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We reported previously that monkey embryonic stem cells (ESCs) were differentiated into hepatocytes 
by formation of embryoid bodies (EBs). However, this EB formation method is not always efficient for as-
says using a large number of samples simultaneously. A dispersion culture system, one of the differentiation 
methods without EB formation, is able to more efficiently provide a large number of feeder-free undifferenti-
ated cells. A previous study demonstrated the effectiveness of the Rho-associated kinase inhibitor Y-27632 
for feeder-free dispersion culture and induction of differentiation of monkey ESCs into neural cells. In the 
present study, the induction of differentiation of cynomolgus monkey ESCs (cmESCs) into hepatocytes was 
performed by the dispersion culture method, and the expression and drug inducibility of cytochrome P450 
(CYP) enzymes in these hepatocytes were examined. The cmESCs were successfully differentiated into he-
patocytes under feeder-free dispersion culture conditions supplemented with Y-27632. The hepatocytes dif-
ferentiated from cmESCs expressed the mRNAs for three hepatocyte marker genes (α-fetoprotein, albumin, 
CYP7A1) and several CYP enzymes, as measured by real-time polymerase chain reaction. In particular, 
the basal expression of cmCYP3A4 (3A8) in these hepatocytes was detected at mRNA and enzyme activity 
(testosterone 6β-hydroxylation) levels. Furthermore, the expression and activity of cmCYP3A4 (3A8) were 
significantly upregulated by rifampicin. These results indicated the effectiveness of Y-27632 supplementa-
tion for feeder-free dispersed culture and induction of differentiation into hepatocytes, and the expression of 
functional CYP enzyme(s) in cmESC-derived hepatic cells.
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Investigation of drug metabolism with human hepatocytes 
is important in the early stages of drug development. How-
ever, primary human hepatocytes are short-lived and cannot 
be maintained in culture over the long term. In addition, there 
are large donor-dependent variations in drug metabolism. On 
the other hand, human embryonic stem cells (ESCs) are able 
to replicate infinitely and differentiate into various types of 
somatic cells including germ cells.1) Thus, they represent an 
attractive source to provide large numbers of cells that can 
be utilized for the development of candidate drug-screening 
strategies in place of primary cells.2) However, ethical and 
legal restrictions have limited the availability of human ESCs. 
The phenotype of human ESCs is known to closely resemble 
that of monkey ESCs but not mouse ESCs with regard to 
morphology, leukemia inhibitory factor responsiveness, gene 
expression profiles, and some disease models.1,3–6) Thus, mon-
key ESCs are a more suitable model for preclinical research 
of drug development. In particular, hepatocytes derived from 
monkey ESCs may be useful for pharmacokinetic studies, 
such as investigation of drug–drug interactions and the induc-
ibility of drug-metabolizing enzymes, including cytochrome 
P450 (CYP).

We reported previously that monkey ESCs were success-
fully differentiated into hepatocytes by the formation of 
embryoid bodies (EBs) and treatment with specific growth 
factors and cytokines critical for hepatic differentiation.7) 

EBs can mimic the inductive microenvironment required for 
liver organogenesis8–10) and develop into many different cell 
types in culture. However, this EB formation method is not 
always appropriate for assays with large numbers of samples, 
such as high-throughput screening, because the formation of 
EBs is inefficient. A dispersion culture system, one of the 
differentiation methods without EB formation, can more ef-
ficiently provide a large number of feeder-free undifferentiated 
cells. The Rho-associated kinase (ROCK) inhibitor Y-27632 
enables expansion from single-cell culture of human ESCs 
under dispersion culture conditions because the ROCK inhibi-
tor markedly reduces dissociation-induced apoptosis of human 
ESCs.11) Furthermore, Takehara et al.12) conducted direct neu-
ral stem cell induction from cynomolgus monkey (Macaca 
fascicularis) ESCs (cmESCs) using Y-27632 and demonstrated 
the effectiveness of Y-27632 supplementation for feeder-free 
culture and induction of differentiation. However, it is not 
clear whether this dispersion culture method is effective for 
differentiation of monkey ESCs into hepatocytes.

In the present study, we carried out induction of hepatocyte 
differentiation from cmESCs by the dispersion culture method 
and examined expression and drug inducibility of CYP in the 
differentiated cells.

Materials and Methods

Materials ​ Growth Factor Reduced BD Matrigel Ma-
trix (Matrigel reduced) was obtained from BD Biosciences 
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(Bedford, MA, U.S.A.); mitomycin C, Dulbecco’s modified 
Eagle’s medium (DMEM), William’s E medium with Glu-
taMAX without phenol red, MEM non-essential amino acid 
solution (100×), and 6β-hydroxytestosterone from Sigma (St. 
Louis, MO, U.S.A.); murine embryonic fibroblasts (MEF) 
from Oriental Yeast (Tokyo, Japan); RPMI1640 medium sup-
plemented with GlutaMAX, KnockOut™ DMEM, KnockOut 
Serum Replacement (KSR), minimum essential medium 
(MEM), l-glutamine, 0.25% (w/v) trypsin-ethylenediamine-
tetraacetic acid (EDTA), and SuperScript™ III First-Strand 
Synthesis System for reverse transcription-polymerase chain 
reaction (RT-PCR) from Invitrogen Life Technologies (Carls-
bad, CA, U.S.A.); fetal bovine serum (FBS) from Equitech-
Bio, Inc. (Kerrville, TX, U.S.A.); recombinant human activin 
A and recombinant human hepatocyte growth factor (HGF) 
from Funakoshi Co., Ltd. (Tokyo, Japan); modified Lanford 
medium from Charles River Laboratories Japan Inc. (Yoko-
hama, Japan); recombinant human basic fibroblast growth 
factor (bFGF), Y-27632, oncostatin M (OSM), dexamethasone 
(DEX), rifampicin (RIF), testosterone, and dimethyl sulfoxide 
(DMSO) from Wako Pure Chemicals (Osaka, Japan); [2H7]6β-
hydroxytestosterone from BD Gentest (Franklin Lakes, NJ, 
U.S.A.); illustra RNAspin Mini RNA Isolation kit from GE 
Healthcare (Tokyo, Japan); SYBR® Green real-time PCR Mas-
ter Mix from TaKaRa Bio (Otsu, Japan). All other reagents 
used were of the highest quality available.

ESC Culture and Differentiation ​ The cmESCs (CMK6) 
were generously provided by Tanabe Seiyaku Co., Ltd. 
(Osaka, Japan)4) and maintained according to the method 
reported previously7) except that recombinant human bFGF 

was added to ES medium. Feeder-free dispersed culture was 
carried out as follows (Fig. 1A). The cmESCs were cultured 
in the presence of 10 µm Y-27632 for 1 h before detaching the 
cells from the feeder layer. After detachment of the cmESCs, 
contaminating MEF were removed by incubating the cell 
suspension on gelatin-coated plates (BD Falcon, Franklin 
Lakes, NJ, U.S.A.) at 37°C for 2 h. The cmESC clumps were 
recovered from the suspension by centrifugation, incubated in 
0.25% (w/v) trypsin-EDTA solution at 37°C for 5 min, and dis-
sociated into single cells by pipetting. The cells were passed 
through a Cell Strainer (40 µm mesh; BD Falcon) and seeded 
onto culture plates 6 cm in diameter (BD Falcon) coated with 
Matrigel reduced (25-fold dilution). The cmESCs were cul-
tured in medium conditioned by contact with MEF with 4 ng/
mL recombinant human bFGF and 10 µm Y-27632 for the first 
24 h. The medium was changed for MEF-conditioned medium 
for cmESCs without Y-27632.

When cmESCs reached approximately 70% confluence, 
differentiation was initiated by replacing RPMI1640 me-
dium supplemented with GlutaMax containing 0.5% FBS and 
100 ng/mL activin A (Fig. 1B). After 72 h, the medium was 
changed to RPMI1640 medium supplemented with GlutaMax 
containing 2% KSR and 100 ng/mL activin A, and culture was 
continued for 48 h. The cells were passaged onto 24-well plates 
coated with Matrigel reduced (25-fold dilution) and cultured in 
KnockOut™ DMEM containing 20% KSR, 1 mm l-glutamine, 
1% MEM nonessential amino acids, and 1% DMSO for 7 d. 
Finally, the cells were cultured in modified Lanford medium 
containing 10 ng/mL HGF, 20 ng/mL OSM, and 100 nm DEX. 
The medium was changed daily during differentiation.

Fig.  1.  Scheme of in Vitro Differentiation of cmESCs into Hepatocytes
(A) Illustration of the feeder-free dispersion culture of undifferentiated cmESCs. (B) Schematic procedure of differentiation of cmESCs into hepatocytes and drug treat-

ment.
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Drug Treatment ​ To clarify the effects of RIF on expres-
sion of CYP, cmESC-derived hepatocytes were treated with 
40 µm RIF for 72 h (Fig. 1B). The compound was dissolved in 
DMSO, which was added to the modified Lanford medium at 
a final concentration of 0.1%.

Primary Hepatocyte Culture ​ Primary cynomolgus mon-
key hepatocytes (primary cmHCs, Batch HEP 18605) were 
obtained from BIOPREDIC International (Renes, France). 
The primary cmHCs were thawed according to the manufac-
turer’s instructions. Briefly, the primary cmHCs were cultured 
on 24-well plates (BD Falcon) in William’s E medium with 
GlutaMax without phenol red for 72 h, and the medium was 
changed daily.

Real-time PCR Analysis ​ Total RNA was isolated from 
the cells and the liver of an adult male monkey (Ina Research 
Inc., Ina, Japan) using the illustra RNAspin Mini RNA Isola-
tion kit according to the manufacturer’s protocol. First-strand 
cDNA was generated from 5 µg of total RNA. Reverse tran-
scription reaction was performed using the SuperScript™ 
III First-Strand Synthesis System for RT-PCR in accordance 
with the manufacturer’s instructions. For detection of mRNA 
expression levels, CYP mRNAs were analyzed by SYBR® 
Green real-time quantitative PCR. All PCR procedures were 
performed using the ABI Prism 7300 Real-time PCR System 
(Applied Biosystems, Foster City, CA, U.S.A.). PCR was per-
formed in a mixture consisting of 10 µL of SYBR® Green real-
time PCR Master Mix, 0.4 µL of 10 µm forward and reverse 
primers, 0.4 µL of dye, 7.8 µL of water, and 1 µL template 
cDNA in a total of 20 µL. The primers used are summarized 
in Table 1. The levels of these mRNAs were normalized 
relative to that of glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) mRNA.

Measurement of Cellular Activity of Testosterone 
6β-Hydroxylation ​ Following drug treatment, cmESC-de-
rived hepatocytes were incubated with 100 µm testosterone in 
modified Lanford medium for 6 h. On the other hand, primary 
cmHCs were incubated with 100 µm testosterone in MEM 
for 6 h. After incubation, each medium was collected and 
6β-hydroxytestosterone was measured by LC-MS/MS under 
the conditions described below.

Instrument ​ An Agilent 1100 series HPLC system (Agi-
lent Technologies, Waldbronn, Germany) consisting of a bi-
nary pump, a degasser linked to a CTC HTS PAL New Wash 
System Autosampler (AMR Inc., Tokyo, Japan) was used. 

Mass spectrometry was performed on an API 4000 triple qua-
druple instrument (Applied Biosystems/Sciex, Foster City, CA, 
U.S.A.) equipped with a TurboIonSpray® electrospray ioniza-
tion (ESI) interface. Data processing was performed with the 
Analyst 1.4.2 software package (Applied Biosystems/Sciex).

Chromatographic Conditions ​ Chromatographic separa-
tion was performed on a reversed-phase CAPCELL PAK C18 
MG III column (50×4.6 mm i.d., 5 µm; Shiseido Co., Inc., 
Tokyo, Japan). The column temperature was kept constant 
at 40°C. The mobile phase consisted of a mixture of 10 mm 
ammonium acetate in water (A) with 0.1% formic acid in 
methanol (B) and was delivered at a flow rate of 0.5 mL/min. 
A stepwise gradient was used as shown in Table 2.

Mass Spectrometry Conditions ​ The mass spectrometer 
was operated using the ESI source in positive ion mode. To 
optimize all of the MS parameters, standard solutions (100 ng/
mL) and internal standard were infused into the mass spec-
trometer at a flow rate of 250 µL/min. The ion spray voltage 
(IS) was set at 4500 V. The TurboIonSpray probe temperature 
was maintained at 600°C. The instrument parameters viz., 
nebulizer gas, curtain gas, auxiliary gas, and collision gas, 
were set at 60, 15, 80, and 5, respectively. Compound param-
eters viz., declustering potential, collision energy, entrance 
potential, and collision exit potential, were 40, 20, 10, and 
15, respectively, for 6β-hydroxytestosterone and [2H7]6β-
hydroxytestosterone. Zero air was used as the source gas, 
while nitrogen was used as both curtain and collision gas. 
The mass spectrometer was operated in ESI positive ion 
mode and detection of the ions was performed in the multiple 
reaction monitoring (MRM) mode, monitoring the transi-
tion of m/z 305 precursor ion [M+​H] to the m/z 269 product 
ion for 6β-hydroxytestosterone (retention time 8.7 min) and 
m/z 312 precursor ion [M+​H] to the m/z 276 product ion for 

Table  1.  Primers Used for Real-Time PCR Analysis

Genes Forward primer (5′–3′) Reverse primer (5′–3′) Product (bp)

AFP ACTATTGGCCTGTGGTGAGG CACCCTGAGCTTGACACAGA 224
ALB CTTCCTGGGCATGTTTTTGT GGCTCTTCCACAAGAGGTTG 177

CYP1A1 CTAGACACAGTGATTGGCAGGTC GGTTGACCCATAGCTTCTGGTCA 232
cmCYP2B6 (2B30) GGGGCATTGAAGAAGAATGA ATTTTGCCCACACCACTCTC 188
cmCYP2C9 (2C43) TGATTCCCAAGGGTACAACC AAATTGCCACCTTCATCCAG 118
cmCYP2D6 (2D17) AGATCGACGACGTGATAGGG GTCCCCTTAGGGATGAGGAA 178
cmCYP3A4 (3A8) CCAAGAAGCTTTTAAGATTTGATTTC ATCTACTCGGTGCTTTTGTGTA 191
cmCYP3A5 (3A66) TTTGCCCAATAAGGCACCTG GGTTGGAATCACCACCATTG 181

CYP7A1 ATTTGGTGCCAATCCTCTTG CATCCTTTGGGTCAATGCTT 215
AhR ACTCCACTTCAGCCACCATC CTCGTGCACAGTTCTGCTTC 146
PXR AAGGATGCAAGGGCTTTTTC TTCTTCATGCCGCTCTCC 151

GAPDH GTCAGTGGACCTGACCT TGCTGTAGCCAAATTCGTTG 245
AFP, α-fetoprotein; ALB, albumin; AhR, aryl hydrocarbon receptor; PXR, pregnane X receptor; GADPH, glyceraldehyde-3-phosphate dehydrogenase.

Table  2.  Timetable for HPLC

Time (min) Solvent A (%) Solvent B (%)

0 10 90
3 10 90
6 90 10
9 90 10
9.1 10 90

16 10 90
Solvents A: 10 mm ammonium acetate in water. Solvents B: 0.1% formic acid in 

methanol.
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[2H7]6β-hydroxytestosterone (8.7 min). Quadrupoles Q1 and 
Q3 were set to unit resolution. Data acquisition and quantifica-
tion were performed using Analyst software version 1.4.2 (Ap-
plied Biosystems, MDS Sciex, Toronto, ON, Canada).

Calibration Standards ​ Calibration standards to cover the 
assay range of 10–5000 nm 6β-hydroxytestosterone were pre-
pared by adding 10 µL of 0.1, 0.5, 1, 5, 10, and 50 µm working 
standards to 0.1 mL aliquots of control reaction mixture.

Statistical Analysis ​ Statistical significance was assessed 
using the unpaired t test. In all analyses, p < 0.05 was taken 
to indicate statistical significance.

Results

Morphology of cmESCs at Individual Culture Steps ​ A 
typical colony of undifferentiated cmESCs is shown in Fig. 
2A. As reported previously for primate ESCs, undifferentiated 
cmESCs formed tightly packed and flat colonies.4) Each cell 
had a high nucleus/cytoplasm ratio and prominent nucleolus. 
In an effort to circumvent the problem of apoptosis in cmESC 
culture, the single-cell dispersed culture was performed under 
feeder-free cell culture conditions using Y-27632. The undif-
ferentiated cmESCs were cultured in the presence of 10 µm 
Y-27632 for 1 h before detaching the cells from the feeder 
layer. After the cmESC colonies were dissociated by trypsin 
and suspended, the cells were seeded on gelatin-coated plates. 
In this procedure, contaminating MEF adhered to the plate 
bottom, whereas the cmESCs did not (Fig. 2B). The cmESC 
clumps were recovered from the suspension and dissociated 
into single cells by pipetting. The single cells were cultured 
on culture plates 6 cm in diameter coated with Matrigel re-
duced (25-fold dilution) in the presence of 10 µm Y-27632 
for first 24 h. The cmESCs proliferated on the feeder-free 
culture plates (Fig. 2C). Twenty-seven days after initiation of 

hepatocyte differentiation, cells showed characteristic mor-
phologies of hepatocytes, i.e., polygonal in shape and multiple 
nuclei (Fig. 2D). Y-27632 was effective for cmESC survival 
under dispersion culture conditions.

Expression of Hepatocyte Markers and CYP Enzymes 
in Primary cmHCs and cmESC-Derived Hepatocytes ​ The 
mRNA expression levels of hepatocyte marker genes and 
CYP enzymes in primary cmHCs and differentiated cells 
from cmESCs were measured by a real-time PCR method. 
As shown in Fig. 3, the mRNAs of hepatocyte marker 
genes, α-fetoprotein (AFP), albumin (ALB), and CYP7A1, 
were detected in cmESC-derived hepatocytes together with 
those of CYP1A1, cmCYP2B6 (2B30), cmCYP2C9 (2C43), 
cmCYP2D6 (2D17), cmCYP3A4 (3A8), cmCYP3A5 (3A66), 
pregnane X receptor (PXR), and aryl hydrocarbon receptor 
(AhR). The mRNA levels of AFP and CYP7A1 in differenti-
ated cells from cmESCs were 16- and 21-fold, respectively, 
higher than those in primary cmHCs, although the expression 
level of ALB was approximately 80-fold lower in cmESC-
derived hepatocytes than in primary cmHCs. The mRNA 
levels of CYP1A1, cmCYP2B6 (2B30), cmCYP2C9 (2C43), 
cmCYP2D6 (2D17), cmCYP3A4 (3A8), cmCYP3A5 (3A66), 
and PXR in the cells differentiated from cmESCs were 386-, 
7.4-, 284-, 1.6-, 136-, 5.9-, and 13-fold, respectively, lower 
than those in primary cmHCs. In contrast, the expression level 
of AhR mRNA in cmESC-derived hepatocytes was 2.2-fold 
higher than that in primary cmHCs.

Testosterone 6β-Hydroxylase Activity of Primary 
cmHCs and cmESC-Derived Hepatocytes ​ Testosterone 
6β-hydroxylase activity as a marker of CYP3A, especially 
cmCYP3A4 (3A8), was evaluated with primary cmHCs and 
cmESC-derived hepatocytes. Testosterone 6β-hydroxylase 
activity was detected in the cells differentiated from cmESCs 
(Fig. 4). The activity was about one sixth that of the primary 

Fig.  2.  Morphology of cmESCs in Individual Culture Processes
(A) Undifferentiated cmESCs. (B) Suspended cmESCs incubated on gelatin-coated plates for 2 h. (C) cmESCs cultured on plates 6 cm in diameter coated with Matrigel 

reduced (25-fold dilution) for 24 h. (D) cmESC-derived cells at 27 d after the initiation of hepatocyte differentiation. The cells were visualized by phase microscopy. Bars, 
200 µm; 30 µm for A and D insets.
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cmHCs.
Effects of RIF on the Expression Level and Activity of 

cmCYP3A4 (3A8) in the Cells Differentiated from cmESCs ​
The induction potency of cmCYP3A4 (3A8) by RIF, which 
is known as a cmCYP3A4 (3A8) inducer,13,14) was examined 
with the cells differentiated from cmESCs. The expression of 
cmCYP3A4 (3A8) mRNA was significantly induced by RIF in 
the cmESC-derived hepatocytes (Fig. 5A). The activity of tes-
tosterone 6β-hydroxylase in the cmESC-derived hepatocytes 
was significantly enhanced by RIF (Fig. 5B).

Discussion

The method to induce differentiation of ESCs to hepatic 
cells was first established using mouse cells.15–17) Many of 
these methods involve a procedure to differentiate ESCs by 
EB formation and adhesion culture. EBs differentiate into 
three embryonic germ layers by suspended cell culture of 
ESCs, and these cells can then further differentiate into mul-
tiple cell types, including hepatocytes, in vitro.18) This method 
was applied to the induction of differentiation of monkey 
ESCs into hepatic cells.7) In recent studies, however, a method 
to add some direct inducing factors to a monolayer culture 
system of an undifferentiated ESC colony without EB forma-
tion has been used extensively. Furthermore, some improved 
methods for more efficient differentiation into hepatocytes 
have been reported. Among these methods, the stepwise ad-
dition of two or more factors is most common.19–23) However, 
if these complicated operations are not performed adequately, 
the death of ESCs can easily occur. In previous culture sys-
tems, remarkable reduction of the number of live cells was a 
technical obstacle to the induction of differentiation. Watanabe 
et al.11) found that the death of human ESCs occurring after 
cell dissociation is triggered by activation of ROCK, and that 
the ROCK inhibitor Y-27632 can control the death of ESCs. 
Interestingly, Takehara et al.12) demonstrated that Y-27632 also 
promotes survival of cmESCs and enables expansion from 
single cells without loss of their pluripotent characteristics. 
These findings suggest that reactions to the ROCK inhibitor 
may be preserved in primate ESCs. In addition, it has been 
shown that Y-27632 supplementation also enables cmESC 

expansion in feeder-free culture.12) Feeder cells supply secreto-
ry components, extracellular matrix, and intercellular contacts 
for maintenance of an undifferentiated state and pluripotency 
of ESCs. However, the use of feeder cells leads to the poten-
tial for cross-contamination, such as the passing of animal 
pathogens to ESCs. On the other hand, feeder-free culture is a 
system to maintain ESCs in an undifferentiated state without 
direct contact with feeder cells. The ROCK inhibitor, Y-27632, 
is an important factor to enable adhesion and proliferation of 
primate ESCs in feeder-free culture. In the present study, we 
confirmed that dissociated cmESCs treated with Y-27632 were 
protected from cell death in feeder-free culture and formed 
clumps (Fig. 2B). Furthermore, the cells differentiated from 
cmESCs showed multinuclear morphology characteristic of 
hepatocytes at the final stage of differentiation (Fig. 2D). This 
feeder-free dispersion culture method was reproducible with-
out any technical obstacles.

Although ALB is the most abundant protein synthesized by 
mature hepatocytes, its expression starts in early fetal hepa-
tocytes and reaches the maximal level in adult hepatocytes.24) 
Our study showed that the expression of ALB mRNA in 

Fig.  3.  Expression Levels of mRNAs for Hepatocyte Markers and CYP Enzymes in Primary cmHCs and cmESC-Derived Hepatocytes
Target mRNAs were analyzed by SYBR Green real-time PCR as described in Materials and Methods. Data are presented as the relative levels (means±S.D., n=3) of pri-

mary cmHCs (open columns) or cmESC-derived hepatocytes (closed columns) to adult monkey liver. Significantly different from primary cmHCs (* p < 0.05, ** p < 0.01).

Fig.  4.	 Testosterone 6β-Hydroxylase Activity of Primary cmHCs and 
cmESC-Derived Hepatocytes

Primary cmHCs and cmESC-derived hepatocytes were incubated with testoster-
one at a final concentration of 100 µm for 6 h. Testosterone 6β-hydroxylase activity 
as a marker of CYP3A, especially cmCYP3A4 (3A8), was measured by LC-MS/MS 
as described in Materials and Methods. Values are expressed as the means±S.D. 
(n=3). Significantly different from primary cmHCs (** p<0.01).
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hepatocytes differentiated from cmESCs was markedly lower 
than in primary cmHCs and adult monkey liver. On the other 
hand, AFP is a marker of endodermal differentiation as well 
as an early fetal hepatic marker; its expression level decreases 
as the liver develops into the adult phenotype. In this study, 
the expression of AFP mRNA in cmESC-derived hepatocytes 
was higher than that in primary cmHCs, although the mRNA 
level in the former cells was comparable to that in adult mon-
key liver. These results suggest that cmESC-derived hepato-
cytes may be differentiated into more immature cells rather 
than into mature cells.

CYP1A1 is a major CYP1A isoform expressed in the 
monkey liver,25) in contrast to the human liver, which mainly 
expresses CYP1A2 but not CYP1A1.26) cmCYP2B6 (2B30), 
cmCYP2C9 (2C43), cmCYP2D6 (2D17), cmCYP3A4 (3A8), 
and cmCYP3A5 (3A66) are major CYP enzymes in the cyno-
molgus monkey liver.27) These monkey CYP enzymes show 
a high degree of amino acid sequence identity (>90%) with 
corresponding human CYP enzymes and catalyze typical 
drug oxidations of corresponding human CYP isoforms.28) To 
characterize the expression of CYP1A1, cmCYP2B6 (2B30), 
cmCYP2C9 (2C43), cmCYP2D6 (2D17), cmCYP3A4 (3A8), 
and cmCYP3A5 (3A66) in hepatocytes differentiated from 
cmESCs, the basal gene expression patterns of these CYP en-
zymes were compared with primary cmHCs. The expression 
levels of the CYP enzymes examined were lower in cmESC-
derived hepatocytes than in primary cmHCs. The lower 
expression of these CYP enzymes may be associated with 
hepatocyte maturity. In this study, the cmESC-derived hepatic 
cells were found to express cmCYP3A4 (3A8) mRNA. This 
enzyme function in differentiated hepatocytes was confirmed 
by testosterone 6β-hydroxylase activity. To our knowledge, 
this is the first study showing the functional expression of cer-
tain CYP enzyme in cmESC-derived hepatic cells. Further-
more, these cells showed inducibility of cmCYP3A4 (3A8) by 
RIF at mRNA and activity levels. This inducibility was quali-
tatively reproducible. The effects of RIF on mRNA expres-
sion of cmCYP3A4 (3A8) in the cmESC-derived hepatic cells 
was consistent with the findings reported previously.7) It was 
previously reported that cmCYP3A4 (3A8) is induced by RIF 

through the transcription factor PXR.29) Our study showed 
that PXR is expressed in cmESC-derived hepatic cells. These 
results suggest that PXR is active in these hepatocytes. This 
has important implications for the application of cmESC-de-
rived hepatic cells as an in vitro model for drug development. 
However, the functional significance of cmCYP3A4 (3A8) and 
PXR in cmESC-derived hepatocytes was limited in this study 
because the data were partially qualitative. Further improve-
ments are required, particularly with regard to maturation and 
quantitative analysis, for use of cmESC-derived hepatocytes 
in drug screening.

In conclusion, cmESCs were successfully differentiated into 
hepatocytes under feeder-free dispersion culture conditions 
supplemented with Y-27632. In addition, the basal expression 
and drug inducibility of CYP enzymes were characterized in 
these hepatocytes. These results suggest that cmESC-derived 
hepatocytes may be used as a potential source for stable sup-
ply of hepatocytes for drug metabolism analysis, although fur-
ther investigations are needed to improve this method.
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