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Par3 integrates Tiam1 and phosphatidylinositol
3-kinase signaling to change apical membrane
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ABSTRACT Pathogens can alter epithelial polarity by recruiting polarity proteins to the apical
membrane, but how a change in protein localization is linked to polarity disruption is not
clear. In this study, we used chemically induced dimerization to rapidly relocalize proteins
from the cytosol to the apical surface. We demonstrate that forced apical localization of Par3,
which is normally restricted to tight junctions, is sufficient to alter apical membrane identity
through its interactions with phosphatidylinositol 3-kinase (PI3K) and the Rac1 guanine nucle-
otide exchange factor Tiam1. We further show that PI3K activity is required upstream of
Rac1, and that simultaneously targeting PI3K and Tiam1 to the apical membrane has a syner-
gistic effect on membrane remodeling. Thus, Par3 coordinates the action of PI3K and Tiam1
to define membrane identity, revealing a signaling mechanism that can be exploited by hu-

man mucosal pathogens.
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INTRODUCTION

The mucosal barrier, composed of polarized epithelial cells with dis-
tinct apical and basolateral membranes, represents the first line of
defense against most microbes (Weitnauer et al., 2016). Under-
standing how successful pathogens overcome this barrier may
provide unique insights into how cell polarity is established and
maintained, as well as shed light on other disease processes such as
cancer metastasis and tissue repair (Ruch and Engel, 2017). When
the important human pathogen Pseudomonas aeruginosa binds to
the apical surface of epithelial cells, it forms large bacterial aggre-
gates and induces a dramatic remodeling of the apical membrane.
The patch of membrane in contact with the bacterial aggregate
loses apical proteins, acquires basolateral membrane characteris-
tics, including accumulation of basolateral proteins and lipids, and
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forms an actin-rich “protrusion” (Kierbel et al., 2007). This change in
membrane structure is dependent upon the activity and recruitment
of the polarity protein Par3, phosphatidylinositol 3-kinase (PI3K),
and the small GTPase Rac1. Remarkably, protrusion formation is as-
sociated with localized activation of the innate immune response,
suggesting that the innate immune system may detect changes in
cell polarity (Tran et al., 2014). Similarly, Neisseria meningitidis, an
important cause of fatal meningitis, recruits polarity proteins, includ-
ing Par3, to the apical membrane of endothelial cells leading to the
formation of an ectopic junction underneath N. meningitidis. The
end result of this process is disruption of adherens junction function
and bacterial dissemination across the endothelial barrier (Coureuil
et al., 2009). Thus, relocalization of Par3 to the apical membrane is
associated with dramatic changes in apical membrane identity in
the context of host-pathogen interactions, but the mechanism
underlying this change is incompletely understood.

Par3 plays a critical role in organizing signaling events during
establishment and maintenance of apical-basal polarization. In
mammalian cells, Par3 localizes to the apical membrane initiation
site (AMIS) and helps to recruit aPKC and Paré. As the AMIS matures,
Par3 moves away from the nascent apical membrane and localizes
to the tight junction (Bryant et al., 2010). Thus, while Par3 plays a
role at the apical membrane early in polarization, it is excluded from
the apical domain in a stable epithelium. The effect of targeting
Par3 to the apical membrane in well-polarized cells is completely
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unknown, but based on the data from pathogens, it may drive
changes to lipid or protein components of the membrane.

PI3K and Rac1 signaling are crucial for both cell polarity and P,
aeruginosa-induced protrusion formation (Rodriguez-Boulan and
Macara, 2014; Tran et al., 2014). PI3K is a key regulator of apical and
basolateral membrane identity by virtue of its ability to convert
phosphatidylinositol 4,5-phosphate (PIP,), which is enriched at the
apical membrane, to phosphatidylinositol 3,4,5-phosphate (PIP3),
which is restricted to the basolateral membrane (Shewan et al,,
2011). The Rho GTPase Rac1 contributes to cell polarity by regulat-
ing actomyosin contractility and cell-cell adhesion and establishing
and maintaining junctional structures (Iden and Collard, 2008; Mack
and Georgiou, 2014). Par3 modulates PIP identity by activating the
lipid kinase PI3K and spatially restricting the activity of the cognate
lipid phosphatase, phosphatase and tensin homologue (PTEN; Wu
et al., 2007; Feng et al., 2008; Itoh et al., 2010; Krahn et al., 2010).
This property, combined with the observation that Par3 can bind
directly to both PIP, and PIP3, has led to speculation that Par3 may
act as a PIP gate at the tight junction (Wu et al., 2007; Krahn et al.,
2010). Par3 controls Rac1 activity by directly interacting with the
Rac1 guanine nucleotide exchange factor Tiam1 (Chen and Macara,
2005; Mertens et al., 2005). This interaction localizes Rac1 activity to
the tight junction (Mack et al., 2012). Par3 also directly interacts with
the Rac1 GTPase-activating protein Bcr1, which restricts the activity
of Rac1 and aPKC (Narayanan et al., 2013). By binding to Tiam1 and
Ber1, Par3 can finely tune and spatially localize Rac1 activity within
polarized epithelial cells and in turn modulate actin dynamics. Thus,
Par3 cross-talks extensively with both PI3K and Rac1 signaling.

To illuminate how Par3 hijacking by pathogens affects cell polar-
ity, we use chemically induced dimerization (CID) in polarized
Madin-Darby canine kidney (MDCK) cells. We show that forced
apical localization of Par3 is sufficient to remodel apical membrane
polarity by coordinating the action of PI3K and Tiam1, which func-
tion synergistically to change apical membrane identity. These
results define a mechanism for dynamic membrane remodeling in
polarized epithelial cells that can be targeted by pathogens, and
provides a rationale as to why Par3 is restricted from the apical
membrane in polarized cells.

RESULTS AND DISCUSSION

Forced apical localization of Par3 is sufficient to transform
the apical membrane and recapitulate aspects of

P. aeruginosa-induced protrusions

To understand how the localization of Par3 affects membrane iden-
tity, we used CID to rapidly target Par3 to the apical surface. CID
uses two proteins (FRB domain of mTor and FKBP12) that interact
only in the presence of a small-molecule dimerizer called Rapalog
(Putyrski and Schultz, 2012). To generate an apical membrane—
targeting construct, we fused the FRB domain of mTOR to the
apically targeted integral membrane protein Crb3a lacking the C-
terminal PDZ-interacting motif (AP-FRB; Zheng et al., 2010). Par3
was fused to monomeric red fluorescent protein (mRFP)-FKBP12
(FK-Par3), or, as a control, a triple-hemagglutinin (3xHA) tag was
fused to mRFP-FKBP12 (FK-HA; Supplemental Figure S1A). The
constructs were simultaneously introduced via transient transfection
into MDCK cells, resulting in production of full-length chimeric pro-
teins (Supplemental Figure S2B). These MDCK cells also stably ex-
press PH-Akt-GFP, which binds to the basolateral lipid PIP; (Watton
and Downward, 1999). We specifically chose transient transfection
because of its low efficiency in MDCK cells, resulting in “mosaic”
monolayers in which a few transfected cells were surrounded by
untransfected cells. This approach allowed us to closely mimic
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Par3 drives apical membrane remodeling. (A) Single
XZ-slice from a confocal micrograph of MDCK cells expressing
PH-Akt-GFP (PIP3; green) transfected with AP-FRB (cyan; FLAG)
and either FK-HA or FK-Par3 (red; HA) treated with vehicle (-Rapa)
or 200 nM Rapalog (+Rapa) for 60 min. Actin was visualized with
phalloidin staining (blue). (B) Quantitation of apical PIP; and actin
rearrangement in control cells (not expressing a construct) or cells
expressing FK-HA or FK-Par3 in the presence or absence of Rapalog
(see Materials and Methods for details). Error bars, SEM. The p value
was determined by one-way ANOVA followed by post hoc Tukey's
test. n=4. Scale bar, 10 pm.

bacterial infections in which P. aeruginosa forms bacterial aggre-
gates on the apical surface of only a small fraction of cells (Tran et al.,
2014).

In the absence of the dimerizing agent Rapalog, AP-FRB was
tightly localized to the apical membrane, whereas FK-Par3 and FK-
HA were primarily cytosolic, likely due to overexpression (Figure 1A).
Within 60 min of Rapalog addition, FK-HA or FK-Par3 was concen-
trated at the apical membrane, confirming that this system allows for
the rapid relocalization of target proteins to the apical membrane
(Figure 1A). As an additional control, we verified that transfection of
each construct individually did not alter apical PIP3 or actin morphol-
ogy (Supplemental Figure S1B). Forced apical localization of FK-Par3
but not FK-HA was accompanied by accumulation of PH-Akt-GFP on
the apical surface and a striking “bulging” or “pinching” of apical
actin (Figure 1A and Supplemental Figure S1C). These qualitative
observations were confirmed by quantitation in which Rapalog-
induced targeting of Par3 to the apical membrane caused a robust
and statistically significant increase in apical PIP3 and change in api-
cal actin morphology, which were not observed in the absence of
Rapalog (Figure 1B; see Materials and Methods for details).

The aforementioned morphological alterations resemble the
changes observed upon apical addition of P. aeruginosa to polarized
epithelial cells (Tran et al., 2014). In that context, apical membrane
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Forced apical targeting of Par3 changes the distribution of proteins at the apical membrane. Confocal
images (single XZ-slice and maximum intensity XY-projection) showing the apical surface intensity of Podxl (A), ezrin
(B), p58 (C), or E-cadherin (D; cyan) in MDCK cells transfected with AP-FRB and either FK-HA (red, HA) or FK-Par3 (red,
HA) and treated with 200 nM Rapalog for 60 min. Actin was visualized with phalloidin staining (blue). The bar graphs
show quantitation (see Materials and Methods for details). Cells with >25% drop (Podxl) or >25% increase (Ezrin,
E-Cadherin, p58) in the indicated marker were scored as positive. Error bars, SEM. The p value was determined by
one-way ANOVA followed by post hoc Tukey’s test. n > 3. Scale bar, 10 pm.

polarity is inverted at the site of bacterial aggregate binding,
accompanied by Par3 recruitment and formation of an actin-rich
protrusion (Kierbel et al., 2007; Tran et al., 2014). To explore further
how forced apical Par3 localization alters cell polarity, we quantified
the surface intensity of the apical membrane protein podocalyxin
(Podxl), the apical cortex protein ezrin, and the basolateral mem-
brane proteins p58 and E-cadherin, after targeting FK-HA or FK-
Par3 to the apical membrane for 60 min (see Materials and Methods
for details of the quantitation). Apical localization of FK-Par3 re-
sulted in a significant decrease in apical intensity of Podxl and an
increase in the apical intensity of p58, E-cadherin, and ezrin
(Figure 2). These results show that some degree of polarity inversion
occurs after apical targeting of Par3. The fact that ezrin shows
increased intensity at the apical membrane may reflect the develop-
ment of generalized rather than apical-specific cortical ezrin target-
ing upon apical Podxl loss (Bryant et al., 2014). Of importance, these
changes were not associated with apoptosis, as assessed by stain-
ing for activated caspase-3, or with disruption of the tight junctions,
as judged by ZO-1 distribution (Supplemental Figure S3, A and B),
ruling out the possibility that forced apical localization of Par3 leads
to cell death or cell extrusion. We conclude that apical localization
of FK-Par3 is sufficient to alter the lipid identity, protein identity, and
actin morphology of the apical membrane without affecting tight
junction integrity. We refer to this change as "apical membrane
remodeling.”

We previously showed that P. aeruginosa aggregate binding and
protrusion formation is associated with Par3-dependent NF«B acti-
vation (Tran et al., 2014). We tested whether apical membrane
remodeling was sufficient for NFkB activation by staining for NFkB
in cells undergoing CID. Nuclear localization of NFkB in cells was
not observed upon forced apical localization of Par3. As a positive
control, addition of purified flagellin was sufficient to induce NFxB
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nuclear translocation (Supplemental Figure S3C). We conclude that
additional signals beyond apical membrane remodeling, such as
bacterial molecules, are required for innate immune activation after
P. aeruginosa aggregate binding. We hypothesize that the change
in membrane identity may allow pathogen recognition receptors
that are normally restricted to the basolateral surface to access the
apical space and detect pathogens (Abreu, 2010). Alternatively, ac-
tivation of the host innate immune response may require detection
of two or more signals, such as apical actin remodeling combined
with the presence of a pathogen-associated molecular pattern
(Keestra et al., 2013; Rajamuthiah and Mylonakis, 2014). Indeed,
such a finely tuned mechanism might allow sensitive and accurate
discrimination of pathogens from commensals or nonpathogenic
microbes (Keestra and Baumler, 2014).

The CC1 region of Par3 is necessary but not sufficient for
apical membrane remodeling
We tested the hypothesis that the first coiled-coil region in the C-
terminus of Par 3 (Supplemental Figure S2A), which has been shown
to interact with PI3K and Tiam1 and thus affect both PI3K and Rac1
signaling, is required for apical membrane remodeling (Chen and
Macara, 2005; Itoh et al., 2010). We generated a mutant version of
FK-Par3 in which the CC1 domain was deleted (FK-ACC1). Full-
length FK-ACC1 was detected by Western blot, showed similar
localization to FK-Par3 in the absence of Rapalog, and was efficiently
recruited to the apical membrane upon Rapalog addition (Figure 3A
and Supplemental Figure S2B). However, apical translocation of FK-
ACC1 did not significantly change the level of apical PIP3 or signifi-
cantly alter apical actin morphology (Figure 3B).

To determine whether the CC1 region was sufficient to drive
apical membrane remodeling, we cloned the CC1 region of Par3
behind mRFP-FKBP to generate FK-CC1. Following transfection,

Molecular Biology of the Cell
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The CC1 region of Par3 is necessary but not sufficient to drive apical membrane remodeling. (A) Confocal
XZ-slices of MDCK cells expressing PH-Akt-GFP (PIP3; green) transfected with AP-FRB and FK-ACC1 (red; HA) and
treated with vehicle (-Rapa) or 200 nM Rapalog (+Rapa) for 60 min. Actin was visualized with phalloidin staining (blue).
(B) Quantitation of the appearance of apical PIP3 and actin rearrangement in cells transfected with the indicated
constructs in the presence or absence of Rapalog. (C) Confocal XZ-slices of cells expressing FK-CC1. (D) Quantitation of
the appearance of apical PIP3 and actin rearrangement in cells transfected with the indicated constructs in the presence
or absence of Rapalog. Error bars, SEM. The p value was determined by one-way ANOVA followed by post hoc Tukey's

test. n= 3. Scale bar, 10 pm.

FK-CC1 was expressed as a full-length protein, showed cytosolic/
membrane localization, and was robustly recruited to the apical
membrane upon Rapalog addition (Figure 3C and Supplemental
Figure S2B). Quantitation revealed that Rapalog-induced recruit-
ment of FK-CC1 to the apical membrane did not significantly in-
crease apical PIP3 or apical actin rearrangement compared with con-
trol cells (Figure 3D). Taken together, these results show that forced
apical localization of the CC1 region of Par3 is necessary but not
sufficient to drive apical membrane remodeling.

Rac1 and PI3K are necessary for Par3-induced apical
membrane remodeling
We tested whether PI3K or Rac1/Tiam1 activity was required for Par3-
mediated apical membrane remodeling, as they both interact with
Par3 via the CC1 domain, and their activity is essential for mediating
apical membrane changes underneath P. aeruginosa aggregates
(Chen and Macara, 2005; Kierbel et al., 2007; Itoh et al., 2010; Tran
etal., 2014). We performed CID in the presence of chemical inhibitors
of PI3K (LY294002) or Rac1 (Rac1 inhibitor Il). LY294002 blocked
both accumulation of apical PIP; and apical actin rearrangement.
The Rac1 inhibitor blocked apical actin rearrangement, but accumu-
lation of apical PIP3 was not affected (Figure 4, A and B). We con-
clude that PI3K activity is required for apical PIP3 generation, which
occurs before Rac1-mediated apical actin rearrangement.

We next determined whether apical targeting of PI3K or Tiam1
was sufficient to drive apical membrane remodeling. For PI3K, the
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iSH2 domain of the p85 subunit was cloned behind mRFP-FKBP to
generate FK-iSH2 (Suh et al., 2006). Tiam1 was cloned behind
mRFP-FKBP to generate FK-Tiam1. Both constructs were expressed
as full-length proteins (Supplemental Figure S2C). Upon Rapalog
addition, FK-iSH2 or FK-Tiam1 was recruited from the cytosol to the
apical membrane (Figure 5, A and D). Quantitation revealed that
forced apical localization of FK-iSH2 significantly increased apical
PIP3 without altering apical actin morphology (Figure 5D). The op-
posite results were observed for Rapalog-induced forced apical lo-
calization of FK-Tiam1: there was a significant increase in apical actin
rearrangement but no significant change in apical PIP3 (Figure 5, B
and D). Next we coexpressed both FK-iSH2 and FK-Tiam1 in cells.
To ensure equal expression of both constructs, a dual-expression
plasmid was generated using a P2A sequence from porcine tescho-
virus-1 (Kim et al., 2011). In this system, a single mRNA is generated
that encodes both proteins, and after translation, it self-cleaves to
release the two proteins. Cells transfected with this dual-expression
plasmid produced both FK-iSH2 and FK-Tiam1 as full-length pro-
teins (Supplemental Figure S2D). In cells expressing both FK-iSH2
and FK-Tiam1, addition of Rapalog resulted in a significant increase
in both apical PIP3 and apical actin rearrangement (Figure 5, C and
D). Remarkably, the increase in apical actin rearrangement was sig-
nificantly greater than that observed for FK-Tiam1 alone (Figure 5D),
suggesting that PI3K and Tiam1 act synergistically to drive apical
membrane remodeling. We conclude that coordinated activity of
PI3K and Tiam1 is required for apical membrane remodeling.
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By applying CID to direct apical membrane protein targeting, we
interrogated how protein localization affects polarity with high spa-
tiotemporal resolution. To the best of our knowledge, our experi-
ments represent the first example of using CID to target proteins to
the apical membrane in polarized cells. Our work demonstrates that
that forced apical localization of Par3 reprograms apical membrane
identity by integrating PI3K and Tiam1 signaling. We further show
that the requirement of PI3K activity is upstream of Tiam1, the ac-
tion of both proteins is required for apical membrane remodeling,
and PI3K and Tiam1 act synergistically to reinforce membrane
changes. Par3 has been implicated in both the activation and sup-
pression of Racl activity (Chen and Macara, 2005; Zhang and
Macara, 2006; Pegtel et al., 2007; Mack et al., 2012; Matsuzawa
et al., 2016); our work suggests that Par3 tethers Tiam1 to specific
cellular locations and then relies on the local protein environment to
dictate whether Rac1 is activated or repressed. It is also remarkable
that targeting Tiam1 and PI3K to the apical membrane could drive
membrane remodeling, and expression of both proteins had a syn-
ergistic effect on apical membrane remodeling. Thus it seems likely
that a positive feedback loop exists between PI3K and Rac1 in this
context, as previously suggested (Balla, 2013). Note that targeting
the CC1 region of Par3, which binds to both proteins, is not sufficient
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membrane identity and innate immunity is
important question. Our approach
allowed us to compare P aeruginosa-
induced apical membrane remodeling with
Par3-induced apical membrane remodel-
ing. Although there were similarities in the
biochemical and morphological changes to
the apical membrane, apical targeting of
Par3 was not sufficient to induce localized
NF«B activation. This finding suggests that
additional or alternate bacterial or host signals are required. Of
note, others have reported that Par3 inhibits NFkB activation in
polarized epithelial cells by restricting aPKC activation. Thus Par3
may intersect with NFkB signaling in multiple ways (Mashukova
et al., 2011, Forteza et al., 2013; Guyer and Macara, 2015). It may
be important to examine the interplay between aPKC and Par3 in
future studies. In summary, using CID, we defined a molecular sig-
naling cascade that can drive dynamic changes in membrane iden-
tity in polarized epithelial cells that can be usurped by pathogens.

MATERIALS AND METHODS

Antibodies and reagents

Antibodies were obtained from the following sources. Rat anti-HA
monoclonal antibody (mAb; 3F10) was from Roche Life Science
(Indianapolis, IN); mouse anti-HA mAb was from Covance (Princeton,
NJ); mouse anti-FLAG mAb was from ThermoFisher (Waltham, MA);
rat anti-ZO1 antibody and mouse monoclonal anti-p65 antibody
were from Santa Cruz Biotechnology (Santa Cruz, CA); monoclonal
rabbit anti-Caspase-3 antibody was from Cell Signaling Technology
(Danvers, MA); monoclonal mouse anti-ezrin antibody was from BD
Biosciences (San Jose, CA); monoclonal mouse anti—E-cadherin
antibody was a gift from W. Gallin (University of Alberta, Edmonton,

Molecular Biology of the Cell
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PBS/0.7% fish-skin gelatin, and 80 pl of an-
tibody solution was pipetted onto each
sample. Samples were stained with primary
antibodies for 1-24 h, depending on anti-

) isH2
Tiam1 1SH2 Tiaml oy

- - + + +

p=0.0001

60%

FK-iSH2/FK-Tiam1 o,

50%

40%

bodies used. After washing, samples were
incubated with secondary antibodies and
phalloidin-405 for 2 h. Slides were imaged
using either a Nikon Ti-E microscope with a
Yokagawa CSU22 spinning-disk confocal
unit using a 60x Plan Apo VC oil lens or a

1
p<0.04
—

p=0.0012

30%

20%

10%

% cells with actin remodeling

T

Nikon Ti with a wide-field, high-speed Yok-

I ogawa CSUW1 spinning-disk unit and a
40x Plan Apo oil lens. Microscopes were
controlled via MicroManager 1.4 or Nikon
Elements (Edelstein et al., 2014).

™

FK:
Rapalog: -

PI3K and Tiam1 are sufficient to drive apical membrane remodeling. (A-C) Confocal
XZ-slices of MDCK cells expressing PH-Akt-GFP (PIP3; green), stained for actin (blue; phalloidin),
and transfected with AP-FRB and (A) FK-iSH2 (red; HA), (B) FK-Tiam1 (red; HA), or (C) both
constructs (red, FK-iSH2; cyan, FI-Tiam1) and treated with vehicle control (-rapa) or 200 nM
Rapalog (+rapa) for 60 min. (D) Quantitation of immunofluorescence of apical PIP3 or apical actin
rearrangement for the indicated constructs and treatments. Error bars, SEM. The p value was
determined by one-way ANOVA followed by post hoc Tukey’s test. n > 3. Scale bar, 10 um.

Canada); mouse anti-Podxl was from G. Ojakian, The State University
of New York; and mouse anti-p58 was obtained from the Mostov
laboratory. Phalloidin-405 was from Biotium (Hayward, CA).
Secondary antibodies used for immunofluorescence were from
Molecular Probes (Eugene, OR). Secondary antibodies used for
Western blotting were from ThermoFisher.

LY294002 and Racl1 Inhibitor Il were from Calbiochem (San
Diego, CA). Rapalog (AP21967, A/C heterodimerizer) was from
Clontech (Mountain View, CA). Etoposide was from Tokyo Chemical
Industry (Tokyo, Japan). Flagellin was purified from P. aeruginosa as
previously described (Bucior et al., 2012).

Cell culture and transient transfection

MDCK cells expressing PH-Akt-GFP were grown in MEM supple-
mented with 10% fetal bovine serum (FBS) and maintained as previ-
ously described (Tran et al., 2014). For transient transfection, 6 x 10°
cells were plated on 12-mm polycarbonate filters (0.4-pym pore size;
Costar). At 2-6 h postplating, cells were transfected via the apical
chamber with Lipofectamine 2000 (ThermoFisher) per manufacturer’s
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Con iSH2 Tiam1 SH

Chemically induced dimerization

For chemically induced dimerization, MDCK
cells transiently expressing CID constructs
were washed with PBS and then incubated
with a solution containing 200 nM Rapalog
diluted into MEM or an equal volume of
ethanol as a vehicle control. Cells were
incubated at 37°C/5% CO, for 60 min and
then prepared for immunofluorescence as
described.

For inhibitor experiments, MDCK  cells
were pretreated for 60 min with either Rac1 inhibitor (200 uM) or
LY294002 (50 pM). Next Rapalog was added to the inhibitor-con-
taining medium for an additional 60 min, and the cells were then
prepared for immunofluorescence as described. As a control for
NFxB activation, MDCK cells were incubated with 200 ng/ml flagel-
lin purified from P. aeruginosa to induce NF«xB activation (Bucior et
al., 2012). As a control for caspase-3 experiments, MDCK cells were
incubated with 500 uM etoposide for 3 h before staining to induce
caspase-3 activation.

iSH2 TisH2
Tiam1 1SH2 Tiam1 g
- # + + +

Cloning

All Par3 constructs were generated using human Par3 isoform 2
(GenelD: 56288). The version used has three silent mutations:
C1666T, G1668A, and G3870A.

To generate AP-FRB, the FRB region of human mTOR1 (GenelD:
2475; amino acids 2021-2113) was PCR amplified from PM-FRB-CFP
(a gift from Tamas Balla, National Institutes of Health; Varnai et al.,
2006) with two mutations that allowed the FRB domain to bind to the
rapamycin analogue AP21967 (Rapalog) introduced via QuikChange

257

Par3 drives apical membrane remodeling |



(A6292C and C6293T, leading to the T2098L amino acid change).
Next Crb3 lacking the C-terminal PDZ binding motif was PCR ampli-
fied from pTRE2-Crb3-Venus (a kind gift of Quansheng Du, Georgia
Health Sciences University; Zheng et al., 2010) with homology to
pcDNA4 on the 5" end. pcDNA was cut with Hindlll and Notl. The
PCR products and cut vector were assembled via InFusion (Clontech)
according to the manufacturer’s protocol.

All FK constructs contain the human FKBP12 gene (GenelD:
2280). To generate FK-Par3, mRFP-FKBP12 was PCR amplified from
mRFP-FKBP (a gift from Tamas Balla; Varnai et al., 2006) with 5" ho-
mology to pcDNA4 and 3" homology to Par3. Par3-3xHA was PCR
amplified from pQCXIH-Par3-3xHA with 3" homology to pcDNA4.
pcDNA4 was digested with Hindlll and Notl. The vector and PCR
products were assembled using an InFusion reaction according to
the manufacturer’s protocol. To generate FK-HA, mRFP-FKBP12 was
PCR amplified from mRFP-FKBP with 5" homology to pcDNA4. A
3xHA tag was PCR amplified from Par3-3xHA with 5" homology to
FKBP and 3" homology to pcDNA4. pcDNA4 was digested with
Notl and Hindlll. The PCR products and cut vector were assembled
via InFusion according to the manufacturer’s protocol.

FK-Par3 ACC1 was generated as described above starting with
Par3 ACC1 (a kind gift from Ira Mellman, Yale University; Sfakianos
etal., 2007). FK-CC1 was generated by PCR amplifying mRFP-FKBP
with 5" homology to pcDNA4, PCR amplifying the CC1 region of
Par3 (aa936-1039) with 5 homology to mRFP-FKBP, and PCR ampli-
fying 3xHA with 3" homology to CC1 and 5" homology to pcDNAA4.
The PCR products were mixed with cut pcDNA4 (Notl, Hindlll) and
assembled via InFusion reaction.

The FK-iSH2 construct is based on human p85c. (GenelD: 5295).
The construct was generated using overlap PCR. The iSH2 domain
of p85 (GenelD: 5295; amino acids 441-601) was PCR amplified
from pSV-hp85a-HA (a gift from Ronald Kahn, Harvard Medical
School; Ueki et al., 2003; Addgene plasmid #11499). The PCR
added a 3xHA tag and a Notl site on the 3" end. mRFP-FKBP was
amplified by PCR using a 5" primer containing a 5 Hindlll site and 3’
homology to iSH2. The two PCRs were mixed, and 15 cycles of PCR
were carried out to generate a full-length construct. The full-length
construct was amplified in another PCR, purified, cut, and ligated
into pcDNA4 using Hindlll and Notl restriction sites.

For FK-Tiam1, a codon-optimized version of mouse Tiam1
C1199 was used (lacking the N-terminal PEST sequences). The FK-
Tiam1 construct was generated by GenScript.

For coexpression of FK-Tiam1 and FK-iSH2, a dual-expression
plasmid was generated. First, a 3xMyc tag was cloned in place of
the 3xHA tag on FK-iSH2 using InFusion cloning. Then a construct
was generated that had FK-Tiam 1-3xHA-P2A-FK-iSH2-3xMyc, using
InFusion cloning. The incorporation of the P2A sequence allows the
generation of single mRNA that produces a self-cleaving peptide
and ensures equal expression of both constructs (Kim et al., 2011).

Western blotting and trichloroacetic acid precipitation

MDCK cells were incubated with 100 pl of detergent solution (DS;
1% Triton X-100, 0.4% deoxycholic acid, 50 mM Tris, pH 8) on ice
for 5 min. Samples were centrifuged at 12,000 rpm for 5 min to pel-
let cell debris. For FK-HA-, AP-FRB-, and FK-iSH2-transfected
cells, supernatants were loaded onto 4-12% Bis-Tris protein gels
(Novex, Waltham, MA) and run with 3-(N-morpholino)propanesul-
fonic acid buffer (Novex). Gels were transferred to polyvinylidene
difluoride membranes using an iBlot (Invitrogen, Waltham, MA) ac-
cording to manufacturer’s protocol. Membranes were blocked in
3% milk in Tris-buffered saline (TBS) with tween (TBST; 20 mM Tris,
pH 7.6, 138 mM NaCl, 0.1% Tween-20), incubated with primary
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antibodies diluted into TBST 3% bovine serum albumin (BSA),
washed with TBST, incubated with horseradish peroxidase—conju-
gated secondary antibodies diluted into TBST 3% BSA, and devel-
oped with HyGlo Quick Spray (Denville).

For the FK-Par3 constructs and FK-Tiam1, lysates were precipi-
tated with trichloroacetic acid (TCA) before blotting. Briefly, cold
TCA was added to a final concentration of 5%. Samples were incu-
bated on ice for 10 min and then centrifuged at 12,000 rpm for
10 min at 4°C. The supernatant was discarded, and the pellet was
washed twice with —20°C acetone, resuspended in 50 ul DS, and
then run on a gel as described.

Acquisition and quantification of immunofluorescence
Images were acquired by first adjusting laser power and exposure
time on the control sample. The areas to image were selected by
viewing the HA channel out of focus to avoid acquisition bias. Cells
expressing high levels of the constructs were selected for imaging.
After addition of Rapalog, only cells that showed apical localization
of constructs were imaged and used for analysis. The laser power
and exposure time were held constant for all images taken on the
same day so that approximately equal expression levels of the vari-
ous constructs were observed.

Quantitation of immunofluorescence images was done using
Nikon Elements software. Apical PIP3 was scored as qualitatively
“positive” if the apical signal intensity of PH-Akt-GFP was greater
than or equal to the basolateral intensity signal. To quantify apical
actin rearrangement, we examined the morphology of the apical
cortical actin. If the signal for actin protruded above the nearest
neighbors or showed a pinch near the apical membrane, the cell was
scored as positive. For all immunofluorescence quantification, any
cells that were in the process of being extruded from the monolayer
(i.e., had lost contact with the basal surface) were excluded from
analysis. Cells not expressing any transgene but from the same field
were used as control cells. As a control for acquisition bias, control
experiments were performed using an automated image acquisition
method that acquired images blindly. As a control for scoring bias,
scoring was performed on blinded samples. Both controls showed
the same results as the data presented here. The number, n, of bio-
logical repeats for each experiment not explicitly stated in the figure
legends is as follows: Figure 4, apical PIP3: —Rapa, 6; +Rapa, 7; Racl
Inhib, é; LY, 6. Figure 4, actin remodeling: —Rapa, 3; +Rapa, 4; Racl
Inhib, 3; LY, 3. Figure 5, FK-iSH2, 5; FK-Tiam1, 5; FK-P2A, 3.

To determine the apical intensity of Podxl (n = 4), ezrin (n = 3),
p58 (n = 4), and E-cadherin (n = 3), we calculated the apical fluores-
cence intensity of each protein under the various experimental
conditions and divided that value by the fluorescence intensity in
untransfected cells from the same field. For each field, a cropped
image containing the Z-sections of the apical membrane was gener-
ated. Using the region of interest (ROI) tool in Nikon Elements,
transfected cells were outlined (ROIexp). Next untransfected cell(s)
were outlined (ROlcop). For each ROIgyp and ROIcon, the average
fluorescence intensity of the marker protein was calculated. To cal-
culate the change in fluorescence intensity, the signal for each
marker (Podxl, Ezrin, E-cadherin, or p58) in an experimental cell was
divided by the intensity of untransfected cell(s) in the same field
(ROlgxp/ROIcoN)- Cells were scored as significantly changed if there
was a 25% drop in Podxl signal or a 25% gain in p58, ezrin, or E-
cadherin signal. We performed this analysis using other cutoffs and
found similar results. Control cells that were not expressing a trans-
gene were selected from the same fields and compared with the
same background as experimental cells and represent the “control”
sample in each graph.
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Statistics

Statistical analysis was performed using Prismé (GraphPad). A one-
way analysis of variance (ANOVA) was used to determine whether
the means were significantly different. If the ANOVA showed a
statistically significant difference (p < 0.05), a post hoc Tukey’s
multiple comparison test was performed. p < 0.05 was considered
significant. A multiplicity-adjusted p value was calculated for each
comparison, which is the “exact” p value reported here.
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