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IQGAP1 controls tight junction formation through differential
regulation of claudin recruitment
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ABSTRACT

IQGAP1 is a scaffolding protein previously implicated in adherens

junction formation. However, its role in the establishment or

maintenance of tight junctions (TJs) has not been explored. We

hypothesized that IQGAP1 could regulate TJ formation by

modulating the expression and/or localization of junctional

proteins, and we systematically tested this hypothesis in the

model Madin-Darby canine kidney (MDCK) cell line. We find that

IQGAP1 silencing enhances a transient increase in transepithelial

electrical resistance (TER) observed during the early stages of TJ

formation (Cereijido et al., 1978). Quantitative microscopy and

biochemical experiments suggest that this effect of IQGAP1 on TJ

assembly is accounted for by reduced expression and TJ

recruitment of claudin 2, and increased TJ recruitment of claudin

4. Furthermore, we show that IQGAP1 also regulates TJ formation

through its interactor CDC42, because IQGAP1 knockdown

increases the activity of the CDC42 effector JNK and dominant-

negative CDC42 prevents the increase in TER caused by IQGAP1

silencing. Hence, we provide evidence that IQGAP1 modulates TJ

formation by a twofold mechanism: (1) controlling the expression

and recruitment of claudin 2 and recruitment of claudin 4 to the TJ,

and (2) transient inhibition of the CDC42–JNK pathway.

KEY WORDS: Claudin, IQGAP1, Paracellular permeability,

Polarized epithelium, Tight junction

INTRODUCTION
Cell–cell adhesion in polarized epithelia is established and

maintained by protein complexes involving tight and adherens

junctions, as well as desmosomes (see Nelson, 2003). Tight

junction (TJ) formation is crucial for tissue homeostasis, as TJs

regulate paracellular permeability in epithelia (gate function) and

physically segregate the apical and basolateral domains of

epithelial cells (Anderson and Van Itallie, 1995; Cereijido

et al., 1998; Mellman and Nelson, 2008; Rodriguez-Boulan and

Macara, 2014). The junctional complex has been shown to be

compromised in a number of pathological states, including

cancer, where impaired cell adhesion seems to be required for

tissue invasion and metastasis (Tanos and Rodriguez-Boulan,

2008), as well as bowel inflammatory diseases (Bruewer et al.,

2006), diabetic retinopathy (Wallow and Engerman, 1977),

macular degeneration (Erickson et al., 2007) and polycystic

kidney disease (Yu et al., 2008), where the loss of barrier function

disrupts paracellular ion transport homeostasis.

IQGAP1 is a member of a family of scaffolding proteins that

interact with signaling and structural molecules (reviewed in

Brown and Sacks, 2006) and is highly overexpressed in

metastatic breast carcinoma (Jadeski et al., 2008) and

glioblastoma (McDonald et al., 2007). It localizes to sites of

cell–cell contact in epithelial cells (Fukata et al., 2001) and has

been shown to regulate E-cadherin-mediated cell–cell adhesion

(Kuroda et al., 1998; Fukata et al., 2001; Li et al., 1999) as well as

a number of signal transduction pathways, including Ca2+/

calmodulin, (Ho et al., 1999; Ren et al., 2008), CDC42 and

Rac (Rittmeyer et al., 2008; Kuroda et al., 1998; Brown and

Sacks, 2006; Li et al., 1999) MAPK (Roy et al., 2004; Roy et al.,

2005) and mTORC1–Akt (Wang et al., 2009). However, the role

of IQGAP1 in TJ assembly and/or maintenance has not been

investigated to date.

TJs are composed of scaffolding molecules, such as ZO-1 (also

known as TJP1), and transmembrane proteins such as claudins,

occludin and junctional adhesion molecules (JAMs) (reviewed in

Rahner et al., 2001; Cereijido, 1991; Shin et al., 2006). Barrier

function is mainly maintained by claudins, which provide ion

selectivity to the gatekeeper properties of the TJ (Van Itallie and

Anderson, 2006). Some claudins, such as claudin 2, increase TJ

conductivity by forming a Na+-selective pore (Amasheh et al.,

2002) (Furuse et al., 2001); others, such as claudin 4, generate

pores with broader selectivity and thus cause an overall decrease

in ion conductivity (Van Itallie et al., 2001). Ion conductivity can

be estimated by measuring transepithelial electrical resistance

(TER) (Rahner et al., 2001). TER holds a logarithmic relationship

with the number of TJ strands and provides a measurement of TJ

establishment and stability (Rahner et al., 2001).

In this study, we find that RNA interference (RNAi)-mediated

inactivation of IQGAP1 in Madin-Darby canine kidney (MDCK)

cells is sufficient to induce a dramatic increase in TER during TJ

formation. Interestingly, analysis of various junctional proteins

revealed that IQGAP1 knockdown resulted in enhanced claudin 4

localization and reduced claudin 2 expression and localization to
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TJs, suggesting a mechanism for the observed increase in TER.
Furthermore, we find that this increase in TER can be reversed

by expression of dominant-negative CDC42, an interactor of
IQGAP1. In addition, IQGAP1 knockdown promotes increased
activation of JNK, an effector of CDC42. Thus, our study
identifies IQGAP1 as an important player in the establishment of

TJs and establishes a mechanistic link between IQGAP1, the
CDC42–JNK pathway and the spatial regulation of claudins
during the early steps in the establishment of epithelial polarity.

RESULTS
IQGAP1 knockdown promotes a transient increase in
transepithelial electrical resistance
We first asked whether IQGAP1 protein levels could influence
the formation and stability of TJs. To do this, we depleted

IQGAP1 from MDCK cells, a model cell line used extensively for
the study of epithelial polarity (Cereijido et al., 1978; Rodriguez-
Boulan et al., 2005) using RNAi (Rittmeyer et al., 2008). Small
interfering (si)RNA oligos were introduced into cells by two

consecutive rounds of electroporation and IQGAP1 knockdown
was quantified by fluorescent immunoblot, as described in
Materials and Methods (Fig. 1A). IQGAP1 has been shown to

localize to lateral junctions (Noritake et al., 2004). We confirmed
this localization by immunostaining, and found that most of the
junction-associated protein was absent from IQGAP1-knockdown

cells (Fig. 1B). Next, we analyzed the effects of IQGAP1
knockdown on TJ formation using a Ca2+ switch assay
(Gonzalez-Mariscal et al., 1990) in which confluent MDCK

monolayers are incubated in Ca2+-free medium to completely
disrupt cell–cell contacts and then switched to Ca2+-rich medium
to allow re-establishment of intercellular contacts. This results in
a sequence of Ca2+-dependent E-cadherin–E-cadherin and ZO-1–

E-cadherin interactions that concludes with the normal
positioning of TJs above the adherens junctions (Rajasekaran
et al., 1996). TJ formation can be followed by measuring the

transepithelial electrical resistance (TER) over time, which is a
measure of their ionic conductance (Cereijido et al., 1978). Early

work (Cereijido et al., 1978) has shown that MDCK II cells plated at
confluency after dissociation by trypsin develop a TER peak of

,500 ohms.cm2 before reaching a plateau of ,100–200 ohms.cm2.
We found that 9 h after Ca2+ addition, control MDCK monolayers
developed a transient TER peak of ,500 ohms.cm2 whereas
IQGAP1-knockdown cells showed a much larger TER peak,

ranging from 1200 to 2000 ohms.cm2 (Fig. 1C). This effect was
reverted upon transfection of an RNAi-resistant IQGAP1 cDNA
(supplementary material Fig. S1). In contrast to the dramatic effect

on TER, IQGAP1 knockdown did not affect expression of the TJ
marker ZO-1 and the adherens junction protein E-cadherin
(supplementary material Fig. S2) or the polarity of several

membrane polarity markers (supplementary material Fig. S3).

Transient TER peak requires actin polymerization
The actin cytoskeleton has been shown to be linked to TJ
components through the membrane-associated guanylate kinase
(MAGUK) family protein ZO-1 (Fanning et al., 1998), and
IQGAP1 is known to bind and cross-link actin filaments (Bashour

et al., 1997). Thus, we examined whether actin polymerization
and turnover could influence the striking effect of IQGAP1 on TJ
formation. To this end, we used cytochalasin D, which inhibits

actin polymerization by binding to G-actin. We found that
inhibition of actin polymerization with cytochalasin D completely
suppressed the increase in TER in both control and IQGAP1-

knockdown cells (Fig. 2A); therefore, actin polymerization seems
to have a broad effect on TJ formation, not just related to
IQGAP1. By contrast, the TER increase was not affected by

jasplakinolide, a drug that inhibits actin turnover by binding to F-
actin (Fig. 2A,C). Importantly, when we analyzed F-actin
distribution using phalloidin staining, we found that IQGAP1-
knockdown cells did not show any considerable difference in F-

actin distribution (Fig. 2C), albeit cells displayed a slightly more
columnar morphology (Fig. 2C) and a significant increase in cell
height (Fig. 2D), consistent with the idea that IQGAP1 silencing

might increase the number of cell–cell junctions in the lateral
membrane.

Fig. 1. IQGAP1 knockdown promotes an increase in
transepithelial electrical resistance. MDCK II cells were
electroporated with control luciferase siRNA or IQGAP1
siRNA. (A) Western blot showing IQGAP1 protein levels in
control and IQGAP1-knockdown (KD) cells 3 days after the
first round (left) and 3 days after the second round (right)
of AMAXA electroporation. IQGAP1 levels normalized to
the b-COP loading control are indicated as a percentage
(%) relative to control lanes. (B) Maximum projection of a
confocal z-stack showing control (left) and IQGAP1-
knockdown (right) cells immunostained for IQGAP1, 3 days
after the second electroporation. Images were acquired
using a 636 oil-immersion objective. (C) TER was
measured at different times during a Ca2+ switch assay in
control and IQGAP1-knockdown monolayers. Note the
significant differences in TER at 6 and 9 h after the switch
to normal Ca2+ medium. *P50.0194; **P50.0004
(Student’s t-test of the differences between two means).
Data show the mean6s.e.m. (three independent
experiments).
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IQGAP1 regulates TJ formation through transient inhibition
of the CDC42–JNK pathway
CDC42 has been shown to regulate IQGAP1 activity through

direct interaction (Kuroda et al., 1996; Kuroda et al., 1998;
Rittmeyer et al., 2008). However, IQGAP1 can also regulate the
activation of CDC42 (Rittmeyer et al., 2008). CDC42 is also
required for TJ formation (Wallace et al., 2010) and maintenance

(Rojas et al., 2001). To investigate the relevance of the IQGAP1–
CDC42 interaction in the regulation of TJ formation, we
examined their physical association during epithelial cell

polarization. Co-immunoprecipitation at different time-points
after Ca2+ replenishment showed that the interaction between
CDC42 and IQGAP1 changed slightly during junction formation,

with a decrease at early time-points, including the 9 h time-point,
the time at which we observed the TER peak (Fig. 3A). Because
CDC42 is thought to promote TJ formation, our data suggest that
IQGAP1 could be acting as an inhibitor of CDC42 during this

process. Indeed, we found that expression of dominant-negative
CDC42 blocked the effects of IQGAP1 knockdown on TER
(Fig. 3B), using an MDCK cell line (MDCK-T23) stably

expressing a tetracycline-regulated (Tet-Off) dominant-negative
allele of CDC42 (Myc-CDC42-N17) (described in Kazmierczak
et al., 2001).

To examine whether other components of the CDC42
pathway could be involved in this TER effect, we focused on

Jun-N-terminal-kinase (JNK), a well-documented effector of
CDC42 (Teramoto et al., 1996). In airway epithelia, JNK has
been shown to be required for the development of TER (Terakado

et al., 2011) and for the increase in TER following lung injury
(Wray et al., 2009). To test whether JNK activity would be
affected by IQGAP1 knockdown, we generated a MDCK cell line
with stable IQGAP1 knockdown through retroviral delivery of a

short hairpin (sh)RNA and measured JNK activity. Interestingly,
IQGAP1-knockdown cells showed increased levels of
phosphorylation of c-Jun (the primary substrate of JNK)

compared with that of control cells (Fig. 3C). Our findings are
consistent with a scenario in which IQGAP1 inhibits TJ formation
through inhibition of JNK secondary to inhibition of CDC42. In

this scenario, depletion of IQGAP1 derepresses both CDC42 and
JNK, thereby increasing TJ strength.

IQGAP1 regulates expression levels and TJ recruitment of
claudins 2 and 4 during TJ formation
Our data show that IQGAP1 knockdown increases TER during TJ
formation. In the MDCK cell model system, claudin 2 has been

shown to increase paracellular permeability and reduce TER (Furuse
et al., 2001) (Amasheh et al., 2002), whereas claudin 4 has been
shown to have the opposite effect (Van Itallie et al., 2001).

Therefore, IQGAP1 might control TER levels by regulating
expression and TJ recruitment of these claudins during TJ formation.

Fig. 2. Transient TER peak requires actin polymerization. (A) TER measurements in control (‘C’) and IQGAP1-knockdown (KD) monolayers during a Ca2+

switch assay, with the addition of DMSO (vehicle control), cytochalasin D (to prevent actin polymerization) and jasplakinolide (to prevent actin turnover). Note
that the TER increase requires actin polymerization but not actin turnover. Data show the mean6s.e.m. (three independent experiments). (B) Western
blot of lysates from control (Lf) and IQGAP1-knockdown cells from A using anti-IQGAP1 (upper panel) and anti-b-COP (lower panel) antibodies. (C) Confocal
images of control and IQGAP1-knockdown MDCK II cells stained with phalloidin to visualize the actin cytoskeleton. Note that IQGAP1-knockdown cells are taller
and more columnar than control cells. Images were acquired using a 636oil-immersion objective. (D) Quantification of the cell height difference observed in C.
The horizontal line shows the mean, error bars indicate s.e.m. **P,0.001 (Student’s t-test).
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To study this, we carried out a Ca2+ switch assay followed by
surface biotinylation at different time-points. Nonpermeable

NHS-SS-biotin applied to both apical and basolateral chambers
of transwell filters biotinylated lysines of plasma membrane
proteins, which were subsequently pulled down with streptavidin

beads. Plasma membrane and intracellular proteins contained in
pull downs and supernatant, respectively, were separated by SDS-
PAGE and blotted for claudins 2 and 4. This assay showed that
both intracellular and plasma membrane levels of claudin 2 were

almost undetectable at time-point 0, reached half-maximum level
between 12 and 25 h and approached plateau by 50 h. Strikingly,
these levels were significantly lower in IQGAP1-knockdown

cells compared with those of control cells at all time-points
studied (Fig. 4A,B; quantification in Fig. 4A9,B9), indicating that
IQGAP1 knockdown inhibits both claudin 2 expression and

plasma membrane recruitment during TJ formation.
This biochemical approach did not allow us to determine

whether IQGAP1 inhibits claudin 2 recruitment specifically to the

TJ, because it measures recruitment to the whole plasma
membrane. To address this point, we studied the colocalization
of claudin 2 and the TJ marker ZO-1 at time-points 0, 9 and 25 h.
At time-point 0, claudin 2 fluorescence was not detected, and ZO-1

fluorescence was mostly intracellular, consistent with complete
disruption of TJs. By contrast, at time-points 9 and 25 h, claudin 2
and ZO-1 displayed characteristic TJ localization (Fig. 4C–E).

Strikingly, the amount of claudin 2 at the TJ was significantly
lower in IQGAP1-knockdown compared with control cells, as

indicated by the lower Manders colocalization coefficient of ZO-1
pixels occupied by claudin 2 (Fig. 4D9,E9). The percentage of

claudin 2 pixels occupied by ZO-1 was not reduced by IQGAP1
knockdown, because IQGAP1 knockdown also reduced the total
amount of claudin 2, as determined by assessing claudin 2 mean

intensity fluorescence (Fig. 4C9). Taken together, the biochemical
and microscopy assays indicate that IQGAP1 knockdown inhibits
claudin 2 expression and recruitment to the TJs.

The impaired recruitment of claudin 2 to the TJ might

be responsible for the increased TER peak observed in
IQGAP1 knockdown. Indeed, claudin-2-knockdown MDCK
cells displayed a TER peak similar to that of IQGAP1-

knockdown cells and significantly higher than that of control
MDCK cells (Fig. 4F), suggesting that IQGAP1 could regulate
TER through claudin 2 during TJ formation. Interestingly, double

knockdown of IQGAP1 and claudin 2 induced a TER peak even
larger than that observed following single knockdown of claudin
2 (Fig. 4F), suggesting that IQGAP1 might only regulate certain

aspects of claudin 2 function.
In addition to claudin 2, other claudin family proteins have

been shown to regulate paracellular permeability. We focused on
claudin 4, which has been shown to reduce paracellular

permeability and promote a significant increase in TER (Van
Itallie et al., 2001). Biochemical experiments showed that
IQGAP1 knockdown did not alter claudin 4 expression during

TJ formation (Fig. 5A). This was confirmed by microscopy
experiments measuring claudin 4 mean intensity fluorescence

Fig. 3. IQGAP1 interacts with CDC42 during
epithelial polarization and controls TJ formation
through CDC42. (A) IQGAP1 immunoprecipitation (IP)
at different time-points during a synchronized epithelial
polarization assay in MDCK cells. Note that CDC42 co-
immunoprecipitates with IQGAP1 at all times after the
switch to Ca2+-rich medium, but the interaction weakens
around the times where we observe higher TER.
(B) TER measurements during a Ca2+ switch assay in
MDCK T23 cells expressing a tetracycline-repressed
dominant-negative CDC42 mutant (CDC42 N17). When
indicated, doxycycline was removed during the
overnight incubation with low-Ca2+ medium (16 h) to
promote expression of CDC42 N17. The TER peak
upon IQGAP1 knockdown (KD) is absent from cells
expressing dominant-negative CDC42 N17. Data show
the mean6s.e.m. (three independent experiments). The
right panel shows a western blot indicating IQGAP1
levels in cells expressing CDC42 N17, electroporated
with luciferase siRNA or IQGAP1 siRNA. An E-cadherin
loading control is shown in the lower panel. (C) Stable
knockdown of IQGAP1 in MDCK cells promotes JNK
activation. Lysates from parental MDCK cells and
MDCK cells stably transduced with a retroviral IQGAP1-
targeted shRNA were analyzed by immunoblot with the
indicated antibodies. The percentage expression levels
relative to the loading control are indicated.
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(Fig. 5C9). Plasma membrane recruitment of claudin 4 was

increased when measured by cell-surface biotinylation (Fig. 5B);
however, low signal prevented us from obtaining accurate
quantification. Microscopy experiments confirmed that most of

the claudin 4 signal localized intracellularly, with a smaller
fraction localizing at the plasma membrane at time-points 9 and

25 h (Fig. 5D,E). Strikingly, the colocalization of claudin 4 and

ZO-1 (i.e. ZO-1 pixels occupied by claudin 4 and claudin 4 pixels
occupied by ZO-1) was significantly greater in IQGAP1-
knockdown cells than control MDCK cells at time-points 9 and

25 h, indicating that IQGAP1 knockdown promotes the
recruitment of claudin 4 to the TJ (Fig. 5D9,E9). Taken

Fig. 4. See next page for legend.
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together, these results indicate that IQGAP1 increases expression

levels and TJ recruitment of claudin 2 and inhibits TJ recruitment
of claudin 4, which attenuates the TER peak observed during TJ
formation.

DISCUSSION
IQGAP1 has been shown to regulate the formation of adherens

junctions (Fukata et al., 2001; Li et al., 1999). However, whether
IQGAP1 is also implicated in the regulation of TJs has not been
addressed. Our data provide the first evidence of an inhibitory

role for IQGAP1 in TJ formation during epithelial polarization.
We found that RNAi-mediated downregulation of IQGAP1 led

to an increase in TER (Fig. 1). This TER effect was rescued by
expression of an RNAi-resistant IQGAP1 cDNA in IQGAP1-

knockdown cells (supplementary material Fig. S1). Interestingly,
IQGAP1-knockdown cells showed an increased columnar
appearance, probably as a result of increased junctional strength

(Fig. 2C), and a significant increase in cell height (Fig. 2D). Our
analysis showed that these changes were not associated with
changes in the levels of a number of junctional proteins such as E-

cadherin, occludin and ZO-1 (supplementary material Fig. S2).
However, IQGAP1 knockdown had a profound effect on the
differential regulation of claudins. Claudin 2 and claudin 4 are two

well-studied TJ proteins that have a key role in the regulation of
barrier function through their channel activities. Claudin 2 forms a
cation-selective pore at the TJ that decreases TER and increases
conductivity (Furuse et al., 2001; Amasheh et al., 2002), whereas

claudin 4 decreases paracellular conductance by reducing Na+

permeability (Van Itallie et al., 2001). Notably, we have also found
that IQGAP1 knockdown promotes a decrease in the total levels of

claudin 2 protein and a decrease in the TJ recruitment of claudin 2
(Fig. 4), which could explain the significant increase in TER in
IQGAP1-knockdown cells. Interestingly, our experiments also

show that IQGAP1 knockdown promotes an increase in claudin 4
recruitment to TJs (Fig. 5). This differential recruitment of
claudins to the TJ could potentially be explained by IQGAP1
effects on membrane trafficking (Osman, 2010).

IQGAP1 has been placed both upstream and downstream of
CDC42 and is therefore likely to play an important role in the

regulation of this molecule (Kuroda et al., 1996; Kuroda et al.,
1998; Kuroda et al., 1999; Rittmeyer et al., 2008). Experiments

using mutant alleles of CDC42 revealed that CDC42 regulates
early steps of TJ formation (Rojas et al., 2001). Knockdown of
CDC42 [or its effectors PAK4 and Par6B (also known as
PARD6B)] impairs junction formation in bronchial epithelial

cells (Wallace et al., 2010). Our results show that CDC42
interacts with IQGAP1 during TJ formation; however, this
interaction seems to be weaker at the time points where we

observe a higher TER (Fig. 3A). This is consistent with a
scenario in which IQGAP1 inhibits TJ formation by restricting
the function of CDC42. Indeed, our results show that the ability

of IQGAP1 to regulate barrier function is CDC42 dependent
(Fig. 3B); hence, they provide evidence for a link between
IQGAP1 function and CDC42-regulated TJ formation.

In airway epithelia, the CDC42 effector JNK has been shown
to be required for TJ barrier function (Terakado et al., 2011) and
for the increase in TER following lung injury (Wray et al., 2009).
Consistently, we found that IQGAP1 knockdown led to activation

of JNK in MDCK cells (Fig. 3C), thus supporting a role for JNK
in the increase in TJ strength upon IQGAP1 knockdown.

Finally, IQGAP1 is known to interact with Exo70 (also known

as EXOC7) (Rittmeyer et al., 2008), a key component of the
exocyst complex. As the exocyst is known to regulate basolateral
trafficking (Grindstaff et al., 1998), further work could potentially

uncover whether IQGAP1 functions at the junctional compartment,
modulating protein trafficking to the TJ at specific times during
epithelial polarization, maybe through interactions with Exo70 or

other trafficking molecules. In support of this view, IQGAP1 has
also been shown to interact with septin 2 (Rittmeyer et al., 2008),
which functions as a diffusion barrier for protein trafficking to
specialized cellular compartments (Hu et al., 2010). However, we

did not observe any changes in the localization of several
basolateral markers (supplementary material Fig. S3), suggesting
that the IQGAP1 effects might be specific for TJ proteins.

In summary, our study supports a model of TJ formation that
involves IQGAP1-sensitive differential recruitment of claudin 2
and claudin 4 to the TJ site, and IQGAP1-sensitive activation of

CDC42–JNK that likely facilitates junction maturation (Fig. 6).
Furthermore, given the prognostic value of claudin 4 total protein
expression in various tumor types (Ersoz et al., 2011; Sung et al.,
2011; Szasz et al., 2011) and the association between loss of TJs

and metastatic behavior (Martin et al., 2011), our results also
provide additional evidence that IQGAP1 might be a potential
therapeutic target for the treatment of advanced cancers.

MATERIALS AND METHODS
Cell culture
MDCK (strain II) cells were grown in DMEM (Invitrogen) supplemented

with 100 U/ml penicillin, 100 mg/ml streptomycin and 5% fetal calf

serum (FCS; Invitrogen) at 37 C̊ in a humidified atmosphere with 5%

CO2. MDCKII T23 cells with inducibly repressed (tet-off) dominant-

negative CDC42 were a kind gift from W. James Nelson (Stanford

University, CA). For polarization experiments, cells were grown in

Transwell chambers with polycarbonate filters (Corning Costar,

Tewksbury, MA). 293T cells were grown in DMEM supplemented

with 10% FCS and antibiotics.

siRNA-mediated knockdown and permanent silencing of IQGAP1
in MDCK cells
Previously described sequences for siRNA targeting of IQGAP1 (59-

TGCCATGGATGAGATTGGA-39) (Rittmeyer et al., 2008) and control

luciferase siRNA (GL2-siRNA) were synthesized by Dharmacon

Fig. 4. IQGAP1 knockdown reduces expression levels and TJ
recruitment of claudin 2 during TJ formation. (A) Western blot
indicating intracellular expression levels of claudin 2 (upper panel) and
GAPDH (lower panel) in control and IQGAP1-knockdown (KD) MDCK cells
at different time-points during a Ca2+ switch assay. Lucif., luciferase.
(A9) Quantification of the claudin 2:GAPDH ratio from three independent
experiments similar to that presented in A. Data show the mean6s.e.m.
(B) Western blot indicating expression levels of plasma membrane (PM)
claudin 2 in control and IQGAP1-knockdown MDCK cells at different time-
points during a Ca2+ switch assay. (B9) Quantification of the plasma
membrane claudin 2:GAPDH ratio from three independent experiments.
Data show the mean6s.e.m. (C–E) Confocal images of control and IQGAP1-
knockdown MDCK monolayers at time-points 0, 9 and 25 h, showing claudin
2 colocalization with the TJ marker ZO-1. Note that IQGAP1-knockdown
MDCK cells show a substantial decrease in claudin 2 recruitment to the TJ
compartment, defined by ZO-1. Scale bars: 10 mm. (C9) Cells from
experiments represented in C–E were quantified for claudin 2 mean intensity
fluorescence (MIF). (D9,E9) Cells from experiments represented in D,E were
quantified for the percentage of pixels of ZO-1 occupied by claudin 2 (upper
panel) and the percentage of pixels of claudin 2 occupied by ZO-1 (lower
panel). Circles represent values from individual cells and red lines represent
the mean value. Error bars indicate 6s.e.m. ns, not significant; *P,0.05;
**P,0.001 (Student’s t-test). (F) TER measurements during Ca2+ switch
assays from control, IQGAP1 knockdown, claudin 2 knockdown and double
IQGAP1, claudin 2 knockdown MDCK cells.
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(Lafayette, CO). To transfect siRNAs, MDCK cells were trypsinized and

resuspended in Nucleofector solution (Amaxa, Gaithersburg, MD) at

46106 cells per 100 ml. siRNA oligonucleotide (200 pmol) was added to

the cell suspension, and samples were electroporated using the T-023

electroporation program. To stably express an IQGAP1 shRNA, MDCK

cells were retrovirally transduced with pSuper-IQGAP1 siIQ8 (59-

AGGAGAAAGGCCGAACTAG-39) (Mataraza et al., 2003) or a

Luciferase control plasmid. Briefly, retrovirus was generated by

transient co-transfection of 293T cells with a pCL-Ampho packaging

plasmid (Imgenex) and pSuper-IQGAP1. MDCK cells were transduced

with two rounds of infection with virus-containing supernatants collected

at 36 and 60 h after transfection of the virus-producing 293T cells. Stable

expressors were derived through antibiotic selection (5 mg/ml

puromycin).

Ca2+ switch assay
Following two rounds of electroporation, MDCK cells were plated at

0.56106 cells per filter in 1.2-cm Transwell chambers and allowed to

attach in Ca2+-containing DMEM (1.8 mM Ca2+) for 24 h. Thereafter,

cells were washed three times in Ca2+-free minimum essential medium

Fig. 5. IQGAP1 knockdown increases TJ recruitment of claudin 4 during TJ formation. (A) Western blot indicating intracellular expression levels of claudin
4 (upper panel) and GAPDH (lower panel) in control and IQGAP1-knockdown (KD) MDCK cells at different time-points during a Ca2+ switch assay. Lucif.,
luciferase. (B) Western blot indicating expression levels of plasma membrane (PM) claudin 4 in control and IQGAP1-knockdown MDCK cells at different time-
points during a Ca2+ switch assay. (C–E) Confocal images of control and IQGAP1-knockdown MDCK monolayers at time-points 0, 9 and 25 h, showing
claudin 4 colocalization with the TJ marker ZO-1. Note that IQGAP1-knockdown MDCK cells show a substantial increase in claudin 4 recruitment to the TJ
compartment, defined by ZO-1. Scale bars: 10 mm. (C9) Cells from experiments presented in C–E were quantified for claudin 4 mean intensity fluorescence
(MIF). Data show the mean6s.e.m. (D9,E9) Cells from experiments presented in D,E were quantified for the percentage of pixels of ZO-1 occupied by claudin 4
(upper panel) and the percentage of pixels of claudin 4 occupied by ZO-1 (lower panel). Circles represent the values of individual cells and red lines represent
the mean value. Error bars show6s.e.m. **P,0.001 (Student’s t-test).
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for suspension culture (S-MEM) (Sigma-Aldrich) containing ,5 mM

Ca2+ (low Ca2+ medium) and 5% dialyzed fetal bovine serum (FBS) and

incubated for ,16 h at 37 C̊. The medium was then changed back to

normal Ca2+ medium, to allow the polarization process to begin. This

Ca2+ switch protocol is essentially as described previously (Gonzalez-

Mariscal et al., 1990). The cells were fixed at various time-points in 4%

paraformaldehyde (PFA) in PBS for 10 min at room temperature or

4% PFA followed by methanol at 220 C̊ for 20 min for IQGAP1

immunostaining.

Transepithelial electrical resistance measurements
The TER was measured at the times indicated, on monolayers that were

grown on Transwell chambers and subjected to the Ca2+ switch protocol,

using the EVOM epithelial voltohmeter (World Precision Instruments,

Sarasota, FL). Background TER was estimated by measuring the resistance

on an empty chamber and was subtracted from each measurement.

Immunofluorescence and confocal microscopy
Briefly, immunofluorescence was performed in cells grown on filters by

first fixing cells in 4% PFA at room temperature. Then, after two washes

with PBS, the filters were transferred to methanol at 220 C̊ for 20 min

when necessary. Filters were quenched for unreacted aldehydes with

0.1 M glycine, 50 mM ammonium chloride in PBS, permeabilized for

5 min in 1% Triton X-100 in PBS, incubated for 1 h in 10% normal

donkey serum (NDS) in PBS and subsequently incubated with primary

antibodies in a humid chamber at 4 C̊ overnight, washed four times with

PBS containing 1% Triton X-100 and incubated with secondary

antibodies in 5% NDS, washed four times, treated with DAPI for

5 min, washed four times, then mounted on glass slides with Vectashield

(Vectorlabs, Burlingame, CA), covered with No. 1.5 coverslips and

sealed with nail polish. Laser-scanning confocal microscopy was

performed using a Leica TCS SP2 system equipped with argon and

helium-neon lasers and, subsequently, a Leica TCS SP5. Images were

acquired using a 636 oil-immersion objective, 1.4 numerical aperture,

102461024 pixel format, line averaging 4 to reduce noise and sequential

scanning. Acquired images were analyzed using Leica software (Leica

Microsystems), Metamorph (Molecular Devices), ImageJ and Adobe

Photoshop.

Immunoprecipitation, cell-surface biotinylation and
western blots
Domain-specific cell-surface biotinylation was performed as described

previously (Rodriguez-Boulan et al., 1989) on cells growing in Transwell

chambers; after two rounds of biotinylation, cells were lysed in RIPA

buffer with protease and phosphatase inhibitors and incubated overnight

with streptavidin. For immunoprecipitation experiments, confluent

MDCK monolayers grown on Transwell chambers with 2.4-cm or 1.2-

cm filter inserts (Corning Costar, Tewksbury MA) and subjected to

the Ca2+ switch protocol were scraped from the filters with a rubber

policeman and lysed in 0.5% NP-40, 0.1 mM EDTA, 20 mM Tris-HCl

pH 7.4, 150 mM NaCl, in the presence of phosphatase and protease

inhibitors. Lysates were sonicated and centrifuged at 16,100 g in a

microfuge for 20 min. Supernatants (2 mg of protein quantified with Bio-

Rad DC reagent, Bio-Rad Laboratories, Hercules, CA), supplemented

with 2 mg of anti-IQGAP1 mouse monoclonal antibody and incubated for

2 h, were subsequently incubated with Protein-G–Sepharose beads for an

additional 2 h. For cell lysates, 20 mg of protein was separated by SDS-

PAGE and transferred to nitrocellulose membrane (Schleicher & Schuell,

Keene, NH). Blots were blocked with 5% nonfat dry milk in Tris-

buffered saline containing Tween 20 (TBST) and then incubated

with primary antibody (diluted in 5% milk/TBST for enhanced

chemiluminescence) overnight at 4 C̊. Western blots were incubated in

LICOR blocking reagent for LICOR fluorescent western blots (Li-Cor,

Lincoln, Nebraska). After primary antibody incubation, the blots were

washed three times with PBS/0.05% Tween 20 and then incubated for 1 h

at room temperature with horseradish-peroxidase-conjugated secondary

antibody (1:5000 in 5% milk/TBST) or Odyssey blocking buffer (Li-Cor,

Lincoln, Nebraska) for Li-Cor western blots. Bound antibody was

detected by peroxidase-catalyzed enhanced chemiluminescence (Perkin

Elmer Life Sciences, Boston, MA) or with a LICOR Odyssey Infrared

Scanner. Densitometric analysis and quantification of the intensity of the

individual bands was carried out with Odyssey Software from LICOR.

Mean intensity fluorescence quantification and
colocalization analysis
The amount of claudin 2 and claudin 4 was quantified in microscopy

experiments as the average mean intensity fluorescence from individual

cells in entire confocal stacks, using ZEN 2012 (Zeiss, Thornwood, NY).

Three-dimensional colocalization analysis of entire stacks was carried out

as described previously (Perez Bay et al., 2013) using the Manders’

colocalization coefficient (MCC) (Dunn et al., 2011). MCC provides

information on the fraction of marker A occupied by marker B and the

fraction of marker B occupied by marker A. To determine the area of

marker A (i.e. ZO-1) occupied by marker B (i.e. claudin 2 or 4), we

quantified the pixels of marker A colocalizing with marker B and the

pixels of marker A in each confocal section of a region of interest (i.e.

one cell). These values were summed for all confocal sections of the

stack and used to calculate the MCC1 with the formula: pixels of marker

A colocalizing with marker B/pixels of marker A. MCC2 was defined by

the formula: pixels of marker B colocalizing with marker A/pixels of

marker B. Values were expressed as the mean6s.e.m. The statistical

method used was the Student’s t-test. The level of statistical significance

is specified for each comparison in the respective figure.

Antibodies and reagents
The sources of the antibodies used in this study were as follows:

IQGAP1, E-cadherin and JNK1/2 mouse monoclonal antibodies were

purchased from BD Biosciences (San Jose, CA). b-COP antibody was a

kind gift from Dr James Rothman (Yale School of Medicine, New Haven,

Fig. 6. Model of IQGAP1-regulated TJ formation in polarized epithelia.
Positive regulators of barrier function are shown in blue and negative
regulators are shown in red. Our results show that the presence of IQGAP1
blocks the early recruitment of claudin 4 to the forming TJs; thus, claudin 4
levels increase upon IQGAP1 knockdown. We propose that IQGAP1
exerts an inhibitory effect on CDC42 during TJ formation, which can also
restrict JNK activation, given that JNK is activated following IQGAP1
knockdown. Additionally, IQGAP1 might stabilize claudin 2, which negatively
regulates paracellular permeability.
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CT). Actin mouse monoclonal antibody was purchased from Sigma-

Aldrich (St Louis, MO). CDC42, c-Jun and Myc antibodies were

purchased from Santa Cruz Biotechnology (Santa Cruz, CA). p-Jun

(Ser73) antibody was purchased from Millipore (Billerica, MA).

Transferrin receptor and Na+/K+ ATPase antibodies were purchased

from Zymed (San Francisco, CA). Occludin antibody was purchased

from Invitrogen (Grand Island, NY) and Exo70 antibody was purchased

from Origene (Rockville, MD). GFP antibody was purchased from

Clontech (Mountain View, CA). All secondary antibodies were

purchased from Jackson Immunoresearch. (West Grove, PA).

Cytochalasin D was purchased from Sigma-Aldrich and used at 2 mM.

Jasplakinolide (used at 100 nM) was purchased from Calbiochem (San

Diego, CA). Phalloidin was purchased from Biotium (Hayward, CA) and

used according to the instructions from the manufacturers.
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