
this article, we refer to it simply as a BM. We recently
reported that N17Rac1-expressing cysts do not assemble
laminin into this BM correctly. However, when cultured
with an excess of LN-1, which spontaneously self-assembles
through interaction of the �1 and �1 chains (Yurchenco and
Cheng, 1993) these cells formed lumen-containing cysts,
with apical domains facing these lumens. These data indi-
cated that Rac1 controls apical orientation via laminin
(O’Brien et al., 2001).

As our data suggest that the AIIB2-induced phenotype is
mediated by the inability of cells to activate Rac1 through �1
integrin, we examined whether the inversion of polarity in
these cells was due to organization of laminin into BM as
well. We analyzed laminin deposition by staining cysts with
polyclonal antibodies raised against LN-1. LN-1 consists of
the �1, �1, and �1 chains. We found that the rabbit anti-
laminin antiserum we used recognized the �1 and �1 but not
the �1 chain from MDCK cells (O’Brien et al., 2001). We
stained cysts with laminin by adding the laminin antiserum
to live cysts, followed by fixation and staining with a sec-
ondary antibody. This procedure only visualizes extracellu-
lar laminin. As shown in Figure 4A, laminin in untreated
cysts occurred as a finely punctate pattern around the cell
periphery at the cell–ECM interphase. In a projection of
multiple confocal sections, laminin is seen to form a fine
network surrounding the cyst (Figure 4A�). We take this as
evidence that normal MDCK cysts organize laminin into a
BM-like network around the cyst. In contrast, when cysts
were grown in the presence of AIIB2, laminin staining
around the cyst looked strikingly altered and very irregular
(Figure 4B). We take this as an indication that the assembly
or organization of the laminin into a BM-like network is very
different from normal. The abnormal laminin organization is
particularly evident in the projection images (Figure 4, A�
and B�), which were created by projecting serial confocal
sections spanning the entire cyst (Supplementary Figure 1).
Careful analysis of the individual confocal sections revealed
that in AIIB2-treated cysts, some laminin seemed to be lo-
calized in the cyst interior, in between the individual cells.
Because our staining procedure only stained laminin acces-
sible from the outside of the cyst, it is still unclear why we
detect this laminin, because tight junctions are located at the
cyst periphery of these cysts. Preliminary data however,
indicate that tight junctions in AIIB2-treated cysts have an
abnormal structure (our unpublished data), which may ex-
plain why the laminin antiserum has access to the cyst
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Figure 3. Inhibition of �1 integrins inverts apical polarity during cystogenesis and reduces expression of �3 integrin. (A–F) Cysts, grown in the
absence (A, A�, C, E, and E�) or presence (B, B�, D, F, and F�) of 8 �g/ml AIIB2 were stained for markers of the apical pole (gp135, Golgi, and
occludin) in red, for the basolateral membrane marker �-catenin (A� and B�) or actin (C, D, E�, and F�) in green and for nuclei in blue. The tight
junctional marker occludin is stained red in E� and F�, and is shown alone for clarity in E and F. In untreated cysts, the apical marker gp135 (A),
the Golgi marker GM130 (C), and occludin (E and E�) are localized at or toward the interior luminal surface, whereas staining of the basolateral
membrane marker �-catenin (A�) is limited to cell–cell contacts and the peripheral surface and is excluded from the luminal surface (A and A�
represent the same cyst). Moreover, intense actin staining is observed around the lumen (C and E�). These staining patterns indicate a normal
polarization. In contrast, polarity in AIIB2-treated cysts is inverted, as indicated by peripheral staining of gp135 (B), exclusion of �-catenin from
peripheral surface (B�), orientation of the Golgi underneath the peripheral surface (D), and peripheral staining of occludin (F and F�). Arrows show
that gp135 occurs at peripheral surface and �-catenin disappears from these areas in AIIB2-treated cysts (B and B�). Arrowheads point to junctional
complexes, which are facing the lumen in control cysts (E and E�), and the periphery in AIIB2-treated cysts (F and F�). (G and H) Electron
micrographs of cysts. In cysts grown in absence of AIIB2, tight junctions (arrowheads) at cell–cell contacts are close to the lumen and microvilli
(arrow) face the lumen. In the presence of AIIB2, junctions face the collagen. (I) Addition of rat IgG as a control antibody does not affect cystogenesis.
(J) Treatment with rat anti-integrin �6 antibody does not change the phenotype of cysts. (K) Western blot analysis shows that �1 integrin levels are
not changed (bottom band of doublet represents a precursor form of �1 integrin), but �3 integrin is decreased in AIIB2-treated cysts. �-Tubulin
levels are used as loading control. Bars, 10 �m (A–F, I, and J) and 2 �m (G and H).
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Figure 4. AIIB2-treated cysts have disorganized deposition of laminin and collagen IV. (A–H) Immunofluorescent staining of laminin (red
in A and B), collagen IV (red in C and D), actin (green), and nuclei (blue) reveal the fine network of laminin and collagen IV on the peripheral
surface of untreated cysts (A and C), but large aggregates in AIIB2-treated cysts (B and D). Projections of serial confocal sections more clearly
demonstrate this difference between untreated (A�, laminin and C�, collagen IV) and AIIB2-treated cysts (B�, laminin and D�, collagen IV). (E)
Western blotting of immunoprecipitated laminin shows no difference in secreted laminin (medium), total synthesized laminin (solubilized
gel), cell-associated laminin (isolated cysts), and intracellular laminin (isolated and trypsin-treated cysts) between untreated and AIIB2-
treated cysts. The �1/�1 bands migrated at �200 kDa. (F) RT-PCR analysis shows that treatment with AIIB2 does not significantly affect the
expression levels of laminin �5 chains. RT is control without reverse transcriptase. (G) Untreated or AIIB2-treated cysts were metabolically
labeled with l-[35S]methionine. Micrograph shows autoradiogram of laminin immunoprecipitated from isolated cysts, representing intra-
cellular and cell-associated extracellular laminin, and from isolated cysts treated with trypsin to digest extracellular laminin (intracellular).
In addition tot the �1/�1 chains �200 kDa, an �400-kDa protein was immunoprecipitated, which likely respresents a coimmunoprecipitating
laminin � chain from a �1/�1-containing laminin heterotrimer. Note that AIIB2 does not affect levels of any laminin chain or ratio between
the � and the �1/�1 chains. Bar (A–D�), 10 �m.
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interior. The staining pattern of collagen IV, another main
component of the BM, was very similar to that of laminin.
Thus, in untreated cysts we found collagen IV as a regular,
BM-like network around the cyst periphery at the basal side
of the cells (Figure 4, C and C�), whereas in AIIB2-treated
cysts (Figure D and D�) it resembled the irregular staining
we also observed for laminin. Together, these data suggest
that inhibition of �1 integrin alters the organization of BM
around MDCK cysts.

We analyzed whether the AIIB2-induced defect in BM
deposition was due to changes in the synthesis or secretion
of laminin. To this end, we determined levels of secreted and
intracellular �1/�1 laminin by immunoprecipitation and
Western blotting (O’Brien et al., 2001). Laminin levels were
analyzed in the following pools: 1) the culture medium,
which represents secreted laminin; 2) the collagen gel con-
taining cysts in collagen, which together with pool 1 repre-
sents the total laminin synthesized; 3) cysts, isolated from
the collagen gel after collagenase treatment, which represent
cysts with associated BM and contains extracellular and
intracellular cell-associated laminin; and 4) intracellular
laminin, from isolated cysts treated with trypsin to digest
the extracellular BM. As shown in Figure 4E, AIIB2 treat-
ment did not affect �1/�1 laminin levels in any of these
pools.

Previous studies have shown that secretion of the LN-1
heterotrimer can be regulated by the �1-chain, which can be
secreted independently from the �1/�1 chains (Yurchenco et
al., 1997). Furthermore, �1 integrin-deficient mouse embry-
oid bodies do not secrete LN-1 because synthesis of the
laminin �1 chain is shut off in these cells (Aumailley et al.,
2000). We therefore sought to investigate how AIIB2 affected
synthesis and secretion of laminin �-chains. Because we
were unable to detect any laminin �-chains by using West-
ern blotting, we determined the effect of AIIB2 treatment on
the laminin �-chain transcription by RT-PCR analysis. We
detected robust expression of the laminin �3 (our unpub-
lished data) and the �5 chains and found that both were
unaffected by AIIB2 (Figure 4F; our unpublished data).
However, we did not detect the laminin �1 chain (our un-
published data), indicating that LN-1 is apparently not ex-
pressed in MDCK. The laminin �3 chain is present in LN-5
(�3�2�2), LN-6 (�3�1�1), and LN-7 (�5�2�1). Although
LN-5 is present in the kidney, it is unlikely that we detect
this laminin form with the anti-LN-1 antiserum, because
LN-1 does not share any of its chains with LN-5. In contrast,
LN-10, which consists of the �5�1�1 chains, is the most
abundant laminin expressed in the kidney and shares the �1
and �1 laminin with LN-1 (Miner, 1999). Hence it is likely
that the �1 and �1 laminin chains we detect with the poly-
clonal anti-LN-1 antiserum in fact originate from LN-10.
Indeed, when we immunoprecipitated lysates of cyst that
were metabolically labeled with [35S]methionine, we pulled
down a protein of the predicted size of the �5 laminin chain
(�400 kDa) (Ido et al., 2004; (Figure 4G). This suggests that
immunoprecipitation with the anti-laminin antiserum pulls
down the entire LN-10 heterotrimer, although we cannot
rule out the possibility that it is a different laminin. As we
found for the �1�1 chains, AIIB2 treatment neither affected
the levels of the �-chain in isolated cyst with associated BM
nor the intracellular levels of trypsin-digested cysts (above-
mentioned pools 3 and 4, respectively).

Together, our data indicate that the altered formation of
BM we observe was not due to AIIB2-mediated alterations in
synthesis or secretion of laminin per se (Figure 4, E–G).

Exogenous LN-1 Partially Rescues the Normal Cyst
Phenotype
When plated in a collagen I matrix supplemented with LN-1,
which is capable of self-assembly (Yurchenco and Cheng,
1993), the inverted apical polarity of AIIB2-treated MDCK
cells was significantly rescued. Whereas AIIB2-treated cysts
had no or only very small lumens (Figure 5A), the addition
of LN-1 to these cultures resulted in formation of multiple
lumens (Figure 5B). Strikingly, the apical marker (gp135)
was now confined to these lumens and largely not found at
the periphery of the cysts (Figures 5B). Staining of the tight
junction marker occludin confirmed the rescue of normal
polarity by exogenous LN-1 in AIIB2 cysts (our unpublished
data). This is very similar to the rescue of orientation of
polarity that we reported when N17Rac1 cysts were grown
in collagen I supplemented with LN-1 (O’Brien et al., 2001).
AIIB2 treatment also resulted in perturbation of collagen IV
deposition (Figure 4, D and D�), but addition of exogenous
collagen IV did not rescue the phenotype (Figure 5C). This
finding is consistent with the notion that integration of col-
lagen IV into the BM is a secondary event and depends on
initial laminin deposition (Li et al., 2003).

The rescue of the inverted apical polarity by exogenous
LN-1 increased over time. In 5-d old cultures, the presence of
LN-1 increased the number of AIIB2-treated cysts with an
interior apical pole only slightly (25% in a LN-1-containing
matrix vs. 20% without LN-1). In 9-d-old cultures, however,
LN-1 addition resulted in cultures in which 80% of the cyst
had interior apical polarity versus 20% in the 9-d-old control
cultures without LN-1 (Figure 5D). We tested whether the
time-dependent rescue was due to turnover of AIIB2. When
we grew cysts in the presence of AIIB2 in only the medium,
and refed cysts every other day with new AIIB2-containing
medium, we found no difference, either in the observed
phenotype or in the extent to which exogenous LN-1 was
able to rescue the phenotype, compared with cysts grown
according to our original protocol (our unpublished data).
Furthermore, when grown in the presence of 80 �g/ml
AIIB2, instead of 8 �g/ml, the extent and time course of
phenotypic rescue by exogenous LN-1 was unchanged (our
unpublished data). These results show that increased rescue
over time was not due to instability of the AIIB2 under these
experimental conditions but is consistent with laminin-de-
pendent assembly of BM being a key aspect of polarization.

Activated Rac1 Rescues BM Organization and Cyst
Polarity
Our findings that Rac1 is required for �1-integrin-mediated
tubulocyst formation (Figure 2) and our previous work that
demonstrated a role for Rac1 in laminin organization into
BM and polarity development (O’Brien et al., 2001) indicate
that a �1 integrin to Rac1 signaling pathway regulates the
formation of BM and the subsequent orientation of polarity.
To further validate this hypothesis, we tested whether acti-
vated V12Rac1 could rescue the inverted polarity in AIIB2-
treated cysts. As shown in Figure 2, A and B-10, the expres-
sion levels of V12Rac1 in cells grown without Dox were
sufficient to completely rescue the AIIB2-induced block on
tubulocyst formation upon collagen overlay. However,
when we grew cysts from V12Rac1-expressing cells,
V12Rac1 expression had diminished below background
level in a 7-d-old culture. A similar loss of expression from
the tetracycline repressible system during cyst culture has
been observed with several other, but not all, of a variety of
transfected genes in MDCK cells (our unpublished data).
Therefore, before plating cells into collagen, we stimulated
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V12Rac1 expression by treating cells grown in a monolayer
overnight with 2.5 mM sodium butyrate in the absence of
Dox (Jou et al., 1998). Six hours after removing the sodium
butyrate, cells were trypsinized and suspended in collagen
in the absence of Dox. As usual cysts were then grown for
7 d. This overnight treatment with butyrate before plating in
collagen yielded expression levels in 7-d-old cysts that were
comparable with the expression levels we obtained in the
overlay assays (Figure 6A). Furthermore, whereas GTP-Rac1
levels were below detection levels in noninduced cysts
(�Dox), high levels of GTP-Rac1 were found in the cysts
expressing the V12Rac1 mutant (Figure 6A). Control exper-
iments showed that in untransfected MDCK cells, the brief
sodium butyrate treatment did not interfere with the estab-
lishment of polarity in cysts, or inversion of polarity upon
AIIB2 treatment (our unpublished data).

When cultured in collagen, laminin staining in MDCK
cells expressing V12Rac1 looked like a uniform meshwork
around the cyst (Figure 6, B and D) and cysts formed with
normal polarity (Figure 6, G and I), both with (�Dox) and
without (�Dox) V12Rac1 expression. This was in contrast
to controls grown in the presence of Dox (i.e., no expres-
sion of V12Rac1) and AIIB2, in which laminin distribution
was irregular (Figure 6C) and only 35% of the cysts had
normal polarity (Figure 6, F and H). Strikingly, expression
of V12Rac1 in AIIB2-treated cysts resulted in a full resto-
ration of the laminin staining pattern (compare nonin-
duced cells in Figure 6C to induced cells in Figure 6E).
Moreover, when grown in the presence of AIIB2, V12Rac1
expression largely rescued the AIIB2-induced inverted
polarity and resulted in cultures in which 80% of the cysts
had lumens and an interior apical pole and a correctly
oriented basolateral surface, although some cells were
often inside the lumen (Figure 6, F and J). This provides
additional evidence for a signaling pathway in which �1

integrin-mediated Rac1 activation regulates laminin-initi-
ated assembly of BM, which in turn orients polarity dur-
ing epithelial morphogenesis.

DISCUSSION

We have used 3D culture systems to analyze how �1 inte-
grins regulate orientation of epithelial cell polarity. Our data
are consistent with a model in which collagen I, �1 integrin,
Rac1 activation and laminin-dependent organization of BM
lie in a reciprocal autocrine pathway that orients MDCK cell
polarity in culture. Collagen I activates Rac1 via �1 integrin,
at least in the overlay system where this can be most directly
assessed. Inhibition of �1 integrin or Rac1 prevents tubulo-
cyst formation in the collagen overlay system and inverses
polarity in cysts grown in 3D collagen gels. Activated Rac1
can bypass the �1 integrin block and rescues tubulocyst
formation and polarity in the overlay and cyst systems,
respectively.

Inhibition of �1 integrin (Figure 4) or Rac1 (O’Brien et al.,
2001) prevents organization of laminin into a regular BM
around the cyst periphery and thereby causes an inversion
of polarity. Although the synthesis and secretion of laminin
is normal, the overall organization or assembly of laminin
into a BM is grossly abnormal with �1 integrin inhibition, as
seen at the light microscope level. Ligation of �1 integrins
can potentially activate many different signaling pathways
that regulate epithelial polarity. Surprisingly, our results
show that when �1 integrin function is inhibited, activated
Rac1 is sufficient to rescue BM organization, at least at the
level of the laminin and collagen IV networks and, to a large
extent, can rescue normal orientation of polarity and lumen
formation. Finally, exogenous LN-1 included at a sufficiently
high concentration to self-assemble (Yurchenco and Cheng,
1993) can overcome both the �1 integrin (Figure 4) and the

Figure 5. Exogenous LN-1 rescues the nor-
mal cyst phenotype. (A–C) Cysts grown in the
presence of AIIB2 have inverted polarity (A).
Addition of exogenous LN-1 (B) but not col-
lagen IV (C) in AIIB2-treated cysts reverts the
apical pole to the luminal surface and induces
the formation of lumens. Confocal images
represent 7-d-old AIIB2-treated cysts stained
with the apical protein marker gp135 (red),
basolateral protein, �-catenin (green), and nu-
clei (blue) in the presence of LN-1 or collagen
IV. Arrows in A and C indicate the presence
of the apical gp135 at the periphery of the
cysts. (D) Quantitation of cyst phenotypes in
untreated cysts, AIIB2-treated cysts, and
AIIB2-treated cysts with exogenous LN-1
shows that in the presence of exogenous
LN-1, the proportion of cysts with an interior
pole gradually increases over time. Bar, 10
�m (A–C).
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N17Rac1 block (O’Brien et al., 2001) and can rescue orienta-
tion of polarity.

Together, our data and those of many others not only
identify several components of a pathway involved in ori-
entation of polarity but also can be interpreted as ordering
these components into a simple linear pathway: collagen I3
�1 integrin33 Rac1 activation33 laminin organization

into nascent BM 3 3 assembly of BM 3 3 orientation of
polarity. The entire mechanism is undoubtedly far more
complex, both in vitro and especially in vivo. For instance,
this model clearly misses many intermediate components.
Collagen I likely interacts directly with �1 integrin, but the
connections between other components in this model are
almost certainly indirect. Nevertheless, by using the simple

Figure 6. Expression of constitutively active Rac1 induces the establishment of an interior apical pole in the presence of AIIB2. (A)
Expression of endogenous and exogenous Rac1 and GTP-Rac1 in MDCK cysts that express V12Rac1 under control of a tetracycline-
repressible transactivator. Cysts, grown in the presence or absence of Dox, were cultured for 7 d and Rac activation was analyzed as described
in Materials and Methods. Levels of endogenous Rac1 and the myc-tagged V12Rac1 mutant were detected by anti-Rac1 and anti-myc antibody.
�-Tubulin staining was used as loading control. Note that Rac-GTP levels are below background in noninduced controls (�Dox) and high
in V12Rac1-expressing cysts (�Dox). (B–E) Projection of multiple confocal images of V12Rac1-expressing cysts stained for laminin.
Noninduced V12Rac1 cells have uniform laminin deposition in untreated cysts (B) and irregular laminin deposition when grown in the
presence of AIIB2 (C). V12Rac1 expressing cysts have uniform laminin distribution, in both untreated (D) and AIIB2-treated (E) cultures. (F)
Quantitation of V12Rac1 cyst phenotypes, as described in Materials and Methods, indicates that 99% of either noninduced or V12Rac1-
expressing cysts have normal polarity. In the presence of AIIB2, only 30% of noninduced cysts have normal polarity, whereas expression of
V12Rac1 rescues the normal polarity and increases the percentage of cysts with an interior apical pole to 85% of the total population. The
graphs represent the means � SD of three separate experiments. In each experiment, 200 cysts per condition were analyzed. (G–J)
Representative confocal images for F. Staining for gp135 (red), �-catenin (green), and nuclei (blue) shows that V12Rac1 cells form cysts with
normal polarity (G) and cysts treated with AIIB2 have a peripheral apical pole (H) as described in Figure 3. V12Rac1-expressing cells form
normal cysts with gp135 at the luminal surface, in the absence of AIIB2 (I). In the presence of AIIB2, V12Rac1-expressing cells still form cysts
with an interior apical pole (J), although the lumen is not as well established as in untreated cysts. Bar, 10 �m.
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model system of MDCK cells in 3D culture, we were able to
demonstrate the regulation of the reciprocal relationship
between epithelia and the extracellular matrix. Specifically,
we show that an initial “outside-in” signaling (�1 integrin to
Rac1) is followed by “inside-out” signaling (Rac1 to BM
assembly), followed by a second “outside-in” signaling
event (BM to orientation of cell polarization). These obser-
vations are significant and important because they allow us
to understand the relationship of epithelial cells with their
matrix in more complex systems.

A role for �1-integrin-mediated signaling in epithelial
polarization was initially recognized in kidney development
(Sorokin et al., 1990). �1 integrin inhibitory antibodies (Kli-
nowska et al., 1999) or dominant-negative �1 integrins per-
turb mammary gland development and cells isolated from
these glands do not polarize properly (Faraldo et al., 1998).
On the other hand, �1 integrin-null keratinocytes localize
E-cadherin normally (Brakebusch et al., 2000), and �1 inte-
grin inhibitory antibodies restore tissue organization and
cell polarity in tumorigenic human breast cells (Weaver et
al., 1997). The reasons for these apparent opposite results are
yet unknown but could result from elevated �1 integrin
levels in these tumor cells. Possibly, inhibition of �1 inte-
grins by the antibody restores normal tissue architecture by
bringing �1 integrin-mediated signaling to levels similar to
nontransformed cells.

We have started to analyze which specific integrin het-
erodimers and laminin heterotrimers are involved in the
signaling pathways mentioned above. Here, we have used a
polyclonal antiserum directed against LN-1 (�1�1�1), a
laminin isoform largely absent in adult tissue (Colognato
and Yurchenco, 2000). We could not detect �1 laminin by
RT-PCR, whereas we detected robust expression of the �3
and �5 laminin chains. Although we cannot exclude the
presence of other laminin forms, we believe that the laminin
we detect by immunofluorescence, Western blotting, and
metabolic labeling most likely represent �1/�1 chains orig-
inating from LN-10 (�5�1�1), which is the main laminin
isoform deposited by kidney epithelia (Miner, 1999).

Consistent with the reported role for �1 integrin in lami-
nin deposition into BM (Faraldo et al., 1998; Sasaki et al.,
1998; Aumailley et al., 2000; Lohikangas et al., 2001; Li et al.,
2002), we find that inhibition of �1 integrins with AIIB2
results in marked changes in laminin staining around the
cyst periphery. Mammary cells expressing mutant �1 inte-
grins inappropriately deposit laminin at the lateral, instead
of the basal surface of cells (Faraldo et al., 1998). Possibly,
some BM assembles at the interior of the MDCK cysts, which
in turn may result in an inverted axis of polarity, perhaps
through interaction of laminin with cell surface receptors.

Secretion of the LN-1 heterotrimer can be regulated by
synthesis of the �1 (Yurchenco et al., 1997) and possibly the
�5 chain (Miner and Yurchenco, 2004), and �1-integrin-
deficient mouse embryoid bodies are unable to deposit LN-1
or to cavitate due to an inhibition of synthesis of this chain
(Aumailley et al., 2000; Li et al., 2002). Here, we find that
synthesis and secretion of the �1 and �1 laminin chains are
unaffected when �1 integrin function is blocked by inhibi-
tory antibodies. In addition, we find that neither the tran-
scription of the �3 and �5 laminin chains nor the secretion of
intact laminin �1/�1-containing heterotrimers (presumably
LN-10) is inhibited. Therefore, our data indicate that in
MDCK cysts, �1 integrins regulate the organization of BM
through an alternative mechanism (see below).

It is unclear why �1 integrins inhibit laminin � chain
synthesis in embryoid bodies (Li et al., 2002) but not in
MDCK cells. Possibly, the synthesis of the �5 laminin and �1

laminin chains, which colocalize early in development, but
diverge at later stages (Miner et al., 1998), is regulated dif-
ferentially in fetal and adult tissue. Alternatively, these dif-
ferences may be due to the fact that different cell systems
and methods to inhibit �1 integrins were used. Neverthe-
less, even though BM assembly in MDCK cyst and embryoid
bodies seems mediated through different mechanisms, both
the study of Li et al. (2002) and the data presented here are
consistent with a model in which epithelial morphogenesis
is regulated by a �1 integrin-mediated organization of lami-
nin into BM.

Because �1 integrins did not affect the synthesis or secre-
tion of laminin chains, we propose that the altered BM
organization in MDCK cysts is mediated further down-
stream, at the level of laminin-interacting receptors. BM
components such as collagen IV and certain laminins
(LN1–4, LN-10, and LN-11) are able to self-assemble in vitro
(Yurchenco et al., 1992; Yurchenco and Cheng, 1993; Miner
and Yurchenco, 2004). In vivo, however, cell surface recep-
tors are thought to mediate preferential polymerization of
laminin at cell surfaces by increasing its local concentration
(Colognato et al., 1999; Yurchenco et al., 2004). This is likely
followed by association of collagen IV polymers, which may
stabilize the nascent BM and allow for the incorporation of
additional BM components. The receptor that regulates BM
assembly at the cell surface has not been unequivocally
identified, and multiple different receptors may play redun-
dant roles (Yurchenco et al., 2004). Substantial evidence,
however, points to a role of �-dystroglycan and �1 integrin-
containing integrins in this process (DiPersio et al., 1997;
Henry and Campbell, 1998; Colognato et al., 1999).

�2�1 and �3�1 integrins are the �1 integrin-containing
integrins in MDCK cells (Schoenenberger et al., 1994). Al-
though both integrins have a broad ligand specificity, the
preferred binding partner for LN-10 of these two is �3�1
integrin (Kikkawa et al., 1998; Ido et al., 2004). Interestingly,
�3 integrin levels were reduced by 70–80%, in dominant-
negative Rac1-expressing (O’Brien et al., 2001) and AIIB2-
treated cells, which may point to a role of �3�1 in BM
assembly. Note, however, that �2�1, not �3�1 has been
shown to be the relevant receptor for collagen I-induced
tubulocyst formation (Schwimmer and Ojakian, 1995; Zuk
and Matlin, 1996). Alternatively, MDCK cells may bind
laminin through �-dystroglycan (Kachinsky et al., 1999) or
Forssman glycolipid (Zinkl et al., 1996). Moreover, the Lu-
theran glycoprotein, which specifically binds laminin �5 and
concentrates at the cell periphery through interaction with
LN-10/11 (Moulson et al., 2001), may be involved in signal-
ing that regulates the formation of BM. Although expressed
in many epithelia, including the kidney (Moulson et al.,
2001), it is unclear whether MDCK cells endogenously ex-
press Lutheran (El Nemer et al., 1999).

BM assembly, normal cell polarization and lumen forma-
tion in AIIB2-treated cysts can be rescued by an excess of
LN-1, as was reported previously for embryoid bodies (Li et
al., 2002) or by activated Rac1. This suggests that AIIB2
antibodies do not perturb BM assembly by simply masking
the binding sites to �1 integrin, consistent with the finding
that the AIIB2 and ligand binding sites of �1 integrin do not
overlap (Takada and Puzon, 1993). Rather, our data indicate
that initial “outside-in” signaling from collagen I to �1 inte-
grin is followed by Rac1-dependent “inside-out” signaling
to laminin receptors that facilitate the assembly of BM at the
cell surface. Possibly, Rac1 exerts this function by regulating
actin through �-dystroglycan and a syntrophin/utrophin
complex (Kachinsky et al., 1999), because preferential lami-
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nin polymerization at cell surfaces depends on the actin
cytoskeleton (Colognato et al., 1999).

Finally, our data suggest that the laminin-dependent as-
sembly of BM induces a second “outside-in” type signaling,
which orients apico-basolateral polarity. This signaling
pathway is at least in part independent of Rac1, because the
phenotype of N17Rac1-expressing cysts can be partially res-
cued by exogenous LN-1 (O’Brien et al., 2001), which does
not activate Rac1 in AIIB2-treated overlay cultures (our un-
published data). This signaling pathway works to orient the
cell with the apical surface opposite to the basal surface,
where the BM is located. It is yet unclear why we observe
that cell polarity is inverted and not scrambled. As men-
tioned in the Introduction, three major complexes are re-
sponsible for polarization, of which the Par3/Par6/aPKC
complex is thought to be upstream of the other two. It is
tempting to speculate that signaling downstream of assem-
bled BM eventually impacts the Par3/Par6/aPKC complex
to determine its location at the apical pole and thus the
orientation of the cell.

Although these data can be interpreted in terms of a linear
pathway, epithelial morphogenesis is clearly much more
complex, especially in vivo. Signaling and morphogenetic
pathways are generally part of complex networks with nu-
merous other inputs, as well as many cross-connections and
feedback loops at different levels. Nevertheless, this work
illustrates the power of simple cell culture systems to begin
to understand the cellular basis of complex morphogenetic
events, such as assembly of epithelial tissues.
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