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Grainyhead-like 2 regulates epithelial 
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network among claudin3, claudin4, and Rab25
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ABSTRACT During development, epithelial progenitors establish intercellular junctions, in-
cluding tight junctions (TJs), and form three-dimensional (3D) tissue structures, which are of-
ten associated with luminal structures. Here we identify grainyhead-like 2 (Grhl2) as a tran-
scription factor that regulates the size of luminal space surrounded by polarized epithelial 
cells. We show that HPPL, a liver progenitor cell line, transfected with Grhl2 cDNA forms re-
markably larger cysts than the control cells in 3D cultures. We find that Grhl2 up-regulates 
claudin (Cldn) 3 and Cldn4, and their functions are necessary for the formation of large cysts. 
Overexpression of Cldn3 alone induces the cyst expansion. In contrast, expression of Cldn4 
alone does not induce expansion, as it is not localized at TJs. Of interest, Rab25, another 
Grhl2 target, not only increases the Cldn4 protein, but also enhances its localization at TJs. 
Taken together, the results indicate that Grhl2 regulates epithelial morphogenesis through 
transcriptional up-regulation of Cldn3 and Cldn4, as well as of Rab25, which increases the 
Cldn4 protein and its localization at TJs. The results reveal a molecular network regulating 
epithelial lumen formation organized by Grhl2.

INTRODUCTION
Epithelial cells are polarized and form tissue structures required for 
epithelial organs to perform their physiological functions. Cultured 
cells have been used to study molecular mechanisms underlying epi-
thelial polarization and tissue morphogenesis (Bryant and Mostov, 
2008; Martin-Belmonte and Mostov, 2008; Gray et al., 2010). How-
ever, since cell lines used in those studies, such as Mardin–Darby 
canine kidney (cells or Caco-2 and MCF7 tumor cells, were mostly 
generated from adult tissues, the processes and mechanisms by which 

epithelial progenitor cells establish apicobasal polarity and form tis-
sue structures during organogenesis remained largely unknown.

In the liver, two types of epithelial cells—hepatocytes and cho-
langiocytes—form hepatic cords and bile ducts, respectively. Bile 
ducts are tubular structures connecting the liver to the small intes-
tine to drain bile secreted from hepatocytes. Bile ducts are lined by 
cholangiocytes, which modulate the composition of the bile by se-
creting water and ions (Fitz, 2002). For proper function of the liver, 
the bile composition needs to be strictly controlled, and any leak-
age of cytotoxic bile into the parenchyma must be prevented while 
the bile flows through the liver tissue. Given those physiological 
functions, establishment of tight junctions (TJs) that control paracel-
lular efflux of small substances is a critical step during the develop-
ment of bile ducts. Around embryonic day 15 (E15), hepatoblasts—
fetal liver stem cells—differentiate into cholangiocytes near the 
portal vein and form the ductal plate, a single layer of cholangio-
cytes, which is subsequently reorganized to form tubular structures 
(Lemaigre, 2003). At an early stage of the reorganization of the duc-
tal plate, cholangiocytes form TJs recognized by ZO1 expression 
(Antoniou et al., 2009; Zong et al., 2009). However, it remains 
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it was not expressed in E17.5 liver, where most cholangiocytes form 
ductal plates (Figure 1D, 1–3). These results suggested that Grhl2 is 
not involved in the differentiation of cholangiocytes from bipotential 
hepatoblasts, but it might regulate a later stage, that is, structural 
and/or functional maturation of bile ducts.

Grhl2 enlarges the lumen without promoting 
cell proliferation
Because large cysts derived from HPPL expressing Grhl2 (HPPL-
Grhl2) apparently consisted of more cells than those from the control 
HPPL (Figure 1C), increased proliferation might result in large lumens. 
Actually, at day 7, the lumens of HPPL-Grhl2 cysts consisted of more 
cells as compared with the control cysts (Figure 2A). On the other 
hand, a similar number of cells formed the lumens of the control and 
HPPL-Grhl2 cysts at day 4 (Figure 2B). We monitored the process of 
lumen expansion from day 2.5 of 3D culture under a microscope and 
found that HPPL-Grhl2 rapidly expanded the lumen without chang-
ing the number of cells (Figure 2C). Thus it is unlikely that Grhl2-
induced expansion of lumen was promoted by cell proliferation.

Grhl2 enhances epithelial barrier by up-regulating 
the expression of Cldn3 and Cldn4
Epithelial cells establish intercellular junctions, including TJs, during 
development. Although the correlation between the formation of 
TJs and epithelial morphogenesis has not been adequately clari-
fied, we considered the possibility that maturation of TJs might be 
coupled with the expansion of a central lumen of cysts. A major 
physiological function of TJs is forming the paracellular epithelial 
barrier. We examined the permeability of dextran through the 
monolayer, which has been used to verify the formation of the epi-
thelial barrier. The results showed that adult cholangiocytes and 
HPPL-Grhl2 that formed large cysts established a monolayer with 
strong barrier function as compared with the control HPPL (Figure 3, 
A and B). Among components of TJs, claudins (Cldns) regulate par-
acellular permeability of small substances, including ions, by form-
ing paracellular channels (Tsukita and Furuse, 2002). The microarray 
data indicated that Cldn2, 3, 4, 6, 7, and 8 might be up-regulated 
when hepatoblasts differentiate to cholangiocytes (Supplemental 
Table S3). Therefore we addressed whether those molecules medi-
ate the function of Grhl2. First, we compared the expression of 
these Cldns in HPPL-Grhl2 with that in the control HPPL and found 
that mRNA levels of Cldn3, 4, and 8 were slightly increased by Grhl2 
(Figure 3C). Of interest, Cldn3 and 4 proteins were clearly increased 
by Grhl2 (Figure 3D). They were detected in the Triton X-100–soluble 
fraction and also the insoluble fraction, in which TJ proteins are en-
riched (Figure 3E). Furthermore, immunocytochemistry revealed 
that Cldn3 and 4 proteins were colocalized with ZO1 at cell–cell 
contacts, indicating that both are at TJs in HPPL-Grhl2 (Figure 3, F 
and G). These results suggested that Grhl2 promoted the barrier 
function of bile ducts by up-regulating Cldn3 and 4 proteins.

Grhl2 expands the lumen of HPPL cysts via Cldn3 and Cldn4
Next, to examine roles of claudins in lumen formation, we took ad-
vantage of 3D culture of HPPL. We examined localization of Cldn3 
and 4 in cysts derived from HPPL-Grhl2 and found that they were 
colocalized with ZO1, indicating their localization at TJs (Figure 4A). 
Then, we added the C-terminal peptide derived from Clostridium 
perfringens enterotoxin (C-CPE), which has been shown to bind 
Cldn3, 4, and 6 and inhibit their function (Moriwaki et al., 2007). 
glutathione S-transferase (GST)–C-CPE peptide excluded Cldn3 
and 4 from TJs (unpublished data). In the presence of the GST-fusion 
protein of C-CPE peptide, HPPL-Grhl2 formed smaller lumens 

unknown whether those TJs are functional and how immature cho-
langiocytes establish mature TJs.

Comparison of gene expression profiles between epithelial cells 
and their progenitors may be an effective way to identify genes reg-
ulating epithelial morphogenesis. In this study, we compared neona-
tal cholangiocytes, which are undergoing tubular morphogenesis, 
with hepatoblasts by microarray and identified grainyhead-like 
2 (Grhl2) as a transcription factor specifically expressed in cholangi-
ocytes. Furthermore, by studying functions of Grhl2 and its target 
genes in three-dimensional (3D) culture system of liver progenitor 
cells, we revealed a novel molecular pathway conferring TJ integrity 
on epithelial progenitors and regulating epithelial morphogenesis.

RESULTS
Comparison of gene expression profiles between 
hepatoblasts and cholangiocytes isolated from 
developing liver
Epithelial cells form 3D tissue structures in many organs. In 3D cul-
ture, they form cysts, spherical structures with the central lumen sur-
rounded by the polarized epithelial monolayer (Zegers et al., 2003). 
HPPL, a liver progenitor cell line, can form such cysts in 3D culture 
(Tanimizu et al., 2007). However, we realized that, compared with 
mature cholangiocytes isolated from adult mouse liver, HPPL formed 
cysts with much smaller lumens (Figure 1A), suggesting that HPPL 
may lack a critical factor inducing characteristics of mature epithelial 
cells, such as the formation of cysts with a large central lumen. Be-
cause tubular structures with apical lumen become evident around 
the portal vein in the late gestation and the neonatal stages, we 
considered the possibility that genes up-regulated in cholangiocytes 
in these developmental stages might play a role in the formation 
and/or maturation of luminal structures. To identify key molecules in 
the formation and/or maturation of luminal structures of tubular 
ducts, we isolated hepatoblasts (fetal liver stem cells) and neonatal 
cholangiocytes based on the expression of Dlk and EpCAM, respec-
tively (Supplemental Figure S1) and performed a microarray analysis 
to identify genes preferentially expressed in cholangiocytes under-
going tubular morphogenesis (Supplemental Tables S1 and S2).

Grainyhead-like 2 enhances epithelial characteristics 
of liver progenitor cells
Among those genes up-regulated in cholangiocytes, we focused on 
transcription factors, ankyrin repeat domain 1 (Ankrd1), ets homolo-
gous factor (Ehf), grainyhead-like 2 (Grhl2), hairy/enhancer-of-split 
related with YRPW motif 1 (Hey1), and scleraxis (Scx) as candidate 
genes regulating epithelial morphogenesis of cholangiocytes. To 
find a gene implicated in increasing the lumen size, we overex-
pressed each transcription factor in HPPL and performed 3D culture. 
We found that only Grhl2 remarkably increased the lumen size of 
HPPL cysts (Figure 1, B and C).

Grhl2 is a mammalian homologue of Drosophila grainyhead, 
which is implicated in epithelial morphogenesis (Werth et al., 2010; 
Pyrgaki et al., 2011). However, expression of Grhl2 in the liver and its 
functions during the development of epithelial organs, including the 
liver, has not been reported. First, we performed quantitative PCR 
and confirmed the expression of Grhl2 in EpCAM+ cholangiocytes 
at both P0 and adult stages (Supplemental Figure S2A). We also 
examined the expression of Grhl1 and Grhl3, the other members of 
the mammalian grainyhead family, and confirmed that only Grhl2 
was expressed in cholangiocytes (Supplemental Figure S2B). Next 
we immunohistochemically examined the expression of Grhl2 in 
E17.5, P1, and P8 livers. Grhl2 was detected in the nuclei of Ep-
CAM+ cholangiocytes in P1 and P8 livers (Figure 1D, 4–9), whereas 



Volume 23 August 1, 2012 Grhl2 regulates epithelial morphogenesis | 2847 

did not increase the size of lumen. On the other hand, Cldn4 was lo-
calized at TJs in HPPL-Grhl2 (Figure 4A, 13–16), suggesting that an 
additional factor induced by Grhl2 may be necessary for Cldn4 to be 
localized at TJs and thereby be functional (see later discussion).

Grhl2 enlarges the central lumen of cysts 
by up-regulating Rab25
Because the expression of Cldn3 and 4 was not sufficient to mimic 
the effect of Grhl2 on lumen size, other targets of Grhl2 were likely 
to be involved. The consensus DNA sequence for Grhl2 binding was 

compared with the culture with C-CPE313 peptide, an inactive mu-
tant (Figure 4, B and C). Thus functions of Cldns were indispensable 
for the Grhl2-induced enlargement of cysts.

We also overexpressed Cldn3 or Cldn4 in HPPL (Supplemental 
Figures S3 and S4). As shown in Figure 4, D and E, Cldn3 alone, but 
not Cldn4, increased the size of lumen. Moreover, cysts derived from 
HPPL-Cldn3+4 formed lumens similar in size to those derived from 
HPPL-Cldn3 (Supplemental Figure S5). We found that Cldn4 was not 
localized at TJs in HPPL-Cldn4 (see later discussion of Figure 6), which 
provides a possible explanation for why expression of Cldn4 alone 

FIGURE 1: Grhl2 enlarges the central lumen of cysts. (A) Mature cholangiocytes form larger cysts than HPPL. Mature 
cholangiocytes were isolated from mouse adult liver based on the expression of EpCAM. EpCAM+ cholangiocytes and 
HPPL were cultured in gel containing Matrigel for 7 d. Bar, 50 μm. (B) Effects of transcription factors on the size of a 
central lumen. HPPL were introduced with retrovirus containing cDNA of Ankrd1, EHF, Hey1, Grhl2, or Scx and used for 
3D culture. After 7 d of incubation, pictures were taken for at least 20 areas for measuring the size of cysts. A dot plot 
with bars of mean ± SEM for a representative culture indicates that the diameter of lumen derived from HPPL 
expressing Grhl2 (HPPL-Grhl2) is larger than the control with statistical significance. (C) Cyst structures in 3D culture of 
control HPPL and HPPL-Grhl2. Both HPPL and HPPL-Grhl2 cysts show apical actin bundles (white) and basal β-catenin 
(green), whereas cysts derived from HPPL-Grhl2 have remarkably larger lumen (4–6) as compared with the control (1–3). 
The control HPPL and HPPL-Grhl2 were cultured in gel containing Matrigel for 7 d. Cysts were incubated with anti-Grhl2 
and anti–β-catenin antibodies, followed by incubation with secondary antibodies and Alexa Fluor 633–conjugated 
phalloidin. Nuclei were counterstained with Hoechst 34580. BF, bright field. Bars, 50 μm. (D) Immunofluorescence 
analysis of Grhl2 expression in developing liver. In E17.5 liver (1–3), Grhl2 (red) is not detectable in EpCAM+ 
cholangiocytes (green), whereas it is expressed in cholangiocytes forming tubular structures in P1 (4–6) and P8 (7–9). 
Boxes in 1, 4, and 7 are enlarged in 2/3, 5/6, and 8/9, respectively. Bars, 50 μm (1, 4, and 7), 10 μm (2, 3, 5, 6, 8, and 9).
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Rab25 increases Cldn4 protein and regulates 
its localization at TJs
We considered the possibility that Rab25 might regulate the expres-
sion and intracellular localization of Cldn4. Indeed, we found that 
Rab25 overexpression resulted in an increase of Cldn4 protein 
(Figure 6A), although it did not increase Cldn3 protein. Because 
Rab25 limited paracellular permeability of 4-kDa fluorescein isothio-
cyanate (FITC)–dextran (Figure 6B), Cldn4 in HPPL-Rab25 might be 
functional at TJs. We further performed immunofluorescence analysis 
and found colocalization of Cldn4 and ZO1 in cysts formed from 
HPPL-Rab25 (Figure 6C). Quantitative analysis confirmed that Rab25 
induced colocalization of Cldn4 and ZO1 (Figure 6D and Supplemen-
tal Figure S7). By contrast, Cldn4 was mostly localized at the basolat-
eral domain in HPPL-Cldn4. Consistently, dominant-negative Rab25 
abolished colocalization of Cldn4 and ZO1 (Figure 6, E and F). These 
data indicated that Rab25 regulates the barrier function and morpho-
genesis of liver progenitor cells by up-regulating Cldn4 at TJs.

Molecular link among Cldn3, Cldn4, and Rab25
Grhl2 enhances the epithelial characteristics of HPPL through Cldn3, 
Cldn4, and Rab25. However, it was not clear how much the Grhl2 
functions depend on these three molecules. Although Grhl2 up-
regulates Cldn4 at the transcriptional level, the data in Figure 5 sug-
gested that Cldn4 functions in HPPL depend on Rab25. Therefore 
we introduced both Cldn3 and Rab25 to HPPL (HPPL-Cldn3+Rab25) 

reported as AACCGGTT (Werth et al., 2010). Using a database of 
mouse and human genomes, we searched for genes that have this 
sequence in the proximal promoter (within 1000 base pairs from the 
transcription initiation site) in both mice and humans. Furthermore, 
we analyzed whether candidate genes were up-regulated in neona-
tal cholangiocytes as compared with hepatoblasts in the microarray 
data to find Grhl2 targets important for the enlargement of lumen 
(Supplemental Table S4). As a result, we identified several genes, 
including the small GTPase Rab25, as possible targets of Grhl2 
(Figure 5A). We further confirmed that Rab25 was specifically up-
regulated in the cholangiocyte lineage during in vivo bile duct de-
velopment, and it was significantly increased by overexpression of 
Grhl2 (Supplemental Figure S6). There is one putative binding site 
for Grhl2 (Grhl2-binding element; GBE in Figure 5B) and one similar 
sequence (GBE? in Figure 5B) within 150 base pairs upstream of the 
transcription site. Promoter reporter assays using deletion mutants 
of the promoter region revealed that the putative binding site was 
necessary for Grhl2 to promote transcription (Figure 5B). These data 
strongly suggested that Rab25 is a target of Grhl2.

Next we established HPPL-Rab25, and their 3D culture showed 
that Rab25 increased lumen size (Figure 5, C and D). In contrast, a 
dominant-negative form of Rab25 partially inhibited the expansion 
of a central lumen induced by Grhl2 (Figure 5, E and F). These 
results suggested that Grhl2 regulated epithelial morphogenesis of 
HPPL through Rab25.

FIGURE 2: HPPL-Grhl2 starts expanding the lumen without proliferation. (A) Cysts derived from HPPL-Grhl2 contain 
more cells than the control at day 7 of 3D culture. Cysts were fixed in 4% PFA, and nuclei were stained with Hoechst 
34580. Pictures were taken on a microscope, and the number of cells surrounding the lumen was counted. (B) Cysts 
derived from HPPL-Grhl2 contain similar number of cells at day 4 of 3D culture. (C) HPPL-Grhl2 expands the lumen 
without changing the number of cells forming the lumen. Images of cysts derived from the control HPPL and HPPL-
Grhl2 at different time points were taken under a confocal microscope. The numbers of cells around the lumen are 
indicated under the image at each time point. Bars, 50 μm.
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FIGURE 3: Grhl2 increases epithelial barrier function of HPPL by up-regulating Cldn3 and 4. (A) Adult mature 
cholangiocytes show stronger barrier functions than HPPL. Adult cholangiocytes were isolated as EpCAM+ cells and 
plated onto a culture insert coated with type I collagen gel. HPPL were plated on a culture insert coated with laminin. 
FITC-dextran, 4 kDa, 1 mg/ml was added inside the culture insert, and 2 h later the medium in the bottom was used for 
measuring the fluorescence of FITC. (B) Grhl2 decreases the efflux of 4-kDa FITC-dextran through the monolayer of 
HPPL. (C) PCR analysis for expression of Cldn2, 3, 4, 6, 7, and 8. Cldn3, 4, and 8 are transcriptionally up-regulated by 
overexpression of Grhl2. (D) Western blot analysis for expression of Cldn2, 3, 4, 6, 7, and 8. Grhl2 increases Cldn3 and 
4 proteins as compared with the control. (E) Detection of Cldn3 and 4 in Triton X-100–soluble and –insoluble fractions. 
Grhl2 increases Cldn3 and 4 proteins both in Triton X-100–insoluble fraction, which represents Cldns incorporated into 
TJs, and in soluble fraction. (F, G) Localization of Cldn3 and 4 in 2D culture. Cldn3 and 4 (red) are colocalized with ZO1 
(green), suggesting that they are incorporated into TJs in HPPL-Grhl2. The monolayer of HPPL was stained with 
anti-ZO1 and either anti-Cldn3 or 4 antibody.
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regulate barrier functions of HPPL. However, as cysts derived from 
HPPL-Cldn3+Rab25 were still slightly smaller than those from HPPL-
Grhl2 (Figure 7D), it remains possible that an additional Grhl2 target 
might be involved in enlargement of the central lumen of cysts.

DISCUSSION
Many epithelial tissues contain a luminal space. Paucity of lumen 
formation results in abnormal organ development, whereas 

and examined the effect on epithelial properties of HPPL by 
comparing with HPPL-Cldn3 and HPPL-Rab25. HPPL-Cldn3+Rab25 
significantly increased barrier function, as shown by the decrease in 
permeability of 4-kDa FITC-dextran (Figure 7A). In addition, in 3D 
culture, HPPL-Cldn3+Rab25 further increased the size of the central 
lumen (Figure 7C). The barrier function of HPPL-Cldn3+Rab25 was 
almost identical to that of HPPL-Grhl2 (Figure 7B). Thus Cldn3, 
Cldn4, and Rab25 are assumed to mediate the function of Grhl2 to 

FIGURE 4: Cldn3 and 4 mediate the function of Grhl2 to enlarge a central lumen. (A) Cldn3 and 4 in HPPL-Grhl2 are 
localized at TJs. Cldn3 (red) expressed in HPPL-Grhl2 is colocalized with ZO1 (green; 5–8). Cldn4 (red) expressed in 
HPPL-Grhl2 is colocalized with ZO1 (green) in addition to relatively strong expression at the basolateral membrane 
(13–16). Cysts derived from HPPL and HPPL-Grhl2 were stained with anti-ZO1 and anti-Cldn3 or 4 antibodies. Nuclei 
were counterstained with Hoechst 34580 (blue). (B, C) Inhibition of Cldns by the C-terminal peptide derived from C-CPE 
decreases the size of a central lumen. Pictures for representative cysts are shown in B. The central lumen of cysts in the 
presence of CPE peptide is normally surrounded by F-actin bundle (green) but is remarkably smaller compared with the 
control. (C) Dot plot with bars of mean ± SEM for a representative culture, indicating that the lumen becomes smaller in 
the presence of CPE peptide with statistical significance. HPPL and HPPL-Grhl2 were cultured in the presence of 100 
μg/ml GST-C-CPE or GST-C-CPE313 (a deletion mutant of C-CPE lacking the capability to bind to Cldns). The diameter 
of lumen was measured for >50 cysts per culture. Experiment was repeated four times independently. (D, E) 
Overexpression of Cldn3, but not Cldn4, induces the enlargement of a central lumen. (D) Representative pictures of 
cysts derived from HPPL, HPPL-Cldn3, and HPPL-Cldn4. Cldn3, but not Clnd4, enlarged the central lumen of a cyst. 
(E) Dot plot with bars of mean ± SEM for a representative culture, indicating that Cldn3 increases the size of lumen with 
statistical significance. HPPL, HPPL-Cldn3, and HPPL-Cldn4 were cultured under 3D conditions for 7 d. The diameter of 
lumen was measured for >50 cysts per culture. Experiment was repeated four times independently.
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uncontrolled expansion of luminal space is observed in polycystic 
diseases. Thus it is important to regulate the size of lumen. How-
ever, in contrast to the initiation of lumen formation, molecular 
mechanisms regulating the size of lumen remain largely unknown. 
In this study, we compared neonatal cholangiocytes with hepato-
blasts by microarray and identified genes specifically up-regulated 
in cholangiocytes. Among those genes, we found that a transcrip-
tion factor, Grhl2, expands the apical luminal space of cysts derived 
from liver progenitor cells through up-regulation of Cldn3, Cldn4, 
and Rab25. Because Cldn3 and Cldn4, whose localization at TJs is 
regulated by Rab25, induce the maturation of TJs, our results 
linked the establishment of epithelial junctional complexes with 
the promotion of morphogenesis, in particular, lumen formation.

Grhl2 is a member of the grainyhead transcription factor family, 
mammalian homologues of Drosophila grainyhead. The mammalian 
grainyhead family consists of three members—Grhl1, 2, and 3. It has 
been demonstrated that Grhl1 regulates hair anchorage and epider-
mal differentiation (Wilanowski et al., 2008), whereas Grhl3 regulates 
skin permeability by modulating the barrier function of epidermis, 
urothelial differentiation, and dorsal closure of the neural tube (Yu 
et al., 2008, 2009). Recently Grhl2 was shown to be a key transcrip-
tion factor completing neural tube closure (Pyrgaki et al., 2011; Werth 
et al., 2010) and modulating the nature of cell–cell contacts by pro-
moting the formation of the apical junctional complex (Werth et al., 
2010). On the other hand, since mice lacking Grhl2 die around E13.5 
before the development of most epithelial organs, including the liver, 
the roles of Grhl2 in epithelial morphogenesis remain unknown. Our 
data indicating that Grhl2 enhances epithelial barrier function and 
morphogenesis of liver progenitor cells in vitro show the possibility 
that Grhl2 regulates structural and functional differentiation of epi-
thelial tissues.

TJs contain Cldns, as well as occludin and junctional adhesion 
molecules. Among those TJ proteins, Cldns regulate the paracellular 
transport of small substances (Tsukita and Furuse, 2002). Our results 
indicate that Grhl2 regulates barrier function of bile ducts by up-
regulating Cldn3 and 4. Ectopic expression of Cldn3 resulted in the 
localization of Cldn3 at TJs and the modest expansion of the central 
lumen. On the other hand, the introduction of Cldn4 alone did 
not affect the size of lumens, probably because most of Cldn4 was 
localized at the basolateral domain (Figure 6, C and D). Although it 
was previously reported that ectopic expression of Cldn4 resulted in 
its localization at TJs and increased epithelial barrier, epithelial pro-
genitors such as HPPL might lack a transport system required for the 
proper localization of Cldn4. Our results show that the Grhl2-Rab25 
axis plays a key role in barrier function by localizing Cldn4 at TJs.

Rab25 is a member of the Rab11 subfamily consisting of Rab11a, 
11b, and 25. Rab11a and Rab25 are implicated in recycling of apical 
proteins (Casanova et al., 1999). Rab25 is known to be relatively abun-
dant in gastrointestinal tissues (Goldenring et al., 1993). Recently it was 
reported that Rab11a and 25 are involved in the formation of apical 
lumens (Bryant et al., 2010). Because HPPL can form small cysts with-
out Rab25 in 3D culture, it may be dispensable for HPPL to form the 
apical lumen in our system. On the other hand, Rab25 contributes to 
the formation of mature epithelial structures by localizing Cldn4 at TJs. 
Given that Rab25-knockout mice did not show any defects in liver 
(Nam et al., 2010), Rab11a and Rab25 may have a redundant function 
in the bile duct development. However, it might be worth examining 
whether bile ducts without Rab25 are more susceptible to any type of 
liver injury.

It remains unclear how the Grhl2-Rab25 axis up-regulates Cldn4 
and promotes its localization at TJs. Given that Rab25 has been impli-
cated in recycling of apical proteins, it may promote the transport of 

internalized Cldn4 protein back to TJs, leading to prevention of the 
traffic of Cldn4 to lysosomes for degradation. Furthermore, a recent 
article demonstrated that Rab25 but not Rab11a regulates the transcy-
tosis of FcRn from the basolateral to the apical and vice versa (Tzaban 
et al., 2009). Given that most of Cldn4 is localized at the basolateral 
domain, Rab25 might be involved in trafficking Cldn4 from the baso-
lateral domain to TJs by transcytosis, possibly through indirect interac-
tions between Rab25 and Cldn4 (Supplemental Figure S8).

We summarize a molecular network governed by Grhl2 in Figure 8. 
Grhl2 enhances epithelial barrier by up-regulating Cldn3 and Cldn4, 
which leads to lumen expansion. In addition, Grhl2 enhances lumen 
expansion by up-regulating Rab25, which up-regulates Cldn4 protein 
and also regulates its localization at TJs. Strong barrier function is prob-
ably a physiological requirement for bile duct tubules to prevent any 
leakage of cytotoxic bile into the liver parenchyma. In fact, it was re-
cently shown in zebrafish that Cldn15 and Cldn15-like b were neces-
sary for normal formation of intestine (Bagnat et al., 2007) and bile 
ducts (Cheung et al., 2011), respectively. Our results reveal a novel 
mechanism regulating the process by which epithelial cells acquire ma-
ture epithelial structures necessary for their physiological functions.

MATERIALS AND METHODS
Extracellular matrix, growth factors, and chemicals
Type I collagen was purchased from Koken (Tokyo, Japan). Growth 
factor–reduced Matrigel and purified laminin-1 were from BD Bio-
sciences (Bedford, MA).

Cell preparation and RNA isolation
Liver cells were isolated from E14.5, E17.5, and P0 livers according 
to a previous report, with slight modification. Livers were minced 
and then digested in Librase 3 blenzyme (Roche Applied Science, 
Indianapolis, IN) that was 50 times diluted in phosphate-buffered 
saline (PBS) ++. Cells were incubated with anti-mouse EpCAM (BD 
Biosciences) conjugated with Alexa Flour 488 or FITC-conjugated 
anti-mouse EpCAM (Okabe et al., 2009). EpCAM+ cells were iso-
lated with a FACSAria. Dlk+ cells were isolated from E14.5 liver as 
previously reported (Tanimizu et al., 2003).

Total RNA was isolated from purified Dlk+ and EpCAM+ cells by 
using a Purelink RNA mini kit (Ambion, Austin, TX). RNA concentra-
tion was measured on a NanoDrop (Thermo Fisher Scientific, Waltham, 
MA). After checking concentration, we checked the quality of RNA 
samples on a bioanalyzer (Agilent Technologies, Santa Clara, CA).

Microarray analysis
For comparing hepatoblasts and cholangiocytes, synthesis and 
labeling of cRNA were performed at the University of California, 
San Francisco, Sandler Center. Agilent whole genome mouse array 
(014868) was used for gene expression analysis.

Plasmids
cDNA of Grhl2 was amplified from Kazusa cDNA clone (kindly pro-
vided by Osamu Obara, Kazusa DNA Research Institute, Chiba, 
Japan). cDNAs of Ankrd1, Ehf1, Hey1, Scx, Cldn3, Cldn4, and Rab25 
were amplified from first-strand cDNA synthesized from neonatal 
cholangiocytes or kidney. A dominant-negative form of Rab25 (dn-
Rab25) was generated by adding a point mutation in its GTP-bind-
ing domain to change Thr26 to Gln (Casanova et al., 1999). After 
performance of DNA sequencing, they were transferred to a retrovi-
rus vector, pMXsNeo. Infected HPPL were treated with 0.1 mg/ml 
G418 to select cells introduced with the vector. After the selection, 
most of the cells expressed transgenes. To express Cldn3 in HPPL-
Rab25 and HPPL-Cldn4 or dnRab25 in HPPL-Grhl2, we inserted 
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FIGURE 5: The small GTPase Rab25, a target of Grhl2, is involved in the enlargement of a central lumen induced by 
Grhl2. (A) A schematic view for the identification of Rab25. The consensus DNA sequence for Grhl2 binding 
(AACCGGTT) was searched in the database for human and mouse genes. More than 1000 genes were found to contain 
the sequence within 1000 base pairs upstream of the transcription initiation site. Among those genes, Rab25 was 
selected as a Grhl2 target since it was up-regulated in P1 cholangiocytes (shown by the microarray result comparing 
neonatal cholangiocytes with hepatoblasts) and might be involved in the intracellular localization of Cldn4. (B) A potential 
Grhl2-binding site in the promoter region of Rab25 gene is necessary for up-regulation of Rab25 mRNA by Grhl2. 
Luciferase activity is detected in the presence of Grhl2, whereas the deletion of a possible binding site (GBE) diminishes 
the expression of luciferase. GBE, grhl2-binding element. (C, D) Overexpression of Rab25 induces the enlargement of a 
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FIGURE 6: Rab25 increases Cldn4 protein and regulates its localization at TJs. (A) Rab25 increases the level of Cldn4 
protein. Western blot data demonstrate that Rab25 increases Cldn4 protein but not Cldn3. (B) Rab25 enhances barrier 
function of the monolayer of HPPL. Rab25 decreases paracellular efflux of 4-kDa FITC-dextran, indicating that the 
barrier function of HPPL monolayer is enhanced. The control HPPL and HPPL-Rab25 were cultured on Transwells and 
used to examined the efflux of FITC-dextran. Experiment was repeated three times independently. (C, D) Rab25 
promotes the localization of Cldn4 at TJs. Cldn4 (red) is barely colocalized with ZO1 (green) in HPPL-Cldn4 (C1–C4), 
whereas it is colocalized with ZO1 in HPPL-Rab25 (C5–C8). More than 50 lateral membranes derived from five cysts 
were analyzed for localization of Cldn4 and ZO1. The result is shown in D, indicating that Rab25 significantly increases 
colocalization of Cldn4 and ZO1. (E, F) dnRab25 inhibits the localization of Cldn4 at TJs. Cldn4 (red) is colocalized with 
ZO1 (green) in HPPL-Grhl2 (E1–E4), whereas it is not colocalized with ZO1 in HPPL-Grhl2+Rab25 (E5–E8). More than 
100 lateral membranes derived from 10 cysts were analyzed for localization of Cldn4 and ZO1. The result is shown in F, 
indicating that dnRab25 significantly inhibits colocalization of Cldn4 and ZO1.

central lumen. (C) Representative cysts derived from HPPL and HPPL-Rab25. A cyst derived from HPPL-Rab25 has a 
central lumen surrounded by F-actin bundles (green) larger than the control HPPL. (D) Dot plot with bars of mean ± SEM 
for a representative culture, indicating that HPPL-Rab25 increased the size of lumen with statistical significance. HPPL 
and HPPL-Rab25 were cultured for 7 d, and the diameter of the central lumen was measured for >50 cysts per culture. 
Experiments were repeated four times independently. Bar, 50 μm. (E, F) Inhibition of Rab25 by a dominant-negative form 
of Rab25 in HPPL-Grhl2 resulted in decreased lumen size. (E) Representative cysts derived from HPPL-Grhl2 and 
HPPL-Grhl2+Rab25. Cysts derived from HPPL-Grhl2+dnRab25 have a central lumen smaller than HPPL-Grhl2. (F) Dot 
plot with bars of mean ± SEM for a representative culture, indicating that dnRab25 reduces the size of the central lumen 
with statistical significance. HPPL-Grhl2 and HPPL-Grhl2+dnRab25 were cultured for 7 d. The diameter of the lumen was 
measured >50 cysts per culture. Experiments were repeated for four times independently. Bars, 100 μm.
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bodies (Molecular Probes, Eugene, OR) used 
at a dilution of 1:500. F-Actin bundles were 
detected with Alexa Fluor 488– or 633–con-
jugated phalloidin (Molecular Probes) at a 
dilution of 1:250. Nuclei were counterstained 
with Hoechst 34580. Samples were exam-
ined on Zeiss LSM 510 (Zeiss, Jena, Germany) 
and Olympus FV1000D IX81 (Olympus, 
Tokyo, Japan) confocal laser scanning fluo-
rescence microscopes.

Live cell imaging
HPPL expressing yellow fluorescent protein–
actin were kept in 5% Matrigel for 2.5 d in a 
two-well coverglass chamber (Nunc/Thermo 
Fisher Scientific, Rochester, NY) and then set 
onto the stage of an Olympus ID51 FV1000. 
The temperature and CO2 concentration 
were kept at 37ºC and 5%, respectively. Fif-
teen points were selected and followed for 
32 h. Every 40 min, an xy image was cap-
tured at each point.

Measurement of transepithelial 
resistance and paracellular tracer flux
Aliquots of 2 × 105 cells were plated on a 
12-mm Transwell with 0.4-μm-pore poly ester 
membrane (Corning, Corning, NY). Transep-
ithelial resistance (TER) was measured di-
rectly in culture medium using a Millicell-ERS 
epithelial volt-ohm meter (Millipore, Biller-
ica, MA) at day 3 of the culture. The TER val-
ues were calculated by subtracting the back-
ground TER of blank filters, followed by 
multiplying by the surface area of the filter 
(1.12 cm2). For the paracellular tracer flux as-
say, 4-kDa FITC-dextran (Sigma-Aldrich) was 
added to the medium inside the Transwell at 
day 3 at a concentration of 1 mg/ml. After 

incubation for 2 h, an aliquot of medium was collected from the 
basal compartment. The paracellular tracer flux was determined as 
the amount of FITC-dextran in the basal medium, which was mea-
sured with an Arvo SX fluorometer (PerkinElmer, Waltham, MA).

SDS–PAGE and immunoblotting
HPPL were cultured on a 12-mm Transwell, washed three times 
with ice-cold PBS, and then lysed in 150 μl of PBS containing 1% 
Triton-X as previously reported (Yoshii et al., 2005). After scraping 
of cells into a microcentrifuge tube, they were placed on ice with 
several agitations, followed by centrifugation at 20,400 × g for 
30 min. The supernatant was used as the Triton-X–soluble fraction. 
The pellet was added with 150 μl of PBS containing 0.1% SDS and 
then treated with an ultrasonicator. After centrifugation, the super-
natant was transferred into a new tube and used as the Triton-X–
insoluble fraction. Samples were separated by one-dimensional 
SDS–PAGE. For immunoblotting, proteins were electrophoretically 
transferred from gels onto Immobilon-P, a polyvinylidene difluo-
ride membrane (Millipore). After incubation in Block Ace, the 
membrane was incubated with primary antibodies, including anti-
Cldn2, 4, 6, and 8 (1:1000; gifts from Mikio Furuse), anti-Cldn3 
(1:1000; Bioworld), anti-Cldn7 (1:1000; Abcam, Cambridge, 
MA), rabbit anti–cytokeratin 19 (CK19; 1:2000; Tanimizu et al., 

Cldn3 or dnRab25 cDNA into another retrovirus vector, pMXsPuro. 
After infection, HPPL were treated with 10 μg/ml puromycin. The 
promoter sequence of Rab25 containing 1000 base pairs upstream 
of the transcription initiation site was amplified from genomic DNA 
of embryonic kidney. It was inserted into pMD20. The proximal re-
gion was amplified and inserted into pGL4 vector.

Immunofluorescence chemistry
Fetal, neonatal, and adult livers were fixed in PBS containing 4% para-
formaldehyde (PFA) and embedded in OCT compound. Thin sec-
tions were prepared with a microtome. For staining of Cldns in 2D 
culture of HPPL, samples were fixed in 1% PFA, permeabilized with 
0.2% Triton-X100, and then incubated in Block Ace solution (DS 
Pharma Biomedical, Osaka, Japan). HPPL cultured in 3D conditions 
were treated as reported previously (Tanimizu et al., 2007). Primary 
antibodies used for immunofluorescence were mouse anti–β-catenin 
(1:1500; BS Biosciences), rabbit anti-Cldn3 (1:500; Bioworld, Minne-
apolis, MN), rabbit anti-Cldn4 (1:500; a gift from Mikio Furuse, Kobe 
University, Kobe, Japan), rat anti-ZO1 (1:2000; a gift from Bruce 
Stevenson, University of Alberta, Edmonton, Canada), rat anti-
EpCAM (1:500; BD Biosciences), rabbit anti-laminin (1:1000; Sigma-
Aldrich, St. Louis, MO), and rabbit anti-Grhl2 (1:350; Sigma-Aldrich). 
Signals were visualized with Alexa Fluor–conjugated secondary anti-

FIGURE 7: Cldn3 and Rab25 have additive effect on increasing barrier function and the lumen 
size. (A) HPPL-Cldn3+Rab25 shows stronger barrier function than HPPL-Cldn3 or HPPL-Rab25. 
Paracellular efflux of 4-kDa FITC-dextran is further decreased by coexpression of Cldn3 and 
Rab25 in HPPL as compared with expression of either of them. (B) HPPL-Cldn3+Rab25 and 
HPPL-Grhl2 show similar barrier function. (C) HPPL-Cldn3+Rab25 form significantly larger cysts 
than HPPL-Cldn3 or HPPL-Rab25. The size of lumen is further increased by coexpression of 
Cldn3 and Rab25 in HPPL as compared with expression of either of them. A dot plot for a 
representative culture is shown. The diameter of the lumen was measured for >50 cysts per 
culture. Experiment was repeated for three times independently. (D) HPPL-Grhl2 forms 
significantly larger cysts than HPPL-Cldn3+Rab25.
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2003), anti–glyceraldehyde-3-phosphate dehydrogenase (1:1000; 
Millipore). Bound antibodies were detected with horseradish per-
oxidase–conjugated secondary antibodies. SuperSignal West Dura 
Extended Duration Substrate (Pierce, Thermo Fisher Scientific, 
Rockford, IL) was used for the detection of peroxidase activity.

Culture with GST–C-CPE
pGEX6P-1 vector containing C-CPE and C-CPE313 were kindly pro-
vided by Mikio Furuse. GST proteins were purified using a glutathione–
Sepharose 4B column (Amersham Pharmacia Biotech, Little Chalfont, 
United Kingdom) as previously reported. Eluted GST fusion proteins 
were dialyzed against PBS by using Amicon Ultracel-10K (Millipore). 
HPPL-Grhl2 were plated on the mixture of Matrigel and type I collagen 
(1:1, vol/vol) and covered with 5% Matrigel containing 100 μg/ml 
GST-C-CPE or GST-C-CPE313. Cells were kept at 37°C for 7 d.

Statistical analysis
The diameter of lumen was measured for >50 cysts in each culture. 
Culture was repeated at least three times. We confirmed that all the 
cultures for each set of HPPL transfectants gave similar results, and 
then we used a representative culture for each set of transfectants to 
show a dot plot in the figures. A t test was performed on Excel 
(Microsoft, Redmond, WA) to examine whether the diameter of a 
lumen was changed by expression of a gene of interest or by addi-
tion of peptides with statistical significance.

FIGURE 8: A molecular network governed by Grhl2 regulates the 
lumen size by modulating epithelial barrier function. Our results 
indicate that Grhl2 transcriptionally regulates Cldn3 and Cldn4, as 
well as Rab25, for enhancing epithelial morphogenesis, in particular, 
increasing the size of lumen. Cldns contribute to enhancing the 
barrier function of the HPPL monolayer, which is essential for the 
expansion of a central lumen of the cyst in 3D culture. Rab25 
up-regulates Cldn4 protein and also promotes its localization at TJs, 
which induces lumen expansion.
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