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We investigated the mechanism of phenotypic plas-

ticity of hepatocytes in a three-dimensional organoid

culture system, in which hepatocytic spheroids were

embedded within a collagen gel matrix. Hepatocytes

expressed several bile duct markers including cyto-

keratin (CK) 19 soon after culture and underwent

branching morphogenesis within the matrix in the

presence of insulin and epidermal growth factor. Cul-

tured hepatocytes did not express Delta-like, a spe-

cific marker for oval cells and hepatoblasts. Further-

more, hepatocytes isolated from c-kit mutant rats

(Ws/Ws), which are defective in proliferation of oval

cells, showed essentially the same phenotypic

changes as those isolated from control rats. The bile

duct-like differentiation of hepatocytes was associ-

ated with increased expression of Jagged1, Jagged2,

Notch1, and several Notch target genes. CK19 expres-

sion and branching morphogenesis were inhibited by

dexamethasone, a mitogen-activated protein kinase

kinase 1 (MEK1) inhibitor (PD98059), and a phos-

phatidyl inositol 3-kinase inhibitor (LY294002). After

being cultured for more than 3 weeks within the gels,

hepatocytes transformed into ductular structures sur-

rounded by basement membranes. Our results sug-

gest that hepatocytes might have the potential to

transdifferentiate into bile duct-like cells without ac-

quiring a stem-like phenotype and that this is medi-

ated through specific protein tyrosine phosphoryla-

tion pathways. (Am J Pathol 2005, 166:1077–1088)

Bile ductules are known to increase in the portal area in

chronic liver disease associated with portal fibrosis and

inflammation. This tissue reaction has been referred to as

the atypical ductular reaction, which can be distin-

guished from the typical ductular reaction because of

regular proliferation of pre-existing bile duct cells seen in

acute biliary obstruction.1,2 The progressive permeation

of the liver lobules by irregular ductular structures ap-

pears to further hamper the function of the liver.

The cellular origin of the newly formed bile ductules in

the atypical ductular reaction has been a subject of de-

bate. It has been speculated that emergent ductules in

the reaction might be derived from putative liver stem

cells.3,4 Liver stem cells include transit-amplifying ductu-

lar cells (oval cells) and periductal stem cells, which

reside in the terminal bile ductules and periductal areas

of the adult liver, respectively.4–6 They are considered to

be bipotential (having a capacity to differentiate into both

hepatocytes and bile ductular cells) or multipotential, and

some of them might be derived from the bone marrow.

Although mature hepatocytes have an extensive self-

renewal capacity during liver injury and are regarded as

functional stem cells,7–9 it has been generally supposed

that their phenotype is fixed, thereby constituting a unipo-

tential stem cell system.5,6 However, as discussed exten-

sively by Desmet and colleagues,1 it is also possible that

at least some types of ductular reaction might be be-

cause of metaplastic differentiation of mature hepato-

cytes into bile ductules (ductular metaplasia).

We previously reported that aggregates of adult rat hepa-

tocytes cultured within type I collagen gels underwent

branching morphogenesis with expression of bile duct-spe-

cific cytokeratin (CK) 19.10 Other investigators also pro-

vided evidence of possible phenotypic changes of mature

hepatocytes to bile duct-like cells.11–15 Although these data

strongly suggest the bipotentiality of mature hepatocytes,

the detailed process and mechanism of the transformation

have not been described, and true bile ductular structures,

ie, small round ductules surrounded by basement mem-

branes, have not been demonstrated to appear in hepato-

cytic cultures. Furthermore, it has not been clear whether

these changes are transdifferentiation of hepatocytes to bile

duct cells, or are mediated by dedifferentiation of hepato-
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cytes to more primitive (stem-like) cells, such as oval cells or

hepatoblasts.

In the present study, we have shown that hepatocytes

express several bile duct markers, including CK19, soon

after being cultured, but they do not express Delta-like, a

recently identified marker for oval cells and hepato-

blasts.16,17 We have also suggested that transdifferentia-

tion of hepatocytes is associated with the activation of the

Notch signaling pathway, which is crucial in normal bile

duct differentiation,18 and that bile duct-like differentia-

tion is dependent on specific protein tyrosine phosphor-

ylation pathways, such as those mediated by MEK1 and

PI 3 kinase. Finally, we have demonstrated that hepato-

cytes actually form round ductular structures, which are

morphologically and immunocytochemically indistin-

guishable from bile ductules, within type I collagen gels

in long-term cultures.

Materials and Methods

Isolation and Culture of Rat Hepatocytes

Hepatocytes of male F344 rats (6 to 10 weeks old) were

isolated by the two-step collagenase perfusion method,

followed by repeated low-speed centrifugation at 70 � g.

Isolated hepatocytes were plated onto positively charged

plastic dishes (Primaria; Becton-Dickinson Labware,

Franklin Lakes, NJ) to form spheroidal aggregates. In

some experiments, cells were also plated on collagen-

coated plastic dishes. Cells were cultured in serum-free

Williams’ E medium supplemented with 10 mmol/L nico-

tinamide, 10 ng/ml mouse epidermal growth factor (EGF)

(Roche Diagnostics, Mannheim, Germany), and 10�7

mol/L insulin (Sigma Chemical Company, St. Louis, MO).

After 4 or 5 days, formed spheroidal aggregates were

harvested and used for three-dimensional cultures. In

some experiments, periportal and perivenular hepato-

cytes were selectively isolated by the digitonin-collage-

nase perfusion technique.19 Hepatocytes were also iso-

lated from Ws/Ws rat, a mutant for the c-kit receptor

tyrosine kinase20 that is known to be defective in oval cell

proliferation.21

Three-dimensional cultures of hepatocytic spheroids

within the collagen gel matrix were performed using a

type I collagen solution (Cellmatrix Type I-A; Nitta Gelatin,

Osaka, Japan) as described previously.10 After embed-

ding the spheroidal aggregates within the matrix, cells

were cultured in Williams’ E medium supplemented with

10 mmol/L nicotinamide and 10% fetal bovine serum

(standard medium), with or without insulin (10�7 mol/L)

and EGF (10 ng/ml). To examine the effects of increased

protein tyrosine phosphorylation on hepatocytic differen-

tiation, a protein tyrosine phosphatase inhibitor, sodium

orthovanadate (OV; Wako Pure Chemical Industries,

Osaka, Japan) was added to the medium at various

concentrations. In some experiments, dexamethasone

(Sigma), a specific mitogen-activated protein kinase ki-

nase 1 (MEK1) inhibitor (PD98059; Cell Signaling, Bev-

erly, MA), or a phosphatidyl inositol (PI) 3-kinase inhibitor

(LY294002; Cell Signaling) was also added to the

medium.

To examine the presence of ductular structures, long-

term cultured cells within the collagen gels were fixed in

acetic acid-ethanol (1:99), paraffin-embedded, sec-

tioned, and stained with hematoxylin and eosin (H&E).

For observation of the ultrastructures, cells were fixed

with 2.5% glutaraldehyde and 1% osmium tetroxide, and

embedded in Epon resin. Ultrathin sections were stained

with uranylate and lead and observed under an electron

microscope (JEOL, Tokyo, Japan).

Western Blot Analysis

Gels containing cells were washed with phosphate-buff-

ered saline and homogenized in a lysis buffer (1% Triton

X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl

sulfate, 158 mmol/L sodium chloride in 10 mmol/L

Tris-HCl buffer, pH 7.5) containing protease inhibitors.

Protein samples were also prepared from the nonparen-

chymal cells, which were present in the supernatant after

the first low-speed centrifugation during hepatocyte iso-

lation, and undigested portal tissues. Samples (40 �g

protein per lane) were subjected to sodium dodecyl sul-

fate-polyacrylamide gel electrophoresis using 10% poly-

acrylamide gels, and then transferred to polyvinylidene

difluoride membranes. Primary antibodies used were

anti-albumin (rat-specific; Nordic Immunological Labora-

tories, Tilburg, Netherlands), anti-CK19 (Amersham-

Pharmacia Biotech UK, Buckinghamshire, UK), anti-CK8

(American Research Products, Belmont, MA), anti-CK20

(Biomeda, Foster City, CA), anti-proliferating cell nuclear

antigen (PCNA) (Santa Cruz Biotechnology, Santa Cruz,

CA), anti-hepatocyte nuclear factor (HNF)-1 (Santa Cruz),

anti-HNF-4� (Santa Cruz), anti-SE-1 (a specific antibody

against rat sinusoidal endothelial cells),22 PY-20

(TaKaRa, Ohtsu, Japan), and anti-actin (Sigma) antibod-

ies. Detection was performed with enhanced chemilumi-

nescence reagents (Amersham-Pharmacia Biotech UK).

Reverse Transcriptase-Polymerase Chain

Reaction (RT-PCR)

We examined gene expression of several hepatocytic

and bile duct markers, as well as deleted in malignant

brain tumor 1 (DMBT1), a marker for atypical bile ductular

reaction,23 and Delta-like, a marker for oval cells and

hepatoblasts,16,17 in cultured hepatocytes by RT-PCR.

We also examined gene expression of the ligands, re-

ceptors, and primary targets of the Notch signaling sys-

tem, which is thought to be crucial in the development of

intrahepatic bile ducts.24–26 Glyceraldehyde 3-phos-

phate dehydrogenase (GAPDH) mRNA was amplified to

evaluate the input RNA for each reaction. Total RNA from

hepatocytes and portal tissues was prepared by using

TRIzol reagent (Life Technologies, Grand Island, NY). A

one-step RT-PCR kit (TaKaRa) was used for the reaction,

in which RNA (0.5 �g) was reverse-transcribed using

AMV reverse transcriptase for 30 minutes and then am-
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plified for 25 cycles of 95, 60, and 72°C for 30, 30, and 90

seconds.

The specific primers used and the expected fragment

sizes were as follows. Albumin: forward, 5�-TTGCCAAG-

TACATGTGTGAG-3�; reverse, 5�-GGTTCTTCTACAA-

GAGGCTG-3�; 373 bp. Transthyretin: forward, 5�-GGG-

TAGAACTGGACACCAAATC-3�; reverse, 5�-AGAACGT-

TTCACGGCATCTTCC-3�, 294 bp. CYP2B2: forward, 5�-

GAGTTCTTCTCTGGGTTCCTG-3�; reverse, 5�-ACTGTG-

GGTCATGGAGAGCTG-3�; 550 bp. CYP8B1: forward, 5�

AGCACGCAGAAAGTGCTAGAC-3�; reverse, 5�-TGTCC-

TTGGTGCAGCCAAACA-3�; 301 bp. CK19: forward, 5�-

GACTTCCTATAGCTATCGCC-3�; reverse, 5�-TCTGGT-

ACCAGTCGCGAATC-3�; 359 bp. Glutathione S-trans-

ferase placental form (GST-P): forward, 5�-TCAAGTC-

CACTTGTCTGTATG-3�; reverse, 5�-CTGTTTACCGCCG-

TTGAT-3�; 500 bp. DMBT1: forward, 5�-GGCACAAATA-

ACGATGTGTCC-3�; reverse, 5�-AGTTGTCCACCAATCG-

GCTAT-3�;510bp.�-Fetoprotein(AFP):forward,5�-TGAAA-

TTTGCCACGAGACGG -3�; reverse, 5�-TGTCATACTGA-

GCGGCTAAG-3�; 272 bp (specific to the 2.1 kb

transcript).27 Delta-like (preadipocyte factor 1): forward,

5�-ATGTCTGCAGGTGTGAGCCTG-3�; reverse, 5�-GGC-

TTGCACAGACACTCGAAG-3�; 599 bp. Jagged1: for-

ward, 5�-TCCAGCCTCCAGCCAGTGAA-3�; reverse, 5�-

GGAAGGCTCACAGGCTATGT-3�; 201 bp.24 Jagged2:

forward, 5�-ACATGCTATGACAGCGGCGA-3�; reverse, 5�

CCAGGAACTCCCATGTGGGA-3�; 480 bp. Notch1: for-

ward, 5�-ATCCATGGCTCCATCGTCTA-3�; reverse, 5�

TTCTGATTGTCGTCCATCAG-3�; 422 bp. Notch2: forward,

5�-TTTGCTGTCGGAAGACGACC-3�; reverse, 5�-GC-

CCATGTTGTCCTGGGCGT-3�; 403 bp. Notch3: forward,

5�-TTCCAGATTCTCATCAGGAA-3�; reverse, 5�-TCCTG-

GTGGGCAGAGCAATG-3�; 480 bp. Hes (hairy/enhancer

of split) 1: forward, 5�-CAACACGACACCGGACAAACC-

3�; reverse, 5�-AGTGCGCACCTCGGTGTT-AAC-3�; 349

bp. Hes2: forward, 5�-CTTCTGTTTTCGCT-CTGCCTT-3�;

reverse, 5�-TCGAGGTAGCTATCCAA-AGAC-3�; 352 bp.

Hes3: forward, 5�-TCAGCATCTTTAT-CAGGCCTC-3�; re-

verse, 5�-CTAGCCAAAGTCCTTGC-AATG-3�; 302 bp.

Hes5: forward, 5�-CAAGGAGAAAAA-TCGACTGCG-3�;

reverse, 5�-ATGCAGGGTCAGGAACT-GCAC-3�; 280 bp.

HERP (Hes-related repressor protein) 1: forward, 5�-

ACCCAATGGACTCCACACATC-3�; reverse, 5�-TGTTC-

CACTGCTTGTCTGCTG-3�; 379 bp. HERP2: forward, 5�-

GAGATCTTGCAGATGACTGTG-3�; reverse, 5�-TGTCG-

AAGGACTCAGTAGATG-3�; 561 bp. GAPDH: forward, 5�-

ACCACAGTCCATGCCATCAC-3�; reverse, 5�-TCCAC-

CACCCTGTTGCTGTA-3�; 452 bp.

Immunocytochemistry and Lectin Cytochemistry

Immunocytochemistry for albumin, CK19, CK7, laminin,

type IV collagen, Notch1, and Jagged1 was performed

on paraffin sections of cells embedded within the gels.

The primary antibodies used were as follows. Anti-albu-

min (Nordic Immunological Laboratories), anti-CK19

(mouse monoclonal, 1:200 dilution; Amersham-Pharma-

cia Biotech UK), anti-CK7 (mouse monoclonal, 1:20 dilu-

tion; ICN Pharmaceuticals, Aurora, OH), anti-laminin (rab-

bit polyclonal, 1:1000 dilution, LSL; Cosmo Bio, Tokyo,

Japan), anti-collagen type IV (mouse monoclonal, 1:100;

Chemicon, Temecula, CA), anti-Notch1 (goat polyclonal,

1:100 dilution, C-20; Santa Cruz), and anti-Jagged1 (rab-

bit polyclonal, 1:100 dilution, H-114; Santa Cruz). Detec-

tion was performed with Envision� system HRP (DAKO,

Carpinteria, CA) for albumin, CK19, CK7, laminin, colla-

gen type IV, and Jagged1, and with ImmunoCruz staining

system (Santa Cruz) for Notch1. Cells in paraffin sections

were also examined for binding sites of Dolichos biflorus

agglutinin, a bile duct-specific lectin, using biotin-conju-

gated Dolichos biflorus agglutinin (EY Laboratories, San

Mateo, CA).

Results

Branching Morphogenesis and Expression of

Bile Duct-Specific CK in Cultured Hepatocytes

After plating on Primaria dishes, isolated hepatocytes

formed spheroidal aggregates within 3 days (Figure 1A).

After being embedded within a collagen gel matrix, hepa-

tocytes began to extend cellular processes into the ma-

trix and, after 7 days, some of the spheroids showed a

branching morphology in the presence of insulin and

EGF, but not in the absence of these factors (Figure 1B).

We examined the expression of several hepatocytic

markers and CK in hepatocytes cultured within the col-

Figure 1. Branching morphogenesis and bile duct-specific CK expression in
the three-dimensional cultures of hepatocytes within a collagen gel matrix. A:
Spheroidal aggregates of isolated hepatocytes on positively charged plastic
dishes (3 days after culture). Phase-contrast microscopy. Original magnifica-
tion, �25. B: Spheroidal aggregates cultured for 7 days within the matrix in
the absence (left) or presence (right) of insulin (10�7 mol/L) and EGF (10
ng/ml). Phase-contrast microscopy. Original magnification, �25. C: Western
blot analyses for the expression of albumin, HNF-1, HNF-4�, CK8, CK19,
CK20, and actin in hepatocytes at various time periods after culture in the
presence of insulin (10�7 mol/L) and EGF (10 ng/ml). D: Western blot
analyses for the expression of CK8, CK19, CK20, and SE-1 (sinusoidal endo-
thelial cell marker) in freshly isolated hepatocytes, nonparenchymal cells,
and portal tissues.
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lagen gels by Western blot analysis. Hepatocytic markers

(albumin, HNF-1, and HNF-4�), as well as CK8, which is

known to be normally expressed in hepatocytes, were

expressed in the spheroids either before or after being

embedded within the gels (Figure 1C). Although there

was no detectable protein expression of CK19 and CK20,

another bile duct-specific CK,28 in freshly isolated hepa-

tocytes and 3-day- and 5-day-cultured spheroids,

the cells in the spheroids began to express both CKs 2

days after being embedded within the collagen gel matrix

(Figure 1C). A total period of 7 days in culture was nec-

essary to obtain a detectable level of protein expression

of the bile duct-specific CK, irrespective of culture forms

(monolayer, spheroid, or collagen gel cultures) (data not

shown). Actin was expressed in both freshly isolated and

cultured hepatocytes, whereas there was an increase in

expression after culture (Figure 1C). As shown in Figure

1D, bile duct-specific CK19 expression was found in the

portal tissues (containing bile ducts and blood vessels),

but absent in freshly isolated hepatocytes and a

nonparenchymal cell fraction (containing Kupffer cells,

stellate cells, and sinusoidal endothelial cells). CK8 was

detected in both hepatocytes and portal tissues, and

expression of the specific endothelial cell marker, SE-1,22

was only found in the nonparenchymal cell fraction

(Figure 1D).

There Are No Essential Differences in

Morphogenesis and CK19 Protein Expression

between Periportal and Perivenular

Hepatocytes, As Well As between Normal and

Ws/Ws Rat Hepatocytes

Although there was no detectable CK19 protein (Figure 1, C

and D) or CK19-immunopositive cells in the isolated hepa-

tocytes,10 there was a possibility that the phenotypic

changes in cultured hepatocytes described above were

because of contaminated bile duct cells or liver stem cells in

the initial cell fraction. Because bile duct cells and stem

cells are present in the periportal areas of the liver lobules,

the perivenular areas should be devoid of these cells.

Therefore, to test the possible contribution of contaminated

cells to the appearance of bile duct markers, we selectively

isolated perivenular and periportal hepatocytes by the dig-

itonin infusion method19 and compared the morphogenesis

and CK protein expression. As shown in Figure 2A, there

was no difference between the perivenular hepatocytes in

branching morphogenesis. Furthermore, the hepatocytes

from both areas expressed bile duct-specific CK (CK19,

CK20) to the same extent after being embedded within the

collagen gel matrix (Figure 2B).

Although our results showed that mature hepatocytes

could demonstrate a bile duct-like phenotype soon after

culture, it is possible that hepatocytes might have trans-

formed themselves to stem-like cells, such as oval cells,

at least transiently. To address the possibility, we exam-

ined hepatocytes from c-kit mutant (Ws/Ws) rats,20 which

were demonstrated to be almost defective in oval cell

proliferation after application of hepatocarcinogenic pro-

cedures.21 Ws/Ws hepatocytes also showed branching

morphogenesis (Figure 2C) and protein expression of

bile duct-specific CK similar to those in the control rats

(Figure 2D), suggesting that bile duct-like differentiation

of mature hepatocytes might not be dependent on oval

cell transformation.

Gene Expression of Bile Duct-Specific Proteins,

As Well As of Several Proteins Involved in Notch

Signaling, but Not Delta-Like, Increases in

Hepatocytes during Culture

Cultured hepatocytes fairly well maintained the expres-

sion of their differentiation markers, such as albumin,

transthyretin, claudin2, and CYP2B2, for at least 2 weeks,

whereas the expression of CYP8B1 gradually declined

(Figure 3). However, the expression of CK19 mRNA ap-

peared soon after culture, reached a plateau after 5 days

in spheroids, and was maintained thereafter within the

collagen gels (Figure 3, data not shown). The gene ex-

Figure 2. Branching morphogenesis and bile duct-specific CK expression of
periportal and perivenular hepatocytes and Ws/Ws rat hepatocytes within a
collagen gel matrix. Cells were cultured in the presence of insulin (10�7

mol/L) and EGF (10 ng/ml). A: Branching morphogenesis of periportal and
perivenular hepatocytic spheroids. Phase-contrast microscopy. Original mag-
nification, �25. B: Western blot analyses for the expression of CK19, CK20,
CK8, and actin in cultured periportal and perivenular hepatocytes. C: Branch-
ing morphogenesis of normal (F344) and c-kit mutant (Ws/Ws) rat hepato-
cytes. Phase-contrast microscopy. Original magnification, �25. D: Western
blot analyses for the expression of CK19, CK20, CK8, and actin in cultured
Ws/Ws hepatocytes.
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pression of another bile duct marker, GST-P,29 also dra-

matically increased and persisted in cultured hepato-

cytes (Figure 3). Although DMBT1 protein has been

reported to be positive in atypical ductular reaction and

negative in normal hepatocytes and bile ducts,23 its

mRNA was clearly detected in normal portal tissues (Fig-

ure 3). Notably, DMBT1 gene expression emerged in

cultured hepatocytes (Figure 3). The aberrant expression

of the DMBT1 gene in hepatocytes also took place in

monolayer culture on collagen-coated dishes (Figure 4).

As shown in a previous study,30 the major form of AFP

mRNA (2.1 kb), which was undetectable in adult hepato-

cytes, was expressed in portal tissues containing bile

ducts, although the expression level was much lower

than that of the fetal liver (Figure 3). The AFP mRNA

gradually increased in hepatocytes, but its expression

level did not exceed that of portal tissues (Figure 3).

Since it has been recently shown that Delta-like or Dlk,

a homologue of Drosophila Delta protein, is specifically

expressed in oval cells and hepatoblasts,16,17 we exam-

ined whether Delta-like mRNA was expressed in cultured

hepatocytes when they began to show bile duct markers.

Consistent with previous reports,16,17,31 Delta-like gene

was not expressed in the adult hepatocytes and portal

tissue, but it was highly expressed in the fetal liver (Figure

3). Delta-like mRNA was not detected in cultured hepa-

tocytes, suggesting that hepatocytes might not show an

oval cell-like or hepatoblastic phenotype after maturation

(Figure 3).

We also analyzed gene expression of the other ligands

and receptors of the Notch signaling pathway, since it

has been reported that the pathway is important in the

development of intrahepatic bile ducts.18 Although gene

expression of Jagged1, Jagged2, and Notch1 was

higher in portal tissues as compared with hepatocytes,

their expression was strongly induced in hepatocytes

during spheroid formation, and the high expression levels

were maintained after being embedded within the colla-

gen gel matrix (Figure 3). The expression also occurred

in monolayer cultures (Figure 4). In contrast, both hepa-

tocytes and portal tissues expressed Notch2 mRNA to

the same extent, and there was no change during culture

(Figure 3). Although strong gene expression of Notch3

was seen in portal tissues, there was no detectable ex-

pression of the gene in hepatocytes either before or after

culture (data not shown).

Figure 3. Time course of gene expression of various hepatocyte-, bile duct-,
and oval cell-specific markers and the molecules involved in the Notch
signaling pathway in cultured hepatocytes. Cells were cultured in the pres-
ence of insulin (10�7 mol/L) and EGF (10 ng/ml) and total RNA was
extracted. RT-PCR analyses for the expression of albumin, transthyretin
(TTR), claudin2, CYP2B2, CYP8B1, CK19, glutathione S-transferase placental
form (GST-P), DMBT1, AFP, Delta-like, Notch ligands (Jagged1 and
Jagged2), Notch receptors (Notch1 and Notch2), and primary Notch targets
(Hes1, Hes2, HERP2). Comparison of gene expression between freshly
isolated hepatocytes and the portal tissue containing bile ducts is shown at
the left. For control, reverse transcriptase was omitted from the reaction
mixture for each primer set with hepatocyte RNA (albumin, transthyretin,
claudin2, CYP2B2, and CYP8B1), portal tissue RNA (CK19, GST-P, DMBT1,
Jagged1, Jagged2, Notch1, Notch2, Hes1, Hes2, HERP2, and GAPDH), or
E17.5 fetal liver RNA (AFP and Delta-like) as a template (right). GAPDH
expression was assessed for the quality and quantity of each template RNA.

Figure 4. Effects of dexamethasone (Dex) on the morphogenesis of hepa-
tocytic spheroids within a collagen gel matrix and gene expression of several
differentiation markers. Hepatocytes were cultured in the presence of insulin
(10�7 mol/L) and EGF (10 ng/ml), with or without Dex (10 �mol/L). A:
Phase-contrast microscopy of spheroid morphology cultured for 7 days
within the gels. Original magnification, �25. B: RT-PCR analyses for the time
course of expression of albumin, CYP2B2, CK19, DMBT1, Jagged1, and
Notch1 in hepatocytes cultured on type I collagen-coated plastic dishes.
GAPDH expression was assessed for the quality and quantity of each tem-
plate RNA.

Ductular Differentiation of Hepatocytes 1081
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To examine if the Notch signaling pathway was acti-

vated in cultured hepatocytes, we also performed RT-

PCR analyses for the expression of several primary Notch

target genes. Among the Notch targets examined, we

could not detect specific signals for Hes3 and Hes5 gene

expression in the liver (data not shown). Although strong

Hes1 gene expression was detected both in hepatocytes

and portal tissues, there was no change in the expression

in hepatocytes during culture (Figure 3). Although the

HERP1 gene was strongly expressed in portal tissues,

there was no detectable expression in hepatocytes either

before or after culture (data not shown). The gene ex-

pression of Hes2 and HERP2 was observed in portal

tissues, but not in freshly isolated hepatocytes. Their

expression was, however, markedly induced and main-

tained at high levels in cultured hepatocytes (Figure 3).

Dexamethasone Strongly Inhibits the Gene

Expression of CK19 and DMBT1, As Well As

Branching Morphogenesis, but Does Not Affect

the Expression of Jagged1 and Notch1

Because glucocorticoids are known to play important

roles in maintaining hepatocytic differentiation,14,32,33 we

examined the effect of dexamethasone on cultured hepa-

tocytes. Dexamethasone suppressed the formation of

branching processes by spheroids and induced fluid-

containing cystic spaces in the center of the spheroids

(Figure 4A). Consistent with previous reports, dexameth-

asone slightly increased the gene expression of albumin

and CYP2B2 (Figure 4B). Dexamethasone strongly inhib-

ited the expression of CK19 and DMBT1 genes, whereas

it did not affect that of Jagged1 and Notch1 genes

(Figure 4B).

The Hepatocytic Expression of CK19 and

DMBT1, but Not Jagged1 and Notch1, Is

EGF-Dependent

To explore the mechanism of the expression of bile duct

markers by cultured hepatocytes, we examined the dif-

ferential effects of EGF and insulin on gene expression of

these proteins in monolayer cultured hepatocytes. Gene

expression of CK19 and DMBT1 took place when EGF,

not insulin, was present in the medium (Figure 5A). In

contrast, gene expression of Jagged1 and Notch1 was

completely independent of these factors (Figure 5A).

Then we examined which signaling pathways stimulated

by EGF were involved in the gene expression of CK19

and DMBT1 by experiments using the MEK1 inhibitor

PD98059 and the PI 3 kinase inhibitor LY294002. The

gene expression of CK19 was inhibited by both reagents,

although more strongly by LY294002 (Figure 5B). In con-

trast, DMBT1 gene expression was only slightly inhibited

by PD98059, and not affected by LY294002 (Figure 5B).

Neither inhibitor affected the expression of Jagged1 and

Notch1 genes (Figure 5B).

Both Branching Morphogenesis and CK19

Protein Expression of Hepatocytes Are

Enhanced by Increasing Protein Tyrosine

Phosphorylation Levels by Orthovanadate and

Inhibited by the MEK and PI 3K Inhibitors

The above data suggested that protein tyrosine phos-

phorylation pathways might be important in the branch-

ing morphogenesis and CK19 protein expression of cul-

tured hepatocytes. To further test the possibility,

spheroids were cultured with OV, a protein tyrosine phos-

phatase inhibitor that is known to increase the levels of

protein tyrosine phosphorylation of cellular proteins, in-

cluding those involved in the insulin and EGF pathways.

In fact, OV markedly enhanced branching morphogene-

sis in the presence of insulin and EGF (Figure 6A). OV did

not exert any morphogenetic effects when used alone or

in combination with EGF (Figure 6B). On the other hand,

when insulin was present, OV enhanced morphogenesis,

which was further stimulated by the addition of EGF (Fig-

ure 6B), indicating that insulin was a prerequisite factor

for branching morphogenesis of cultured hepatocytes, as

we suggested in our previous study.10

OV enhanced CK19 protein expression in a dose-

dependent manner (Figure 6C), whereas it did not signif-

icantly affect the expression of CK8 (Figure 7, B and C).

In contrast to the effect on morphogenesis, this effect on

CK19 protein expression was dependent on EGF, but not

insulin (data not shown), which was consistent with the

previous RT-PCR data (Figure 5A). As expected, OV

increased tyrosine phosphorylation of cellular proteins,

which appeared to be parallel to the increase in CK19

(Figure 6C).

To examine whether the growth of hepatocytes is re-

quired for the branching morphogenesis with CK19

expression, we analyzed PCNA expression during the pro-

cess. Hepatocytes underwent robust transient cell growth

on Primaria dishes when they formed spheroidal aggre-

gates, but after being embedded within the collagen gel

Figure 5. Effects of EGF, insulin, and signal transduction inhibitors on gene
expression of bile duct markers in hepatocytes. Hepatocytes were cultured
on type I collagen-coated plastic dishes for 4 days. A, B: RT-PCR analyses for
the expression of CK19, DMBT1, Jagged1, and Notch1. A: Effects of EGF (10
ng/ml), insulin (10�7 mol/L), or both on the gene expression. B: RT-PCR
analyses of the effects of PD98059 (mitogen-activated protein kinase 1
inhibitor) and LY294002 (PI 3-kinase inhibitor) on gene expression in the
presence of EGF (10 ng/ml). GAPDH expression was assessed for the quality
and quantity of each template RNA.
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matrix, overall cell growth returned to basal levels (Figure

6D). However, the stimulating effect of OV on morphogen-

esis was associated with an increase in PCNA expression

(Figure 6D), suggesting that cell growth played an impor-

tant role in branching morphogenesis.

To further examine the involvement of specific protein

tyrosine phosphorylation pathways stimulated by insulin

and EGF, we tested the effects of PD98059 and

LY294002 on morphogenesis and CK19 protein expres-

sion within the gels. Both inhibitors blocked branching

morphogenesis in the absence (data not shown) or pres-

ence of OV (Figure 7A). In agreement with the RT-PCR

data shown above (Figure 5B), PD98059 inhibited both

CK19 protein expression and ERK phosphorylation,

which were induced by OV (Figure 7B). Likewise,

LY294002 inhibited both CK19 protein expression and

Akt phosphorylation (Figure 7C). In contrast, the expres-

sion of CK8 protein was not affected by these inhibitors

(Figure 7, B and C).

Hepatocytes Form Ductular Structures with

Basement Membranes within the Collagen

Matrix after Long-Term Cultures

In our previous study,10 we demonstrated tubular struc-

tures lined by microvilli in the branching processes 7

days after culture, but we did not observe basement

membranes around them. Because longer cultures might

be necessary for basement membrane formation, we

extended the culture period. Cells could be maintained at

least for several months, if the gels did not detach from

the dishes because of gradual shrinkage. After 3 weeks,

many of the branching ductular processes began to di-

late, and some became cystic, apparently because of

fluid accumulation (Figure 8A). Thereafter, cell aggre-

gates and processes became more ductular or micro-

cystic (Figure 8B). H&E-stained sections revealed that

they were composed of many round ductular structures

of various sizes (Figure 9, A and D). Electron microscopic

observation demonstrated the presence of inchoate

ductular structures surrounded by thin basement mem-

branes after 25 days (Figure 8, C and D). After longer

culture periods, the ductular structures became more

mature with well-formed basement membranes (Figure 8,

E and F).

Immunocytochemically, although cells gradually lost

albumin expression (Figure 9, B and E), they continued to

express CK19 (Figure 9, C and F). Cells were also pos-

itive for CK7, another bile duct-specific CK (Figure 9G).

Furthermore, apical surfaces of some of the dilated lu-

mens contained Dolichos biflorus agglutinin-binding sites

(Figure 9H), which is a phenotypic characteristic of nor-

mal rat bile ducts.34 The extracellular matrix around the

Figure 6. Effects of sodium orthovanadate (OV) on branching morphogen-
esis and CK19 expression of cultured hepatocytes. Hepatocytic spheroids
were cultured within a type I collagen gel matrix for 7 days (A) or 4 days (B)
in the presence of insulin (10�7 mol/L), EGF (10 ng/ml), or sodium or-
thovanadate (OV, 40 �mol/L). A, B: Phase-contrast microscopy. Original
magnification, �25. C: Western blot analyses for CK19- and tyrosine-phos-
phorylated proteins. D: Western blot analysis for PCNA.

Figure 7. Effects of signal transduction inhibitors on branching morphogen-
esis and CK expression of cultured hepatocytes. Spheroidal aggregates were
cultured within a type I collagen gel matrix for 7 days (A) or 4 days (B, C) in
a medium supplemented with insulin (10�7 mol/L) and EGF (10 ng/ml). A:
Phase-contrast microscopy showing the effects of PD98059 (50 �mol/L) or
LY294002 (40 �mol/L) in the presence of orthovanadate (OV, 40 �mol/L).
Original magnification, �25. B, C: Western blot analyses for the effects of
PD98059 (B) or LY294002 (C) on expression of CK8, CK19, phosphorylated
ERK (B), and phosphorylated Akt (C).
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ductular structures contained laminin (Figure 9I), as well

as type IV collagen (Figure 9J). Most cells expressed

Jagged1 and Notch1 proteins, suggesting that each cell

expressed both the ligands and receptors (Figure 9, K

and L).

Discussion

In this study, we showed that hepatocytes expressed

several bile duct markers soon after culture and formed

small ductular structures composed of a single cell layer

and a central lumen, which were surrounded by a lami-

nin-rich matrix and distinct basal membranes, within a

collagen gel matrix after long-term cultures. Contrary to

the widely accepted notion that the phenotype of hepa-

tocytes is fixed,5,6 our results, together with other inves-

tigators’ observations,11,12,14,15 strongly suggest that

hepatocytes could change their phenotype to that of bile

duct cells even after fully maturing.

The possibility that there were contaminated bile duct

cells in the initial hepatocyte preparation seems to be

unlikely, because neither CK19-positive cells,10 CK19

mRNA, nor CK19 protein were detected in the samples

from the isolated hepatocyte fraction. Furthermore, our

findings of isolated perivenular hepatocytes showing sim-

ilar bile duct-like differentiation soon after culture further

confirmed that the phenotypic change was not depen-

dent on the presence of contaminated bile duct cells. It

might also be argued that a small number of putative liver

stem cells, which might be present in the hepatocytic

preparation, selectively proliferated and differentiated

into bile duct cells. However, this possibility is also un-

likely, because these stem cells are thought to present

preferentially in the periportal area that was destroyed by

digitonin infusion.

Bile ductular differentiation of hepatocytes has also

been described in several reports of extrahepatic trans-

plantation of hepatocytes. Jirtle and colleagues35 ob-

served bile ductular structures in hepatocyte transplants

within the dorsal fascia of partially hepatectomized rats.

Fogli and colleagues36 reported that proliferating hepa-

tocytes, which were isolated at 24 hours after a partial

hepatectomy, formed ductules in the spleen. Further-

more, Hillan and colleagues37 performed intrasplenic

transplantation of hepatocytes and common bile duct

ligation at the same time and reported that most of the

transplanted hepatocytes became ductular. We also per-

formed experiments in which hepatocytic aggregates

cultured for 10 days (5 days on Primaria dishes and then

5 days within collagen gels) were transplanted into the

splenic parenchyma, and found that the majority of the

transplanted hepatocytes showed a ductular morphology

after 1 or 2 weeks (Nishikawa et al, unpublished obser-

vation). These data indicate that hepatocytes can trans-

form into bile duct-like cells under certain cellular and

environmental conditions.

Generation of bile duct-like cells from differentiated

hepatocytes may be explained by two distinct mecha-

nisms: transdifferentiation (direct lineage conversion

through an otherwise dormant differentiation program) or

dedifferentiation (indirect lineage conversion via differen-

tiation to a more primitive, stem-like cell and redifferenti-

ation to another cell type).38 Oval cells and periductal

stem cells have been proposed to constitute the putative

stem cell system of the liver.4–6 Although the presence

and significance of periductal stem cells are still contro-

versial,39 there has been ample evidence showing that

oval cells may be transit-amplifying cells that ultimately

differentiate into hepatocytes or bile duct cells in some

cases of severe liver injury. It has been recently reported

that rat oval cells specifically express Delta-like protein

that belongs to the EGF-like homeotic protein family.16

Interestingly, the same protein has also been shown to be

expressed in mouse hepatoblasts that are the sources of

both hepatocytic and bile duct lineages.17 Our experi-

ments demonstrated that cultured hepatocytes did not

express Delta-like mRNA during bile duct-like differenti-

ation, suggesting that hepatocytes might not undergo

dedifferentiation after maturation. This is consistent with

the recent report by Wang and colleagues,40 which has

demonstrated that dedifferentiation of hepatocytes to

oval cells does not occur in vivo in mouse liver repopula-

tion experiments. Furthermore, hepatocytes from the

Figure 8. Bile duct-like morphology of hepatocytic aggregates after long-
term culture. Spheroidal aggregates were cultured within a collagen gel
matrix for 21 days (A), 25 days (C, D), or 90 days (B, E, F) in the presence
of insulin (10�7 mol/L) and EGF (10 ng/ml). A, B: Phase-contrast micros-
copy. Original magnification, �25. C–F: Electron microscopy. The asterisks
denote a lumen of the same ductular structure. Basement membranes are
indicated by triangles in D and F. Scale bars: 5 �m (C, E), 0.5 �m (D, F).
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Ws/Ws rats, in which c-kit tyrosine kinase activity is se-

verely impaired because of a deletion in the tyrosine

kinase domain,20 showed phenotypic changes almost

identical to those seen in normal rats. Expressing stem

cell factor and its receptor c-kit,41 oval cells share some

characteristics with hematopoietic stem cells, and c-kit-

mediated signal transduction is considered to be crucial

in the development of oval cells.21 Thus, our in vitro data

suggest that mature hepatocytes might change their phe-

notype to those of bile duct-like cells through the trans-

Figure 9. Bile duct-like phenotype of hepatocytic aggregates after long-term culture. Spheroidal aggregates were cultured within a type I collagen gel matrix for
25 days (A–C) or 90 days (D–L) in the presence of insulin (10�7 mol/L) and EGF (10 ng/ml). A, D: H&E staining. B, C, E–G, I–L: Immunocytochemistry for
albumin (B, E), CK19 (C, F), cytokeratin 7 (CK7) (G), laminin (I), type IV collagen (Col-IV) (J), Jagged1 (K), and Notch1 (L). H: Lectin cytochemistry for Dolichos
biflorus agglutinin (DBA). Original magnifications, �100.
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differentiation mechanism, although further studies will

be required to confirm this.

Our results provide insight into the mechanisms of the

atypical ductular reaction often observed in chronic liver

disease. Although the possibility of bile duct metaplasia

of stem cells residing in the adult liver is not excluded,3,4

the emergence of bile ductules can be explained by

transdifferentiation of mature hepatocytes, ie, ductular

metaplasia.1,2 In the atypical ductular reaction, newly

formed ductules are usually seen among regenerating

hepatocytes along the inflamed portal tissue, where pro-

gressive deposition of the collagenous matrix and the

release of various growth factors and cytokines take

place. During liver organogenesis, it has been shown that

immature hepatocytes form bile ductules along the de-

veloping portal connective tissue.42 The collagenous ma-

trix might also be an inducer of bile duct differentiation of

mature hepatocytes. Our in vitro model of the ductular

metaplasia of hepatocytes may be a useful tool for the

further understanding of the processes of the progres-

sion of chronic liver damage because of a decrease in

functional hepatocytes and possible recovery from the

damage by redifferentiation of ductular hepatocytes. Al-

though it appears that prevention of portal inflammation

and fibrosis is the most important means of maintaining

hepatocytic differentiation in the liver, our study also sug-

gested the significant role of corticosteroids, such as

dexamethasone, in suppressing aberrant differentiation

of hepatocytes toward bile duct-like cells. Similar obser-

vations have been made by Michalopoulos and col-

leagues14,33 in their organoid hepatocyte culture system.

We showed that gene expression of Jagged1,

Jagged2, and Notch1 increased soon after culture,

whereas expression of Notch2 was unchanged and

Notch3 was undetectable in hepatocytes. Furthermore,

our immunocytochemical study showed that almost all

cells expressed both Jagged1 and Notch1, indicating

that each cell expresses Notch ligands and receptors.

The Notch signaling pathway is known to be crucial in

differentiation of many tissues.43 Jagged1 has been iden-

tified as the defective gene in Alagille syndrome, a ge-

netic disorder characterized by a symptomatic paucity of

intrahepatic bile duct cells.25,26 Mice double heterozy-

gous for Jagged1 and Notch2 have been reported to

exhibit Alagille-like symptoms.44 Jagged/Notch interac-

tion and subsequent Notch activation are considered to

be essential in the differentiation of intrahepatic bile ducts

during liver organogenesis.18,45 Recent reports have also

shown that bile duct expression of Notch and its ligands,

including Jagged1, is altered in chronic liver disease,

suggesting important pathogenetic roles of the Notch

signaling pathway.24,46,47

On ligand binding, the Notch receptor is processed by

the regulated intramembrane proteolysis followed by

translocation of the Notch intracellular domain (NICD) of

the protein to the nucleus, where NICD forms a complex

with a DNA binding protein (CBF), and binds to the

promoters of several primary target genes, thereby reg-

ulating their transcription.43 Hes and HERP families are

known to be regulated directly by NICD/CBF bind-

ing.43,48 The HERP family, called variously Hesr, HRT,

CHF, Hey, or gridlock, cooperates with Hes by forming

Hes-HERP heterodimers.48,49 Our RT-PCR data of rapid

induction of Hes2 and HERP2 in cultured hepatocytes

suggest that activation of the Notch signaling pathway

actually occurs in the process of hepatocytic transdiffer-

entiaton. Interestingly, HERP2 expression has been dem-

onstrated to be associated with tubular network formation

by endothelial cells,50 highlighting a possible relationship

between tubular morphogenesis and the Notch signaling.

However, our experiments also showed that dexametha-

sone inhibited the expression of bile duct markers and

branching morphogenesis, yet it did not affect the induc-

tion of Jagged1 and Notch1 gene expression, suggest-

ing that the activation of Notch signaling itself is not

sufficient to induce bile duct-like differentiation of

hepatocytes.

Cellular pathways regulated by protein tyrosine phos-

phorylation are important in growth and differentiation of

many types of cells,51 including bile duct cells.52,53 The

present study demonstrated that CK19 expression was

dependent on EGF, whereas branching morphogenesis

required insulin and was enhanced by EGF, suggesting

that bile duct-like differentiation of mature hepatocytes is

under the influence of insulin and EGF signaling path-

ways. The differentiation was further enhanced by OV,

which caused a sustained increase in tyrosine phosphor-

ylation of cellular proteins because of its inhibitory action

on protein tyrosine phosphatases.54,55 OV has been

shown to activate many receptor tyrosine kinases, includ-

ing EGF, insulin, and hepatocyte growth factor recep-

tors,55 which then activate downstream signaling path-

ways, such as Ras-Raf-MEK1-ERK and PI 3-kinase-Akt.

Our experiments using the specific inhibitors of MEK1

and PI 3-kinase suggested their involvement in both

branching morphogenesis and the expression of bile

duct-specific CK19. Recent works by other investigators

have shown that these pathways play important roles in

branching morphogenesis in various types of epithelial

cells.56–58 Although there have been several lines of

evidence suggesting the presence of interaction be-

tween the Notch and protein tyrosine phosphorylation

pathways,59–61 our study showed that Jagged1 and

Notch1 expression by hepatocytes spontaneously took

place after culture in the absence of the signals caused

by insulin or EGF.

In summary, our study shows that hepatocytes differ-

entiate toward bile duct-like cells in vitro, probably

through the transdifferentiation mechanism, with the ac-

tivation of the Notch signaling pathway, and that specific

protein tyrosine phosphorylation pathways are involved in

this process. Our results of phenotypic plasticity of hepa-

tocytes in vitro may shed light on the understanding of the

differentiation capacity of hepatocytes, as well as the

nature of atypical ductular reaction in chronic liver

disease.
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