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Introduction: Exploring techniques for differentiating and culturing canine hepatocytes serves as a
means to establish systems for liver transplantation and drug metabolism testing. However, establishing
consistent methods for culturing stable hepatocytes remains a challenge. Recently, several investigations
have shown the reprogramming of mature hepatocytes into hepatic progenitor cells by applying specific
small molecule compounds, including Y-27632, (a ROCK inhibitor), A-83-01 (a TGFb inhibitor), and
CHIR99021 (a GSK3 inhibitor) (termed YAC) in rat, mouse, and humans, respectively. However, reports or
evidence of successful reprogramming using these small-molecule compounds in dogs are absent. This
study aimed to induce the differentiation of mature canine hepatocytes into progenitor cells.
Methods: Cryopreserved canine hepatocytes (cHep) were cultured for 14 d in a YAC-supplemented he-
patocyte growth medium. Subsequently, an assessment was conducted involving morphological obser-
vations, quantitative real-time polymerase chain reaction (qRT-PCR), and immunocytochemistry.
Results: Notably, cryopreserved cHep cells emerged and exhibited ongoing proliferation and concur-
rently developed colonies within the YAC-enriched culture. These observations indicated that the mature
hepatocytes reprogrammed into hepatic progenitor cells. Moreover, qRT-PCR analysis revealed a notable
enhancement in gene expression levels. Specifically, the genes encoding a-fetoprotein (AFP), epithelial
cell adhesion molecule (EpCAM), Cytokeratin 19 (CK19) and SRY-box9 (Sox9) displayed approximately
12-, 2.2-, 517- and 2.9- increases in hepatic progenitor cells, respectively, on day 14 as compared to their
state before induction of differentiation. Hepatocyte-related protein expression of AFP, EPCAM, SOX9 and
CK19 was confirmed via immunocytochemistry on day 21. In contrast, ALB and MRP2, which are highly
expressed in mature hepatocytes, were decreased compared to those before YAC addition, which is
consistent with the characteristics of undifferentiated hepatocytes.
Conclusions: Herein, we effectively promoted the reprogramming of cryopreserved cHep cells into he-
patic progenitor cells using three small-molecule compounds. The mRNA and protein expression ana-
lyses demonstrated increased levels of hepatic progenitor cells-specific markers, whereas markers
related to mature hepatocytes decreased, suggesting that reprogramming cryopreserved cHep cells to
hepatic progenitor cells was achieved using YAC. Therefore, cultivating liver progenitor cells holds the
potential to offer valuable insights into the development of artificial livers for drug discovery research
and transplantation therapy aimed at addressing liver diseases in dogs.
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1. Introduction

Recent advances in veterinary technology have extended the
lifespans of companion dogs. Consequently, the number of cases of
liver disease has increased [1,2]. Some dogs have been indicated to
develop various spontaneous liver diseases including hepatitis,
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cirrhosis, portosystemic shunt, and portal hypoplasia [1e5]. Liver
dysfunction, including chronic hepatitis, hepatic fibrosis, and
cirrhosis, is more common in canine liver diseases than in biliary
diseases [1,2]. In dogs, liver fibrosis and cirrhosis concurrent with
chronic hepatitis are often occurred [1]. Canine hepatitis has a poor
prognosis, with amedianmean survival of approximately one and a
half years [2]. Particularly, new effective treatment methods for
canine cirrhosis should be established as soon as possible because
the prognosis has been reported to be only 22 d [2]. Some thera-
peutic drugs, including inflammatory, antioxidant, and antifibrotic
agents, immune suppressive therapy, and gene therapy have been
used for treating hepatitis and secondary liver fibrotic disease
[2,6,7]; however, an effective treatment has not yet been estab-
lished. Liver transplantation using primary cultured hepatocytes is
a promising alternative to conventional living-donor liver trans-
plantation. However, canine allogeneic liver transplantation,
including living-donor liver transplantation, has not been estab-
lished in veterinary medicine.

Lots of dogs are used as laboratory animals for drug develop-
ment worldwide, and even healthy individuals are killed. Generally,
several enzymes are present in the liver, including cytochrome 450
(CYP), which is involved in drug metabolism [8e10]. In the liver,
95 % of the drugs taken into the body by the action of these en-
zymes are metabolised into a form that is easily excreted through
detoxification and degradation of toxic substances. Therefore, drug
metabolism in the liver is essential to evaluate the drug metabolic
toxicity during drug development [9]. Drug-induced liver injury
(DILI) is a major cause of discontinuing drug development and
market withdrawal in drug discovery research, and establishing
tools for early DILI prediction is a crucial issue in drug development
[9,10]. Therefore, primary hepatocytes are used to conduct drug
metabolism studies during the early stages of drug development to
evaluate drug toxicity. However, primary hepatocytes can only be
cultured for one week and cannot be completely evaluated [9].
Therefore, a demand exists to produce an artificial liver that can be
cultured in dogs for a long period; however, this has not yet been
established. Therefore, several dogs are still used and euthanised as
experimental animals for toxicity testing, which poses an ethical
problem. Thus, constructing a test system that can appropriately
evaluate drug toxicity is currently the most important issue.

In our previous study, bone marrow-derived mesenchymal
stem cells were reported to be directly differentiated into induced
hepatocyte-like cell by introducing the transcription factors
Hnf4a and Forkhead box gene, which are related to hepatocyte
differentiation, using a gene transfer-based differentiation in-
duction method that has become mainstream in liver regenera-
tion technology [11,12]. However, several issues are to be solved,
such as the carcinogenicity of the viral vector used for introduc-
tion and the lack of structure of bile ducts and sinusoids other
than hepatocytes.

Recently, the use of three small molecule compounds, Y-27632
(ROCK inhibitor), A-83-01 (TGFb inhibitor), and CHIR99021 (GSK3
inhibitor) (termed YAC) in culture in rats and mice was reported to
enable differentiation of mature hepatocytes into hepatic progen-
itor cells that are capable of self-renewal and differentiation into
hepatocytes. These cells are called chemically induced liver pro-
genitor (CLiP) cells and are being analysed at institutions world-
wide as a scheme for artificial liver production [13]. Furthermore,
creating CLiP cells has solved the previously impossible tasks of (1)
differentiating mouse hepatocytes into bile duct epithelial cells and
(2) simultaneously differentiating into liver progenitor cells with
self-renewal abilities. Additionally, when CLiP cells were trans-
planted into mice with severe liver damage, 75%e90 % of the
damaged liver was successfully transplanted and replaced by
transplanted cells [14]. Therefore, this study aimed to reprogram
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cryopreserved hepatocytes into canine liver progenitor cells using
small-molecule compounds.

2. Methods

2.1. Cell preparation

Canine cryopreserved hepatocytes (cHep) were obtained from
Biopredic International (Brittany, France). The cells were derived
from male beagles with an age/weight of 19 months/8.1 kg. The
cells were stored in 0.5 mL vials with a minimum cell count of
5 � 10⁶ cells.

2.2. Hepatocyte thawing and culture

Primary cHep cell cultures were used to establish the hepatic
progenitor cells. The cells were cryopreserved in liquid nitrogen
and thawed before use. cHep were placed in a thermostatic
chamber at 37 �C for thawing. Thawed cells were suspended in
William's E medium (Corning, NY, USA) supplemented with a He-
patocyte Plating Supplement Pack (CM3000) (Corning) and
centrifuged at 65 g for 4 min. The supernatant was removed after
centrifugation, and the cell sediment was suspended in William's E
medium (Corning) supplemented with a Hepatocyte Maintenance
Supplement Pack (CM4000) (Corning). After counting the number
of viable cells using the trypan blue exclusion assay, the cells were
seeded at a density of 0.5 � 10⁵/cm2 onto a Collagen I coated 12-
well plate (IWAKI, Shizuoka, Japan) with a thin layer of Matrigel
(Corning, NY, USA). Day 0 is the day the cells were seeded. Cells
were cultured for 14 d at 5 % CO₂ and 37 �C.

2.3. Reprogramming of the hepatic progenitor cells

The basal medium for culturing hepatic progenitor cells was he-
patocyte growth medium (HGM), namely, Dulbecco's modified Ea-
gle's medium/Nutrient Mixture Ham F-12 (DMEM/F12; Gibco,
Massachusetts, USA) supplemented with 2.4 g/L NaHCO3 (FUJIFILM
Wako, Osaka, Japan), 5 % fetal bovine serum (Sigma-Aldrich, St. Louis,
Missouri, USA), � 1 L-glutamine (L-gle; FUJIFILM Wako), 5 mM
HEPES (Gibco), 30 mg/L L-proline (Sigma-Aldrich), 0.05 % bovine
serum albumin (BSA; Sigma-Aldrich), 20 ng/ml epidermal growth
factor, � 1 insulin-transferrin-serine-X (FUJIFILM Wako), 10�7 M
dexamethasone (FUJIFILM Wako), 10 mM nicotinamide (FUJIFILM
Wako), 1 mM L-ascorbic acid 2-phosphate trisodium salt (FUJIFILM
Wako), and � 1 penicillinestreptomycineamphotericin B suspen-
sion (antibiotic/antimycotic solution) (FUJIFILM Wako). Once the
cultured cells were established on the plate, a total medium change
was performed by dividing the medium into HGM with (Hepatic
Progenitor Differentiation Group) and without YAC (Control Group).
During the culture period, the mediumwas changed every 2e3 d for
a half-volume medium change. Passages were performed using
accutase (Innovative Cell Technologies, San Diego, CA, USA)when the
cultures reached 80 % confluence. Hepatic progenitor cells were
cultured in YAC-supplemented HGM on day 14.

2.4. Quantitative real-time polymerase chain reaction (qRT-PCR)

Cells were collected on days 0 and 14 and total RNA was
extracted using a RiboPure RNA Purification Kit (Thermo Fisher
Scientific). After extraction, DNA was removed using a DNA-free
DNA Removal kit (Thermo Fisher Scientific). After measuring the
amount of extracted RNA with DU730 (Beckman Coulter, CA, USA),
cDNAwas synthesised by reverse transcription of total RNA using a
PrimeScript RT reagent kit (Takara Bio, Shiga, Japan). Reverse
transcription was performed using a Veriti 96 well Thermal Cycler
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(Thermo Fisher Scientific). Expression levels of hepatocyte-related
genes in cultured cells on days 0 and 14 were analysed using TB
Green® Premix Ex Taq™ II (Takara Bio). Thermal Cycler Dice® Real-
Time System II (Takara Bio) was used for RT-PCR reaction. RT-PCR
was performed under the condition of 40 cycles of two steps con-
sisting of 95 �C for 5 s and 60 �C for 30 s. Comparative quantification
was performed for albumin (ALB), a1-antitrypsin (a1-AT), tyrosine
aminotransferase (TAT), andmultidrug resistance-associated protein 2
(MRP2),which are markers of mature hepatocytes; for a-fetoprotein
(AFP), epithelial cell adhesion molecule (EpCAM), Cytokeratin19
(CK19), and SRY-box9 (Sox9), which are markers of immature he-
patocytes; for E-cadherin (CDH1), which is a cell adhesion factor;
and for cytochrome P450 2E1 (CYP2E1) and cytochrome P450 3A12
(CYP3A12), which are drug metabolising enzymes. b-actinwas used
as the endogenous control, and relative quantification was per-
formed using the DDCt method. Table 1 provides a list of the primer
sequences and temperature settings used in the second step.

2.5. Heatmap generation

A heatmap was created using Heatmapper (Sasha Babicki et al.,
2016). Clustering method was not applied to maintain simple data
visualisation. The heatmap clearly indicated genes whose expres-
sion levels increased or decreased during the differentiation pro-
cess from day 0 of the cultured cells to the hepatic progenitor cells.
Red indicates higher expression, and green indicates lower
expression.

2.6. Immunofluorescent cell staining

Day 0 and 14 cultured cells were seeded in 12-well plates. These
cells were used for immunohistochemistry after adhesion and
proliferation were confirmed, the ratio of each proteins expressed
were compared with Day 3 and 21. The mediumwas aspirated, and
the cells were washed three times with phosphate-buffered saline
(PBS) to remove any remaining medium. The cells were then fixed
with 4 % paraformaldehyde phosphate buffer for 10 min at room
Table 1
PCR primer sequence and amplification conditions.

1080
temperature (RT) and washed three times with PBS. Subsequently,
membrane permeation was performed for 5 min at RT using PBS
containing 0.1 % Triton X-100 (Gibco), followed by three PBS
washes. Blocking was subsequently performed by adding PBS
containing 5 % skim milk (FUJIFILM Wako) and 0.1 % Tween 20
(Sigma-Aldrich), and the cells were allowed to stand at RT for
10 min. After blocking, the wells were washed once with PBS. Then,
the primary antibody diluted 500-fold in an antibody diluent with
background reducing components (Dako; Agilent, CA, USA) was
added, and the wells were incubated at 4 �C overnight.

For F-actin staining, cells were washed with PBS after blocking.
These cells reacted with a solution of Alexa Fluor™ 488Phalloidin
(A12379; Gibco) dissolved in methanol to a final concentration of
200 units/mL (equivalent to approximately 6.6 mM) in 200 ml of PBS
containing 1 % BSA. Subsequently, they were allowed to react in the
reaction solution for 20 min at RT. The samples were then washed
with PBS and sealed in a VECTA SHIELD mounting medium con-
taining 40,6-diamidino-2-phenylindole (DAPI; Vector Laboratories
Inc., Burlingame, CA, USA) for observation.

The primary antibodies used were goat anti-dog albumin (A40-
113A; Bethyl Laboratories Inc., Montgomery, TX, USA), mouse anti-
human E-cadherin (sc-8426; Santa Cruz Biotechnology, Dallas, TX,
USA), mouse anti-humanMRP2 (MON9027; Cell Sciences, Newbury
Port, MA, USA), rabbit anti-human EPCAM (21050-1-AP; Pro-
teintech Rosemont, IL, USA), and rabbit anti-human SOX9 (LS-
B12075; LS Bio (Absolute Biotech), Boston, MA, USA), rabbit anti-
human Ck19 (10712-1-AP; Proteintech), and goat anti-human AFP
(sc-8108; Santa Cruz Biotechnology).

Isotype control antibodies including normal goat IgG control
(AB-108-C; Bio-Techne, MN, USA), normal mouse IgG control (NI03-
100UG; Sigma-Aldrich), or normal rabbit IgG control (NI01-100UG;
Sigma-Aldrich) diluted to the same concentration was added and
allowed to stand overnight at 4 �C. Subsequently, the cells were
washed three times with PBS, and the appropriate secondary
antibody for each was diluted 200-fold with an antibody diluent
containing background-reducing components and incubated for
1 h at RT under shielded light.
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The secondary antibodies used were donkey anti-goat IgG
(H þ L) Alexa Fluor 488 (A-11055; Waltham, MA, USA), goat anti-
mouse IgG (H þ L) Alexa Fluor 488 (A-11001), and goat anti-
rabbit IgG (H þ L) Alexa Fluor 594 (A-11012). Finally, the cells
were washed three times with PBS and encapsulated in a VECTA
SHIELD mounting medium containing DAPI (Vector Laboratories,
Inc.). The cells were assessed using a fluorescence microscope.
Table 2 shows the antibodies used. The antigen-positive cells on
day 3 and day 21 were compared using a t-test.
3. Results

3.1. Morphological evaluation of the hepatic progenitor cells

Cell morphology was evaluated in the hepatic progenitor cells
differentiation-induction group and in the control group (Fig. 1). On
Day 3, adhesion to the plate was observed in both the cell culture
groups. After seven days of culture, the control group exhibited one
or two oval cells with nuclei; however, no colony formation w
Table 2
List of antibodies used for immunofluorescent cell staining.

Fig. 1. Morphological evaluation.
Morphological findings of the control group using the inverted microscope included a: l
magnification on day 14. After 7 d of culture, cultured cells with one or two nuclei were iden
14 d of culture, cultured cells contained relatively small oval cells with a single nucleus and
with a wide cytoplasm range, one to several nuclei, and polygonal shapes.
Morphological findings of the control group using the inverted microscope included c: lo
magnification on day 14. After 7 d of culture, the cells exhibited one or two oval cells with nu
and the cells in this group did not proliferate.
The area enclosed by the dashed line is magnified in the lower left of each panel. Scale ba

1081
hepatic progenitor cells as observed. Subsequently, the cytoplasm
of the cultured cells elongated to the periphery, and the cells in this
group did not proliferate. In the hepatic progenitor differentiation
induction groups, including YAC, cells with one or two nuclei
formed colonies. Cultured cells continued to proliferate on day 14.
Colonies on day 14 contained relatively small oval cells with a
single nucleus and a nucleus-to-cytoplasm ratio (N/C ratio) of
approximately 1:1 and relatively large cells with a wide cytoplasm
range, one to several nuclei, and polygonal shapes.
3.2. Relative quantification of liver-related genes using qRT-PCR

mRNA expression levels were assessed using qRT-PCR in the
hepatic progenitor cells and control groups on days 0 and 14
(Fig. 2). The expression levels of AFP, EpCAM, CK19, and Sox9
increased by 12-, 2.2-, 517-, and 2.9-fold, respectively. These find-
ings suggested that hepatocytes were induced to differentiate into
hepatic progenitor cells with undifferentiated gene expression by
YAC addition. Compared to day 0 hepatocytes, day 14 hepatic
ow magnification, b: high magnification on day 7, e: low magnification and f: high
tified, and colonies were formed. Cultured cells continued to proliferate on day 14. After
a nucleus-to-cytoplasm ratio (N/C ratio) of approximately 1:1, and relatively large cells

w magnification, d: high magnification on day 7 g: low magnification, and h: high
clei. After 14 d of culture, the cytoplasm of the cultured cells elongated to the periphery,

r: 100 mm.



Fig. 2. Liver-related gene expression analysis using comparative quantitative real-time polymerase chain reaction.
Expression levels of liver-related genes were compared between day 0 and day 14. Compared to day 0 hepatocytes, day 14 cells exhibited increased AFP, EpCAM, CK19, and Sox9
mRNA expression.
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progenitor cells exhibited decreased ALB, a1-AT, TAT, MRP2, CYP2E1,
CYP3A12 and CDH1 mRNA expression. The gene expression levels
are shown as a heat map for improved visual recognition in Fig. 3.
Red and green indicate higher and lower expressions, respectively.
Fig. 3. Heatmap.
Heatmap showing the expression of liver-related genes as assessed using qualitative
real-time polymerase chain reaction.
Red and green colours indicate higher and lower expression, respectively.
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3.3. Immunofluorescent cell staining

The proteins expressed in the hepatic progenitor cells were
characterised using immunofluorescent cell staining (Fig. 4). ALB
and MRP2 were expressed in the day 0 hepatocytes and AFP,
EPCAM, SOX9, and CK19 were almost undetectable. CK19, AFP,
EPCAM, and SOX9 proteins were expressed in the day 21 hepatic
progenitor cells, all of which were clearly increased compared with
the levels before YAC addition. Furthermore, hepatic progenitor
cells stained with F-actin exhibited small ovoid/spindle-shaped
morphology (Fig. 5). Contrastingly, ALB and MRP2 were weakly
expressed compared with the day 0 hepatocytes, and the expres-
sion of these proteins was attenuated. Particularly, ALB-, EPCAM-,
SOX19-and CK19-positive cells were numerous at the margins of
the hepatocyte progenitor cell colonies. Immunocytochemistry at
day 21 revealed that the percentage of cells marked with ALB,
MRP2, AFP, EPCAM, SOX9 and CK19 was 25.27 ± 6.27 %,
24.61 ± 7.25 %, 79.59 ± 4.14 %, 63.97 ± 16.72 %, 64.95 ± 6.27 % and
74.50 ± 12.47 %, respectively (Fig. 6).
4. Discussion

Herein, we demonstrated that canine cryopreserved hepato-
cytes could be reprogrammed into hepatic progenitor cells by
culturing in a YAC-supplemented medium. To the best of our
knowledge, this is the first report on the reprogramming of canine
hepatic progenitor cells using low-molecular-weight compounds.
Furthermore, we demonstrated a straightforward and cost-
effective method for cultivating canine hepatic progenitor cells
using low-molecular-weight compounds. These findings indicated
the potential utility of canine hepatic progenitor cells as a foun-
dational technology for developing a feasible toxicity assessment
system and producing transplantable cultured hepatocytes. In liver
regenerative medicine, several studies have been conducted on
inducing differentiation into the liver progenitor cells and



Fig. 4. Immunofluorescent cell staining.
Immunostaining demonstrated cHep cell differentiation into hepatic progenitor cells.
On day 21, ALB and MRP2 were weakly expressed compared to day 3 hepatocytes, and
CK19, AFP, EPCAM, and SOX9 proteins were highly expressed. Nuclei were stained with
40 ,6-diamidino-2-phenylindole. Scale bar: 100 mm.
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improving their culture in rats, humans, and dogs [15e17]. Previ-
ously, Arends et al. reported that canine liver progenitor cells (LPC)
can be isolated from the liver tissue of healthy dogs and cultured
[15]. Clonal expansion of LPCs was observed after culturing in
hepatocyte-specific medium for 2 weeks. Furthermore, LPCs
exhibited a small cell morphology with a high N/C ratio in the
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monolayers, which expressed keratin 7 (K7) using immunohisto-
chemistry. Themorphological findings of LPCs were similar to those
of hepatic progenitor cells in this study; however, the hepatic
progenitor cell attributes remain unclear. In the present study, the
same small-molecule compounds used in other species were able
to reprogram hepatic progenitor cells from mature canine hepa-
tocytes. In studies that used other species, small molecule com-
pounds have been reported to contribute to the induction and
maintenance of hepatic stem cell pluripotency in rats [16] and
humans [17]. In rats, isolated hepatocytes were reprogrammed to
CLiPs by culturing them in a differentiation medium (YAC medium)
consisting of Y-27632, A-83-01 and CHIR99021 [16]. The generated
CLiPs were positive for Ck19, a marker of hepatic progenitor cells
and exhibited high proliferation. In humans [17], reprogramming
infant human hepatocytes to CLiPs has been reported using a
similar cocktail of molecules (YAC). Furthermore, a cocktail of small
molecules, Y-27632, A-83-01 and CHIR99021, was recently reported
to convert mature rat and mouse hepatocytes into proliferative and
bipotent cells under in vitro conditions [18]. Based on this study, we
believe that YAC can induce canine hepatic progenitor cells from
mature hepatocyte, as in other species.

The cell morphology of hepatic progenitor cells was similar to
that of dogs, humans, and mice.

The proportion of large and small cells differed according to the
colony size. Previously, the presence of small hepatocytes with high
proliferative capacity in the liver has been reported in rats [19]. A
chronically injured liver has a reduced proliferative capacity, and as
the symptoms progress with inadequate regeneration, small he-
patocytes begin to proliferate compared to mature, functional he-
patocytes. These hepatocytes are believed to be extremely small
and dormant in the normal liver since they are rarely found in the
normal state. Furthermore, they are activated and contribute to
regeneration only when the liver is affected by chronic hepatitis.
However, studies since 2013 have revealed that these cells are not
activated from dormancy but are rather altered from mature he-
patocytes in in vitro conditions [20e22]. Hepatic progenitor cells
are hepatoblasts that are found in the fetal liver and are capable of
differentiating into hepatocytes and bile duct epithelial cells. These
small hepatocytes have progenitor-like properties as they are
capable of proliferating in in vitro and in vivo conditions and
differentiating into hepatocytes and bile duct epithelial cells
despite being located in the mature liver. On day 14, most of the
colonies contained a mixture of large and small cells, with a greater
proportion of small cells. Hepatic progenitor cells often give rise to
cells called “oval cells” [23]. These cells are thought to be present in
the liver as hepatic stem cells, which can differentiate into hepa-
tocytes and biliary epithelial cells. In addition to oval cells [24],
other cells, including hepatic progenitor cells [18] and small he-
patocytes [19], are involved in liver regeneration. Hepatocyte-like
cells induced to differentiate from human pluripotent stem cells
using small-molecule compounds exhibit rapid proliferation and
cytoplasmic enlargement of individual cells to form a cuboidal
shape with well-defined boundaries [25]. This morphological
finding in this study is similar to that reported by Katsuda et al. [18]
for primary cultured small mouse hepatocytes. The findings of this
study indicated that no observablemorphological distinctions were
found between the liver progenitor cells of dogs and those found in
the other examined animal species.

Herein, canine hepatic progenitor exhibited gene expression
levels consistent with the characteristics of hepatic progenitor cells
reported in a previous study [18]. Herein, the gene expression levels
of ALB, a1-AT, TAT, MRP2, AFP, EpCAM, CK19, Sox9, CDH1, CYP2E1, and
CYP3A12, which are liver-related genes, were evaluated using
qRT-PCR. A increase in AFP and Sox9 expression was observed,
which are specifically expressed in liver progenitor cells [23,24,26].



Fig. 5. F-actin staining.
Nuclei were stained with 40 ,6-diamidino-2-phenylindole (DAPI). F-actin staining revealed the cytoskeletal structure. Scale bar: 100 mm.

Fig. 6. Antigen-positive cells before and after inducing differentiation.
The graph shows the percentage of cells stained with ALB, MRP2, AFP, EpCAM, SOX9, and CK19 in mature hepatocytes (day 3) and hepatic progenitor cells (day 21) (400e800 cells
were counted for each cell). The antigen-positive cells on day 3 and day 21 were compared using a t-test and a statistically significant difference was considered when *p < 0.05.
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Additionally, the expression levels of EpCAM and CK19 increased.
Increased mouse CK19 expression has been reported in liver stem
cells that combine hepatocyte and bile duct epithelial cell expres-
sion types and express ALB, CK19, and AFP [27,28]. The increased
EpCAM expression in CLiP cells was also validated based on previ-
ous study [18]. Additionally, hepatic progenitor cells exhibited
decreased ALB, a1-AT, TAT, MRP2, CYP2E1, and CYP3A12 expression,
which are markers of liver function expressed in mature hepato-
cytes. Hepatic progenitor cells have decreased hepatic function in
contrast to the increased undifferentiated marker expression [29].
1084
The decrease in hepatic functional markers was similar to the
change in gene expression in the hepatic progenitor cells. These
results support the hypothesis that the hepatic progenitor cells
produced in this study have the characteristics of progenitor cells.

Immunohistochemistry analysis revealed that hepatocyte
characteristics were preserved following the induction of differ-
entiation, despite the transition to progenitor cells. Since the pro-
teins ALB and MRP2 exhibited reduced expression, whereas AFP,
EPCAM, SOX9 and CK19 showed increased expression, these results
were confirmed using mRNA expression analysis. In previous
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studies, certain proteins have been identified as markers of liver
progenitor cells in dogs. Our previous study showed that AFP was
expressed in immature hepatocytes [30]. Furthermore, immuno-
histochemistry analysis demonstrated positive SOX9 expression in
canine hepatocellular carcinoma [31]. Additionally, immunofluo-
rescence staining for EpCAM in canine fetal tissue and isolated
cultured cells was positive, demonstrating the presence of hepatic
progenitor cells [32]. In other species, the hepatic progenitor cell
markers AFP, EpCAM and CK19 are expressed in CLiP cells derived
frommature rat hepatocytes [33], and similar results were obtained
in the present study. Herein, we observed that the protein
expression pattern of liver progenitor cells in dogs closely resem-
bled that of known liver progenitor cells in dogs and other animals.
However, the fundamental characteristics of canine liver progenitor
cells remain largely unexplored and poorly understood. Conse-
quently, extensive research is warranted to comprehensively
elucidate the unique attributes and functional properties of canine
liver progenitor cells.

The ability to induce the differentiation of hepatic progenitor cells
from cryopreserved hepatocytes has the following advantages: Ad-
vances in regenerative medicine: Hepatic progenitor cells are the
population that can induce liver regeneration and play an essential
role in treating liver injury and diseases. The easy availability of
hepatic progenitor cells from cryopreserved hepatocytes is expected
to advance regenerativemedicine, including treatment development
for liver diseases and injuries and transplantation medicine
improvement. Improving biopharmaceutical productivity: Hepatic
progenitor cells may be used to produce biopharmaceuticals with
liver-specific drugmetabolism and detoxification properties because
of their cellular functions in the liver. The ability to culture cry-
opreserved cells for long periods can improve biopharmaceutical
production, potentially resolving supply shortages and cost issues.
Research reproducibility and standardisation: The use of cry-
opreserved cells allows researchers to conveniently perform culture
tests. In research and experiments, the use of the same lot of cells
improves the reproducibility of the experimental results and pro-
vides reliable data. Moreover, sharing and exchanging cells between
different laboratories has become easier, and the use of standardised
cells in regenerativemedicine and clinical applications contributes to
improved treatment safety and efficacy. Reducing costs and
addressing ethical problems: Long-term storage of hepatocytes
through cryopreservation allows for a continuous cell supply.
Consequently, the cost of cell procurement for experiments and
therapies can be reduced. Furthermore, from an ethical standpoint,
this approach reduces the problems associated with harvesting and
supplying cells from living organisms.

Moreover, considering that reprogramming hepatocytes obtained
via liver biopsy into hepatic progenitor cells was not possible in this
study, this should be considered in the future. Particularly, liver bi-
opsy by true cutting is minimally invasive and would contribute to
solving the ethical problems associated with cell experiments using
laboratory animals. Once a technique for creating canine CLiP cells is
established, artificial livers derived from canine livers can be used to
advance the analysis of pathogenic mechanisms and the develop-
ment of therapeutic agents. Research on assessing drug toxicity and
metabolic processes using hepatocytes obtained via liver biopsy al-
lows for safe drug development and toxicological risk assessment.
Additionally, culturing patient-specific hepatocytes allows for a
further accurate understanding of the liver function and disease
characteristics of individual patients. Consequently, analysing indi-
vidualised pathogenic mechanisms, developing therapeutic
methods, and tailoring appropriate drug treatments for each patient
will be possible. Moreover, it is expected to contribute considerably
to speeding up and reducing the cost of therapeutic drug develop-
ment, as well as improving animal welfare.
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The characteristics of the canine progenitor cells produced in
this study were similar to those of CLiPs generated using YAC. These
results confirm that cHep cells can be easily and efficiently cultured
in large quantities into hepatic progenitor cells by adding YAC.
Furthermore, differentiation into cHep cells required the presence
of all three YAC small molecules, and employing one or two of these
small molecules proved inadequate to achieve differentiation into
hepatic progenitor cells (data not shown). In the near future, we
believe that cHep cells can be applied to developing toxicity
assessment tools and transplantation medicine, and can serve as a
cell source for liver regenerative medicine. Previous studies have
not established an efficient and simple method for increasing the
number of hepatic progenitor cells; however, Katsuda et al. suc-
cessfully cultured various stem and progenitor cells, including rat
ES cells, using four small-molecule compounds [22,34]. Further-
more, if small hepatocytes in the liver have the properties of hepatic
progenitor cells, a stable culture of hepatocytes might be possible
using these small-molecule compounds. Additionally, reprogram-
ming of mature hepatocytes to CLiP cells in mice and rats has been
attempted. Consequently, CLiP cells directly demonstrated reprog-
ramming of mature hepatocytes in vitro and demonstrated an
ameliorative effect on liver injury, as CLiP cells were viable in liver-
damaged mice [14]. In summary, establishing canine hepatic pro-
genitor cells is expected to enable the stable culture of canine
mature hepatocytes and the application of liver transplantation by
hepatic progenitor re-maturation in the future.

This study had four main limitations. First, the final confirma-
tion that the hepatic progenitor-like cells generated are CLiP cells
requires proof that the cells can be induced to again differentiate
into mature hepatocytes and bile duct epithelial cells. Second, only
a small number of genes were analysed in the hepatic progenitor
cells, and the expression levels of liver-related genes and other
molecules were not comprehensively analysed, which will require
microarray analysis in the future. Third, whether all the generated
hepatic progenitor cells have uniform properties is unclear;
therefore, analysis using single-cell sorting is necessary. Fourth,
hepatic progenitor cells were not generated from primary cultured
hepatocytes obtained by biopsy.

5. Conclusions

Herein, to the best of our knowledge, we demonstrated for the
first time that cryopreserved adult canine hepatocytes can be
reprogrammed into hepatic progenitor cells and proliferated
in vitro using three small-molecule compounds named YAC. The
results of this study have made it possible to address an important
issue in hepatocyte research, namely the culture and in vitro he-
patocyte propagation. The canine hepatic progenitor cells estab-
lished in this study are expected to be cultured and characterised
for re-maturation and used in drug toxicity testing for drug dis-
covery research and transplantation therapy for treating canine
liver disease. Further studies are needed to evaluate the drug
metabolism of hepatic progenitor cells, generate and analyse
cultured liver tissue by 3D culture, and evaluate the replacement
rate and function after in vivo transplantation.
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