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Fig. 3. EpCAM is a cell surface marker
for mouse oval cells. (A)IHC of frozen
liver sections with anti-EpCAM antibody
after DOC feeding. EpCAM was expressed
in cholangiocytes around the portal vein
of normal mouse liver (O w). Feeding DDC
caused the proliferation of EpCAM* cells
(1 and 4 weeks). (B)IHC of frozen liver
sections with anti-EpCAM and anti-CK19
antibodies after 4 weeks of DDC feeding.
(C) Flow cytometry (FCM) of non-
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parenchymal cells (NPCs) prepared from
the liver of mice fed DDC for 4 weeks
with anti-EpCAM antibody and either
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CD45 or PECAM antibody. EpCAM* cells
were negative for CD45 (hematopoietic
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marker) and PECAM (endothelial marker).
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that c-KIT, CD34 and THY ! were not expressed in EpCAM™ cells
regardless of injury. The expression pattern of CD133 was similar
to that of EpCAM, indicating that both molecules are originally
expressed in normal cholangiocytes. By contrast, TROP2 was
exclusively expressed in oval cells of DDC liver. These results
indicate that TROP2 is induced by oval cell activation and that it is
a novel marker for oval cells in mice.

Primary culture of EpCAM"* cells from DDC liver

1t has been thought that oval cells are proliferative in vivo and
possess the potential to differentiate into hepatocytic and
cholangiocytic lineages. Therefore, oval cells are considered
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(D)lmmunostaining of EpCAM?* cells with
anti-A6 and anti-CK19 antibodies by
cytospin. EpCAM* cells expressed both
molecules. (E)Immunostaining of
EpCAM* cells sorted from normal and
DDC liver with anti-Ki67 antibody by
cytospin. Many EpCAM?* cells from DDC
liver were stained with Ki67 (arrowheads).
(F) The percentage of Ki67* cells among
EpCAM* cells after DDC treatment. The
data are derived from five different fields
of view, Error bars, s.d. PV, portal vein.
Scale bars: 100 um.

facultative stem/progenitor cells. To assess such characteristics,
we cultured the EpCAM cells isolated from DDC liver in vitro.
The EpCAM” cells purified with a cell sorter were seeded onto
type-I collagen in the presence of EGF, HGF and IL6. After
plating, adherent cells began to proliferate (Fig. 6A) and covered
the entire dish after 1 month. The in vitro proliferating EpCAM*
cells were apparently homogeneous and exhibited epithelial cell
morphology even after serial passages (Fig. 6B). They could
grow and survive for more than 6 months, maintaining a
homogenous morphology. These results suggested that EpCAM”*
cells derived from DDC liver include cells with high proliferative
potential.

Fig. 4. Expression of EpCAM and TROP2
in normal and injured mouse liver.

(A,B) IHC of frozen sections of normal liver
(A) and the liver of mice fed DDC for 5
weeks (B) with anti-EpCAM and anti-TROP2
antibodies. TROP2 was expressed in oval
cells but not in normal cholangiocytes.

(C) FCM of NPCs with anti-EpCAM and anti-
TROP2 antibodies after DDC feeding. TROP2
begins to be expressed in EpCAM* cells as
DDC feeding proceeds. PV, portal vein. Scale
bars: 100 um.

4weeks

— 100 —




1956 RESEARCH ARTICLE

Development 136 (11)

Normal liver BOC liver

Control

TROP2

Characterization of the cell lines established from
EpCAM* cells

As in freshly isolated EpCAM™ cells, CK19 and ALB were
expressed in the established cell lines after 30 days of culture, as
evidenced by RT-PCR and immunostaining (Fig. 6C,D). Afp, a
marker of fetal liver progenitor cells, was expressed in the cultured
cells (Fig. 6C), whereas it was not expressed in freshly isolated
mouse oval cells, suggesting that more immature cells might be
selected from EpCAMT cells of NPCs in DDC liver. Alternatively,
these proliferating cells might acquire a more hepatoblast-like
character when cultured in vitro as previously reported (Schmelzer
etal.,, 2007). In accordance with the latter idea, Epcam expression
gradually decreased in culture (Fig. 6C). At the onset of mouse liver
development, EpCAM is highly expressed in delta-like | homolog
(DLKI)-positive hepatoblasts; however, its expression in
hepatoblasts is dramatically reduced as liver development proceeds
(our unpublished data). The reduction of EpCAM expression in
cultured cells observed in this study is in line with the possibility that
EpCAM" cells might shift from an HSC-character to a more
hepatoblast-like character.

To investigate the bipotency of cultured hepatic stem-like cells
derived from EpCAMT cells (HSCEs) at the clonal level, we
randomly picked several clones and finally established 12
independent cell lines (HSCE1-12). All the expanded clones
expressed both hepatocytic (4/b) and cholangiocytic (Ck7, Ck19)
genes (see Table S2 in the supplementary material). The
expression of c-Met, which is known to be expressed in oval cells,
was also detected in all clones. Whereas tyrosine aminotransferase
(Tar), a marker of perinatal hepatocytes, was weakly expressed in
some of the clones, glucose-6-phosphatase (G6Pase; G6pc),
another marker of perinatal hepatocytes, and carbamoyl phosphate
synthetase (Cps), an adult hepatocyte marker, were rarely
expressed (2/12 and 0/12, respectively). Afp, an immature
hepatocyte marker, was expressed in most of the clones (10/12).
These results indicated that HSCEs maintain immature
characteristics.

Differentiation of clonally expanded EpCAM"* cells
into the hepatocytic lineage in vitro

To address whether the established clones can differentiate into
hepatocytic and cholangiocytic lineages, we used two clones,
HSCE! and HSCE2, and examined their differentiation potential,
To induce hepatocytic differentiation and maturation, we utilized an
in vitro culture system reported previously (Kamiya et al., 1999;
Kamiya et al., 2002). Oncostatin M (OSM) is a powerful inducer of
the differentiation of fetal hepatocytes and the addition of

Fig. 5. Characterization of freshly

DDC liver isolated EpCAM* cells. (A) RT-PCR of

Normal liver

freshly isolated EpCAM* and EpCAM™
cells from the liver of mice fed DDC for 4
weeks, NPCs from DDC liver were divided
into EpCAM* and EpCAM" cells by

FACSVantage, then RT-PCR was
performed. (B) FCM of EpCAM? cells from
normal and DDC livers with known oval
cell markers. EpCAM* cells surrounded by

bold lines were reanalyzed with other
antibodies (TROP2, CD133, CD34, ¢-KIT,
THY1) as shown.

Engelbreth-Holm-Swarm (EHS) gel enhances hepatocyte
maturation. Dimethyl sulfoxide (DMSO) is also known to maintain
the differentiation of hepatocytes in culture (Isom et al., 1985; Sakai
et al., 2002). By combining these methods, the expression of
metabolic enzymes and transporters was monitored in two clones
(Fig. 7A). Because both clones exhibited a similar profile, only the
results of HSECT1 are shown. The expression of G6Pase, Cps, Tat,
tryptophan-2,3-dioxygenase (7do2) and solute carrier family 10
(sodium/bile acid cotransporter family), member 1 (Slc/0al) was
markedly induced by the addition of OSM, DMSO and EHS gel
(Fig. 7B). By contrast, the expression of Ck/9 and of Afp, a marker
of immature fetal hepatocytes, was downregulated. In addition, the
PAS reaction showed that there were many clusters of hepatocytic

Fig. 6, EpCAM" cells derived from DDC liver have high
proliferative potential. (A,B)n vitro culture of EpCAM®* cells. Freshly
isolated EpCAM?®* cells from DDC liver were seeded on type-! collagen-
coated dishes in the presence of HGF, EGF and IL6. The morphology of
the cells after 5 days of culture (A) and after several passages (8) is
shown. (C)RT-PCR of EpCAM* cells after 30 days of culture. Afp was
strongly expressed in the cultured cells. (D) Immunostaining of the
cultured cells with anti-CK19 and anti-ALB antibodies.
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Fig. 7. Clonally expanded HSCEs can differentiate into both
hepatocytes and cholangiocytes. (A) Experimental design for the
differentiation of hepatic stem-like cells derived from EpCAM?* cells
(HSCEs) into hepatocytic celis. (B) RT-PCR of clone HSCE1 after
hepatocytic differentiation. The addition of OSM, DMSO and EHS gel
strongly induced the expression of hepatocytic genes and
downregulated that of hepatoblastic and cholangiocytic genes. (C) PAS
staining of HSCE1. The addition of OSM, DMSO and EHS gel strongly
induced the accumulation of glycogen. (D) Morphological changes of
HSCE1 after cholangiocytic differentiation. Tubules and branching
morphology were clearly observed after 11 days of culture. (E) RT-PCR
of HSCE1 after cholangiocytic differentiation. The expression of
cholangiocytic marker genes was markedly upregulated in HSCE1.

cells accumulating glycogen (Fig. 7C). These results strongly
suggested that clonally expanded HSCEs differentiate into the
hepatocytic lineage.

Differentiation of clonally expanded EpCAM* cells

into the cholangiocytic lineage in vitro

To evaluate the potential for differentiation into cholangiocytes, we
utilized a three-dimensional collagen gel culture that is effective for
the formation of tubules (Nishikawa et al., 1996; Tanimizu et al.,
2004a). A cell suspension in collagen type-I gel was plated onto a
basal layer of a collagen type-I gel and then culture medium
containing HGF, an inducer of tubulogenesis, was loaded on top,
Afler 11 days of culture, the formation of tubules was observed, and
after 18 days of culture branching structures were clearly evident
(Fig. 7D). In addition, RT-PCR revealed that the expression of
cholangiocytic marker genes was upregulated in the cultured cells
(Fig. 7E), indicating that HSCEs differentiated into the
cholangiocytic lineage. Thus, EpCAM was expressed on oval cells
in DDC liver and the clonally expanded cells from sorted EpCAM*
cells exhibited characteristics of HSCs, i.e. unlimited proliferation
and bi-directionial differentiation. However, it remained unclear
whether the emergence of such potential HSCs was an event
restricted to liver injury and whether they were derived from oval
cells.

EpCAM" cells in normal liver include potential
HSCs

Because EpCAM" cells are present in normal mouse liver, we
investigated whether potential HSCs are present among EpCAM*
cells of normal liver. Interestingly, the colony formation assay
revealed that sorted EpCAM" cells from normal liver formed both
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Fig. 8. Comparison between EpCAM* cells isolated from normal
and injured liver. (A) Colony formation assay of EpCAM* cells from
normal liver. Representative morphology of a small colony (top) and a
large colony (bottom). Large colonies composed of more than 100 cells
after 9 days of culture proliferate exponentially. (B) Unlimited cell
proliferation of the established clones (#1-#4) in in vitro culture,

(C) Comparison of cell surface markers between HSCEs from normal
(blue line) and injured (red line) liver by FCM. Control 1gG is in gray. The
expression profiles of cell surface markers were similar in both HSCEs.
(D) The number of EpCAM? cells per normal (n=4) or injured (n=6) liver.
The number was estimated from the percentage of EpCAM®* cells after
immunomagnetic bead selection (see Fig. S2 in the supplementary
material). There was a significant increase in EpCAM* cells in DDC liver
(*P<0.01). (E) Colony formation assay of EpCAM* cells from normal
and injured liver of mice fed DDC for 4 weeks. The data are derived
from four independent experiments. Error bars, s.d.

small and large colonies (Fig. 8A). These large colonies, which were
composed of more than 100 cells, continued to proliferate, and these
clones propagated continuously and exhibited bipotency similar to
the HSCE clones derived from DDC liver (Fig. 8B and data not
shown). In addition, HSCEs derived from normal and DDC liver
exhibited a similar expression pattern of cell surface markers,
strongly suggesting that they are closely related (Fig. 8C). By
contrast, EpCAM™ cells from normal or DDC liver did not give rise
to any colonies, even when ten times more cells were plated than for
EpCAM" (data not shown). If oval cells themselves have
characteristics of potential HSCs then oval cell activation by the
DDC diet should increase the number of potential HSCs. To test this
possibility, we compared the number of EpCAM? cells and potential
HSCs between normal and DDC liver (see Fig. Sl in the
supplementary material). As shown in Fig. 8D, the number of
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EpCAM" cells recovered from a DDC liver was approximately
twice that from a normal liver. Interestingly, the numbers of large
colonies corresponding to potential HSCs were very similar for
normal and injured liver (Fig. 8E). In addition, adult potential HSCs
are a very small population of EpCAM" cells in normal and injured
liver. Although we cannot exclude the possibility that potential
HSCs might increase slightly (not more than 2-fold), it is unlikely
that the activation of oval cells by liver injury significantly increases
the number of potential HSCs.

DISCUSSION

Oval cells have been considered adult liver stem/progenitor cells
(Fausto, 2004; Oertel and Shaffitz, 2008). However, previous studies
were mostly histochemical, or involved biochemical and molecular
biological characterization using cell fractions prepared by density
gradient techniques. FCM is a powerful means of characterizing a
particular type of cell, as successfully demonstrated by the
identification of a very rare population of hematopoietic stem cells
using a combination of cell surface markers (Osawa et al., 1996). In
fetal liver, we and others reported the isolation and characterization
of hepatoblasts by FCM using several markers (Kubota and Reid,
2000; Suzuki et al., 2002; Tanimizu et al., 2003). Although definitive
proof of stemness requires a clonal analysis of freshly isolated oval
cells, a lack of specific markers has hampered the precise
identification and prospective isolation of oval cells from NPCs by
FCM. To address this issue, we first searched for cell surface
molecules expressed on oval cells and showed that anti-EpCAM
antibody is useful for isolating oval cells from the liver of DDC-fed
mice by cell sorting. Clonal analyses provide strong evidence that
the EpCAM " cells from DDC liver contain adult potential HSCs that
possess the capacity for unlimited proliferation and bi-directional
differentiation.

Hepatic stem/progenitor cells have been considered to
contribute to the regeneration of damaged liver when the
proliferation of hepatocytes is restricted, and cell lines with HSC
characteristics have been established from chemically damaged
and/or genetically dysfunctional liver (Braun et al., 1987; Dumble
et al., 2002; Sugiyama et al., 1997; Suzuki et al., 2008; Tirnitz-
Parker et al., 2007; Yin et al., 1999). However, it remained unclear
whether such cells are present in normal adult liver. Cell lines with
HSC characteristics have been established from normal mouse
(Fougere-Deschatrette et al., 2006), human (Herrera et al., 2006)
and rat (Sahin et al., 2008) liver. However, these cell lines were
derived from a hepatocyte-enriched cell population by
centrifugation using a Percoll gradient or from unfractionated
cells, leaving their origin ambiguous. Recently, Schmelzer et al.
reported that EpCAM? cells from postnatal human donors include
HSCs (Schmelzer et al., 2007). In this report, we demonstrate that
EpCAM? cells isolated from normal or DDC mouse liver by FCM
include potential HSC:s. Interestingly, only a limited population of
EpCAM? cells formed large colonies and the number of potential
HSCs was not significantly increased in DDC liver compared with
normal liver. Thus, our results strongly suggest that most mouse
oval cells do not possess self-renewal potential and are likely to
represent transit-amplifying cells that differentiate into mature
hepatic cells.

Cholangiocytes proliferate under various pathological conditions.
Cholangiocytes proliferate from pre-existing ducts in portal areas
after PH or bile duct ligation in rats. Oval cell proliferation or
ductular hyperplasia is induced by a number of chemicals, including
2-AAF, DDC (Preisegger et al., 1999) and by a choline-deficient
ethionine-supplemented diet (Tian et al., 1997), and the proliferating

cells form disorganized tubular structures that sprout into liver
lobules. Selective damage of the periportal zone reduces such
proliferation, supporting the notion that oval cells derive from the
periportal region, in particular from the canals of Hering that connect
the bile canaliculus and the biliary tree (Paku et al., 2001). However,
the origin of oval cells is controversial and bone marrow stem cells
were suggested to be a source (Petersen et al., 1999; Sell, 2001),
although several reports refute this possibility (Menthena et al.,
2004; Wang et al., 2003). Oval cells and cholangiocytes are not
clearly distinguishable at the molecular level. In fact, oval cells and
normal cholangiocytes are known to express many intracellular and
membrane proteins in common, including EpCAM and CD133.
However, it is also reported that some genes are predominantly
expressed in rat or mouse oval cells. The expression of THY 1, ¢-KIT
and CD34 in oval cells has been controversial and these are also
found in hematopoietic and mesenchymal cells (Dezso et al., 2007,
Yovchev et al., 2008). By contrast, TROP2 is not expressed at all in
normal liver and only in the oval cells of injured liver, indicating that
TROP2 is a useful marker for oval cells.

Intriguingly, after oval cell activation, most of the EpCAM™ cells
express TROP2, and the original normal cholangiocytes, i.e. the
EpCAM"™ TROP2™ cells, are hardly detected by FCM and
immunostaining. These results raise the possibility that not only
oval cells but also activated cholangiocytes might begin to express
TROP2 after liver injury and partly contribute to oval cell
proliferation in this mouse model (Fig. 9). Alternatively, oval cells
that are activated to proliferate during DDC administration and that
express both EpCAM and TROP2 might continue to express both
of these markers at least transiently after they differentiate into
mature cholangiocytes. Further investigation into the expression
profile of TROP2 in cholangiocytes would provide a clue as to the
origin of oval cells. Moreover, the function of EpCAM and TROP2
in oval cell activation is an interesting issue that remains to be
addressed.
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Fig. 9. Model of the hepatic stem/progenitor cell system in vivo
and in vitro. Potential HSCs exist in normal liver as EpCAM* cells. They
can proliferate unlimitedly and differentiate into both hepatocytes and
cholangiocytes in vitro. Upon liver injury without oval cell activation,
hepatocytes proliferate and contribute to liver regeneration. Upon liver
injury with oval cell activation, EpCAM* TROP2* cells appear around
portal veins to regenerate the liver. The oval cells might be partly
derived from EpCAM* cholangiocytes. Most oval cells lacked the
potential to self-renew in the in vitro colony formation assay.
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Oval cells are believed to be involved in the regeneration of liver
following injury. In addition, they are also considered as a cellular
precursor for hepatocellular carcinoma (HCC) (Knight et al., 2005).
Most of the experimental procedures used to induce oval cell
proliferation in the liver ultimately lead to tumorigenesis. However,
the connection between oval cells and tumorigenesis remains
unclear. EpCAM is expressed on many normal as well as neoplastic
epithelial cells and tumor-initiating cells (Al-Hajj et al., 2003;
Armstrong and Eck, 2003; Momburg et al., 1987). Most recently,
Maetzel et al. reported that EpCAM is a potent signal transducer and
that its cleaved intracellular domain utilizes components of the Wnt
pathway to induce cell proliferation (Maetzel et al., 2009). Such
signaling via EpCAM might be involved in oval cell proliferation.
Conversely, Epcam is itself a Wnt/B-catenin signaling target gene in
HCC cell lines (Yamashita et al., 2007). Consistently, the
involvement of the Wnt/B-catenin pathway in the oval cell response
has been reported (Apte et al., 2008; Hu et al., 2007; Yang et al.,
2008). We recently reported that Wnt7a, Wnt7b and Wntl0a are
upregulated in DDC liver and that the Wnt/B-catenin pathway is
likely to be involved in oval cell activation in vivo (Itoh et al., 2009).
Therefore, the correlation between tumorigenesis and the expression
of EpCAM in oval cells is plausible. Because EpCAM is widely
expressed in normal epithelial cells, including biliary epithelial cells,
the expression and signaling of EpCAM should be tightly regulated
at the steady state. However, the regulation of EpCAM signaling in
normal and malignant stem-like cells remains unknown.

It is also reported that TROP2 is expressed on cells of some normal
tissues as well as on cancer cells (El Sewedy et al., 1998; Huang et
al., 2005; Ohmachi et al., 2006). Our finding that TROP2, a member
of the EpCAM family, is upregulated in oval cells raises the
possibility that TROP2 might modulate and/or enhance the
intracellular signaling of EpCAM to promote proliferation and
migration into liver parenchyma. Alternatively, TROP2 itself might
transduce intracellular signaling in a manner similar to EpCAM. In
fact, ectopic expression of TROP2 in NIH3T3 cells is sufficient to
promote both anchorage-independent growth and tumorigenesis
(Wang et al., 2008). Most recently, Goldstein et al. reported that
TROP2 identifies a subpopulation of murine and human prostate
basal cells with stem cell characteristics (Goldstein et al., 2008),
suggesting an association between TROP2 and stem/progenitor cells.

Although chronic liver injury induces the proliferation of oval
cells in some rodent models and in human disease, the underlying
relationship between oval cells and HSCs and their developmental
mechanisms require further investigation. We showed the presence
of potential HSCs in normal liver, as well as in injured liver, by
isolating EpCAM™ cells and demonstrated the expression of TROP2
in oval cells. Further investigation into the interaction between
EpCAM and TROP2 in oval cells will help us to understand the
mechanisms of growth and differentiation in cancer-initiating cells
as well as in normal stem/progenitor cells.
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Bile ducts are hepatic tubular structures that are lined by cholangiocytes, a type of liver epithelial cell. Cholangiocytes first
form a single layer of cells, termed the ductal plate, surrounding the portal vein, which eventually remodels into the
branching tubular network of bile ducts. The process of bile duct morphogenesis is not yet clear: a conventional model
where cholangiocytes proliferate to duplicate a single layer of the ductal plate before lumen formation seems inconsistent
with the observation that proliferation is dramatically reduced when hepatoblasts, liver progenitor cells, differentiate into
cholangiocytes. Here, we developed a new culture system in which a liver progenitor cell line, HPPL, reorganizes from
a monolayer to tubular structures in response to being overlaid with a gel containing type I collagen and Matrigel. We
found that some of the HPPL in the monolayer depolarized and migrated to fold up the monolayer into a double-cell layer.
These morphogenetic processes occurred without cell proliferation and required phosphatidylinositol 3-kinase and Akt
activity. Later in morphogenesis, luminal space was generated between the two cell layers. This process, in particular
enlargement of the apical lumen, involved transcriptional activity of HNF1f. Thus, using this sandwich culture system,
we could segregate tubulogenesis of bile ducts into distinct steps and found that the PI3K/Akt pathway and HNF1p
regulated different steps of the morphogenesis. Although the process of tubulogenesis in culture specifically resembled
early bile duct formation, involvement of these two key players suggests that the sandwich culture might help us to find

common principles of tubulogenesis in general.

INTRODUCTION

Tubules are an essential structural unit for numerous epi-
thelial organs, such as lung, liver, and kidney. Epithelial
tubes in different organs form by a wide variety of mecha-
nisms (Hogan and Kolodziej, 2002; Lubarsky and Krasnow,
2003; Bryant and Mostov, 2008). Understanding the cellular
and molecular basis of these mechanisms and discovering
common principles that may underlie these diverse mecha-
nisms is an important goal.

In the liver, bile ducts are tubular structures that consist of
cholangiocytes, a type of liver epithelial cell. Bile ducts pro-
vide the excretory route for bile, which is synthesized by
hepatocytes, another type of liver epithelial cell. Because bile
is cytotoxic, abnormal development of bile ducts, which
causes the accumulation of bile inside the liver, induces
hepatic injury and ultimately results in severe liver fibrosis
and cirrhosis (Schmucker ef al., 1990; Yoon and Gores, 2002;
Paumgartner, 2006).

Cholangiocytes, the epithelial component of bile ducts,
differentiate from liver progenitor cells called hepatoblasts
around embryonic day 15 (E15) in mice (Lemaigre, 2003).
Recent reports have identified the Notch and TGFS signal-
ing pathways and a transcription factor Hex, which regulate
differentiation of cholangiocytes from hepatoblasts (Mc-
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Cright et al., 2002; Kodama et al., 2004; Tanimizu and Miya-
jima, 2004; Clotman ef al., 2005; Hunter et al., 2007). After
being induced, cholangiocytes acquire secretory functions
and regulate the flow rate of bile and alkalinize it by secret-
ing water and bicarbonate ion, respectively (Fitz, 2002). In
parallel to this functional differentiation, cholangiocytes un-
dergo tubular morphogenesis and develop the tubular tree
of bile ducts.

Tubular morphogenesis of bile ducts has been studied by
examining the structure of developing liver by histochemi-
cal techniques (Tan ef al., 1995). Cholangiocytes form a sin-
gle-cell layer called the ductal plate around the portal vein;
this ductal plate is then duplicated. Next, luminal space is
generated between the two cholangiocyte layers. Finally, the
ductal plate along with the luminal space is reorganized into
tubules (Crawford, 2002). Recently, studies using mutant
mice have identified several molecules necessary for tubular
morphogenesis of bile ducts. In mice lacking HES1 (Kodama
et al., 2004) or lacking HNF1pB specifically in the liver
(Coffinier et al., 2002), cholangiocytes differentiated from
hepatoblasts but could not form bile duct tubules. Further-
more, abnormal formation of bile ducts that is generally
recognized as “ductal plate malformation” has been re-
ported in congenital human diseases such as Calori’s disease
and Meckel-Gruber syndrome (Low et al., 2001). However,
the precise mechanisms governing tubular morphogenesis
of cholangiocytes have not been reported yet.

A major limitation in analyzing the mechanisms of intra-
hepatic bile duct formation has been a paucity of good cell
culture models that recapitulate this process. To address
these questions, we established an organotypic culture sys-

© 2009 by The American Society for Cell Biology
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tem in which liver progenitor cells form tubular structures.
Considering that cholangiocytes make a single-cell layer of the
ductal plate before tubular morphogenesis in vivo, we used a
“sandwich” culture system. In this culture system, we cultured
HPPL, a liver progenitor cell line, on the top of extracellular
matrix (ECM) gel until they formed a monolayer and then
placed another layer of gel over the monolayer. The top layer
of gel induced the rearrangement of the monolayer into a
double-cell layer and the generation of luminal space between
the two cell layers. This novel culture system resembles devel-
opment in vivo and has enabled us to address the mechanisms
governing formation of bile duct tubules.

MATERIALS AND METHODS

Extracellular Matrix, Growth Factors, and Chemicals

Type I collagen was purchased from Cohesion Technologies (Palo Alto, CA).
Growth factor reduced Matrigel and purified laminin-1 were from BD Bio-
sciences (Bedford, MA). Mitomycin C (MMC) was from Sigma-Aldrich (St.
Louis, MO). LY294002, a phosphatidylinositol 3-kinase (PI3K) inhibitor, and
triciribine, an Akt inhibitor, were from Calbiochem (La Jolla, CA).

Cell Culture

HPPL were kept in DMEM/F12 (Sigma) containing 10% FBS (Invitrogen,
Gaithersburg, MD), 1X insulin/transferrin/selenium (ITS; Invitrogen), 10
mM nicotinamide (Wako, Osaka, Japan), 0.1 uM dexamethasone (Dex;
Sigma), 5 mM L-glutamine, 5 ng/ml hepatocyte growth factor (HGF; gift of
the late Ralph Schwall, Genentech) and epidermal growth factor (EGF; In-
vitrogen, Carlsbad, CA). To prepare the bottom layer of culture, 1 volume of
Matrigel were mixed with 4 volumes of type I collagen and 150 ul of the gel
were added to each 1-cm diameter tissue culture insert (0.02-pm Anopore
Membrane; Millipore, Billerica, MA). HPPL were plated on the bottom layer
at a density of 1 X 10 cells. After 2 d of incubation, the monolayer of HPPL
was overlaid with another layer of ECM gel. After incubation at 37°C for 2 h
to solidify the gel, 500 pl of DMEM/F12 containing EGF and HGF were added
to the top of the gel and under the culture insert.

To block proliferation, HPPL were incubated in the presence of 0.5 or 1
png/ml MMC for 6 h before the overlay. To inhibit the activity of PI3K or Akt,
HPPL were overlaid with ECM gel and then incubated in the presence of 20
M LY294002 or 2 uM triciribine.

Immunofluorescence Microscopy

Mouse embryonic and neonatal livers were embedded in OCT compound and
frozen. These were used for preparation of thin sections by using a cryostat
(Leica, St. Gallen, Switzerland). Sections were incubated in PBS containing 4%
paraformaldehyde (PFA) at 4°C for 10 min. Samples of sandwich culture were
treated with collagenase and fixed in PFA solution as previously reported
(O'Brien et al., 2006). Primary antibodies used in this study were rabbit
anti-cytokeratin 19 (CK19; 1:2000; Tanimizu et al., 2003), rat anti-ZO1 (1:2000;
a gift from Dr. Bruce Stevenson, University of Alberta), rat anti-Ki67 (1:200;
Dako, Carpinteria, CA), rat anti-EpCAM (1:500; BD Biosciences), rabbit anti-
Akt (1:100; Cell Signaling Technology, Danvers, MA), and rabbit anti-phos-
pho-Thr308 Akt (1:100; Cell Signaling Technology) antibodies. Signals were
visualized with AlexaFluor conjugated secondary antibodies (Molecular
Probes, Eugene, OR) used at a dilution of 1:500. F-actin bundles were detected
with AlexaFluor 488- or 546-conjugated phalloidin (Molecular Probes) at a
dilution of 1:250. Nuclei were counterstained with Hoechst 34580. Samples
were examined on Zeiss LSM 510 and Olympus FV1000D IX81 confocal laser
scanning fluorescence microscopes (Thornwood and Melville, NY, respec-
tively).

Owverexpression of a Dominant Negative Form of HNF13

The sequences of HNF18263fsinGG (dominant negative HNF13: dnHNF18)
were amplified from the first-strand ¢cDNA derived from HPPL by using
following primers: 5'-GCC ACC ATG GTG TCC AAG CTC ACG TCG C-3
and 5-GCG GCC GCC TAA CCG GCC TCC CTC TCT TCC TTG-3". PCR
products were inserted into pCRII vector (Invitrogen). After verifying the
sequence, the fragment of dnHNF18 was transferred into EcoRI-Notl sites of
pMXs-IRES-GFP. pMXs-dnHNF18-IRES-GFP was introduced into BOSC23, a
virus-packaging cell. Packaged virus collected from 10 ml of culture medium
by centrifugation was resuspended in 2 ml of fresh medium. After incubating
HPPL with virus solution for 2 d, infection efficiency was checked on a
FACScalibur (BD Biosciences, San Diego, CA) by examining expression of
green fluorescent protein (GFP).

Vol. 20, May 1, 2009

Tubulogenesis of Liver Progenitors

Live Cell Imaging

HPPL expressing GFP were generated as described above. For imaging under
a microscope, we used 24-well glass bottom dishes instead of culture inserts
in order to permit focusing on cells in the culture. We selected four areas in
a well and took ~16 X-Y images at different planes along the Z-axis using
Olympus FV1000D IX81 confocal microscope. At 2 h after the overlay, we
started taking images every 40 min for 24 h. Our system includes an Olympus
ZDC system that ensures the constant distance between an objective lens and
the bottom of the dish during imaging.

RESULTS

HPPL Form a Tubular Network in Sandwich Culture

Histochemical data indicate that cholangiocytes, which dif-
ferentiate from hepatoblasts around the portal vein, form the
single-cell layer of the ductal plate before starting tubular
morphogenesis. The ductal plate is reorganized into bile
duct tubules later in perinatal liver (Crawford, 2002). To
mimic a process of tubular morphogenesis that starts from a
single layer of cells, we overlaid ECM gel on top of a
monolayer of liver progenitor cells. A similar protocol has
been used with Madin-Darby canine kidney (MDCK) cells to
induce tubular structures: MDCK cells generate a tubular
network from a monolayer after overlaying with collagen
gel (Hall et al., 1982; Ojakian and Schwimmer, 1994; Zuk and
Matlin, 1996; Ojakian et al., 2001). For optimizing culture
condition, we used HPPL, a liver progenitor cell line that
differentiates into both hepatocytes and cholangiocytes in
vitro (Tanimizu et al.,, 2004). We first cultured HPPL on a
culture insert coated with laminin until they formed a con-
fluent monolayer, and then we covered the monolayer with
either type I collagen gel or a mixture of type I collagen gel
and Matrigel. However, HPPL did not form tubular struc-
tures under either condition. We then cultured HPPL on an
ECM gel that was pure type I collagen gel, collagen gel
containing 10, 20, 30, 40, or 60% Matrigel, or pure Matrigel.
HPPL formed a monolayer on collagen gel containing 10 or
20% Matrigel. Therefore, we covered the monolayer on 20%
Matrigel with a mixture of collagen and Matrigel that had
the same composition as the bottom layer (Figure 1A). We
called this system “sandwich culture.”

Two days after the overlay, we visualized F-actin local-
ization by incubating with AlexaFluor 488 —conjugated phal-
loidin. We observed that HPPL formed areas surrounded by
thick F-actin bundles (Figure 1B), suggesting that HPPL
formed a tubular network where luminal space was sur-
rounded by polarized cells. To better visualize the luminal
space, we reconstructed images of confocal vertical (X-Z)
sections after staining with anti-cytokeratin 19 (CK19), a
cholangiocyte marker, F-actin, and ZO1 showing that HPPL
expressed CK19 and localized ZO1 at the apical tip of the
lateral domain surrounding the apical luminal space (Figure
1C). Thus, we considered that HPPL reorganized a mono-
layer into tubular structures in sandwich cultures.

Proliferation Is Not Necessary for Tubular Morphogenesis
In Vitro

To test whether proliferation of HPPL is necessary for tubu-
lar morphogenesis, we blocked proliferation of HPPL by
adding MMC, a DNA synthesis inhibitor, to the culture 6 h
before the overlay. At 2 d after overlay, we estimated the
area of the tubular structures by using NIH Image] (http://
rsb.info.nih.gov/ij/) to measure the area surrounded by
thick actin bundles in confocal images. We found that MMC
did not reduce the area of tubular structures (Figure 2, A and
B), indicating that proliferation is not a crucial event for
HPPL to undergo tubular morphogenesis in sandwich cul-
ture. MMC inhibited proliferation of HPPL in a separate,
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Figure 1. HPPL form tubular structures in sandwich
culture. (A) Schematic view of sandwich culture. HPPL
were plated on gel containing type I collagen and Ma-
trigel. After HPPL form a monolayer during 2 d of
incubation, another layer of gel was overlaid on the
monolayer. After additional 2 or 3 d of incubation, cells
were fixed and examined with a confocal microscope
after immunostaining. (B) A low-magnification image of
sandwich culture stained with AlexaFluor 488-conju-
gated phalloidin and Hoechst34580. A tubular network
was visualized as the area surrounded by thick F-actin
bundles. Scale bar, 100 pum. (C) Vertical sections of
sandwich culture. Cultures were stained with anti-cy-
tokeratin 19 (CK19) antibodies and phalloidin (1-4) or
phalloidin and anti-ZO1 antibodies (5-8). CK19" cells
formed the apical lumen surrounded by F-actin bun-
dles. Formation of tight junction was visualized with
ZO1 staining. Scale bars, 20 pm.

nonsandwich culture, indicating that the drug worked (Sup- the proliferation of cholangiocytes undergoing tubular mor-
plementary Figure S1). phogenesis, we stained frozen sections of E18, postnatal day

0 (P0) and P8 livers with antibodies against CK19 and Kié7,
Cholangiocytes Do Not Significantly Proliferate during a marker for cells in G1, S, or G2/M phases. In E18 liver,
Tubular Morphogenesis In Vivo most CK19* cholangiocytes were negative for Ki67, whereas
Next, we wanted to test whether cholangiocytes in vivo other liver cells including hepatocytes were positive for Ki67
form bile ducts with or without proliferation. To examine (Figure 2C). Similarly, in PO liver, CK19* cholangiocytes
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Figure 2. Proliferation is not a crucial event for tubular
morphogenesis in vitro and in vivo. (A) Low-magnifi-
cation images at 2 d after the overlay show tubular
structures surrounded by thick F-actin bundles with or
without mitomycin C (MMC). MMC, a DNA synthesis
inhibitor, was added to culture for 6 h before the over-
lay. Scale bars, 50 um. (B) The area of tubular structures
in culture was statistically unchanged with or without
MMC. The experiment was independently repeated
four times. Four fields were selected from each culture
and the area of tubular structures in a field was mea-
sured using NIH Image] after staining with AlexaFluor
488 —conjugated phalloidin. (C) Expression of Ki67 in
cholangiocytes during bile duct morphogenesis. Frozen
sections of embryonic day 18 (E18), postnatal day 0 (P0),
and P8 livers were stained with anti-CK19 and anti-Ki67
antibodies. Cells in the parenchyma including hepato-
cytes were mostly positive for Ki67 in E18 and PO livers,
whereas CK19" cholangiocytes were mostly negative
for Ki67. PV, portal vein. Scale bars, 50 pm.
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were negative for Ki67, whereas other cells were still posi-
tive for Ki67 (Figure 2C). In P8 liver, both CK19* cholangio-
cytes and CK19™ hepatocytes became mostly negative for
Ki67 (Figure 2C). These data suggested that cholangiocytes
form the tubular structures of bile ducts without significant
proliferation in vivo. Thus, we further examined the sand-
wich culture, where tubular structures were formed without
significant proliferation, in order to understand how the
monolayer of the ductal plate turns to bile duct tubules.

Tubules Form In Vitro by Cell Migration and
Rearrangement

To analyze the process of tubular morphogenesis, we took
images of cultures at different time points after the overlay
and examined the localization of F-actin bundles and nuclei.
See Figure 3A, 1-7: 1, HPPL localized F-actin bundles
around the cell cortex in a monolayer; 2, a number of cells
lost the apical F-actin bundles (arrowheads), suggesting a
loss of apico-basal polarity at 6 h after the overlay; 3, the
nucleus of a depolarized cell (an arrowhead) was positioned
differently compared with polarized cells, indicating depo-
larized cells moved up along the Z-axis about 16 h after the
overlay; 4 and 5, the number of cells on top of the bottom cell
layer increased between 20 and 32 h after the overlay (ar-

Figure 3. A monolayer of HPPL folds up A
into tubular structures in sandwich culture.
(A) Time course of tubular morphogenesis af-
ter the overlay. The overlay of ECM gel on a
monolayer of HPPL induced exclusion of F-
actin bundles from the apical domain, indicat-
ing depolarization of cells (arrowheads in
panel 2). Panels 3-5 suggest that depolarized
cells first migrated along the Z-axis (an arrow-
head in panel 3) and then back along the
bottom cell layer (arrowheads in panels 4 and
5). Finally, the apical luminal space was evi-
dent at 48 h after the overlay (panel 6) and
then expanded (panel 7). X-Y images were
taken every 0.7 um along the Z-axis at each
time point using a LSM510 confocal laser
scanning microscope and images of a vertical
(X-Z) section was reconstructed by using
Zeiss LSM software. Scale bars, 20 pum. (B)
Time course between 14 and 23 h after the
overlay. Cells in the second layer (arrow-
heads) appeared in the right side of the image
(panels 1 and 6) and then were observed also
in the center of images (panels 2-4 and 7-9),
and eventually reached to the left side (panels
5 and 10). p-Catenin localization at cell-cell
contacts were clear between cells in the bot-
tom layer (open arrowheads in panel 6) but
not between cells in the second layer (an open
arrow in panel 6). Later, $-catenin reappeared
at cell-cell contact at 23 h (an open arrowhead
in panel 10). X-Y images were taken every 0.5
pm along the Z-axis at each time point using
an Olympus FV1000D IX81 confocal laser
scanning microscope and images of a vertical
(X-Z) section was reconstructed by using
Olympus viewer software. Scale bars, 20 um.
(C) On the basis of images at different time
points, we propose a model of in vitro tubular

Actin/Masched

Time after B
the overlay
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rowheads); and 6 and 7, after the second cell layer almost
covered the bottom cell layer, the apical luminal space was
evident at 48 h and then expanded.

To characterize dynamic stages of morphogenesis with
higher spatio-temporal resolution, we further examined the
localization of F-actin bundles and $-catenin between 14 and
23 h after the overlay (reconstructed vertical X-Z sections are
shown in Figure 3B, 1-10; X-Y sections through the top and
bottom of the cell layer are shown in Supplementary Figure
S2, A-E). The right side of panels is the edge of the tubular
area (panel 1 of Supplementary Figure 52, A-E). Cells in the
second layer were first observed only in the right side (pan-
els 1 and 6, closed arrowheads) and then also in the center
(panels 2-4 and 7-9, closed arrowheads) and eventually
reached to the left side of the image (panels 5 and 10),
indicating that cells migrated from the edge to the center of
the tubular area. Interestingly, cell-cell contacts shown by
B-catenin staining were clear in the bottom cell layer (open
arrowheads in panel 6) throughout these time points, but ere
less clear between cells in the second layer (an open arrow in
panel 6). At 23 h, B-catenin was occasionally observed at
cell-cell contact between cells in the second layer (open
arrowhead in panel 10). The change of B-catenin localization
suggests that intercellular junctions were partly lost during

Time after

§-Catenin/tadd

_ the everlay

morphogenesis in which a monolayer of HPPL folds up into tubular structures. Thick green lines represent F-actin bundles. (D) X-Y images
of time-lapse movies between 2 and 26 h after the overlay. HPPL were labeled with GFP. Images at 16 different X-Y planes along the Z-axis
were taken in a selected area every 40 min using an Olympus FV1000D IX81 confocal microscope. Panels of the Z7 series show X-Y images
of the original monolayer, whereas panels of the Z3 series show a X-Y plane above the monolayer where no cells were initially observed. As
indicated by open and closed arrowheads, some cells disappeared from the Z7 plane and instead appeared in the Z3 plane, indicating these

cells moved up along the Z-axis.
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migration and then were reconstituted around the time
when formation of the second layer was almost completed.
On the basis of these data, we proposed a model that a
monolayer of HPPL folds up into tubular structures (Figure
3C). In this model, depolarized HPPL migrate on a cluster of
cells that maintain apico-basal polarity and enclose a volume
that eventually becomes the apical luminal space.

The morphogenesis in the model proposed in Figure 3C
depends on cell motility. To confirm cellular movement
during morphogenesis, we introduced GFP into HPPL to
visualize live cells and followed the culture under a confocal
microscope. At 2 h after the overlay, we started taking X-Y
images at 16 planes along the Z-axis at multiple areas every
40 min. We present movies at the third and seventh X-Y
planes, which are, respectively, named Z3 and Z7 planes, of
a representative area (Supplementary Movies) and display
selected X-Y images from the movies (Figure 3D). HPPL in
the original monolayer were followed in the movie of the Z7
plane and panels of selected times from the Z7 series,
whereas the area above the monolayer was followed in the
movie of the Z3 plane and panels of the Z3 series. As
indicated by open and closed arrowheads in Figure 3D,

A B

9

®

B DMSO
e |

b " * )
£ % LY294002
8w

5

@ © ciribi
£ DMSO LY294002 Triciribine Triciribine
c (Akt inhibitor)
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some cells disappeared from the Z7 plane and instead could
be observed correspondingly appearing in the Z3 plane.
These cellular movements similarly could be observed in the
movies of the Z3 and Z7 planes. These data indicate that
some of HPPL migrated along the Z-axis during morpho-
genesis and further support the model shown in Figure 3C.

The PI3K/IAkt Pathway Is Essential for Tubular
Morphogenesis

We went on to use the sandwich culture system to address
the involvement of several important signaling systems in
bile duct morphogenesis. It has been shown that PI3K de-
fines the leading edge of cells during migration and the basal
domain of epithelial cells during apico-basal polarization
(Weiner et al.,, 2002; Gassama-Diagne ef al., 2006; Martin-
Belmonte et al., 2007) by producing phosphatidyl-inositide-
3,4,5-triphosphate. To test whether the PI3K pathway regu-
lates tubular morphogenesis of HPPL, we first added
LY294002, an inhibitor for PI3K, to sandwich cultures at the
time of overlay. We found that 20 uM of LY294002 signifi-
cantly reduced the area of tubular structures (Figure 4A). A
similar effect was observed by using wortmannin, another

Figure 4. The process of a monolayer of HPPL folding
up into tubular structures is regulated by the PI3K/Akt
pathway. (A) LY294002, a PI3K inhibitor, or triciribine,
an Akt inhibitor, were added to cultures at the time of
the overlay. The area of tubular structures was signifi-
cantly reduced in the presence of LY294002 or tricirib-
ine. The culture was independently repeated four times.
Four fields were selected from each culture, and areas
surrounded by thick F-actin bundles in a field were
measured using NIH Image] after staining with Alex-
aFluor 488-conjugated phalloidin. *p <0.01 and **p
<0.05, respectively. (B) HPPL formed two cell layers in
the control culture at 2 d after the overlay. On the other
hand, HPPL remained as a monolayer in the presence of
either 1.Y294002 or triciribine. Scale bars, 20 pm. (C)
Sections of E18 liver were stained with anti-EpCAM and
anti-Akt (panels 4-6) or anti-phospho-Thr308 Akt anti-
bodies (panels 7-12). Boxes in panels 7~9 are enlarged
in panels 10-12. As a negative control for Akt and
phosho-Thr308 Akt staining, rabbit IgG was used (pan-
els 1-3). Cholangiocytes forming ductal plates (dp) ex-
press both EpCAM and Akt (panels 4-6). Furthermore,
we found cholangiocytes positive for both EpCAM and
phospho-Thr308 Akt (arrows in panels 10-12). PV, por-
tal vein. Scale bars, 50 pm.
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Figure 5. Dominant negative HNF1 inhibits tubular
morphogenesis of HPPL. (A) Images at 2 d after the
overlay show that tubular structures surrounded by
F-actin bundles were observed in the control culture but
not in dnHNF18 culture. Scale bars, 100 pm. (B) The
area of tubular structures was significantly reduced by
overexpression of dnHNF18. *p < 0.01. (C) A large area
surrounded by F-actin bundle was observed in a field of
the control culture. The X-Z section (panel 4) along the
lines in panels 1-3 showed an apical luminal space in
the control culture. On the other hand, only tiny areas
surrounded by F-actin bundles (arrowheads) were ob-
served in culture overexpressing dnHNF1g (panels
5-8). Retrovirus vector pMXs-dnHNF1S-IRES-GFP was
used to express dnHNF18 in HPPL, whereas pMXs-
IRES-GFP was used as the control. Scale bars, 20 pm.

PI3K inhibitor (data not shown). Next, we tested whether
Akt, a kinase downstream of PI3K, is involved in tubular
morphogenesis of HPPL by adding triciribine, an Akt inhib-
itor. We found that 2 uM of triciribine (a concentration
where it is specific for Akt) significantly reduced tubular
structures in culture (Figure 4A). Vertical sections of cultures
at 48 h after overlay demonstrated that HPPL remained as a
monolayer in the presence of LY294002 or triciribine (Figure
4B-2 and 3) whereas HPPL formed a double-cell layer in the
control (Figure 4B1). (With triciribine, there was a small
amount of upward movement of some nuclei, whereas no
such movement was seen with LY294002. The significance of
this difference is not clear, but might suggest that Akt is only
one of several pathways downstream of PI3K involved in
tubular morphogenesis.) These data indicated that the
PI3K/ Akt pathway is necessary for tubular morphogenesis
of HPPL.

To know whether the PI3K/Akt pathway is involved in
bile duct morphogenesis in vivo, we prepared sections of
E18 liver and examined expression of Akt and phosphory-
lated Akt in cholangiocytes. We found that Akt was ex-
pressed in the periportal area including ductal plates (Figure
4C, 4-6). In addition, we detected signals for phospho-
Thr308 Akt on E18 liver sections (Figure 4C, 7-9) and found
cholangiocytes positive for phospho-Thr308 Akt (arrows in
Figure 4C, 10-12). These data suggest that the PI3K/Akt
pathway might be also important for bile duct morphogen-
esis in vivo.

HNF1 Is Involved in Forming Tubular Structures In Vitro

HNFI18 is a transcription factor that is expressed in many
tubular structures including bile ducts (Coffinier et al., 1999).
Because liver-specific depletion of HNF1 resulted in abnor-
mal formation of intrahepatic bile ducts (Coffinier et al.,
2002), HNF1B has been thought to regulate bile duct mor-
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phogenesis. To test whether HNF18 regulates tubular mor-
phogenesis of HPPL, we overexpressed HNF18263fsinGG, a
dominant negative form of HNFI1S (dnHNF1p; Bai ef al.,
2002), by using a retrovirus vector, pMXs-dnHNF1B-IRES-
GFP. GFP expression indicated that infection efficiency was
more than 80%. We compared the area of tubular structures
in culture overexpressing dnHNF1 with the control (Figure
5A) and found that dnHNF1 8 significantly inhibited tubular
morphogenesis of HPPL (Figure 5B). We observed normal
luminal spaces in the control culture (Figure 5C, 1-4),
whereas tiny luminal spaces were observed in cultures over-
expressing dnHNF1p (arrowheads in Figure 5B, 5-8). These
results indicated that activity of HNF1 is involved in HPPL
tubulogenesis in vitro, most likely in enlargement of lumens.

DISCUSSION

We have established a novel organotypic culture system in
which HPPL, a mouse liver progenitor cell line, form tubular
structures. Using this system, we have demonstrated that
depolarized HPPL migrate back along the monolayer, “fold-
ing up” to make a double-cell layer. The evidence is that in
vertical sections of cultures, F-actin bundles disappeared
from the apical domain in a number of cells, and then these
depolarized cells were observed on the original cell layer,
which eventually formed the second cell layer. After com-
pleting formation of the double-cell layer, HPPL generated
the apical luminal space between two cell layers.

We recently reported that HPPL embedded as single cells
in three-dimensional (3D) ECM gel formed spherical cysts.
These cells developed cholangiocyte-type epithelial polarity
and acquired secretory functions (Tanimizu et al., 2007). On
the other hand, in the present report we observed formation
of a tubular network in sandwich culture, where HPPL
rearrange the monolayer into tubular structures. These cells
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have not fully acquired secretory functions (Supplementary
Figure S3). Thus, we consider that we could examine the
correlation between epithelial polarization and functional
differentiation (secretory function) of liver progenitor cells
along the cholangiocyte lineage in 3D cyst culture, whereas
we could analyze the process of tubular morphogenesis of
bile ducts in sandwich culture. By combining the two ap-
proaches we will be able to understand the molecular mech-
anisms governing bile duct morphogenesis. Recently, Hashi-
moto et al. (2008) reported mature cholangiocytes isolated
from adult rat formed tubular structures in collagen overlay
culture. They showed transport of fluorescein diacetate into
the apical lJuminal space, which we could not observe. Those
authors did not, however, examine the mechanisms of cell
movement or signaling pathways involved in tubular mor-
phogenesis. A further advantage of our system is that we
used liver progenitor cells rather than mature cholangio-
cytes and therefore, we could more directly study the de-
velopmental process of bile duct formation.

Bile duct morphogenesis in vivo can be divided into three
distinct stages: formation of a double-cell layer, generation
of the apical luminal space, and reorganization of the ductal
plate along with the luminal space into tubules. Our results
that a monolayer of HPPL folds up into a tubular structure
have demonstrated a possible pathway of bile duct morpho-
genesis, in particular a potential mechanism for the first
step. At least three major types of nonmutually exclusive
models can be envisioned as to how the initial monolayer of
cells in a ductal plate can be converted to a double layer of
cells in vivo (Figure 6). In model 1, cells in the monolayer
of the plate divide, forming a second layer. In model 2,

Model 1

O g0

certain hepatoblasts in the adjacent parenchyma differenti-
ate into cholangiocytes and form the second layer of the
plate. In model 3, which best fits the morphogenesis of
HPPL in sandwich culture, some cells in the initial mono-
layer rearrange themselves by moving on top of the original
monolayer, thereby forming the second layer.

Model 1 relies on proliferation of cells in the ductal plate
to form the double layer. However, as we observed that
proliferation is dramatically reduced when hepatoblasts dif-
ferentiate to cholangiocytes, duplication of a single-cell layer
by proliferation is not likely to be a major process in gener-
ating a double-cell layer in vivo. On the other hand, models
2 and 3, respectively, rely on recruitment of cells from out-
side the monolayer and migration of cells in the ductal plate
to form the double layer. Thus, in both cases, proliferation of
hepatoblasts is not necessary to form the second layer and
these models of in vivo bile duct morphogenesis seem more
likely compared with model 1.

In model 2, certain hepatoblasts next to the first layer of
cholangiocytes differentiate to cholangiocytes, which form
the second layer of the ductal plate. In support of this model,
recent reports indicate that activin/TGFg signaling is acti-
vated more strongly in hepatoblasts near the portal vein
than those in the parenchyma of fetal liver and thereby
induces cholangiocyte differentiation of hepatoblasts only
near the portal vein (Clotman et al., 2005). In the model
where cholangiocyte differentiation is induced outside of the
first layer of the ductal plate, the activin/TGFB signaling
pathway may be preferable to the Notch signaling pathway,
which also induces cholangiocytes from hepatoblasts (Mc-
Cright et al., 2002; Tanimizu and Miyajima, 2004). In contrast

Model 2 Maodel 3
Parenchyma
O © o s} Q ] y!
EmEEE e e Ductal plate
Portal vein Meseanchyrme

Portal vein

Porial vein

B =

Formation of a dobule cell layer

Formation of luminal spaces

the ductal plate into tubules

Reorganization of

: () Hepatoblast (&
| to cholangiocyte

Hepatoblast differentiating

Portal vein

Cholangiocyte

Mesenchyme

Cholangiocyle undergoing mitosis

Figure 6. Three possible models for bile duct morphogenesis. Bile duct morphogenesis starts from a single layer of cholangiocyte called the
ductal plate around the portal vein. To form a double-cell layer, we considered three possible models. Cholangiocytes proliferate to generate
the second layer of the ductal plate (model 1), hepatoblasts outside the first layer are induced to differentiate to cholangiocytes (model 2), or
cholangiocytes fold up to form a double layer (model 3). After luminal space is generated between the two cell layers, the ductal plate is
reorganized into tubular structures. During this stage, small, flat luminal spaces are enlarged and become round. Cholangiocytes that remain

in the ductal plate eventually disappear.
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to the Notch pathway, which requires direct interaction
between Jaggedl™ periportal cells and Notch2* hepato-
blasts to induce cholangiocyte differentiation of hepato-
blasts, the activin/TGFpB signal can be activated without
direct cell-cell interaction.

During tubular morphogenesis in some types of epithelial
structures, such as mammary acini, cell death is important
for creation of the luminal space (Debnath and Brugge,
2005). In the case of bile duct morphogenesis, apoptotic cell
death might be an important event during rearrangement of
the ductal plate (Terada and Nakanuma, 1995; Sergi et al.,
2000). Given that each portal vein is usually associated with
one or two bile ducts, only part of the cholangiocytes that
form the ductal plate develop into tubular structures. Other
cholangiocytes that remain in the ductal plate gradually
regress. If bile duct morphogenesis proceeds via model 1 or
2, a significant number of cells would remain in the ductal
plate, which would be eliminated later. However, apoptotic
cholangiocytes were not frequently observed in mouse liver
at E18, P5, and P10 (Supplementary Figure S4). In contrast,
many cells would be predicted to leave the ductal plate to
form the second layer during tubulogenesis, and fewer cells
need to be eliminated by apoptosis, if morphogenesis pro-
ceeds via model 3.

In our sandwich culture, no pool of progenitor cells that
could differentiate to cholangiocytes and be recruited to
form a second layer was present, yet a second layer was
formed. This indicates that it is at least possible for double
layer to form without recruitment of outside cells. In addi-
tion, the result that cholangiocytes do not frequently die by
apoptosis (Supplementary Figure S4) is consistent with
model 3. On the other hand, the previously reported in vivo
evidence that activin/TGFf signaling involved in bile duct
development is supportive of model 2. Thus, although
model 1 seems unlikely in light of our data, we cannot
determine whether model 2 or 3 are better able to explain
bile duct morphogenesis in vivo. It is of course possible that
both models 2 and 3 may occur during bile duct develop-
ment in vivo.

The process of folding up a monolayer can be segregated
into three steps: the first step is loss of apico-basal polarity,
the second is migration of depolarized cells, and the third is
expansion of the apical luminal space. Morphogenesis was
completely blocked by inhibiting PI3K. So far, we cannot tell
whether PI3K is only necessary for the first step or also
needed for later steps. However, because Akt was constitu-
tively phosphorylated during the process of folding up (data
not shown), it is tempting to speculate the PI3K/Akt path-
way is involved in all three steps. Morphogenesis was also
decreased by reducing the activity of HNF1p, though the
nature of the effect was quite different from blocking the
PI3K/Akt pathway. In cultures with dnHNF1, F-actin in
the apical domain disappeared and only much smaller lu-
mens were observed. (In contrast, apical F-actin remained in
cultures with LY294002 and triciribine.) This suggests that
transcriptional activity of HNF18 is necessary for HPPL to
expand the apical luminal space, but not to undergo the
initial event where they depolarize before starting migra-
tion. This illustrates how different molecular pathways are
involved in distinct steps in tubulogenesis.

In vivo, folding of a monolayer to produce a tube has been
described during formation of the neural tube (Zohn et al.,
2003). In this case, a single lumen is produced. In contrast
during formation of bile ducts, multiple lumens are gener-
ated and these rearrange to eventually produce a branching
tubular network of bile ducts. As far as we know, this type
of process does not occur normally during development of
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other epithelial organs, e.g., kidney or lung. Even though
tubular morphogenesis in different organs utilizes appar-
ently distinct mechanisms, many of the same molecules such
as PI3K/Akt and HNF1p have been implicated in formation
of a variety of tubular structures (Coffinier ef al., 2002; Tang
et al., 2002, Liu et al.,, 2004; Lebrun et al., 2005; Kim and
Dressler, 2007). This suggests that there may be common
principles of tubulogenesis that underlie seemingly diverse
mechanisms of tubulogenesis. Using in vitro organotypic
culture systems, we can access molecular mechanisms of
morphogenetic processes in detail help us to find out com-
mon principles of tubular morphogenesis during organo-
genesis (Ojakian ef al., 2001; Yu et al., 2003; Zegers et al., 2003;
Walid et al., 2008).

In summary, using our newly developed sandwich cul-
ture system, we found that HPPL folds a monolayer up to
make a double-cell layer and then form tubular structures.
This is an unusual (possibly unique) and interesting varia-
tion on known mechanisms for tubule formation in various
organs. In addition, because tubulogenesis in the culture
seems very similar to in vivo bile duct morphogenesis, our
sandwich culture system of liver progenitor cells is likely to
prove useful in understanding abnormal bile duct morpho-
genetic processes such as ductal plate malformation.
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ARTICLEINFO ABSTRACT
Article history: Hepatoblasts are hepatic progenitor cells that expand and give rise to either hepatocyte or
Received 27 September 2008 cholangiocytes during liver development. We previously reported that delta-like 1 homolog
Received in revised form (DLK1) is expressed in the mouse liver primordium at embryonic day (E} 10.5 and that
29 May 2009 DLK1" cells in E14.5 liver contain high proliferative and bipotential hepatoblasts. While
Accepted 6 June 2009 the expression of epithelial cell adhesion molecule (EpCAM) in hepatic stem/progenitor
Available online 13 june 2009 cells has been reported, its expression profile at an early stage of liver development
remains unknown. In this study, we show that EpCAM is expressed in mouse liver bud at
Keywords: E9.5 and that EpCAM*DLK1" hepatoblasts form hepatic cords at the early stage of hepato-
Mouse genesis. DLK1* cells of E11.5 liver were fractionated into EpCAM* and EpCAM™ cells; one
Hepatoblasts forth of EpCAM*DLK1" cells formed a colony in vitro whereas EpCAM™DLK1" cells rarely
EpCAM did it. Moreover, EpCAM*DLK1" cells contained cells capable of forming a large colony, indi-
DLK1 cating that EpCAM*DLK1" cells in E11.5 liver contain early hepatoblasts with high prolifer-
Hepatocyte ation potential. Interestingly, EpCAM expression in hepatoblasts was dramatically reduced
Cholangiocyte along with liver development and the colony-forming capacities of both EpCAM*DLK1* and
Bile duct EpCAM™DLK1" cells were comparable in E14.5 liver. It strongly suggested that most of
Flow cytometry mouse hepatoblasts are losing EpCAM expression at this stage. Moreover, we provide evi-

dence that EpCAM*DLK1" cells in E11.5 liver contain extrahepatic bile duct cells as well
as hepatoblasts, while EpCAM™DLK1"* cells contain mesothelial cell precursors. Thus, the
expression of EpCAM and DLK1 suggests the developmental pathways of mouse liver
progenitors.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction mately E8 and receives inductive signals for the hepatic fate,
such as fibroblast growth factor (FGF), from the heart

Liver development begins at embryonic day (E} 8.5 in the (Douarin, 1975; Gualdi et al,, 1996; Jung et al., 1999). Septum
mouse from the foregut endoderm. The ventral wall of the transversum mesenchyme (STM) also contributes to liver
foregut endoderm faces the developing heart by approxi- development from the foregut endoderm by providing bone
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morphogenetic protein (BMP), another factor involved in the
liver specification (Rossi et al., 2001). By these signals, pre-he-
patic cells become proliferative and begin to form the liver
bud. Following the formation of primary liver bud from E8.5
to E9.0, the basement membrane surrounding the liver bud
is lost by E9.5, and pre-hepatic cells migrate as cords into
the surrounding STM (Matsumoto et al., 2001; Sosa-Pineda
et al., 2000; Zaret, 1998). These pre-hepatic cells are also des-
ignated as hepatoblasts and a number of studies have indi-
cated that hepatoblasts give rise to both hepatocytes and
cholangiocytes, biliary epithelial cells (Germain et al., 1988;
Rogler, 1997; Shiojiri, 1994; Shiojiri et al, 1991; Spagnolh
et al., 1998). As cell sorting using antibodies (Abs) is a power-
ful means to isolate and characterize a specific cell type, ef-
forts have been made to search for specific cell-surface
antigens on hepatoblasts. We previously reported that DLK1,
also known as Pref-1, was strongly expressed in the E10.5
mouse liver bud and that DLK1" cells isolated from E14.5 liv-
ers expressed albumin and formed colonies composed of
hepatocyte and cholangiocyte lineages when cultured in the
presence of hepatocyte growth factor (HGF) and epidermal

growth factor (EGF) (Tanimizu et al., 2003). Thus, DLK1" cells
contain hepatoblasts and DLK1 is a useful marker to enrich
highly proliferative hepatoblasts from fetal liver. Kubota
et al. showed that the RT1A1™ OX18" ICAM-1* fraction of
E13 rat fetal liver contained hepatoblasts (Kubota and Reid,
2000). Suzuki et al. developed a single cell-based assay desig-
nated the hepatic colony-forming unit in culture (H-CFU-C)
and showed that the CD45~ TER119™ c-Kit™ CD29* CD49f"
and CD45~ TER119™ c-Kit~ c-Met" CD49f""*" fraction of
E13.5 mouse liver contained hepatic progenitor/stem cells
(Suzuki et al., 2000). Thus, the colony-forming capacity is a
criterion to evaluate hepatoblasts. They also showed that
CD45~ TER119~ c-Kit™ c-Met* CD49f"™¥ cells of E11.5 mouse
liver had high H-CFU-C potential. On the other hand, Minguet
et al. reported that CD45~ TER119™ c-Kit®¥ cells in E11 mouse
liver contained the earliest hepatic progenitors, also
displaying features of liver-repopulating stem cells (Minguet
et al., 2003); however, despite finding these markers, negative
selection markers are less informative for the localization of
hepatoblasts. Thus, cell-surface antigens expressed on
hepatoblasts are valuable for localization and prospective

Neonate

A E16.5

Fig. 1 - Expression profiles of EpCAM during liver development. (A) Immunostaining of E16.5, E18.5 and neonatal liver
sections with either anti-EpCAM or anti-CK19 Ab. In E16.5 liver, arrowheads point to mono-layered bile duct progenitor cells.
{(Arrows) In E18.5 liver, arrows point to bi-layered ductal plates strikingly stained with both Abs. Asterisk: portal veins. (B)
Expression of EpCAM in liver is analyzed by real-time RT-PCR during liver development (E11.5, E12.5, E14.5, E17.5, neonate
and adult liver). The expression level of EpCAM is normalized by GAPDH (C) IHC of an E9.5 liver section with anti-EpCAM
{green) and anti-HNF4u (magenta) Abs. Both gut endoderm cells and liver precursor cells spreading into STM are stained with
anti-EpCAM Ab. (D) IHC of an E10.5 liver section with anti-EpCAM Ab by DAB staining. Dotted line encircles liver primordium.

Scale bars: 100 pm.
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isolation of hepatoblasts in the early stage of liver
development.

Hepatic stem/progenitor cells are also known to be pres-
ent in the adult liver and are thought to serve as reservoir
cells in the case of massive hepatic necrosis (Dabeva and
Shafritz, 1993; Fausto et al.,, 1993; Sell, 1990; Thorgeirsson
et al., 1993). In rodents, oval cells with the ability to differ-
entiate into both hepatocytes and cholangiocytes appear in
the periportal region following hepatic injury under a condi-
tion that restricts hepatocyte proliferation (Evarts et al,
1990). Although both oval cells in adults and hepatoblasts
in embryos exhibit similar characteristics, i.e., proliferation
and differentiation into hepatocytes and cholangiocytes
(Shiojiri et al, 1991; Tian et al., 1997), their origin and
relationship remain unknown. Because of their common
characteristics, it is possible that they exhibit common
cell-surface molecules. In fact, DLK1 was shown to be ex-
pressed in a subpopulation of rat oval cells (Jensen et al,
2004; Tanimizu et al., 2004). EpCAM is a cell-surface glyco-
protein expressed on some normal as well as neoplastic epi-
thelial cells (Armstrong and Eck, 2003; Momburg et al,

A E11.5 liver

1987). In the adult liver, it is known to be expressed on cho-
langiocytes, but not hepatocytes (de Boer et al.,, 1999). Re-
cently, we and another group reported that EpCAM is
expressed in mouse and rat oval cells (Okabe et al., 2009;
Yovchev et al, 2008). In contrast, Dan et al. reported that
multipotent progenitor cells derived from human fetal liver
expressed EpCAM (Dan et al., 2006). However, the expression
profiles of EpCAM, e.g., location and developmental stages
in human fetal liver are not known. Schmelzer et al. have
reported that pluripotent precursors of hepatoblasts ex-
pressed EpCAM and were located in ductal plates in human
fetal liver (Schmelzer et al., 2007). However, the expression
profile of EpCAM from the onset of liver organogenesis
through the formation of ductal plates has not been known.
In this report, we investigated the expression of EpCAM at
an early stage of mouse liver development and show that
EpCAM is the earliest and a transient marker for hepato-
blasts during hepatogenesis. Moreover, the expression
profile of EpCAM and DLK1 provides evidence for the devel-
opmental pathways of liver progenitors for not only hepato-
blasts, but also extrahepatic bile ducts and mesothelium.
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Fig. 2 - Characterization of EpCAM” cells in E11.5 liver. (A) FCM of E11.5 liver cells with anti-EpCAM Ab (upper panels). EpCAM*
and EpCAM™ cells sorted by AutoMACS were reanalyzed as shown (lower panels). (B) Colony-forming potential of EpCAM"*
cells in E11.5 liver. EpCAM" cells and EpCAM ™ cells were isolated from E11.5 liver by AutoMACS. Each 500 cells were cultured

to evaluate colony formation.
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2. Results and discussion EpCAM were weakly expressed as a discontinuous single-lay-
ered ring in the periportal area of E16.5 liver and their expres-
2.1.  Expression of EpCAM during mouse liver development sion became stronger at E18.5 and the neonate stage when
ductal plates with a partly bi-layered ring were clearly formed

(Fig. 1A). Consistent with the immunostaining result, EpCAM
was highly expressed in the late-gestational stage, E17.5, and

anti-EpCAM antibody (Ab) was performed. It is known that the neonate stage by real-time PCR (Fig. 1B). Because the for-
mation of ductal plates has not yet occurred in mid-gesta-

EpCAM is constitutively expressed in biliary epithelial cells

in the normal adult liver (de Boer et al., 1999; Hreha et al,, tional stages (Lemaigre, 2003; Shiojiri, 1997; Tanimizu et al.,

1999) Because intrahepatic bile duct cells are known to devel- 2003), it is reasonable that EpCAM expression is low around

op in the periportal area in the late-gestational stage E16.5, we E14.5. Interestingly, however, EpCAM was expressed highly

examined the expression of EpCAM as well as cytokeratin in E11.5 liver (Fig. 1B). To investigate the expression of EpCAM
at the onset of liver organogenesis, we immunostained trans-

(CK)19, a marker for biliary epithelial cells in livers from
E16.5 to neonatal stages by immunostaining. Both CK19 and verse sections of E9.5 embryos with anti-EpCAM Ab and anti-

To investigate the expression profiles of EpCAM during
mouse liver development, immunohistochemistry (IHC) using
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Fig. 3 - Expression profiles of EpCAM and DLK1 during liver development. (A-D) IHC of liver sections with anti-EpCAM (red)
and anti-DLK1 (green) Abs at various developmental stages (E10.5, E11.5, E14.5 and E17.5) Whereas cord-like cells in STM

were stained with both EpCAM and DLK1 at E10.5 (dotted line), gut endoderm cells were stained with only anti-EpCAM Ab.
While faint signals of EpCAM were detected at E11.5 (arrowheads), no significant signal of EpCAM was detected at E14.5. In
E17.5 liver, some cells with an intense EpGAM signal but without DLK1 signal were observed around the portal vein (arrows).

G, gut; PV, portal vein; Scale bars: 40 pm.
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hepatocyte nuclear factor (HNF)4u Ab. IHC clearly demon-
strated that EpCAM is expressed in HNF4«* epithelial hepato-
blasts forming liver bud, but notin STM (Fig. 1C). At E10.5, the
EpCAM" hepatoblasts spread out from the foregut into the
STM region to form hepatic cords (Fig. 1D). These results indi-
cated that the earliest hepatoblasts emerged from EpCAM*
foregut endoderm continued to express EpCAM at the onset
of hepatogenesis.

2.2.  Colony-forming capacity of EpCAM" cells at an early
stage of liver development

To characterize EpCAM" cells at an early stage of liver
development, we generated anti-EpCAM Ab applicable for
flow cytometric analysis (FCM) and investigated its expres-
sion profile in fetal liver cells. Because E10.5 liver was too
small to dissect precisely and to prepare a sufficient number
of cells for FCM, we used fetal liver cells of E11.5 embryos
(Fig. 2A). FCM revealed that the percentages of EpCAM* cells
in total liver cells were approximately 6%. To further charac-
terize hepatoblasts in EpCAM* cells, we isolated each cell
fraction using an automatic magnetic cell sorter (AutoMACS)
and evaluated their proliferation potential by in vitro colony
formation assay, as previously reported (Tanimizu et al,
2003) (Fig. 2B). Approximately 20% of EpCAM" cells formed
colonies, whereas only about 3% of EpCAM™ cells did so. In
addition, large colonies composed of over 80 cells were
formed predominantly in EpCAM" cells, suggesting that
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highly proliferative progenitor cells are present in EpCAM”*
cells at E11.5. This result also indicated that EpCAM™ cells in-
clude colony-forming cells, although they are less prolifera-
tive; therefore, sorting by an anti-EpCAM Ab is effective to
purify the highly proliferative population at an early stage
of liver development.

2.3.  Expression profile of EpCAM in DLK1" cells during
liver development

We have previously reported that DLK1" cells in E14.5 liver
contain highly proliferative and bipotential hepatic progeni-
tors, indicating that DLK1 is a hepatoblast marker in E14.5
liver (Tanimizu et al., 2003). To investigate the relationship be-
tween EpCAM and DLK1, transverse sections of E10.5 embryos
were immunostained with anti-DLK1 and anti-EpCAM Abs. As
shown in Fig. 3A, EpCAM was expressed in the fetal gut where
no DLK1 expression was detected. In the STM region, most
EpCAM" cells forming apparent hepatic cords expressed a
high level of DLK1. Since hepatoblasts emerge from the fore-
gut endoderm, EpCAM*DLK1"~ endoderm cells in the foregut
were considered to give rise to hepatoblasts with DLK1, form-
ing the hepatic bud and primordium. Fluorescent signals of
EpCAM in the liver by IHC became weaker along with develop-
ment. Only faint signals of EpCAM were detected in DLK1*
cells at E11.5, but no clear signals of EpCAM were observed
in E14.5 liver (Fig. 3B and C). In the late-gestational stage,
E17.5, strong EpCAM signals reappeared around portal veins
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Fig. 4 - FCM of fetal liver cells with anti-EpCAM and anti-DLK1 Abs at various stages. At E11.5, there was an apparent
population with high expression of EpCAM and DLK1. The expression level of EpCAM is rapidly downregulated and the
population of EpCAM'DLK1* cells is markedly reduced after E12.5. As shown in the upper control panel, hepatoblasts show

autofluorescence property at E12.5 or later.
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