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SUMMARY

Hepatic progenitor cells (HPCs) appear in response to several types of chronic injury in the human and rodent liver that often develop
into liver fibrosis, cirrhosis, and primary liver cancers. However, the contribution of HPCs to the pathogenesis and progression of such
liver diseases remains controversial. HPCs are generally defined as cells that can differentiate into hepatocytes and cholangiocytes. In this
study, however, we found that HPCs isolated from the chronically injured liver can also give rise to myofibroblasts as a third type of
descendant. While myofibroblast differentiation from HPCs is not significant in culture, during tumor development, HPCs can
contribute to the formation of the tumor microenvironment by producing abundant myofibroblasts that might form a niche for tumor
growth and survival. Thus, HPCs can be redefined as cells with a potential for differentiation into myofibroblasts that is specifically

activated during tumor formation.

INTRODUCTION

Hepatic progenitor cells (HPCs) have histologic features of
biliary lineage cells and appear in response to several types
of chronic injury in the adult human liver, including hep-
atitis C virus infection, hemochromatosis, a-1-antitrypsin
deficiency, alcoholic liver disease, and nonalcoholic fatty
liver disease (Lowes et al., 1999; Brunt et al., 2010; Nobili
et al., 2012). These liver pathologies are associated with
an increased risk of liver fibrosis, cirrhosis, and primary
liver cancers (Prior, 1988; Deugnier et al., 1993; Tsukuma
et al., 1993; Clouston et al., 2005; Fairbanks and Tavill,
2008; Gao and Bataller, 2011; Carpino et al., 2013). Thus,
HPCs are suggested to play a critical role in the onset and
progression of such liver diseases. Experimental rodent
models have been developed (Farber, 1956; Shinozuka
et al., 1978; Tatematsu et al., 1984; Lemire et al., 1991; Fac-
tor and Radaeva, 1993; Preisegger et al., 1999) to investigate
the properties of HPCs in detail. In these models, HPCs
(often called oval cells) that appear in response to chronic
liver injury induced by potential carcinogens are histolog-
ically identified as cells that express biliary markers and
proliferate in portal areas of the hepatic lobule, similar to
the case for human liver pathologies. Normally, rodent
HPCs are thought to be inefficient in the production of
hepatocytes during recovery from chronic liver injury,
because hepatocytes themselves are highly proliferative
(Schaub et al.,, 2014; Tarlow et al., 2014; Yanger et al.,
2014; Jors et al., 2015). However, in some specific condi-
tions of liver damage, HPCs can actually give rise to
hepatocytes in vivo to promote liver regeneration (Espa-

nol-Suner et al., 2012; Lu et al., 2015), suggesting that the
behavior of HPCs is tightly regulated in accordance with
the context of liver injury. Meanwhile, although extensive
studies of HPCs have been performed in commonly used
rodent models, it remains a matter of debate whether
HPCs contribute to the development of liver diseases.

The liver is composed of multiple cellular lineages,
including hepatocytes, cholangiocytes (biliary epithelial
cells), hepatic stellate cells, Kupffer cells (hepatic macro-
phages), myofibroblasts, vascular and sinusoidal endo-
thelial cells, and circulating hematopoietic cells. HPCs are
defined as cells that can differentiate into two types of
hepatic epithelial cells, namely hepatocytes and cholangio-
cytes, and are thus designated bipotent progenitor cells
(Fausto and Campbell, 2003). Meanwhile, mesenchymal
cells in the liver may be derived from their own progenitor
cells or provided by bone marrow (BM)-derived cells that
flow into the liver (Baba et al., 2004; Asahina et al., 2009;
Si-Tayeb et al., 2010), although both of these origins
remain controversial. In liver diseases, not only epithelial
cells but also mesenchymal cells synchronously contribute
to the disease occurrence and progression. Thus, it is
suggested that the interaction between HPCs and mesen-
chymal cells is important for the initiation and develop-
ment of liver diseases, although the mechanisms remain
unclear.

In our previous study, HPCs were identified as cells that
can form large colonies (LCs) in single-cell cultures of
CD133" biliary lineage cells isolated from the chronically
injured adult mouse liver (Suzuki et al., 2008). In fact,
CD133" LC-forming cells have the properties of HPCs,
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Figure 1. HPCs Isolated from the Chronically Injured Adult Mouse Liver Have Trilineage Differentiation Potential

(A) Experimental procedure to isolate and characterize HPCs. Wild-type mice were administered DDC for induction of CK19" biliary lineage
cells that contain a fraction of HPCs in the chronically injured liver. The liver tissues were then dissociated into single cells, and the
(D133*CD45 TER119 ™ biliary lineage cells were isolated by flow cytometry and clonally cultured in 96-well plates. HPCs that formed LCs
and expanded in clonal culture exhibited the features of epithelial cells and produced hepatocytes and cholangiocytes as descendants,
while maintaining undifferentiated cells by undergoing self-renewing cell divisions. Upon transplantation, HPCs marked by expression of
GFP were also capable of reconstituting the hepatic lobule as FAH* hepatocytes and forming the biliary ductal structures by differentiating
into CK19* cholangiocytes. We chose three independent HPC clones for examination.

(B) In clonal cultures of HPCs, a small number of cells with the morphology of mesenchymal cells were present (arrowheads).

(C) Immunofluorescence staining of a-SMA was conducted for cells in a clonal culture of HPCs.

(D) The percentages of cells immunoreactive for a-SMA among HPC clones (HPC-C1, HPC-C2, and HPC-C3) were calculated after counting
~1 x 10° cells in individual culture dishes.

(E) Co-immunofluorescence staining of ALB with a-SMA and CK19 was conducted for cells in a clonal culture of HPCs.

(F) Co-immunofluorescence staining of -SMA with EdU was conducted for cells in a clonal culture of HPCs (arrowheads: a-SMA™ EdU*
cells), and the percentages of cells immunoreactive for EdU in a-SMA™ or a.-SMA™ cells were calculated after counting ~800 or ~20 cells,
respectively, in individual culture dishes. The data represent means + SD of three technical replicates (n = 3). DNA was stained with DAPI.
Scale bars, 50 um. See also Figures S1 and S2.

being capable of giving rise to both hepatocytes and cholan-
giocytes as descendants, while maintaining undifferentiated
cells by self-renewing cell divisions. In the present study, we
carefully observed clonal cultures of HPCs and found that, in
addition to hepatocytes and cholangiocytes, a small number
of myofibroblasts were present. Although the frequency of
myofibroblast differentiation from HPCs remained low in
culture, a number of myofibroblasts were generated from
HPCs and formed a microenvironment in tumors arising
from p53-deficient (p53~/~) HPCs. Our findings demonstrate
that HPCs have the potential for trilineage differentiation
into three cell types, namely hepatocytes, cholangiocytes,
and myofibroblasts, and that during tumor development

HPCs can create a particular microenvironment by produc-
ing abundant myofibroblasts that might form a niche for
tumor growth and survival.

RESULTS

Trilineage Differentiation Potential of HPCs

Based on the methods described in our previous study
(Suzuki et al., 2008), we obtained HPCs from chronically
injured adult mouse liver (Figure 1A). First, we fed mice
with a diet containing 3,5-diethoxycarbonyl-1,4-dihy-
drocollidine (DDC) for 2 weeks to induce HPCs in the

Stem Cell Reports | Vol. 7 | 1130—1139 | December 13,2016 1131



chronically injured liver. Next, CD133*CD45 TER119~
biliary lineage cells were isolated by flow cytometry and
cultured under single-cell culture conditions. About 1%
of the isolated cells was able to form LCs, which we desig-
nated CD133" LC-forming cells. These CD133" LC-forming
cells were maintained by self-renewing cell divisions in
clonal cultures and spontaneously gave rise to both he-
patocytes and cholangiocytes as descendants. Moreover,
CD133* LC-forming cells were able to partially reconstitute
the hepatic lobule and form the biliary ductal structures af-
ter transplantation into the livers of fumarylacetoacetate
hydrolase (Fah)-deficient (Fah™'~) mice and DDC-adminis-
tered mice, respectively. Thus, we finally concluded that
CD133* LC-forming cells could be identified as HPCs in
the chronically injured adult mouse liver.

Isolated HPCs and their derivatives exhibit the features
of epithelial cells in clonal cultures. However, among the
epithelial cells we found a small number of cells with the
morphology of mesenchymal cells (Figure 1B). These
mesenchymal cells were characterized as myofibroblasts
by their expression of a-smooth muscle actin («-SMA) (Fig-
ure 1C). On average, about 0.01% of cells in cultures of
three distinct HPC clones were identified as a-SMA* myofi-
broblasts (Figure 1D). These myofibroblasts were totally
different from hepatocytes and cholangiocytes expressing
albumin (ALB) and cytokeratin 19 (CK19), respectively
(Figure 1E). Moreover, the number of proliferating cells
in the myofibroblast population was much lower than
those in the other cell populations (Figure 1F). These data
demonstrated that HPC-derived myofibroblasts were
independently present in clonal cultures of HPCs, but the
possibility remained that a-SMA* cells were originally
contained in the isolated CD133*CD45 TER119~ cells
and differentiated into hepatocytes and cholangiocytes.
However, immunofluorescence analyses revealed that no
a-SMAT* cells were present in the initially isolated CD133*
CD45 TER119™ cells (Figure S1). Moreover, because hepa-
tocytes and cholangiocytes undergo epithelial-to-mesen-
chymal transition (EMT) through activation of trans-
forming growth factor B (TGF-B) signaling in culture
(Taura et al., 2010; Chu et al., 2011), we examined whether
HPC-derived myofibroblasts appeared in the result of EMT
by culturing an HPC clone with the TGF-p receptor inhibi-
tor SB431542. Our data showed that there was no signifi-
cant difference in the frequency of a-SMA™ cells between
the cultures of HPCs in the presence and absence of
SB431542 (Figure S2). Thus, the generation of myofibro-
blasts from HPCs may not be due to a spontaneous induc-
tion of EMT based on the culture medium containing
TGEF-B, while the possibility of involvement of EMT cannot
completely be excluded. Taken together, our findings indi-
cate that HPCs derived from the chronically injured adult
mouse liver have trilineage differentiation potential, while
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the production ratio of myofibroblasts from HPCs is much
lower than those of hepatocytes and cholangiocytes.

HPCs Persistently Produce a Small Number of
Myofibroblasts in Clonal Subcultures

There were two possibilities underlying these unexpected
findings, namely that HPCs isolated from the chronically
injured liver can temporarily produce myofibroblasts, and
that HPCs have a potential to differentiate into myofibro-
blasts even after self-renewing cell divisions. To investigate
these possibilities, we conducted subcloning experiments
for three different HPC clones. The cells in cultures of
the three HPC clones were trypsinized, subjected to clone
sorting by flow cytometry, and cultured under single-cell
culture conditions (Figure 2A). About 20% of the re-sorted
cells formed LCs again, and all of the LCs contained
a-SMA™ myofibroblasts, in addition to ALB" hepatocytes
and CK19" cholangiocytes (Figures 2B-2D). Moreover,
the percentages of a-SMA* cells within the cultures of three
representative subclones of the individual primary HPC
clones did not differ significantly from those within cul-
tures of the primary HPC clones (Figure 2E). Thus, our
data indicate that HPCs isolated from the chronically
injured liver have a potential to undergo self-renewal and
infrequently, but persistently, produce myofibroblasts in
addition to abundant hepatocytes and cholangiocytes in
clonal subcultures.

Hepatoblasts Isolated from the Developing Mouse
Liver Can Rarely Give Rise to Myofibroblasts in Clonal
Cultures

In addition to the injured adult liver, myofibroblasts are
also present around the portal areas of the hepatic lobule
during liver development. Similar to the HPCs in the
chronically injured liver, hepatoblasts that act as hepatic
stem/progenitor cells in the developing liver give rise to
both hepatocytes and cholangiocytes as descendants and
play a central role in liver organogenesis (Lemaigre and
Zaret, 2004). Based on the present results, we examined
whether hepatoblasts are able to produce myofibroblasts
in addition to hepatocytes and cholangiocytes. In our pre-
vious study (Suzuki et al., 2002), we established a method
to isolate hepatoblasts from the developing mouse liver
and to culture these cells under single-cell culture condi-
tions, similar to the case for the HPCs used in this study.
Immunofluorescence analyses revealed that clonal cultures
of three different clones of hepatoblasts contained a-SMA*
myofibroblasts, while the percentages of these cells were
quite low (less than 0.0001%) (Figures 3A and 3B). Thus,
similar to HPCs in the chronically injured liver, hepato-
blasts also have a potential to produce myofibroblasts, in
addition to hepatocytes and cholangiocytes. However,
because myofibroblast differentiation from hepatoblasts
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Figure 2. HPCs Have a Potential to Persistently Produce Myofibroblasts in Clonal Subcultures

(A) Experimental procedure to perform subcloning experiments for three different HPC clones (HPC-C1, HPC-C2, and HPC-C3). Cells in
cultures of each HPC clone underwent clone sorting by flow cytometry and were clonally cultured in 96-well plates. After LC formation and
clonal expansion, three representative subclones of the individual primary HPC clones were chosen for examination.

(B and C) The numbers of LCs in the wells of 96-well plates (B) and the numbers of LCs containing a-SMA™ cells in LCs (C) were counted. The

percentages are shown.

(D) Immunofluorescence staining of o-SMA and co-immunofluorescence staining of ALB with a-SMA and CK19 were conducted for cells in
LCs formed from cells in cultures of a primary HPC clone. DNA was stained with DAPI. Scale bars, 0.5 mm (left panel) and 50 um (right

panels).

(E) The percentages of cells immunoreactive for a-SMA among subclones of the three primary HPC clones were calculated after counting
~1 x 10° cells in individual culture dishes. The data represent means + SD of three technical replicates (n = 3).

is rare, it is suggested that these hepatoblast-derived myo-
fibroblasts do not positively contribute to liver develop-
ment, and that myofibroblasts may be mainly provided
by the other types of cells.

HPC-Derived Myofibroblasts Form a
Microenvironment in Tumors Arising from

P53/~ HPCs

The above data suggest that, because the frequency of my-
ofibroblast production from HPCs is very low, HPC-derived
myofibroblasts do not positively contribute to the restora-
tion and maintenance of the liver. Because HPCs are nor-
mally observed in a variety of liver pathologies in humans
and rodents, we speculated that myofibroblasts derived
from HPCs might play a role in liver diseases, especially

liver cancers. To examine this possibility, we used HPCs
obtained from the chronically injured p53~/~ mouse liver
that form tumors following subcutaneous injection into
nonobese diabetic/severe combined immunodeficient
(NOD/SCID) mice (Suzuki et al., 2008). For this purpose,
we isolated CD133*CD45 TER119™ cells from the livers
of DDC-treated p53~/~ mice and cultured these cells under
single-cell culture conditions. We observed that CD133*
LC-forming cells were maintained with self-renewing cell
divisions in clonal cultures (Figure 4A). Similar to the
HPCs obtained from the livers of DDC-treated wild-type
mice, p53~/~ HPCs and their derivatives were morphologi-
cally identifiable as epithelial cells and gave rise to myofi-
broblasts, as well as hepatocytes and cholangiocytes, in
clonal cultures (Figure 4B). Interestingly, the percentages
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of a-SMA* myofibroblasts in cultures of three representa-
tive p53~/~ HPC clones were not much changed compared
with those in cultures of the wild-type mice-derived HPC
clones (Figure 4C).

Next, to investigate the role of HPC-derived myofibro-
blasts in tumor formation, we subcutaneously injected
p53~/~ HPCs into NOD/SCID recipient mice, after marking
the cells by expression of GFP (Figure 4A). At 2 months after
transplantation, the three distinct p53~/~ HPC clones
generated tumors (Figure 5A). Immunofluorescence ana-
lyses revealed that the tumors formed by the GFP* donor
cells were composed of both mesenchymal and epithelial
tissues constituted by a-SMA™ myofibroblasts and CK19*
biliary lineage cells, respectively (Figures SB-5SE). In addi-
tion, and surprisingly, a number of myofibroblasts occu-
pied a wider area of the tumors and tightly surrounded
the epithelial tissues within the tumors, although the fre-
quency of myofibroblast production from HPCs was very
low in culture (Figures 5B-5E). These properties of p53~/~
HPC-derived tumors resemble those of cholangiocarci-
noma (Sirica, 2011; Massani et al., 2013), suggesting that,
at least in part, p53~/~ HPCs can give rise to cholangiocar-
cinoma. When we transplanted the mixture of wild-type
and p53~/~ HPC clones into NOD/SCID mice, wild-type
HPCs formed only a small number of ductal structures sur-
rounded by p53~/~ HPC-derived mesenchymal tissues in
the tumor (Figure S3). Because any tumors were not formed
after transplantation of only wild-type HPCs (Suzuki et al.,
2008), p53~/~ HPC-derived myofibroblasts may be possibly
capable of supporting the reconstitution of the biliary
ductal structures from wild-type HPCs. Moreover, these
results suggest that p53 deficiency is required for in vivo
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Figure 3. Hepatoblasts Have a Potential
to Differentiate into Myofibroblasts

(A) Immunofluorescence staining of o-SMA
was conducted for cells in cultures of hep-
atoblast clones (Hepatoblast-C1, Hepato-
blast-C2, and Hepatoblast-C3), following
isolation from the developing mouse liver.
DNA was stained with DAPI. Scale bars,
50 um.

(B) The percentages of cells immunoreactive
for a-SMA among the hepatoblast clones
were calculated after counting ~3 x 10°
cells in individual culture dishes. The data
represent means + SD of three technical
replicates (n = 3).

Hepatoblast-C3

production of myofibroblasts from HPCs. Indeed, in the
chronically injured liver of DDC-treated wild-type mice,
HPC-derived myofibroblasts were not observed (Fig-
ure S4). Thus, during tumor development p53~/~ HPCs
can contribute to the formation of the tumor micro-
environment by producing abundant myofibroblasts that
might form a particular niche for tumor growth and
survival.

DISCUSSION

Myofibroblasts are normally absent from the adult liver
but appear during liver injury. In experimental rodent
models of liver fibrosis and patients with liver disease,
myofibroblasts are generated from activated liver-resident
mesenchymal cells, such as hepatic stellate cells and portal
fibroblasts (Lemoinne et al.,, 2013; Mederacke et al.,
2013; Xu et al., 2014), but not from hepatocytes and chol-
angiocytes (Scholten et al., 2010; Taura et al., 2010; Chu
et al., 2011). Thus, these two types of mesenchymal cells
are considered to be the major sources of myofibroblasts
in the fibrotic liver. Meanwhile, although BM-derived
collagen-producing cells, fibrocytes, are recruited into the
injured liver and are involved in inflammation and fibrosis,
the contribution of fibrocytes to myofibroblasts remains
controversial (Lemoinne et al., 2013; Xu et al., 2014). Our
present data show that HPCs can also be a source of myofi-
broblasts that may potentially create a microenvironment
for tumor development arising through the progression
of chronic liver injury. HPCs are generally defined as cells
that can give rise to only two types of hepatic epithelial
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Figure 4. p53~/~ HPCs Give Rise to a Small Number of Myofibroblasts in Culture

(A) Experimental procedure to prepare p53~/~ HPCs for in vitro analysis and transplantation. The CD133*CD45 TER119 ™ cells isolated from
the livers of DDC-treated p53~/~ mice were clonally cultured in 96-well plates. HPCs that formed LCs and expanded in clonal culture were
analyzed in culture and used for transplantation into NOD/SCID mice following transfection of a GFP-expressing vector.

(B) Representative morphology of cells in a clonal culture of p53~/~ HPCs (left panel). Co-immunofluorescence staining of ALB with o-SMA
and CK19 was conducted for cells in a clonal culture of p53~/~ HPCs (right panel). DNA was stained with DAPI. Scale bars, 50 pum.

(C) The percentages of cells immunoreactive for o-SMA among p53~/~ HPC clones (p53~/~ HPC-C1, p53~/~ HPC-C2, and p53~/~ HPC-C3)
were calculated after counting ~1 x 10° cells in individual culture dishes. The data represent means + SD of three technical replicates

(n=3).

cells, hepatocytes and cholangiocytes. However, we found
that HPCs obtained from the chronically injured liver can
actually produce a third cell type, myofibroblasts, meaning
that HPCs can likely be redefined as cells with at least trili-
neage differentiation potential. Interestingly, although
HPCs can persistently produce myofibroblasts, the produc-
tion ratio of myofibroblasts from HPCs is much less than
those of hepatocytes and cholangiocytes in culture. How-
ever, during tumor development HPCs can contribute to
the formation of the tumor microenvironment by produc-
ing abundant myofibroblasts, which may depend on p53
deficiency in HPCs. Although we have no related data in
this study, there is a possibility that p53~/~ HPC-derived
myofibroblasts could contribute to liver fibrosis as well as
liver cancers.

Our present data suggest that HPC-derived myofibro-
blasts play an essential role for tumor development by
generating a particular microenvironment that might act
as a niche for tumor growth and survival. However, it re-
mains to be determined whether the microenvironment

composed of HPC-derived myofibroblasts can actually
support tumor development. Indeed, myofibroblasts may
mainly be provided by the hepatic stellate cells and portal
fibroblasts during the development and progression of liver
fibrosis and cancers. Thus, to understand the specific role
of HPC-derived myofibroblasts in liver diseases it will be
important to clarify the differences among myofibroblasts
derived from HPCs, hepatic stellate cells, and portal fibro-
blasts. The new knowledge acquired from this approach
will enable us to explore and identify the fundamental
factors derived from the tumor microenvironment created
by HPC-derived myofibroblasts, which might include tu-
mor-associated cytokines and extracellular matrix proteins.
Moreover, identification of the mechanism underlying
myofibroblast differentiation from HPCs may play a critical
role in developing a method to inhibit tumor formation by
blocking the generation of myofibroblasts from HPCs.
Thus, our findings will help to elucidate the pathologic
mechanisms underlying liver fibrosis and cancer and to
develop therapeutic strategies for such liver diseases.
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Figure 5. Myofibroblasts Derived from p53~/~ HPCs Create the Tumor Microenvironment
(A) Three distinct p53~/~ HPC clones gave rise to tumors at 2 months after subcutaneous injection into NOD/SCID mice. Arrows indicate

tumors formed from each p53~/~ HPC clone.

(B) Serial sections of a tumor arising from a GFP-expressing p53~/~ HPC clone were analyzed by H&E staining and immunohistochemical

staining of GFP, -SMA, and CK19.

(C-F) Co-immunofluorescence staining of GFP with a-SMA (C and E) or CK19 (D) and that of GFP with E-cadherin and a-SMA (F) was
conducted for p53~/~ HPC-derived tumors formed in NOD/SCID recipient mice. Serial sections were used for the staining shown in (D) and

(E). DNA was stained with DAPI.

Scale bars represent 200 um (B), 50 pm (C-E), and 10 um (F). See also Figures S3 and S4.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6 mice (Clea), Fah™'~ mice (Suzuki et al., 2008), p53’/*
mice (CDB0O001K) (Tsukada et al., 1993), NOD/SCID mice (Charles
River Laboratories), CK19-CreER™ mice (Sekiya and Suzuki, 2012),
and R26R™™ mice (Srinivas et al., 2001) were used in this study.

Isolation and Culture of Cells
HPCs and hepatoblasts were prospectively isolated from the
chronically injured adult mouse liver and developing mouse liver,
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respectively, and isolated cells were clonally cultured as described
previously (Suzuki et al., 2002, 2008). In brief, for isolation of
HPCs, single-cell suspensions of liver cells were prepared from
C57BL/6 wild-type or p53~/~ mice fed a diet containing 0.1%
DDC (Sigma-Aldrich) for 2 weeks using a dual-protease digestion
protocol. Next, fluorescence-conjugated antibodies against
CD133, CD45, and TER119 were used for isolation of CD133"*
CD45 TER119™ cells. For isolation of hepatoblasts, we used fluo-
rescence-conjugated antibodies against c-Met, CD49f, c-Kit,
CD45, and TER119, and isolated c-Met*CD49f*/'°¥c-Kit~CD45~
TER119™ cells from the liver of E13.5 mouse embryos. CD133*
CD45 TER119™ cells and c-Met*CD49f"**c-Kit"CD45 TER119~



cells identified by clone sorting using flow cytometry were cultured
in individual wells of 96-well plates to induce colony formation.
The HPCs and hepatoblasts that formed LCs were then subcultured
and clonally expanded. HPCs and hepatoblasts were cultured in
our hepato-medium, comprising a 1:1 mixture of DMEM and
F-12, supplemented with 10% fetal bovine serum, 1 pg/mL insulin
(Wako), 1 x 10”7 M dexamethasone (Sigma-Aldrich), 10 mM nico-
tinamide (Sigma-Aldrich), 2 mM L-glutamine, 50 uM B-mercaptoe-
thanol (Nacalai Tesque), penicillin-streptomycin, 20 ng/mL hepa-
tocyte growth factor (Sigma-Aldrich), and 20 ng/mL epidermal
growth factor (Sigma-Aldrich). Under our culture conditions,
HPCs and hepatoblasts were maintained with self-renewing cell
divisions at a certain ratio, and spontaneously and continuously
produced their differentiated progeny. We conducted at least three
independent experiments for isolation and culture of HPCs and
hepatoblasts, and three clones of HPCs and hepatoblasts were
randomly selected and used for examination.

Immunostaining

Liver and tumor tissues were fixed in 20% formalin, dehydrated in
ethanol and xylene, embedded in paraffin wax, and sectioned.
After deparaffinization and rehydration of the sections, antigen
retrieval was performed by microwaving in 0.01 M citrate buffer
(pH 6.0). For immunohistochemistry, the sections were incubated
with 0.3% hydrogen peroxide in methanol for 20 min at room
temperature to quench endogenous peroxidase activity. Cultured
cells were washed with PBS and sequentially fixed with 4% parafor-
maldehyde for 5 min and 25% acetone in methanol for 1 min at
room temperature. The fixed cells were washed in PBS containing
0.1% Tween 20 (Nacalai Tesque) and treated with 0.2% Triton
X-100 (Nacalai Tesque) for 1 hr at room temperature. After washing
with PBS/Tween 20 and blocking, the tissue sections and cultured
cells were incubated with the following primary antibodies:
mouse anti-a-SMA (1:10,000; Sigma-Aldrich, A2547), goat anti-
ALB (1:2,000; Bethyl Laboratories, A90-134A), rabbit anti-CK19
(1:4,000; Sekiya and Suzuki, 2012), rabbit anti-FAH (1:2,000;
Abcam, ab81087), goat anti-GFP (1:2,000; Abcam, ab6673), and
rat anti-E-cadherin (1:200; Takara, M108). After washing, the sec-
tions and cells were incubated with horseradish peroxidase-conju-
gated secondary antibodies (1:2,000; Dako) specific to the species
of the primary antibodies for immunohistochemistry or with
Alexa 488-, Alexa 555-, and/or Alexa 647-conjugated secondary
antibodies (1:1,000; Molecular Probes) plus DAPI for immunofluo-
rescence staining. In addition, 5-ethynyl-2’-deoxyuridine (EdU)-
incorporated cells were stained using a Click-iT EAU Alexa Fluor
555 Imaging Kit (Molecular Probes) in accordance with the manu-
facturer’s instructions. EAQU (Sigma-Aldrich) was added to the cul-
ture medium at 30 min before analyses.

Cell Transplantation

Similar to our previous study (Suzuki et al., 2008), HPCs (8 x 10°)
obtained from the livers of DDC-treated wild-type mice were intra-
splenically injected into the livers of Fah~'~ mice. The Fah~/~ mice
were maintained on drinking water containing 7.5 mg/L NTBC
(Swedish Orphan International), but the treatment was stopped
just after transplantation. We also marked HPCs by GFP expression
through transfection of a GFP-expressing vector and transplanted

these cells (8 x 10°) into the livers of wild-type mice at 4 days after
the beginning of DDC administration. We transplanted HPCs into
more than three recipient mice in each experiment, and the donor
cells were able to become engrafted and reconstitute the hepatic
tissues in the livers of all recipient mice. For analysis of tumor for-
mation, HPCs (3 x 107) obtained from the livers of DDC-treated
537/~ mice were initially marked by GFP expression. The GFP*
HPCs were then suspended in 250 pL of culture medium with
250 pL of Matrigel (BD Biosciences) containing 5 pg/mL vascular
endothelial growth factor 165 (Sigma-Aldrich) and subcutaneously
injected into NOD/SCID mice. We transplanted p53~/~ HPCs into
more than three recipient mice, and the donor cells were able to
form tumors in all recipient mice.

Study Approval

The experiments were approved by the Kyushu University Animal
Experiment Committee, and the care of the animals was in accor-
dance with institutional guidelines.
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