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ABSTRACT 

As a metabolic organ, the liver plays a variety of roles, including detoxification. It has been difficult to 

obtain stable supplies of hepatocytes for transplantation and for accurate hepatotoxicity determination in 

drug discovery research. Human pluripotent stem cells, capable of unlimited self-renewal,  may be a 

promising source of hepatocytes. In order to develop a stable supply of embryonic stem cell (ESC)-derived 

hepatocytes, we have purified human ESC-derived hepatic progenitor cells with exposure to cytocidal 

puromycin by using their ability to metabolize drugs. Hepatic progenitor cells stably proliferated at least 

2^20-fold over 120 days, maintaining hepatic progenitor cell-like properties. High drug-metabolizing 

hepatic progenitor cells can be matured into liver cells by suppressing hepatic proliferative signals. The 

method we developed enables the isolation and proliferation of functional hepatic progenitors from human 

ESCs, thereby providing a stable supply of high-quality cell resources at high efficiency. Cells produced by 

this method may facilitate cell therapy for hepatic diseases and reliable drug discovery research. 
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INTRODUCTION 

The liver is a major metabolic organ and plays diverse roles in gluconeogenesis, lipid metabolism, and 

detoxification of ammonia and drugs. Liver transplantation is the only radical treatment for liver disease, but 

there is a shortage of donors and high costs1,2. There are also medical concerns because the procedures are 

highly invasive for both donors and recipients, and only a limited number of patients can be treated, making 

the development of cell therapy as an alternative to transplantation desirable3–5. To evaluate the 

pharmacokinetics and toxicity of candidate compounds, studies using experimental animals, primary 

cultured human hepatocytes, and immortalized hepatocytes have been established6–9. After being absorbed, 

many drugs are metabolized and eliminated by the liver. Metabolites produced in this process can be 

hepatotoxic and can cause liver damage. Predicting hepatotoxicity specific to humans is essential, and 

inadequate toxicity prediction models can hinder drug development and clinical trials. Evaluating drug 

metabolism using human hepatocytes is necessary because the ability to metabolize drugs varies widely 

among species. However, there is a chronic shortage of human hepatocytes due to difficulties in securing 

donors and in vitro propagation of hepatocytes. 

 

Against this background, stem cell-derived hepatocytes have recently attracted much attention. Embryonic 

stem cells (ESCs)10–12 and induced pluripotent stem cells (iPSCs) 13 can self-renew almost indefinitely while 

maintaining pluripotency and have been proposed as a stable source of cells such as hepatocytes, which are 

in high demand in cell therapy, regenerative medicine, and drug discovery research. There are numerous 

reports of hepatocyte differentiation using human ESCs and human iPSCs14–17. In hepatic differentiation 

from human pluripotent stem cells, it is essential to mimic the process of liver development in vitro. Many 

differentiation protocols have been adopted to induce hepatocytes via endodermal cells and hepatic 

progenitor cells (HPCs) from undifferentiated cells17,18. The endoderm forms the digestive organs early in 

development and differentiates into HPCs under signals such as fibroblast growth factor and bone 

morphogenetic proteins secreted from the adjacent cardiogenic mesoderm. HPCs then proliferate and 

mature to form the liver under signals such as hepatocyte growth factor. In order to efficiently generate 

hepatocytes from human pluripotent stem cells, culture systems have been established that utilize HPCs, 

which have both high proliferative capacity and the ability to differentiate into hepatocytes19–22. However, 

some of these protocols require processes such as cell sorting using specific cell surface markers or gene 

transfer. 

 

Recently, it has been reported that puromycin treatment is effective in selecting proliferative hepatocytes 
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from the liver of drug-induced liver injury (DILI) patients23. Proliferative hepatocytes selected by this 

method exhibit stable and high proliferative potential in Wnt-containing media and MEF feeders. 

Furthermore, proliferative hepatocytes possess drug-metabolizing enzyme activities and have a hepatic 

progenitor cell-like genetic profile, such as co-expression of hepatocyte and biliary epithelial cell markers.  

  

In this study, we aimed to establish an in vitro culture system that can efficiently obtain functional human 

ESC-derived hepatocytes (ESC-hepatocytes). We successfully isolated HPCs by using puromycin and 

induced hepatic maturation, which enhances hepatocyte markers and liver function, and suppressed 

immature hepatocyte markers. This culture system provides an effective and stable supply method for 

hepatocytes needed for drug discovery research and cell transplantation. 

 

MATERIALS AND METHODS 

Ethical statement 

All experiments handling human cells and tissues were approved by the Institutional Review Board at the 

National Center for Child Health and Development (IRB No.232). Informed consent was obtained from all 

participants. When participants were under 18, informed consent was obtained from parents. Human cells in 

this study were utilized in full compliance with the Ethical Guidelines for Medical and Health Research 

Involving Human Subjects (Ministry of Health, Labor, and Welfare (MHLW), Japan; Ministry of Education, 

Culture, Sports, Science and Technology (MEXT), Japan). The derivation and cultivation of ESC lines were 

performed in full compliance with “the Guidelines for Derivation and Distribution of Human Embryonic 

Stem Cells (Notification of MEXT, No. 156 of August 21, 2009; Notification of MEXT, No. 86 of May 20, 

2010) and “the Guidelines for Utilization of Human Embryonic Stem Cells (Notification of MEXT, No. 157 

of August 21, 2009; Notification of MEXT, No. 87 of May 20, 2010)”. Animal experiments were performed 

in compliance with the basic guidelines for the conduct of animal experiments in implementing agencies 

under the jurisdiction of the Ministry of Health, Labour and Welfare (Notification of MHLW, No. 0220-1 of 

February 20, 2015). The protocols of the animal experiments were approved by the Institutional Animal 

Care and Use Committee of the National Research Institute for Child Health and Development (No. A2003-

002-C19-M04). This study was carried out in compliance with the ARRIVE guidelines. 

 

Preparation of feeder cells 

Mouse embryonic fibroblasts (MEFs) were prepared for use as nutritional support (feeder) cells. Heads, 
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limbs, tails, and internal organs were removed from E12.5 ICR mouse fetuses (Japan CLEA, Tokyo, Japan), 

and the remaining torsos were then minced with a blade and seeded into culture dishes with DMEM 

supplemented with 10% FBS and 1% penicillin-streptomycin to allow cell growth. After two days of culture, 

the cells were passaged in a 1:4 ratio. After five days of culture, cells were detached with trypsin, and 1/100 

(v/v) of 1M HEPES buffer (15630-106, Invitrogen; Thermo Fisher Scientific, MA, USA) was added to the 

collected cells. Following irradiation with an X-ray apparatus (dose: 30 Gy, MBR-1520 R-3, Hitachi, Tokyo, 

Japan), the cells were frozen using a TC protector (TCP-001DS, Pharma Biomedical, Osaka, Japan). 

Human ESC culture 

SEES2 ESCs24 were cultured on irradiated MEFs (irrMEFs) with medium for human ESCs: Knockout-

Dulbecco’s modified Eagle’s medium (KO-DMEM: 10829-018, Life Technologies; Thermo Fisher 

Scientific, MA, USA) supplemented with 20% Knockout-Serum Replacement (KO-SR: 10828-028, Gibco; 

Thermo Fisher Scientific, MA, USA), 2 mM Glutamax-I (35050-079, Gibco; Thermo Fisher Scientific, MA, 

USA), 0.1 mM non-essential amino acids (NEAA) (11140-076, Gibco; Thermo Fisher Scientific, MA, 

USA), 1% penicillin-streptomycin (Invitrogen) 1 mM sodium pyruvate (11360070, Gibco; Thermo Fisher 

Scientific, MA, USA), and recombinant human full-length bFGF (PHG0261, Gibco; Thermo Fisher 

Scientific, MA, USA) at 50 ng/ml24. 

Hepatic differentiation of human ESCs 

To differentiate ESCs into hepatocytes, embryoid bodies (EBs) were generated by 3D culture to 

differentiate into endoderm. To generate EBs, ESCs (5 × 10^4 cells/well) were dissociated into single cells 

with 0.5mM EDTA (15575020, Gibco; Thermo Fisher Scientific, MA, USA) after exposure to ROCK 

inhibitor, Y-27632 (A11105-01, Fujifilm Wako Pure Chemicals, Osaka, Japan), and cultivated in 96-well 

plates (174925, Thermo Fisher Scientific, MA, USA)  in EB medium [75% KO-DMEM, 20% KO-SR, 2 

mM GlutaMAX-I, 0.1 mM NEAA, 1% penicillin-streptomycin] for 4 days. The EBs were transferred to the 

24-well plates coated with collagen type I (24 EBs/well) and cultured in XF32 medium [85% Knockout 

DMEM, 15% Knockout Serum Replacement XF CTS (XF-KSR: 12618013, Gibco; Thermo Fisher 

Scientific, MA, USA), 2 mM GlutaMAX-I, 0.1 mM NEAA, 1% penicillin-streptomycin, 50 µg/mL L-

ascorbic acid 2-phosphate, 10 ng/mL heregulin-1β, 200 ng/mL recombinant human IGF-1 (LONG R3-IGF-

1: 85580C, Sigma-Aldrich, MO, USA), and 20 ng/mL human bFGF] for 35±3 days25. Cells were detached 

with Liberase (5339880001, Roche, Basel, Switzerland) and stored frozen at 1x10^7 cells/mL in a Stem 

Cell Banker (CB047, Nippon Zenyaku Kogyo, Fukushima, Japan) until use. 
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Culture and passaging of ESC-hepatocytes 

Cryopreserved human ESC-hepatocytes were used. Frozen cells were thawed and seeded onto irrMEFs in 

60 mm dishes (3010-060, IWAKI; AGC Techno Glass, Tokyo, Japan) at the seeding density of 5.0 × 10^5 

cells/cm2 (Passage 1). Then the cells were cultured at 37°C, 5% CO2 with EMUKK-05 medium (Emukk 

LLC, Japan) containing Wnt3a and R-spondin 126. The medium was changed every three days. After 10-12 

days of culture, the cells were trypsinized with 0.25% trypsin-EDTA (23315, IBL, Gunma, Japan) and 

plated in dishes seeded with irrMEFs in a 1:4 ratio. 

Culture of hepatic progenitor cells from human ESC-derived hepatocytes 

For HPCs selection, puromycin (final concentration: 2 μg/mL, 160-23151, Fujifilm Wako Pure Chemicals, 

Osaka, Japan) was added to 50% confluence of passaged ESC-hepatocytes for three days. After exposure to 

puromycin, cells were washed with PBS (14190-250, Invitrogen; Thermo Fisher Scientific, MA, USA) and 

cultured in the EMUKK-05 medium (Emukk LLC, Japan) for at least one day. When the cells reached 90% 

confluence, the cells were trypsinized with 0.25% trypsin-EDTA (23315, IBL, Gunma, Japan) and plated in 

dishes seeded with irrMEFs in a 1:4 ratio. At each passaging, the cells were passaged into dishes seeded 

with irrMEFs, treated with 2 μg/mL puromycin for three days, and cultured without puromycin for at least 

one day.  

Calculation of population doublings   

Cells were harvested at sub-confluency, and the total number of cells in each well was determined using a 

cell counter. Population doubling (PD) was calculated from the formula PD=log2(A/B), where A is the 

number of harvested cells and B is the number of plated cells. Population doubling was used as the measure 

of cell growth. 

Histology and Periodic Acid Schiff (PAS) stain 

Samples were suspended in iPGell (PG20-1, GenoStaff, Tokyo, Japan) following the manufacturer’s 

instructions and fixed in 4% paraformaldehyde at 4� overnight. Fixed samples were embedded in a paraffin 

block to prepare cell sections. For Hematoxylin Eosin (HE) staining, the deparaffinized sections were 

treated with a hematoxylin solution (Mutoh Chemical, Tokyo, Japan) for 5 min at room temperature and 

washed with dilute ammonia. After washing with 95% ethanol, dehydration was performed with 150 mL of 

eosin in 95% ethanol solution and permeabilized in xylene. For PAS staining, the deparaffinized sections 

were reacted with 0.5% periodate solution (86171, Mutoh Chemical, Tokyo, Japan) for 10 min at room 

temperature and rinsed with water for 7 min. After reacting with Schiff's reagent (40922, Mutoh Chemical, 
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Tokyo, Japan) for 5-15 min, the sections were washed with sulfurous acid water. Coloration was achieved 

by reaction with Meyer hematoxylin solution (30002, Mutoh Chemical, Tokyo, Japan) for 2 min at room 

temperature and then rinsed with water for 10 min. 

qRT-PCR 

Total RNA was prepared using ISOGEN (311-02501, Nippon Gene, Tokyo, Japan) and RNeasy Micro Kit 

(74004, Qiagen, Hilden, Germany). The RNA was reverse transcribed to cDNA using Superscript � 

Reverse Transcriptase (18080-085, Invitrogen; Thermo Fisher Scientific, MA, USA) with ProFlex PCR 

System (Applied Biosystems, MA, USA). Quantitative RT-PCR was performed on QuantStudio 12K Flex 

(Applied Biosystems, MA, USA) using a Platinum SYBR Green qPCR SuperMix-UDG (11733046, 

Invitrogen; Thermo Fisher Scientific, MA, USA). Expression levels were normalized with the reference 

gene, UBC. The primer sequences are shown in Table 1. 

Immunofluorescence staining 

Cells were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. After washing with 

PBS, cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min, pre-incubated with Protein Block 

Serum-Free (X0909, Dako, Jena, Germany) for 30 min at room temperature, and then exposed to primary 

antibodies overnight at 4°C. Cells were washed with PBS and incubated with diluted secondary antibodies 

for 30 min at room temperature. Nuclei were stained with 4′,6-diamidino-2-phenylindole, and 

dihydrochloride (DAPI, 40043, Biotium, CA, America). The antibodies (Tables 2 and 3) were diluted 

according to the tables in PBS containing 1% BSA (126575, Calbiochem). 

Cytochrome P450 induction 

To examine the induction of cytochrome P450 enzymes, cells were cultured in 12-well plates (353043, BD 

Falcon; Corning, NY, USA) using irrMEFs and EMUKK-05 medium. When the cells reached 80-90% 

confluence, the following drugs were added to the cells: 20 μM rifampicin (solvent: dimethyl sulfoxide 

(DMSO), 189-01001, Fujifilm Wako Pure Chemicals, Osaka, Japan) with an induction period of two days, 

50 μM omeprazole (solvent: DMSO, 158-03491, Fujifilm Wako Pure Chemicals, Osaka, Japan) with an 

induction period of one day, and 500 μM phenobarbital (solvent: DMSO, 162-11602, Fujifilm Wako Pure 

Chemicals, Osaka, Japan) with an induction period of two days. 

Hepatic maturation 

For hepatic maturation, ESCs were differentiated into hepatocytes for 35 days in collagen-coated 12-well 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 21, 2023. ; https://doi.org/10.1101/2023.02.21.529337doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.21.529337
http://creativecommons.org/licenses/by/4.0/


 

 

8 

plates (353043, BD Falcon; Corning, NY, USA). HPCs were cultured in 12-well plates (353043, BD 

Falcon; Corning, NY, USA) with irrMEFs and EMUKK-05 medium until cells were 80-90% confluent. The 

following small molecules were then added to each medium; 5 μM DAPT (solvent: DMSO, 049-33583, 

Fujifilm Wako Pure Chemicals, Osaka, Japan), 10 μM SB431542 (solvent: DMSO, 037-24293, Fujifilm 

Wako Pure Chemicals, Osaka, Japan), 0.5 μM IWP2 (solvent: DMSO 034-24301, Fujifilm Wako Pure 

Chemicals, Osaka, Japan), 20 μM forskolin (solvent: DMSO, 063-02193, Fujifilm Wako Pure Chemicals, 

Osaka, Japan) and 1 μM LDN193189 (solvent: DMSO, 6053-10, Tocris Bioscience Bristol United 

Kingdom), with an induction period of 10 days. 

Microarray analysis 

Total RNA was isolated using miRNeasy mini kit (217004, Qiagen, Hilden, Germany). RNA samples were 

labeled and hybridized to a SurePrint G3 Human GEO microarray 8 × 60K Ver 3.0 (Agilent, CA, USA), and 

the raw data were normalized using the 75-percentile shift. Unsupervised clustering was performed with 

sorted genesets using the R package. Gene set enrichment analysis (GSEA) was performed using gene sets 

obtained from the Molecular Signatures Database (MSigDB) to examine statistically significant differences 

in biological status between ESC-hepatocytes and HPCs27,28. Gene expression profiles of mature hepatocytes 

were analyzed using human liver total RNA (636531, Clontech: Takara Bio, Shiga, Japan). 

Statistical analysis 

The number of biological and technical replicates is shown in the figure legends. All data are presented as 

mean ± SD (technical triplicates) or mean ± SE (biological triplicates). In the statistical evaluation of this 

study, Student's t-test without correspondence was used to calculate statistical probabilities in the case of 

two groups, and the Dunnett test was used as a multiple comparison test in the case of three groups. P-

values were calculated with a two-tailed t-test. 

RESULTS 

Isolation of hepatic progenitor cells from human ESC-derived hepatocytes 

In previous studies, we achieved efficient proliferation by co-culturing irrMEFs with hepatocytes derived 

from patients with liver disease23. When human ESC-hepatocytes were passaged and co-cultured with 

irrMEFs, the cells formed colonies. Hepatic progenitor cells (HPCs) were selected by adding puromycin to 

the passaged ESC-hepatocytes (Figures 1A and 1B). Puromycin-selected HPCs formed colonies within a 

few days after seeding and proliferated until they reached confluency; HPCs proliferated in monolayers and 

were small in cell size. HPCs showed a high nucleus-cytoplasm ratio, and the nuclei were oval, with no cells 
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having round nuclei characteristic of hepatocytes (Figure 1C). Glycogen accumulation was observed, but to 

a very low degree (Figure 1C). Immunocytochemical analysis showed that HPCs were positive for the 

proliferation marker Ki67 and proliferated more than 2^20-fold in 120 days (Figures 1D and 1E). 

Next, to characterize puromycin-selected HPCs, we analyzed the expression of mature and immature 

hepatocyte marker genes in ESC-hepatocytes, in passaged ESC-hepatocytes and in puromycin-selected 

HPCs (Figure 2). The expression of Albumin (ALB), a mature hepatocyte marker, was significantly 

suppressed in passaged ESC-hepatocytes and in HPCs compared to ESC-hepatocytes, but no difference was 

observed between passaged ESC-hepatocytes and HPCs. Expression of Hepatocyte nuclear factor 4- alpha 

(HNF4A), which is essential for hepatic differentiation, the immature hepatocyte markers Alpha-fetoprotein 

(AFP) and Prominin-1 (PROM1), and the epithelial marker Epithelial cell adhesion molecule (EpCAM) was 

significantly enhanced in HPCs compared to ESC-hepatocytes and passaged ESC-hepatocytes. The 

expression of Cytokeratin 7 (CK7), a biliary epithelial cell marker, was also enhanced in HPCs more than in 

ESC hepatocytes, but its expression level was higher in the passaged ESC-hepatocytes than in HPCs (Figure 

2A). The expression of hepatic function markers, the drug-metabolizing enzymes Cytochrome P450 family 

1 subfamily A member 2 (CYP1A2), Cytochrome P450 family 2 subfamily B member 6 (CYP2B6), and 

Cytochrome P450 family 3 subfamily A member 4 (CYP3A4), was higher in HPCs than in passaged ESC-

hepatocytes. No significant difference in expression was observed between ESC-hepatocytes, but a marked 

enhancement of CYP3A4 expression, approximately 500-fold, was observed in HPCs. The urea cycle-

related enzyme Carbamoyl phosphate synthetase 1 (CPS1) was more highly expressed in passaged ESC-

hepatocytes and HPCs than in ESC-hepatocytes, but there was no difference between passaged ESC-

hepatocytes and HPCs. Also, no difference in Ornithine transcarbamylase (OTC) was observed between any 

of the cells (Figure 2B). Immunocytochemistry showed that the HPCs co-expressed the immature 

hepatocyte marker AFP, the biliary epithelial cell markers Cytokeratin 19 (CK19) and CK7, and HNF4A, 

which directs liver characteristics (Figures 2C, 2D, 2E). The hepatic progenitor markers SRY-box9 (SOX9) 

and Hepatocyte nuclear factor 3-beta (HNF4B) were expressed evenly throughout the colony (Figure 2F). 

We also confirmed the expression of the hepatic markers ALB and Cytokeratin 8/18 (CK8/18) (Figure 2G) 

and the drug-metabolizing enzymes CYP3A4 and Cytochrome P450 family 2 subfamily C member 19 

(CYP2C19) (Figure 2H). These results indicate that puromycin-selected HPCs have both biliary epithelial 

cell and hepatocyte characteristics of HPCs and maintain a high and stable proliferative capacity for more 

than 120 days. Given the markedly enhanced expression of drug-metabolizing enzyme genes in puromycin-

selected HPCs, we next evaluated CYP induction in HPCs (Figure 2I). The expression of CYP1A2 was 
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11.9-fold at 24 h after omeprazole treatment, CYP2B6 was 2.1-fold at 48 h after phenobarbital treatment, 

and CYP3A4 was 2.1-fold at 48 h after rifampicin treatment, indicating that drug-metabolizing enzymes are 

significantly increased by the inducers. 

Characterization of puromycin-selected HPCs and human ESC-derived hepatocytes by global gene 

expression analysis 

The gene expression profiles of puromycin-selected HPCs were compared with ESC-hepatocytes and fresh 

mature hepatocytes isolated from livers ('Liver') (Figure 3). Principal component analysis revealed that 

HPCs were classified into an independent group different from ESC-hepatocytes and 'Liver', regardless of 

the number of passages (Figure 3A). Fetal hepatobiliary progenitor cell-related genes were strongly 

expressed in HPCs compared to ESC-hepatocytes (Figure 3B); the expression pattern of HPCs was 

maintained over passaging and was different from that of ESC-hepatocytes. These results suggest that 

puromycin-selected HPCs have more stable characteristics similar to hepatic progenitor cells in human fetal 

liver than ESC-hepatocytes. To further characterize puromycin-selected HPCs and ESC-hepatocytes in liver 

function, we compared gene expression between HPCs and ESC-hepatocytes and identified pathways whose 

expression was increased in HPCs by Gene Set Enrichment Analysis. The results showed that the gene sets 

related to drug metabolism were highly enriched (FDR < 0.25, p-value < 0.05) in HPCs compared to ESC-

hepatocytes (Figure 3C, Table 4). The heat map shows that HPCs had a higher expression of a set of genes 

related to drug metabolism than ESC-hepatocytes, regardless of passages (Figure 3D). Steroid hormone 

biosynthesis was significantly enriched in HPCs compared to ESC-hepatocytes. No significant differences 

were observed for other hepatic functions, although there was a trend toward enrichment HPCs (Figure 3E, 

Table 4). 

Maturation of ESC-hepatocytes and HPCs by 5 compounds  

We investigated whether puromycin-selected HPCs acquired the properties of hepatocytes. Since global 

gene expression analysis showed that ESC-hepatocytes and HPCs have different properties from mature 

hepatocytes, we first examined the substances effective for further hepatic maturation of ESC-hepatocyte: 

Wnt inhibitor, Notch inhibitor, forskolin, BMP inhibitor, and TGFb inhibitor. Five types of compounds (5C) 

were added to ESC-hepatocytes 35 days after the end of differentiation. Solvent DMSO treatment had no 

significant effect on gene expression in ESC-hepatocytes, and the mature hepatocyte marker ALB and the 

drug-metabolizing enzymes CYP1A2 and CYP3A4 were significantly enhanced only when 5C was added. 

No significant differences were observed for the immature hepatocyte marker AFP, the biliary epithelial cell 

marker CK7, and urea cycle-related enzymes (Figure 4A). These results indicate that the five compounds 
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are effective in the hepatic maturation of ESC-hepatocytes.  

We next investigated whether 5C induced hepatic maturation of puromycin-selected HPCs as well as ESC-

hepatocytes; since the medium used for HPCs culture includes Wnt, we decided to investigate the effect of 

Wnt on HPCs maturation with 5C (Figure 4B). 5C-treated HPCs in a Wnt-free medium significantly 

enhanced expression of the mature hepatocyte marker ALB, the drug-metabolizing enzymes CYP1A2, 

CYP2B6, and CYP3A4, and the urea cycle-related enzyme OTC compared to untreated HPCs. No changes 

were observed in the expression of Alpha-1 antitrypsin (AAT), a mature hepatocyte marker, and AFP, an 

immature hepatocyte marker. The expression of CK7, a biliary epithelial cell marker, tended to be 

suppressed. However, compared to ESC-hepatocytes, 5C treatment significantly enhanced the expression of 

mature hepatocyte markers and liver function markers by more than 10-fold and significantly suppressed the 

expression of immature hepatocyte markers and biliary epithelial cell markers by less than 1/10. 5C effects 

were observed only in the absence of Wnt and were suppressed in the presence of Wnt (Figure 4B). 

Finally, we investigated which of these five compounds was more effective in the hepatic by comparing the 

expression of HPCs treated with all five compounds to HPCs with one of the compounds removed. We 

found that HPCs from which the Notch inhibitor (DAPT), forskolin (FSK), BMP inhibitor (LDN193189), 

and TGFb inhibitor (SB431542) were removed had lower expression of mature hepatocyte markers and 

liver function markers than the group treated with all 5C (Figure 4C). However, HPCs removed from the 

Wnt inhibitor IWP2 did not show suppressed expression. These results indicate that puromycin-selected 

HLCs are capable of restoring hepatocytic properties with Notch inhibitor, BMP inhibitor, TGFb inhibitor, 

and forskolin. 

DISCUSSION 

Human hepatocytes are in increasing demand for applications, including hepatic pathophysiology, drug 

discovery, cell therapy, and regenerative medicine29–32. However, donor hepatocytes are difficult to obtain 

and have low proliferative potential, making chronic shortages of hepatocytes. Therefore, there is a need for 

a system to secure and stably acquire hepatocytes using pluripotent stem cells such as ESCs and iPSCs, 

which have unlimited proliferative capacity while maintaining pluripotency.  

In this study, by using puromycin and establishing a stable proliferative culture system, we succeeded in 

increasing the number of hepatocytic progenitors by at least 2^20-fold in 120 days. Puromycin equalized 
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hepatocytes with diverse functions such as drug metabolism after the in vitro propagation. The stable 

proliferative capacity of primary hepatocytes and pluripotent stem cell-derived hepatocytes requires WNT, 

R-sponsin1, and feeder cells23,33–36. Resistance to puromycin may be due to the high metabolic activities of 

CYP3A4. This metabolism of puromycin by CYP3A4 can indeed be predicted by the computer algorithm 

"admetSAR" and previous reports23,37,38. 

The HPCs in this study are almost equivalent to human hepatocytic progenitors from viewpoints of 

proliferative capability and hepatic phenotypes14–17.  

Five compounds, i.e. Wnt inhibitor, BMP inhibitor, TGFb inhibitor, Notch inhibitor, and forskolin are 

effective for in vitro maintenance of human hepatocytes39. In addition to hepatic maintenance, Wnt, 

BMP/TGFb, Notch, and cAMP signalings are involved in the maturation of ESC-derived hepatocytic 

progenitors as shown in this study.  Forskolin promotes hepatic maturation by increasing intracellular cAMP 

levels40. Wnt, BMP/TGFb, and Notch signaling are involved in liver regeneration and hepatocyte 

proliferation41–45. In particular, Wnt plays a vital role in hepatocytic proliferation/division, and Wnt is 

directly involved in hepatocyte proliferation in vivo and in vitro34,35,46,47. There are four types of hepatocytes 

in the regenerating liver: (1) quiescent, (2) transitional, (3) proliferative, and (4) hypermetabolic48. Cells in 

the hypermetabolic state highly express biosynthesis- and metabolism-related genes. In contrast, cells in the 

proliferative state express genes related to cell division and cell proliferation. Indeed, hepatocyte function 

genes are mainly expressed in non-proliferating cells, while these are at low levels in replicating cells49. 

These molecular mechanisms in hepatic regeneration and function may lead to the hypothesis that HPCs in 

this study can be induced in terminally matured hepatocytes with functionality and engraftability by 

decreasing proliferation signalings. 

Since pluripotent stem cell-derived cells are contaminated with non-target cells that follow similar 

differentiation pathways, there is a need to develop protocols that can give pure, high-yield differentiated 

target cells. We succeeded in obtaining ESC-derived hepatocytes that exhibit enhanced expression of 

hepatic markers, suppression of immature liver markers, and suppression of biliary epithelial cell epithelial 

markers. Improvement of liver-related function is achieved by the enrichment using liver-specific drug 

metabolism and hepatic maturation by a combination of effective low-molecules. An efficient and selective 

hepatic progenitor cell proliferation system and a stable supply of hepatocytes through induction of hepatic 

maturation would benefit the high need for pluripotent stem cell-derived hepatocytes and the establishment 

of an alternative platform to animal experiments in drug discovery and the widespread use of cell therapy. 
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Additionally, iPSCs in combination with genome editing technology will enable research and treatment of 

liver genetic diseases. 
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Table 1. Primers used for qRT-PCR  
 

Gene Forward (5' to 3') Reverse (5' to 3') 

AAT GGGAAACTACAGCACCTGGA CCCCATTGCTGAAGACCTTA 

AFP AGCTTGGTGGTGGATGAAAC CCCTCTTCAGCAAAGCAGAC 

ALB TGGCACAATGAAGTGGGTAA CTGAGCAAAGGCAATCAACA 

CK19 TCGAAGGCCTGAAGGAAGAGC ACCTCCCGGTTCAATTCTTCAG 

CK7 GAGGTCACCATTAACCAGAGCC GCAATCTGGGCCTCAAAGATGT 

CPS1 CAAGTTTTGCAGTGGAATCG GGACAGATGCCTGAGCCTAA 

CYP1A2 CAATCAGGTGGTGGTGTCAG GCTCCTGGACTGTTTTCTGC 

CYP2B6 TCCTTTCTGAGGTTCCGAGA TCCCGAAGTCCCTCATAGTG 

CYP2C9 AGATACATTGACCTTCTCCCC GCTTCTCCCACACAAATCC 

CYP3A4 CAAGACCCCTTTGTGGAAAA CGAGGCGACTTTCTTTCATC 

EpCAM GTCTAAAAGCTGGTGTTATTGC TCTCACCCATCTCCTTTATCTC 

OTC TTTCCAAGGTTACCAGGTTACAA CTGGGCAAGCAGTGTAAAAAT 

PROM1 ATTCACCAGCAACGAGTCC CTCTCTCCAACAATCCATTCC 

SOX9 GACTACACCGACCACCAGAACTCC GTCTGCGGGATGGAAGGGA 

UBC GGAGCCGAGTGACACCATTG CAGGGTACGACCATCTTCCAG 

AAT GGGAAACTACAGCACCTGGA CCCCATTGCTGAAGACCTTA 

AFP AGCTTGGTGGTGGATGAAAC CCCTCTTCAGCAAAGCAGAC 
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Table 2. Antibodies used for immunocytochemistry 

Antibody Species Catalog # Dilution Manufacturer 

AFP Rabbit sc-15375 1:250 Santa Cruz 

ALB Goat A80-229A 1:200 Bethyl Laboratories 

CK19 Mouse sc-6278 1:250 Santa Cruz 

CK7 Mouse M7018 1:250 Dako 

CK8/18 Mouse 10502 1:200 PROGEN 

CYP2C19 Rabbit HPA015066 1:200 Atlas Antibody 

CYP3A4 Mouse sc-53850 1:200 Santa Cruz 

HNF3B (FOXA2) Mouse sc-374376 1:200 Santa Cruz 

 

  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 21, 2023. ; https://doi.org/10.1101/2023.02.21.529337doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.21.529337
http://creativecommons.org/licenses/by/4.0/


 

 

20 

Table 3. Secondary antibodies used for immunocytochemistry  

 

Antibody Manufacturer Catalog # 

Alexa Fluor 488 rabbit anti-goat IgG Invitrogen A11078 

Alexa Fluor 488 goat anti-rabbit IgG Invitrogen A11008 

Alexa Fluor 488 goat anti-mouse IgG Invitrogen A21121 

Alexa Fluor 546 goat anti-mouse IgG1 Invitrogen A21123 

Alexa Fluor 568 goat anti-mouse IgG2a Invitrogen A21134 
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Table 4. GSEA analysis results that are upregulated in HPCs compared to ESC-hepatocytes 

NAME NES 
NOM 
p-val 

FDR 
q-val 

KEGG_DRUG_METABOLISM_CYTOCHROME_P450 1.967 0.000 0.000 

KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450 1.863 0.000 0.000 

KEGG_DRUG_METABOLISM_OTHER_ENZYMES 1.604 0.007 0.015 

KEGG_PENTOSE_AND_GLUCURONATE_INTERCONVERSIONS 1.498 0.039 0.032 

KEGG_STEROID_HORMONE_BIOSYNTHESIS 1.439 0.029 0.044 

KEGG_GLYCOLYSIS_GLUCONEOGENESIS 1.039 0.364 0.504 

RESPONSEREACTOME_FATTY_ACID_METABOLISM 0.848 0.842 0.887 

GOBP_BILE_ACID_BIOSYNTHETIC_PROCESS 0.722 0.922 0.944 
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Figure Legends  

Figure 1. Establishment of hepatic progenitor cells (HPCs) from human ESC-derived hepatocytes 

A. Schematic of differentiation protocol from ESCs to hepatocytes 

B. Scheme of this study and phase-contrast photomicrographs of ESCs, ESC-hepatocytes (ESC-Hep), 

passaged ESC-hepatocytes (Passaged ESC-Hep), and hepatic progenitor cells. 

C. Micrographs of HPCs in iPGell. From left to right: HE stain, PAS stain, PAS stain with diastase 

digestion.  

D.  Immunofluorescence for Ki67 of HPCs. 

E. Growth curves of HPCs. Cells were passaged in the ratio of 1:4 for each passage. "Population 

doubling" indicates the cumulative number of divisions of the cell population. Each growth curve in 

different colors was obtained from independent tetraplicate experiments.  

 

Figure 2. Characteristic analysis of puromycin-selected hepatic progenitor cells (HPCs) 

A.  Gene expression of mature and immature hepatocyte marker genes in passaged ESC-hepatocytes 

(Passaged) and puromycin-selected HPCs (HPC) analyzed by qRT-PCR. Data were normalized by 

housekeeping UBC genes and the expression level of each gene in ESC-hepatocytes (ESC-Hep) was 

set to 1.0. Error bars indicate standard deviation. Statistical analysis was performed by Dunnett's 

multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001. 

B.  Gene expression of hepatic function marker genes in in passaged ESC-hepatocytes (Passaged) and 

puromycin-selected HPCs (HPC) analyzed by qRT-PCR. Data were normalized by housekeeping 

UBC genes, and the expression level of each gene in ESC-Hep was set to 1.0. Error bars indicate 

standard deviation. Statistical analysis was performed by Dunnett's multiple comparison test. *p < 

0.05, ***p < 0.001. 

C-H. Immunofluorescence of HPCs for AFP and CK19 (C), AFP and CK7 (D), HNF4A and AFP (E), 

SOX9 and HNF3B (F), ALB and CK8/18 (G), and CYP3A4 and CYP2C19 (H).     

I. Induction of drug-metabolizing enzymes in HPCs. Gene expression of CYP1A2, CYP2B6, and 

CYP3A4 in HPCs after exposure to omeprazole, phenobarbital, and rifampicin was analyzed. The 

expression level of each gene at no treatment (DMSO) was set at 1.0. Each expression level was 

calculated from the results of independent (biological) triplicate experiments. Error bars indicate 

standard error. Student’s T-test was used for statistical analysis of the two groups. **p < 0.01, ***p 
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< 0.001. 

 

Figure 3. Global gene expression analysis reveals profiles of ESC-hepatocytes (ESC-Hep) and hepatic 

progenitor cells (HPCs) 

A. Principal-component analysis (PCA) for HPCs at passage 0, 1, 2, 3 and 10 (HPC_p0, HPC_p1, 

HPC_p2, HPC_p3, HPC_p10), ESC-hepatocytes (ESC-Hep_1, ESC-Hep_2, ESC-Hep_3), and 

mature hepatocytes isolated from livers (Liver) by global gene expression.  

B. Heatmap of the fetal hepatobiliary progenitor up-regulated genes (gene list: 

https://www.nature.com/articles/s41467-019-11266-x) in HPCs and ESC-hepatocytes. The color bars 

show the signal strength scaled by the z-score. 

C. Gene Set Enrichment Analysis (GSEA) of drug metabolism-related genes in HPCs and ESC-Hep. 

The gene set collection used for the analysis was obtained from KEGG. The cutoff for significant 

gene sets was FDR < 0.25. Details are shown in Table 4. 

D. Heatmap of the drug metabolism-associated genes in HPCs and ESC-hepatocytes. Color bars 

indicate signal intensity scaled by z-score. 

E. Gene Set Enrichment Analysis (GSEA) for liver gene sets upregulated in HPCs compared to ESC-

Heps. Gene set collections used for analysis were obtained from KEGG, Reactome, or GO. The 

cutoff for significant gene sets was FDR < 0.25. Details are shown in Table 4. 

 

Figure 4. Hepatic progenitor cells (HPCs) are matured by the five compounds (5C) 

A. ESC-hepatocytes (ESC-Hep) are matured by the five compounds (5C). Gene expression of mature 

and immature hepatocyte markers in the non-added group (solvent: DMSO) and 5C added group 

(5C) were analyzed by qRT-PCR. The expression level of each gene in ESC-Hep at day 35, 

immediately after the end of differentiation induction, was set as 1.0. Each expression level was 

calculated from the results of independent (biological) duplicate experiments. Error bars indicate 

standard error. Statistical analysis was performed by Dunnett's multiple comparison test. *p < 0.05, 

**p < 0.01, ***p < 0.001. 

B. HPCs are matured by 5C. Gene expression of mature and immature hepatocyte markers was 

analyzed by qRT-PCR in control HPCs, in 5C-treated groups with Wnt (5C (+Wnt)), and in 5C-
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treated groups without Wnt (5C(-Wnt)). The expression level of each gene in the HPCs was set at 

1.0. Each expression level was calculated from the results of independent (biological) triplicate 

experiments. Error bars indicate standard error. Statistical analysis was performed by Dunnett's 

multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001. 

C. Effect of the removal of individual compounds from 5C for hepatic maturation in HPCs. Gene 

expression was analyzed by qRT-PCR in the group with five compounds (5C) and in the group with 

one compound removed (-IWP2, -DAPT, -FSK, -LDN, -SB43). The expression level of each gene in 

the 5C-treated group was set at 1.0. Each expression level was calculated from the results of 

independent (biological) triplicate experiments. Error bars indicate standard errors. 
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