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Abstract

A single epithelial cell embedded in extracellular matrix (ECM) can proliferate

to form an apical lumen-harboring cyst, whose formation is a fundamental

step in epithelial organ development. At an early two-cell stage after cell divi-

sion, the cell doublet typically displays “inverted” polarity, with apical and

basolateral proteins being located to the ECM-facing and cell–cell-contacting
plasma membranes, respectively. Correct cystogenesis requires polarity reor-

ientation, a process containing apical protein endocytosis from the ECM-abut-

ting periphery and subsequent apical vesicle delivery to a cell–cell contact site
for lumen formation. Here, we show that downstream of the ECM-signal-

transducer β1-integrin, Rac1, and its effector IQGAP1 promote apical protein

endocytosis, contributing to polarity reorientation of mammalian epithelial

Madin-Darby canine kidney (MDCK) cells at a later two-cell stage in three-

dimensional culture. Rac1–GTP facilitates IQGAP1 interaction with the Rac-

specific activator Tiam1, which also contributes to the endocytosis and

enhances the effect of IQGAP1. These findings suggest that Tiam1 and

IQGAP1 form a positive feedback loop to activate Rac1. With Rac1–GTP,
IQGAP1 also binds to AP2α, an adaptor protein subunit for clathrin-mediated

endocytosis; depletion of the AP2 complex impairs apical protein endocytosis

in MDCK doublets. Thus, Rac1 likely participates in polarity reorientation at

the two-cell stage via its interaction with IQGAP1.
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1 | INTRODUCTION

Tubes of epithelial cells enclosing a central lumen are a
fundamental unit of organ design (Bernascone et al., 2017;
Lubarsky & Krasnow, 2003). Tubular structures, such as

alveoli and cysts, share a common organization in which
the apical surface of epithelial cells lines the central lumen
and the lateral and basal membranes are attached to
neighboring cells and an extracellular matrix (ECM),
respectively. The position of the apical lumen is
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determined by the orientation of the apico-basal polarity
axis in each epithelial cell. In vitro cystogenesis by immor-
talized cells, including Madin-Darby canine kidney
(MDCK) epithelial cells, is a useful model of epithelial
morphogenesis and organogenesis (Buckley & St John-
ston, 2022) as well as the pathology of polycystic kidney
disease (Dixon & Woodward, 2018).

Single MDCK cells are unpolarized without external
cues such as ECM (Bryant et al., 2014; Mrozowska &
Fukuda, 2016). When cultured in three-dimensional
(3D) ECM, especially in laminin-rich Matrigel (Matlin
et al., 2017), MDCK cells undergo a series of stereotyped,
but not always synchronous, morphogenetic steps from a
single cell to a cyst with a single, central lumen that is
surrounded by cells with correct apico-basal polarity
(Buckley & St Johnston, 2022; Rom�an-Fern�andez & Bry-
ant, 2016). At an early two-cell stage after the first cell
division, a substantial portion of the cell doublets display
“inverted” polarity in that apical transmembrane proteins
are located to the ECM-abutting periphery, whereas baso-
lateral proteins are present at the cell–cell contact region
between the doublet (Bryant et al., 2010, 2014; Mro-
zowska & Fukuda, 2016) (see Figure 1a). The polarity is
thus required to be reoriented for proper development of
an apical lumen during cystogenesis. In polarity reorien-
tation at the two-cell stage, apical proteins are endocy-
tosed from the cell–ECM interface as apical vesicles,
which are subsequently delivered to the cell–cell contact
region to generate pre-apical patch (PAP), representing
an early stage of apico-basal polarity. The doublet with
correct polarity proliferates to develop a cyst with a
lumen originated from the PAP (Bryant et al., 2010; Fer-
rari et al., 2008).

In the step of apical vesicle delivery from the cyto-
plasm to the cell–cell contact region, the small GTPase
Cdc42 plays a crucial role (Bryant et al., 2010). On the
other hand, apical protein endocytosis, that is, the initial
step of polarity reorientation, is considered to be elicited
by detection of ECM via β1-integrins (Yu et al., 2005).
Downstream β1-integrin signaling, focal-adhesion kinase
(FAK) activates p190RhoGAP, resulting in local hydroly-
sis of RhoA–GTP to facilitate the endocytic removal of
apical proteins (Bryant et al., 2014; Yu et al., 2008). In
MDCK cysts grown in type I collagen gels, the small
GTPase Rac1, another β1-integrin effector, is also impli-
cated in polarity reorientation, which is considered to be
mediated mainly via promoting basolateral assembly of
the ECM component laminin released by MDCK cells
(O'Brien et al., 2001; Yu et al., 2005). However, Rac1 is
still crucial in MDCK cells cultured in the laminin-rich
Matrigel (Monteleon et al., 2012; Myllymäki et al., 2011).
Thus, the molecular mechanism for Rac1-promoted
polarity reorientation has not been fully understood.

In the present study, we show that Rac1 and its effec-
tor IQGAP1, a scaffold protein that is known to bind to
β1-integrins (Thines et al., 2023), promote apical protein
endocytosis from the cell–ECM interface, contributing to
reorientation of apico-basal polarity in MDCK cells
at the two-cell stage. In the presence of Rac1–GTP,
IQGAP1 interacts with Tiam1, a guanine nucleotide
exchange factor (GEF) that can specifically activate Rac
(Karnoub et al., 2001); Tiam1 also participates in apical
protein endocytosis and is able to further facilitate the
effect of IQGAP1 on MDCK cells. Thus, Rac1 is likely
activated via a positive feedback loop composed of its
activator Tiam1 and its effector IQGAP1. In the presence
of Rac1–GTP, IQGAP1 also binds to AP2α, a subunit of
the adaptor protein 2 (AP2) complex for clathrin-medi-
ated endocytosis from the plasma membrane (Beacham
et al., 2019; Mettlen et al., 2018). Depletion of the AP2
complex impairs apical protein endocytosis in MDCK
cells at the two-cell stage. These findings indicate that the
Rac1 effector IQGAP1 facilitates the endocytic removal of
apical proteins from the cell–ECM interface, possibly by
interacting with the AP2 complex.

2 | RESULTS

2.1 | β1-integrin is required for apical
protein endocytosis during polarity
reorientation at the two-cell stage of
3D-cultured MDCK cells

After the first division of MDCK cells in 3D Matrigel cul-
ture, the doublets typically display “inverted” cell polarity
with apical proteins locating solely to the ECM-abutting
plasma membrane (Bryant et al., 2010; Bryant
et al., 2014; Mrozowska & Fukuda, 2016). Proper lumen
formation requires reorientation of the polarity at the
two-cell stage. This reorientation proceeds with the fol-
lowing steps: apical proteins are initially distributed to
the cell–ECM interface and then removed by endocytosis
to form intracellular apical vesicles; and these apical vesi-
cles are finally delivered from the cytoplasm to the cell–
cell contact region to generate PAP, resulting in doublets
with “correct” apico-basal polarity (Figure 1a).

To investigate polarity reorientation at the two-cell
stage, we carefully examined the distribution of apical
and basolateral proteins in MDCK cell doublets, which
were derived from single cells cultured for 24 h in 3D
Matrigel (Figure 1b). Under the conditions, about 60% of
the doublets showed “inverted” cell polarity (59%,
n = 323), in that the basolateral marker β-catenin local-
ized to the cell–cell contact and the apical transmem-
brane protein gp135 distributed to the ECM-abutting
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FIGURE 1 Legend on next page.
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periphery (Figure 1b). Among them, doublets with
gp135 distributing to more than 75% or less than 75% of
the ECM-facing plasma membrane were defined as those
with fully-inverted polarity (21%, n = 323) or with par-
tially-inverted polarity (39%, n = 323), respectively. In a
part of doublets as designated “with apical vesicles” (8%,
n = 323), gp135 was entirely removed from the cell–
ECM interface and accumulated in intracellular apical
vesicles that were rich in actin filaments but free from
β-catenin. Doublets with reoriented polarity harbored a
gp135-enriched PAP (31%, n = 323), a precursor of the
apical membrane facing a lumen of the cyst (Bryant
et al., 2010; Ferrari et al., 2008). Polarity reorientation of
MDCK doublets thus appears to proceed from those
“with fully-inverted polarity” via “with partially-inverted
polarity” and “with apical vesicles” to “with PAP”
(Figure 1a,b).

To know the role for ECM-triggered β1-integrin acti-
vation in polarity reorientation in MDCK doublets, we
treated MDCK cells with AIIB2, an anti-β1-integrin
monoclonal antibody that blocks β1-integrin activation
(Yu et al., 2005). The treatment led to a marked increase
in cell doublets with fully-inverted polarity (93.7%,
n = 301) (Figure 1c,d), suggesting that apical protein
endocytosis is impaired by the blockade of β1-integrin
signaling. Consistent with this, AIIB2 caused a loss of the
doublets that were formed after completion of apical pro-
tein endocytosis, that is, doublets with apical vesicles
(0.3%, n = 301) and those with PAP (0.7%, n = 301)
(Figure 1d). Furthermore, doublets with partially-
inverted polarity, in which apical proteins are vigorously
endocytosed, were also significantly decreased by AIIB2
(Figure 1d). These findings indicate that ECM-directed
β1-integrin activation is required for apical protein endo-
cytosis during polarity reorientation at the two-cell stage
of Matrigel-embedded MDCK cells, which agrees with
the idea that β1-integrin is not necessary for cell polariza-
tion per se but instead reorients cell polarity from

initially inverted to lumen-containing cysts (Bryant
et al., 2014).

2.2 | Rac1 promotes apical protein
endocytosis during polarity reorientation
at the two-cell stage in 3D-cultured
MDCK cells

Expression of the dominant negative form of Rac1
(T17N) is known to induce the formation of MDCK cell
clusters with inverted polarity (Myllymäki et al., 2011;
O'Brien et al., 2001). To clarify the role of Rac1 at the
two-cell stage, we depleted Rac1 in MDCK cells by small
interfering RNAs (siRNA)-mediated RNA interference
(Figure 2a) and tested its effect on polarity reorientation
(Figure 2b,c). Depletion of Rac1 led to a pronounced
increase in fully-inverted doublets with a concomitant
decrease in the two-cell aggregates where endocytic
removal of apical proteins from the cell periphery is in
progress or completed, such as doublets with partially-
inverted polarity, those with apical vesicles, and those
with PAP (Figure 2c). Thus, similar to β1-integrin
(Figure 1d), its downstream effector Rac1 appears to play
a crucial role in apical protein endocytosis for polarity
reorientation of MDCK cells at the two-cell stage in
Matrigel 3D culture.

2.3 | Rac1 orients plasma membrane
polarity but not intracellular organelle
positioning

To study the role for Rac1 in polarization at later stages,
we examined multicellular MDCK cysts, comprising four
to eight cells, after Matrigel 3D culture for 48 h, when
the Rac1 protein level remained to be fully reduced in
Rac1 siRNA-transfected cells (Figure 3a). Depletion of

FIGURE 1 β1-integrin is required for apical protein endocytosis during polarity reorientation at the two-cell stage of three-dimensional

(3D)-cultured Madin-Darby canine kidney (MDCK) cells. (a) Schematic representation of a transition of the distribution of apical (magenta)

and basolateral (green) membrane proteins at the two-cell stage of 3D-cultured MDCK cells. Blue ellipses indicate nuclei. PAP, pre-apical

patch. (b) Representative confocal images of cell doublets with fully-inverted polarity, partially-inverted polarity, apical vesicles, or a PAP.

Single MDCK cells were grown for 24 h in Matrigel, followed by fixation and staining with phalloidin, Hoechst, and antibodies against gp135

(apical marker) and β-catenin (basolateral marker). (c) Representative confocal images of MDCK doublets treated with the monoclonal

antibody against β1-integrin (AIIB2) to inhibit Matrigel-induced integrin activation. Single cells were cultured for 24 h in Matrigel with (+)

or without (�) AIIB2 and visualized with the indicated antibodies and Hoechst. (d) Quantification of cell doublets with fully-inverted

polarity, partially-inverted polarity, apical vesicles, or a PAP in 3D culture of MDCK cells treated as in (c). The sum of the fully- and

partially-inverted polarity (Fully + Partially) and the sum of the apical vesicles and PAP (Apical vesicles + PAP) are also shown. Values are

means ± SD from four independent experiments (n ≥ 75 doublets/experiment). ***p < .001 (Tukey–Kramer test). The scale bars

represent 10 μm.
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Rac1 significantly decreased normal (correctly-oriented)
cysts with a single lumen, the surface of which was posi-
tive for gp135 and with the basolateral marker β-catenin
localizing to sites of cell–cell contact and to those facing
the ECM, without increasing cysts with multiple lumens,
which are typical in Cdc42-depleted MCDK cells (Martin-
Belmonte et al., 2007) (Figure 3b,c). Instead, Rac1 knock-
down resulted in a marked increase in cell clusters with
inverted polarity, in which gp135 localized at the ECM-
abutting plasma membrane (Figure 3b,c). Thus, the

polarity that is not reoriented at the two-cell stage seems
to remain uncorrected at later stages of cystogenesis in
the absence of Rac1.

In contrast to misoriented polarity of plasma mem-
brane proteins, positioning of intracellular organelles
is not severely perturbed in cysts with inverted orienta-
tion induced by Rac1 depletion. Nuclei were localized
on the side of the ECM-abutting plasma membrane in
both control and Rac1-depleted cysts (Figure 3d,e).
The Golgi marker protein GM130 was enriched apical

FIGURE 2 Rac1 promotes apical protein endocytosis during polarity reorientation at the two-cell stage in three-dimensional (3D)-

cultured Madin-Darby canine kidney (MDCK) cells. (a) Immunoblot analysis of the lysate from MDCK cells transfected with negative

control RNA, Rac1-specific small interfering RNAs (siRNA) (Rac1 siRNA-1 and siRNA-2), or Cdc42-specific siRNA (Cdc42 siRNA-1 and

siRNA-2). Proteins in the lysates were analyzed by immunoblot with antibodies against Rac1, Cdc42, IQGAP1, and β-tubulin. Positions for
marker proteins are indicated in kDa. (b) Representative confocal images of MDCK doublets in 3D culture. Cells transfected with control

RNA or Rac1 siRNA were subcultured for 24 h and trypsinized to a single cell suspension; the resultant single cells were cultured for 24 h in

Matrigel, followed by staining with the indicated antibodies and Hoechst. The scale bar represents 10 μm. (c) Quantification of cell doublets

with fully-inverted polarity, partially-inverted polarity, apical vesicles, or a pre-apical patch (PAP) in 3D culture of MDCK cells treated as in

(b). The sum of the fully- and partially-inverted polarity (Fully + Partially) and the sum of the apical vesicles and PAP (Apical vesicles

+ PAP) are also shown. Values are means ± SD from four independent experiments (n ≥ 75 doublets/experiment). *p < .05; **p < .01; and

***p < .001 (Tukey–Kramer test).
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to the nucleus in control cysts (100%, n = 100)
(Figure 3d,e). On the other hand, in 80% of inverted
cell clusters of Rac1-depleted cells (n = 102), the Golgi
apparatus was retained between the nucleus and the
center of the cluster instead of the localization of the
apical protein gp135 at the ECM-abutting periphery

(Figure 3d,e). These findings suggest that Rac1 contrib-
utes to reorientation of plasma membrane polarity
without affecting cytoplasmic organelles, probably via
endocytosis of apical proteins from the periphery, the
initiation step of which is independent of the Golgi
apparatus.

FIGURE 3 Rac1 orients plasma

membrane polarity but not positioning

of intracellular organelles.

(a) Immunoblot analysis of Rac1 and

β-tubulin expression in Madin-Darby

canine kidney (MDCK) cells transfected

with negative control RNA or

Rac1-specific small interfering RNAs

(siRNA). Positions for marker proteins

are indicated in kDa. (b) Representative

confocal images of Rac1-depleted MDCK

cells in three-dimensional (3D) culture.

Cells transfected with the indicated RNA

were grown for 48 h in Matrigel and

visualized with the indicated antibodies

and Hoechst. (c) Quantification of the

cyst phenotypes of 3D-cultured MDCK

cells: Normally-oriented cysts with a

solitary lumen (normal cysts), cysts with

inverted polarity, or cysts with multiple

lumens. Values are means ± SD from

four independent experiments (n ≥ 75

cysts/experiment). *p < .05; ***p < .001;

and n.s., not significant (Tukey–Kramer

test). (d) Representative confocal images

of Rac1-depleted MDCK cells in 3D

culture. Cysts cultured for 48 h in

Matrigel were fixed and stained with the

antibodies against GM130 (Golgi

marker), phosphorylated ezrin/radixin/

moesin (p-ERM) (apical marker) and

Hoechst. (e) The position of the Golgi

apparatus relative to the nucleus in 3D-

cultured MDCK cells treated as in (d).

Bar graphs indicate quantification of

cells in which the Golgi faces the center

of the cell cluster with normal plasma

membrane (PM) polarity (green open

box), the Golgi faces the center of the

cluster with inverted PM polarity (green

dashed box), or the Golgi faces

extracellular matrix (ECM) with

inverted PM polarity (gray box). At least

100 cells were counted for each

condition. The scale bars

represent 10 μm.
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2.4 | Cdc42 is dispensable for apical
protein endocytosis from the cell–ECM
interface but crucial for apical vesicle
delivery to the cell–cell contact site

It is known that Cdc42, regulated by the Rab family
GTPases Rab11a and Rab8a, is required for apical vesicle
delivery to the cell–cell contact site to initiate proper
lumen formation by Matrigel-embedded MDCK cells
(Bryant et al., 2010). To further understand the difference
between the two Rho family GTPases Cdc42 and Rac1 in
polarity reorientation, we depleted Cdc42 in MDCK cells
(Figure 2a) and tested its effect at the two-cell stage in 3D
Matrigel culture. Depletion of Cdc42 markedly increased
doublets with apical vesicles, with a concomitant
decrease of doublets with PAP, although the sum of the
two types of doublets, both in a state after completion of
apical protein endocytosis, was not significantly changed
(Figure 4a,b). Thus, apical vesicle delivery for PAP forma-
tion was impaired in Cdc42-depleted cells, confirming
that Cdc42 is crucial for apical vesicle exocytosis. On the
other hand, Cdc42 knockdown did not affect the sum of
the fully- and partially-inverted doublets (Figure 4a,b),
indicating that Cdc42 is dispensable for apical protein
endocytosis at the two-cell stage.

Taken together with the present findings, in cell
polarity reorientation at the two-cell stage, Rac1 primar-
ily promotes endocytic removal of apical proteins from
the cell–ECM interface, leading to accumulation of apical
vesicles, which are subsequently delivered to the cell–cell
contact region to form PAP in a Cdc42-dependent man-
ner. The order of action of the two GTPases in polarity
reorientation was supported by experiments using MDCK
cells in which Rac1 and Cdc42 were doubly knocked
down (Figure 4c). The double knockdown of Rac1 and
Cdc42 led to a marked increase in fully-inverted doublets
but a significant decrease in apical vesicle- and PAP-con-
taining doublets (Figure 4d,e), which changes are similar
to those observed in Rac1 single knockdown cells
(Figure 2b,c).

2.5 | The Rac1-binding protein IQGAP1
is involved in apical protein endocytosis
during polarity reorientation at the
two-cell stage

In a MDCK doublet with inverted polarity, endogenous
Rac1 localized to cell–cell and cell–ECM contacts
(Figure 5a), which is consistent with the localization of
ectopically-expressed, GFP-fused Rac1 in 3D-cultured
MDCK cells (Martin-Belmonte et al., 2007). To know
Rac1 effectors involved in polarity reorientation, we

expressed the constitutively active form of Rac1 (Q61L)
in MDCK cells and analyzed its co-precipitated proteins
by liquid chromatography–tandem mass spectrometry
(LC–MS/MS) (see Section 4). The analysis demonstrated
that IQGAP1 was a major Rac1-binding protein in
MDCK cells. Similar to Rac1, endogenous IQGAP1 local-
ized to cell–cell and cell–ECM contacts in a MDCK dou-
blet with inverted polarity (Figure 5a). The localization of
IQGAP1 was impaired by depletion of Rac1 but not by
that of Cdc42 (Figure 5b,c), suggesting that IQGAP1 may
function with Rac1 in apical protein endocytosis from the
cell periphery. To test this possibility, we examined cell
polarization in IQGAP1-depleted MDCK cells
(Figure 5d). Depletion of IQGAP1 led to a significant
increase in fully-inverted doublets and a decrease in api-
cal vesicle- and PAP-containing doublets (Figure 5e,f).
Thus, IQGAP1 is likely involved in endocytic removal of
apical membrane proteins from the cell periphery.

2.6 | The Rac activator Tiam1 interacts
with IQGAP1 and promotes apical protein
endocytosis at the two-cell stage

It has been reported that IQGAP1 forms a multi-protein
complex containing Tiam1, a Rac-specific GEF, in
human pulmonary artery endothelial cells (Usatyuk
et al., 2009). To investigate the interaction between the
Rac activator Tiam1 and the Rac effector IQGAP, we
expressed Tiam1–FLAG and HA–IQGAP1 in HEK293
cells and analyzed proteins precipitated with the anti-
FLAG antibody by immunoblot. As shown in Figure 6a,
HA–IQGAP1 indeed interacted with Tiam1–FLAG.
Intriguingly, the interaction was enhanced by the co-
expression of Myc–Rac1 (Q61L), a constitutively GTP-
bound form of Rac1 (Figure 6a). On the other hand, the
co-expression of Myc–Rac1 (T17N), a dominant negative
(GDP-bound) form of Rac1, did not affect the interaction
between IQGAP1 and Tiam1 (Figure 6a). In addition,
Rac1 (Q61L), capable of binding to IQGAP1 (Figure 6b),
was co-precipitated with Tiam1–FLAG (Figure 6a), dem-
onstrating the formation of a ternary complex containing
Rac1–GTP, IQGAP1, and Tiam1.

Because the present findings show that both Rac1
and IQGAP1 in the ternary complex promote apical
membrane endocytosis (Figures 2 and 5), we examined
the role of Tiam1, another component of the complex, in
polarity reorientation at the two-cell stage. When MDCK
cells were depleted of Tiam1 (Figure 6c), endocytic
removal of gp135 from the cell–ECM interface was
impaired, as indicated by a significant increase in fully-
and partially-inverted doublets with a concomitant
decrease in apical vesicle- and PAP-containing doublets
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(Figure 6d,e). Thus, Tiam1 seems to participate in endo-
cytic removal of apical membrane proteins from the cell
periphery.

Compared with the consequence of Rac1 depletion
(Figure 2c), knockdown of either IQGAP1 (Figure 5f) or
Tiam1 (Figure 6e) appears to exert a milder impact on
polarity reorientation. Hence, we next doubly knocked

down IQGAP1 and Tiam1 in MDCK cells (Figure 6f) and
tested its effect on apical protein endocytosis at the two-
cell stage (Figure 6g,h). The double knockdown of
IQGAP1 and Tiam1 resulted in a marked increase
of fully-inverted cell doublets and a significant decrease
of partially-inverted doublets (Figure 6h) to the same
extent as that induced by Rac1 knockdown (Figure 2c).

FIGURE 4 Cdc42 is dispensable for apical protein endocytosis from the cell–extracellular matrix (ECM) interface but crucial for apical

vesicle delivery to the cell–cell contact site. (a and d) Representative confocal images of Madin-Darby canine kidney (MDCK) doublets in three-

dimensional (3D) culture. Cells transfected with the indicated RNA (control RNA, Cdc42-specific small interfering RNAs [siRNA], and

Rac1-specific siRNA) were cultured for 24 h in Matrigel, followed by staining as indicated. The scale bars represent 10 μm. (b and e)

Quantification of cell doublets with fully-inverted polarity, partially-inverted polarity, apical vesicles, or a pre-apical patch (PAP) in 3D culture

of MDCK cells transfected with the indicated RNA. The sum of the fully- and partially-inverted polarity (Fully + Partially) and the sum of the

apical vesicles and PAP (Apical vesicles + PAP) are also shown. Values are means ± SD from four independent experiments (n ≥ 75 doublets/

experiment). *p < .05; **p < .01; ***p < .001; and n.s., not significant (Tukey–Kramer test). (c) Immunoblot analysis of Rac1, Cdc42, and

β-tubulin expression in MDCK cells transfected with the indicated RNA. Positions for marker proteins are indicated in kDa.
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Consistent with this, apical vesicle- or PAP-containing
doublets were almost completely lost (Figure 6h), as
observed in Rac1-knockdown cells (Figure 2c). These
findings indicate that IQGAP1 and Tiam1, forming a ter-
nary complex with Rac1, function together in apical pro-
tein endocytosis in polarity reorientation.

2.7 | IQGAP1 interacts with the AP2
complex, which participates in apical
protein endocytosis at the two-cell stage

The present study shows that a Rac1–Tiam1–IQGAP1
complex promotes polarity reorientation by inducing

FIGURE 5 Legend on next page.
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apical protein endocytosis at the two-cell stage. To find a
link between the complex and endocytosis, we per-
formed LC–MS/MS analysis of proteins co-precipitated
with FLAG-tagged IQGAP1 in HEK293 cells (see Sec-
tion 4). The analysis identified AP2α as a candidate for
IQGAP1-binding proteins. AP2α is the α subunit of the
AP2 complex, a tetramer that is essential for clathrin-
dependent endocytosis (Beacham et al., 2019; Mettlen
et al., 2018).

For confirmation of the interaction between IQGAP1
and AP2α, FLAG–IQGAP1 was expressed in HEK293
cells, and its interacting proteins were subjected to
immunoblot analysis using the anti-AP2α antibody. As
shown in Figure 7a, FLAG–IQGAP1 weakly but signifi-
cantly interacted with endogenous AP2α. Interestingly,
the interaction was strongly enhanced by the presence of
Rac1 (Q61L), a GTP-binding form of Rac1. Thus, it seems
likely that Rac1-induced conformational change renders
IQGAP1 in a state fully accessible to AP2α.

To study the role of the AP2 complex in apical protein
endocytosis at the two-cell stage, we knocked down the β
subunit of the AP2 complex (AP2β) in MDCK cells
(Figure 7b). In AP2β-depleted cells, the protein level of
the α subunit (AP2α) was also substantially reduced
(Figure 7b). As shown in Figure 7c,d, depletion of the
AP2 complex led to a marked increase of fully-inverted
doublets and a significant decrease in apical vesicle- and
PAP-containing doublets. These findings indicate that
apical membrane proteins are internalized via AP2-medi-
ated endocytosis at the two-cell stage. The AP2-complex
is likely to be recruited by IQGAP1 in a manner depen-
dent on Rac1–GTP, which may be initially formed via the
ECM-driven β1-integrin signaling and reinforced via the
Tiam1–IQGAP1 module.

3 | DISCUSSION

At an early two-cell stage after the first cell division dur-
ing MDCK cystogenesis, the cell doublet typically

displays “inverted” polarity, which is required to be reor-
iented for proper lumen development. The reorientation
is triggered by ECM-directed β1-integrin activation,
which induces the following events: endocytic removal of
apical proteins from the cell–ECM interface for apical
vesicle formation; and exocytic delivery of apical vesicles
from the cytoplasm to the cell–cell contact region for
PAP development (Bryant et al., 2010, 2014). In apical
vesicle exocytosis at the two-cell stage, Cdc42 plays a cru-
cial role (Bryant et al., 2010), as confirmed here (Fig-
ure 4). In the present study, we show that Rac1, the Rac1
activator Tiam1, and the Rac1 effector IQGAP1 promote
apical protein endocytosis, the initial step for polarity
reorientation at the two-cell stage (Figures 2, 5, and 6).
Rac1–GTP enhances not only IQGAP1 recruitment to the
cell periphery (Figure 5) but also Tiam1–IQGAP1 interac-
tion (Figure 6), implying the important role of the
Tiam1–IQGAP1 module in activation of Rac1. Further-
more, IQGAP1 likely links active Rac1 to the AP2 com-
plex, which promotes endocytic removal of apical
proteins at the two-cell stage (Figure 7).

In the present analysis of polarity reorientation at the
two-cell stage, apical protein endocytosis is not (or only
slightly) induced in cell doublets with completely
inverted polarity, and the endocytosis substantially pro-
ceeds in those with partially-inverted polarity. Blockade
of β1-integrin or depletion of Rac1 each leads to a com-
plete inhibition of polarity reorientation: cells in both
cases remain to be fully polarized but with an inverted
orientation, as characterized by a marked increase of
fully-inverted doublets and a significant decrease
of partially-inverted ones (Figures 1d and 2c). Polarity
reorientation is significantly but not completely inhibited
in Tiam1- and IQGAP1-depleted cells. IQGAP1 knock-
down leads to a moderate increase of cell doublets with
fully-inverted polarity without decreasing those with par-
tially-inverted polarity (Figures 5f and 6h), whereas only
partially-inverted doublets, but not completely inverted
ones, are increased by Tiam1 depletion (Figure 6h). Thus,
the effect of Tiam1 depletion seems to be weaker than

FIGURE 5 The Rac1-binding protein IQGAP1 is involved in apical protein endocytosis during polarity reorientation at the two-cell

stage. (a, b, and e) Representative confocal images of Madin-Darby canine kidney (MDCK) doublets in three-dimensional (3D) culture.

Untransfected cells (a) or cells transfected with the indicated RNA (b and e) were cultured for 24 h in Matrigel, followed by staining with

indicated antibodies, phalloidin, and Hoechst. The scale bars represent 10 μm. (c) Quantification of IQGAP1 accumulation at the cell–cell
contact of doublets with inverted polarity. Values are means ± SD from four independent experiments (n ≥ 30 doublets/experiment).

(d) Immunoblot analysis of IQGAP1 and β-tubulin expression in MDCK cells transfected with negative control RNA or IQGAP1-specific

small interfering RNAs (siRNA) (IQGAP1 siRNA-1 or siRNA-2). Positions for marker proteins are indicated in kDa. (f) Quantification of cell

doublets with fully-inverted polarity, partially-inverted polarity, apical vesicles, or a pre-apical patch (PAP) in 3D culture of MDCK cells

treated as in (e). The sum of the fully- and partially-inverted polarity (Fully + Partially) and the sum of the apical vesicles and PAP (Apical

vesicles + PAP) are also shown. Values are means ± SD from four independent experiments (n ≥ 75 doublets/experiment). *p < .05;

***p < .001; and n.s., not significant (Tukey–Kramer test).
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that of IQGAP1 knockdown under the present conditions
(Figure 6h). Interestingly, compared with single depletion
of Tiam1 or IQGAP1, double knockdown of these pro-
teins severely inhibits apical protein endocytosis, as indi-
cated by a marked increase of fully-inverted cell doublets

and a significant decrease of partially-inverted ones
(Figure 6h). This finding supports the idea that Tiam1
and IQGAP1 cooperatively function in apical protein
endocytosis (Figure 7e). The endocytosis is also impaired
by knockdown of AP2β (Figure 7d), a component of the

FIGURE 6 Legend on next page.
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AP2 complex that interacts with IQGAP1. In contrast to
Rac1, Cdc42 is not involved in apical protein endocytosis;
cell doublets with inverted polarity are not increased in
Cdc42-depleted cells (Figure 4b). On the other hand,
Cdc42 is crucial for apical vesicle exocytosis, a process
following apical protein endocytosis in polarity reorienta-
tion, as Cdc42 knockdown facilitates retention of apical
vesicles in the cytoplasm and thus prevents PAP forma-
tion (Figure 4b).

Taken together with the present findings, apical pro-
tein endocytosis from the cell–ECM interface, an initial
event required for polarity reorientation at the two-cell
stage, is likely controlled via the following mechanism
(Figure 7e). ECM-induced clustering of β1-integrin
appears to activate Rac1, that is, the formation of Rac1–
GTP, provably via Tiam1, a Rac-specific GEF that inter-
acts with IQGAP1 (Figure 6a). Due to the interaction,
Rac1–GTP formed is capable of easily binding to its effec-
tor IQGAP1, and the binding in turn induces association
of IQGAP1 with the AP2 complex for apical protein
endocytosis (Figure 7e).

Rac1 and the Tiam1–IQGAP1 module likely form a
novel positive feedback loop downstream of β1-integrin.
The interaction between the Rac1 activator Tiam1 and
the Rac1 effector IQGAP1 (Figure 6) allows Tiam1-pro-
duced Rac1–GTP to easily access IQGAP1. Importantly,
Rac1–GTP markedly enhances Tiam1–IQGAP1 interac-
tion (Figure 6), which further reinforces formation of a
complex of Rac1–GTP with its effector IQGAP1. In this
context, it seems interesting that Tiam1 but not P-Rex1,
another Rac-specific GEF, efficiently facilitates the inter-
action of wild-type Rac1 with IQGAP1 (Marei
et al., 2016), supporting the idea that IQGAP1 specifi-
cally interacts with Tiam1 to further activate Rac1.
Although IQGAP1 is known to interact with not only
Rac1–GTP but also Cdc42–GTP (Thines et al., 2023), the
Tiam1-containing module is not expected to induce

Cdc42–IQGAP1 interaction because Tiam1 is incapable
of effectively activating Cdc42 (Karnoub et al., 2001).
Indeed, as shown here, Cdc42 neither promotes IQGAP1
localization in cell doublets with inverted polarity (Fig-
ure 5) nor plays a major role in apical protein endocyto-
sis (Figure 4), a process that requires Tiam1 and IQGAP1
(Figures 5 and 6).

The role of Rac1 in polarity reorientation has been
studied using MDCK cells cultured in type I collagen
gels (O'Brien et al., 2001; Yu et al., 2005, 2008). Expres-
sion of dominant negative Rac1 (T17N) leads to a strik-
ing inversion of apical polarity, which is rescued by
exogenous laminin (O'Brien et al., 2001); β1-integrin-
directed activation of Rac1 indeed induces basolateral
assembly of laminin released by MDCK cells (O'Brien
et al., 2001; Yu et al., 2005). At the same time, Rac1 is
still crucial in MDCK cells embedded in the laminin-rich
Matrigel. Induced expression of dominant negative Rac1
(T17N) leads to the formation of MDCK cell clusters
with inverted polarity in both collagen I and Matrigel
environments (Myllymäki et al., 2011). Consistent with
this, depletion of Rac1 leads to inversion of apico-basal
polarity not only in cell doublets (Figure 2) but also at
later stages (Figure 3) in Matrigel-cultured MDCK cells.
Furthermore, it has been reported that in 3D Matrigel
culture, MDCK cells depleted of the small GTPase Arf6
form an inverted cyst, whose inversion is restored by epi-
dermal growth factor-elicited Rac1 activation and by
expression of a constitutively active form of Rac1 (Mon-
teleon et al., 2012). Thus, it seems reasonable that in
addition to laminin assembly, Rac1 has additional func-
tions in polarity reorientation. They appear to include
the initiation of apical protein endocytosis at the two-cell
stage, as shown in the present study. On the other hand,
the requirement for Rac1 may depend on epithelial cell
types. In mammary epithelial cells, β1-integrin-mediated
signaling via integrin-linked kinase (ILK), but not Rac1,

FIGURE 6 The Rac activator Tiam1 interacts with IQGAP1 and promotes apical protein endocytosis at the two-cell stage of three-

dimensional (3D)-cultured Madin-Darby canine kidney (MDCK) cells. (a) IQGAP1 interacts with Tiam1. FLAG–Tiam1 and HA–IQGAP1
were co-expressed in HEK293 cells with an empty vector (�), Myc–Rac1 (Q61L), or Myc–Rac1 (T17N). Proteins in the cell lysate (cell lysate)

were immunoprecipitated (IP) with the anti-FLAG antibody, followed by immunoblot analysis with the indicated antibodies. Positions for

marker proteins are indicated in kDa. The arrowhead shows the band of Myc–Rac1 (Q61L) co-precipitated with Tiam1–FLAG. The asterisk
indicates the band of the light chain of IgG used for immunoprecipitation. (b) IQGAP1 interacts with Rac1 (Q61L) but not with Rac1

(T17N). Proteins in the lysate of HEK293 cells expressing the indicated proteins (cell lysate) were IP with the anti-FLAG antibody or control

IgG, and then analyzed by immunoblot with the indicated antibodies. (c and f) Immunoblot analysis of MDCK cells transfected with the

indicated RNA. (d and g) Representative confocal images of MDCK doublets in 3D culture. Cells transfected with the indicated RNA (control

RNA, Tiam1-specific small interfering RNAs (siRNA), and/or IQGAP1-specific siRNA) were cultured for 24 h in Matrigel, followed by

staining with Hoechst and antibodies against gp135 and β-catenin. The scale bars represent 10 μm. (e and h) Quantification of cell doublets

with fully-inverted polarity, partially-inverted polarity, apical vesicles, or a pre-apical patch (PAP) in 3D culture of MDCK cells. The sum of

the fully- and partially-inverted polarity (Fully + Partially) and the sum of the apical vesicles and PAP (Apical vesicles + PAP) are also

shown. Values are means ± SD from four independent experiments (n ≥ 75 doublets/experiment). *p < .05; **p < .01; ***p < .001; and n.s.,

not significant (Tukey–Kramer test).
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is critical for polarized morphogenesis, which has been
shown in vivo and in vitro by using cells derived from
Rac1-deleted mice (Akhtar & Streuli, 2013). The reason
for the dispensability of Rac1 in mammary glands
remains unknown. It might be due to the difference in
the mechanisms for de novo lumen formation. 3D-cul-
tured MDCK cells form an apical lumen via “cord hol-
lowing” that requires apical vesicle delivery (Iruela-
Arispe & Beitel, 2013; Jewett & Prekeris, 2018), whereas
in mammary gland development, luminal space is cre-
ated via “cavitation” by apoptosis of cells inside the
gland (Iruela-Arispe & Beitel, 2013; Mailleux
et al., 2008); with apoptosis as the mechanism, the role
of membrane trafficking, for example, Rac1-dependent
apical protein endocytosis, may be less significant. It
might also be possible that Rac3, a closely-related Rac1
homolog that is expressed in mammary epithelial cells
(Leung et al., 2003; Mira et al., 2000), plays a redundant
or alternative role.

In 3D Matrigel culture of mouse mammary epithelial
cells, β1-integrin and ILK are required not only for the
endocytic removal of apical proteins but also for proper
positioning of the Golgi apparatus (Akhtar &
Streuli, 2013). By contrast, in MDCK cells, Rac1 plays a
crucial role in plasma membrane polarity but provides
a minor contribution to internal organelle polarity (Fig-
ure 3). Thus, Rac1 seems to be specialized for plasma
membrane reorientation, which may include its impor-
tance in the initiation of apical protein endocytosis at the
two-cell stage.

Cdc42 serves at multiple stages for epithelial cysto-
genesis. In polarity reorientation, Cdc42 is crucial for api-
cal vesicle exocytosis to the cell–cell contact site for PAP

formation at the two-cell stage after the first cell division
(Figure 4) (Bryant et al., 2010). At later stages of cysto-
genesis, Cdc42 contributes to proper orientation of the
mitotic spindle during metaphase of a second or later
division round (Jaffe et al., 2008); Cdc42 depletion causes
mitotic spindle misorientation, resulting in multiple non-
centrally located apical lumens (Jaffe et al., 2008; Martin-
Belmonte et al., 2007). Proper spindle orientation also
requires two Cdc42-specific GEFs, Tuba and Intersectin-
2, supporting a critical role of Cdc42 (Qin et al., 2010;
Rodriguez-Fraticelli et al., 2010). In addition, depletion of
IQGAP1 causes mitotic spindle misorientation and multi-
ple lumen formation (Bañ�on-Rodríguez et al., 2014). This
raises the possibility that IQGAP1 may serve as an effec-
tor of Cdc42 in mitotic spindle orientation. It is thus
tempting to postulate that at the two-cell stage in epithe-
lial cystogenesis, IQGAP1 functions as a component of
the Rac1-centered complex in polarity reorientation, and
at later stages, this scaffold protein in turn forms a com-
plex with Cdc42 to orient the mitotic spindle for proper
lumen formation.

For correct cystogenesis of MDCK cells, inhibition of
the RhoA–ROCK1 pathway is also known to be impor-
tant (Bryant et al., 2014; Yu et al., 2008). In collagen I cul-
ture, the inversion of polarity caused by β1-integrin
blockade is almost completely rescued by knockdown of
RhoA and by Y27632, a ROCK kinase inhibitor; this
agent also reverts the Rac1 (T17N)-induced polarity
inversion, but to a slightly lesser extent (Yu et al., 2008).
In Matrigel culture, polarity inversion by β1-integrin
blockade is partially restored by depletion of RhoA or
ROCK1, albeit the role of Rac1 has not been tested (Bry-
ant et al., 2014). On the basis of the finding in collagen I

FIGURE 7 IQGAP1 interacts with the AP2 complex, which participates in apical protein endocytosis at the two-cell stage of three-

dimensional (3D)-cultured Madin-Darby canine kidney (MDCK) cells. (a) Interaction between endogenous AP2α and exogenously expressed

FLAG–IQGAP1. FLAG–IQGAP1 and Myc–Rac1 (Q61L) were expressed in HEK293 cells, and proteins in the cell lysate were

immunoprecipitated (IP) with the anti-FLAG antibody or control IgG, followed by immunoblot analysis with the indicated antibodies.

(b) Immunoblot analysis for α- and β1-subunits of AP2. Proteins in the lysate of MDCK cells transfected with negative control RNA or

AP2B1-specific small interfering RNAs (siRNA) (AP2 siRNA-1 or siRNA-2) were analyzed by immunoblot with the indicated antibodies.

Positions for marker proteins are indicated in kDa. (c) Representative confocal images of MDCK doublets in 3D culture. Cells transfected

with the indicated RNA were cultured for 24 h in Matrigel, followed by staining with Hoechst and antibodies against gp135 and β-catenin.
The scale bar represents 10 μm. (d) Quantification of cell doublets with fully-inverted polarity, partially-inverted polarity, apical vesicles, or a

pre-apical patch (PAP) in 3D culture of MDCK cells. The sum of the fully- and partially-inverted polarity (Fully + Partially) and the sum of

the apical vesicles and PAP (Apical vesicles + PAP) are also shown. Values are means ± SD from four independent experiments (n ≥ 75

doublets/experiment). *p < .05; ***p < .001; and n.s., not significant (Tukey–Kramer test). (e) A schematic representation for polarity

reorientation at the two-cell stage. After the first mitosis of a single epithelial cell embedded in extracellular matrix (ECM), the cell doublet

typically displays “inverted” polarity, and correct cystogenesis requires polarity reorientation, a process containing apical protein endocytosis

from the ECM-abutting periphery and apical vesicle exocytosis to the cell–cell contact site (upper panel). A model of interactions that control

apical protein endocytosis at the two-cell stage for polarity reorientation (lower panel). ECM-induced clustering of β1-integrin in epithelial

cells leads to activation of Rac1 provably via Tiam1, a Rac-specific GEF. Due to Tiam1–IQGAP1 interaction, Rac1–GTP formed is easily

accessible to its effector IQGAP1. Rac1-bound IQGAP1 associates with the AP2 complex, thereby inducing apical protein endocytosis, an

initial event of polarity reorientation for correct cystogenesis.
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culture (Yu et al., 2008), Rac1 is considered to suppress
the RhoA–ROCK1 pathway via the antagonism between
the Rac1 and RhoA GTPases (Lawson & Burridge, 2014).
The antagonism, however, cannot fully explain the mech-
anism whereby Rac1 critically functions in β1-integrin-
triggerd polarity reorientation because depletion of RhoA
only partially rescued polarity misorientation in Matrigel
culture (Bryant et al., 2014). Thus, Rac1 appears to reori-
ent the polarity at the two-cell stage via three pathways:
laminin assembly (O'Brien et al., 2001; Yu et al., 2005);
the Rac1–RhoA antagonism (Bryant et al., 2014; Yu
et al., 2008); and the Rac1–Tiam1–IQGAP1 complex for
apical protein endocytosis from the cell–ECM interface,
as shown in the present study.

4 | EXPERIMENTAL PROCEDURES

4.1 | Plasmids

The cDNAs encoding human Rac1 and Cdc42 were pre-
pared as previously described (Hayase et al., 2013;
Noda et al., 2001); the cDNAs encoding human
IQGAP1 (amino acids 1–1657) and human Tiam1 (amino
acids 1–1591) were prepared by polymerase chain reac-
tion (PCR) using Human Multiple Tissue cDNA panels
(Takara Bio Inc.); and the cDNA for canine EPS15R
(amino acids 1–910) was obtained by reverse transcrip-
tion polymerase chain reaction using RNAs prepared
from MDCK II cells. Mutations leading to the indicated
amino acid substitutions were introduced by PCR-medi-
ated site-directed mutagenesis. The cDNAs were ligated
to the following mammalian expression vectors: pEF-
BOS (Mizushima & Nagata, 1990) or pcDNA3 (Thermo
Fisher Scientific) for expression of FLAG-, Myc-, or HA-
tagged proteins; pEGFP-C1 or pEGFP-N1 (Takara Bio
Inc.) for expression of N- or C-terminally GFP-tagged
proteins, respectively. All of the constructs were
sequenced for confirmation of their identities.

4.2 | Antibodies

The anti-gp135 (3F2) monoclonal antibody (Ojakian &
Schwimmer, 1994) was generously gifted from Dr. G. K.
Ojakian (State University of New York, USA). The anti-
FLAG (M2; #F3165) and anti-β-tubulin (TUB 2.1;
#T4026) mouse monoclonal antibodies were purchased
from Sigma-Aldrich; the anti-Rac1 (clone 102; #610651),
anti-Cdc42 (clone 44; #610929), anti-β-catenin (clone
14; #610154), and anti-GM130 (clone 35; #610822)
mouse monoclonal antibodies from BD Transduction
Laboratory; the anti-β-catenin (H-102; #sc-7199), anti-

Tiam1 (C-16; #sc-872), and anti-IQGAP1 (H-109; #sc-
10792) rabbit polyclonal antibodies and the anti-AP2α
mouse monoclonal antibody (C-8; #sc-17771) from Santa
Cruz Biotechnology; the anti-AP2β rabbit monoclonal
antibody (EPR7567; #ab129168) from Abcam; the anti-
Myc mouse monoclonal antibody (9E10; #11667203001)
from Roche Applied Science; the anti-HA mouse mono-
clonal antibody (16B12; #MMS-101P) from Covance; the
anti-phospho-ezrin (Thr567)/radixin (Thr564)/moesin
(Thr558) (p-ERM) rabbit monoclonal antibody (48G2;
#3726) from Cell Signaling Technology; control IgG1
(#X0931) from Dako Cytomation; the anti-β1-integrin
monoclonal antibody (AIIB2) from Developmental Stud-
ies Hybridoma Bank; and the mouse monoclonal anti-
body against green fluorescent protein (GF200; #04363-
24) from Nacalai Tesque.

4.3 | Cell culture

MDCK II cells and HEK293T cells were cultured in
Eagle's minimal essential medium (MEM) with 10% fetal
calf serum (FCS) and in Dulbecco's modified Eagle's
medium (DMEM) with 10% FCS, respectively.

4.4 | Co-immunoprecipitation analysis

Immunoprecipitation was performed as previously
described (Kamakura et al., 2024; Kohda et al., 2024).
Briefly, HEK293T cells were transfected using X-treme-
GENE HP DNA Transfection Reagent (Roche) with the
indicated cDNAs and cultured for 48 h. For analysis of
interaction between FLAG–IQGAP1 and endogenous
AP2α, GFP–EPS15R was also expressed in HEK293 cells.
Cells were then lysed with a lysis buffer (150 mM NaCl,
5 mM ethylenediaminetetraacetic acid (EDTA), 1 mM
dithiothreitol (DTT), 0.1% Triton X-100, 10% glycerol,
and 50 mM Tris–HCl, pH 7.5) containing Protease Inhibi-
tor Cocktail (Sigma-Aldrich). Proteins in the lysates were
precipitated with the anti-FLAG (M2) antibody, anti-Myc
(9E10) antibody, or control IgG1, coupled to protein G-
Sepharose (GE Healthcare Biosciences). The precipitants
were analyzed by immunoblot with the indicated anti-
bodies, and the blots were developed using ImmunoStar
Zeta or ImmunoStar LD (FUJIFILM Wako) for
visualization.

4.5 | Knockdown with siRNA

Double strand siRNAs targeting canine Rac1, Cdc42,
IQGAP1, Tiam1, and AP2, which contain the following
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sequences on the sense strand of 25-nucleotide modified
synthetic RNAs (Stealth™ RNAi; Thermo Fisher Scien-
tific), were used: Rac1 siRNA-1, 50-CACAACCAAUG-
CAUUUCCUGGAGAA-30; Rac1 siRNA-2, 50-ACAAAG
ACACGAUUGAGAAACUGAA-30; Cdc42 siRNA-1, 50-CCACU-
GUCCAAAGACUCCUUUCUUG-30; Cdc42 siRNA-2, 50-GGA
CCCAAAUUGAUCUCCGAGAUGA-30; IQGAP1 siRN
A-1, 50-UGGAUGAGAUUGGAUUGCCUAAGAU-30; IQG
AP1 siRNA-2, 50-CAUGCACUCAGUUUGUACCUGUUC
A-30; Tiam1 siRNA-1, 50-CAGCCUGGAAUUCUCACU-
CUCUGAU-30; Tiam1 siRNA-2, 50-CAGAGCGCACCUA
CGUGAAAGACUU-30; AP2β siRNA-1, 50-CACCUGGUG
GAUAUGUGGCUCCUAA-30; AP2β siRNA-2, 50-GAGCA
AUCUGCAGAGCGCUGUGUAA-30. Medium GC Duplex
of Stealth™ RNAi Negative Control Duplexes #2 (Thermo
Fisher Scientific) was used as a negative control. MDCKII
cells plated at 3 � 104/cm2 were transfected with siRNA
(4.8 pmol) using Lipofectamine™ RNAi MAX (Thermo
Fisher Scientific) and cultured for 24 h before use in fur-
ther experiments.

4.6 | Cystogenesis and
immunofluorescence microscopy

Immunofluorescence microscopy was performed as pre-
viously described (Chishiki et al., 2017; Hayase
et al., 2013). For 3D culture, MDCKII cells transfected
with the indicated RNA were subcultured in MEM with
10% FCS for 24 h and trypsinized to a single-cell suspen-
sion at 1.2 � 104 cells/mL in 5% Matrigel, containing
laminin, type IV collagen, and entactin (Corning Costar);
and 250 μL of the suspension was plated in an eight-well
cover glass chamber (Iwaki) precoated with 40 μL of
Matrigel. The cells were then cultured in Matrigel for
24 h (for analysis of cysts at the two-cell stage) or 48 h
(for analysis of cysts comprising four to eight cells) before
fixation. In the experiments for blockade of Matrigel-
induced integrin activation, the monoclonal antibody
against β1 integrin (AIIB2) was added to the suspension
medium at a final concentration of 8 μg/mL. For staining
of gp135 and β-catenin, MDCKII cells cultured in Matri-
gel were fixed for 30 min in 4% paraformaldehyde and
subsequently permeabilized for 30 min in phosphate-
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl,
8.1 mM Na2HPO4, and 1.5 mM KH2PO4, pH 7.4) contain-
ing 0.5% Triton X-100 and 3% bovine serum albumin
(BSA). For Rac1 staining, cells were fixed for exactly
10 min in 2% formaldehyde and permeabilized for 30 min
in PBS containing 0.5% Triton X-100 and 3% BSA. For
staining of GM130, cells were fixed for 2 min in 100%
methanol at 4�C and then for 10 min in 4% paraformal-
dehyde, followed by blocking for 30 min with PBS

containing 3% BSA. For staining of IQGAP1, cells were
fixed for 10 min in 4% paraformaldehyde, permeabilized
for 30 min in PBS containing 0.5% Triton X-100 and 3%
BSA, and then incubated with the primary antibody for
20 days. Indirect immunofluorescence analysis was per-
formed using the following secondary antibodies: Alexa
Fluor 488-labeled goat anti-rabbit or anti-mouse IgG anti-
bodies; Alexa Fluor 594-labeled anti-rabbit or anti-mouse
IgG antibodies (Thermo Fisher Scientific). Actin fila-
ments were stained with Alexa Fluor 647 phalloidin
(Thermo Fisher Scientific) and nuclei with Hoechst
33342 (Thermo Fisher Scientific). Confocal images were
captured at room temperature on the confocal micro-
scope LSM780 (Carl Zeiss) and analyzed using ZEN soft-
ware (Carl Zeiss). The microscopes were equipped with a
Plan-Apochromat 40�/1.3 NA oil immersion
objective lens.

For analysis of cyst morphogenesis at the two-cell
stage, MDCKII cells were grown for 24 h in 3D Matrigel
culture. The doublet with “fully-inverted” or “partially-
inverted” polarity was defined as that with gp135 distrib-
uted to more or less than 75% of the ECM-abutting
plasma membranes, respectively. The doublet with apical
vesicles or with a PAP was defined as those containing
apical vesicles in the cytoplasm or PAP on the cell–cell
contact, respectively, with β-catenin distributed over the
whole ECM-abutting plasma membrane.

For analysis of cysts comprising four to eight cells,
MDCKII cells were grown for 48 h in Matrigel. Normal
cysts had a single lumen surrounded by cells that exhibit
both intense gp135 staining at the apical surface and
β-catenin staining at the surface facing the ECM. Cysts
with gp135 at the surface facing the ECM were desig-
nated as cysts with inverted orientation, and cysts con-
taining more than two lumens with gp135 staining were
designated as cysts with multiple lumens. To discriminate
lumens from cytoplasmic gp135-rich vesicles/vacuoles,
we defined a lumen as a gp135-rich structure that makes
contact with β-catenin-containing membranes. We tested
more than 75 doublets or cysts for the analysis of their
morphology.

4.7 | Protein identification by liquid
chromatography–tandem mass
spectrometry analysis

For identifying effectors of Rac1, MDCK cells were trans-
fected with a plasmid vector encoding FLAG-tagged
Rac1 (Q61L) or Rac1 (T17N) or with an empty FLAG
vector. For exploring the binding partners of IQGAP1,
HEK293T cells were transfected with a plasmid vector
encoding FLAG–IQGAP1 or with the empty vector. The
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transfected cells were cultured for 48 h and then lysed at
4C with a lysis buffer (150 mM NaCl, 5 mM EDTA,
1 mM DTT, 0.5% Triton X-100, 10% glycerol, and 50 mM
Tris–HCl, pH 7.5) containing Protease Inhibitor Cocktail
(Sigma-Aldrich). Proteins in the lysates were precipitated
with the anti-FLAG (M2) antibody-conjugated magnetic
beads (Sigma-Aldrich). After washing three times with
the lysis buffer, the proteins were subjected to SDS–
PAGE, followed by silver staining. Protein identification
using LC–MS/MS was performed at the Laboratory for
Research Support, Medical Institute of Bioregulation,
Kyushu University, according to the protocol of Matsu-
moto et al. (2017). Bands separated by SDS–PAGE were
excised from the gel, and the proteins in the gel
were digested with trypsin gold mass spectrometry grade
(PROMEGA) dissolved in 25 mM ammonium bicarbon-
ate solution. The gel-extracted peptides were subjected to
nano-LC–MS/MS analysis using an LTQ Orbitrap Velos
Pro mass spectrometer system (Thermo Fisher Scientific)
coupled with an Advance UHPLC system (Bruker) and
an HTC-PAL autosampler (CTC Analytics). MS/MS spec-
tra were obtained automatically in a data-dependent
scan mode and compared with those in the UniProtKB/
SwissProt human peptide database (UniProt Consor-
tium) using the MASCOT search engine (Matrix Sci-
ence). Assigned high-scoring peptide sequences were
manually confirmed by comparison with the correspond-
ing spectra.

4.8 | Statistical analysis

Statistical differences were analyzed by one-way
analysis of variance with Tukey–Kramer's multiple com-
parison of means test.
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