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Cellular polarization involves the generation of asymmetry along an intracellular axis. In a multicellular tissue, the
asymmetry of individual cells must conform to the overlying architecture of the tissue. However, the mechanisms
that couple cellular polarization to tissue morphogenesis are poorly understood. Here, we report that orientation of
apical polarity in developing Madin–Darby canine kidney (MDCK) epithelial cysts requires the small GTPase Rac1
and the basement membrane component laminin. Dominant-negative Rac1 alters the supramolecular assembly of
endogenous MDCK laminin and causes a striking inversion of apical polarity. Exogenous laminin is recruited to the
surface of these cysts and rescues apical polarity. These findings implicate Rac1-mediated laminin assembly in api-
cal pole orientation. By linking apical orientation to generation of the basement membrane, epithelial cells ensure
the coordination of polarity with tissue architecture.

Cellular polarization is a two-stage process. First, cells select an
axis of polarization in response to spatial cues. Second, cells
generate molecular asymmetry along this selected axis1. In

multicellular tissues, the axis of each polarized cell must be aligned
with the overall structure of the tissue to achieve the specific geom-
etry needed for tissue function. However, little is understood about
the molecular mechanisms that couple polarity to tissue architec-
ture.

Most epithelial organs consist of monolayers of cells that adhere
to each other through cell–cell junctions. These monolayers are
arranged in follicular or tubular structures that enclose a central
lumen and are surrounded by a basement membrane. Individual
epithelial cells establish the apical domain next to the lumen, indi-
cating a link between cellular polarity and tissue structure. Indeed,
cell–cell junctions, which are vital structural features of epithelia,
direct apical polarization in invertebrates2,3. Mammalian epithelial
cells grown on culture supports are able to form an apical domain
in the absence of cell–cell junctions4, indicating that a different cue
might designate the apical pole under these circumstances.
However, both the molecular nature of this cue and the basis of its
coordination with epithelial architecture are unknown.

The extracellular matrix (ECM) represents a potential link
between polarity and tissue organization. Dynamic cell–ECM
interactions are integral to tissue morphogenesis, as illustrated by
the reciprocal relationship between epithelia and their laminin-rich
basement membrane. In developing epithelia, cells secrete laminin
and assemble it into a polymeric network through the activity of
cell-surface laminin receptors. Genetic or functional ablation of
laminin receptors disrupts the process of laminin assembly and
alters the appearance of laminin on the cell surface5,6. In explant cul-
ture and in vivo, assembled laminin provides morphogenetic signals
essential for epithelial development7–9. Although the downstream

effectors of laminin signalling are unknown, the asymmetric local-
ization of laminin might indicate a role in polarization.

The prototype Rho family GTPases RhoA, Rac1 and Cdc42
propagate polarizing signals by inducing actin cytoskeletal remod-
elling at designated sites in the cell cortex. Mutations in these small
GTPases cause loss or misorientation of polarity in diverse biolog-
ical contexts. In the polarized Madin–Darby canine kidney
(MDCK) epithelial cell line, expression of a dominant-negative
allele of Cdc42 specifically depolarized basolateral membrane pro-
teins10. By contrast, the expression of dominant-negative or consti-
tutively active alleles of RhoA and Rac1 did not alter polarity
despite effects on tight and adherens junctions11–13. These studies
examined MDCK cells grown as monolayers on a synthetic sup-
port. The role of Rho-family GTPases in the three-dimensional
organization of epithelial follicles and tubules has not yet been
investigated.

How are cell polarity and tissue organization coupled during
epithelial morphogenesis? To analyse this issue, we have examined
the apical polarization of developing MDCK cysts embedded in
ECM. Each cyst arises from the proliferation of a single cell to form
a spherical monolayer of polarized cells enclosing a central lumen14.
The organization of these cysts resembles that of epithelia in vivo,
and thus cyst development provides a model system for the forma-
tion of a rudimentary epithelial suborgan15. Here we report that
Rac1 and laminin form an autocrine pathway that orientates the
apical pole during cyst development. Dominant-negative Rac1
impairs laminin assembly and strikingly inverts the apical pole to
the cyst periphery. Exogenous laminin is recruited to the cyst sur-
face and rescues apical polarity. By linking apical orientation to
assembly of the basement membrane component laminin, our
results illustrate how epithelia coordinate polarity with tissue
architecture.
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Results
Dominant-negative Rac1 specifically inverts apical polarity. To
examine the role of Rac1 during cyst morphogenesis, we used
MDCK cell lines that conditionally expressed either dominant-neg-
ative (N17) or constitutively active (V12) Myc-tagged alleles of
Rac1 under control of the tetracycline-repressible transactivator12.
Cysts grown in collagen I, monolayers grown on filters, and cysts
grown in laminin-1 all expressed exogenous Rac1 in the absence of
doxycycline but not in the presence of 20 ng ml−1 doxycycline (Fig.
1a and not shown). In all assays, control cells grown in 20 ng ml−1

doxycycline behaved identically to untransfected MDCK cells.
We characterized apical polarization during normal cyst devel-

opment by analysing single confocal optical sections taken through
whole mounts of cysts grown, fixed and stained in collagen I gels
(Fig. 1b). Virtually all 4-day control cysts established the apical pole
in the cyst interior (96%, n = 595), as indicated by the localization
of the tight-junction protein ZO-1, the apical plasma membrane
protein gp135, the Golgi apparatus, and intense actin staining
probably representing microvilli and the terminal web (Fig. 1c–e).
Lumina were visible in 87% of the cysts (n = 595) and were invari-
ably adjacent to the apical domain.

We next examined the development of cysts expressing either
V12Rac1 or N17Rac1. Four-day V12Rac1 cysts seemed identical to

control cysts except for an intensification of actin staining at the
luminal surface. In contrast to the V12Rac1 cysts, four-day
N17Rac1 cysts exhibited a specific inversion of the apical pole. The
vast majority of N17Rac1 cysts established an apical pole at the cyst
periphery (83%, n = 657), as evidenced by the localization of ZO-
1, gp135, the Golgi apparatus, and intense actin staining (Fig. 1g–i).
Ultrastructural analysis confirmed that the ZO-1 staining of
N17Rac1 cysts represented apparent tight-junction formation (Fig.
1j). N17Rac1 cysts lacked lumina at both light-microscopic (Fig.
1g–i) and ultrastructural levels (not shown).

The inverted apical pole of N17Rac1 cysts exhibited some differ-
ences from the apical pole of control cysts. First, although actin fil-
aments were concentrated at the N17Rac1 apical pole, they were not
assembled into microvilli (not shown). Second, gp135 was detected
in only 60% of peripheral cells in the N17Rac1 cysts (n = 90 cells
from 14 different cysts). Often, gp135-positive regions of the plasma
membrane seemed to protrude from the N17Rac1 cyst surface (Fig.
1h). Although actin also localized to the cyst periphery, it was large-
ly excluded from these membrane protrusions.

To determine whether inverted apical polarity required contin-
uous N17Rac1 expression, we cultured cysts without doxycycline
for 4 days, during which they expressed N17Rac1 and misorientat-
ed the apical pole. We then repressed further N17Rac1 expression
with 20 ng ml−1 doxycycline. Within 2 days of the addition of doxy-
cycline, these cysts repolarized in the proper orientation and
formed lumina (not shown). Thus, the inverted apical pole is sub-
ject to remodelling in response to restored Rac1 signalling.

We also examined basolateral polarization during cyst develop-
ment (Fig. 2). The basolateral markers p58 and E-cadherin local-
ized to surfaces of cell–cell and cell–substratum contact in both
control and N17Rac1 cysts. In control cysts, these markers were
excluded from the luminal surface (Fig. 2a, b). In N17Rac1 cysts,
which lacked lumina, these markers were distributed over the entire
plasma membrane (Fig. 2c, d). This nonpolar distribution could
result from the absence of a luminal surface to exclude basolateral
proteins. In fact, a similar overlap of basolateral markers with the
apical pole occurs during early stages of normal MDCK morpho-
genesis, before the appearance of lumina4,16–18. It is also possible that
N17Rac1 cysts have lost the ability to restrict basolateral markers.

In summary, the expression of constitutively active Rac1 did not
significantly alter MDCK cyst morphogenesis. In contrast, expres-
sion of dominant-negative Rac1 caused a selective inversion of the
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Figure 1 N17Rac1 inverts apical polarity during cyst development.
a, Expression of exogenous and endogenous Rac1 in MDCK cells stably transfect-
ed with a vector encoding tetracycline-repressible Myc-N17Rac1. Cysts in collagen,
monolayers on a filter support and cysts in laminin were harvested 4 days after
plating. Lysates from each culture condition were immunoblotted (IB) with either an
anti-Myc antibody, which detects only exogenous Myc-N17Rac1 (left two lanes), or
an anti-Rac1 antibody, which detects both exogenous and endogenous Rac1 (right
six lanes). The Myc tag retards the migration of exogenous N17Rac1 (upper band),
permitting its distinction from endogenous Rac1 (lower band). Equal amounts of
lysate were loaded in each lane. b, Schematic diagram of a typical cyst in ECM,
exterior view (left) and cross-sectional view (right). The lumen (L), apical surface
(red) and nuclei (blue) are shown. c–e, g–i, Immunocytochemical analysis of apical
polarization in 4-day control and N17Rac1 cysts. Cysts are stained for apical
domain markers (green), actin (red) and nuclei (blue). Localization of the tight-junc-
tion protein ZO-1, the apical plasma-membrane protein gp135, the cis-Golgi enzyme
GM130 and intense actin staining reveals the establishment of the apical pole at
the interior luminal surface of control cysts but at the periphery of N17Rac1 cysts.
Although control cysts exhibit discernible lumina (L), N17Rac1 cysts do not. Scale
bar, 10 µm. f, j, At the ultrastructural level, structures resembling tight junctions
are present at the periphery of N17Rac1 cysts (arrow) but not control cysts. Red
lines denote cyst boundaries; Int and ECM indicate cyst interiors and the extracellu-
lar matrix, respectively. Scale bar, 500 nm.
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Figure 2 Basolateral markers localize to all cell surfaces in N17Rac1 cysts.
Immunocytochemical analysis of basolateral polarization in 4-day control cysts
(a, b) and N17Rac1 cysts (c, d). Cysts are stained for basolateral proteins (green),
actin (red) and nuclei (blue). The basolateral markers p58 (a, c) and E-cadherin
(b, d) localize to cell–cell and cell–ECM contacts in both control and N17Rac1
cysts. L, lumen. Scale bar, 10 µm.
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apical pole to the cyst periphery, accompanied by a failure of
lumen formation. The absence of lumina might explain why baso-
lateral membrane proteins exhibit a nonpolar distribution in
N17Rac1 cysts.
Extracellular environment modulates the polarity effects of
N17Rac1. To investigate how the extracellular environment modu-
lates the effects of N17Rac1, we examined the polarization of cells
grown as a monolayer on a filter support and cysts grown in sus-
pension. In both control and N17Rac1 monolayers, the localization
of ZO-1, gp135, the Golgi apparatus and intense actin staining
revealed the apical pole to be at the free cellular surface in contact
with the medium (Fig. 3a–d). Thus, N17Rac1 did not alter apical
polarization in monolayers despite expression levels comparable to
those of collagen-grown cysts (Fig. 1a). When grown in suspension
culture, MDCK cells form cysts with a cellular organization similar
to that of cysts grown in ECM but with inverted polarity19. The api-
cal pole of suspension-grown cysts faces the free cellular surface of
the cyst periphery, and the basolateral pole faces the adhesive sur-
faces of the cyst interior. In suspension culture, N17Rac1 cysts ori-
entated the apical pole at the cyst periphery, like control cysts (not
shown). These findings indicate that Rac1 is specifically required
for polarization of cysts in collagen.
N17Rac1 impairs laminin assembly at the cyst surface. Because the
effects of N17Rac1 were manifested only in collagen culture, we
hypothesized that impaired cell–ECM interactions formed the
basis of the N17Rac1 cyst phenotype. Numerous studies implicat-
ing laminin in epithelial morphogenesis (reviewed in ref. 20)
prompted us to examine levels of laminin in control and N17Rac1
cyst cultures. Although epithelia synthesize several types of
laminin, the most studied is laminin-1, a trimer composed of the
laminin α1 chain (relative molecular mass ~400,000 (Mr 400K)),
β1 chain (Mr 210K) and γ1 chain (Mr 200K). MDCK cells might
also express other variants of laminin, such as laminin-10, which
have chains in common with laminin-1 and thus would have been
detected by our polyclonal antibody against laminin-1.

To examine laminin in cyst-containing collagen gels, we used
heat and detergent to solubilize the collagen I matrix and lyse the
cysts. MDCK laminin was then detected through immunoprecipi-
tation and immunoblotting, revealing a broad band that migrated
with the unresolved β1/γ1 band of purified laminin-1 at Mr ~200K
(Fig. 4a, and not shown). Additionally, immunoblotting inconsis-
tently detected a slower band that migrated with the α1 chain of
purified laminin-1 (not shown). The relative intensities of the α1
band and the β1/γ1 band were similar for control and N17Rac1
samples. Notably, solubilized control and N17Rac1 gels contained

statistically indistinguishable amounts of laminin (Fig. 4a, d). We
next examined laminin in the medium surrounding the gels by
immunoprecipitation and immunoblotting. Again, control and
N17Rac1 medium contained statistically similar amounts of
laminin (Fig. 4c, d). The sum of laminin in the cyst-containing gel
and the medium comprised the total laminin in the cyst culture.
Thus, N17Rac1 does not alter the steady-state levels of total
laminin.

We also quantified intracellular laminin levels to determine
whether N17Rac1 altered laminin secretion. To isolate intact cysts,
cyst cultures were digested with collagenase and then centrifuged
gently. Both the supernatant (not shown) and the cyst pellet
(Fig. 4b) contained laminin. As expected, the sum of these two frac-
tions was comparable to the amount of laminin in solubilized, cyst-
containing gels. The laminin associated with isolated cysts
appeared as two species. The slower, more abundant species (Fig.
4b, asterisk) migrated with laminin from solubilized gel or medi-
um. This species diminished when intact cysts were treated with
trypsin, suggesting that it was extracellular. In contrast, the faster
species (Fig. 4b, filled circle) was not detectable in solubilized gel or
medium samples, probably because it comprised less than 1% of
the total laminin in the culture (Fig. 4d). This species was resistant
to trypsin, indicating that it might be intracellular. Its smaller size,
low abundance and intracellular localization are consistent with
that of a biosynthetic intermediate. Importantly, control and
N17Rac1 cysts contained comparable levels of the intracellular
laminin species (Fig. 4b, d), indicating that N17Rac1 does not alter
laminin secretion.

The isolated N17Rac1 cysts possessed significantly higher levels
of trypsin-sensitive, extracellular laminin (Fig. 4b, d). We therefore
examined patterns of deposition of endogenous laminin by
immunofluorescence. Laminin staining on the surface of control
cysts was regular and punctate (Fig. 5a–c). No paracellular laminin
staining was apparent. Projections of serial confocal sections
demonstrated that the laminin puncta were distributed uniformly
over the entire cyst surface (Fig. 5g). Although N17Rac1 cysts also
exhibited no apparent paracellular laminin, their cell-surface
laminin staining was markedly altered (Fig. 5d–f). Confocal pro-
jections revealed larger laminin patches, irregularly distributed on
the N17Rac1 cysts (Fig. 5h).

The biochemical result that laminin levels were not decreased in
N17Rac1 cyst cultures, combined with the abnormal appearance of
laminin on the N17Rac1 cyst surface, is a strong indication that this
laminin is misassembled. Specifically, it is well established that per-
turbation of the laminin assembly process alters laminin’s
immunofluorescent staining pattern, rendering it faint and/or dis-
organized5,6,8,21. These effects are similar to that seen on the
N17Rac1 cyst surface. Although the precise relationship between
the sparse laminin patches revealed by immunofluorescence (Fig.
5h) and the trypsin-sensitive cell-surface laminin (Fig. 4b) is cur-
rently unclear, we suspect that the misassembly of laminin on
N17Rac1 cysts probably interfered with its immunocytochemical
detection. For example, our anti-laminin antibody, raised against
native laminin, might have recognized misassembled laminin inef-
ficiently. Indeed, conformation-dependent reactivity of anti-
laminin antibodies has been reported previously22. It is also possi-
ble that the laminin patches were incompletely penetrated by the
antibody, or that their staining intensity saturated the linear range
of the confocal microscope.

Cell-surface laminin receptors mediate the supramolecular
assembly of laminin5,6,23. To investigate whether N17Rac1-induced
laminin misassembly might be the consequence of altered receptor
levels, we examined the three major MDCK laminin receptors: dys-
troglycan, α6β4 integrin and α3β1 integrin24. Control and N17Rac1
cysts exhibited comparable levels of α-dystroglycan (Fig. 4e), α6

integrin, β4 integrin and β1 integrin (not shown) in immunoblots
of isolated cysts. However, N17Rac1 cysts exhibited markedly
decreased α3 integrin levels (Fig. 4e; 32 ± 6% of control). Because
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Figure 3 N17Rac1 does not alter the polarity of monolayers.
Immunocytochemical analysis of apical polarization in 6-day control monolayers
(a, b) and N17Rac1 monolayers (c, d). a, c, The cis-Golgi enzyme GM130 (green)
and intense actin staining (red) are polarized toward the free upper surface of both
control and N17Rac1 monolayers. b, d, The tight-junction protein ZO-1 (green) and
the apical plasma membrane protein gp135 (red) are also polarized towards the
upper surface of both monolayers. Nuclei are stained blue. Cells expressing
N17Rac1 are consistently 3–4 µm shorter than control cells, as previously report-
ed12. Scale bar, 10 µm.
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α3β1 integrin is required for laminin assembly25, this decrease might
represent the basis of N17Rac1-induced laminin misassembly.

In summary, we examined the quantitative and morphological
effects of N17Rac1 on laminin. Steady-state levels of both intracel-
lular and total laminin were comparable in N17Rac1 and control
cyst cultures, indicating that laminin biosynthesis was not signifi-
cantly altered by N17Rac1. However, the large-scale spatial organi-
zation of laminin on N17Rac1 cysts was grossly abnormal, perhaps
owing to decreased levels of α3 integrin. Taken together, these
results imply that N17Rac1 alters the assembly of laminin on the
cyst surface.
Exogenous laminin is sufficient to reorientate the apical pole. To
test whether apical inversion was a downstream effect of laminin
misassembly, we examined the ability of exogenous laminin to res-
cue N17Rac1 cyst polarity. The presence of purified laminin-1
(250 µg ml−1) in the collagen I gel did not affect expression of the
N17Rac1 transgene (Fig. 1a). In these mixed laminin-1/collagen I
cultures, laminin appeared as a halo around both N17Rac1 and
control cysts (Fig. 6e, and not shown). Confocal projections
revealed this staining to include a diffusely bright signal and a
punctate component (Fig. 6f); these puncta were reminiscent of
laminin on control cysts in collagen I alone (Fig. 5g). The unifor-
mity of this staining contrasted with the sparse appearance of

endogenous laminin on N17Rac1 cysts in collagen I alone (Fig. 6a,
b), suggesting that exogenous laminin was recruited to the
N17Rac1 cyst surface.

Strikingly, exogenous laminin restored proper apical orientation
to the N17Rac1 cysts. Most N17Rac1 cysts established the apical
pole in the cyst interior, as revealed by staining for actin, ZO-1 and
gp135 (Fig. 6g, h, k). The interior localization of these markers
contrasts with their peripheral localization in N17Rac1 cysts in col-
lagen I alone (Fig. 6c, d). N17Rac1 cysts in exogenous laminin typ-
ically contained lumina (84%, n = 1,547). Perhaps because com-
promised tight junctions inhibited their enlargement13,26, N17Rac1
lumina were smaller and the incidence of multiple lumina was
higher (24% of 2,062 N17Rac1 cysts compared with 6% of 1,091
control cysts; see Fig. 6g). Interestingly, V12Rac1 cells also have
defective tight junctions13, and V12Rac1 cysts formed multiple
lumina after 7–9 days in culture (not shown). Exogenous laminin
did not affect control cyst development (Fig. 6k, and not shown).

We next investigated the effects of elastase-generated fragments
of laminin on N17Rac1 cyst morphogenesis. Elastase cleaves
laminin into well-characterized fragments, leaving known recep-
tor-binding sites intact while eliminating the ability of laminin to
polymerize6. In contrast to native laminin, elastase-digested
laminin (ED laminin) did not rescue the N17Rac1 phenotype, even
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Figure 4 N17Rac1 does not reduce laminin levels or inhibit laminin secre-
tion. a, Steady-state laminin levels are unchanged in N17Rac1 cyst cultures. Four-
day control and N17Rac1 cyst cultures were solubilized and the cysts were lysed.
The resulting mixture was immunoprecipitated (IP) and immunoblotted (IB) with an
anti-laminin antibody that detects the laminin β1 and γ1 chains (Lam β/γ). A parallel
immunoprecipitation/immunoblot of vimentin (Vim) verifies that an equal amount of
lysate is represented in each lane. b, Intracellular laminin is unchanged, whereas
cell-surface laminin is increased in isolated N17Rac1 cysts. Four-day control and
N17Rac1 cysts were isolated from collagen gels by collagenase treatment and gen-
tle centrifugation. To distinguish between extracellular and intracellular laminin,
some intact cysts were also treated with trypsin before lysis. Cyst lysates were
immunoblotted with anti-laminin antibody. The more slowly migrating, trypsin-sensi-
tive laminin on the cyst surface is denoted by an asterisk; the faster migrating,
trypsin-resistant, intracellular laminin is denoted by a filled circle. Lysates were also
immunoblotted for vimentin to ensure equal loading. c, Laminin in the medium of
N17Rac1 cyst cultures is unchanged. Medium from 4-day control and N17Rac1
cyst cultures were subjected to immunoprecipitation and immunoblotting with anti-

laminin antibody. An immunoblot of vimentin from a parallel preparation of cyst
lysates verifies that each lane represents medium conditioned by equal numbers of
cells. d, Quantification of laminin in 4-day control and N17Rac1 cyst cultures.
Immunoprecipitation and immunoblotting were performed to detect laminin in solubi-
lized, cyst-containing collagen gels (Gel), trypsin-sensitive laminin on the surface of
isolated cysts (Surf), trypsin-insensitive intracellular laminin (Int) and laminin in the
medium (Med). Measurements of band intensity are presented as the percentage of
total control laminin, which was designated as the sum of the laminin in solubilized
gels and the laminin in the medium of control cultures. Results are means ± s.e.m.
for three separate experiments. e, N17Rac1 cysts exhibit significantly decreased
levels of the laminin receptor α3 integrin. Four-day control and N17Rac1 cyst
lysates were immunoblotted for the laminin receptors α-dystroglycan (α-Dyst), α3

integrin (α3 Int), α6 integrin, β1 integrin or β4 integrin (not shown). In N17Rac1
cysts, levels of α3 integrin were diminished to 32 ± 6% of control levels, whereas
all other receptor levels remained similar. Lysates were also immunoblotted for
vimentin to ensure equal loading.
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at 600 µg ml−1 (Fig. 6i). This result is consistent with a requirement
for laminin assembly and indicates that receptor ligation alone
might be inadequate.

Last, we investigated the ability of other ECM components to
rescue the apical orientation of N17Rac1 cysts. Matrigel, a recon-
stituted basement-membrane mixture primarily containing
laminin-1 and collagen type IV, reorientated apical polarity and
restored lumen formation to N17Rac1 cysts, as expected (not
shown). The laminin component of Matrigel probably effected this
rescue because collagen IV alone (1.5 mg ml−1) did not alter
N17Rac1 cyst development (Fig. 6j). Finally, the mesenchymal
ECM component fibronectin (1.5 mg ml−1) also failed to rescue
(not shown). Matrigel, collagen type IV, and fibronectin did not
alter control cyst morphogenesis (not shown). Taken together,
these results indicate that the orientation of apical polarity is spe-
cific to laminin.

In summary, we determined the effects of exogenous laminin on
N17Rac1 cyst development. When grown in laminin/collagen gels,
N17Rac1 cysts were uniformly surrounded by laminin staining.
These cysts polarized normally and developed lumina, whereas
cysts grown in the presence of elastase-digested laminin or other
ECM components did not. The sufficiency of exogenous laminin to
rescue N17Rac1 cyst development implies a causal link between
laminin misassembly and apical inversion.

Discussion
In a multicellular tissue, the asymmetry of individual cells must con-
form to the higher-order tissue architecture. How a cell establishes an

axis of polarity that reflects the organization of its parent tissue
remains poorly understood. Here we provide evidence for an
autocrine loop in which cells create their own extracellular polari-
ty cue during cyst morphogenesis (Fig. 7a). Specifically, we find
that intracellular Rac1 controls extracellular laminin assembly.
Assembled laminin then acts back on the cell to direct the orienta-
tion of the interior apical pole. Blocking Rac1 activity disrupts the
loop by impairing laminin assembly because the misassembled
laminin is incompetent to signal. The absence of laminin signalling
leads to an inversion of the apical pole (Fig. 7b). Taken together, the
results illustrate how assembled laminin, the major component of
epithelial basement membranes, couples apical polarization to
epithelial tissue organization.
Assembled laminin sends a transcellular, polarizing signal.
Intracellular Rac1 probably regulates extracellular laminin assembly
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Figure 5 Abnormal organization of laminin on the surface of N17Rac1
cysts. Immunocytochemical analysis of laminin deposition on the surface of 4-day
control cysts (a–c, g) and N17Rac1 cysts (d–f, h). Cysts were stained for actin
(a, d) and laminin (b, e). The merged images are also shown (c, f). a–c, Laminin
completely surrounds control cysts with a punctate, regular distribution. d–f, By
comparison, laminin on the N17Rac1 cyst surface appears as a few, sparsely dis-
tributed patches. g, h, Projections of confocal sections further contrast the uniform
laminin deposition of control cysts with the irregular laminin deposition of N17Rac1
cysts. Yellow dots denote cyst boundaries. Scale bars, 10 µm.
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Figure 6 Exogenous laminin restores proper apical orientation to N17Rac1
cysts. a, e, Apparent recruitment of exogenous laminin to the N17Rac1 cyst surface.
N17Rac1 cysts were grown in either collagen alone or collagen supplemented with
exogenous laminin-1. After 4 days, cysts were stained for laminin (green) and actin
(red). A halo of laminin staining surrounds N17Rac1 cysts in mixed laminin/collagen
gels but not cysts in collagen alone. A lumen (L) is visible in the interior of the cyst in
e. b, f, Projections of serial confocal sections reveal extensive laminin staining on the
surface of N17Rac1 cysts in mixed laminin/collagen gels. This staining contrasts with
the sparse, irregular staining of laminin patches on N17Rac1 cysts in collagen alone.
Yellow dots denote cyst boundaries. c, d, g, h, Exogenous laminin restores normal
polarity to N17Rac1 cysts. N17Rac1 cysts were grown in the presence or absence
of exogenous laminin. After 4 days, cysts were stained for apical domain markers
(green), actin (red), and nuclei (blue). In mixed laminin/collagen gels, N17Rac1 cysts
form lumina (L) and an interior apical pole as revealed by the staining of actin, ZO-1
and gp135. In collagen I alone, N17Rac1 cysts do not form lumina and position the
apical pole at the cyst periphery. Scale bar, 10 µm. i, j, The presence of elastase-
digested (ED) laminin or collagen IV does not rescue the polarity of N17Rac1 cysts.
Scale bar, 10 µm. k, Quantification of cyst phenotypes. In collagen I alone, 83% of
N17Rac1 cysts exhibited a peripheral apical pole (AP) and 14% exhibited an interior
AP (n = 657). In exogenous laminin, only 15% of N17Rac1 cysts exhibited a peripher-
al AP, whereas 75% exhibited an interior AP, indicating rescue (n = 2,062). These pro-
portions resemble those of control cysts in collagen I alone; 0% of control cysts in
collagen exhibited a peripheral AP and 96% exhibited an interior AP (n = 595).
Laminin did not significantly alter apical polarization of control cysts because 99% of
these cysts exhibited an interior AP and 0% exhibited a peripheral AP (n = 1,091).
The sum of cysts with peripheral and interior APs is typically less than 100% because
cysts with no or ambiguous APs were also observed. Cysts were scored from four
separate experiments with at least 150 cysts per experiment.
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through effects on transmembrane receptors. Numerous studies of
assembly have established a central role for dystroglycan and β1

integrins, including the α3β1 integrin5,23,25. Intriguingly, levels of α3

integrin are decreased by 68% in N17Rac1 cysts, perhaps leading to
the impairment of laminin assembly. Decreased α3 levels persist in
cysts rescued by exogenous laminin (not shown), which is consis-
tent with a role upstream of laminin assembly. Rac1 could also
modulate the activity of laminin receptors by regulating
actin–receptor interactions. Notably, integrins and dystroglycan
both form complexes with actin27,28, and actin filaments are indis-
pensable for laminin assembly6.

Exogenous laminin is recruited to the cyst surface and restores
correct polarity, indicating that it compensates for the impaired sig-
nalling of endogenous laminin. Because of its relative abundance,
exogenous laminin might drive its own assembly through mass
action, overcoming the decrease in α3 integrin level. Indeed,
recruitment and assembly of exogenous laminin have been
observed previously with embryonic stem cells and myotubes5,6.
Exogenous laminin could also nucleate the polymerization of
endogenous laminin29. Interestingly, the intensity of staining of
exogenous laminin diminished rapidly beyond the immediate
vicinity of the cysts, despite the abundance of laminin in the gel.
This observation is consistent with our earlier proposal that only
laminin assembled on the surface of the cyst is detected efficiently
by immunofluorescence.

The polarizing signal initiated by laminin must be transmitted
across the cell to the eventual site of apical pole formation. Distal
elements of this pathway probably include receptors that interpret
the laminin signal, receptor-associated cytoskeletal elements that
propagate the signal transcellularly, and a spatial cue that ultimate-

ly dictates the site of apical pole establishment. Studies of cellular-
ization during Drosophila embryogenesis have identified two
groups of junctional proteins that might act as apical spatial cues:
Bazooka and DaPKC, and Crumbs, Scribble and Discs Lost3.
Whether their vertebrate homologues form analogous pathways
remains to be seen. Notable differences can be found between api-
cal polarization in flies and mammals; in particular, apical polarity
during Drosophila cellularization does not seem to require
laminin30, and apical polarity in MDCK cells does not require
cell–cell junctions, at least when cells are grown on culture sup-
ports4. Given these discrepancies, further investigation of polariza-
tion in these two systems will be of great interest.
N17Rac1 cysts invert the axis of apical polarization. The apical
pole of N17Rac1 cysts is consistently inverted towards the cyst
periphery. This phenotype contrasts with the loss or randomization
of polarity that is frequently observed when regulation of polariza-
tion is disrupted in other contexts10,31–33. It also underscores the
independent natures of pole formation and pole orientation.
Indeed, N17Rac1 cysts are unprecedented in placing the apical
domain at the cell–ECM interface; in all other reported circum-
stances, epithelial cells invariably place the apical domain at the free
cellular surface4,19,34.

Inversion of the apical domain could reflect the positioning of
the apical cue at the cyst periphery. When grown in suspension
culture, normal MDCK cells form cysts with inverted polarity19.
Laminin accumulates in the interior of these suspension-grown
cysts and seems to be involved in polarization35. Perhaps an anal-
ogous mechanism applies to the N17Rac1 cysts, although we did
not detect laminin in the N17Rac1 cyst interior. More likely, the
normal, interior apical cue is absent from N17Rac1 cysts, uncov-
ering a subordinate cue that positions the apical domain at the
cyst periphery. Such hierarchies have been reported recently in
Drosophila neuroepithelia and Caenorhabditis elegans embryos,
in which loss of the dominant cue (the adenomatous polyposis
coli protein and sperm asters, respectively) specifically reorien-
tates polarity toward a secondary cue (Bazooka and the meiotic
spindle)36,37.

Although N17Rac1 perturbs the polarity of cysts in collagen, it
does not perturb the polarity of monolayers on synthetic supports
or cysts in suspension. This finding indicates that different mecha-
nisms might orientate polarity in different extracellular contexts.
Both monolayer and suspension culture are inherently anisotropic,
providing cells with free and adhesive cellular surfaces. We propose
that N17Rac1 cells polarize normally in these circumstances
because they receive overriding positional information from the
asymmetry of their environment. Conversely, cells in collagen
experience an isotropic environment in which all cell surfaces are
adhesive, either to collagen or to other cells. These cells must break
the symmetry of their environment and polarize without external
cues by forming a free luminal surface. In this respect, collagen cul-
ture uniquely recapitulates epithelial development in vivo.
N17Rac1 interferes with symmetry-breaking, resulting in the
inverted phenotype of N17Rac1 cysts. Thus, cyst development in
collagen reveals a role for Rac1 that is not apparent in simpler, less
physiological systems.

The multicellular nature of tissue development requires that the
polarity of each individual cell be coordinated with neighbouring
cells and the extracellular environment. Our results reveal how the
structural features of a tissue can couple the polarity of individual
cells to the higher-order tissue architecture. Linking apical orienta-
tion to the generation of the basement membrane ensures the
proper localization of the apical pole during epithelial cyst devel-
opment. In this autocrine manner, epithelial cells influence their
own morphogenesis by actively modifying their extracellular envi-
ronment. The identification of Rac1 and laminin as two elements
in a common pathway orientating apical polarity provides a basis
on which to explore further the molecular mechanisms that control
epithelial polarization.
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Figure 7 Model. a, An autocrine loop orientates apical polarity during normal cyst
development. Intracellular Rac1 activity regulates extracellular laminin assembly.
Assembled laminin reciprocally acts back on the cell, initiating a transcellular signal
that relays positional information to the site of apical pole formation (AP). b,
Disruption of the autocrine loop inverts apical polarity. N17Rac1 disrupts the
assembly of laminin, rendering it incompetent to initiate a polarizing signal. Without
this positional information, the developing cyst inverts placement of the AP.
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Methods
Antibodies and reagents.
Immunocytochemistry was performed as described below with the following reagents. Primary anti-

bodies used were mouse anti-cis-Golgi enzyme GM130 (Transduction Laboratories), mouse anti-p58

(kind gift of Karl Matlin), mouse anti-E-cadherin (Transduction Laboratories), affinity-purified rabbit

anti-laminin (Sigma), rat anti-ZO-1 (R40.76; a gift from Bruce Stevenson), mouse anti-gp135 (a gift

from George Ojakian), mouse anti-vimentin (Sigma), mouse anti-α-dystroglycan (Upstate

Biotechnology), rabbit anti-α3 integrin (Chemicon), rabbit anti-α4 integrin (Chemicon), rat anti-α6

integrin (GoH3; Serotec) and rat anti-β1 integrin (AIIB2; a gift from Caroline Damsky). The rabbit

anti-laminin antibody (Sigma) was raised against intact laminin-1, consisting of laminin α1, β1 and γ1

chains. Although MDCK cells are known to express laminin-1 (ref. 38), they might also express other

variants, such as laminin-10, that contain these chains. Such variants would also have been detected by

the anti-laminin antibody. Secondary antibodies used were goat anti-mouse Alexa Fluor 488, goat anti-

rat Alexa Fluor 488, goat anti-rabbit Alexa Fluor 488 (all from Molecular Probes), donkey anti-mouse

Cy5, sheep anti-mouse horseradish peroxidase (HRP), donkey anti-rabbit HRP and donkey anti-rat

HRP (all from Jackson Immunochemicals). Actin filaments were stained with Alexa Fluor 594 phal-

loidin (Molecular Probes) at a dilution of 1:40. Nuclei were stained with TO-PRO3 (Molecular Probes)

at a dilution of 1:100.

Cell culture.
T23 MDCK cells expressing N17Rac1 or V12Rac1 under control of the tetracycline-repressible transac-

tivator have been described extensively elsewhere12. Cell lines were maintained in MEM supplemented

with 10% FCS, 20 ng ml−1 doxycycline, 100 i.u. ml−1 penicillin and 100 mg ml−1 streptomycin at 37 °C

in a humidified atmosphere containing 5% CO2. To induce exogenous gene expression, 20 ng ml−1

doxycycline was removed by washing cells with PBS+ three times immediately before embedding them

in collagen I.

Growth of cysts in three-dimensional collagen I gels was performed as described previously18. In

brief, a suspension of single MDCK cells was added to a solution of buffered, liquefied collagen I.

Initial concentrations of 2 × 104 cells ml−1 and 2 × 106 cells ml−1 was used for immunofluorescence and

biochemical experiments, respectively. Cyst development proceeded identically at both concentrations.

The final concentration of collagen I in the solution was 2 mg ml−1, allowing the collagen I to solidify

into a gel by incubation in a 37 °C oven before the addition of medium. After solidifying, the cultures

received medium containing either 20 ng ml−1 doxycycline (control conditions in which exogenous

gene expression is repressed) or 0–10 ng ml−1 doxycycline (to induce exogenous gene expression). Over

a 4-day period, individual cells in the collagen I matrix proliferated to form cysts, with each cyst aris-

ing from a single cell. Four-day control cysts contained an average of 13. 1 ± 3.4 cells and their average

diameter was 56.9 ± 6.9 µm (n = 10). Four-day N17Rac1 cysts contained an average of 11.6 ± 4.5 cells

and their average diameter was 42.4 ± 11.3 µm (n = 10). After 4 days in culture, cysts were processed

for either immunocytochemical or biochemical analysis as detailed below.

As described previously12, in the complete absence of doxycycline, N17Rac1 levels were detected at

20% of endogenous Rac1 levels after 12 h of induction and increased to a maximum of 600% of

endogenous Rac1 levels after 48 h. The development of transfected cysts in the presence of 20 ng ml−1

doxycycline was indistinguishable from that of untransfected cysts in either the presence or the

absence of 20 ng ml−1 doxycycline (not shown). All N17Rac1-expressing cysts shown in figures were

grown in the absence of doxycycline; however, a comparable phenotype was obtained with lower doxy-

cycline concentrations (4–200 pg ml−1), which substantially diminished N17Rac1 expression12.

Growth of cells in gels containing collagen I mixed with additional ECM components was per-

formed as for gels containing collagen I alone, with the following differences. For collagen I/laminin

mixtures, laminin-1 purified from EHS tumour cell cultures (Becton–Dickinson) was added to colla-

gen I at a final laminin concentration of 250 µg ml−1. For collagen I/elastase-digested laminin mixtures,

laminin was purified from the EHS tumour and digested with elastase as described previously39. The

elastase-digested laminin was added to collagen I at a final laminin concentration of 600 µg ml−1. For

collagen I/collagen IV mixtures, collagen IV from the EHS tumour in 0.05 M HCl (Becton–Dickinson)

was dialysed overnight at 4 °C against PBS+ and added to collagen I at a final collagen IV concentra-

tion of 1.5 mg ml−1. For collagen I/fibronectin mixtures, fibronectin from human plasma in 100 mM 3-

(cyclohexylamino)propane-1-sulphonic acid, 0.15 M NaCl, 1 mM CaCl2, pH 11.5 (Becton–Dickinson)

was dialysed overnight at 4 °C against PBS+ and added to collagen I at a final fibronectin concentration

of 1.5 mg ml−1. After the addition of cells, the solutions were allowed to solidify for 60–90 min in an

oven at 37 °C.

To grow cells as monolayers, cells were plated at a density of 2.5 × 105 cells cm−2 on 12-mm

Transwell polycarbonate filters (0.4 µm pore size; Corning Costar) and grown for 4–7 days with

changes of medium every 2 days. To grow cysts in suspension, the wells of a 24-well plate were first

coated with Sea Plaque GTG low-melting-point agarose (1% w/v in PBS+) (FMC Bioproducts). After

the agarose had solidified, cells were added to the wells at a density of 2 × 104 cells cm−2. Suspension

cysts were allowed to grow for 3–7 days with changes of medium every 2 days. In both monolayer and

suspension culture, N17Rac1 expression was induced when cells were initially plated.

Immunofluorescence and electron microscopy.
Cysts in gels of collagen I were processed for immunofluorescence as described previously18, with the

following modifications. Before fixation, gels were briefly treated with collagenase type VII (Sigma C-

2399) at 100 U ml−1 in PBS+ for 15 min at 37 °C to increase the accessibility of antibodies to cysts.

After postfixing, nuclei were stained by incubating gels with a 1:100 dilution of TO-PRO3 (Molecular

Probes) in PBS+ at 37 °C for 1 h. Samples were then mounted in ProLong (Molecular Probes). Cysts in

gels of collagen I mixed with other ECM components were processed similarly, except that samples

were digested with collagenase VII for 5 min at 37 °C instead of 15 min.

To stain cysts for extracellular laminin, anti-laminin antibody was diluted in medium and added

directly to live cells at 37 °C for 1.5–4 h. To verify that only extracellular antigens were revealed, anti-

bodies against vimentin, an intracellular antigen, were also included; the absence of vimentin staining

indicated that laminin staining exclusively represented secreted laminin. Samples were then washed

extensively and subjected to the immunofluorescence protocol described above.

Cells grown on filters were processed for immunofluorescence as described previously40, with the

following modification: after postfixing, nuclei were stained by incubating cells with a 1:1,000 dilution

of TO-PRO3 for 30 min at 37 °C and then mounted in ProLong.

Cysts in suspension were processed for immunofluorescence as follows. Cysts were pelleted by cen-

trifugation at 700g for 5 min and resuspended in Sea Plaque GTG low-melting-point agarose (1 mg

ml−1 in PBS+) at 37 °C. The cyst/agarose mixture was plated on tissue-culture inserts (Nunc) and left to

solidify for 5–10 min at room temperature. Cysts were then fixed in 4% paraformaldehyde for 30 min

and processed for immunofluorescence similarly to cysts in collagen type I gels.

For electron microscopy, collagen-grown cysts were fixed in a solution containing 2% glutaralde-

hyde, 0.8% paraformaldehyde and 0.1 M cacodylate. The cells were stained with osmium and imida-

zole as described previously41, then dehydrated, embedded in resin, sectioned and imaged (Zeiss

10CA).

Confocal microscopy, image analysis and quantification of cyst phenotypes.
Cells were viewed with a krypton–argon laser (488 and 564 lines) and a helium-neon laser (633 line)

in conjunction with a Bio-Rad 1024 confocal laser scan head attached to either a Nikon Eclipse TE300

microscope or a Nikon Diaphot 200 microscope. Digital images of optical sections of cysts were col-

lected in the x–y plane of the sample by using a Plan Apo 60× 1.40 numerical aperture (NA) objective

coupled with a 3× zoom. Digital images of optical sections of monolayers were collected in the x–z

plane of the sample with a Plan Apo 100× 1.40 NA objective. For projections, a stack of images repre-

senting one-half of a cyst was collected at 0.5 µm intervals. Images were converted from Bio-Rad PIC

format to TIFF format and analysed with NIH Image 1.61 software. Images for figures were colour-

ized, resized, arranged and labelled with Adobe Photoshop 5.0 software.

For the quantification of cyst phenotypes, cysts were stained for actin, nuclei and gp135 as

described above. Samples were viewed with epifluorescence and cysts were classified as possessing an

interior apical pole, a peripheral apical pole or an ambiguous apical pole on the basis of the following

criteria: cysts with intense staining of actin and gp135 at either an interior luminal surface or at

cell–cell contacts were considered to have an interior apical pole; cysts with intense staining of actin

and gp135 at the cyst–substratum interface were considered to have a peripheral apical pole; cysts that

lacked intense staining of actin and detectable gp135 and cysts that exhibited these two markers both

in the cyst interior and at the cyst–substratum interface were considered to have an ambiguous apical

pole. Whether a cyst possessed either one or more than one lumen was also recorded.

Biochemical analysis of cysts.
To prepare solubilized gel samples, cyst-containing collagen gels were incubated in SDS lysis buffer

(0.5% SDS, 100 mM NaCl, 50 mM TEA-Cl pH 8.1, 5 mM EDTA pH 8.0, 0.2% NaN3 plus protease

inhibitor cocktail (5 mg ml−1 pepstatin, 10 mg ml−1 chymostatin, 5 mg ml−1 leupeptin, 50 mg ml−1

antipain, 500 mM benzamidine, 10 i.u. ml−1 aprotinin and 1 mM PMSF)) for 15 min at 70 °C. This

treatment denatured the collagen matrix and lysed the cysts. A small fraction of the solubilized mix-

ture was set aside to determine protein concentrations and the remainder was used for immunoprecip-

itation.

To prepare lysates, cysts were first isolated from collagen gels as follows. Cyst-containing collagen

gels were incubated in MEM containing 4,000 U ml−1 collagenase (Sigma C-0773), 0.005% DNase

(Boehringer) and protease inhibitor cocktail (to inhibit protease contaminants in the collagenase) for

45 min at 37 °C with gentle rotation to digest the collagen matrix. In some cases, protease inhibitors

were omitted and 8.3 mg ml−1 trypsin (Worthington) was included to digest extracellular proteins.

After digestion, trypsin was inhibited with N-tosyl-L-leucine chloromethyl ketone at a final concentra-

tion of 0.2 mg ml−1 (Boehringer). Intact cysts were then pelleted from the collagenase-treated mixture

by centrifugation at 3,000g for 3 min, and washed twice with PBS+ to remove residual collagen. After

washing, a small fraction of the cyst pellet was set aside to determine protein concentrations. The

remainder of the cyst pellet was either lysed in sample buffer (for direct immunoblotting) or lysed in

SDS lysis buffer (for immunoprecipitation) and heated at 70 °C for 10 min to inactivate intracellular

proteases.

For immunoblotting of cyst lysates, protein concentrations in different lysates were normalized on

the basis of the results of a bicinchoninic acid (BCA) protein assay. Normalization by cell number

(DNA content as determined by a CyQuant assay (Molecular Probes)) produced relative values within

5% of those obtained with normalization by BCA. Lysates were analysed by reducing SDS–PAGE with

12% gels (for Rac1 and vimentin) or 3–8% gradient gels (for laminin and laminin receptors), followed

by immunoblotting.

For immunoprecipitation from cyst lysates and solubilized gels, Triton X-100 was added to samples

at a final concentration of 1.67%. For immunoprecipitation from medium, SDS was added to a final

concentration of 0.5% and the samples of medium were heated at 70 °C for 10 min before the addi-

tion of Triton X-100. All samples were precleared with CL2B beads (Pharmacia) before the addition of

1 µl primary antibody. Samples were incubated with primary antibody overnight at 4 °C with gentle

rotation. Subsequently, samples were incubated with ~20 µl Protein G- or Protein A-conjugated

Sepharose beads (Pharmacia) for 1 h at room temperature, with rotation. The beads were washed

before resuspension in sample buffer with 0.1 M dithiothreitol. Immunoprecipitates were analysed by

reducing SDS–PAGE and immunoblotted in a similar manner to to cyst lysates.
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