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ARTICLE

The nuclear receptor hepatocyte nuclear factor
4a acts as a morphogen to induce the formation

of microvilli

Hideki Chiba,' Naoyuki Sakai,' Masaki Murata,! Makoto Osanai,' Takafumi Ninomiya,? Takashi Kojima,'

and Norimasa Sawada'

'Department of Pathology and ?Department of Anatomy, Sapporo Medical University School of Medicine, Sapporo 060-8556, Japan

icrovilli are actin-based organelles found on
apical plasma membranes that are involved
in nutrient uptake and signal transduction.
Numerous components, including ezrin/radixin/moesin
(ERM) proteins, have been identified that link filamentous
actins to transmembrane proteins, but the signals driving
microvillus biogenesis are not known. In this study, we
show that the conditional and/or ectopic expression of a

Introduction

Among the landmarks for apicobasal cell polarity, microvilli
are actin-based protrusions on the apical surfaces of epithelial
and sensory cells. In epithelia of the small intestine and kidney
proximal tubule, closely packed microvilli known as the brush
border are observed on their apical plasma membranes. They
participate in a variety of functions such as nutrient absorp-
tion, mechanosensory transduction, and phototransduction.
The core structure of microvilli is comprised of parallel
actin filaments, and numerous actin-binding proteins, includ-
ing villin, espin, fimbrin, fascin, and myosins as well as ezrin/
radixin/moesin (ERM) proteins, have been identified as
components of microvilli (for reviews see DeRosier and Tilney
2000; Bretscher et al., 2002; Frolenkov et al., 2004). Some
transmembrane proteins such as Cad99C, the Drosophila
melanogaster orthologue of the vertebrate procadherin 15
(D’ Alterio et al., 2005; Schlichting et al., 2006), are also
known to be constituents of microvilli.

ERM proteins (Bretscher, 1983; Lankes et al., 1988;
Tsukita et al., 1989) bind not only to actin filaments at their
C-terminal domains but also to various transmembrane proteins

Correspondence to Hideki Chiba: hidchiba@sapmed.ac.jp

Abbreviations used in this paper: Dox, doxycycline; EBP50, ERM-binding phos-
phoprotein 50; ERM, ezrin/radixin/moesin; HNF4a, hepatocyte nuclear factor
4a; RARY, retinoic acid receptor v; RLE, rat lung endothelial; RXRe, refinoid X
receptor «; RA, all4rans retinoic acid; WT, wild type.

The online version of this article contains supplemental material.

© The Rockefeller University Press $8.00
The Journal of Cell Biology, Vol. 175, No. 6, December 18, 2006 971-980
http://www.jcb.org/cgi/doi/10.1083/jcb.200608012

nuclear receptor, hepatocyte nuclear factor 4a (HNF4a),
triggers microvillus morphogenesis. We also demonstrate
that HNF4a expression induces ERM-binding phospho-
protein 50 (EBP50) expression and that attenuation of
EBP50 using RNA interference inhibits microvillus deve-
lopment. We conclude that HNF4a acts as a morphogen
to trigger microvillus formation.

at their N-terminal 4.1 ERM domains, thereby acting as cross-
linkers between the cytoskeleton and the plasma membrane (for
reviews see Mangeat et al., 1999; Tsukita and Yonemura, 1999;
Bretscher et al., 2002). Their N-terminal halves are also indi-
rectly associated with membrane proteins through Na*/H" ex-
changer regulatory factor 1/ERM-binding phosphoprotein 50
(EBP50; Weinman et al., 1995; Reczek et al., 1997; Reczek and
Bretscher, 1998; Finnerty et al., 2004; for reviews see Bretscher
et al., 2002; Donowitz et al., 2005). However, ERM proteins are
known to exist in a dormant state in terms of their cross-linking
activity, when the 4.1 ERM domains interact with their own
C-terminal tail (Gary and Bretscher, 1995; Pearson et al., 2000).
Phosphorylation on the conserved threonine residues in the
C terminus (T567/T564/T568 in ezrin/radixin/moesin, respec-
tively) is considered to cause conformational changes in ERM
proteins, resulting in their activation to interact with other mol-
ecules (Matsui et al., 1998). The suppressed expression of ERM
proteins in cultured cells by antisense oligonucleotides leads to
the loss of microvilli, suggesting their functional significance in
microvillus formation (Takeuchi et al., 1994). Although moesin-
deficient mice show no obvious abnormalities (Doi et al., 1999),
the absence of radixin causes the disappearance of microvilli
in bile canalicular membranes of hepatocytes in mice (Kikuchi
et al., 2002). In addition, ezrin knockout and knockdown mice
as well as EBP50-deficient mice exhibit shortened and irregu-
lar microvilli in enterocytes with differences in their extent
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(Morales et al., 2004; Saotome et al., 2004; Tamura et al., 2005),
indicating their important roles in microvillus development.
Thus, although molecular constituents of microvilli and their
interactions have been disclosed, it remains obscure which
signals cue microvillus morphogenesis.

Hepatocyte nuclear factor 4oc (HNF4at), a member of the
nuclear receptor superfamily, transcriptionally regulates the ex-
pression of many target genes involved in glucose, fatty acid,
amino acid, ammonia, cholesterol, steroid, and drug metabo-
lism as well as in hematopoiesis and blood coagulation (Sladek
et al., 1990; Li et al., 2000; Hayhurst et al., 2001; Tirona et al.,
2003; for reviews see Sladek and Seidel, 2001; Watt et al.,
2003). During early development, it is initially detected in prim-
itive endoderm cells and afterward is expressed in visceral
endoderm cells (Duncan et al., 1994), which cover the fetal
components and possess various properties similar to those in
hepatocytes (for review see Watt et al., 2003). In the adult,
HNF4a is expressed in several types of epithelial cells, such as
hepatocytes, enterocytes, [3 cells of the pancreas, and proximal
tubular epithelia in the kidney, and is reported to contribute to
the differentiation of these cells. Several lines of evidence have
made it clear that HNF4a also plays an essential role in activa-
tion of the expression of genes encoding cell junction molecules
(Spith and Weiss, 1998; Chiba et al., 2003; Parviz et al., 2003;
Satohisa et al., 2005; Battle et al., 2006). In addition, recent
studies using four distinct cell lines have shown that HNF4a is
implicated in the control of cell proliferation (Lazarevich et al.,
2004; Chiba et al., 2005; Lucas et al., 2005). Moreover, chroma-
tin immunoprecipitation combined with promoter microarrays
has revealed that HNF4o occupies an exceptionally huge num-
ber of promoters in human hepatocytes and pancreatic islets,
implying its broad range of physiological functions.

Mouse F9 embryonal carcinoma cells show no or little
spontaneous differentiation when cultured in the absence of ret-
inoic acid. Conversely, those grown as monolayers and aggre-
gates differentiate upon retinoic acid treatment into primitive
endoderm— and visceral endoderm-like cells, respectively, both
of which represent polarized epithelial cells bearing junctional
complexes (Hogan et al., 1981; Strickland, 1981). Judging from
these properties, F9 cells are regarded as an attractive system to
study the molecular mechanisms not only of early embryonic
development, cell differentiation, and retinoid signaling but also
of the organization of cell junctions and epithelial polarity. To
facilitate the study of gene functions of interest in F9 cells, we
previously established the cell line F9:rtTA:Cre-ERT L32T2
(also called F9 LL.32T2), which allows sophisticated genetic ma-
nipulation such as the sequential inactivation of loxP-flanked
genes and strict regulation of gene expression without altering
its general characteristics (Chiba et al., 2000).

We subsequently generated F9 cells expressing doxycy-
cline (Dox)-inducible HNF4a (F9 L32T2:HNF4a) and found
that HNF4a triggered the expression of several tight-junction
molecules as well as the establishment of cell—cell junctions and
epithelial polarity (Chiba et al., 2003; Satohisa et al., 2005).
Therefore, we hypothesized that HNF4o might also be involved
in microvillus morphogenesis. To test this assumption, we used
F9 L32T2:HNF4«a and the rat lung endothelial (RLE) cell line

JCB « VOLUME 175 « NUMBER 6 « 2006

RLE:rtTA:HNF4a, in which HNF4a expression is also condi-
tionally induced by Dox (Chiba et al., 2005). Our study highlights
that HNF4a provokes microvillus biogenesis as a morphogen via
the induction of EBP50 expression. We also compared the pheno-
type in retinoid X receptor o (RXRa)/retinoic acid receptor vy
(RARvy)—deficient F9 cells (Chiba et al., 1997a; Kubota et al.,
2001) with that in wild-type (WT) cells and determined the func-
tional relevance of retinoid receptors in microvillus formation.
Furthermore, we examined whether the up-regulation of EBP50
was sufficient for the morphogenesis of microvilli in F9 cells.

Results

HNF4« initiates microvillus formation

in F9 cells

By scanning and transmission electron microscopy, we first de-
termined whether microvillus formation was also induced in the
cells. In undifferentiated cells grown in the absence of Dox,
filopodia- and lamellipodia-like structures were observed, but
there were few microvilli (Fig. 1, A and B; top). On the other
hand, in F9 L32T2:HNF4« cells treated for 72 h with 1 pg/ml

Figure 1. Scanning and transmission electron micrographs of F9 cells
expressing Dox-inducible HNF4a. FQ 132T72:HNF4a clone 8 cells were
treated for 72 h with either the vehicle (A and B, top) or T nug/ml Dox
(A and B, bottom). They were examined under scanning (A) and trans-
mission (B) electron microscopes. Arrows indicate filopodia-like structures.
Bars (A, aand ¢), 5 um; (A, band d), 1 wm; (B), 500 nm.



Dox, the number of microvilli, which contained parallel actin
filaments, was strikingly increased on the apical cell surfaces
and along the cell borders (Fig. 1, A and B; bottom). Note that
the majority of the Dox-exposed cells exhibited microvilli with
variations in number and length and that tightly packed arrays
of microvilli were frequently detected.

HNF4« induces EBP50 expression

in F9 cells

Because HNF4a provoked microvillus biogenesis in F9 cells,
we hypothesized that HNF4a may induce the gene expression
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Figure 2. Activation of expression of the EBP50 gene in F9 cells expressing
Dox-induced HNF4a. (A) FQ L32T2:HNF4a clone 8 cells were exposed
to 1 pg/ml Dox for 0, 12, 24, and 48 h (lanes 1, 2, 3, and 4, respec-
tively). 1 pg of total RNA from the cells was subjected to RT-PCR analysis
for the indicated genes. PCR was performed for 17 (36B4), 22 (ezrin,
radixin, and EBP50), or 23 (moesin) cycles. (B) Cells were treated for 48 h
with 0, 50, 200, and 1,000 ng/ml Dox (lanes 1, 2, 3, and 4, respec-
tively). PCR was performed as in A. (C and D) RT-PCR analysis was per-
formed as in A and B for three independent experiments. The mRNA levels
were normalized to the corresponding 36B4 levels and expressed relative
to the amount present in cells grown in the absence of Dox, which was
taken as 1. Values represent the mean = SD (error bars; n = 3).

of microvillus components such as ERM proteins and EBP50.
As shown in Fig. 2, the expression of EBP50 mRNA was acti-
vated in F9 cell lines expressing Dox-induced HNF4a. The lev-
els of EBP50 transcripts in FO L32T2:HNF4a cells were
elevated by Dox in time- and dose-dependent manners in terms
of the amount of HNF4a (for HNF4a expression, see Chiba
et al., 2003, 2005) and were three- to fourfold higher in the cells
treated for 48 h with 1 pg/ml Dox than in the cells grown with-
out Dox exposure. In contrast, the expression of ezrin, radixin,
and moesin mRNAs was marginally altered in the cells after
Dox treatment.

By Western blot analysis, we subsequently checked the
expression levels of these four microvillus proteins as well as
that of villin in F9 L32T2:HNF4a cells. EBP50 protein was
abundantly induced in the cells after 24 and 48 h of 1 wg/ml
Dox treatment (approximately 6- and 11-15-fold increases,
respectively; Fig. 3, A and B). In addition, the level of EBP50
protein appeared to be increased by Dox and, thereby, HNF4a
in a dose-dependent fashion (Fig. 3 B). The expression of villin
was moderately induced in the cells (Fig. S1, A and B; available
at http://www.jcb.org/cgi/content/full/jcb.200608012/DC1), as
reported for human embryonic kidney cells expressing HNF4a
(Lucas et al., 2005). In contrast, little or no change in the ex-
pression levels of ezrin or moesin was observed in the cells after
Dox exposure, and radixin expression was only weakly in-
creased in cells treated for 48 h with 1 pwg/ml Dox (1.5-2-fold
increase). Together with the data of RT-PCR analysis, these re-
sults indicated that HNF4« extensively activated the expression
of EBP50.

ERM proteins are phosphorylated

and apically concentrated in F9 cells
expressing HNIF4d«

ERM proteins are reported to be activated after phosphorylation
at the conserved C-terminal threonine residues (T567/T564/
T558 residues in ezrin/radixin/moesin, respectively) in order to
interact with other molecules (Matsui et al., 1998; for review
see Bretscher et al., 2002). Therefore, by immunoblotting with
an antibody against the phospho—ezrin (T567)/radixin (T564)/
moesin (T558), we next analyzed the phosphorylation states of
ERM proteins in F9 L32T2:HNF4« cells (Fig. 4 A). The threo-
nine-phosphorylated ERM proteins were barely detected in the
cells grown without Dox, whereas their levels were extremely
increased in the cells exposed for 72 h to 1 pwg/ml Dox (about a
70-fold increase). On the other hand, the amounts of ezrin, ra-
dixin, and moesin were not largely altered after Dox treatment.
Thus, ERM proteins were heavily phosphorylated on the con-
served C-terminal threonine residues in F9 cells expressing
Dox-induced HNF4a.

We then examined the distribution of ezrin, radixin, moe-
sin, phospho-ERM, EBP50, and villin in F9 L32T2:HNF4a
cells by immunostaining. In the cells exposed for 72 h to 1 g/ml
Dox, these proteins were concentrated on the apical cell sur-
faces and cell boundaries in a dotlike manner, which was con-
sistent with the localization pattern of microvilli (Fig. 4 B).
Ezrin, radixin, moesin, and EBP50 proteins were also colocalized,
at least in part, with filamentous actin (Fig. 4 C). Conversely, in
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Figure 3. Induction of the expression of EBP50 protein in F9 cells express-
ing Dox-induced HNF4a. (A) F9 L32T72:HNF4a clone 8 cells were treated
with the vehicle (lanes 1 and 3) or 1 pg/ml Dox (lanes 2 and 4) for 24
(lanes 1 and 2) and 48 h (lanes 3 and 4). 25 pg of whole cell extract from
the cells was separated by SDS-PAGE and immunoblotted with the corre-
sponding antibodies followed by chemiluminescence detection. Each blot
was stripped and reimmunoprobed with an antiactin antibody. The protein
levels were normalized to the corresponding actin levels and expressed
relative to the amount present in cells exposed for 48 h to the vehicle,
which was taken as 1. (B) Cells were treated for 48 h with 0, 50, 200, and
1,000 ng/ml Dox (lanes 1, 2, 3, and 4, respectively). Western blot analy-
sis was performed, and the protein levels were expressed as in A.

the cells grown without Dox, they showed neither apical enrich-
ment nor any specific subcellular distribution except moesin
exhibiting weak positive signals along lateral and apical plasma
membranes (Fig. 4 B).

In villin-deficient mice, no gross abnormalities are observed in
microvillus formation (Pinson et al., 1998; Ferrary et al., 1999).
Therefore, the important question that arises from the afore-
mentioned results is whether HNF4a-induced EBP50 expres-
sion is required for the phosphorylation and apical concentration
of ERM proteins as well as microvillus formation. To address
this issue, we used an RNAIi approach to knock down the
expression of EBP50. F9 L32T2:HNF4a cells were transfected
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Figure 4. Phosphorylation and apical concentration of ERM proteins in F9
cells expressing Dox-induced HNF4«. (A) F9 L32T2:HNF4a clone 8 cells
were treated for 72 h with the vehicle (lane 1) or 1 pg/ml Dox (lane 2). 25
ng of whole cell extract from the cells was separated by SDS-PAGE and
immunoblotted with the corresponding antibodies followed by chemilumi-
nescence defection. E, ezrin; R, radixin; M, moesin. Western blot analysis
of threonine-phosphorylated ERM (pERM) proteins was performed for four
independent experiments. The signal intensities were normalized to the
corresponding actin levels and expressed relative to the amount present in
cells exposed for 72 h to the vehicle, which was taken as 1. The values
represent the mean = SD (error bars; n = 4). (B and C) Cells were grown
for 72 h in the presence or absence of 1 ng/ml Dox. They were subjected
to immunostaining with the corresponding antibodies, and their xy images
of apical cell surfaces and z-section images were observed under a laser-
scanning confocal microscope. Bars, 20 pum.

with the siRNAs against EBP50 or negative control siRNA and
were incubated for 6 h after transfection followed by treatment
for 72 h with 1 wg/ml Dox. Western blot analysis revealed that
the three distinct EBP50 siRNAs effectively reduced the EBP50
expression (Fig. 5 A). Importantly, when the expression of
EBP50 was suppressed in the cells, the levels of threonine-
phosphorylated ERM proteins were strongly decreased, whereas
total amounts of ezrin, radixin, and moesin were basically not
affected (Fig. 5 A). In addition, the reduction of EBP50 expres-
sion in the cells resulted in impairment of the apical enrichment
of ezrin and radixin (Fig. 5 B). Moreover, the knockdown of
EBP50 expression led to a remarkable decrease in both the



number and length of microvilli on the apical cell surface (Fig.
5 C). Altogether, these results indicated that HNF4a triggered
the phosphorylation and apical concentration of ERM proteins
as well as microvillus morphogenesis through the up-regulation
of EBP50 expression.

Ectopically induced HNF4«a triggers

the biogenesis of microvilli-like structures
and EBPS50 expression in endothelial cells
To elucidate whether the induction of HNF4a causes micro-
villus biogenesis in another type of cell, we subsequently used
the vascular endothelial cell line RLE:rtTA:HNF4«, in which
HNF4a expression was induced by Dox treatment as described
previously (Chiba et al., 2005). On scanning electron micros-
copy, only a small number of fingerlike protrusions were de-
tected on apical surfaces of the cells grown in the absence of
Dox (Fig. 6 A, top). In contrast, in the cells exposed for 72 h to
1 wg/ml Dox, the number and length of microvilli-like struc-
tures were extremely increased (Fig. 6 A, bottom) as in the
Dox-treated F9 L32T2:HNF4« cells. On transmission electron
microscopy, however, parallel actin bundles were not apparent
in fingerlike extensions of the Dox-exposed cells (Fig. 6 B).
Furthermore, the expression of EBP50 and villin was induced
in the cells after 24 and 48 h of 1 wg/ml Dox treatment, and its
levels were elevated by Dox in a dose-dependent manner (Fig.
6, C-E; for HNF4a expression, see Chiba et al., 2005). On the
other hand, the expression of ezrin, radixin, and moesin was not
grossly changed in the cells after Dox exposure. Immunostaining
showed that ezrin, phospho-ERM, EBP50, and villin were
apically enriched in the cells treated for 72 h with 1 pg/ml
Dox but not in the vehicle-treated cells (Fig. S2, available at
http://www.jcb.org/cgi/content/full/jcb.200608012/DC1).

Retinoid receptors alone mediate the
control of ezrin expression and weakly
contribute to microvillus formation

in F9 cells

We previously reported that retinoid receptors like HNF4a in-
duced the gene expression of the same tight-junction molecules
(occludin, claudin-6, and claudin-7) as well as the formation of
functional tight junctions and epithelial polarity (Kubota et al.,
2001; Chiba et al., 2003; Satohisa et al., 2005). Therefore, we
investigated whether retinoid receptors contributed to micro-
villus formation. To this end, we used WT and RXRoF”/RAR'y’/’
FO cells, the latter of which are defective for differentiation
into epithelial cells (Chiba et al., 1997a; Kubota et al., 2001).
Scanning electron microscopy showed that in WT cells treated
for 96 h with 107° M all-trans retinoic acid (tRA), a small num-
ber of short microvilli developed on the apical-free surfaces
(Fig. 7 A, top; arrows). On the other hand, in the tRA-exposed
RXRa/RARY™ cells, microvilli were hardly observed (Fig.
7 A, bottom). Note that the number of microvilli was increased
in the tRA-treated WT F9 cells compared with that of the vehi-
cle-treated WT cells and the tRA-exposed RXRa'/RARy ™~
cells (Fig. 7 A, b and d; and not depicted), although it was
much smaller than on F9 L32T2:HNF4a cells treated with
Dox (Fig. 1).
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Figure 5. Suppression of EBP50 expression prevents the phosphorylation
and apical concentration of ERM proteins as well as microvillus biogenesis
in F9 cells expressing Dox-induced HNF4a. (A) F9 L32T2:HNF4« clone 8
cells were transfected with negative control siRNA (lane 1) or three dis-
tinct siRNAs against EBP50 (#1-3; lanes 2-4, respectively), incubated for
6 h after transfection, and then treated for 72 h with 1 jug/ml Dox. 25 pg
of whole cell extract from the cells was separated by SDS-PAGE and im-
munoblotted with the corresponding antibodies followed by chemilumi-
nescence detection. E, ezrin; R, radixin; M, moesin. (B) Cells were
transfected with negative control siRNA or the EBP50 siRNA #2 and were
incubated for 6 h after transfection followed by treatment for 72 h with
1 pg/ml Dox. They were subjected to immunostaining with the correspond-
ing antibodies, and their x-y images of apical cell surfaces and z-section
images were observed under a laser-scanning confocal microscope.
(C) Cells were transfected and grown as in B and were examined under
a scanning electron microscope. Bars (B), 20 pum; (C, a and ¢, 5 um;

(C,band d), 1 um.

We also examined the expression of ezrin, radixin, moe-
sin, EBP50, and villin in WT and RXRa™ ’/RAR'y’/ ~F9 cells. As
shown in Fig. 7 (B and C) and Fig. S1 C, the expression of ezrin
but not radixin, moesin, EBP50, or villin was induced in WT
cells after 48 h of 107° M tRA treatment and was dose-depend-
ently increased in the cells by tRA. Interestingly, no induction
of ezrin expression was detected in the tRA-exposed RXRa ™/
RAR~y™ cells (Fig. 7 D), indicating that retinoid signals for the
induction of ezrin expression were mediated by these retinoid
receptors. Moreover, ERM proteins were barely phosphorylated
in WT F9 cells exposed for 96 h to 107® M tRA compared with
the Dox-treated F9 L32T2:HNF4« cells (Fig. 7 E).
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Figure 6.  Microvillus morphogenesis and EBP50 up-regulation in RLE cells
expressing Dox-inducible HNF4c. (A) RLE:rTA:HNF4a clone 23 cells were
treated for 72 h with either the vehicle (top) or 1 pg/ml Dox (bottom) and
were examined under a scanning electron microscope. (B) Cells were ex-
posed to 1 pg/ml Dox for 72 h and were examined under a transmission
electron microscope. (C) Cells were treated for 48 h with either the vehicle
(lane 1) or 1 ug/ml Dox (lane 2). 25 ug of whole cell extract from the cells
was separated by SDS-PAGE and immunoblotted with the corresponding
antibodies followed by chemiluminescence detection. Each blot was
stripped and reimmunoprobed with an antiactin antibody. (D) Cells were
treated for 24 (lanes 1 and 2) and 48 h (lanes 3 and 4) with either the ve-
hicle (lanes 1 and 3) or 1 pg/ml Dox (lanes 2 and 4). (E) Cells were
treated for 48 h with 0, 50, 200, and 1,000 ng/ml Dox (lanes 1, 2, 3,
and 4, respectively). (D and E) Western blot analysis was performed as in C.
Bars (A, aand ¢), 5 um; (A, band d), 1 wm; (B), 500 nm.

EBPS5O0 triggers the activation of ERM
proteins and microvillus morphogenesis

in F9 cells treated with retinoic acid

We subsequently determined whether EBP50 overexpression
was sufficient for microvillus formation in F9 cells. When F9
cells were transfected with EBP50 cDNA, little or no phospho-
ERM protein was detected (Fig. 8 A). Interestingly, ERM pro-
teins were phosphorylated when the EBP50 transfectants were
exposed to 107° M tRA for 72 h, although their signals were
relatively weak compared with those in the Dox-treated F9
L32T2:HNF4a cells, most probably because partial fractions
of F9 cells were transfected with EBP50. In addition, ezrin,
villin, and phospho-ERM proteins as well as EBP50 appeared
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Figure 7. Retinoid receptors mediate the induction of ezrin expression
but weakly contribute to microvillus biogenesis in F9 cells. (A) Wild-type
(WT; top) and RXRa”~/RARy™~ (bottom) F9 cells were treated for 96 h
with 107¢ M RA and were examined under a scanning electron micro-
scope. Arrows indicate microvilli. Bars (a and ¢), 5 pm; (b and d), 1 pm.
(B) WT F9 cells were treated for 48 h with either the vehicle (lane 1) or
107° M 1RA (lane 2). 25 pg of whole cell extract from the cells was sepa-
rated by SDS-PAGE and immunoblotted with the corresponding antibod-
ies followed by chemiluminescence detection. Each blot was stripped
and reimmunoprobed with an antiactin antibody. (C) WT F9 cells were
treated for 48 h with 0, 1078, 1077, and 107¢ M tRA (lanes 1, 2, 3, and
4, respectively). (D) WT (lanes 1 and 2) and RXRa”-/RARy™~ (lanes 3
and 4) F9 cells were treated for 48 h with either the vehicle (lanes 1 and
3) or 107° M 1RA (lanes 2 and 4). (E) WT F9 cells were treated for 96 h
with either the vehicle (lanes 1 and 3) or 1076 M 1RA (lanes 2 and 4). F9
L32T2:HNF4a clone 8 cells exposed for 72 h to 1 ug/ml Dox (lane 5)
were used as a positive control. (C-E) Western blot analysis was per-
formed as in B.

to be apically concentrated in EBP50-overexpressed cells that
were grown in the presence of tRA, whereas they were only
sparsely detected on the apical cell surfaces in the tRA-
treated nontransfectants (Fig. 8 B and Fig. S3 A, available at
http://www.jcb.org/cgi/content/full/jcb.200608012/DC1). In the
vehicle-exposed transfectants, EBP50 and ezrin but not villin or
phospho-ERM were observed in a dotlike pattern at a differ-
ent height of multilayer of the cells (Fig. 8 B, Fig. S3 A, and not
depicted). Furthermore, on scanning electron microscopy, well-
developed microvilli were observed on apical cell surfaces
of EBP50 transfectants exposed to 107 M tRA for 96 h but
not in the vehicle-treated nontransfectants (Fig. 8§ C). The num-
ber and length of microvilli were fewer and shorter in both
vehicle-treated transfectants and tRA-exposed nontransfectants
than those observed in the tRA-treated transfectants (Fig. S3).



A

EBPS0-EGFP — + — +  EBPS0-EGFP — + — + EBP50-EGFP
RA - — + + RA - — + + {RA
Ezfin (82 kD) == == e = MoGsiN (75 kD) ‘m'mmssmm == Vilin (93 kD)
Actin (42 kD) = == Actin (42 KD) = s we =  Actin (42 kD)
Radixin (80 kD) == == em — pERM (75-82 kD) vl
ACtin (42 kD) == == = ACtin (42 kD) s
1234 1234
EBP50 _ _
-EGFP N =
tRA

EBP50

pERM

Collectively, these results strongly suggest that the up-regulation
of not only EBP50 but also other molecules that could be in-
duced by retinoid receptors are required for HNF4a-triggered
microvillus morphogenesis.

We and others previously showed that HNF4a activated the ex-
pression of cell adhesion molecules, resulting in the acquisition
of epithelial cell polarity and junctional complexes (Chiba et al.,
2003; Parviz et al., 2003; Satohisa et al., 2005; Battle et al.,
2006). In the present study, we have demonstrated by scanning
and transmission electron microscopy that HNF4a also pro-
vokes the biogenesis of microvilli in F9 cells. In addition, the
ectopic expression of HNF4« in the vascular endothelial cell
line RLE initiated the development of apical fingerlike protru-
sions, although these did not bear visible parallel actin bundles.
Because HNF4a is known to be expressed in epithelial cells
such as enterocytes, proximal tubular epithelia, and hepato-
cytes, in which well-developed microvilli are observed, it may
also be involved in microvillus organization in these cells.

Figure 8. EBP50 provokes the phosphorylation and apical
concentration of ERM proteins as well as microvillus forma-
tion in retinoic acid-treated F9 cells. (A) F9 L32T2:HNF4«
clone 8 cells were transfected with the empty vector (lanes
1 and 3) or the EBP50-EGFP expression vector (lanes 2 and 4),
incubated for 6 h dfter transfection, and treated for 72 h
with either vehicle or 107° M tRA. 25 pg of whole cell ex-
tract from the cells was separated by SDS-PAGE and immu-
noblotted with the corresponding antibodies followed by
chemiluminescence detection. Each blot was stripped and
reimmunoprobed with an antiactin antibody. E, ezrin; R, ra-
dixin; M, moesin. (B) Cells were transfected and grown as
in A. They were subjected to immunostaining with the corre-
sponding antibodies, and their x-y images of apical cell sur-
faces and zsection images were observed under a
laser-scanning confocal microscope. (C) Cells were trans-
fected as in A and were exposed to either vehicle or 107¢
M 1RA for 96 h. They were examined under a scanning
electron microscope. Bars (B), 20 pm; (C), 5 um.

-+ -+
- -+ +

12 34

The importance of HNF4a in microvillus formation is sup-
ported by the observation that microvilli are absent in the bile
canaliculi of hepatocytes in mice with conditional knockout of
the HNF4« gene (Parviz et al., 2003). Thus, we concluded that
HNF4a played a fundamental role not only in cell junction for-
mation but also in microvillus morphogenesis, establishing at
least two aspects of apicobasal cell polarity. It should also be
noted that HNF4o-induced microvilli in F9 cells possessed
some variations in number and length compared with the brush
border-type microvilli in vivo. This might be explained by dif-
ferences in the differentiation stages of epithelial cells derived
from F9 stem cells.

One of the best-known mechanisms that activates ERM
proteins as cross-linkers is phosphorylation on the conserved
threonine residues in the C terminus (Gary and Bretscher, 1995;
Matsui et al., 1998; Pearson et al., 2000; for reviews see Tsukita
and Yonemura, 1999; Bretscher et al., 2002). We have indeed
shown that ERM proteins appear to be heavily phosphorylated
at the threonine residues and apically concentrated during the
HNF4a-initiated formation of microvilli in F9 cells. This find-
ing reinforces the notion that ERM proteins become activated
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and exhibit asymmetrical subcellular localization via their phos-
phorylation to perform their functions.

Our results also revealed that the expression of EBP50
was induced by HNF4a in FO L32T2:HNF4o and RLE:rtTA:
HNF4a cells, whereas that of ezrin, radixin, and moesin was
marginally altered in these cells. We examined the published
gene array data and found that EBP50 expression is reduced
in the HNF4a-null embryonic liver (Battle et al., 2006). More
importantly, we found that the suppression of EBP50 expres-
sion by RNAi in F9 L32T2:HNF4a cells hindered threonine
phosphorylation and apical enrichment of ERM proteins as
well as microvillus biogenesis. These findings clearly indicated
that HNF4«a activated ERM proteins and drove microvillus
morphogenesis via the induction of EBP50. In other words,
the expression of EBP50 is required for both the activation
of ERM proteins and the formation of microvilli by HNF4a.
EBP50-deficient mice possess not only disorganized and short-
ened microvilli in the intestine but also concomitant reduction
in phosphorylated ERM proteins at the apical membranes of
polarized epithelia (Morales, et al., 2004), further supporting
our conclusion.

Furthermore, we have shown that tRA induces the ex-
pression of ezrin but not radixin, moesin, or EBP50 in WT F9
cells. Up-regulation of ezrin by tRA in F9 cells has also been
recently reported (Komiya et al., 2005). Nevertheless, tRA
faintly caused the phosphorylation of ERM proteins and micro-
villus formation in WT F9 cells compared with those in Dox-
treated F9 L32T2:HNF4a cells. It is also noteworthy that
neither the induction of ezrin expression nor the weak biogene-
sis of microvilli was observed in the tRA-exposed RXRa ™/
RAR'y’/’ cells, revealing that retinoid-induced events were defi-
nitely mediated by these retinoid receptors. Importantly, phos-
phorylation and apical enrichment of ERM proteins as well as
microvillus formation were much more strikingly initiated
when EBP50-overexpressed F9 cells were treated with tRA
than those in the vehicle-treated transfectants and the tRA-
exposed nontransfectants. Thus, in addition to EBP50 up-regu-
lation, other molecules that are also induced by tRA are most
likely necessary for the HNF4a-provoked activation of ERM
proteins and microvillus biogenesis. It will be important in
future studies to identify additional factors whose expression is
induced by both HNF4« and retinoid receptors that trigger
microvillus morphogenesis.

In summary, we have provided evidence showing that
HNF4« functions as a robust morphogen to activate ERM pro-
teins and provoke microvillus formation via the induction of
EBP50 expression. The F9 L32T2:HNF4« cell line, like F9
L32T2, allows various experimental manipulations, such as
tamoxifen-dependent Cre-mediated recombination, inducible
gene expression (Chiba et al., 2000), and RNA interference (this
study). In addition, it can be differentiated simply upon the ad-
dition of Dox from nonepithelial cells into polarized epithelial
cells harboring prominent microvilli and mature junctional
complexes (Chiba et al., 2003; Satohisa et al., 2005; and this
study). Thus, the F9 L32T2:HNF4« cell line is definitely a pow-
erful system that can be used to investigate molecular mecha-
nisms underlying the process of epithelial polarization.
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Materials and methods

Antibodies

Rat mAbs against ezrin, radixin, and moesin were purchased from Sanko
Junyaku. Rabbit pAbs against EBP50, phospho—ezrin (Thr567)/radixin
(Thr564)/moesin (Thr558), and actin were obtained from Affinity BioRe-
agents, Inc., Cell Signaling Technology, and Sigma-Aldrich, respectively. A
goat pAb against villin was purchased from Santa Cruz Biotechnology,
Inc. The secondary antibodies used were as follows: HRP-conjugated anti-
rat, anti-rabbit, or anti-goat IgG (DakoCytomation), AlexaFluor488
(green)-labeled anti-rabbit or anti-goat IgG (Invitrogen), AlexaFluor594
(red)-labeled anti-rabbit IgG (Invitrogen), and FITC-conjugated anti-rat
IgG (DakoCytomation).

Cell lines and cell culture

The F9 mouse embryonal carcinoma cell line F9 L3272, which exhibits
both Dox-inducible gene expression (Teton; Gossen et al., 1995) and
tamoxifen-dependent Cre-mediated recombination (Metzger and Chambon,
2001) systems, was generated as described previously (Chiba et al.,
2000). To establish F9 cells expressing Dox-induced HNF4a (F9 L32T2:
HNF4q), F9 L3272 cells were electroporated with the expression vector
pUHD10-3-rtHNF4c, in which the expression of rHNF4a 1 is under the con-
trol of the Tet operator along with the puromycin-resistant gene expression
vector pHRLpuro1 (Chiba et al., 1997a) as described previously (Chiba
etal., 2003, 2005). RXRa”~/RARY™~ F9 cells were generated as reported
previously (Chiba et al., 1997a).

A Tet-on system in RLE cells was established as for F9 cells (Chiba
et al., 2000), and it was designated the RLE:rTA L20 cell line as described
previously (Fujibe et al., 2004). Cells showing the Dox-inducible expression
of HNF4a were generated as described previously (Chiba et al., 2005).

Cells were plated in DME supplemented with 10% heatinactivated
FBS (Sanko Junyaku), 100 U/ml penicillin, and 100 pg/ml streptomycin
and were treated with the vehicle, Dox, or retinoic acid 1 d after plating.
The medium was changed every 2 d.

Electron microscopy
For scanning electron microscopy, cells grown on coverslips were fixed
with 2.5% glutaraldehyde in PBS overnight at 4°C. After several rinses with
PBS, they were posffixed in 1% OsOy4 at 4°C for 3 h and washed with dis-
tilled water followed by being dehydrated through a graded series of etha-
nol and freeze drying. Samples were subsequently coated with platinum
and examined under a scanning electron microscope (S-4300; Hitachi).
For transmission electron microscopy, cells were fixed with 2.5%
glutaraldehyde and 0.1 M cacodylate buffer, pH 7.3, overnight at 4°C.
After washing with 0.1 M cacodylate buffer, pH 7.3, they were postfixed
in 1% OsOy4 and 1.5% potassium ferrocyanide in 0.1 M cacodylate buffer
for 2 h. Samples were subsequently stained with uranyl acetate for 2 h at
room temperature, washed, and dehydrated followed by embedding in
Epon 812. Ultrathin sections were cut with a diamond knife, stained with
lead citrate, and examined with an electron microscope (1200Ex; JEOL) at
an acceleration voltage of 100 kV.

RNA extraction and RT-PCR

For analysis of gene expression, total RNA was isolated from cells using TRIzol
reagent (Invitrogen), and RT-PCR was performed as previously described
(Chiba et al., 1997b, 2003; Satohisa et al., 2005). The PCR primers for
mouse cDNAs were as follows: ezrin (GenBank/EMBL/DDBJ accession no.
NM_009510), 5'-AGAGTACACGGCCAAGATC-3’ (nt 1,361-1,379) and
5" -TCTACATGGCCTCGAACTC-3" (nt 1,839-1,857); radixin (GenBank/
EMBL/DDBJ accession no. NM_009041), 5-AAGCCAAGTCTGCAATC-
GC3' (nt 1,358-1,376) and 5'-TTGCCTIGTCGAATCTGCC-3' (nt 1,862~
1,880); moesin (GenBank/EMBL/DDBJ accession no. NM_0010833),
5-GAACTTGAGCAGGAACGGA-3' (nt 1,087-1,105) and 5-CAGTCGC-
ATGTTCTCAGCA-3' (nt 1,602-1,620); and EBP50 (GenBank/EMBL/DDB)J
accession no. NM_0012030), 5'-AGGTCAATGGTGTCTGCA-3' (nt 724~
741) and 5'-CTTTAGCCACAGCCAAGGA-3’ (nt 1,104-1,122). The prim-
ers for 36B4 were described previously (Kubota et al., 2001).

To confirm that amplifications were in the linear range, PCR was
performed using three different numbers of cycles between 16 and 25, de-
pending on the gene analyzed. Aliquots of PCR products were loaded onto
2% agarose gel and analyzed after staining with ethidium bromide.

Gel elecirophoresis and immunoblotting
Cells were grown on 60-mm tissue culture plates, washed twice with ice-
cold PBS, and scraped with 150 pl of ice-cold NaHCOj; buffer (1 mM



NaHCO; and T mM PMSF, pH 7.5). They were subsequently collected into
a microcentrifuge tube, sonicated for 10's, and put on ice for 30 min. Total
cell lysates were resolved by one-dimensional SDS-PAGE and electropho-
retically transferred onto a polyvinylidene difluoride membrane (Immobi-
lon; Millipore). The membrane was saturated with PBS containing 4% skim
milk and incubated for 1 h at room temperature with primary antibodies in
PBS. After rinsing in PBS containing 0.1% Tween 20, the membrane was
incubated for 1 h at room temperature with HRP-conjugated anti-rat or
anti-rabbit IgG (diluted 1:1,000) in PBS. For the detection of phospho-
ERM proteins, TBS was used instead of PBS, and 5% BSA with 0.1% Tween
20 in TBS was used as a blocking buffer. It was then rinsed again and fi-
nally reacted using an ECL Western blotting detection system (GE Health-
care). The blots were stripped with Restore Western blot stripping buffer
(Pierce Chemical Co.) according to the manufacturer’s instructions and
immunoprobed with an antiactin antibody. Signals in immunoblots were
quantified using Image 1.62c software (Scion).

Immunohistochemistry

Cells grown on coverslips were fixed in 1% formaldehyde in PBS for
10 min. After being washed three times with PBS, they were treated with
0.2% Triton X-100 in PBS for 10 min, rinsed again with PBS, and preincu-
bated in PBS containing 5% skim milk. They were subsequently incubated
for 1 h at room temperature with primary antibodies and/or rhodamine
phalloidin and rinsed again with PBS followed by a reaction for 1 h at room
temperature with appropriate secondary antibodies. For immunohistochemistry
of phospho-ERM proteins, TBS was used instead of PBS, and 5% BSA in
TBS was used as a blocking solution. All samples were examined using a
laser-scanning confocal microscope (MRC 1024; BioRad Laboratories)
and a planApo 60 NA 1.40 oil immersion objective (Nikon). Photographs
were recorded with a computer (PowerEdge 2200; Dell) and OS/2 Warp
software (IBM) and were processed with Photoshop 6.0 (Adobe). Observa-
tions were made at room temperature.

RNAi and transfection

Stealth siRNA duplex oligonucleotides against mouse EBP50 were synthe-
sized by Invitrogen. The sequences were as follows: EBP50 RNAi #1,
sense (5'-GGACCGAAUUGUGGAGGUCAAUGGU-3’) and antisense
(5'-ACCAUUGACCUCCACAAUUCGGUCC-3'); EBP50 RNAi #2, sense
(5"-CCAGCGAUACCAGUGAGGAGCUAAA3') and antisense (5-UUUA-
GCUCCUCACUGGUAUCGCUGG-3’); and EBP50 RNAi #3, sense
(5-UACCAGUGAGGAGCUAAAUUCCCAA-3’) and antisense (5'-UUGG-
GAAUUUAGCUCCUCACUGGUA3'). Cells were transfected with 100 pmol
siRNAs or Stealth RNAi negative control by using LipofectAMINE 2000
reagent (Invitrogen) according to the manufacturer’s protocols and were
treated 6 h after transfection followed by exposure to Dox. For transient
transfection of EBP50 cDNA, cells were transfected with the empty vector
or pEGFP-EBP50 (provided by T. Shibata, National Cancer Research Institute,
Tokyo, Japan; Shibata et al., 2003) by using LipofectAMINE 2000 reagent
and were treated for 6 h after transfection followed by culture in the pres-
ence or absence of RA.

Online supplemental material

Fig. S1 shows the effects of HNF4a and retinoic acid on villin expression in
F9 monolayers. Fig. S2 shows the staining pattern of ERM protein, EBP50,
and villin in RLE cells expressing Dox-induced HNF4a. Fig. S3 shows the
staining pattern of ezrin and villin and scanning electron microscope im-
ages in EBP50ransformed F9 cells and nontransfectants that were treated
with either the vehicle or fRA. Online supplemental material is available at
http://www.jcb.org/cgi/content/full /jcb.200608012/DC1.
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