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Background: Primary human hepatocytes (PHHs) are the ideal candidates for studying

critical liver functions such as drug metabolism and toxicity. However, as they are isolated

from discarded livers that are unsuitable for transplantation, they possess limited expansion

ability in vitro and their enzymatic functions deteriorate rapidly because they are often of

poor quality. Therefore, there is a compelling reason to find reliable alternative sources of

hepatocytes.

Methods: In this study, we report on efficient and robust differentiation of embryonic stem

cells (ESC) from the common marmoset Callithrix jacchus into functional hepatocyte-like

cells (HLC) using a simple, and reproducible three-step procedure. ESC-derived HLCs were

examined by morphological analysis and tested for their expression of hepatocyte-specific

markers using a combination of immunohistochemistry, RT-PCR, and biochemical assays.

Primary human hepatocytes were used as controls.

Results: ESC-derived HLCs expressed each of the hepatocyte-specific markers tested,

including albumin; α-fetoprotein; asialoglycoprotein receptor 1; α-1 antitrypsin; hepatocyte

nuclear factors 1α and 4; cytokeratin 18; hepatocyte growth factor receptor; transferrin;

tyrosine aminotransferase; alkaline phosphatase; c-reactive protein; cytochrome P450

enzymes CYP1A2, CYP2E1 and CYP3A4; and coagulation factors FVII and FIX. They

were functionally competent as demonstrated by biochemical assays in addition to producing

urea.

Conclusion: Our data strongly suggest that marmoset HLCs possess characteristics similar

to those of PHHs. They could, therefore, be invaluable for studies on drug metabolism and

cell transplantation therapy for a variety of liver disorders. Because of the similarities in the

anatomical and physiological features of the common marmoset to that of humans, Callithrix

jacchus is an appropriate animal model to study human disease conditions and cellular

functions.

Keywords: Callithrix jacchus, marmoset, hepatocyte, embryonic stem cell, differentiation,

liver

Introduction
Limited availability of suitable donor tissue for human hepatocyte isolation and

transplantation remains a major challenge in regenerative medicine. Only

a small supply of human hepatocytes is currently available from organs deter-

mined to be inappropriate for transplantation.1 Moreover, mature human hepa-

tocyte proliferation in culture is limited to few passages, and efforts to fully

replicate their enzymatic functions in in vitro conditions have not been

Correspondence: Rajagopal N Aravalli
Department of Electrical and Computer
Engineering, University of Minnesota, 200
Union Street SE, Minneapolis, MN 55455,
USA
Email aravalli@umn.edu

Clifford J Steer
Department of Medicine, University of
Minnesota, 420 Delaware Street SE,
Minneapolis, MN 55455, USA
Email steer001@umn.edu

Hepatic Medicine: Evidence and Research Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com Hepatic Medicine: Evidence and Research 2020:12 15–27 15

http://doi.org/10.2147/HMER.S243277

DovePress © 2020 Aravalli et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

H
ep

at
ic

 M
ed

ic
in

e:
 E

vi
de

nc
e 

an
d 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0001-5097-7299
http://orcid.org/0000-0003-2488-1108
http://orcid.org/0000-0003-3452-2766
mailto:aravalli@umn.edu; 
mailto:steer001@umn.edu
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


successful.2 Hence, the molecular mediators that regu-

late hepatocyte proliferation and could potentially pro-

mote their expansion in vitro are being actively studied.

Alternative sources with greater reliability, proliferation,

and differentiation into multiple liver cell types, such as

stem cells, are under intense investigation. Stem cell-

derived hepatocytes not only provide a continuous

source of cells for transplantation but also are poten-

tially useful for disease modelling, and investigations

into drug function and metabolism.

In recent years, the common marmoset (Callithrix

jacchus), a small New World monkey that is native to

Brazil, has emerged as a non-human primate model for

human diseases, including those of the liver.3–9 Adult

marmosets have an average height of 20–30 cm and

weigh about 350–400 g. Because of their small body

size, shorter gestation period, ease of handling, and

lower maintenance cost than other non-human primates,

such as rhesus macaque and cynomolgus monkeys, they

have received much attention for biomedical research.5

Marmosets have proven to be much closer to humans

than rodents for pharmacokinetic and toxicological

screening; and their cells effectively cross-react with

human cytokines and hormones.4,7 In addition, the rela-

tive liver mass of marmosets is more similar to that of

humans than mice, making it an ideal animal model to

study common liver diseases, such as non-alcoholic fatty

liver disease9 and hepatitis C virus infection.10 In this

study, we report for the first time on hepatic differentia-

tion of marmoset embryonic stem cells (ESC) into func-

tional hepatocyte-like cells (HLC).

Materials and Methods
Marmoset Embryonic Stem Cells
The common marmoset (C. jacchus) embryonic stem cell

line cj36711,12 established at the Wisconsin National Primate

Research Center (kindly provided by Dr. T. G. Golos) was

cultured in E8 medium (Cat# A15169-01; Thermo Fisher

Scientific, Waltham, MA), with E8 supplement (1X; Cat#

A15171-01; Thermo Fisher Scientific); GlutaMAX (1X;

Cat# 35050-061; Life Technologies, Grand Island, NY);

lipid concentrate (1:100; Cat# 11905-031; Life

Technologies); recombinant human nodal (100 ng/mL;

Cat# 3218-ND; R&D Systems, Minneapolis, MN); and glu-

tathione (1.94 μg/mL; Cat# G4251; SigmaAldrich, St. Louis,

MO). Cells were grown on matrigel-coated plates (0.083 μg/

well; Cat# 354230; BD Biosciences, San Jose, CA) and

passaged using Accutase (Cat# 7920; Stem Cell

Technologies, Vancouver, Canada) when reaching 80%

confluency.

Primary Human Hepatocytes
Primary human hepatocytes (PHH) were purchased from

Sekisui XenoTech (Kansas City, KS). They were grown

either in collagen-coated 6-well plates (Cat# 356400,

Corning Life Sciences, Tewksbury, MA) at a concentration

of 1 x 106 cells/well or in 16-well collagen-coated slides at 5

x 104 cells per well according to supplier instructions. After

plating for 16 hrs, PHHs were used in immunocytochemical

studies and functional assays.

Karyotyping of Marmoset ESCs
Adherent marmoset ESCs were harvested after overnight

colcemid arrest. The cells were treated with 0.75 M KCl

hypotonic solution and fixed with 3:1 methanol:acetic

acid. They were then spread onto glass slides according

to standard cytogenetic protocols and stained with Wright-

Giemsa stain. Twenty G-banded metaphases were ana-

lyzed using an Olympus BX61 microscope outfitted with

10x and 100x objectives. Metaphase chromosomes were

imaged and karyotyped using Applied Spectral Imaging

(ASI) software.

Hepatic Differentiation of Marmoset

ESCs
Marmoset ESCs were grown in 6-well matrigel-coated

plates until they reached ~80% confluency in E8 med-

ium, as mentioned above. Following, the E8 medium

was replaced with RPMI medium (Cat# 11875093,

Thermo Fisher Scientific) enriched with B27 supple-

ments (Cat# 17504001, Thermo Fisher Scientific). For

hepatic differentiation, we used a modified three-step

differentiation method, which we previously reported

for induced pluripotent stem (iPS) cells with

modifications.13 Briefly, in the first step, ESCs were

cultured in RPMI medium containing B27 supplements

and activin A (100 ng/mL; Cat# 338-AC) for 5 days at

37°C with 5% CO2 to induce the formation of definitive

endoderm. Media was changed daily, and after 5 days, it

was replaced with RPMI/B27 containing 10 ng/mL

fibroblast growth factor-2 (FGF-2; Cat #233-FB), 10

ng/mL bone morphogenetic protein-4 (BMP-4; Cat#

314-BP) and 20 ng/mL hepatocyte growth factor

(HGF; Cat# 294-HG) to generate hepatocyte-like cells
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(HLCs). Cultures were grown for 5 days and the med-

ium was replaced with RPMI/B27 containing

oncostatin M (Cat# 295-OM) to induce the maturation

of the HLCs. After 5 days in this medium, HLCs were

dissociated from plates with Accutase and were sub-

jected to biochemical and morphological analyses, as

described below. All reagents used in the differentiation

protocol were purchased from R&D Systems.

Expansion and Maintenance of Marmoset

HLCs
Marmoset ESC-derived HLCs were expanded and maintained

in the hepatocyte phenotype by culturing in a specifically

defined medium consisting of Williams Medium E (Cat#

A1217601, Gibco, Grand Island, NY) supplemented with

fatty acid-free BSA (Cat# A7030, Sigma); GlutaMAX; hydro-

cortisone-21-hemisuccinate (Cat# H2270, Sigma); ITS supple-

ment (Cat# 17-838Z; Lonza, Walkerville, MD); epithelial

growth factor (80 ng/mL; Cat# 236-EG, R&D Systems);

FGF-4 (20 ng/mL; Cat 7460-F4, R&D Systems); HGF (40

ng/mL), stem cell factor (40 ng/mL; Cat# 255-SC, R&D

Systems); oncostatin M (20 ng/mL); BMP-4 (20 ng/mL); and

interleukin 1β (10 ng/mL; Cat# 201-LB, R&D Systems).

Growth medium was changed 3 times per week, and HLCs

were cultured for up to 60 days.

Immunohistochemistry
Marmoset HLCs were harvested from culture plates by disso-

ciating them with TrypLE (Cat# 12605010, Thermo Fisher

Scientific), enumerated and resuspended in the same medium

at a density of 1x105 cells/mL. A 200 µL aliquot of cell suspen-

sion was added to each well of a type I collagen-coated (Cat#

C3867, Sigma) 16-well glass chamber slide (Cat#178599,

Thermo Fisher Scientific). Cells were cultured overnight to

facilitate adherence to the slide. They were then fixed for 1 hr

in 1% formalin and permeabilized using the PermaCyte

Medium (CMDG, St. Paul, MN). Subsequently, HLCs were

incubated with 100 ng of each antibody against alkaline phos-

phatase (Cat# MAB1448), α-fetoprotein (AFP) (Cat#

MAB1369), albumin (Cat# MAB1456), C-reactive protein

(Cat# MAB17071), HGF receptor (Cat# MAB3583), nestin

(Cat# MAB1269), SOX17 (Cat# MAB1924), asialoglycopro-

tein receptor 1 (Cat# MAB4394), GATA4 (Cat# MAB2606)

and α-1-antitrypsin (AAT) (Cat# MAB1268) (all from R&D

Systems), coagulation factors VII (Cat# MA5-16932) and IX

(Cat# HYB133-01-02) (both from Invitrogen, Rockford, IL),

hepatocyte nuclear factor-4 (Cat# ABIN561308), CYP1A2

(Cat# ab151728) and CYP3A4 (Cat# ab124921) (all from

Abcam, Cambridge, MA) for 40 mins. After washing once

with PermaCyte medium, cells were stained either with Alexa

594-labeled goat-anti-mouse (Cat# A11005, Life Technologies)

or Alexa 594-labeled goat-anti-rabbit (Cat# A11072, Life

Technologies) secondary antibodies. Cells were also counter-

stained with the DAPI dye to visualize the nucleus of each cell.

Positivity of the staining was confirmed by comparing them

with isotype controls (Cat# QTC1000, CMDG, St. Paul, MN).

HLCs were then analyzed using an Olympus Fluoview 1000

confocal microscope. Intracellular triglyceride content was

assessed by staining with AdipoRedTM Assay Reagent (Cat#

PT-709, Lonza, Walkserville, MD). Using the same preparation

procedure as with antibody staining, 2 μl of AdipoRed reagent

was added to awell and incubated for 15minutes. After incuba-

tion, cells werewashedwith PermaCytemedium and visualized

under the confocal microscope.

RT-PCR Analysis
To test for the expression hepatocyte-specific genes in HLCs,

total RNA was extracted from cells using the UltraPure™

Phenol:Chloroform:Isoamyl Alcohol reagent (Cat# 15593031,

Invitrogen). Platinum® Quantitative RT-PCR ThermoScript™

One-Step System (Cat# 11731015, Invitrogen) was used to

Table 1 RT-PCR Primers Used in This Study

Gene Primer Sequences

Albumin F: 5ʹ-GTGAAACACAAGCCCAAGGC-3’

R: 5ʹ-GGCTGAGATGCTCTTAGTTACCAT-3’

AFP F: 5ʹ-GCTGGATTGTCTGCAGGATGGGGAA-3ʹ

R: 5ʹ-TCCCCTGAAGAAAATTGGTTAAAAT-3’

AAT F: 5ʹ-GTGGGCAGCAAATGTTGTAA-3’

R: 5ʹ-TCATCGACTTCCAGAGCAGA-3’

CK18 F: 5ʹ-ACGAGAAGGAGACCATGCAA-3’

R: 5ʹ-GTCATCAGCAGCAAGACGAG-3’

CYP2E1 F: 5ʹ- ATGTCTGCCCTCGGCATGACTGT-3’

R: 5ʹ- CATATGCAAAGAAAGGAATAGGTTTGAGGAA-3’

GAPDH F: 5ʹ-TCGGAGTCAACGGATTTGGTC-3’

R: 5ʹ-TTCCCGTTCTCAGCCTTGAC-3’

HNF1α F: 5ʹ-CACCGATGCCGTTAGAAGTG-3’

R: 5ʹ-CCTGTGTTGGTGAATGTGGG-3’

TF F: 5ʹ-GAAGGACCTGCTGTTTAAGG-3’

R: 5ʹ-CTCCATCCAAGCTCATGGC-3’

TAT F: 5ʹ-TGAGAACGACGTGGAGTTCA-3’

R: 5ʹ-AAGGGAGAATCTGGGGTGTG-3’
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carry out RT-PCR reactions according to the manufacturer’s

recommendations. Total RNA isolated from marmoset ESCs

was used as the negative control. Marmoset-specific albumin

PCR primers were designed using the GenBank sequence

NC_013898.1 (Gene ID: 100391910), whereas the other mar-

moset-specific primer sequences for α-fetoprotein (AFP), cyto-

keratin 18 (CK18), transferrin (TF), α-1 antitrypsin (AAT),

hepatocyte nuclear factor 1α (HNF1α), tyrosine aminotransfer-

ase (TAT), cytochrome P450 2E1 (CYP2E1), and the house-

keeping gene glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) were reported earlier (Table 1).14–16 All the primers

were obtained from Integrated DNATechnologies (Coralville,

IA). The conditions for PCR reactions were an initial denatura-

tion at 94°C for 3 min followed by 30 cycles of denaturation at

94°C for 1 min, annealing for 1 min at 56°C, and elongation for

1 min at 72°C. PCR products were then resolved using a 1%

agarose gel, and visualized under UV light.

Urea Production
Urea synthesis in ESC-derived HLCs was determined with

a colorimetric assay (Cat# K376-100, Biovision, Milpitas,

CA). Briefly, cells were dissociated from the culture plate

using the TrypLE reagent, counted with hemocytometer and

centrifuged at 400 x g for 5 mins. The supernatant was dis-

carded and the pelleted cells were re-suspended in 1mL ofWIF

water (Cat# 4.86505.1000, EMD Chemicals, Gibbstown, NJ).

Cells were then exposed to three repeated freeze-thaw cycles of

freezing at −80°C and thawing at room temperature to rupture

and release the intracellular contents into the fluid phase. Cells

were then centrifuged at 1000 x g for 10 mins to pellet the cell

debris. The supernatant was collected and analyzed by the urea

assay, according to the manufacturer’s instructions. Results

were standardized to 1x106 cells to enable comparison between

cell culture samples with different cell numbers. Resultant

samples were analyzed on the Emax microplate reader

(Molecular Devices. San Jose, CA) and processed with

SoftMax PRO 4.8 Analysis Software. Marmoset ESCs and

PHHswere used as negative and positive controls, respectively.

Results
Differentiation of Marmoset ESCs into

Hepatocyte-Like Cells
To determine whether marmoset ESCs are capable of

differentiating into hepatocyte-like cells (HLC), we

applied a modified three-step differentiation protocol that

we previously developed for the hepatic differentiation of

B C

ED F

A

Figure 1 Hepatic differentiation of marmoset ESCs. Marmoset ESC colonies that developed on matrigel-coated plates were cultured in RPMI medium with B27 supplements

until they grew between 50 µm and 100 µm in diameter (A). Growth medium was replaced and cells were grown in the presence of activin A to initiate differentiation of the

definitive endoderm (B). After 5 days in this medium, cells were cultured for an additional 5 days in RPMI/B27 medium containing BMP-4, FGF2, and HGF. This step allowed

the proliferation of cells that had committed to the hepatic lineage (C). Finally, they were grown for 5 days in the presence of oncostatin M to induce their maturation into

hepatocyte-like cells (HLC) (D). HLCs generated with this procedure were propagated in a defined medium (E) (see text for details). ESC-derived HLCs were cultured in

this medium for up to 60 days (F). Scale bar: 100 μm.
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iPS cells.13 It involved the use of activin A to induce the

definitive endoderm, followed by the propagation of cells

with FGF-2, BMP-4 and HGF to differentiate them into

the hepatic lineage. In the final step, cells were exposed to

oncostatin M to induce their maturation into functional

HLCs. In this protocol, each step was of 5-day duration

and cells were maintained in matrigel-coated plates in

RPMI medium with B27 supplements. After 15 days

through this procedure, >90% of the cells displayed hepa-

tocyte-specific morphology, and a large number of cells

were clearly bi-nucleated indicating that the marmoset

ESCs had been successfully differentiated into HLCs

(Figure 1).

It has been well documented that activin A induces the

differentiation of definitive endoderm in stem cells.17–20

A number of transcription factors, including GATA factors

and SOX factors, are expressed during the differentiation of

ESCs and in the DE.21–23 GATA4 plays a critical role in

endoderm formation and GATA4-deficient ESCs were shown

to be specifically defective in forming the visceral endoderm.24

In this study, we have carried out immunohistochemistry with

activin A-treated ESCs to determine whether they had differ-

entiated into DE. As shown in Figure 2, activin A-treated ESCs

tested positive for both SOX17 and GATA4. However, the

expression of these two proteins was found to be lower in

HLCs than in PHHs. On the other hand, nestin which was

ESC

Activin A-

treated ESC

HLC

PHH

AdipoRedGATA4SOX17Nestin

Figure 2 Induction of definitive endoderm in activin A-treated ESCs. The expression of endoderm-specific markers SOX17 and GATA4 in activin A-treated ESCs

was tested using antibodies against both these proteins, and compared to that of HLCs and primary human hepatocytes (PHHs). Cells were counterstained with

DAPI (stained in blue). A neural stem cell marker nestin was used as a control. Activin-treated ESCs stained positive for both SOX17 and GATA4 (shown in red)

indicating the formation of the DE. The expression of these proteins was much lower in HLCs and PHHs. On the other hand, nestin was expressed only in HLCs

and PHHs. Intracellular triglyceride accumulation in both HLCs and PHHs was assessed by staining with the AdipoRed reagent.
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associated with the progenitor cells was absent in ESC and

activin A-treated ESCs but was expressed by HLCs and PHHs.

This findingwas not unexpected having been demonstrated that

hepatocytes cultured in vitro express various biliary and extra-

hepatic progenitor markers, including nestin.25 In addition,

activin A treatment did not alter the chromosomes of ESCs,

as shown by karyotype analysis (Figure 3). Undifferentiated

ESCs, activin A-treated ESCs and differentiated HLCs dis-

played normal female karyotype (46, XX), which was similar

to published data on marmoset ESC cell lines.26,27 Taken

together, these results support the finding that marmoset ESCs

are capable of differentiating into definitive endoderm.17

Expression of Hepatocyte-Specific

Markers by Marmoset HLCs
To study the expression of hepatocyte-specific markers

in ESC-derived HLCs, we carried out immunohisto-

chemical analyses using antibodies against albumin;

AFP; AAT; ASGPR1; HNF4; HGFR; ALP; CRP;

CYP1A2; CYP3A4; FVII; and FIX. As shown in

Figures 4–6, differentiated HLCs expressed all these

markers demonstrating that the differentiated HLCs pos-

sess hepatocyte-like characteristics. Throughout the stu-

dies, PHHs were used as positive control and an isotype

control served as the negative control. While the expres-

sion of the majority of markers in HLCs was very

similar to PHHs, the expression of inducible proteins

CYP1A2, CYP3A4, FVII and FIX was lower. This

result was in agreement with reports that the basal

expression of certain CYP enzymes varies in culture

conditions,28 possibly due to the discrepancy in the

quality of the donor hepatocytes. Similarly, coagulation

factors FVII and FIX were present in low levels in

normal hepatocytes.29,30

To further validate the hepatocyte marker expression in

ESC-derived HLCs, RT-PCR was performed using mar-

moset-specific primers for albumin, AFP, AAT, HNF1α,

cytokeratin 18, transferrin, CYP2E1, and tyrosine

A B

C

Figure 3 Karyotype analysis of marmoset ESCs (A), activin A-treated ESCs (B) and ESC-derived HLCs (C).
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aminotransferase. GAPDH was chosen as the internal

standard because it is the most stable in stem cells

among many house-keeping genes that are used for refer-

ence of gene expression.31,32 As shown in Figure 7, HLCs

expressed the litany of markers tested and ESCs were

positive only for GAPDH. Collectively, these results

demonstrated that HLCs express hepatocyte markers both

at the RNA and protein levels, and are potentially capable

of hepatocyte-specific functions.

Urea Production by ESC-Derived HLCs
To further ascertain the functionality of ESC-derived

HLCs, we tested their ability to produce urea, as

a hallmark of primary hepatocytes. As stated above,

HLC urea production was determined via a colorimetric

assay using PHHs as positive control. As shown in

Figure 8, HLCs synthesized urea at levels similar to

that of PHHs confirming that these cells are metabolically

active. Interestingly, however, activin A-treated ESCs

that are committed to form definitive endoderm also

produced small amounts of urea suggesting that the urea

production could be an early metabolic step during the

development of hepatocytes. Primary marmoset ESCs

were included as negative controls for this study and

they expressed non-detectable levels of urea under iden-

tical conditions.

Discussion
The inherent ability of ESCs to differentiate into any

mammalian cell type has rendered them attractive for

investigations on modelling human liver diseases, stu-

dies on drug metabolism and liver regeneration. To date,

ESC

Activin A-

treated ESC

HLC

PHH

AAT ASGPR1

Isotype

control AFPAlbumin

Figure 4 Marmoset HLCs express hepatocyte-specific markers. The expression of albumin, α-fetoprotein (AFP), α-1 antitrypsin (AAT), asialoglycoprotein receptor 1

(ASGPR1) was tested in ESCs, activin A-treated ESCs, HLCs, and PHHs by immunohistochemistry. Isotype control was the negative control. Cells positive for these proteins

stained red. All cells were counterstained with DAPI (shown in blue).
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ESCs from human, rodent, porcine, and monkey species

have been differentiated into HLCs.33–49 In this study,

we have carried out hepatic differentiation of marmoset

ESCs into HLCs and characterized them using

a combination of immunohistochemistry, morphological

analyses, RT-PCR, and biochemical assays. Activin

A-treated marmoset ESCs and primary human hepato-

cytes (PHHs) were used as controls. Our results demon-

strated that the marmoset ESC-derived HLCs possess

functional characteristics similar to those of PHHs.

Additionally, these HLCs displayed specific characteris-

tics that define a typical “hepatocyte”, as determined by

both qualitative assays and qualitative analysis.50

Significantly, our hepatic differentiation protocol is distinct

from that of other reports of non-human primates, namely

rhesus macaque ESCs42,43 and cynomolgus ESCs.48,49 We

have used a modified three-step procedure that was previously

developed in our laboratory to differentiate porcine iPS cells

into HLCs.13 Each step of this protocol was for a 5-day period,

in which the first step was the induction of definitive endoderm

by treating marmoset ESCs with activin A, followed by hepa-

tocyte differentiation with growth factors FGF-2 and BMP-4.

The final step involved the treatment of HLCs with HGF and

oncostatin M to induce their full maturation to hepatocyte-like

status (Figure 1). In contrast, rhesus macaque ESC differentia-

tion procedures were of 20-day42 and 30-day43 durations, while

ESC

Activin A-

treated ESC

HLC

PHH

HNF4 ALPHGFR CRP

Figure 5 Hepatocyte marker expression in marmoset ESC-derived hepatocyte-like cells. ESCs, activin A-treated ESCs, HLCs, and PHHs were tested for hepatocyte nuclear

factor 4 (HNF4), hepatocyte growth factor receptor (HGFR), alkaline phosphatase (ALP), and C-reactive protein (CRP) by immunohistochemistry. Cells positive for these

proteins were stained in red. All cells were counterstained with DAPI (shown in blue).
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that of cynomolgus ESC was either a 27-day48 or 28-day49

procedure. Thus, our protocol is significantly shorter in duration

and produced mature HLCs within 15 days. In addition, our

procedure did not include any feeder cultures or co-cultures.

Each of the marmoset cell types (ESC, activin A-treated ESC

and ESC-derived HLC) examined by karyotyping had

a chromosome number of 46 (Figure 3). No abnormalities

such as fused chromosomes, marker chromosomes or extra

chromosomes were found. The results confirmed that our dif-

ferentiation procedure did not alter the karyotype of marmoset

ESCs, and the differentiated HLCs exhibited a normal number,

shape and structure of 46 chromosomes.

Here, we have studied the expression of 17 hepatocyte

markers in HLCs. Most notable of these is the

asialoglycoprotein receptor (ASGPR1), a liver-specific pro-

tein that is highly produced in well-differentiated hepato-

cytes. Its utility as a definitive marker of hepatocyte

identity is well established, and it has been used to isolate

stem cell-derived hepatocytes.51 As shown in Figure 4,

ASGPR1 is expressed on the cell surface by HLCs at the

comparable levels to that of PHHs. C-reactive protein,

another marker specifically produced by hepatocytes,52 was

also produced by HLCs (Figure 5). Similar to ASGPR1, the

hepatocyte appears to be the only cell type that produces

coagulator factor IX.29 Differentiated marmoset HLCs pro-

duced FIX (Figure 6) and showed the presence of triglycer-

ides (Figure 2) at levels similar to PHHs further underscoring

that marmoset HLCs have matured into hepatocytes.

ESC

Activin A-

treated ESC

HLC

PHH

CYP1A2 CYP3A4 FVII FIX

Figure 6 Cytochrome P450 and coagulation factor in hepatocyte-like cells. The expression of cytochrome P450 enzymes and coagulation factors in marmoset ESC-derived

HLCs was studied using antibodies against CYP1A2, CYP3A4, FVII and FIX. These cells were positive for each of the factors (stained in red), and cells were counterstained

with DAPI (blue). ESCs and activin A-treated ESCs were negative controls, whereas PHHs were used as the positive control.
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Additionally, the expression of other common hepato-

cyte markers albumin, α-fetoprotein, hepatocyte nuclear

factor 4, hepatocyte growth factor receptor demonstrated

unequivocally that the marmoset ESC-derived HLCs fully

differentiated and matured into HLCs (Figures 4–6).

Among these, HNF4 is an orphan nuclear receptor that

functions as a master regulator of hepatic differentiation.

During liver development, it is expressed in primary and

extra-embryonic visceral endoderm, and HNF4-null

embryos exhibit severe defects in visceral endoderm

development.53

We have also studied the expression of three class

I cytochrome P450 (CYP) enzymes, CYP1A2, CYP2E1

and CYP3A4 in marmoset HLCs. Most notably, they are

highly conserved, have no known important functional

polymorphisms, and are active in the metabolism of pre-

carcinogens and drugs.54 CYP1A2, which accounts for

about 13% of all CYP450 enzymes in the liver, is

a major enzyme that metabolizes both endogenous com-

pounds such as melatonin, estradiol, bilirubin and arachi-

donic acid, as well as several clinical drugs, including

analgesics and antipyretics (reviewed in55). Another

major liver-specific cytochrome P450 enzyme is

CYP3A4, which is involved in the metabolic oxidation

of more than 50% of all drugs including

acetaminophen.56 CYP2E1 metabolizes low molecular

weight solvents such as alcohol, toxic chemicals like

chloroform and carbon tetrachloride; and environmental

contaminants such as benzene and acrylamide.57,58

Marmoset ESC-derived HLCs expressed all three CYP

enzymes tested (Figures 6 and 7), albeit at lower levels

than PHHs. This is in line with previous reports that the

basal level expression of CYP450 isotypes is low in stem

cell-derived HLCs.59–61

Conclusions
In summary, we have carried out efficient hepatic dif-

ferentiation of marmoset ESCs and demonstrated that

the HLCs generated from them possessed specific char-

acteristics similar to those of primary human hepato-

cytes. To the best of our knowledge, this is the first

report on hepatic differentiation of any marmoset stem

cell type. Our simple, three-step in vitro differentiation

protocol produced functional HLCs within 15 days in

culture. HLCs generated with this procedure were pro-

pagated in culture for up to 60 days without altering

their phenotype. Because of the cross-reactivity of

marmoset proteins to human antibodies62–64 and the

results from our studies, these marmoset HLCs might

be ideal candidates to study modelling and cell therapy

of human liver diseases; and for liver regeneration.

Their expression of CYP genes involved in the break-

down of various toxic molecules and chemicals also

make them suitable for investigations on drug

metabolism.
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