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SUMMARY

Cell polarity plays a key role in development and is
disrupted in tumors, yet the molecules and mecha-
nisms that regulate polarity remain poorly defined.
We found that the scaffolding adaptor GAB1 inter-
acts with two polarity proteins, PAR1 and PARS.
GAB1 binds PAR1 and enhances its kinase activity.
GAB1 brings PAR1 and PARS into a transient com-
plex, stimulating PAR3 phosphorylation by PAR1.
GAB1 and PARG6 bind the PAR3 PDZ1 domain and
thereby compete for PAR3 binding. Consequently,
GAB1 depletion causes PAR3 hypophosphorylation
and increases PAR3/PAR6 complex formation, re-
sulting in accelerated and enhanced tight junction
formation, increased transepithelial resistance, and
lateral domain shortening. Conversely, GAB1 over-
expression, in a PAR1/PAR3-dependent manner,
disrupts epithelial apical-basal polarity, promotes
multilumen cyst formation, and enhances growth
factor-induced epithelial cell scattering. Our results
identify GAB1 as a negative regulator of epithelial cell
polarity that functions as a scaffold for modulating
PAR protein complexes on the lateral membrane.

INTRODUCTION

Precise control of cell polarity is essential for many biological
processes, including asymmetric division of stem/progenitor
cells, epithelial morphogenesis, epithelial/mesenchymal trans-
formation (EMT), and cell migration. Disrupted epithelial cell
polarity is a hallmark of cancer and contributes to other diseases.
Progress has been made in delineating the polarity machinery,
but how signaling pathways regulate cell polarity is poorly
understood.

Initially identified as the products of C. elegans genes whose
mutation disrupts asymmetric cell division (Kemphues, 2000),
the PAR proteins are essential, highly conserved components
of the polarity machinery. Worms have six par genes (pari1-
par6): par1 and par4 encode protein kinases, par3 and par6

encode scaffolding molecules, par5 encodes a 14-3-3 homolog,
and par2 encodes an E3-ubiquitin ligase-like protein (Macara,
2004b). All of the PAR proteins except PAR2 are found in
mammals, where they are indispensable for epithelial develop-
ment and polarization. Par3 deletion in mice causes abnormal
epicardial development (Hirose et al., 2006). PAR3 knockdown
in MDCK |l cells causes the formation of multilumen cysts (Bryant
etal.,, 2010; Hao et al., 2010), delays tight junction (TJ) formation,
and decreases transepithelial electrical resistance (TER) in
“calcium switch” assays, although TJs eventually do form nor-
mally (Chen and Macara, 2005). Although Par1a and Par1b single
knockout mice are viable, compound deletion results in embry-
onic lethality (Hurov et al., 2007; Lennerz et al., 2010). At the
cellular level, PAR1 depletion causes shortening of the lateral
membrane (Cohen et al., 2004; Suzuki et al., 2004), and PAR1
knockdown cells show increased TER compared with parental
cells during polarization (Suzuki et al., 2004). Conversely, but
similar to the effects of PAR3 depletion, PAR1b overexpression
causes multilumen cysts (Cohen et al., 2011).

The effects of PAR proteins are accompanied, and pre-
sumably caused, by their asymmetrical distribution along the
apical-basal axis of polarized epithelial cells. PAR3, PAR6, and
aPKC are targeted to TJs, where aPKC is activated by GTP-
bound CDC42. Similar to the effects of PARS deficiency, deple-
tion of aPKC also impairs TJ formation (Suzuki et al., 2004). PAR6
and aPKC also localize to the apical domain through interactions
with the Crumbs complex (Morais-de-Sa et al., 2010). By con-
trast, PAR1 resides on the lateral membrane, whereas PAR4
and PAR5 are found mainly in the cytosol. The PAR proteins
are responsible, at least in part, for these differences in localiza-
tion. For example, the PAR3/PAR6/aPKC complex at TJs phos-
phorylates PAR1, promoting its release into the cytosol and
preventing PAR1 from “invading” the TJ from its location on
the lateral domain. Conversely, PARS is excluded from the lateral
domain by PAR1-catalyzed phosphorylation and PAR5-medi-
ated cytosolic translocation (Macara, 2004a, 2004b; Suzuki
and Ohno, 2006).

As master regulators of cell polarity, PAR proteins must
integrate signals from multiple stimuli. Although the detailed
mechanisms remain unclear, the tumor suppressor ASPP2, the
receptor tyrosine kinase (RTK) ErbB2, and the Eph family RTK
ligand Ephrin B1 modulate polarity via PAR proteins (Aranda
et al., 2006; Cong et al., 2010; Lee et al., 2008; Sottocornola
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Figure 1. GAB Proteins Associate with PAR1b

(A-C) The indicated expression constructs were cotransfected into 293T (A and B) or MDCK Il (C) cells. Lysates were prepared and then immunoprecipitated and

immunoblotted with the indicated antibodies.

(D) Left: Lysates from WT MDCK Il cells or MDCK |l cells stably expressing PAR1b-Flag (PAR1b-MDCK Il) were immunoprecipitated and immunoblotted with anti-
PAR1b antibodies. Arrows indicate endogenous PAR1b isoforms (Mr ~75 and 80 kDa). Note comparable levels of endogenous PAR1b and expressed PAR1b-
Flag. Right: PAR1b-MDCK Il lysates were immunoprecipitated with anti-GAB1 antibodies or control IgG, followed by immunoblotting.

(E) Gab1 mutants and their interaction with PAR1b; + indicates binding; —, no interaction.
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et al., 2010). Furthermore, CagA (cytotoxin-associated antigen
A), a key virulence determinant of Helicobacter pylori, the pri-
mary cause of gastric ulcers/carcinoma (Hatakeyama, 2004),
binds to and inhibits PAR1 and promotes scattering (“humming-
bird phenotype”) of gastric epithelial cells. This interaction,
together with CagA binding and activation of the protein-tyrosine
phosphatase SHP2, is thought to contribute to H. pylori-induced
oncogenesis (Saadat et al., 2007).

CagA is functionally similar to the GAB family (GAB1, GAB2,
and GABBJ) of scaffolding adaptors (Hatakeyama, 2003), which
are critical components of multiple growth factor and cytokine
receptor signaling pathways (Gu and Neel, 2003; Wohrle et al.,
2009). Upon agonist stimulation, GABs are recruited to recep-
tors, where they are phosphorylated on multiple tyrosyl residues,
creating binding sites for signal relay molecules. For example,
tyrosyl phosphorylated GAB1, like CagA, recruits SHP2 and
promotes ERK activation. Gab1 deletion in mice causes embry-
onic lethality, accompanied by defective skin, liver, and placental
development (Itoh et al., 2000; Sachs et al., 2000), some aspects
of which could reflect aberrant cell polarity. In MDCK |l cells,
GAB1 is required for HGF-induced scattering and tubulogenesis
(Rosério and Birchmeier, 2003). GAB1 binds to the HGF recep-
tor (Met), and the Met-binding domain of GAB1 and its SHP2
binding sites are essential for HGF-induced scattering and tubu-
logenesis. GAB1 localizes to epithelial cell-cell contacts via its
N-terminal PH domain, and proper subcellular localization is
crucial for its role in HGF-induced morphogenesis (Maroun
et al., 1999, 2000).

GAB function also is co-opted in several neoplasms. For
example, Gab2 is required for BCR/ABL-evoked myeloid trans-
formation (Sattler et al., 2002), whereas GAB2 overexpression
accentuates and Gab2 deficiency impairs Erbb2/Neu-evoked
mammary carcinogenesis (Bentires-Alj et al., 2006; Ke et al.,
2007). Notably, combining GAB2 overexpression with HER2
(ERBB2) activation in MCF-10A cells results in disruption of their
normal gland-like architecture and an invasive “multiacinar”
phenotype (Bentires-Alj et al., 2006; Brummer et al., 2006).

Given the similar actions of CagA and GAB1, we asked if GABs
also regulate cell polarity via PAR proteins. Indeed, we found that
GABH1, like CagA, affects PAR1, but in an entirely different way.
Our results identify GAB proteins as key PAR protein scaffolds,
which control the dimensions of the lateral membrane of polar-
ized epithelia, the kinetics and extent of TJ formation, and their
dissolution during HGF-induced cell scattering.

RESULTS
GAB Proteins Interact with PAR1 Family Members

We first asked if, like CagA (Saadat et al., 2007), GAB proteins
bind PAR1. There are three mammalian GABs (GAB1, GAB2,

and GAB3) and four PAR1 isoforms (PAR1a-PAR1d). Expression
constructs for HA-tagged mouse Gab1 or Gab2 and Flag-tagged
human PAR1b were cotransfected into 293T cells, and after
48 hr, lysates were prepared and immunoprecipitated with
anti-HA antibodies. Notably, PAR1b was detected in Gab1 and
Gab2 immune complexes (Figure 1A), and Gab1 (or Gab2) was
recovered in PAR1b (anti-Flag) immunoprecipitates (Figure 1B
and data not shown). Gab1 or Gab2 also coimmunoprecipitated
with PAR1a, PAR1c, and PAR1d (data not shown). Moreover,
Gab1 (or Gab2) and PAR1b coimmunoprecipitated from lysates
of cotransfected MDCK |l cells, which (unlike 293 cells) undergo
regulated changes in cell polarity (Figure 1C). Using available
anti-PAR1 antibodies, we could not detect endogenous PAR1b
(or other PAR1 family members) in GAB1 immunoprecipitates
from MDCK Il cell lysates, so we generated an MDCK Il line stably
expressing Flag-tagged PAR1b. As expected (Hurov et al.,
2001), two endogenous PAR1b isoforms (~75 and 80 kDa,
respectively) were detected following immunoprecipitation and
immunoblotting with anti-PAR1 antibodies, and Flag-tagged
PAR1b was expressed at a similar level to these isoforms (Fig-
ure 1D, left panel). Using these cells, we found that GAB1 and
PAR1b form a complex when both are expressed at physiolog-
ical levels (Figure 1D, right panel). Endogenous GAB1/PAR1b
interaction also was detected in Caco-2 cells (Figure S1A).

Gab1 Binds the PAR1b KA1 Domain

Using deletion mutants, we defined the region in Gab1 required
for interaction with PAR1b (Figure 1E). Expression constructs for
HA-tagged versions of these mutants were cotransfected with a
PAR1b expression construct, and Gab1/PAR1b association was
assessed by anti-HA immunoprecipitation, followed by anti-
PAR1b immunoblotting (Figures S1B-S1D). A Gab1 mutant con-
taining only its N-terminal 300 amino acids (Gab1 1-300) inter-
acted with PAR1b (Figure 1E and Figure S1B), while mutants
lacking their N-terminal 300 amino acids failed to bind (Figure 1E
and Figure S1B). Deleting the PH domain (Gab1 116-695) dimin-
ished, but did not abrogate, Gab1/Par1b interaction (Figure 1E
and Figure S1B). Thus, PH domain-dependent targeting to
an appropriate intracellular location probably is important for
Gab1/PAR1b interaction, but amino acids 117-300 of Gab1
contain a second key region for PAR1b interaction. To further
define this region, we tested additional Gab1 mutants. Gab1
152-695 bound PAR1b comparably to Gab1 116-695 (Figure 1E
and Figure S1C), whereas Gab1201-695 and Gab1 251-695 lost
nearly all binding (Figure 1E and Figure S1C). In parallel, we
found that Gab1 1-250 was sufficient for binding PAR1b (Fig-
ure S1D). These results suggested that the critical PAR1b bind-
ing region lies between Gab1 amino acids 152 and 250, and
indeed, deleting this region (Gab1A152-250) markedly reduced
Gab1/PAR1b interaction (Figure 1F).

(F) The indicated expression constructs were cotransfected into 293T cells, and lysates were immunoprecipitated with anti-HA antibodies and immunoblotted, as

indicated.
(G) Diagram of PAR1b mutants and their interaction with Gab1.

(H) The indicated expression constructs were cotransfected into 293T cells, and lysates were immunoprecipitated with M2 beads and immunoblotted, as

indicated.

() His-Gab1-152-250 immobilized on nickel agarose was incubated with purified GST-KA1, and bound proteins were eluted, resolved by SDS-PAGE, and stained

with Coomassie blue. Also, see Figure S1.
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Next, we mapped the Gab1-binding region on PAR1b. PAR1b
contains an N-terminal kinase domain, followed by a UBA (ubig-
uitin-associated) domain, a long spacer region with aPKC phos-
phorylation sites, and a C-terminal KA1 (kinase-associated 1)
domain. The kinase and UBA domains (PAR1b 1-329) had al-
most no ability to interact with Gab1 (Figure 1G and Figure S1E),
but Par1b constructs containing amino acids 330-755 or 551-
755 bound Gab1 even better than WT PAR1b (Figure 1G and Fig-
ure S1E), as did a mutant (PAR1b 651-755) containing only the
KA1 domain (Figure 1G and Figure S1F). Thus, the KA1 domain
is the major binding site for Gab1 and, as expected, a PAR1b
mutant lacking its KA1 domain had minimal Gab1 binding (Fig-
ure 1H). Notably, the Gab1 binding site on PAR1b (KA1 domain)
is distinct from its binding site for CagA (kinase domain; see
Discussion). Also, the increased binding of N-terminal trunca-
tions of PAR1b to Gab1 suggested that the Gab1 binding site
in (full-length) PAR1b might be obscured by interaction between
the KA1 and N-terminal domains, a notion confirmed subse-
quently (see below).

Recently, Pak4 was found to associate with Gab1 (Paliouras
et al., 2009) via Gab1 amino acids 116-234, which overlap the
PAR1b-binding site (Figure 1E). To ask if Gab1 interacts directly
with PAR1b, we carried out in vitro binding assays. Bacterially
expressed, His-tagged Gab1 152-250, immobilized on nickel
agarose, was incubated with recombinant GST-tagged PAR1b
KA1 domain. Bound proteins were recovered by centrifugation,
resolved by SDS-PAGE, and detected with Coomassie blue.
The KA1 domain of PAR1b bound to Gab1 152-250, indicating
that Gab1 and PAR1b can interact directly (Figure 1I).

Gab1 Also Binds PAR3/aPKC

We next asked if Gab1 interacts with other PAR proteins. Indeed,
transiently expressed HA-Gab1 coimmunoprecipitated with
transiently expressed Myc-PAR3 and Myc-aPKC; by contrast,
there was minimal HA-Gab1 association with Myc-PARG, though
the latter was expressed at higher levels than PAR3 (Figure 2A).
Cotransfection of PARS significantly enhanced aPKC interaction
with Gab1 (Figure S2A), suggesting that aPKC binds Gab1 at
least in part via PAR3 (see below).

We then mapped the region on Gab1 required for PAR3 asso-
ciation. Deleting the PH domain (Gab1 116-695) abrogated
Gab1 interaction with PAR3 (Figures 2B and 2C). The N-terminal
300 amino acids of Gab1 (1-300), which are sufficient for PAR1b
binding, did not bind PARS, indicating that the PAR1 and PAR3
binding sites are distinct. However, extending this fragment to
include the N-terminal 400 amino acids (Gab1 1-400) restored
PARS3 interaction (Figures 2B and 2C). Hence, a second key

region for PAR3 binding (in addition to the Gab1 PH domain)
lies between amino acids 300 and 400 (Figures 2B and 2C).
Gab1 lacking this region (Gab1A301-400) did not coimmunopre-
cipitate with PAR3, while internal deletions within this region
decreased, but did not eliminate, Gab1/PARS interaction (Fig-
ure 2D). We therefore define amino acids 301-400 of Gab1 as
the PARB-binding site. Consistent with the results of the PAR3/
aPKC cotransfection experiments (Figure S2A), Gab1A301-
400 and Gab1A301-340 also showed decreased interaction
with aPKC (Figure S2B).

PARS contains three PDZ domains through which it interacts
with multiple proteins. PAR3 fragments containing the PDZ1
domain (1-373, 1-653, and 84-417) interacted with Gab1;
conversely, fragments lacking this domain failed to interact (Fig-
ure 2E and Figure S2C). Moreover, recombinant PAR3 PDZ1
domain (expressed as a GST fusion protein) interacted with tran-
siently expressed HA-Gab1 (Figure S2D), indicating that the
PAR3 PDZ1 domain is necessary and sufficient for interaction
with Gab1. GAB1 also coimmunoprecipitated with PAR3 in
lysates from MDCK Il or MCF-10A mammary epithelial cells (Fig-
ure 2F and Figure S2E), and this interaction increased following
activation of coexpressed rat Erbb2/Neu (see Discussion).

Gab1 Acts as a Scaffold to Facilitate PAR3
Phosphorylation by PAR1
Because Gab1 uses different regions to interact with PAR1 and
PARS, respectively, it might function as a scaffold to bring to-
gether these two polarity regulators. To test this possibility, we
cotransfected 293T cells with expression constructs for Myc-
tagged PARS3, Flag-tagged PAR1b, and/or HA-tagged Gab1.
After 48 hr, lysates were prepared, PAR3 was immunoprecipi-
tated with anti-Myc antibodies, and coprecipitating PAR1b or
Gab1 was detected with anti-PAR1b or anti-HA antibodies, re-
spectively. Indeed, Gab1 coexpression increased the amount
of PAR1b recovered in PAR3 immunoprecipitates (Figure 3A).
We noticed that less Gab1 coimmunoprecipitated with PAR3
when Gab1, PAR1, and PAR3 were coexpressed (Figure 3A)
than when Gab? and PAR3 were cotransfected (Figure 2A).
These findings suggested that PAR1b might inhibit the interac-
tion of Gab1 with PAR3. We compared the interaction of Gab1
and PAR3 with or without coexpressed PAR1b, and indeed,
less Gab1/PAR3 complex was detected in the presence of
PAR1b. By contrast, a PAR1b point mutant without kinase ac-
tivity (PAR1b(D160N)) did not decrease the Gab1/PAR3 complex
(Figure 3B). When PARS diffuses from TJs into the lateral mem-
branes of polarized epithelial cells, it is phosphorylated by PAR1
and then released into the cytosol; thus, PAR1-catalyzed PAR3

Figure 2. Gab1 Binds to the PDZ1 Domain of PAR3

(A) The indicated expression constructs were cotransfected into 293T cells, and lysates were immunoprecipitated with anti-Myc antibodies and immunoblotted,

as indicated.

(B) Gab1 mutants and their interactions with PARS; + indicates binding; —, no interaction.
(C and D) The indicated constructs were cotransfected into 293T cells, and lysates were immunoprecipitated with anti-HA antibodies and immunoblotted, as

indicated. * indicates IgG heavy chain.

(E) The indicated constructs were cotransfected into 293T cells, and lysates were immunoprecipitated with anti-Myc antibodies and immunoblotted, as indicated.
(F) MDCK II/ErbB2 cells, which express ErbB2 fused to FKBP (Aranda et al., 2006), were stimulated with AP1510 (1 uM) as indicated, and anti-GST (Control Ab) or
anti-GAB1 immunoprecipitates were prepared and immunoblotted. Arrows indicate PAR3 isoforms (150 kDa and 180 kDa) that coprecipitate with GAB1. Also,

see Figure S2.
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phosphorylation acts to restrict PAR3 to TJs (Benton and St
Johnston, 2003; Hurd et al., 2003). We therefore asked whether
PAR1b affected the interaction of Gab1 with a phosphorylation-
resistant mutant of PAR3 (PAR3 S144A/S873A). Notably, Gab1
coimmunoprecipitation with phosphorylation-resistant PAR3
(SSAA) was unaffected by PAR1 (Figure 3C), indicating that
PAR1b disrupts Gab1/PAR3 interaction, at least in part, by phos-
phorylating PARS.

Taken together, these results suggested that Gab1 brings
together PAR3 and PAR1 to facilitate PAR3 phosphorylation
(Figure 3D). To test this hypothesis further, we depleted GAB1
in MDCK Il cells (Figure S3A) and monitored PAR3 phosphoryla-
tion during a calcium switch assay by immunoblotting PAR3

antibody fails to recognize a PAR3 mu-

tant lacking its PAR1b phosphorylation

sites, S144/873 (Figure 3E). As predicted,

PAR3 phosphorylation was decreased in

GABT1-knockdown (GAB17-KD) cells com-
pared with controls (Figure 3F). Hence, GAB1, by facilitating
PAR1/PARS interaction, maintains normal levels of PAR3 phos-
phorylation during cell polarization. Consistent with this idea,
re-expressing Gab1 in GAB7-KD cells (by using a mouse Gab1
cDNA resistant to the canine shRNA) enhanced PAR3 phosphor-
ylation. By contrast, Gab1 mutants lacking their PAR1b-binding
or PAR3-binding sites were less efficient in restoring PAR3 phos-
phorylation during a calcium switch (Figure S3B).

Gab1 Enhances PAR1 Kinase Activity

The kinase activity of the yeast PAR1 homologs, Kin1p/Kin2p, is
autoinhibited by intramolecular interaction of their C termini and
N-terminal kinase domains (Elbert et al., 2005), so we asked if the

474 Molecular Cell 47, 469-483, August 10, 2012 ©2012 Elsevier Inc.
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C-terminal KA1 domain of PAR1b also interacted with its N
terminus. Lysates of 293T cells transiently expressing PAR1b
(1-650) were incubated with purified, recombinant GST-tagged
KA1 domain. Bound proteins were recovered on glutathione-
agarose and analyzed by immunoblotting (Figure S3C). As re-
ported for Kin1p/Kin2p, the N-terminal part of human PAR1b,
containing the kinase domain, interacted (in trans) with the
C-terminal KA1 domain. This interaction was inhibited by adding
increasing amounts of lysate from 293T cells transiently express-
ing Gab1, but not by parental 293T lysate (Figure S3C). These
findings suggested that Gab1, by binding to the PAR1 KA1
domain and disrupting its interaction with the kinase domain,
might stimulate PAR1; indeed, TAU phosphorylation by PAR1b
was enhanced by Gab1 overexpression (Figure 3G). Thus,
Gab1 promotes PAR1 phosphorylation of PARS in two ways: it
facilitates PAR1/PARS3 colocalization and increases PAR1 kinase
activity by relieving autoinhibition.

Gab1 Regulates the Amount of the PAR3-PAR6-aPKC
Complex

When epithelial cells polarize, PAR3, PAR6, and aPKC form
a complex. PAR3 interaction with PAR6 is mediated by the
PAR3 PDZ1 domain (Macara, 2004b). Because Gab1 also binds
to this domain (Figure 2E), and Gab1 forms a complex with
PAR3, but not with PAR6 (Figure 2A), we suspected that Gab1
and PAR6 might compete for binding to PARS. Indeed, coex-
pression of PARG6 inhibited the interaction of transiently ex-
pressed PAR3 and Gab1 (Figure 3H). Furthermore, more endog-
enous PAR6 coimmunoprecipitated with PAR3 from lysates of
GAB1-KD MDCK Il cells than from controls. We also detected
more PAR3-aPKC complex in GAB1-KD cells, consistent with
increased PAR3-PAR6 interaction (Figure 3I, arrows), and
these cells formed more PAR3/PAR6/aPKC complex during
a calcium switch (Figure S3D). Therefore, GAB1 also controls
the amount of PAR3/aPKC/PAR6 complex in two ways: first, it
competes directly with PAR6 for binding to PARS3 (Figure 3D)
and second, it promotes PAR1 phosphorylation of PARS, re-
leasing PAR3 from the membrane and limiting its access
to PARG.

GAB1 Regulates TJ Formation and Function

Given the ability of Gab1 to regulate PAR1 activity, PAR3 phos-
phorylation, and PAR6/PAR3 interaction, we hypothesized that
GABH1, like the PAR proteins, is important for cell polarity control.
To explore this possibility, we first compared TJ formation in
control and GAB7-KD MDCK Il cells subjected to a calcium
switch assay. As expected, TJs, as assessed by immunofluores-
cence staining for ZO-1, were disrupted in control and GAB7-KD
MDCK Il cells placed in calcium-free media (Figure 4A). Upon
readdition of calcium, TJds began to form at cell-cell contacts.
In GAB1-KD cells, ZO-1 began to accumulate as early as
15 min after calcium repletion and formed a complete, honey-
comb-like structure by 1 hr. By contrast, in controls, interrup-
tions in the pattern of ZO-1 staining persisted for > 1 hr (Fig-
ure 4A). In addition, PAR3 accumulated much faster at cell-cell
contacts in GAB1-KD cells (Figure S4A), and GAB1 depletion
in human Caco-2 colonic epithelial cells also enhanced TJ
formation (Figure S4B). Gab1 distributed throughout the cell in

calcium-depleted cells, but accumulated rapidly at cell-cell
contacts upon calcium repletion (Figure 4C), placing it in an
appropriate location to regulate TJ formation. A key function of
GAB1 is to bind SHP2 and promote RAS/ERK activation in
response to growth factor stimulation. However, addition of the
MEK inhibitor U0126 did not affect TJ formation in control or
GAB1-KD MDCK I cells (data not shown).

To assess the integrity of the TJs in GAB7-KD cells (and
to provide independent, quantitative validation of the effects
of GAB1 deficiency on TJ formation), we measured TER. In
calcium-free medium, TER was close to zero in control and
GAB1-KD cells, indicating disrupted TJs. When calcium was
repleted, TER increased in control and GAB7-KD cells, but
GAB1-KD cells attained a higher TER at a faster rate than did
controls (Figure 4B), consistent with their more rapid TJ forma-
tion (Figure 4A).

Gab1 Regulates TJ Function by Binding to PAR Proteins
To confirm that precocious TJ formation in GAB7-KD cells re-
flected GAB1 deficiency rather than off-target effects, we re-ex-
pressed Gab1 (Figure 5A). Gab1 (pSp-shGab1 + pBabe-Gab1)
decreased the rate of TJ formation compared with control
vector-reconstituted cells (pSp-shGab1 + pBabe) (Figure 5B).
Unfortunately, using this vector system, Gab1 was substantially
overexpressed, and we were unable to find an expression
system that resulted in re-expression of Gab1 to near-endoge-
nous levels. Nevertheless, reconstituting GAB7-KD MDCK I
cells with Gab1 mutants lacking their PAR1b (pSp-shGab1 +
pBabe-Gab1A152-250) or PAR3 (pSp-shGab1 + pBabe-
Gab1A301-400) binding sites did not affect TJ formation. By
contrast, a Gab1 mutant lacking its CRK-binding sites, two of
which overlap the PARS3 binding site, was as competent as WT
(wild-type) Gab1 in delaying TJ formation (Figure 5B).

Because the Pak4-binding site on Gab1 (Paliouras et al., 2009)
overlaps the PAR1b-binding site, we took two approaches to
assess the effects of Gab1/PAR1 complex formation directly.
First, we fused Gab1A152-250 to PAR1b via a flexible linker (Fig-
ure S5A). We also generated a Gab1 mutant that can associate
inducibly with PAR1b by fusing the Gab1A152-250 C terminus
to FKBP and the PAR1b C terminus to a modified FRB (F*RB)
peptide (Figure S5B). The direct fusion of Gab1A152-250 and
PAR1b (pSp-shGab1 + pBabe-Gab1A152-250-PAR1b) was as
effective as WT Gab1 in delaying TJ formation (Figure 5B),
even though it was expressed at much lower (and near endoge-
nous GAB1) levels (Figure 5A). Similarly, inducing Gab1A152-
250-FKBP association with PAR1b-F*RB in GAB7-KD MDCK Il
cells, by treatment with the rapamycin analog AP21697 (dimer-
izer), delayed TJ formation (Figure 5D).

We also monitored TER development in GAB7-KD and -recon-
stituted MDCK |l cells. Consistent with their effects on TJ
formation, expressing WT Gab1 (KD + Gab1) or the direct
Gab1A152-250-PAR1b fusion protein (KD + fusion) lowered
TER in GAB1-KD MDCK Il cells. By contrast, the control vector
(KD + V), PAR1b-binding mutant (KD + A152-250), and PAR3-
binding mutant (KD + A301-400) were defective in this assay
(Figure 5C). AP21697-induced dimerization of Gab1A152-250-
FKBP and PAR1b-F*RB also lowered TER (Figure 5E). We
conclude that precocious TJ formation and TER establishment
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Figure 4. GAB1 Regulates TJ Formation/Function

(A) Calcium switch assays. Control and GAB7-KD MDCK Il cells were fixed at the indicated times after Ca?* repletion and immunostained for ZO-1. Nuclei were
stained with DAPI. Representative fluorescent images are shown.

(B) TER (mean = SD) in control and GAB7-KD MDCK Il cells following calcium switch (***p < 0.001).

(C) MDCK I cells stably expressing HA-Gab1 undergoing calcium switch were stained with anti-HA antibody to visualize Gab1. Note that Gab1 resides in the
cytosol when cells are in Ca®*-free medium, but accumulates at cell-cell contacts upon calcium switch.

(D) MDCK II-HA-Gab1 cells grown on filters for 24 hr were immunostained with anti-HA (green) and anti-ZO-1 (red). Gab1 resides on the lateral membrane,
whereas ZO-1 is on tight junctions. Representative x-y, x-z, and y-z slices are shown. Arrow indicates position of x-y plane in the x-z axis. Also, see Figure S4.
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in GAB71-KD MDCK Il cells is due to loss of GAB1 and, more
specifically, its interactions with PAR1b and PARS.

GAB1/PAR Complexes Regulate Apical-Basal Polarity

In polarized epithelia, the cell membrane is divided into apical
and lateral domains. GAB1, like PAR1, localized to the lateral
domain of MDCK Il cells (Figure 4D). Previous studies showed
that PAR1 depletion (by RNAI) results in shortening of the
lateral membrane (Cohen et al., 2004; Suzuki et al., 2004).
Because GAB1 and PAR1 form a complex and GAB1 enhances
PART1 activity, we assessed the effect of GAB1 on apical-basal
polarity. Control and GAB7-KD MDCK Il cells were cultured on
porous filters for 3 days and then immunostained with anti-
Z0-1, anti-E-cadherin, and anti-gp135 antibodies. Notably, the
lateral membrane (E-cadherin stain) was shortened in GAB1-
KD MDCK I cells compared with controls (Figure 6A and Fig-
ure S6B), providing further evidence of the functional importance
of GAB1/PART1 interaction. GAB1 depletion also increased the
thickness of TJs (i.e., the fraction of the membrane occupied
by TJs) without affecting overall cell polarization, as shown by
normal apical marker staining (Figure 6B).

We next analyzed cells re-expressing WT Gab1 or its PAR1- or
PAR3-binding deficient mutants. As noted above (Figure 5),
these Gab proteins were overexpressed in reconstituted cells,
and Gab1 overexpression caused a severe loss of polarity:
Z0-1 diffused to the basolateral domain and cells lost their
typical cobblestone morphology (Figure 6C). By contrast, ZO-1
and E-cadherin remained well-segregated in cells expressing
the PAR1b- or PAR3-binding site mutants (Figure 6C and Fig-
ure S6C). Cells (over)expressing WT Gab1 also displayed a
wavy apical surface as shown by gp135 staining, while PAR1b-
or PARS3-binding deficient mutant-expressing cells retained an
even apical surface (Figure S6A). Thus, GAB1 overexpression
disrupts apical-basal polarity in a PAR1b- and PAR3-dependent
manner.

MDCK Il cells form single-lumen cysts when cultured in
Matrigel, and PARS depletion causes multilumen cysts due to
abnormal spindle orientation (Bryant et al., 2010; Hao et al.,
2010). Our data indicated that Gab1 overexpression negatively
regulates PARS3 by increasing its phosphorylation by PAR1.
Indeed, MDCK Il cells expressing WT Gab1 formed cysts with
multiple lumens (Figure 6D and Figure S6D). Moreover, cells
within these cysts had disrupted apical-basal polarity (as shown
by the presence of multiple ZO-1-positive domains), although
most cells on the outer surface of the cysts retained normal
apical-basal polarity with distinct, properly ordered TJs (ZO-1
stain) and lateral membranes (B-catenin stain) (Figure S6E). By
contrast, cells expressing Gab1 mutants lacking PAR1b- or
PAR3-binding sites formed single-lumen cysts, providing further
evidence that GAB1 controls cell polarity by regulating PAR1
and PARS3.

GAB1/PAR Complexes Regulate Cell Scattering

Growth factors can promote the disruption of cell junctions and
the conversion of polarized epithelia to motile cells with a mesen-
chymal phenotype, a process termed “cell scattering.” Gab1
overexpression sensitizes MDCK |l cells to HGF-induced scat-
tering via Gab1/SHP2 and Gab1/Pak4 interactions (Paliouras

et al., 2009). We wondered whether Gab1/PAR interactions
also might be important. Indeed, overexpression of WT Gab1
promoted scattering even in the absence of HGF, whereas scat-
tering in response to an HGF dose (1 ng/ml) that does not
promote scattering of WT cells (Figure 7A, leftmost panels)
was potentiated by Gab1 expression (Figure 7A, pSp-shGab1 +
pBabe-Gab1, and Figure S7A). By contrast, vector control (pSp-
shGab1 + pBabe)-, Gab1A152-250 (pSp-shGab1 + pBabe-
Gab1A152-250)-, or Gab1A301-400 (pSp-shGab1 + pBabe-
GAB1A301-400)-reconstituted cells largely remained in tight
epithelioid colonies (Figure 7A and Figure S7A). These data
indicate that the ability of Gab1 to promote cell scattering is
impaired by deletion of its PAR1b- or PAR3-binding sites. Finally,
forced dimerization of Gab1A152-250-FKBP and PAR1b-F*RB
in GAB1-KD MDCK Il cells restored HGF-evoked scattering (Fig-
ure 7B and Figure S7B), confirming that Gab1/PAR1b interaction
is required for this process.

DISCUSSION

During development, epithelial cells polarize and assemble into
complex structures, directed, in part, by growth factor and cyto-
kine signaling. These processes are disrupted in many diseases,
including cancer, yet how signaling pathways impact the polarity
machinery has largely remained elusive. We uncovered a role
for GAB proteins, conserved scaffolding adaptors that play
essential roles in growth factor/cytokine signaling from worms
to humans, in regulating polarity via PAR proteins. GAB proteins
regulate epithelial cell scattering and morphogenesis (Rosario
and Birchmeier, 2003), but heretofore, these effects have been
attributed to their ability to recruit and activate SH2 domain-con-
taining signal relay molecules (e.g., SHP2, PI3K). The finding that
H. pylori CagA, which co-opts GAB protein functions and binds
and inhibits PAR1 (Saadat et al., 2007), raised the possibility that
GAB proteins have similar effects. Indeed, GAB1 interacts with
the polarity machinery, but in an entirely different way. Our
studies reveal a general role for GAB1 (and probably other
GAB proteins) as a protein scaffold that facilitates mutual exclu-
sion of PAR complexes from TJs and the lateral membranes,
respectively, of polarized epithelial cells. As GAB proteins are
implicated in several malignancies, our findings also have impli-
cations for understanding how polarity is disrupted in cancer.

Gab1, like CagA, binds to PAR1b (and other PAR1 isoforms).
But whereas CagA binds and inhibits the PAR1 kinase domain
(Saadat et al., 2007), Gab1 binds the KA1 domain (Figures 1G
and 1H and Figures S1E and S1F). In yeast PAR1 orthologs,
the KA1 domain, via an intramolecular interaction, inhibits kinase
activity (Elbert et al., 2005). Similarly, Gab1 binding to PAR1
disrupts KA1/kinase domain interactions in mammalian cells
(Figure S3C). Gab1 expression also enhances the phosphoryla-
tion of the PAR1 substrate TAU (Figure 3G), indicating that Gab1
activates PAR1 in vivo.

Also unlike CagA, we found that Gab1 interacts with PAR3
(Figure 2A). The PAR1 and PAR3 binding sites on Gab1 map to
distinct regions (Figures 1E, 1F, and 2B-2D), allowing it to func-
tion as a scaffold that colocalizes these proteins and enhances
PAR3 phosphorylation by PAR1 (Figure 3D). In addition, aPKC
is brought into this Gab1 complex (Figure 2A). Gab1/aPKC
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binding is mediated largely via PAR3 (Figures S2A and S2B),
although we cannot exclude an additional, weak direct interac-
tion with Gab1. By contrast, Gab1/PAR6 interaction is barely
detectable (Figure 2A), because Gab1 and PAR6 each bind, in
a mutually exclusive fashion, to the PAR3 PDZ1 domain (Figures
2E and 3H and Figure S2C).

Our results lead to a model in which GAB1 regulates the PAR3/
aPKC/PAR6 complex in two ways (Figures 3D and 7C-7E). First,
PAR1-catalyzed phosphorylation of PAR3 releases PAR3 from
membranes, whereupon it is sequestered in the cytosol by
14-3-3 (PAR5) (McCaffrey and Macara, 2009). By enhancing
PAR1 phosphorylation of PAR3 (Figure 3F), GAB1 promotes
PAR3 release. GAB1/PAR3/aPKC interaction also prevents
PAR3/aPKC/PAR6 complex formation, because GAB1 and
PAR6 compete for PAR3 binding (Figure 3H). Hence, GAB1 facil-
itates mutual exclusion of PAR complexes (Macara, 2004a,
2004b) (see Introduction), negatively regulating TJ assembly
and stability and apical-basal polarity (Figures 4-6). Conversely,
in response to growth factor (e.g., HGF) stimulation, GAB1 accel-
erates junction breakdown, enhancing cell scattering (Figures 7A
and 7B).

Multiple lines of evidence support this model. First, lowering
GABT1 levels in MDCK Il cells leads to decreased phosphoryla-
tion of PARS (on its PAR1 sites) and increased levels of PAR3-
PAR6-aPKC complex (Figures 3F and 3l). PAR3-KD MDCK I
cells show delayed TJ formation in a calcium switch assay
(Chen and Macara, 2005), whereas GAB7-KD cells, as predicted
by our model, have the converse phenotype: accelerated recruit-
ment of PARS3 to incipient TJs and precocious TJ formation
(Figures 4A and 4B and Figure S4A). Re-expressing WT Gab1,
but not Gab1 mutants lacking PAR1 or PAR3 binding, reverses
this phenotype (Figures 5B and 5C). Furthermore, direct fusion
of Gab1 lacking its PAR1 binding domain (Gab1A152-250) to
PAR1b, or ligand-induced binding of PAR1b to such a mutant,
restores Gab1 function (Figures 5B-5E). Finally, Gab1 localizes
to lateral membranes, perfectly positioned to perform these
functions (Figure 4D).

GAB1 also affects other aspects of polarity via PAR1.
Lowering PAR1 levels or inhibiting its kinase activity causes
shortening of the lateral membranes of MDCK Il cells (Cohen
et al., 2004; Suzuki et al., 2004). Consistent with our finding
that Gab1 enhances PAR1 activity (Figure 3G), GAB7-KD
MDCK Il cells also have shortened lateral membranes (Figure 6A
and Figure S6B). PAR1 has multiple substrates besides PAR3,
including cytoskeleton-regulating proteins such as IRSp53,

TAU, MAP2, and MAP4 (Benton and St Johnston, 2003; Cohen
et al., 2011; Marx et al., 2010); which of these contribute(s) to
determining the height of the lateral membrane remains to be
elucidated. Conversely, GAB1 overexpression disrupts apical-
basal polarity and causes multilumen cysts in 3D cultures (Fig-
ure 6). Notably, PAR3 depletion or PAR1b overexpression also
leads to multilumen cysts (Bryant et al., 2010; Cohen et al.,
2011; Hao et al., 2010). Finally, GAB1 enhances growth factor
(e.9., HGF)-induced cell scattering. Previous studies showed
that GAB1 must interact with SHP2 and Pak4 to mediate
scattering (Paliouras et al., 2009); our studies now implicate
GAB1/PAR1 and GAB1/PAR3 interactions in this process as
well (Figure 7). Reconstituting GAB7-KD MDCK Il cells with WT
Gab1, but not mutants lacking either PAR1 (Gab1A152-250)-
or PAR3 (Gab1A301-400)-binding sites, sensitizes MDCK Il cells
to HGF-induced scattering. Moreover, forced dimerization of
Gab1A152-250 and PAR1 directly promotes scattering, impli-
cating PAR1 as the key binding protein within the deleted region
(152-250).

At first glance, our results appear to conflict with the ability of
CagA (which inhibits PAR1) to evoke the “hummingbird pheno-
type” (which is essentially cell scattering) in gastric epithelial
cells and its ability to promote spreading of TJ markers to
the lateral membrane of MDCK-II cells (Saadat et al., 2007).
One possible explanation for this discrepancy could be that
overexpression of CagA completely inhibits PAR1 family mem-
bers; by contrast, GAB71 depletion decreases, but does not
abolish, PAR1 activity. In addition, the CagA-induced “hum-
mingbird phenotype” reportedly requires simultaneous inhibition
of PAR1 and activation of SHP2 by CagA. Conversely, in our
shRNA-mediated depletion and reconstitution experiments, we
found that the Gab1/PAR1 complex positively regulates cell
scattering. Saadat et al. transiently overexpressed PAR1b to
explore its effects on CagA-induced scattering, which could
have led to nonphysiological effects. By contrast, we studied
stable MDCK Il cell pools expressing PAR1b at endogenous
levels (Figure 1D, left panel). Unlike Saadat et al., we found
that induced interaction of a Gab1 mutant lacking its PAR1-
binding site (Gab1A152-250) with PAR1b enhances HGF-
induced scattering, whereas stable expression of PAR1 in WT,
but not GAB1-depleted, cells delays TJ formation (Figure S4C).
These data clearly indicate that PAR1 regulates TJ formation
rate in a GAB1-dependent manner. Saadat et al. also found
that PAR1b promotes CagA oligomerization, which is required
to potentiate CagA binding to SHP2. Conceivably, PAR1b

Figure 5. GAB1 Regulates TJ Formation via the PAR Proteins

(A) Lysates from GAB7-KD MDCK Il cells reconstituted with WT Gab1 or Gab1 mutants were immunoblotted, as indicated. Arrow indicates endogenous GAB1. *
indicates Gab1A152-250-PAR1b fusion protein; note its low expression compared with endogenous GAB1.
(B) WT Gab1 and Gab1 mutant-reconstituted cells undergoing calcium switch were fixed 1 hr following Ca®* repletion and stained with anti-ZO-1 antibodies.

Representative confocal images are shown.

(C) TER (mean + SD) was measured during calcium switch. “Controls” are parental MDCK Il cells infected with retroviruses packaged with empty vectors of
pBabe and pSuperior.retro.puro. **p < 0.01, ***p < 0.001, KD + V (or KD + A152-250 or KD + A301-400) versus KD + Gab1.

(D) GAB1-KD MDCK Il cells stably expressing Gab1A152-250-FKBP and PAR1b-F*RB-HA were plated onto filters in S-MEM containing AP21697 or EtOH
(vehicle) and subjected to calcium switch. One hour later, cells were fixed and immunostained with anti-ZO-1 antibodies. Representative confocal images are

shown.

(E) Calcium switch assays on GAB7-KD MDCK Il cells stably expressing Gab1A152-250-FKBP and PAR1b-F*RB-HA grown on filters in S-MEM in the presence
of AP21697 or EtOH (vehicle) and TER (mean + SD, ***p < 0.001) was monitored. Also, see Figure S5.
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Figure 6. Gab1 Overexpression Disrupts Polarity

(A and B) Control and GAB7-KD MDCK Il cells were cultured on filters for 3 days, then costained with anti-ZO-1 (red) and anti-E-cadherin (green) antibodies (A) or
anti-ZO-1 (red) and anti-gp135 (yellow) antibodies (B).

(C) GAB1-KD MDCK Il cells reconstituted with WT Gab1 or Gab1 mutants were cultured on filters for 3 days and then fixed and costained with anti-ZO-1 (red) and
anti-E-cadherin (green) antibodies. Note disrupted polarity in WT Gab1-expressing cells.

(D) GAB1-KD MDCK Il cells reconstituted with WT Gab1 or Gab1 mutants were cultured in Matrigel for 3 days. The resultant structures were costained with anti-
Z0O-1 (red) and anti-B-catenin (green) antibodies. Note that WT Gab1 (over)expressing cells form multilumen cysts in Matrigel. Scale bar, 10 um. Also, see
Figure S6.
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Figure 7. GAB1 Induces Cell Scattering via PAR1b/PAR3
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(A) GAB1-KD MDCK Il cells reconstituted with control vector or the indicated Gab1 constructs were starved in 0.2% FBS and then left untreated or stimulated with
HGF (1 ng/ml). Note that WT Gab1-, but not Gab1A152-250- or Gab1A301-400-reconstituted, cells dissociated and adopted an elongated morphology.
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activity must be inhibited to allow CagA oligomerization, in which
case CagA could have evolved to inhibit PAR1 kinase activity.
Although our results show that they act differently from CagA,
previous studies nonetheless implicate GAB proteins in onco-
genesis. For example, Gab1 is required for Met-induced trans-
formation (Fixman et al., 1997; Mood et al., 2006). GAB2 ampli-
fication/overexpression is implicated in melanoma cell migration
and invasion (Horst et al., 2009), and Gab2 is required for BCR/
ABL-induced transformation (Sattler et al., 2002) and leukemo-
genesis (W. Chan, G. Mohi, S. Gu, S. Li, B.G.N., and R.V. Etten,
unpublished data). GAB2 overexpression promotes the prolifer-
ation and migration of MCF-10A breast epithelial cells, whereas
coexpression of GAB2 and ErbB2/Neu causes multiacinar struc-
tures and invasion (Bentires-Alj et al., 2006; Brummer et al.,
2006). Transgenic GAB2 overexpression enhances, whereas
Gab2 deletion impairs, Neu-evoked tumorigenesis, and GAB2
is amplified in 10%-15% of human breast tumors (Bentires-Alj
et al., 2006; Ke et al., 2007). The latter effects have been attrib-
uted to GAB2 actions in the RAS/ERK and RHOA pathways.
However, ErbB2/Neu activation also causes disruption of the
PAR3/PAR6/aPKC complex (Aranda et al., 2006), although the
detailed mechanism has remained unclear. Our findings that
ErbB2/Neu activation induces GAB1/PAR3 complex forma-
tion (Figure S2E) and that GAB1 negatively regulates TJ forma-
tion strongly implicate GAB proteins as key intermediaries in
ErbB2/Neu effects on the polarity machinery. Ongoing studies
should clarify the extent to which GAB/PAR protein complexes
contribute to the oncogenic activity of GAB proteins.

EXPERIMENTAL PROCEDURES

Calcium Switch Assay

Calcium switch assays were performed as described (Cohen and Mdusch,
2003). Briefly, cells were plated at high density onto 0.4 um pore size Transwell
filters (Corning) in Ca>*-free Suspension-MEM (S-MEM, Sigma) with 10% dia-
lyzed fetal bovine serum (FBS, GIBCOBRL) and cultured for 20 hr. Calcium
switch was initiated by changing the media to S-MEM containing 1.8 mM Ca?*.

Microscopy
Images were acquired using a Leica DFC 420 fluorescence microscope or an
Olympus FluoView 1000 1X-81 laser scanning confocal microscope.

TER Measurements

Triplicate wells of MDCK |l cells were plated at high density onto Transwell
filters (12 mm, 0.4 um pore size) in S-MEM. At various times after adding
back Ca*, resistance across the monolayer was measured with a Millicell
ERS Volt-Ohm meter (Millipore).

Cell Scattering

Cells were plated in MEM plus 10% FBS onto 6-well plates (15,000 cells/well),
cultured for 2 days, and then starved in MEM containing 0.2% FBS with or
without the AP21697 dimerizer for 6 hr, followed by treatment with 1 ng/ml
HGF (PeproTech) for 18 hr. Images were acquired on a Leica DMI 3000 B
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microscope. Scattering was quantified by calculating the percentage of cells
that dissociated and acquired elongated morphology.

Statistics
Data are presented as mean + SD. Statistical significance was assessed using
two-way ANOVA.

Detailed experimental procedures are provided in the Supplemental
Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.molcel.2012.06.037.
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