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Human embryonic stem cells (hESC) offer a potential unlimited source for functional human
hepatocytes, since they can differentiate into hepatocyte-like cells displaying a character-
istic hepatic morphology and expressing several hepatic markers. Such cells could be used
for, e.g. studies of drug metabolism and hepatotoxicity, which however would require a
significant expression of drug metabolising enzymes. Thus, we have investigated the
expression of cytochrome P450s (CYPs), UDP-glucuronosyltransferases (UGTs), drug trans-
porters, transcription factors and other liver specific genes in hepatocyte-like cells derived
from hESC using a simple direct differentiation protocol. The mRNA and protein expression
of several important CYPs were determined using low density arrays, real time PCR and
Western blotting. Significant CYP expression on the mRNA level was detected in hepatocyte-
like cells derived from one out of two different hESC lines tested, which was much higher
than in undifferentiated hESC and generally higher than in HepG2 cells. CYP1A2, CYP3A4/7
and low levels of CYP1A1 and CYP2C8/9/19 protein were detected in both lines. The mRNAs
for a variety of CYPs and liver specific factors were shown to be inducible in both cell lines,
and this was reflected in induced levels of CYP1A2 and CYP3A4/7 protein. This first report on
expression of all major CYPs in hepatocyte-like cells derived from hESC represents an
important step towards functional hepatocytes, but efforts to further differentiate the cells
using optimized protocols are needed before they exhibit similar levels of drug metabolizing
enzymes as primary human hepatocytes and liver.
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1. Introduction

Human embryonic stem cells (hESC) are pluripotent and can
give rise to cells of all three embryonic germ layers: endoderm,
ectoderm, and mesoderm, and further on, to all somatic and
germ cells [1,2]. Thus, in the future, differentiated cells derived
from hESC can potentially be used for regenerative therapies
that may cure various diseases. HESC derived cells with
functional characteristics of hepatic cells do not only have the
potential of being used in bioreactors for extra corporal liver
support in patients with liver failure [3], but also as a test
system for studying hepatic metabolism of xenobiotics and
hepatotoxicity. Since hESC have the ability to self-renew, the
use of hESC derived hepatocytes can potentially provide an
unlimited source of functional human hepatocytes, from the
same genetic donor if desired, and thereby improve the
predictability of toxicity tests and reduce the need for animal
experimentation. However, the toxicity of xenobiotics is often
dependent on their biotransformation into toxic and reactive
metabolites and, therefore, the presence and distribution of
biotransforming systems is required. At present, primary
human hepatocytes constitute a common model for in vitro
drug metabolism and toxicity testing. Nevertheless, the
activity of drug metabolizing enzymes and many transporter
functions are rapidly lost and/or changed when primary
hepatocytes are cultured [4-6]. Moreover, many of the
hepatoma cell lines, e.g. HepG2, which are used for in vitro
studies, lack expression of many important drug metabolizing
enzymes [7,8].

Cytochrome P450s (CYPs) are mixed function monooxy-
genases and the major enzymes in phase I metabolism of
xenobiotics. This oxidative metabolism results in, depending
on the nature of the xenobiotic, inactivation and facilitated
elimination, activation of pro-drugs or metabolic activation.
The major site of CYP expression is the liver and CYP3A4 is the
most abundant CYP isozyme in human adult liver. The
enzymes of greatest importance for drug metabolism belong
to the families 1-3, responsible for 70-80% of all phase I
dependent metabolism of clinically used drugs [9,10]. CYP
expression and activity present large interindividual varia-
tions due to polymorphisms. Moreover, CYPs can be induced
several fold or inhibited by specific drugs, resulting in
additional, although transient, variability of metabolic activity
[11].

Many reports on the differentiation of hESC have been
published, mainly considering derivation of ectodermal or
mesodermal lineages. Directed differentiation into endoderm
has been more difficult to achieve, most likely due to a lack of
early lineage-specific markers, and there are only few reports
on hepatocyte-like cells derived from hESC [12-16]. In these
reports, only limited studies of CYP expression and induction
in hESC derived hepatocyte-like cells have been included.
Schwartz et al. detected phenobarbital-inducible CYP expres-
sion as measured by quantitative RT-PCR and pentoxyresor-
ufin-O-deethylase (PROD) activity in hepatocyte-like cells [12],
whereas Rambhatla et al. reported inducible CYP1A2 activity
as detected by ethoxyresorufin-O-deethylase (EROD) activity
in hESC derived cells with hepatocyte-like characteristics [15].

We have previously shown that hepatocyte-like cells
derived from hESC analyzed in the present study, display

characteristic hepatic morphology and express liver markers
such as HNF3g (Foxa2), liver fatty acid binding protein (LFABP),
a-1-antitrypsin (a-1-AT), albumin, and cytokeratin 18. Further-
more, the cells accumulate glycogen, a feature typical for
hepatocytes, and exhibit glutathione transferase protein
expression and activity that closely resembles that of human
hepatocytes [17]. In this study, we have evaluated the CYP
mRNA and protein expression in hepatocyte-like cells derived
from two different hESC lines using real time PCR based
methods and Western blotting. We could detect mRNA from
most of the CYP enzymes tested in one of the hepatocyte-like
cells, as well as CYP1A2 and CYP3A4/7 protein. Inducibility of
CYP1A2 and 3A4/7 was also demonstrated. These results are
discussed in terms of the maturity of the hepatocytes-like cells
and the need for further differentiation towards a suitable
phenotype.

2. Materials and methods
2.1. Cell and tissue material

In this study, we have used hepatocyte-like cells derived
from hESC lines SA002, SA002.5 and SA167. These cell lines
were established, characterized and cultured as previously
described [1,18] at Cellartis AB, after approval from the local
ethics committee at Gothenburg University. Hepatocyte-like
cells were derived using a direct 2D-differentiation protocol
as previously described [17]. Briefly, hESC were allowed to
differentiate for 18-30 days in VitroHES™ supplemented
with 4 ng/ml human recombinant basic fibroblast growth
factor (bFGF) in IVF-(in vitro fertilization) culture dishes
(Becton Dickinson). Medium was changed every 7-10 days, a
crucial parameter for differentiation of hepatocyte-like
cells. Differentiation of hESC results in a mixed population
of different cell types, where the hepatocyte-like cells are
located in the periphery, surrounding the core of the colony.
In order to perform gene expression profiling and protein
analysis, mRNA and protein, respectively, were purified
from enriched populations of hepatocyte-like cells. Enrich-
ment of such cells, with hepatic morphology, i.e. large,
polygonal and often bi-nucleated, was performed by manual
micro dissection. Isolated hepatocyte-like regions from 20 to
25 dishes were collected and pooled for each cell line. Since
hepatocyte-like cells are grown on a layer of mouse
embryonic fibroblast (MEFs), the isolated cell samples
contained a small amount (about 12%) of MEFs [17].
Therefore, MEFs as well as primary human hepatocytes,
HepG2 cells and human liver samples were used as
controls in the experiments. MEFs were derived and
cultured as previously described [19]. Primary human
hepatocytes were from In Vitro Technologies (Lot GIU,
Leipzig, Germany). HepG2 cells (HB-8065, American Type
Culture Collection) were cultured as previously described
[8]. Human liver samples were obtained from Sahlgrenska
Hospital (Gothenburg, Sweden) and originated from patients
undergoing liver resection. All tissues were obtained
through qualified medical staff, with donor consent and
with the approval of the local ethics committee at
Sahlgrenska Hospital.
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2.2 Isolation of RNA and cDNA synthesis

Total RNA from the different cells was isolated using Trizol
reagent (Invitrogen, Stockholm, Sweden) according to the
manufacturer’s instructions for isolation of small amounts of
RNA, by using glycogen as a carrier for RNA. From human liver
tissue total RNA was isolated using a CsTFA gradient
(Amersham Biosciences, Piscataway, NJ) [20].

RNA concentrations were determined by UV-spectroscopy
and the RNA samples were stored at —80 °C.

Synthesis of cDNA was conducted with 0.5-0.6 pg of total
RNA in a final volume of 10pul, using M-MLV Reverse
Transcriptase (Invitrogen) with 5 uM oligo (dT),s and following
the manufacturer’s protocol. Control reactions for genomic
DNA contaminations were made for every sample by exclud-
ing the M-MLV Reverse Transcriptase.

2.3. TaqMan low density arrays

The gene expression levels of 45 genes were examined in each
sample by using TagMan low density array (LDA) cards
(Applied Biosystems, Foster City, CA). Each sample was
repeatedly run on 3-4 LDA cards. The LDA cards were custom
made by choosing the primers and probes online from Applied
Biosystems Assays-on-Demand Gene Expression Products.
The LDA cards were configured into eight identical sets of 48
genes. Each set also contained housekeeping genes, of which
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
hypoxanthine phosphoribosyltransferase 1 (HPRT1) were used
for normalization.

To 52 pl of 2x TagMan Universal PCR Master Mix contain-
ing AmpErase uracil-N-glycosylase (Applied Biosystems) 52 ul
of 2-5-fold diluted cDNA was added, and thereafter gently
mixed. After brief centrifugation, 100 pl of the mixture (150-
170 ng cDNA) was transferred into one of the eight loading
ports on a LDA card. The cards were centrifuged for 2 x 1 min
at 1200 rpm, and then sealed according to the manufacturer’s
instructions. PCR amplification and fluorescence data collec-
tion were performed with the ABI Prism 7900HT Sequence
Detection System (Applied Biosystems).

The comparative C; method for relative quantification
(AAC; method), which describes the change in expression of
the target gene in a test sample relative to a calibrator sample,
was used to analyse the data [21]. Human liver was used as the
calibrator sample and all gene expression values in human
liver were assigned a relative value of 1.00. Data were analyzed
with the 7900HT Sequence Detector System (SDS) software
version 2.2.1 (Applied Biosystems).

2.4. Real time PCR

For detection of mRNA expression levels below the detection
level of the LDA cards, selected genes were also analyzed by
either SybrGreen- (CYP1A1, 1A2 and 2A6) or TagMan- (CYP3A4
and 3A7) based real time PCR. All PCRs were performed using
the ABI 7500 Fast Real-Time PCR System and data was
analyzed with 7500 Fast System SDS software version 1.3.1
(Applied Biosystems).

SybrGreen real time PCR was perfomed using 5 pl of 2-3-
fold diluted cDNA template in a 25pul reaction mixture

containing 0.30 uM of each primer and 12.5 pl SybrGreen real
time PCR Master Mix (Applied Biosystems). The PCR reaction
was run as follows; 50 °C for 2 min, 95 °C for 10 min, 40 cycles
of 95 °C for 15 s, 60 °C for 20 s and 72 °C for 60 s. Each PCR was
followed by a melting curve analysis. The primer sequences
used were as follow: CYP1A1; the forward primer, 5'-CCA CCA
AGA ACT GCT TAG CC-3' and the reverse primer, 5'-CAG CTC
CAA AGA GGT CCA AG-3/, designed from Entrez Nucleotides
Database sequence number NM_000499, CYP1A2; the forward
primer, 5-AAC AAG GGA CAC AAC GCT GAA T-3' and the
reverse primer, 5'-GGA AGA GAA ACA AGG GCT GAG T-3' [22],
CYP2A6; the forward primer, 5-CCC TCA TGA AGA TCA GTG
AGC-3' and the reverse primer, 5-GCG CTC CCC GTT GCT GAA
TA-3' [23], GAPDH; the forward primer, 5-GAT CCC TCC AAA
ATC AAG TG-3' and the reverse primer, 5-TGA TGT TCT GGA
GAG CCC-3, designed from Entrez Nucleotides Database
sequence number NM_002046.

Tagman real time PCR was performed using ready-to-use
TagMan Gene Expression Assays (Applied Biosystems) for
CYP3A4, CYP3A7, and with human TBP (TATA-box binding
protein) as an endogenous control, according to the manu-
facturer’s instructions.

2.5. Western blot

Cytochrome P450 protein expression was studied by Western
blotting as described elsewhere [17]. Briefly, proteins were
extracted from cells using the M-PER protein extraction reagent
(Pierce, Rockford, IL) supplemented with 1:100 protease
inhibitor cocktail (Sigma-Aldrich) and separated on a 12%
SDS polyacrylamide gel by electrophoresis. Antibodies against
human CYP1A2 (Biomol, Plymouth Meeting, PA; Chemicon,
Temecula, CA), 1A1, 2A6, 2B6, 2C8/9/19, 2D6 (Biomol), 2E1
(Chemicon; Biomol) and 3A4/7 (produced as previously
described [24]; Biomol) were used. For Western blot analysis
MEFs, undifferentiated hESC and HepG2 cell lysates were used
as controls. Cell lysates of primary human hepatocytes were
used as positive control in all cases except for the CYP1A1l
incubations, where recombinant CYP1A1 enzyme (a kind gift of
Prof. Rannug at IMM, Karolinska Institutet) was used.

2.6. Induction

The inducibility of CYP enzymes in hepatocyte-like cells was
evaluated by exposing 18-25 days cultures to a cocktail of
25 pM rifampin, 20 pM primidone, 100 pM dexamethasone,
88 mM EtOH, 25uM omeprazole and 100 pM isoniazid in
VitroHES™ for 96 h prior to isolation of hepatocyte-like cells.
The cells showed no signs of toxicity following the treatment,
as determined by morphological assessment (data not shown).
The expression of mRNA and protein in treated and untreated
hepatocyte-like cells was evaluated using LDA arrays, real
time PCR and Western blotting.

2.7.  Cytochrome P450 activity assays

Hepatocyte-like cells were washed twice in PBS and resus-
pended in cold 50 mM potassium phosphate buffer, pH 7.4.
Cells were sonicated and centrifuged at 800 x g and 4 °C for
10 min. The supernatant was centrifuged again at 6500 x gand
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4 °C for 10 min and used to measure metabolic activity. Protein
concentrations were measured, using bovine serum albumin
(BSA) as standard, either according to the method of Bradford
[25] or by using Micro BCA protein determination kit (Pierce,
Rockford, IL).

To evaluate CYP1A activity, ethoxyresorufin-O-deethyla-
tion (EROD) measurements based on the method described by
Lubet et al. [26], were performed. Briefly, the increase in
fluorescence due to resorufin formation was measured at
excitation A =530 nm and emission A = 586 nm. The reaction
mixture contained 50 mM Tris-HCl buffer, pH 7.5 with 25 mM
MgCl,, 5pM ethoxyresorufin (Sigma-Aldrich), 24 pmol
NADPH-cytochrome P450 reductase (BD Gentest, Bedford,
MA) and 50 pl sample in black 96-well plates (total volume
of 250 ul). The samples contained between 50 and 200 pg
protein. NADPH (100 pM; Sigma-Aldrich) was used to start the
reaction, and the fluorescence was measured every minute for
60 min using a Tecan GENios Pro fluorospectrophotometer
and Magellan V6.2 software. A resorufin standard curve was
used for quantification.

The CYP3A4 activity was analyzed using the fluorescent
substrate dibenzylfluorescein (DBF; BD Gentest), which is
converted into fluorescein primarily by CYP3A4 and CYP1A1l
[27]. The enzyme activity was assayed by incubating 50 pg
protein in a final volume of 100 pl containing 100 mM
potassium phosphate buffer, pH 7.4, 48 pmol NADPH-cyto-
chrome P450 reductase (BD Gentest), 48 pmol cytochrome b5
(Invitrogen) and 10 uM of DBF, in black 96-well plates. The

Gene undiffe
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Cytochrome CYP1A1
P450s CYP1AZ
CYP1B1
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reactions were started by addding NADPH (Sigma-Aldrich) at a
final concentration of 600 uM. The reaction mixtures were
incubated at 37 °C and the fluorescence was measured at the
excitation A =485 nm and emission A =538 nm in a Spectra
Max Gemini fluorospectrophotometer (Molecular Devices,
Sunnyvale, CA) every 15 min between 0 and 120 min. After
the last measurement a known amount of fluorescein
standard (Sigma-Aldrich) was added to the reaction mixtures
and the fluorescence for the standard was measured.

3. Results
3.1.  Gene expression analysis using low density array

The mRNA expression of liver specific genes was analyzed in
hepatocyte-like cells derived from hESC lines SA002 and
SA167, undifferentiated hESC, MEFs, HepG2 cells, primary
human hepatocytes, and human liver samples using TagMan
low density arrays (LDAs). The genes selected were in the
categories cytochrome P450s (CYPs), UDP-glucuronosyltrans-
ferases (UGTs), transporters, transcription factors and other
liver specific genes. Two genes, D-site albumin promoter
binding protein (DBP) and alpha-1-antitrypsin, were excluded
from further analysis because of high background levels in the
MEF sample and because the primer set did not work. No gene
expressions were detected in the MEF sample except for the
DBP gene (data not shown). The relative gene expression levels
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Fig. 1 - Relative gene expression for liver related genes as measured by LDA assay. All samples were run on LDA cards
containing different genes associated with drug metabolism in the liver. The expression for all genes is normalized against
the expression of GAPDH in each sample. The expression levels in each sample are compared to the expression levels in
human liver samples, which are set to 1.0 for all genes. UGTs: UDP-glucuronosyltransferases.
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in the different samples in comparison with human liver
samples (=1.0) are summarized in Fig. 1.

The LDA results show that gene expression in hepatocyte-
like cells from the two hESC lines differ from each other.
CYP1A1, 1B1, 2A6/2A7/2A13, 2B6, 2C8, 2C9, 2D6, 2E1 and 3A5
mRNA expression was detected in hepatocyte-like cells from
line SA167, whereas only mRNA for CYP1B1 and 2A6/2A7/2A13
was detected in cells from SA002. In general, the relative gene
expression levels for the genes investigated were much lower
in hepatocyte-like cells from both lines, than in human liver
and primary human hepatocytes. However, the relative gene
expression levels for CYP1A1, 1B1 and the transporter OATP-A
were higher in the hepatocyte-like cells than in human liver
samples. Moreover, the relative expression levels for most
transcription factors, including HNFla, HNF3a and 8, HNF4q,
RXRP and v, C/EBP a and B, were also higher in the hepatocyte-
like cells, especially from line SA002, than in human liver.
Importantly, for several of the investigated genes, including
CYP1B1, 2A6/2A7/2A13, 2C8 and 2D6, higher mRNA levels were
detected in hepatocyte-like cells from line SA167 than in
HepG2 cells.

In the undifferentiated hESC low levels of some CYPs,
namely CYP2A6/2A7/2A13, 2B6, 2C8 and 2C9, together with
higher levels of RXRa and B, HNF3« and 3, HNF4«, C/EBP « and
B, and apolipoprotein E were detected. However, in general the
relative gene expression levels in the undifferentiated hESC
were much lower than in their respective hepatocyte-like cell.

Treatment of hepatocyte-like cells, especially from line
SA002, with known cytochrome P450 inducers resulted in
increased mRNA levels of CYP1A1, 2B6, 2E1, 3A5, UGT1A6,
UGT2B7, NTCP, MDR1, MRP2, PXR, CAR and FXR. However, no
induction of the CYPs studied was detected in hepatocyte-like
cells from line SA167.

3.2.  Analysis of selected gene expressions using real time
PCR

Since mRNA expression was not detected with the LDA cards
for some of the most abundant hepatic CYP genes, CYP3A4 and
CYP1A2, we further analyzed expression for these genes, as
well as CYP1A1 and CYP3A7, using a more sensitive real time
PCR method. CYP2A6 was also analyzed with real time PCR,
since no discrimination between expression of CYP2A6, 2A7
and 2A13 could be made with the LDA assay. No mRNA for
these CYPs was detected in the MEF sample. Both CYP3A4 and
CYP3A7 mRNA was detected in the hepatocyte-like cells,
HepG2 cells, primary human hepatocytes and human liver
samples using the Tagman real time PCR method (Fig. 2A). The
expression level of CYP3A4 was very low in the hepatocyte-
like cells from both hESC lines compared to the levels in
human liver and primary human hepatocytes, but similar to
the level in HepG2 cells. The relative expression level of
CYP3A7 in the hepatocyte-like cells was also low in compar-
ison to human liver, but higher than the relative levels for
CYP3A4 (Fig. 2A). In addition, mRNA for CYP3A7 was also
detected in the undifferentiated hESC line SA167 (Fig. 2A).
CYP1A1 mRNA was detected in all samples (Fig. 2B). The
amount of CYP1A1 mRNA was higher in hepatocyte-like cells
fromline SA167 and similar in cells from SA002, in comparison
to the level detected in human liver samples. CYP1A1 mRNA
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Fig. 2 - Relative gene expression for selected CYPs as
measured by real time PCR. The gene expression levels in
each sample are compared to the expression levels in
human liver samples, which are set to 1.0 for all genes.
The expression for all genes is normalized against either
the GAPDH (CYP1A1/1A2, CYP2A6) or TBP (CYP3A4/3A7)
expression in each sample. Expression of mRNA for
CYP3A4/3A7 analyzed by TagMan real time PCR (A), and
for CYP1A1/1A2 (B) and CYP2A6 (C) analyzed by SybrGreen
based real time PCR is shown.

levels were also higher than seen in HepG2 cells and primary
human hepatocytes. Moreover, CYP1A2 mRNA was detected
in all samples except in the undifferentiated hESC. The
expression level for CYP1A2 mRNA in hepatocyte-like cells
from both lines was much lower than in human liver samples
and primary human hepatocytes, but higher than in HepG2
cells (Fig. 2B). CYP2A6 mRNA expression was detected in all
samples except for undifferentiated hESC and HepG2 cells
(Fig. 2C).
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Fig. 3 - Western Blot analysis of CYP1A1, 1A2, 2A6, 2B6, 2G8/9/19, 2D6, 2E1 and 3A4/7 protein expression in untreated and
induced hepatocyte-like cells derived from hESC lines SA167, SA002 and SA002.5, primary human hepatocytes Lot GIU (for
CYP1A1 Lot MYO), undifferentiated hESC from line SA002.5, MEFs and HepG2 cells. Positive control for CYP1A1 analysis

was recombinant CYP1A1.

3.3.  Analysis of cytochrome P450 protein expression

The CYP protein expression in hepatocyte-like cells from
lines SA002, SA002.5 and SA167 was evaluated by Western
blotting. The analyses showed presence of CYP1A2 and
CYP3A4/7 protein in hepatocyte-like cells, at slightly differ-
ent levels in cells from the respective lines, as revealed from
blots incubated with antibodies from several different
sources. The highest CYP protein content was observed in
hepatocyte-like cells from SA167, but this was at a much
lower level compared to primary human hepatocytes (Fig. 3).
The expression of CYP1A2 and 3A4/7 protein was increased
in cells exposed to the inducer cocktail (cf. Methods). The
CYP1A1 and CYP2C8/9/19 proteins were only very weakly
detected in hepatocyte-like cells, whereas no CYP2A6, 2B6,
2D6 and 2E1 protein expression was revealed by Western
blotting (Fig. 3). Apart from weak detection of CYP1A1l in
HepG2 cells, none of the CYP proteins studied could be
detected in MEFs, undifferentiated hESC line SA002.5 or
HepG2 cells.

3.4.  Cytochrome P450 dependent enzyme activities

Examination of EROD activity for detection of CYP1A and DBF
substrate fluorescence for detection of CYP3A4 and CYP1A1l
activity was performed. No activity could be detected in
hepatocyte-like cells, whereas activity in primary human
hepatocytes was detected at levels comparable to those

reported in the literature. The CYP1A activity in primary
hepatocytes as measured by the EROD assay was 0.43 pmol/
min/mg protein [28-30] and the CYP3A4/CYP1A1 activity as
measured using DBF was 0.73 pmol/min/mg protein. The
detection limit for the EROD assay was estimated to 0.03 pmol/
min and for the 3A4/1A1 activity assay to 0.02 pmol/min, i.e.
about 6% and 3%, respectively, of the activity registered in the
primary human hepatocytes.

4, Discussion

Here, we show that hepatocyte-like cells derived from hESC
express mRNA and protein for several hepatic CYPs. We also
show that there is a clear difference in expression patterns
between hepatocyte-like cells from the two hESC lines
investigated. Thus, many of the liver specific genes, including
most CYPs, were only detected in hepatocyte-like cells from
line SA167, and not in cells from SA002, which indicates a
difference in the degree of differentiation. It could be
speculated whether the fact that SA002 has one extra
chromosome 13 [1] could affect the expression of the genes
studied in this paper, but so far no such indication has been
observed when comparing this hESC line with chromosomally
normal lines such as SA167. In general, the relative expression
levels for most of the CYPs were much lower as compared to
the levels in human liver and primary human hepatocytes.
However, in hepatocyte-like cells from line SA167, the mRNA
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levels for several of the CYPs were higher than in the
commonly used hepatoma cell line HepG2.

Cytochrome P450 gene expression in the hepatocyte-like
cells was confirmed by Western blot analysis showing CYP1A2
and CYP3A4/3A7 protein in cells from both line SA002 and
SA167. Possible cross-reactivity between CYP1A1 and CYP1A2
protein in the samples was excluded since none of the CYP1A2
antibodies used here detected recombinant CYP1A1 protein
(data not shown). In addition, Western blot analysis using a
CYP1A1 antibody showed that only very low levels of CYP1A1
can be detected in the hepatocyte-like cells. However, no
discrimination between CYP3A4 and 3A7 could be made since
the antibodies used detect both proteins.

Although very low levels of CYP1A2 and CYP3A4 mRNA are
found in hepatocyte-like cells, Western blot analysis clearly
showed corresponding protein expression. This might be due
to further posttranscriptional regulation influencing, e.g. RNA
polyadenylation and capping, RNA trafficking, RNA stability,
translation, protein processing and protein stability.

Inducibility is an important feature of CYP enzymes [11]
and here we were able to detect mRNA induction of several
CYP genes as well as of CYP1A2 and CYP3A4/7 protein.
Although both CYP1A2 and CYP3A4/7 apoproteins were
identified by Western blot analysis, no catalytically active
enzyme was detected in the hepatocyte-like cells used in this
study. It is likely that the enzymes are active, although the
activity may be below the lower limit of detection of the assays
used here, which was as high as 3-6% of the level seen in
primary human hepatocytes. However, it is possible that the
CYP enzymes present in the hepatocyte-like cells are not
functional due to, e.g. incorrect folding of the protein or lack of
incorporation of the heme moiety. Only a few studies have
previously shown constitutive and inducible activity of
selected CYPs in hESC derived hepatocyte-like cells [12,15].
However, the evaluation of gene and protein expression in
these studies is limited or missing and, to our knowledge, the
present study is the first extensive investigation of expression
of the most important CYP enzymes in such cells.

Although the hepatocyte-like cells seem to express very
low amounts of cytochrome P450s or other liver specific genes,
such as albumin, glucose-6-phosphatase and cholesterol 7 a-
hydroxylase (CYP7A), the mRNA levels for most of the
transcription factors investigated here are higher than in
the human liver sample. This indicates that these cells have
the transcriptional machinery for producing many of the drug
metabolizing proteins present in the liver. High levels of some
of these transcription factors, especially HNF4a, C/EBP« and C/
EBPB, may suggest an immature phenotype of the hESC-
derived hepatocyte-like cells, as these factors have been
shown to be involved in liver development and hepatocyte
differentiation [31,32].

In the present study, a simple direct differentiation
protocol, in which hESC are differentiated on MEFs and in
VitroHES medium supplemented with bFGF, was used to
derive hepatocyte-like cells from hESC in vitro [17]. Despite the
simple derivation method, hepatocyte-like cells are repeatedly
appearing in the periphery of the colonies and account for 10-
50% of the cells in the colony. Although morphological
characteristics and liver typical protein expression of the
hepatocyte-like cells are similar to human hepatocytes [17],

the LDA analysis in the present study is indicating an
immature and fetal-like phenotype rather than a fully mature
and functional hepatocyte. However, Western blot data clearly
demonstrates presence of CYP1A2 and 3A/7, which are
abundant CYP enzymes in the human liver and important
for drug metabolism, and this suggests a great potential of the
present cell population to become a fully functional hepato-
cyte-like cell type. The differentiation of these cells towards
the hepatic lineage will in the future be further improved by
finding optimal conditions for cell differentiation and growth
by means of, e.g. addition of different cytokines and growth
factors.

Cultured primary hepatocytes as well as hepatoma cell
lines, such as HepG2 cells, are commonly used today for in vitro
studies of liver specific drug metabolism and toxicity.
However, these cell types entirely lack or have very low levels
of many of the drug metabolizing enzymes and transporters
found in hepatocytes in vivo [5-8]. The mRNA and protein
expression data that we present in this study indicate that the
hepatocyte-like cells in general express lower amounts of drug
metabolizing enzymes than human liver and primary human
hepatocytes but higher expression of many liver specific
genes, including CYPs, as compared to HepG2 cells.

In conclusion, the results presented here demonstrate that
hepatocyte-like cells derived from hESC show mRNA expres-
sion of several important CYPs and clear expression of CYP1A2
and CYP3A/7 protein, in contrast to the stem cells from which
they are derived that showed no or very low expression. This
indicates a great potential of these cells to be further
developed by suitable differentiation protocols into hepato-
cyte-like cells with mature enough phenotype for future use in
studies of drug metabolism and drug-induced hepatotoxicity.
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