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A combination of Wnt and growth factor signaling
induces Arl4c expression to form epithelial
tubular structures
Shinji Matsumoto1, Shinsuke Fujii1,2, Akira Sato1, Souji Ibuka1,3, Yoshinori Kagawa4,5,6, Masaru Ishii5,6 &

Akira Kikuchi1,*

Abstract

Growth factor-dependent epithelial morphological changes and
proliferation are essential for the formation of tubular structures,
but the underlying molecular mechanisms are poorly understood.
Co-stimulation with Wnt3a and epidermal growth factor (Wnt3a/
EGF) induced development of tubes consisting of intestinal epithe-
lial cells by inducing expression of Arl4c, an Arf-like small GTP-
binding protein, in three-dimensional culture, while stimulation
with Wnt3a or EGF alone did not. Arl4c expression resulted in rear-
rangement of the cytoskeleton through activation of Rac and inac-
tivation of Rho properly, which promoted cell growth by inducing
nuclear translocation of Yes-associated protein and transcriptional
co-activator with PDZ-binding motif (YAP/TAZ) in leading cells.
Arl4c was expressed in ureteric bud tips and pretubular structures
in the embryonic kidney. In an organoid culture assay, Wnt and
fibroblast growth factor signaling simultaneously induced elonga-
tion and budding of kidney ureteric buds through Arl4c expression.
YAP/TAZ was observed in the nucleus of extending ureteric bud
tips. Thus, Arl4c expression induced by a combination of growth
factor signaling mechanisms is involved in tube formation.
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Introduction

Epithelial tube-like structures are basic, common units in various

organs, including salivary glands, lungs, mammary glands, guts,

pancreas, the liver, and kidneys (Gumbiner, 1992). In epithelial

tubes, cells are interconnected by intercellular junctions to form a

cylindrical structure and are polarized with apical and basolateral

surfaces (O’Brien et al, 2002). Cysts are spherical monolayers of

cells that enclose a central lumen. Although they are considered

topologically equivalent to tubes, they are immotile and less prolif-

erative. Growth factor signaling causes cysts to develop branching

tubes. Madin Darby canine kidney (MDCK) cysts are a well-estab-

lished model for tubulogenesis in that the cysts tubulate in three-

dimensional (3D) culture in response to hepatocyte growth factor

(HGF) (O’Brien et al, 2002; Debnath & Brugge, 2005; Tushir &

D’Souza-Schorey, 2007). Activation of the receptor tyrosine kinase

Met by HGF leads to induction of changes in cell morphology, motil-

ity, and proliferation during tube formation, but the mechanisms

connecting the individual events are not well understood (Rosario &

Birchmeier, 2003). As another model, epithelial rudiments isolated

from tubular organs such as the lungs, kidneys, and salivary glands

were able to change their morphology and undergo tube formation

by various growth factors in a 3D basement membrane matrix

(BMM) such as Matrigel (Ohtsuka et al, 2001; Steinberg et al, 2005;

Zhang et al, 2012), but the detailed mechanisms underlying organ

tubulogenesis are only partially understood. Therefore, a new in vitro

approach in which epithelial cells develop tubes in a 3D BMM is

necessary for understanding the common signaling pathway regulat-

ing tubulogenesis in vivo.

Herein, we show that in cooperation with the growth factor-MAP

kinase (MAPK) pathway, the Wnt3a-b-catenin pathway regulates

the morphology, motility, and proliferation of cultured intestinal

epithelial cells through expression of ADP-ribosylation factor (Arf)-

like 4C (Arl4c), resulting in tube formation in 3D Matrigel culture

(3D culture). Simultaneous stimulation with Wnt3a and epidermal

growth factor (EGF) induced Arl4c expression by forming a complex

between Ets, T-cell factor 4 (Tcf4), and cyclic AMP-responsive

element binding protein (CREB)-binding protein (CBP) at the
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Ets-binding site of the Arl4c gene. Arl4c expression activated Rac1

through Arf6, resulting in inhibition of RhoA. We also demonstrate

that Arl4c expression is involved in elongation and budding of

kidney ureteric buds (UBs), suggesting the existence of a common

mechanism regulating tube formation.

Results

Intestinal epithelial cell tube formation in response to Wnt3a
and EGF

We examined whether cultured epithelial cells induce tube develop-

ment in 3D culture in response to various growth factors and found

rat intestinal epithelial cells 6 (IEC6) to be a useful model. IEC6

formed small spherical cysts in 3D culture (Fig 1A). Wnt has been

reported to be required for elongation of tubes and branching mor-

phogenesis in mice knockout studies (van Amerongen & Berns,

2006; Miller & McCrea, 2010), but the underlying mechanism for

Wnt-regulated tubulogenesis remains unclear. Among the 19 Wnt

family members, Wnt3a and Wnt5a activate the b-catenin-dependent
and b-catenin-independent pathways, respectively (Kikuchi et al,

2011). HGF, Wnt3a, or Wnt5a alone did not affect morphogenesis of

IEC6 cysts in 3D culture, and EGF alone enlarged the cysts and

occasionally induced formation of small protrusions from the

cysts (Fig 1A; Supplementary Fig S1A and B). Simultaneous stimula-

tion of IEC6 cells with Wnt3a and EGF (Wnt3a/EGF) or HGF

(Wnt3a/HGF) resulted in formation of branched tubular structures

(Fig 1A and B), but Wnt5a/EGF showed enlargement of cysts,

which is similar to treatment with EGF alone and Wnt5a/HGF did

not affect cyst morphology (Supplementary Fig S1A). IEC6 cells

expressed high levels of Wnt5a, and knockdown of Wnt5a

suppressed Rac1 activity and lead to loss of lumen integrity with

fragmented apical and disrupted basolateral structures (Gon et al,

2013). Given that endogenous Wnt5a is sufficient to regulate

the functions of IEC6 cells, the cells may not respond to

exogenous Wnt5a. The tubes had continuous lumens with apical

markers (F-actin, phospho-ezrin, ezrin, and aPKC) and basolateral

markers (b-catenin and E-cadherin) (Fig 1A and B; Supplementary

Fig S1C), indicating that IEC6 cells are polarized along the

apicobasal axis.

The numbers of tubes extending from a main trunk in response

to growth factors were evaluated as an indicator of tube formation

(Supplementary Fig S1D and E). This reflects the length of tubes

and extent of branching. Because Wnt3a/EGF promotes tube forma-

tion more efficiently than Wnt3a/HGF (Supplementary Fig S1E),

IEC6 cells were treated with Wnt3a/EGF in the following

experiments. In this method, IEC6 cells were treated with growth

factors at the same time the cells were placed on Matrigel. As a

second method, IEC6 cells were treated with growth factors after

they formed cysts in 3D culture. Under the latter conditions, cysts

did not develop tubes following stimulation with Wnt3a, EGF, or

HGF alone. Tube formation from cysts was induced by Wnt3a/EGF,

although efficiency was lower compared with the former method

(Supplementary Fig S2). Wnt3a is an insoluble protein and readily

attached to extracellular matrix (ECM) components, including

proteins and glycans, through lipid and glycan modifications of

Wnts (Sakane et al, 2012; Yamamoto et al, 2013). Therefore, Wnt3a

may not be easily accessible to IEC6 cysts embedded in 3D culture,

which may be a reason for low tubulogenesis efficiency by the latter

method.

The tube formation process of IEC6 cells by Wnt3a/EGF is

similar to that of HGF-induced tube formation of MDCK cells

(O’Brien et al, 2002; Bryant & Mostov, 2008) (Fig 1B). It begins

with cytoplasmic extension of some cells into the surrounding

matrix. In the second stage of tubulogenesis, single-file chains

develop linearly. Chains subsequently transform into multilayered

cords by promoting proliferation, in which discontinuous lumens

are visible. During the maturation process from cords to tubes,

cells in the cords are polarized to generate cylindrical tubes. To

examine morphological and cytoskeletal changes in IEC6 cells

by Wnt3a/EGF, cells were grown on a Matrigel-coated dish

two-dimensionally (2D culture) and stained with phalloidin and

anti-phospho-myosin-light chain2 (ppMLC2) (Thr18/Ser19) anti-

body. IEC6 cells were spread out, and cortical actin and stress

fibers were observed (Fig 1C). Treatment with Wnt3a or EGF

alone did not affect cell morphology, whereas Wnt3a/EGF

changed cell morphology, resulting in long cytoplasmic extension

of cells with multiple lamellipodia (Fig 1C and D). Actinomycin D

inhibited Wnt3a/EGF-dependent morphological changes and

expression of Axin2, a target gene of Wnt signaling (Supplementary

Fig S3A and B), suggesting that these morphological changes are a

result of gene expression.

Arl4c expression is involved in Wnt3a/EGF-induced
tube formation

DNA microarray analyses were performed at 4 and 24 h after stimu-

lation with Wnt3a, EGF, or Wnt3a/EGF in 3D culture. Candidate

genes were selected based on the criterion that expression levels

were higher in cells treated with Wnt3a/EGF than in cells treated

with either Wnt3a or EGF at both time points (Supplementary Table S1).

Of two possible candidate genes, Arl4c, which belongs to the

Arf-related small GTP-binding family and of which functions are

not yet understood (Burd et al, 2004), was further analyzed.

Wnt3a/EGF more than additively increased Arl4c mRNA and

protein levels in IEC6 cells (Fig 1E). In 2D culture, endogenous

Arl4c expressed by Wnt3a/EGF was localized to the leading edge of

elongated IEC6 cells where F-actin was also accumulated

(Supplementary Fig S3C). Knockdown of Arl4c suppressed Wnt3a/

EGF-dependent morphological changes, and human Arl4c

expression induced cell extension in the presence of EGF alone

(Supplementary Fig S3D–F).

In 3D culture, knockdown of Arl4c did not affect the morphology

of IEC6 cysts, but inhibited the elongation and branching of tubes

induced by Wnt3a/EGF (Fig 1F). Among the processes of tube

formation, “extension” was significantly inhibited (Supplementary

Fig S4A). This could reflect the ability of Arl4c to regulate the actin

cytoskeleton at initiation of tubulogenesis. Human Arl4c expression

rescued the phenotypes induced by siRNA, excluding siRNA off-tar-

get effects (Fig 1F; Supplementary Fig S4B and C). Furthermore,

expression of Arl4c-GFP, but not Arl4cT27N-GFP (a GDP-restricted

mutant of Arl4c), increased the number of extended structures in

the presence of EGF (Fig 1G; Supplementary Fig S4D). These results

suggest that Arl4c expression induced by Wnt3a/EGF is involved in

changes in cell morphology and tube formation.
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Apoptosis has been implicated in luminal formation of salivary

or mammary glands and MCF-10A mammary epithelial cells

(Hoffman et al, 1996; Korff & Augustin, 1998; Debnath et al, 2002).

Cysts and tubes consisting of IEC6 cells were stained with anti-

active caspase-3 antibody (Supplementary Fig S4E). Active caspase-

3-positive cells (apoptotic cells) were observed in the luminal space
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of IEC6 cysts and in the interior of developing tubes induced by

Wnt3a/EGF. These nuclei were abnormally shaped. IEC6 cells form-

ing cysts and tubes were caspase-3 negative, with intact nuclei.

Knockdown of Arl4c did not increase apoptotic cells in the luminal

space of cysts compared with control (Supplementary Fig S4E and

F), suggesting that depletion of Arl4c did not affect cell viability.

Wnt3a/EGF induces Arl4c expression through the b-catenin and
MAPK pathways

We examined the mechanism by which Wnt3a/EGF induces Arl4c

expression. Wnt3a/EGF-induced Arl4c mRNA expression was

reduced by knockdown of b-catenin (Fig 2A; Supplementary Fig S5A)

and overexpression of a dominant negative form of Tcf4 (DN-Tcf4)

(Supplementary Fig S5B). EGF activates various signaling cascades,

including the Ras-Raf-MAPK, PI-3 kinase-AKT, and protein kinase C

(PKC)-c-Jun N-terminal kinase (JNK) pathways (Avraham & Yarden,

2011). U0126 (a MEK inhibitor) inhibited Wnt3a/EGF-induced Arl4c

mRNA expression in IEC6 cells more efficiently compared with

wortmannin (a PI-3 kinase inhibitor) and SP600125 (a JNK inhibi-

tor) (Fig 2B). The Ets family acts as transcription factors down-

stream of MAPK (Garrett-Sinha, 2013). Knockdown of Ets1/2, but

not Elk1, suppressed Wnt3a/EGF-induced Arl4c mRNA expression

(Fig 2C; Supplementary Fig S5C). Wnt3a/EGF-induced upregulation

of Arl4c mRNA was also observed in HeLaS3 cells (Supplementary

Fig S5D). Simultaneous expression of SA-b-catenin (an active form

of b-catenin) and Raf-CAAX (an active form of Raf) in HeLaS3 cells

synergistically stimulated Arl4c mRNA expression (Supplementary

Fig S5E). The combination of CHIR99021, which activates the

b-catenin-dependent pathway (Ring et al, 2003), and EGF also

synergistically increased Arl4c mRNA levels in IEC6 cells (Supple-

mentary Fig S5F). Thus, Wnt3a/EGF induces Arl4c expression

coordinately through the b-catenin and MAPK pathways.

We found putative Ets- and lymphocyte enhancement factor 1

(LEF1)-binding sites in the 3′ untranslated region (UTR) of the

human Arl4c gene by using ECR Browse (Fig 2D). The sites were

conserved in mouse and rat Arl4c genes. Reporter assays revealed

that genomic regions +2965 to +3690 and +2965 to +3164, but not

+3195 to +3690, in mice activate transcriptional activity by activat-

ing both the b-catenin and MAPK pathways (Fig 2E). Chromatin

immunoprecipitation assay showed that Ets1 consistently binds to

the rat genomic region equivalent to mouse +2965 to +3164 and also

revealed that EGF promotes formation of a complex between Tcf4,

CBP, and the Ets-binding region (Fig 2F). CHIR99021/EGF further

enhanced the association of Tcf4 and CBP with the Ets-binding

region, in which acetylation of lysine 8 in histone H4 (H4K8) was

also enhanced (Fig 2F). In addition, Ets1 formed a complex with

Tcf4 without stimulation, and this binding was enhanced by treat-

ment with CHIR99021 alone or CHIR99021/EGF (Fig 2G). b-catenin
was also observed in this complex (Fig 2G). When DN-Tcf4, which

lacks the b-catenin-binding site, was expressed instead of wild-type

HA-Tcf4, DN-Tcf4, and b-catenin were not associated with Ets1

(Supplementary Fig S5G), suggesting that the b-catenin/Tcf4 complex

is able to interact with Ets1 and that Tcf4 binds to b-catenin and

Ets1 through the different sites. These results suggest that the EGF-

MAPK pathway induces the interaction of the b-catenin/Tcf4 com-

plex with Ets1 and the Wnt3a-b-catenin pathway enhances it. There-

fore, Wnt3a/EGF induces Arl4c expression through the b-catenin/
Tcf4/Ets1 complex, which recruits histone acetyltransferase CBP.

Consistent with these results, knockdown of low-density lipopro-

tein receptor-related protein (LRP) 5 and LRP6, Dishevelled1 (Dvl1),

Dvl2, and Dvl3, or b-catenin, which are major components of the b-
catenin pathway, decreased the number of extended tube structures

induced by Wnt3a/EGF (Fig 2H; Supplementary Fig S5H). Tube for-

mation was also inhibited by treatment with IWR1, a Wnt signal

inhibitor (Chen et al, 2009), or DN-Tcf4 expression (Fig 2H).

CHIR99021 alone did not affect cyst morphology, and CHIR99021/

EGF increased the number of extended tube structures (Supplemen-

tary Fig S5I). U0126 or knockdown of Ets1/2 decreased Wnt3a/EGF-

induced tube formation (Fig 2H). These gain- and loss-of-function

experiments suggest that the b-catenin and MAPK pathways are nec-

essary and sufficient for Wnt3a/EGF-induced Arl4c expression and

tube formation.

Arl4c regulates Rac and Rho activities

We focused on identifying signaling pathways modulated by Arl4c.

Arl4c-GFP expression in IEC6 cells induced F-actin-rich membrane

ruffles where Arl4c-GFP was localized, but Arl4cT27N-GFP was dis-

tributed throughout the cytosol and did not affect cell morphology

Figure 1. Arl4c expression is required for tube formation of IEC6 cells in 3D culture.

A IEC6 cells were cultured under the indicated conditions for 72 h in 3D Matrigel. Cells were photographed using phase contrast microscopy and stained with the
indicated antibodies or phalloidin.

B IEC6 cells were cultured with Wnt3a and epidermal growth factor (Wnt3a/EGF) for 24, 48, or 80 h in 3D Matrigel and stained with anti-b-catenin antibody and
phalloidin.

C, D IEC6 cells grown on a Matrigel-coated coverslip (2D culture) were cultured under the indicated conditions for 18 h and stained with the indicated antibody
and phalloidin. White arrowheads indicate lamellipodia (C). The length of the long axis and the number of lamellipodia of cells were measured per treatment
(n = 50) (D).

E IEC6 cells were stimulated as indicated for 18 h. Real-time PCR analyses for Arl4c mRNA expression were performed. The results are expressed as fold increase
compared with Arl4c mRNA levels in untreated cells. Whole lysates were probed with the indicated antibodies.

F IEC6 cells or IEC6 cells stably expressing Arl4c-GFP (IEC6/Arl4c-GFP) were transfected with control or Arl4c siRNA and cultured with or without Wnt3a/EGF for
60 h. The cells were stained with the indicated antibodies. The number of extended structures from multicellular trunks was counted (n = 30).

G IEC6 cells stably expressing GFP, Arl4c-GFP, or Arl4cT27N-GFP were cultured with or without EGF for 60 h and stained with the indicated antibodies.

Data information: Results are shown as the mean � SE from three independent experiments. Scale bars in (A), 200 lm (top panels) and 20 lm (bottom panels); in (B),
50 lm (top panels) and 20 lm (bottom panels); in (C), 20 lm; in (F), 20 lm (left two panels) and 50 lm (right four panels); in (G), 50 lm (top panels) and 10 lm
(bottom panels). *P < 0.01; n.s., not significant.

Source data are available online for this figure.
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(Supplementary Fig S6A). As shown in Fig 1C, Wnt3a/EGF promoted

induction of multiple lamellipodia, suggesting that Rac is activated.

Stimulation of IEC6 cells with Wnt3a/EGF for 18 h increased Rac1

activation compared with either Wnt3a or EGF (Fig 3A). Arl4c

expression activated Rac1, and its depletion inhibited Wnt3a/EGF-

dependent activation of Rac1 (Fig 3B), indicating that Arl4c func-

tions upstream of Rac1. It was reported that Arl4c binds to Arf

nucleotide-binding site opener (ARNO), which activates Arf6

(Hofmann et al, 2007), and that Arf6 activates Rac through Kalirin

and the DOCK180/Elmo complex (Santy et al, 2005; Koo et al,

2007). Consistently, Wnt3a/EGF activated Arf6 compared with

either Wnt3a or EGF (Supplementary Fig S6B), and treatment with

SecinH3 (an ARNO inhibitor) (Hafner et al, 2006) or knockdown of

Arf6 inhibited Arl4c- and Wnt3a/EGF-dependent Rac1 activation

(Fig 3B; Supplementary Fig S6C). Thus, Wnt3a/EGF-dependent

Rac1 activation could be mediated by Arl4c.

MLC2 phosphorylation was clearly visible along the longitudinal

axis of cells extended by Wnt3a/EGF, but it was reduced around

lamellipodia (see Fig 1C), suggesting local inhibition of Rho activity.

Wnt3a/EGF significantly reduced MLC2 phosphorylation and RhoA

activity compared with either Wnt3a or EGF alone (Fig 3C and D).

Knockdown of Arl4c partially restored Wnt3a/EGF-induced inhibi-

tion of RhoA activity (Fig 3D). Activation of Rac was shown to inhi-

bit Rho activity in melanoma cells (Sanz-Moreno et al, 2008).

Consistent with the report, expression of Arl4c-GFP or a constitu-

tively active form of Rac1 (Rac1G12V) indeed inhibited RhoA in IEC6

cells (Fig 3E; Supplementary Fig S6D), suggesting that RhoA func-

tions downstream of Arl4c and Rac1 in the cells. Thus, Wnt3a/EGF-

induced Arl4c expression resulted in regulation of Rac and Rho

activities through ARNO and Arf6.

To examine whether this signaling axis is involved in Wnt3a/

EGF-induced tube formation, IEC6 cells were treated with pharma-

cological and genetic manipulations in 2D and 3D culture. In 2D cul-

ture, Wnt3a/EGF-induced cell extension and lamellipodia formation

were inhibited by knockdown of ARNO or Arf6 and by treatment

with SecinH3 or NSC23766 (a Rac inhibitor) (Gao et al, 2004) (Sup-

plementary Fig S7A). Y27632 (a Rho-kinase inhibitor) or blebbista-

tin (an ATPase inhibitor of myosin heavy chain) (Straight et al,

2003) induced cell extension in the presence of EGF but not Wnt3a

(Supplementary Fig S7B), suggesting that Rho inhibition mimics

Wnt3a signaling.

In 3D culture, Wnt3a/EGF-induced tube formation was inhibited

by knockdown of ARNO or Arf6, treatment with SecinH3 or

NSC23766, or expression of Rac1T17N (a dominant negative form of

Rac1) or Arf6T27N (a dominant negative form of Arf6) (Fig 3F;

Supplementary Fig S7C and D). Arf6 expression rescued the pheno-

types in Arf6-depleted cells (Supplementary Fig S7E). Active caspase-

3-positive cells with abnormal nuclei were observed in the interior

of the luminal space of tubes treated with SecinH3 and NSC23766,

but the treatment did not increase the number of apoptotic cells

compared with control, suggesting that the inhibitors do not affect

viability of IEC6 cells forming cysts and tubes (see Supplementary

Fig S4E and G). NSC23766 or SecinH3 also inhibited tube formation

in Arl4c-GFP-expressing IEC6 cells treated with EGF (Fig 3G).

Co-stimulation with EGF and 2 lM Y27632 or blebbistatin devel-

oped tubular structures (Fig 3H). However, when IEC6 cells were

treated with 100 lM Y27632 or 25 lM blebbistatin in the presence

of EGF, the cells rarely developed tubes (Fig 3H). Therefore, severe

inhibition of actomyosin contraction does not contribute to tube for-

mation. These results suggest that Wnt3a/EGF activates Rac and

inhibits Rho properly through Arl4c expression, resulting in rear-

rangement of actomyosin to induce changes in cell morphology and

tube development.

Arl4c is linked to cell proliferation through nuclear localization
of YAP/TAZ

When IEC6 cells expressing Arl4c-GFP were mixed with control

IEC6 cells at a ratio of 1:1, Arl4c-GFP-positive cells tended to be

located at the extended structures where cells were elongated

(Fig 4A). In addition to changes in cell morphology, epithelial cells

must proliferate to form tubes (see Fig 1B). To analyze spatiotempo-

ral regulation of cell proliferation in tube formation, we generated

IEC6 cells expressing a fluorescent, ubiquitination-based cell cycle

indicator (Fucci) construct (Sakaue-Sawano et al, 2008). In the

Fucci system, cells with red and green nuclei indicate G1 (less prolif-

erative) and S/G2/M (proliferative) phases, respectively (Supple-

mentary Fig S8A). Cells had green, red, yellow, or colorless nuclei

Figure 2. Wnt3a and epidermal growth factor (Wnt3a/EGF) induces Arl4c expression through b-catenin and MAP kinase (MAPK) pathways.

A IEC6 cells transfected with b-catenin siRNA were stimulated with Wnt3a/EGF for 8 h. Real-time PCR analyses for Arl4c mRNA expression were performed.
B IEC6 cells were treated with or without U0126, SP600125, or wortmannin for 1 h and stimulated with Wnt3a/EGF for 8 h to measure Arl4c mRNA levels.
C IEC6 cells transfected with siRNAs against Elk1 or Ets1 and 2 were stimulated with Wnt3a/EGF for 8 h to measure Arl4c mRNA levels.
D Arl4c-luciferase constructs used in this study are shown. The Arl4c gene contains predicted ETS- and LEF1-binding sites in the 3′ untranslated region (UTR), position

around 3 kb from the transcription start site.
E After HeLaS3 cells were transfected with the indicated constructs, luciferase activities were measured and expressed as fold increase compared with constructs

expressing GFP.
F Chromatin from IEC6 cells treated as indicated was immunoprecipitated with indicated antibodies. The precipitated Arl4c 3′-UTR was analyzed by PCR with region-

specific primers.
G HeLaS3 cells were treated with CHIR99021/EGF for 3 h, and lysates were immunoprecipitated with anti-Ets1 antibody. Immunoprecipitates were probed with the

indicated antibodies.
H IEC6 cells transfected with the indicated siRNAs, cells stably expressing a dominant negative form of Tcf4 (DN-Tcf4), or cells treated with IWR1 or U0126 were

stimulated with Wnt3a/EGF for 60 h in 3D culture and stained with anti-b-catenin antibody and phalloidin. The number of extended structures from multicellular
trunks was counted (n = 30).

Data information: Results are shown as the mean � SE from three independent experiments. Scale bars in (H), 50 lm. *P < 0.01

Source data are available online for this figure.
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in 2D sparse culture conditions, whereas most cells had red nuclei

in 2D confluent culture conditions due to contact inhibition of cell

proliferation (Fig 4B). IEC6 cells in cysts in 3D culture had red

nuclei, and neither EGF nor Wnt3a alone affected nuclear coloration

(Fig 4B). Cells stimulated with Wnt3a/EGF had green nuclei in the

extending front region of the tubes (Fig 4B). Incorporation of EdU, a

marker of proliferating cells, was also observed in similar regions

(Supplementary Fig S8B). These results suggest that extending cells,

which express Arl4c, are growing.

Growth-arrested IEC6 cells in 3D Matrigel exhibited highly con-

fined cell geometry at the single cell and cyst levels compared with

growing and spreading cells in 2D culture (Supplementary Fig S8C).

Transcription activators Yes-associated protein (YAP) and transcrip-

tional co-activator with PDZ-binding motif (TAZ) in the Hippo path-

way play a positive role in cell proliferation (Saucedo & Edgar,

2007), and ECM rigidity and cell shape influence the nuclear locali-

zation of YAP/TAZ (Dupont et al, 2011; Wada et al, 2011; Aragona

et al, 2013). Therefore, we examined whether YAP/TAZ is involved

in regulation of cell proliferation in 3D culture. Although YAP/TAZ

was accumulated in the nucleus of widespread IEC6 cells grown

sparsely in 2D culture, it was observed in the cytoplasm of highly

confined IEC6 cells in cysts in 3D culture (Fig 4C). YAP is phosphor-

ylated at Ser127, which induces cytoplasmic localization (Zeng &

Hong, 2008), in 3D culture as well as suspension conditions, but not

in 2D culture (Fig 4D). Consistent with these findings, mRNA levels

of connective tissue growth factor (CTGF) and ankyrin repeat

domain 1 (ANKRD1), which are target genes of YAP/TAZ, were dra-

matically reduced in 3D culture compared with 2D culture (Fig 4E).

Treatment with Wnt3a/EGF induced nuclear localization of YAP/

TAZ in the leading regions of tubes, whereas either Wnt3a or EGF

alone did not (Fig 4F; Supplementary Fig S8D). Thus, Wnt3a/EGF

may promote cell growth through YAP/TAZ in IEC6 cells in 3D

culture.

Knockdown of Arl4c inhibited Wnt3a/EGF-induced tube forma-

tion, nuclear localization of YAP/TAZ, and nuclear incorporation of

EdU (Fig 5A). YAP/TAZ was observed in the nucleus of morpholog-

ically extended IEC6 cells expressing Arl4c-GFP in the presence of

EGF (Fig 5B; Supplementary Fig S8E), and Arl4c-dependent nuclear

localization of YAP/TAZ was inhibited by treatment with SecinH3

or NSC23766 (Fig 5B). Treatment with Y27632/EGF or blebbistatin/

EGF induced development of tubes and nuclear localization of YAP/

TAZ in the extending region, although transcriptional activators

were not in the nucleus following treatment with Y27632 alone

(Fig 5C; Supplementary Fig S8F and G). Knockdown of YAP/TAZ

inhibited Wnt3a/EGF-induced tube formation and incorporation of

EdU (Fig 5D; Supplementary Fig S8H). Knockdown of YAP/TAZ also

inhibited tube formation of IEC6/Arl4c-GFP cells treated with EGF

(Fig 5E). These results suggest that YAP/TAZ functions downstream

of Arl4c in cellular proliferation in 3D culture. Wnt3a/EGF may

induce changes in cell morphology by expressing Arl4c, thereby pro-

moting nuclear localization of YAP/TAZ, which relieves cells from

immotile and less-proliferative states during tube formation.

It was recently reported that Hippo/YAP signaling crosstalks with

Wnt signaling (Varelas et al, 2010; Heallen et al, 2011; Azzolin et al,

2012). FLAG-YAP5SA, in which five possible phosphorylation Ser res-

idues are mutated to Ala, was observed in the nucleus of IEC6 cells

in 3D culture (Supplementary Fig S8I). In addition to increased CTGF

mRNA levels, FLAG-YAP5SA enhanced Wnt3a/EGF-induced expres-

sion of Axin2 and Arl4c mRNAs (Fig 5F). Expression of FLAG-

YAP5SA alone enlarged cysts and did not dramatically induce tube

formation, whereas it promoted Wnt3a/EGF-induced tube formation

(Fig 5G). Thus, nuclear localization of YAP/TAZ forms a positive

feedback loop in Wnt3a/EGF-induced tubulogenesis by stimulating

Arl4c expression.

Arl4c induces MDCK cell tube formation in 3D Matrigel culture

We examined whether Arl4c is involved in tube formation of other

epithelial cell lines. Although MDCK type II (MDCK II) cells form

tubes in response to HGF in 3D type I collagen gel, they did not in

3D Matrigel as shown previously (Santos & Nigam, 1993) (Fig 6A).

Co-stimulation with Wnt3a and HGF or EGF did not induce tube

formation, because MDCK II cells did not express Arl4c in

response to Wnt3a, EGF, HGF, or their combinations (Supplemen-

tary Fig S9). However, when MDCK II cells that express Arl4c-GFP

stably (MDCK/Arl4c-GFP) were stimulated with HGF, the cells

extended toward the surrounding matrix and formed tubes

(Fig 6A). Twenty lM Y27632 or 10 lM blebbistatin induced tube

formation of MDCK II cells in the presence of HGF (Fig 6B). In

addition, SecinH3 and 50 lM blebbistatin inhibited tube formation

of MDCK/Arl4c-GFP cells in the presence of HGF (Fig 6C). These

results suggest that changes in cell morphology through Arf6 and

Figure 3. Arl4c regulates Rac and Rho activities, inducing tube formation.

A IEC6 cells were stimulated with Wnt3a, EGF, or Wnt3a and epidermal growth factor (Wnt3a/EGF) for 18 h and subjected to the Rac assay.
B IEC6 cells expressing Arl4c-GFP were stimulated with EGF in the presence of SecinH3 (left panels) for 18 h and subjected to the Rac assay. IEC6 cells transfected

with Arl4c siRNA (middle panels) or treated with SecinH3 (right panels) were stimulated with Wnt3a/EGF for 18 h and subjected to the Rac assay.
C IEC6 cells were stimulated as indicated for 18 h and whole lysates were probed with the indicated antibodies.
D IEC6 cells were stimulated as indicated for 18 h and subjected to the Rho assay (left panels). IEC6 cells transfected with Arl4c siRNA were stimulated with Wnt3a/

EGF for 18 h and subjected to the Rho assay (right panels).
E IEC6 cells stably expressing GFP, Arl4c-GFP, or GFP-Rac1G12V were stimulated with EGF for 18 h and subjected to the Rho assay.
F IEC6 cells transfected with Arf nucleotide-binding site opener (ARNO) or Arf6 siRNA, cells stably expressing Rac1T17N or Arf6T27N, and cells treated with SecinH3 or

NSC23766 were stimulated with Wnt3a/EGF for 60 h in 3D culture and stained with the indicated antibodies. The number of extended structures from multicellular
trunks was counted (n = 30).

G IEC6/Arl4c-GFP cells were treated with EGF in the presence or absence of NSC23766 or SecinH3 for 60 h and stained with the indicated antibodies.
H IEC6 cells were treated with Y27632 (2 lM), Y27632 (2 or 100 lM)/EGF, blebbistatin (2 lM), or blebbistatin (2 or 25 lM)/EGF for 60 h and stained with the indicated

antibodies.

Data information: Results are shown as the mean � SE from three independent experiments. Scale bars in (F and G), 50 lm; in (H), 10 lm (left two panels) and 50 lm
(right four panels). *P < 0.01.

Source data are available online for this figure.
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F IEC6 cells were treated with Wnt3a/EGF for 48 h and then stained with anti-YAP/TAZ antibody, DRAQ5, and phalloidin. White boxes show enlarged images.
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Source data are available online for this figure.
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Rho contribute to induce development of tubes by MDCK II cells

as well as IEC6 cells.

Arl4c is involved in branching morphogenesis in mouse
embryonic kidneys

We evaluated the involvement of Arl4c in tubular organ develop-

ment. Arl4c mRNA levels were relatively high in the mouse kidneys,

brain, submandibular glands (SMGs), lungs, stomach, and intestines

at embryonic day 13 (E13) (Supplementary Fig S10A). Immunohis-

tochemical analyses revealed that Arl4c is expressed in the brain

and some epithelial rudiments, including hair follicle, tooth bud, sal-

ivary gland, and kidney, of E15 mouse embryos (Supplementary Fig

S10B). In the embryonic kidney, Arl4c was observed in UBs, pre-

tubular aggregates, renal vesicles, and the comma-shaped body

(Fig 7A). Arl4c was particularly localized to UB tips in pan-cytokera-

tin staining regions and expressed in neural cell adhesion molecule

(NCAM)-staining regions (Fig 7A). Pan-cytokeratin is an ureteric

cell marker (Song et al, 2010), and NCAM is a marker for induced

mesenchyme (Marciano et al, 2011).

Arl4c mRNA was expressed more abundantly in the epithelium

than the mesenchyme of kidney rudiments at E12 (Supplementary

Fig S10C). Kidney rudiments induced elongation of the collecting

ducts and increased the number and size of nephrons after 72 h

(Hendry et al, 2011; Zhang et al, 2012) (Fig 7B). Arl4c mRNA levels

increased during this process but were reduced by treatment of the

rudiments with IWP2, which inhibited Wnt secretion (Chen et al,

2009) (Fig 7B), suggesting that endogenous Wnt is involved in Arl4c

expression in the developing kidney. In contrast, CHIR99021

increased Arl4c mRNA expression (Fig 7B). Treatment of the rudi-

ments with U0126 or IWP2/U0126 inhibited upregulation of Arl4c

mRNA levels to the same extent as FIIN-1, an inhibitor of receptor

for fibroblast growth factor (FGF) (Fig 7B). FGF is released from the

mesenchyme and is essential for kidney development (Qiao et al,

2001; Bates, 2011). SecinH3 and NSC23766 did not affect Arl4c

expression (Fig 7B), confirming that Arf6 and Rac function down-

stream of Arl4c. Consistent with previous observations that the

MEK inhibitor PD98059 inhibits UB branching of kidney organs

(Watanabe & Costantini, 2004), U0126 also reduced the number of

UB tips (Fig 7C). IWP2, SecinH3, and NSC23766 showed similar

effects, and the combination of IWP2 and U0126 inhibited branching

morphogenesis to a similar extent as FIIN-1 (Fig 7C). Active

caspase-3-positive cells were observed in the interior of ureteric

ducts and the mesenchyme region, but only a few cell died at UB

tips (Supplementary Fig S10D). Treatment with IWP2, U0126, IWP2/

U0126, and FIIN-1 did not increase cell death at UB tips, suggesting

that these inhibitors do not affect viability of UB epithelial cells.

It has been shown that mesenchyme-free UBs undergo repetitive

rounds of cleft and bud formation to form branched epithelial orga-

noids in the presence of FGF and conditioned medium from meta-

nephric mesenchymal cells (Sakurai et al, 1997; Qiao et al, 1999,

2001). We developed a system in which UBs undergo branching

morphogenesis in medium containing FGF1, glial cell line-derived

neurotrophic factor (GDNF), and R-spondin1 without conditioned

medium (Fig 7D). GDNF is released from the cap mesenchyme and

is necessary for early UB outgrowth (Qiao et al, 1999). R-spondin1

enhances b-catenin-dependent Wnt signaling by binding to Lgr5

homologs (de Lau et al, 2011). All of FGF1, GDNF, and R-spondin1

were required for efficient UB growth (Supplementary Fig S11A). In

addition, nuclear localization of YAP/TAZ was observed in cells

in buds but not trunks, and Ki67-positive cells were also detected in

buds more abundantly than in trunks (Supplementary Fig S11B).

These results indicate that cells tend to proliferate at UB tips. IWP2,

U0126, NSC23766, or SecinH3 decreased bud numbers of organoids

(Fig 7E). In contrast, CHIR99021 or 20 lM Y27632 did not affect

bud numbers but increased the size of branched structures due to

enlargement of the epithelial bud (Fig 7E). In addition, knockdown

of Arl4c inhibited bud formation of organoids (Fig 7F). Consistent

with findings in IEC6 cells, Wnt may induce Arl4c expression in

concert with growth factors, such as FGF, resulting in formation of

epithelial tubes in the embryonic kidney through regulation of Arf6,

Rac, and Rho.

Discussion

We used IEC6 cells as a model to analyze epithelial tube formation

in 3D BMM culture and identified an Arl4c signaling mechanism

that regulates tubulogenesis. This model suggests that the Wnt-b-
catenin and EGF-MAPK pathways work in concert to induce Arl4c

expression, resulting in changes in cell morphology and cell proliferation

to form epithelial tubes (Supplementary Fig S12). In cooperation

with EGF signaling, stabilization of b-catenin by Wnt3a signal-

ing enhanced formation of a complex between Tcf4, Ets, and CBP

Figure 5. Arl4c and YAP/TAZ mutually regulate their expression and functions.

A IEC6 cells transfected with Arl4c siRNA were treated with Wnt3a and epidermal growth factor (Wnt3a/EGF) for 60 h in 3D culture and stained with anti-YAP/TAZ
antibody, DRAQ5, and phalloidin (left panels). The cells were also incubated with EdU for 20 min before fixation and stained with DRAQ5 (right panels). White boxes
show enlarged images. Percentages of cells with nuclear YAP/TAZ (left panels) and EdU-positive cells (right panels) were calculated (n = 50).

B IEC6/Arl4c-GFP cells were treated with EGF in the presence or absence of SecinH3 or NSC23766 for 48 h and stained with the indicated antibodies.
C IEC6 cells were treated with Y27632 (2 lM)/EGF for 60 h and stained with anti-YAP/TAZ antibody, DRAQ5, and phalloidin.
D IEC6 cells transfected with YAP/TAZ siRNA were treated with Wnt3a/EGF for 60 h and stained with the indicated antibodies, or the cells were incubated with EdU

for 20 min before fixation and stained with DRAQ5. The number of extended structures from multicellular trunks (n = 30) and percentages of EdU-positive cells
(n = 50) were calculated.

E IEC6/Arl4c-GFP cells transfected with YAP/TAZ siRNA were treated with EGF for 60 h and stained with the indicated antibodies.
F IEC6 cells or IEC6 cells stably expressing FLAG-YAP5SA (IEC6/FLAG-YAP5SA) were cultured with or without Wnt3a/EGF for 5 h in 3D culture to measure CTGF, Axin2, and

Arl4c mRNA levels.
G IEC6 cells or IEC6/FLAG-YAP5SA cells were treated with Wnt3a/EGF for 60 h and stained with the indicated antibodies.

Data information: Results are shown as the mean � SE from three independent experiments. Scale bars in (A-E), 50 lm; in (G), 20 lm (top panels) and 50 lm (bottom
panels). *P < 0.01.
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on the Ets-binding site in the 3′-UTR of the Arl4c gene, thereby

inducing Arl4c expression. The Tcf/LEF-binding-site on the Arl4c

gene has not yet been identified. It is also possible that Wnt3a and

EGF activate Tcf4 and Ets, which bind to the different regions of

the Arl4c gene to induce its expression. In 3D culture, epithelial

cells are compact, immotile, and less proliferative. To form tubes

in 3D conditions, epithelial cells have to be partially depolarized,

motile, mitotic, and finally re-polarized. Therefore, actomyosin

rearrangement by Rac and Rho, of which activities are regulated

by Arl4c expression, is important for tube formation of IEC6 cells.

However, expression of Arl4c alone or treatment with Y27632 or

blebbistatin alone was not sufficient for tube formation, and EGF

signaling was required to induce tube formation. In addition to sig-

nals to regulate the cytoskeleton properly, cell growth signals are

necessary for tubulogenesis.

Arl4c expression by Wnt3a/EGF in IEC6 cells activated Rac1

through ARNO and Arf6, resulting in proper inhibition of RhoA,

during tube formation. We showed that HGF does not affect cyst

morphology of MDCK II cells in 3D Matrigel but develops tube

formation when Arl4c is expressed. The combination of HGF and
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Figure 6. Arl4c is involved in hepatocyte growth factor (HGF)-dependent branching morphogenesis of Madin Darby canine kidney (MDCK) II cells in
3D Matrigel.

A MDCK II cells or MDCK II cells stably expressing Arl4c-GFP (MDCK/Arl4c-GFP) were treated with or without HGF for 60 h in 3D culture. The cells were stained with
anti-b1-integrin antibody and phalloidin (stacking image). Whole lysates were probed with anti-Arl4c and anti-HSP90 antibodies. The longest length of tube-like
structures was measured (n = 30). The middle sections of white boxes are shown in the corner of each picture.

B MDCK II cells were treated with Y27632 (20 lM), Y27632 (20 lM)/HGF, blebbistatin (10 lM), or blebbistatin (10 lM)/HGF for 60 h and stained with anti-b1-integrin
antibody and phalloidin (stacking image).

C MDCK/Arl4c-GFP cells were treated with HGF, HGF/SecinH3, or HGF/blebbistatin (50 lM) for 60 h and stained with anti-b1-integrin antibody and phalloidin
(stacking image).

Data information: Results are shown as the mean � SE from three independent experiments. Scale bars in (A–C), 50 lm. *P < 0.01.

Source data are available online for this figure.
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Y27632 or blebbistatin induced wild-type MDCK II cell tube forma-

tion and SecinH3 inhibited HGF-induced tube development of

MDCK/Arl4c-GFP cells. It was reported that unlike MDCK II cells,

HGF induces tubes from MDCK type I cells in 3D Matrigel (Tushir &

D’Souza-Schorey, 2007). In this model, HGF-induced Arf6 activation

promotes the recruitment of Rac1 to the cell surface at the initiation

of tube formation. Further, Arf6 activation also upregulates MAPK

activity and the expression of the urokinase-type plasminogen acti-

vator receptor, which induces Rac1 activation probably through the

DOCK180/Elmo complex, a Rac1 activator. Therefore, a cellular

apparatus downstream of Arf6 activation, including the Rac and

Rho axis, might be common in tube formation of IEC6 and MDCK I

and II cells.

Our model in cultured epithelial cells is applicable to an organ

culture model using the mouse embryonic kidney. Arl4c mRNA,

which is primarily expressed in the epithelium, increased during

epithelial tube elongation and branching of kidney rudiments. Wnt

or MAPK signaling was required for Arl4c expression, and simulta-

neous inhibition of both pathways inhibited kidney development to

a similar extent to inhibition of FGF signaling. We established a

system in which FGF1, GDNF, and R-spondin1 induce branching

morphogenesis in UBs in 3D Matrigel. In this culture, activation of

b-catenin signaling or proper inhibition of Rho signaling enhanced

organoid development, while inhibition of MAPK, ARNO, and Rac

suppressed it. Conditioned medium from the metanephric mesen-

chyme (BSN-CM) and a mixture of growth factors (GDNF and

FGF1) are required for branching morphogenesis of UBs in vitro

(Qiao et al, 1999). Because our system does not include BSN-CM, it

would be useful to define the soluble factors required for branching

within UB. The b-catenin-dependent pathway regulates branching

and maintains UB cells in an undifferentiated state (Bridgewater

et al, 2008; Marose et al, 2008). However, the Wnt ligand that medi-

ates the b-catenin-dependent pathway remains to be elucidated. The

Wnt ligand expressed by UBs could act in an autocrine manner,

because R-spondin1 is required in our culture system. Results from

different systems suggest that changes in cell morphology by proper

actomyosin rearrangement through Arl4c expression are linked to

the formation of tubular structures.

Tubulogenesis involves cell proliferation. Although it has been

shown that cell division is required for tube formation (Yu et al,

2003), how epithelial morphological changes influences cell prolifer-

ation is not known. Proliferating cells in the extending tubes of IEC6

cells and buds of kidney organoids showed nuclear localization of

YAP/TAZ. However, nuclear localization of YAP/TAZ was not suffi-

cient for tube formation of IEC6 cells, although cysts were enlarged.

YAP/TAZ expression enhanced Wnt3a/EGF-induced tube formation,

suggesting that cytoskeletal changes would promote cell prolifera-

tion dramatically for tubulogenesis under physiological conditions.

Several studies have shown bidirectional crosstalk between Hippo

and Wnt/b-catenin signaling through direct interaction of YAP/TAZ

with Dvl or b-catenin, depending on the biological context (Varelas

et al, 2010; Heallen et al, 2011; Azzolin et al, 2012; Bernascone &

Martin-Belmonte, 2013). Our results showed that Wnt3a/EGF sig-

naling induces nuclear translocation of YAP/TAZ through Arl4c

expression in the front region of extending tubes and that YAP

enhances Wnt3a/EGF-induced Arl4c expression, suggesting a posi-

tive feedback loop between Hippo, Wnt, and growth factors signal-

ing. Thus, mutual regulation between cell proliferation and

cytoskeletal rearrangement by Wnt and growth factors is essential

for tubulogenesis of epithelial cells. It was shown that changes in

cell shape are conserved cellular events during tube formation and

that cell proliferation is also necessary for it (Yu et al, 2003; Lu &

Werb, 2008). Contact between mammary epithelial cells and type I

collagen in the ECM caused traction force to extend and stabilize lin-

ear patterns of tubes (Guo et al, 2012). In addition, mechanical

stress induced by ECM stiffness and cytoskeletal tension controlled

epithelial multicellular growth by regulating YAP/TAZ nuclear local-

ization (Aragona et al, 2013). Thus, YAP/TAZ likely connects these

cellular events during tubulogenesis.

Materials and Methods

3D culture of IEC6 and MDCK II cells

To analyze 3D epithelial morphogenesis in Matrigel (BD Bioscienc-

es, San Jose, CA, USA), 40 ll of Matrigel was mounted on a round

coverslip and incubated for 30 min at 37°C to solidify the gel. IEC6

cells (4 × 104 cells) suspended in 1 ml of growth medium containing

2% Matrigel (V/V), 40 ng/ml Wnt3a, and/or 5 ng/ml EGF (R&D

Systems, Minneapolis, MN, USA) were added on solid Matrigel and

incubated for 72 h. When necessary, 50 ng/ml Wnt5a, 10 ng/ml

HGF (R&D), 10 lM IWR1, 5 lM CHIR99021, 100 lM NSC23766, 2

or 25 lM blebbistatin, 2 or 100 lM Y27632, or 25 lM SecinH3, were

Figure 7. Arl4c is involved in branching morphogenesis in the mouse embryonic kidney.

A Tissue sections of mouse kidney at embryonic day 15 (E15) were stained with anti-Arl4c antibody and hematoxylin (left panels). Sections were also stained with
anti-Arl4c, anti-neural cell adhesion molecule (NCAM), and anti-pan-cytokeratin antibodies and DRAQ5 (right panels). Black and white boxes show enlarged images.

B Kidney rudiments at E12 were cultured on transwell filters with or without the indicated reagents for 72 h, and real-time PCR analyses for Arl4c mRNA expression
were performed.

C Kidney rudiments at E12 were cultured on transwell filters with or without the indicated reagents for 48 h and stained with an anti-cytokeratin8 antibody. The
number of UB tips was counted (n = 5).

D Ureteric buds isolated from E12 mouse kidneys were cultured with fibroblast growth factor 1 (FGF1), glial cell line-derived neurotrophic factor (GDNF), and R-
spomdin1 for 7 days in 3D Matrigel.

E UBs isolated from E12 mouse kidneys were cultured in 3D Matrigel with or without the indicated reagents for 7 days and stained with phalloidin and DRAQ5
(stacking image). White boxes show enlarged pictures. The number of epithelial buds was counted (n = 5). The area of the control, CHIR99021-, or Y27632-treated
organoids was measured (n = 5).

F UBs infected with lentiviruses containing control or Arl4c shRNA were cultured in 3D Matrigel for 7 days and stained with anti-E-cadherin and phalloidin (stacking
image). White boxes show enlarged images. Real-time PCR analyses for Arl4c mRNA expression were performed. Results are shown as the mean � SE from three
independent experiments. Scale bars in (A), 250 lm (upper left panel) and 300 lm (upper right two panels); in (B and C), 500 lm; in (D), 250 lm; in (E and F),
200 lm. *P < 0.01.
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added to the growth medium. The extended structure was defined

as a chain- or cord-like structure containing at least four cells that

extended from the main multicellular trunks. The number of

extended structures from multicellular trunks was counted.

MDCK type II (MDCK II) cells were used in this study. MDCK II

cells expressing Arl4c were three-dimensionally cultured under the

same conditions as IEC6 cells in the presence of 20 ng/ml HGF,

20 lM Y27632, 10 or 50 lM blebbistatin, and/or 25 lM SecinH3.

The length of tube-like structures was measured.

2D culture on Matrigel-coated dishes

Glass coverslips were coated with Matrigel. IEC6 cells were grown

on a Matrigel-coated dish in a minimum essential medium (MEM)

containing 10% fetal calf serum (FCS) and treated with 40 ng/ml

Wnt3a, 5 ng/ml EGF, 100 lM NSC23766, 25 lM SecinH3, 2 lM
blebbistatin, 2 lM Y27632, or 10 lM actinomycin D.

Organ and organoid kidney culture

Embryonic kidneys isolated from E12 mice (C57BL/6J) were cultured

in an air–liquid interface on Transwell culture inserts with 1-lm
pores (Greiner Bio-One SAS, Courtaboeuf, France) in DMEM/Ham’s

F12 supplemented with 10% FCS and penicillin-streptomycin. The

number of UB tips was counted as described (Li et al, 2005).

For organoid culture, E12 embryonic kidneys were treated with

dispase, separated into UBs and metanephric mesenchyme using a

fine tungsten needle, and collected in 10% BSA/DMEM/Ham’s F12.

After isolated UB were placed in 30 ll of Matrigel and incubated for

30 min at 37°C to solidify the gel, UBs were grown in aMEM supple-

mented with penicillin-streptomycin, 4.5 mg/ml glucose, 10 lg/ml

insulin, and 1× non-essential amino acids, 10 mM HEPES, Glutamax,

1× N2, 1× B27, 1 mM N-acetylcysteine, 200 ng/ml FGF1, 100 ng/

ml GDNF (R&D), 200 ng/ml R-spondin1 (R&D), and 10% FCS for

7 days. When necessary, 5 lM IWP2, 1 lM (UB organoid culture)

or 5 lM (kidney organ culture) CHIR99021, 10 lM U0126, 500 nM

FIIN-1, 25 lM (kidney organ culture) or 100 lM (UB organoid cul-

ture) NSC23766, 25 lM SecinH3, or 20 lM Y27632 were added to

the same growth medium. The number of epithelial buds was

counted, and the area of individual organoids was measured using a

LSM image browser (Carl-Zeiss, Jena, Germany).

Immunohistochemical evaluation of Arl4c in mouse embryos

Embryos derived from C57BL/6J mice at embryonic day 15 (E15)

were dissected in PBS and fixed for 1 h in PBS containing 4% (w/v)

PFA. Paraffin-embedded samples of mouse embryos were sectioned.

Antigen retrieval with a Pascal pressurized heating chamber (Dako,

Carpinteria, CA, USA) was conducted for staining. For immuno-

staining of Arl4c, a Dako ENVISION kit (Dako) was used in accor-

dance with the manufacturer’s recommendations. Anti-Arl4c

antibody was incubated with tissue samples overnight at 4°C and

detected by incubation with goat anti-rabbit IgG-horseradish peroxi-

dase (HRP). The signal was visualized using a substrate-chromogen

solution. The sections were counterstained with 0.1% hematoxylin.

For immunofluorescence staining of Arl4c, antigen-retrieved tissue

sections were blocked in PBS containing 0.5% (w/v) Triton X-100

and 40 mg/ml BSA for 30 min and incubated with primary

antibodies for 3 h at room temperature and secondary antibodies in

accordance with the manufacturer’s protocol (Life Technologies,

Carlsbad, CA, USA).

Statistical analyses

The experiments were repeated three or four times, and the results

were expressed as means � SE. Statistical analyses were performed

using StatView software (SAS Institute Inc.). Differences between

the data were tested for statistical significance using t-test. P-values

less than 0.01 were considered statistically significant.

Supplementary information for this article is available online:

http://emboj.embopress.org
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