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Abstract. 

 

We have recently shown that stable expres-
sion of an epitope-tagged cDNA of the hepatocyte-
enriched transcription factor, hepatocyte nuclear factor 
(HNF)4, in dedifferentiated rat hepatoma H5 cells is 
sufficient to provoke reexpression of a set of hepato-
cyte marker genes. Here, we demonstrate that the ef-
fects of HNF4 expression extend to the reestablishment 
of differentiated epithelial cell morphology and simple 
epithelial polarity. The acquisition of epithelial mor-
phology occurs in two steps. First, expression of HNF4 
results in reexpression of cytokeratin proteins and par-
tial reestablishment of E-cadherin production. Only the 
transfectants are competent to respond to the synthetic 
glucocorticoid dexamethasone, which induces the sec-

ond step of morphogenesis, including formation of the 
junctional complex and expression of a polarized cell 
phenotype. Cell fusion experiments revealed that the 
transfectant cells, which show only partial restoration 
of E-cadherin expression, produce an extinguisher that 
is capable of acting in 

 

trans

 

 to downregulate the E-cad-
herin gene of well-differentiated hepatoma cells. By-
pass of this repression by stable expression of E-cad-
herin in H5 cells is sufficient to establish some 
epithelial cell characteristics, implying that the morpho-
genic potential of HNF4 in hepatic cells acts via activa-
tion of the E-cadherin gene. Thus, HNF4 seems to inte-
grate the genetic programs of liver-specific gene 
expression and epithelial morphogenesis.

 

C

 

ell 

 

differentiation is presumed to be regulated by
an informational network comprising transacting
factors, soluble transmitters like hormones and vi-

tamins, and intercellular as well as cell–matrix adhesion
molecules. The morphogenetic properties of adhesion
molecules such as cadherins (Takeichi, 1995) and catenins
(Miller and Moon, 1996), of signaling molecules like c-met
and its ligand SF/HGF (Tsarfaty et al., 1994), and the tran-
scription factors Pax2 (Dressler, 1995) and Cdx2 (Suh and
Traber, 1996) to direct epithelial cell differentiation in a
cooperative manner has been established using both in
vivo and in vitro models of mesenchymal to epithelial
transitions (Birchmeier et al., 1993). Epithelial induction is
considered to be the result of regulation relayed by tran-
scription factors that activate a set of morphogenes that in
turn activate another set of transcriptional activators. This
paradigm of dynamic reciprocity is supported by the re-
cent observation that several molecules associated with

cell adhesion including zonula occludens (ZO)-1,

 

1

 

 

 

b

 

-cate-
nin, and their homologues can localize to the nucleus and
may be directly involved in transcriptional regulation (Beh-
rens et al., 1996; Gottardi et al., 1996; Huber et al., 1996).

Formation of the hepatic endoderm during develop-
ment depends upon inductive cues provided by surround-
ing tissues (Le Douarin and Houssaint, 1967). Direct con-
tact of the foregut endoderm with the cardiac and dorsal
mesoderm respectively provides both positive and nega-
tive signaling during early hepatic specification (DiPersio
et al., 1991; Gualdi et al., 1996). Hepatic differentiation is
thought to result from the combinatorial action of mem-
bers of four families of liver-enriched transcription factors,
including CCAAT/enhancer binding protein (Johnson et
al., 1987), hepatocyte nuclear factor (HNF)3 (Lai et al.,
1991), HNF1 (Frain et al., 1989), and HNF4 (Sladek et al.,
1990). Characterization of different stages of hepatocyte
differentiation has mostly been limited to determining
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which transcripts are detected and when during mouse de-
velopment (Kuo et al., 1990; De Simone et al., 1991; Nagy
et al., 1994; Taraviras et al., 1994) as well as in tissue ex-
plants (Gualdi et al., 1996), immortalized hepatocytes
(Amicone et al., 1997), hepatoma variants (Cereghini et
al., 1990; Faust et al., 1994), and intertypic cell hybrids
(Griffo et al., 1993). Whereas these analyses have made it
possible to establish a sequence of expression of the liver-
enriched transcription factors and their target genes dur-
ing development, no information is available concerning
the role of these transcription factors in remodeling cell
morphology and architecture during hepatic differentia-
tion. In the affirmative, it will be necessary to determine
whether they regulate hepatic morphogenesis directly or
are relayed by the action of potential epithelial morpho-
regulators such as cadherins and catenins.

HNF4 has been shown to be a regulator of hepatic gene
expression and it is presumed to intervene in early devel-
opment (Sladek, 1993). Its presence has been associated
with differentiation of extraembryonic tissue, liver organo-
genesis and mesenchymal–epithelial transitions during
kidney formation (Taraviras et al., 1994). Inactivation of
its expression by targeted mutagenesis in mice is lethal
(Chen et al., 1994), and rescue experiments clearly demon-
strate that embryonic degeneration is due to malformation
of the visceral endoderm (Duncan et al., 1997), the defec-
tive tissue being unable to provide nutrients from the ma-
ternal compartment to the embryo. The presence of HNF4
protein has been correlated with the expression of the
liver phenotype in vitro: dedifferentiated hepatoma vari-
ants (Faust et al., 1994) and intertypic rat hepatoma–
human fibroblast hybrids that show extinction of liver-spe-
cific gene expression (Griffo et al., 1993) are deficient for
the expression only of HNF4 and HNF1, and reexpression
of liver-specific genes in revertants (or hybrid cell seg-
regants) correlates with the reexpression of both genes. In
addition, stable transfection of HNF4 in dedifferentiated
variant H5 cells is sufficient to confer reexpression of a set
of hepatic genes (Späth and Weiss, 1997). Although these
data suggest a direct role of HNF4 in differentiation of vis-
ceral endoderm and hepatic parenchymal cells, no infor-
mation has been reported concerning whether this tran-
scriptional activator is involved in establishment of the
polarized epithelial phenotype and hepatocyte morphology.

In the present report, we attempt to define the func-
tional roles of HNF4, the morphogen E-cadherin and the
glucocorticoid analogue dexamethasone (Dex) in confer-
ring hepatic differentiation and epithelial morphogenesis
in vitro. We report that HNF4 induces the epithelial marker
gene E-cadherin and establishes expression of the inter-
mediate filament cytokeratin proteins. Our results provide
evidence that HNF4 is an epithelial morphogen whose ef-
fects appear to be mediated by restoration of E-cadherin
expression and of responsiveness to glucocorticoid hor-
mones. The subcellular distribution of the E-cadherin–
associated signaling molecules 

 

a

 

- and 

 

b

 

-catenin has been
analyzed, and nuclear localization of 

 

b

 

-catenin is shown to
be associated with hepatoma dedifferentiation. Finally, the
existence of a repressor that acts to extinguish expression
of the various molecules associated with epithelial cell dif-
ferentiation has been revealed and a potential mechanism
of their extinction is discussed.

 

Materials and Methods

 

Cell Lines and Culture Conditions

 

The differentiated rat hepatoma cell line Fao and its differentiated daugh-
ter clone FGC4 (Angrand et al., 1990), as well as the dedifferentiated vari-
ant H5 (Deschatrette and Weiss, 1974) all derive from clonal line
H4IIEC3 (Pitot et al., 1964). Cells were grown in a humidified atmosphere
with 7% CO

 

2

 

 at 37

 

8

 

C in modified Ham’s F12 medium supplemented with
5% FCS (Coon and Weiss, 1969). H5 dedifferentiated variant cells are
characterized by the apparently irreversible loss of the hepatic expression
pattern, including the liver-enriched transcription factors HNF1 and
HNF4 (Faust et al., 1994), and by the expression of a fibroblast-like
growth habit (Venetianer et al., 1983; Rogier et al., 1986). Where indi-
cated in the legends, cells were grown in the presence of Dex (1 

 

m

 

M) and
on gelatin-coated plastic dishes (0.1% gelatin in PBS; the sterile solution
was left on the dishes for 20 min before aspiration and inoculation of
cells). Somatic hybrids were generated as described (Deschatrette and
Weiss, 1975). HT4-8 transfectant cells (HGPRT-positive, ouabaine-sensitive)
were crossed with Fao cells (HGPRT-negative, ouabaine-resistant), and
the hybrids were selected in HAT medium containing 1.3 mM ouabaine.

 

Transfection and Selection

 

Stable transfectants of H5 cells were generated using the following con-
structs: pCB6 (Brewer, 1994), cytomegalovirus (CMV)-HNF4tag, and
CMV-HNF4del, providing a neomycin resistance gene (Späth and Weiss,
1997), and pPGKhyg and pPGKEcad, conferring hygromycin resistance
to the transfectants (provided by L. Larue, Institut Curie, Orsay, France).
10 

 

3

 

 10

 

6

 

 cells per reaction were electroporated with 30 

 

m

 

g of DNA at 230 V
and 1,800 

 

m

 

F with a gene pulser (Eurogentec Bel S.A., Seraing, Belgium).
Stable transfectants were selected in medium containing 900 

 

m

 

g/ml G418
(GIBCO BRL, Eragny, France) and 600 

 

m

 

g/ml hygromycin B (Sigma
Chemical Co., St. Louis, MO), respectively. After 3 wk, clones were either
pooled or picked individually, and then expanded. In some cases, elec-
troporated cells were seeded directly onto coverslips and incubated in se-
lective medium, permitting immunostaining of emerging colonies.

 

FACS

 

®

 

 Analysis

 

For FACS

 

®

 

 analysis, cells in the exponential phase were harvested and
fixed in 70% ethanol overnight at 4

 

8

 

C. The cells were then washed in PBS,
treated with RNase A (100 

 

m

 

g/ml) for 30 min at 37

 

8

 

C, and then stained in 40

 

m

 

g/ml propidium iodide. FACS

 

®

 

 analysis was used to determine the per-
centage of cells in different phases of the cell cycle.

 

Immunofluorescence Analysis and Antisera

 

For indirect immunofluorescence staining, cells were grown on coverslips,
rinsed with PBS, fixed in 3% paraformaldehyde for 1 min, and then per-
meabilized with methanol at 4

 

8

 

C for 15 min as described (Mevel-Ninio
and Weiss, 1981). After rehydratation with PBS, cells were incubated for
20 min at 37

 

8

 

C in a humid chamber with the first antibody. The slides were
washed in PBS and then incubated for 20 min at 37

 

8

 

C in a humid chamber
with the appropriate secondary antibody. Double immunofluorescence
staining was performed using mixes of the two first antibodies (one mono-
clonal and one polyclonal) and the two secondary antibodies, respectively.
The antibodies were diluted and obtained as follows: mouse monoclonal
anti–pan-cadherin (1/200), mouse monoclonal anti–pan-cytokeratin (1/100),
rabbit polyclonal anti–

 

a

 

- and –

 

b

 

-catenin antibody (1/100), and rabbit
polyclonal anti–rat IgG FITC conjugate (1/100) from Sigma Chemical Co.;
mouse monoclonal antibody to E-cadherin (clone 36; diluted 1/200) from
Signal Transduction Laboratories (Lexington, KY); rabbit polyclonal
anti–VSV-glycoprotein antibody (1/100) was a gift from M. Arpin (Insti-
tut Curie, Paris, France) and rat monoclonal anti–ZO-1 antibody (undi-
luted) was provided by D. Cassio (Institut Curie, Orsay, France); sheep
anti–mouse Ig, fluorescein-linked whole antibody (1/100) and donkey
anti–rabbit Ig, Texas red–linked whole antibody (1/100) from Amersham
International (Buckinghamshire, UK). Confocal analysis was performed
with a confocal laser scanning microscope (Leika Instruments, Nussloch,
Germany).

 

Immunoprecipitation and Western Blotting

 

Immunoprecipitation was performed as previously described (Späth and



 

Späth and Weiss 
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937

 

Weiss, 1997). Briefly, cells were starved in methionine-free DME for 30
min before a 2-h incubation with pulse medium containing 0.4 mCi/ml of
[

 

35

 

S]methionine-[

 

35

 

S]cysteine label mix (Amersham International). Cell
lysates were obtained by two freeze-thaw cycles in lysis buffer (1% Triton
X-100, 0.5% deoxycholic acid, 10 mM EDTA, 2 mM PMSF in PBS). Ali-
quots of equal protein concentration determined by TCA precipitation of
labeled proteins (Roberts et al., 1973) were incubated with 1 

 

m

 

l of undi-
luted monoclonal anti–pan-cytokeratin (Sigma Chemical Co.) and 1 

 

m

 

l
polyclonal anti-C

 

a

 

 antiserum (the antibody directed against the catalytic
subunit C

 

a

 

 of protein kinase A was provided by S. Taylor, University of
California at San Diego, La Jolla, CA). Immunoprecipitates were recov-
ered by incubation with formalin-fixed 

 

Staphylococcus

 

 protein A (Sigma
Chemical Co.), washed, denatured, and then separated on 7.5% SDS-
PAGE gels (Laemmli, 1970) under reducing conditions. The signals were
revealed by fluorography on Kodak X-omat AR x-ray film.

Western blot analysis was performed using the enhanced chemilumi-
nescence (ECL) detection kit from Amersham International. Cell mono-
layers were lysed by incubation with 0.5% SDS, 10 mM Tris, pH 7.5, and
1 mM EDTA in sterile water. Equal amounts of total protein (determined
by protein assay, BIO-RAD Laboratories GmbH, München, Germany)
were fractionated on 7.5% SDS-PAGE gels and transferred to a nylon
membrane (Hybond-N; Amersham International) by semi-dry electro-
blotting in a Tris-glycine buffer with 20% ethanol. The filters were dried,
washed several times with TBS (10 mM Tris, pH 7.5, 150 mM NaCl), and
blocked for 1 h in TBS containing 5% BSA (TBS-BSA). The filters were
incubated for 1 h at 37

 

8

 

C in TBS-BSA with the primary monoclonal anti–
E-cadherin antibody (diluted 1/1,000). After three washing steps with
TBS-0.05% Tween 20 (TBS-T), the filters were incubated with the sec-
ondary peroxidase-conjugated antibody for 1 h at 37

 

8

 

C. After five washes
with TBS-T, the ECL reaction was performed according to the protocol
supplied with the kit. The signals were revealed by fluorography on
Kodak X-omat AR film using intensifying screens.

 

Northern Blot Analyses

 

Total cellular RNA was prepared by the guanidine thiocyanate method
(Chomczynski and Sacchi, 1987). The RNA was subjected to denaturing
agarose electrophoresis and transferred to a nylon membrane (Hybond-N)
by vacuum blotting (Pharmacia Biotech Sevrage, Uppsala, Sweden) be-
fore hybridization with 

 

32

 

P-labeled cDNA inserts corresponding to HNF1
(Rey-Campos et al., 1991), HNF4 (Sladek et al., 1990), 

 

a

 

1-antitrypsin (

 

a

 

1-
AT) (Derman et al., 1981), the tight junction–associated protein ZO-1
(Willott et al., 1993), the nuclear protein LEF-1 (Riese et al., 1997), the cy-
tokeratins endo A (Singer et al., 1986) and endo B (Oshima et al., 1988),
and E-cadherin (Ozawa et al., 1989). The signals were normalized by hy-
bridization with a probe for the 28S rRNA (Tiemeier et al., 1977) and then
quantified by the PhosphoImager System (Molecular Dynamics, Inc.,
Sunnyvale, CA).

 

Results

 

Dedifferentiated H5 variant cells have been used to ana-
lyze the capacity of HNF4 to direct hepatic redifferentia-
tion. These cells present some mesenchymal characteristics
in cell growth, morphology, and cytoskeleton (Venetianer et
al., 1983; Rogier et al., 1986). For example, the cells grow
in a disorganized loosely adherent fashion and they no
longer produce intermediate filaments of the cytokeratin
family, but rather have switched to the synthesis of the
mesenchymal marker protein vimentin (Venetianer et al.,
1983). An epitope-tagged derivative of HNF4 (HNF4tag)
was placed under control of the CMV early gene promoter
and was introduced into H5 cells by electroporation. Sta-
ble transfectants (designated HT4) have been generated
for study that contain only one or very few copies of the
transgene (Späth and Weiss, 1997; data not shown).

 

HNF4tag-expressing H5 Cells Demonstrate an
Altered Morphology

 

Transcriptional regulators of cellular differentiation, such

as the myogenic transcription factors of the MyoD family
have been shown to induce tissue-specific gene expression
in parallel with the morphogenic events that accompany
myogenesis (Buckingham, 1992). We have previously
shown that stable expression of the liver-enriched orphan
nuclear receptor HNF4tag in H5 cells leads to reactivation
of hepato-specific gene expression (Späth and Weiss,
1997). The activation of liver-specific genes by HNF4tag
correlates with a striking effect on morphology (Fig. 1);
the expressing cells are distinguished from H5 control cells
by the presence of a round nucleus with a central nucleo-
lus, granular cytoplasm, and close cell–cell contacts. Reac-
tivation of a new subset of hepatic marker genes by the
glucocorticoid analogue Dex (Späth and Weiss, 1997) is
paralleled by a progressive stabilization and even an en-
hancement of the hepatic morphology, including the ac-
quisition of a polygonal cell shape and cobblestone growth
habit, affecting nuclear as well as cellular organization. No
such modification was observed for H5, where Dex treat-
ment leads to rounding up and detachment of the cells
(Fig. 1).

 

Restoration of Epithelial Differentiation by
HNF4tag-expressing H5 Cells Is a Two-Step Process, 
the Second Step Depending upon
Glucocorticoid Hormones

 

The cell shape of hepatocytes is thought to result at least
in part from expression of one class of intermediate fila-
ment proteins, the cytokeratins (French et al., 1982; Kat-
suma et al., 1987; Okanoue et al., 1988). The expression of
cytokeratins has been shown to be restricted to epithelial
cells (Moll et al., 1982) and to replace the mesenchymal in-
termediate filament protein vimentin during mesenchymal
to epithelial transitions (Tsarfaty et al., 1994).

Whereas untransfected H5 cells are negative for cyto-
keratin expression (not shown), stable transfection of
HNF4tag leads to reexpression of this type of intermediate
filament protein (Fig. 2, untreated cells are shown on the

 

left

 

, and Dex-treated cells on the 

 

right

 

, see below). Two
types of clones are illustrated: one, HT4-2 is heteroge-
neous for expression of the transgene in the absence of
Dex, as shown by the presence of only a few positively
stained nuclei upon staining with anti-VSV antiserum; the
other, HT4-8, shows much more homogeneous staining for
the VSV tag. The HT4-2 cells that show heterogeneous
and/or extremely weak expression of HNF4tag still resem-
ble the original H5 cells, whereas in HT4-8 cells, strong
transgene expression is correlated with the establishment
of several morphological parameters of well-differentiated
hepatic cells, including granular cytoplasm and round nu-
clei containing a central nucleolus. The bottom panels of
Fig. 2 (not treated) show immunofluorescence staining for
cytokeratins using a pan-cytokeratin antibody. Strong
staining is limited to those cells that express the transgene,
but the filaments are poorly organized. The distribution of
the cytokeratins in untreated HT4-8 cells is mainly perinu-
clear and/or at the microtubule organizing center, a fine
network failing to form.

When cultures are treated with Dex, a dramatic change
in cell morphology is observed, and staining for the trans-
gene becomes more homogeneous. Since Dex enhances
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expression of the transgene at the RNA and protein levels
by about fivefold (Späth and Weiss, 1997), the nuclei that
appear weak or even negative before the treatment proba-
bly become positive. In parallel with the increase in the
fraction of cells that stains positively for the epitope-
tagged transcription factor, the cytokeratin filaments
spread out and become finer, to form an intracellular net-
work. In addition, all features of hepatocyte-specific epi-
thelial morphology are enhanced, and in particular a cob-
blestone growth habit is established. This morphogenic
process completed after several days of Dex treatment, is
fully reversible (Späth and Weiss, 1997) and is reproduc-
ibly observed for independent transfectants (Fig. 2). Con-

sidering that Dex treatment alone does not establish any
of the morphological features in either untransfected H5
cells or cells expressing HNF4, from which the transactiva-
tion domain has been deleted (Späth and Weiss, 1997; data
not shown), the crucial factor for the observed morpho-
genic process clearly is the presence of functional HNF4tag
protein.

 

Dex Treatment Provokes the Establishment of Simple 
Epithelial Polarity

 

The well-organized colony morphology of Dex-treated
transfectants prompted us to investigate whether the cells

Figure 1. HNF4tag expression alters morphol-
ogy of H5 cells. Phase-contrast micrographs of
H5 cells and the HNF4tag-expressing clone HT4-8,
cultivated on gelatin-coated plastic dishes either
without (top row, co), or with 1 mM Dex for 4 d
(bottom row, dex). Only HT4-8 cells express epi-
thelial cell characteristics, which are enhanced by
the Dex treatment. Bar, 40 mm.

Figure 2. Dex treatment leads to epi-
thelial morphogenesis only in the
HNF4tag-expressing cells. Cellular
morphology, expression of tagged pro-
teins, and cytokeratin organization of
two independent transfectants of
HNF4tag (HT4-2 and HT4-8) were an-
alyzed either in the presence or ab-
sence of 1 mM Dex for 4 d. Double-
immunofluorescence analysis revealed
that only the HNF4tag-expressing
cells reexpress cytokeratin proteins
and only in these cells does Dex treat-
ment result in epithelial morphogene-
sis. Bar, 40 mm.
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express a polarized phenotype. The possible acquisition of
epithelial polarity was analyzed by immunofluorescence
staining for the protein ZO-1 (Fig. 3). This protein is asso-
ciated with tight junctions, a structure that carries out reg-
ulated cell–cell communication and acts as a barrier for
lateral diffusion of membrane proteins, leading to the es-
tablishment of apical and basolateral membrane domains
(Stevenson and Paul, 1989). In HNF4tag-expressing cells,
clear staining of the ZO-1 protein and its localization at
the membrane was detected only upon Dex treatment
(Fig. 3 

 

A

 

). During incubation with the drug, a progressive
increase of membrane-bound ZO-1 was observed, leading
to the formation of a network, tracing the cell–cell bound-
aries, reflecting the establishment of a phenotype of sim-
ple epithelial polarity. Analysis of different planes by con-
focal microscopy confirmed that ZO-1 staining was localized
apically (Fig. 3 

 

B

 

) at the top of the often uneven cell layer.
The acquisition of polarity parallels, and is presumably the
basis for the well-demarcated cell membranes that charac-
terize the cobblestone growth habit. A small fraction of
cells was able to establish polarity in a hepatocyte-specific
manner; the apical poles of adjacent cells were juxtaposed,
thus forming a canalicular like space. ZO-1 is localized at
the contact zone of the two apical poles thus giving rise to
a circular staining (Fig. 3 

 

C

 

) (Ihrke et al., 1993).

 

Dex Treatment Strongly Reduces the Growth Rate of 
HNF4tag-expressing Transfectants

 

The H5 cells of origin grow in a chaotic fashion and are
characterized by a generation time of 16–18 h. To deter-
mine whether the acquisition of epithelial polarity in the
presence of Dex is paralleled by growth arrest, the growth
rates of H5 compared to HT4-8 cells were established in
the absence and the presence of 1 

 

m

 

M Dex. In addition, as
a control, the growth rate of a clone of transfected cells
showing homogeneous expression of a deleted form of the
HNF4tag lacking the transactivation domain, HNF4del,
was also examined. In the control clone HT4del-4, cell
growth is affected neither by expression of the transgene,
nor by treatment with Dex (Fig. 4, 

 

top

 

). The generation
time remains constant and was calculated to be 21 h, thus
only slightly reduced with respect to untransfected H5
cells. The same generation time was observed for un-
treated cells of HT4-8, expressing functional HNF4tag.
However, only in these cells, the growth rate is dramati-
cally reduced upon Dex treatment (Fig. 4, 

 

bottom

 

). The
shape of the growth curve indicates that inhibition of
growth occurs in two steps; during a first phase, Dex treat-
ment results in a rapid but only slight inhibition of cell
growth. The generation time, which is reduced from 21 to
29 h, remains stable during the first 4 d. However, between
days 4 and 5, a further reduction of the growth rate is ob-
served, leading to a generation time of 120 h. Thus, high
level expression of HNF4tag and the acquisition of the he-
patic phenotype and epithelial morphology at this day of
Dex treatment correlates with a strong reduction in cell
growth, a characteristic of many types of highly differenti-
ated cells. FACS

 

®

 

 analysis was carried out to determine
whether Dex treatment imposes a cell cycle block at G

 

0

 

.
The treated cells revealed a significant reduction in the S
phase population (26% in untreated control cells, and

11% in Dex-treated cells), but the cells seem to be ar-
rested in G1 in an asynchronous fashion, since release of
the cell cycle block by Dex removal did not result in a syn-
chronized entry into the S phase (not shown).

From these analyses we conclude that the phenotypic
modification of HNF4tag-expressing H5 cells is a two-step

Figure 3. Establishment of epithelial (A and B) and hepatic (C)
polarity is restricted to HNF4tag-expressing cells upon Dex treat-
ment. (A) Immunofluorescence analysis of expression and local-
ization of the tight junction–associated protein ZO-1 in untrans-
fected control cells H5 and HNF4tag-expressing clone HT4-8,
either untreated (no dex) or treated with 1 mM Dex. (B) Confocal
microscopy confirms the absence of ZO-1 protein at the basolat-
eral membrane (basal). The protein is confined to the apical sur-
face as demonstrated by the slice corresponding to the top of the
cell layer (apical) and the three dimensional reconstitution (3D).
(C) HT4-8 cells occasionally express canalicular-like spaces; the
image shown is of cells treated with the demethylating agent aza-
cytidine (Späth and Weiss, 1997). The canalicular-like spaces (ar-
rowhead in phase-contrast micrograph) are monitored by the cir-
cular organization of the ZO-1 protein, marking the “kissing
zone” of the apical poles of two juxtaposed cells (see immunoflu-
orescence micrograph and the three-dimensional reconstitution
by confocal microscopy). Bars, 20 mm.
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phenomenon: as a first step, the cytokeratins are reex-
pressed in the cells producing abundant HNF4tag, and by
comparison to H5 cells, the cells have granular cytoplasm,
a compact growth habit, and a round nucleus with cen-
trally located nucleolus; the second step occurs in the pres-
ence of Dex and concerns an enhanced expression of
HNF4tag as well as an increase in the fraction of cells in
which it is expressed. Under these conditions, expression
of cytokeratins is enhanced and the intermediate filament
proteins are organized into a tight network. In addition, a
phenotype of simple epithelial polarity is acquired and a
dramatic reduction in growth rate is observed.

Whether morphogenesis is a direct consequence of
HNF4tag upregulation by Dex or a combined effect of
both the factor and the drug remains uncertain. A cooper-
ative effect of HNF4tag and Dex appears the more likely
possibility, as comparable upregulation of HNF4tag can be
obtained by culture in dialyzed serum, DMSO or insulin
(data not shown) in the absence of any of the described
morphological changes.

 

HNF4 Epression Leads to Reexpression of Epithelial 
Marker Genes

 

Epithelial tissues are formed by tightly connected cells
that are highly specialized for transport and secretion. A
prerequisite for the establishment of these functions is the
formation of an appropriate morphology including cellular
polarization, adhesion, and reorganization of the cytoskel-
eton. Among the cytokeratin (CK) genes that could be
expressed in the transfectants, CK8 and CK18 are charac-
teristic of hepatocytes. In addition, the cell adhesion mole-
cule E-cadherin is expected to be present in hepatic cells
that show an organized epithelial growth habit.

The presence of transcripts for each of these marker
genes was examined in well-differentiated FGC4 cells as a
positive control and in H5 cells and the transfectants, be-
fore and after Dex treatment. In addition, the expression

of the transgene as well as of the endogenous HNF1 gene
were examined to attest to the differentiation state of the
cells. Each of the epithelial cell marker genes was ex-
pressed by FGC4 cells. For H5 cells a CK18 transcript is
clearly present (Fig. 5 

 

A

 

), even though no cytokeratin stain-
ing can be detected on parallel cultures (data not shown).
However no signal is observed for CK8. The transfectants
show enhanced accumulation of CK18 transcripts, but
CK8 expression is only observed upon Dex treatment. The
cytokeratin filaments are formed by heteropolymerization
of proteins with acid and basic isoelectric pH (Moll et al.,
1982). Cytokeratin monomers that are not incorporated
into the filaments have been observed to be degraded
(Domenjoud et al., 1988; Kulesh et al., 1989). The absence
of CK8 and CK18 proteins from H5 cells was confirmed by
quantitative immunoprecipitation of in vivo–labeled pro-
tein (Fig. 5 

 

B

 

). Although untreated transfected cells are
also negative, de novo synthesis of both CK8 and CK18
proteins was detected upon Dex treatment, indicating the
anticipated mutual stabilization of these polypeptides.

Abundant transcripts for E-cadherin are observed in
FGC4 cells, whereas no signal can be detected for H5. The
transfectants do present a weak E-cadherin signal, that is
only slightly enhanced upon treatment with Dex. How-
ever, neither HNF4tag alone nor in combination with Dex
is sufficient to establish a high level expression of E-cad-
herin that is equivalent to that of the FGC4-positive con-
trol cells. The partial activation of transcription of the
E-cadherin gene by HNF4tag (Fig. 5 

 

A

 

) prompted us to
quantitate the protein by Western blotting (Fig. 5 

 

C

 

). The

Figure 4. Dex treatment causes the inhibition of cell growth in
cells expressing functional HNF4tag. HNF4del-expressing con-
trol cells (HT4del-4) and HNF4tag-expressing cells (HT4-8) were
cultivated without Dex (r) and in the presence of 1 mM Dex (d).
Cell growth was analyzed by seeding 105 cells in 10-cm dishes, in
the presence or absence of the drug. Cells were counted at the
days indicated and the growth curve was obtained by plotting the
log of cell number against the days of growth. The medium was
changed daily and the counts were performed on triplicate dishes.

Figure 5. Expression of HNF4tag is paralleled by the activation
of hepatic and epithelial marker genes. (A) Northern blot, pre-
pared with 15 mg total RNA per lane. Differentiated hepatoma
FGC4 RNA provides a positive control. Untransfected H5 cells
and transfectant HT4-8 were either untreated (2) or treated with
1 mM Dex for 4 d (dex). The blot was hybridized with probes for
HNF4tag, HNF1, and the epithelial marker genes CK18, CK8,
and E-cadherin. (B) Quantitative immunoprecipitation monitor-
ing the de novo synthesis of CK8 and CK18 using total protein
extracts of in vivo–labeled FGC4 (positive control), H5 (negative
control), and HT4-8 cells, either untreated (2) or treated with 1 mM
Dex for 4 d (dex). The Ca subunit of cAMP-dependent protein
kinase A demonstrates that equal amounts of labeled extract
were analyzed. The signals specific for CK8 (55 kD) and CK18
(45 kD) are indicated. (C) Western Blot analysis for E-cadherin
expression in control extracts (co; extracts purchased with the an-
tibody), FGC4 cells, H5 cells, and the transfectant HT4-8. The
cells were not treated with Dex. The signal specific for E-cad-
herin (120 kD) is indicated.
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presence of E-cadherin protein in HT4-8 cells and its total
absence from H5 cells clearly demonstrates that E-cad-
herin expression is activated by the presence of HNF4tag.
Since E-cadherin protein expression was not influenced by
treatment with Dex (data not shown), further experiments
were performed on cells that had not been treated with the
hormone.

 

HNF4tag Expression Is Not Sufficient to
Establish Fully the Epithelial Adhesion Characteristics 
in H5 Cells

 

Establishment of epithelial cell differentiation is known to
involve the expression of cell adhesion proteins such as
cadherins and catenins, which in some cases have been
demonstrated to be endowed with morphogenic activity
(Takeichi, 1995). HNF4tag-expressing H5 cells clearly dem-
onstrate enhanced cell adhesion properties: migration is
inhibited and the cells form dense colonies. The reexpres-
sion of E-cadherin prompted us to explore by immunoflu-
orescence staining the expression and localization not only
of this molecule in HNF4tag transfectants, but of its part-
ners a- and b-catenins as well. In addition, since reexpres-
sion of E-cadherin in the transfectants was only weak, but
the cells demonstrated a compact growth habit, a pan-cad-
herin antibody was used to detect the possible expression
of other members of this family.

In FGC4 cells, both the pan-cadherin and E-cadherin
antibodies reveal continuous staining at the cell–cell bound-
aries, implying that large amounts of cadherin, including
E-cadherin, are synthesized and appropriately localized
(Fig. 6). Whereas H5 cells showed very similar staining us-
ing the pan-cadherin antibody, no E-cadherin protein was
detected, confirming the results obtained with Northern
and Western blots (Fig. 5). However, upon stable transfec-
tion of HNF4tag, E-cadherin is produced, but immuno-
staining reveals its presence on the membrane in only a
small fraction of the cells, while the pan-cadherin antibody
stains the membranes of the majority of cells. In addition,
E-cadherin protein appears to be present in the cytoplasm
of the majority of the cells. (Unlike its effect to enhance
the expression and organization of cytokeratins, Dex treat-
ment had no substantial effect on either the localization or
expression of E-cadherin; data not shown.) Other mem-
bers of the cadherin superfamily are clearly present in
both H5 and transfectant cells, yet it is only upon the reex-
pression of E-cadherin that epithelial morphogenesis oc-
curs, suggesting that this protein has morphogenic proper-
ties on hepatoma cells. E-cadherin is a transmembrane
protein that interacts with the cytoskeleton via the associ-
ated proteins a- and b-catenins (Rimm et al., 1995; Aberle
et al., 1996). Both catenins were analyzed in parallel (Fig.
6). In FGC4 cells, a- and b-catenins colocalize with E-cad-
herin at the membrane. Dedifferentiated H5 cells express

Figure 6. Phase-contrast micrographs and immu-
nofluorescence staining of untreated cells of
FGC4 (positive control), H5 (negative control),
and the HNF4tag transfectant HT4-8 for expres-
sion and localization of pan-cadherin (the field
corresponds to the respective phase-contrast im-
age), E-cadherin, a-catenin, and b-catenin. Note
the nuclear localization of b-catenin in both H5
and HT4-8 cells. Antibodies were purchased and
diluted as described in Materials and Methods.
Bar, 20 mm.
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only traces of the a-catenin protein, giving rise to a punc-
tate staining at the cytoplasmic membrane. Whereas b-cate-
nin expression is maintained in H5 cells, subcellular local-
ization of the protein is altered: in dedifferentiated H5
cells, b-catenin is highly enriched in the nucleus.

The nuclear localization of b-catenin appears to be a dy-
namic process, as nuclear staining was restricted mainly to
H5 cells in the exponential growth phase (data not shown).
Concerning the transfectant HT4-8, the partial nature of
restoration of epithelial cell adhesion characteristics ap-
plies also to the expression pattern of a- and b-catenins.
Localization and expression of both proteins show inter-
mediate characteristics compared to FGC4 and H5 cells;
a-catenin expression is slightly enhanced compared to H5
cells, and b-catenin localizes clearly at the membrane as
well as in the nucleus.

Well-differentiated rat hepatoma cells such as FGC4
show homogeneous expression of E-cadherin and all of
the b-catenin is localized to the membrane. To examine
the ability of E-cadherin to maintain membrane localiza-
tion of b-catenin and to determine whether the epithelial
marker genes are subject to active repression in H5 cells,
hybrid cells resulting from the fusion of HT4-8 transfec-
tants with well differentiated Fao cells were examined.

HNF4 Expression Rescues Epithelial Marker Gene 
Expression in Cell Hybrids

In earlier work (Späth and Weiss, 1997), we generated a
panel of somatic hybrids between Fao and HT4-8 cells to
determine whether expression of exogenous HNF4tag is
sufficient to preserve the expression of hepatic functions
in such hybrids. The rationale for this experiment was the
fact that Fao 3 H5 hybrid cells show pleiotropic extinction
of the hepatic phenotype, so we could test the hypothesis
that exogenous HNF4 is sufficient to insulate the hybrid
cells from extinction of the hepatic functions (Descha-
trette et al., 1979). The cross of Fao 3 HNF4tag-express-
ing H5 transfectants did not generate hybrids with a uni-
form extinguished phenotype. Instead, Fao 3 HT4-8
yielded two different classes of hybrid clones that were
distinguishable soon after fusion and remained stable. One
class of hybrid clones retained “differentiated” Fao-like
morphology, and showed insulation from extinction of he-
patic functions by the maintenance of HNF4tag expres-
sion. A second class of H5-like dedifferentiated hybrid
clones had lost HNF4tag expression, and in parallel
showed essentially complete extinction of the hepatic
functions (Späth and Weiss, 1997). Here we have analyzed
these two types of hybrid clones for expression of epithe-
lial cell marker genes, and two examples of the results are
presented in Fig. 7. As shown for hybrid clone HTF-2, the
presence of HNF4tag correlates with maintenance of ex-
pression of the three epithelial marker genes, CK8, CK18,
and E-cadherin even though the E-cadherin transcripts
are clearly reduced. In contrast, lack of expression of the
HNF4tag transgene results in loss of expression of the
HNF4 and HNF1 genes, as well as of CK18, CK8, and
E-cadherin. Immunostaining for the localization of E-cad-
herin and b-catenin (Fig. 7 B) was carried out to deter-
mine whether E-cadherin expression is sufficient to confer
localization of b-catenin at the cell membrane. E-cadherin

staining was similar to that of HT4-8 cells in the “differen-
tiated” HTF-2 hybrids localizing partially in the cyto-
plasm. In these cells b-catenin is recruited to the mem-
brane (although residual nuclear b-catenin is discerned).
However, in the dedifferentiated HTF-11 hybrid cells no
E-cadherin protein was detected, and b-catenin was local-
ized primarily in the nucleus (Fig. 7 B). Thus, the extin-
guisher activity of H5 cells is still present in HT4-8 cells; it
appears to reduce or even abolish expression of the active
E-cadherin gene contributed by the Fao parental cells.

The systematic nuclear localization of b-catenin in H5
derivatives that are dedifferentiated or that show imper-
fect restoration of the hepatic phenotype led us to investi-
gate the expression of LEF-1, the nuclear partner of b-cate-
nin (Behrens et al., 1996; Huber et al., 1996). Fig. 7 A
shows that LEF-1 transcripts are indeed limited to those
clones that do not express E-cadherin and do show nuclear
staining of b-catenin.

E-Cadherin Alone Can Act As an Epithelial 
Morphogen in Dedifferentiated H5 Cells

According to the paradigm of “dynamic reciprocity,” the
E-cadherin gene has been shown not only to be a target of
transcriptional activators, but E-cadherin–mediated cell
adhesion provides itself a cue to reorient the pattern of
gene expression (Larue et al., 1996). To investigate the
possible role of E-cadherin itself in establishing epithelial
morphology and the hepatic phenotype, we bypassed the
repression acting on E-cadherin expression in H5 cells by
stable transfection of E-cadherin. Fig. 8 shows the North-
ern blot analysis of individual and pooled clones of cells
surviving selection after transfection with the vector alone
(H5-Hyg) or with the vector containing the uvomorulin
(alias E-cadherin) cDNA (H5uvo). The expression pattern
of uvomorulin as well as of the nuclear factor LEF-1, the
hepatocyte-enriched transcription factors HNF4 and HNF1,
the liver function a1-AT, and the tight junction–associated

Figure 7. Somatic hybrids of Fao and HT4-8 are insulated from
extinction of the epithelial phenotype only when HNF4tag ex-
pression is retained. (A) Northern blot analysis using 15 mg of to-
tal RNA of the differentiated parental cell line Fao, dedifferen-
tated H5 cells (negative control), HNF4tag-expressing parental
cell line HT4-8, and two (Fao 3 HT4-8) hybrid clones (HTF).
The epithelial expression pattern is restricted to the HTF-2 hy-
brid clone that maintains the expression of HNF4tag. (B) Immu-
nostaining of differentiated Fao cells and two hybrid clones, rep-
resenting differentiated (HTF-2) and dedifferentitated (HTF-11)
morphology, for the expression and localization of E-cadherin,
and b-catenin. Note that abundant nuclear localization of b-cate-
nin is restricted to the dedifferentiated cells. Bar, 20 mm.
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protein ZO-1 were analyzed. ZO-1 is expressed in both
control and uvomorulin-transfected cells. The presence of
the ZO-1 transcript in H5 in absence of the protein (Fig. 3
A) implies posttranscriptional regulation of this gene. Ex-
pression of uvomorulin does not result in activation of the
HNF4 and HNF1 genes, failing to provide evidence of a
reciprocal regulation between E-cadherin and these tran-
scription factors. The failure to activate the liver marker
gene a1-AT clearly demonstrates that E-cadherin is un-
able to establish an hepatic gene expression pattern in H5
cells. The uvomorulin-expressing cells do show disappear-
ance of LEF-1 transcripts, the transcription factor that
confers nuclear localization to b-catenin. However, some
of the transfected clones that fail to express uvomorulin
also show absence of the LEF-1 transcripts, implying that
expression of this gene may not be consistent in H5 and
its descendants. The uvomorulin-expressing H5uvo3 (not
shown) and H5uvo8 cells (Fig. 9) demonstrate a dramatic
change in cellular morphology: the cells acquire a compact
growth habit, develop granular cytoplasm, and the nuclei
are round with a centrally localized nucleolus. The pres-
ence of uvomorulin and the loss of LEF-1 expression is
paralleled by membrane localization of b-catenin and ZO-1.
However, a-catenin remains poorly expressed and no cy-
tokeratins are detected. Consequently, E-cadherin expres-
sion alone does not result in epithelial differentiation as
monitored by the absence of cytokeratin expression, but is
sufficient to reproduce the morphogenesis of H5 cells ob-
served upon stable transfection of HNF4tag. The morpho-
genic information provided by HNF4tag expression could
thus appear to act via activation of the E-cadherin gene.

Discussion
We have recently reported the ability of the hepatocyte-
enriched transcription factor HNF4 to restore some as-
pects of liver-specific gene expression in a dedifferentiated
rat hepatoma variant (Späth and Weiss, 1997). Here, we
show that the activation of liver-specific gene expression is
paralleled by the establishment of an appropriate cellular
morphology, including epithelial cell adhesion. The results
presented provide a role for HNF4 in epithelial cell differ-
entiation, whose final effects could be due to (a) reexpres-
sion of E-cadherin, which acts as a morphoregulator of
hepatoma cells, and (b) the establishment of a state of

competence to respond to the differentiation inducing ac-
tivity of glucocorticoid hormones.

Redifferentiation of H5 Cells Is a Two-Step Process 
Depending upon HNF4 Expression and Dex Treatment

Stable expression of HNF4tag in the dedifferentiated
hepatoma variant H5 cells results in a pleiotropic effect on
cell morphology and gene expression. The partial restora-
tion of liver-specific gene expression (Späth and Weiss,
1997) is paralleled by the stepwise acquisition of epithelial
differentiation. First, stable transfection of HNF4tag re-
sults in a compaction of H5 cell colonies, that usually grow
in a dispersed fashion. The transfected cells are character-
ized by a granular cytoplasm and a round nucleus with a
centrally localized nucleolus. These features of differenti-
ated hepatoma morphology are paralleled by the acti-
vation of E-cadherin and cytokeratin expression. Both
classes of proteins are present but not properly localized
as the cytokeratin proteins remain predominantly perinu-
clear and E-cadherin is only partially confined to the cell
membrane. One essential consequence of HNF4tag ex-
pression is the establishment of the potential to respond to
the glucocorticoid analogue Dex, reminiscent of differenti-
ated hepatocytes. Only the HNF4tag transfectants are able
to respond to Dex as monitored not only by enhanced ex-
pression of hepatic target genes (Späth and Weiss, 1997),
but also by a significant amelioration of the epithelial phe-
notype. All features of differentiated hepatoma morphol-
ogy are improved and the cells acquire a regular polygonal
shape and in particular a cobblestone growth habit. Syn-
thesis of the epithelial marker proteins CK18 and CK8 is
induced upon Dex treatment, and tight junctions are

Figure 8. Northern blot anal-
ysis of 15 mg total RNA of
FGC4 cells and of pools and
clones of hygromycin-resis-
tant H5 cells stably trans-
fected either with the vector
alone (H5-Hyg) or with the
vector driving expression of
the mouse E-cadherin cDNA
uvomorulin (H5uvo). The
blot was hybridized with the
probes indicated. Note that
the endogenous E-cadherin

transcripts in FGC4 cells are not visible because of its slower mo-
bility compared to the exogenous E-cadherin/uvomorulin from
which the 39 untranslated region has been deleted.

Figure 9. E-cadherin–expressing H5 cells undergo epithelial mor-
phogenesis. Phase-contrast micrographs of E-cadherin–trans-
fected cells of H5uvo8 and immunostaining for expression and lo-
calization of E-cadherin, a-catenin, b-catenin, cytokeratin, and
ZO-1. Bar, 20 mm.
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formed. The establishment of the polarized epithelial phe-
notype is associated with a decline in growth rate, charac-
teristic of highly differentiated cells.

Since both HNF4tag and Dex contribute to the epithe-
lial differentiation of H5 cells, it would be useful to deter-
mine the precise roles of each. Dex has been reported to
stabilize the hepatic phenotype of primary hepatocyte cul-
tures (Marceau et al., 1983), to enhance the expression of
CK8 and CK18 (Baffet et al., 1991), and to induce tight
junction formation (Zettl et al., 1992). None of these ef-
fects is observed in either untransfected H5 cells or H5
cells expressing nonfunctional HNF4del. Thus, redifferen-
tiation requires the presence of functional HNF4tag,
which primes the cells to establish epithelial morphology
in cooperation with the hormone. In our earlier work we
demonstrated that Dex induces transgene expression by
several-fold (Späth and Weiss, 1997), suggesting that the
increase of HNF4 activity could account for the observed
morphogenic effect. However, a titration model whereby
more HNF4 leads to further progression of the differentia-
tion process appears not to hold since an equivalent accu-
mulation of HNF4tag transcripts can be obtained by cul-
ture of cells in dialyzed serum, DMSO or insulin, in the
absence of a concomitant improvement of cell morphol-
ogy or change of expression pattern of any of the hepato-
specific genes monitored (data not shown). Consequently,
we favor the hypothesis of cooperativity between HNF4tag
and Dex.

Cell type–specific response to glucocorticoids is achieved
by mechanisms of target gene regulation involving cooper-
ation between tissue-specific transcription factors and the
glucocorticoid receptor (Nitsch et al., 1993). Such coopera-
tive regulation could well account for the role of HNF4tag
and its target HNF1 in rendering transfectant cells “com-
petent” to respond to Dex.

Expression of E-Cadherin Is Repressed in H5 Cells

Epithelial cells are tightly connected to each other by the
formation of a junctional complex comprising adherens
junctions, tight junctions, and desmosomes. Untransfected
H5 cells present a fibroblast-like growth pattern including
migration and weak intercellular adhesion, leading to a
dispersed growth habit. Although these cells are negative
for the expression of E-cadherin, they do produce alterna-
tive forms of cadherins as revealed by immunofluores-
cence staining using pan-cadherin antibodies (Fig. 6); they
therefore must form adherens junctions. However, these
cadherins are not able to confer epithelial cell characteris-
tics. HNF4tag expression is sufficient to restore the ex-
pression of E-cadherin, even though only a fraction of cells
is able to confine abundant protein to the plasma mem-
brane in a fashion that is revealed by the antibody used.
Nevertheless, reexpression of the E-cadherin protein,
even if it is only partial, clearly correlates with compaction
of the transfected H5 cells. The only partial reexpression
of E-cadherin in the transfectants may be because of ac-
tive repression of the gene. In fact, by analysis of the ap-
propriate somatic hybrids we were able to define the pres-
ence of a transacting extinguisher in H5 cells that appears
to act on the E-cadherin gene. Repression of E-cadherin
expression by negative regulation in nonepithelial tissues

is conferred by the proximal promoter region (Behrens et
al., 1996), and positive regulation of E-cadherin gene ex-
pression has been suggested for HNF1, acting on an en-
hancer localized in the second intron (Goomer et al.,
1994). Both mechanisms of regulation could be operative
in HT4-8 cells. Reexpression of the HNF1 gene could ac-
count for the activation of E-cadherin expression, which
would remain partial because of the transacting extin-
guisher still present.

Epithelial Differentiation Is Paralleled by Formation of 
the Junctional Complex

E-cadherin has been shown to be a prerequisite for the
formation of the junctional complex, including desmo-
somes and tight junctions (Gumbiner and Simons, 1986;
Wheelock and Jensen, 1992). Therefore, the second step
of epithelial morphogenesis, which is achieved in the pres-
ence of Dex, could depend upon completion of these junc-
tional components. The cytokeratin filaments have been
reported to be anchored to the membrane by direct inter-
action with the desmosomal desmoplakin proteins (Jones
and Goldman, 1985). Indeed, formation of the cytokeratin
network is a consequence of the formation of desmosomes
(Bornslaeger et al., 1996) and thus spreading out of the in-
termediate filaments in the transfectants upon Dex treat-
ment could reflect the establishment of desmosomes. In
addition, analysis of the tight junction–associated protein
ZO-1 has provided a direct means to follow the dynamics
of formation of the tight junctions; upon Dex treatment, a
progressive increase in membrane-associated ZO-1 was
observed which was clearly confined to the newly defined
apical surface of the cell layer.

The Phenotype of H5 Cells Is Associated with Nuclear 
Localization of b-Catenin

Adherens junctions were originally defined simply as ar-
chitectural elements conferring cellular adhesion. Re-
cently, cell adhesion–associated proteins such as b-catenin
have been identified as signal transduction molecules
(Gumbiner, 1995). b-Catenin is a multifunctional protein
thought to regulate the dynamic formation of the adherens
junctions by its association with the cadherin proteins and
to function as a transcriptional co-activator of the wnt/
wingless signal transduction pathway (Miller and Moon,
1996). Its nuclear localization depends upon direct interac-
tion with transcription factors of the Tcfa/LEF family of
high mobility group proteins (Behrens et al., 1996; Huber
et al., 1996). The dedifferentiated phenotype of H5 cells
could be associated with the expression of a corresponding
transcriptional regulator; H5 cells accumulate b-catenin in
the nucleus as do the Fao 3 HT4-8 hybrids that show a
dedifferentiated phenotype. Indeed, analysis of LEF-1
transcripts revealed a strong signal for H5 cells, but some
clonal variation in expression of this gene was observed
(not shown).

The E-cadherin promoter has been shown to provide a
functional LEF-1–binding site (Huber et al., 1996), sug-
gesting a negative regulatory role of LEF-1 on E-cadherin
expression. Furthermore, abolition of LEF-1 expression
by homologous recombination revealed a pleiotropic ef-
fect on tissues that require epithelial–mesenchymal induc-
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tion for proper organogenesis (van Genderen et al., 1994).
Such an epithelial-to-mesenchymal transition could be the
basis of the spontaneous dedifferentiation of H5 cells. De-
regulation of expression of LEF-1 or one of its homo-
logues could repress E-cadherin production in H5 cells
and establish a mesenchymal program of gene expression.

The HNF4 Protein Could Provide Morphogenic Activity 
via Activation of Endogenous E-Cadherin

Poorly differentiated fibroblast-like carcinoma cells can be
converted to epithelioid cells that have lost their invasive
potential by expression of E-cadherin (Vleminckx et al.,
1991). Conversely, inhibition of E-cadherin–dependent
cell adhesion by antibody-blocking experiments has been
shown to result in enhanced cellular proliferation (Watabe
et al., 1994), whereas phosphorylation of cell adhesion–
associated proteins by overexpression of the proto-onco-
gene v-src leads to the loss of epithelial differentiation and
the gain of invasiveness (Behrens et al., 1993).

All of these considerations prompted us to test the pos-
sibility that the reexpression of E-cadherin in transfected
H5 cells is not simply the result of epithelial cell differenti-
ation, but its cause. The forced expression of E-cadherin in
H5 cells is sufficient to result in establishment of the typi-
cal epithelial growth habit including compaction, a transi-
tion from oval to round nuclei, the presence of a granular
cytoplasm, and membrane localization of b-catenin and
ZO-1. In this respect, E-cadherin expression mimics the
morphogenic activity of HNF4. However, the effects of
E-cadherin are manifest in the absence of modification of
the expression state of any of the hepatic or epithelial
marker genes that we have analyzed. Thus, the E-cadherin
transfectants demonstrate dissociation between the estab-
lishment of epithelial morphology and activation of the
program of epithelial and/or hepatic gene expression.
Whereas E-cadherin expression is sufficient to mimic some
aspects of the HNF4- and Dex-mediated epithelial mor-
phogenesis of HT4-8 transfectant cells, we cannot exclude
that other members of the cadherin family are involved. In
view of the fact that HNF4 expression leads to activation
of E-cadherin, this transcription factor could act as a mas-
ter regulator of hepatic differentiation by integrating on
the one hand liver-specific gene expression, including acti-
vation of the complementary transcription factor HNF1,
and on the other hand, the establishment of the appropriate
epithelial morphology, perhaps via activation of E-cadherin.

We thank D. Cassio, M. Arpin, and L. Larue for advice and materials; B.
Oshima for the endo A and B cDNA; S. Anderson for the ZO-1 cDNA,
M. Bienz for the LEF-1 cDNA; D. Cassio, G. Barba, D. Faust, M. Arpin,
and A. Bailly for critical reading of the manuscript and for helpful discus-
sion; and R. Hellio for the confocal analysis.

G. Späth was supported by a fellowship from the Human Capital Mo-
bility Programme of the European Economic Community (EEC). This
work was supported in part by contracts from the Biotechnology Pro-
gramme of the EEC under contract No. BIOT CT 93-0103, and from the
Association pour la Recherche sur le Cancer.

Received for publication 10 October 1997 and revised form 9 December
1997.

References

Aberle, H., H. Schwartz, and R. Kemler. 1996. Cadherin-catenin complex: pro-

tein interactions and their implications for cadherin function. J. Cell. Bio-
chem. 61:514–523.

Amicone, L., F.M. Spagnoli, G. Späth, S. Giordano, C. Tommasini, S. Bernar-
dini, V. De Luca, C. Della Rocca, M.C. Weiss, P.M. Comoglio, and M. Tri-
podi. 1997. Transgenic expression in the liver of truncated Met blocks apop-
tosis and permits immortalization of hepatocytes. EMBO (Eur. Mol. Biol.
Organ.) J. 16:495–503.

Angrand, P.O., S. Kallenbach, M.C. Weiss, and J.P. Rousset. 1990. An exoge-
nous albumin promoter can become silent in dedifferentiated hepatoma
variants as well as intertypic hybrids. Cell Growth Differ. 1:519–526.

Baffet, G., P. Loyer, D. Glaise, A. Corlu, P.L. Etienne, and G.C. Guguen. 1991.
Distinct effects of cell-cell communication, and corticosteroids on the syn-
thesis and distribution of cytokeratins in cultured rat hepatocytes. J. Cell Sci.
99:609–615.

Behrens, J., L. Vakaet, R. Friis, E. Winterhager, F. Van Roy, M.M. Mareel, and
W. Birchmeier. 1993. Loss of epithelial differentiation and gain of invasive-
ness correlates with tyrosine phosphorylation of the E-cadherin/b-catenin
complex in cells transformed with a temperature-sensitive v-SRC gene. J.
Cell Biol. 120:757–766.

Behrens, J., J. von Kries, M. Kuhl, L. Bruhn, D. Wedlich, R. Grosschedl, and
W. Birchmeier. 1996. Functional interaction of b-catenin with the transcrip-
tion factor LEF-1. Nature. 382:638–642.

Birchmeier, W., K.M. Weidner, and J. Behrens. 1993. Molecular mechanisms
leading to loss of differentiation and gain of invasiveness in epithelial cells. J.
Cell Sci. (Suppl.) 17:159–164.

Bornslaeger, E.A., C.M. Corcoran, T.S. Stappenbeck, and K.J. Green. 1996.
Breaking the connection: Displacement of the desmosomal plaque protein
desmoplakin from cell–cell interfaces disrupts anchorage of intermediate fil-
ament bundles and alters intercellular junction assembly. J. Cell Biol. 134:
985–1001.

Brewer, C.B. 1994. Cytomegalovirus plasmid vectors for permanent lines of po-
larized epithelial cells. Methods Cell Biol. 43:233–244.

Buckingham, M. 1992. Making muscle in mammals. Trends Genet. 8:144–148.
Cereghini, S., M. Yaniv, and R. Cortese. 1990. Hepatocyte dedifferentiation

and extinction is accompanied by a block in the synthesis of mRNA coding
for the transcription factor HNF1/LFB1. EMBO (Eur. Mol. Biol. Organ.) J.
9:2257–2263.

Chen, W.S., K. Manova, D.C. Weinstein, S.A. Duncan, A.S. Plump, V.R. Prezi-
oso, R.F. Bachvarova, and J.E. Darnell. 1994. Disruption of the HNF-4 gene,
expressed in visceral endoderm, leads to cell death in embryonic ectoderm
and impaired gastrulation of mouse embryos. Genes Dev. 8:2466–2477.

Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156–159.

Coon, H.G., and M.C. Weiss. 1969. A quantitative comparison of formation of
spontaneous and virus-produced viable hybrids. Proc. Natl. Acad. Sci. USA.
62:852–859.

Derman, E., K. Krauter, L. Walling, C. Weinberger, M. Ray, and J.J. Darnell.
1981. Transcriptional control in the production of liver-specific mRNAs.
Cell. 23:731–739.

Deschatrette, J., and M. C. Weiss. 1974. Characterization of differentiated and
dedifferentiated clones from a rat hepatoma. Biochimie (Paris). 56:1603–
1611.

Deschatrette, J., and M.C. Weiss. 1975. Extinction of liver-specific functions in
hybrids between differentiated and dedifferentiated rat hepatoma cells. So-
matic Cell Genet. 1:279–292.

Deschatrette, J., E.E. Moore, M. Dubois, D. Cassio, and M.C. Weiss. 1979.
Dedifferentiated variants of a rat hepatome: analysis by cell hybridization.
Somatic Cell Genet. 5:697–718.

De Simone, V., L. De Magistratis, D. Lazzaro, J. Gerstner, P. Monaci, A. Nico-
sia, and R. Cortese. 1991. LFB3, a heterodimer-forming homeoprotein of
the LFB1 family, is expressed in specialized epithelia. EMBO (Eur. Mol.
Biol. Organ.) J. 10:1435–1443.

DiPersio, C.M., D.A. Jackson, and K.S. Zaret. 1991. The extracellular matrix
coordinately modulates liver transcription factors and hepatocyte morphol-
ogy. Mol. Cell. Biol. 11:4405–4414.

Domenjoud, L., J.L., Jorcano, B. Breuer, and A. Alonso. 1988. Synthesis and
fate of keratins 8 and 18 in nonepithelial cells transfected with cDNA. Exp.
Cell Res. 179:352–361.

Dressler, G.R. 1995. The genetic control of renal development. Curr. Opin.
Nephrol. Hypertens. 4:253–257.

Duncan, S.A., A. Nagy, and W. Chan. 1997. Murine gastrulation requires HNF-4
regulated gene expression in the visceral endoderm: tetraploid rescue of
Hnf-4(2/2) embryos. Development (Camb.). 124:279–287.

Faust, D.M., M. Boshart, S.T. Imaizumi, G. Schütz, and M.C. Weiss. 1994. Con-
stancy of expression of the protein kinase A regulatory subunit R1 a in
hepatoma cell lines of different phenotypes. Cell Growth Differ. 5:47–53.

Frain, M., G. Swart, P. Monaci, A. Nicosia, S. Stampfli, R. Frank, and R. Cor-
tese. 1989. The liver-specific transcription factor LF-B1 contains a highly di-
verged homeobox DNA binding domain. Cell. 59:145–157.

French, S.W., I. Kondo, T. Irie, T.J. Ihrig, N. Benson, and R. Munn. 1982. Mor-
phologic study of intermediate filaments in rat hepatocytes. Hepatology.
2:29–38.

Goomer, R.S., B.D. Holst, I.C. Wood, F.S. Jones, and G.M. Edelman. 1994.
Regulation in vitro of an L-CAM enhancer by homeobox genes HoxD9 and



The Journal of Cell Biology, Volume 140, 1998 946

HNF-1. Proc. Natl. Acad. Sci. USA. 91:7985–7989.
Gottardi, C.J., M. Arpin, A.S. Fanning, and D. Louvard. 1996. The junction-

associated protein, zonula occludens-1, localizes to the nucleus before the
maturation and during the remodeling of cell-cell contacts. Proc. Natl. Acad.
Sci. USA. 93:10779-10784.

Griffo, G., B.C. Hamon, P.O. Angrand, M. Fox, L. West, O. Lecoq, S. Povey,
D. Cassio, and M. Weiss. 1993. HNF4 and HNF1 as well as a panel of hepatic
functions are extinguished and reexpressed in parallel in chromosomally re-
duced rat hepatoma-human fibroblast hybrids. J. Cell Biol. 121:887–898.

Gualdi, R., P. Bossard, M. Zheng, Y. Hamada, J.R. Coleman, and K.S. Zaret.
1996. Hepatic specification of the gut endoderm in vitro: cell signaling and
transcriptional control. Genes Dev. 10:1670–1682.

Gumbiner, B.M. 1995. Signal transduction of b-catenin. Curr. Opin. Cell Biol.
7:634–640.

Gumbiner, B., and K. Simons. 1986. A functional assay for proteins involved in
establishing an epithelial occluding barrier: Identification of a uvomorulin-
like polypeptide. J. Cell Biol. 102:457–468.

Huber, O., R. Korn, J. McLaughlin, M. Ohsugi,, B.G. Herrmann, and R.
Kemler. 1996. Nuclear localization of b-catenin by interaction with tran-
scription factor LEF-1. Mech. Dev. 59:3–10.

Ihrke, G., E.B. Neufeld, T. Meads, M.R. Shanks, D. Cassio, M. Laurent, T.A.
Schroer, R.E. Pagano, and A.L. Hubbard. 1993. WIF-B cells: An in vitro
model for studies of hepatocyte polarity. J. Cell Biol. 123:1761–1775.

Johnson, P.F., W.H. Landschulz, B.J. Graves, and S.L. McKnight. 1987. Identi-
fication of a rat liver nuclear protein that binds to the enhancer core element
of three animal viruses. Genes Dev. 1:133–146.

Jones, J.C., and R.D. Goldman. 1985. Intermediate filaments and the initiation
of desmosome assembly. J. Cell Biol. 101:506–517.

Katsuma, Y., S.H. Swierenga, U. Khettry, N. Marceau, and S.W. French. 1987.
Changes in the cytokeratin intermediate filament cytoskeleton associated
with Mallory body formation in mouse and human liver. Hepatology. 7:1215–
1223.

Kulesh, D.A., G. Cecena, Y.M. Darmon, M. Vasseur, and R.G. Oshima. 1989.
Posttranslational regulation of keratins: degradation of mouse and human
keratins 18 and 8. Mol. Cell. Biol. 9:1553–1565.

Kuo, C.J., P.B. Conley, C.L. Hsieh, U. Francke, and G.R. Crabtree. 1990. Mo-
lecular cloning, functional expression, and chromosomal localization of
mouse hepatocyte nuclear factor 1. Proc. Natl. Acad. Sci. USA. 87:9838–
9842.

Laemmli, U.K. 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature. 227:680–685.

Lai, E., V.R. Prezioso, W.F. Tao, W.S. Chen, and J.J. Darnell. 1991. Hepatocyte
nuclear factor 3 a belongs to a gene family in mammals that is homologous
to the Drosophila homeotic gene fork head. Genes Dev. 5:416–427.

Larue, L., C. Antos, S. Butz, O. Huber, V. Delmas, M. Dominis, and R. Kemler.
1996. A role for cadherins in tissue formation. Development (Camb.). 122:
3185–3194.

Le Douarin, N., and E. Houssaint. 1967. [Role of the mesoderm in the induc-
tion of the synthesis of glycogen during differentiation of the hepatic endo-
derm]. CR Acad. Sci. Hebd. Seances Acad. Sci. D. 264:1872–1874.

Marceau, N., R. Goyette, G. Pelletier, and T. Antakly. 1983. Hormonally-
induced changes in the cytoskeleton organization of adult and newborn rat
hepatocytes cultured on fibronectin precoated substratum: effect of Dexa-
methasone and insulin. Cell. Mol. Biol. 29:421–435.

Mevel-Ninio, M., and M.C. Weiss. 1981. Immunofluorescence analysis of the
time-course of extinction, reexpression, and activation of albumin produc-
tion in rat hepatoma-mouse fibroblast heterokaryons and hybrids. J. Cell
Biol. 90:339–350.

Miller, J.R., and R.T. Moon. 1996. Signal transduction through b-catenin and
specification of cell fate during embryogenesis. Genes Dev. 10:2527–2539.

Moll, R., W.W. Franke, D.L. Schiller, B. Geiger, and R. Krepler. 1982. The cat-
alog of human cytokeratins: patterns of expression in normal epithelia, tu-
mors and cultured cells. Cell. 31:11–24.

Nagy, P., H.C. Bisgaard, and S.S. Thorgeirsson. 1994. Expression of hepatic
transcription factors during liver development and oval cell differentiation.
J. Cell Biol. 126:223–233.

Nitsch, D., M. Boshart, and G. Schütz. 1993. Extinction of tyrosine aminotrans-
ferase gene activity in somatic cell hybrids involves modification and loss of
several essential transcriptional activators. Genes Dev. 7:308–319.

Okanoue, T., M. Ohta, K Kachi., Y. Ohta, H. Kanaoka, Y. Sawa, K. Kagawa, T.
Takino, and S.W. French. 1988. Scanning electron microscopy of the hepato-
cyte cytoskeleton in human liver tissue. J. Hepatol. 6:291–298.

Oshima, R.G., K. Trevor, L.H. Shevinsky, O.A. Ryder, and G. Cecena. 1988.
Identification of the gene coding for the Endo B murine cytokeratin and
its methylated, stable inactive state in mouse nonepithelial cells. Genes Dev.

2:505–516.
Ozawa, M., H. Baribault, and R. Kemler. 1989. The cytoplasmic domain of the

cell adhesion molecule uvomorulin associates with three independent pro-
teins structurally related in different species. EMBO (Eur. Mol. Biol. Or-
gan.) J. 8:1711–1717.

Pitot, H.C., C. Peraino, P.A. Morse, and V.A. Potter. 1964. Hepatoma in tissue
culture compared with adapting liver in vitro. Natl. Cancer Inst. Monogr. 13:
229–242.

Rey-Campos, J., T. Chouard, M. Yaniv, and S. Cereghini. 1991. vHNF1 is a ho-
meoprotein that activates transcription and forms heterodimers with HNF1.
EMBO (Eur. Mol. Biol. Organ.) J. 10:1445–1457.

Riese, J., X. Yu, A. Munnerlyn, S. Eresh, S.C. Hsu, R. Grosschedl, and M. Bi-
enz. 1997. LEF-1, a nuclear factor coordinating signaling inputs from wing-
less and decapentaplegic. Cell. 88:777–787.

Rimm, D.L., E.R. Koslov, P. Kebriaei, C.D. Cianci, and J.S. Morrow. 1995.
a1(E)-catenin is an actin-binding and -bundling protein mediating the at-
tachment of F-actin to the membrane adhesion complex. Proc. Natl. Acad.
Sci. USA. 92:8813–8817.

Roberts, B.E., and B.M. Paterson. 1973. Efficient translation of tobacco mosaic
virus RNA and rabbit globin 9S RNA in a cell-free system from commercial
wheat germ. Proc. Natl. Acad. Sci. USA. 70:2330–2334.

Rogier, E., D. Cassio, M.C. Weiss, and G. Feldmann. 1986. An ultrastructural
study of rat hepatoma cells in culture, their variants and revertants. Differen-
tiation. 30:229–236.

Singer, P.A., K. Trevor, and R.G. Oshima. 1986. Molecular cloning and charac-
terization of the Endo B cytokeratin expressed in preimplantation mouse
embryos. J. Biol. Chem. 261:538–547.

Sladek, F.M. 1993. Orphan receptor HNF-4 and liver-specific gene expression.
Receptor. 3:223–232.

Sladek, F.M., W.M. Zhong, E. Lai, and J.J. Darnell. 1990. Liver-enriched tran-
scription factor HNF-4 is a novel member of the steroid hormone receptor
superfamily. Genes Dev. 4:2353–2365.

Späth, G.F., and M.C. Weiss. 1997. Hepatocyte nuclear factor 4 expression
overcomes repression of the hepatic phenotype in dedifferentiated
hepatoma cells. Mol. Cell. Biol. 17:1913–1922.

Stevenson, B.R., and D.L. Paul. 1989. The molecular constituents of intercellu-
lar junctions. Curr. Opin. Cell Biol. 1:884–891.

Suh, E., and P.G. Traber. 1996. An intestine-specific homeobox gene regulates
proliferation and differentiation. Mol. Cell. Biol. 16:619–625.

Takeichi, M. 1995. Morphogenetic roles of classic cadherins. Curr. Opin. Cell
Biol. 7:619–627.

Taraviras, S., A.P. Monaghan, G. Schütz, and G. Kelsey. 1994. Characterization
of the mouse HNF-4 gene and its expression during mouse embryogenesis.
Mech. Dev. 48:67–79.

Tiemeier, D.C., S.M. Tilghman, and P. Leder. 1977. Purification and cloning of
a mouse ribosomal gene fragment in coliphage lambda. Gene (Amst.). 2:173–
191.

Tsarfaty, I., S. Rong, J.H. Resau, S. Rulong, P. Pinto da Silva, and G. Vande
Woude. 1994. The Met proto-oncogene mesenchymal to epithelial cell con-
version. Science. 263:98–101.

van Genderen, C., R.M. Okamura, I. Farinas, R.G. Quo, T.G. Parslow, L.
Bruhn, and R. Grosschedl. 1994. Development of several organs that require
inductive epithelial-mesenchymal interactions is impaired in LEF-1-defi-
cient mice. Genes Dev. 8:2691–2703.

Venetianer, A., D.L. Schiller, and T. Magin. 1983. Cessation of cytokeratin ex-
pression in a rat hepatoma cell line lacking differentiated functions. Nature.
305:730–733.

Vleminckx, K., L.J. Vakaet, M. Mareel, W. Fiers, and F. van Roy. 1991. Genetic
manipulation of E-cadherin expression by epithelial tumor cells reveals an
invasion suppressor role. Cell. 66:107–119.

Watabe, M., A. Nagafuchi, S. Tsukita, and M. Takeichi. 1994. Induction of po-
larized cell–cell association and retardation of growth by activation of the
E-cadherin–catenin adhesion system in a dispersed carcinoma line. J. Cell
Biol. 127:247–256.

Wheelock, M.J., and P.J. Jensen. 1992. Regulation of keratinocyte intercellular
junction organization and epidermal morphogenesis by E-cadherin. J. Cell
Biol. 117:415–425.

Willott, E., M.S. Balda, A.S. Fanning, B. Jameson, C. Van Itallie, and J.M.
Anderson. 1993. The tight junction protein ZO-1 is homologous to the
Drosophila discs-large tumor suppressor protein of septate junctions. Proc.
Natl. Acad. Sci. USA. 90:7834–7838.

Zettl, K.S., M.D. Sjaastad, P.M. Riskin, G. Parry, T.E. Machen, and G.L. Fire-
stone. 1992. Glucocorticoid-induced formation of tight junctions in mouse
mammary epithelial cells in vitro. Proc. Natl. Acad. Sci. USA. 89:9069–9073.


