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Polycyclic Aromatic Hydrocarbons Activate CYP3A4 Gene
Transcription through Human Pregnane X Receptor
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Summary: Aryl hydrocarbon receptor (AhR} activators have been shown to induce members of the
cytochrome P450 (P450) 1 family. Here we demonstrate that the AhR activators induce CYP3A4 through
human pregnane X receptor (PXR). AhR activators, polycyclic aromatic hydrocarbons (PAHs) and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) increased CYP3A4 reporter activity and CYP3A4 mRNA expression
in HepG2 cells. The CYP3A4 reporter activity was also increased by treatment with cigarette tar. The
increased CYP3A4 reporter activity was clearly knocked down by the introduction of human PXR-small
interfering RNA, but not by that of human AhR-small interfering RNA. The CYP3A4 reporter activity
enhanced by overexpression of human PXR was further increased by treatment with PAHs and TCDD as
well as by treatment with rifampicin. These results suggest that PAHs contained in cigarette smoke induce

CYP3A4 in human liver.

Keywords: AhR activator; polycyclic aromatic hydrocarbons; TCDD; CYP3A4 induction; PXR

Introduction

Members of .the cytochrome P450 (CYP) supergene
family of monooxygenases play an important role in efficient
detoxification, by converting pollutants, plant toxins,
carcinogens, and to products that can be excreted in
urine or bile."” Human CYP3A4 is of particular significance
in this respect because it is involved in the metabolism of
approximately two-thirds of clinically relevant drugs.” A
number of compounds, including pesticides, herbal supple-
ments, vitamins, and drugs, activate CYP344 gene tran-
scription both in the liver and in the small intestine.** This
process of induction constitutes the molecular basis for a
number of important drug interactions in patients taking
multiple medications.

Pregnane X receptor (PXR; NRII2) is the principal
regulator of CYP344 gene expression and binds as a hetero-
dimer with retinoid X receptor @ (RXRa) to regulatory
DNA sequences. These sequences include AG(G/T)TCA-
like direct repeats spaced by 3 bases (DR3) located at —8 kb
upstream from the transcription start point and identified
as distal nuclear receptor-binding element 1 (dNR1) and
the everted repeats separated by 6 bases (ER6) located in
the CYP3A4 proximal promoter (prER6).® Recently, we
identified a distinct PXR response element as an essential
distal nuclear receptor-binding element (eNR3A4) for
CYP3A4 induction.” PXR is activated by a number of
structurally and chemically diverse ligands such as various
xenobiotics [rifampicin (RIF) and clotrimazole],” pesticides
(pyributicarb and endosulfan),>'® patural and synthetic
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steroids (dexamethzsone),® bile acids (lithocholic acid)'? and
herbal medicines (St. John's wort, Ginkgo biloba, and
Sophora flavescens).'*™ As a result, CYP3A4 induction by
these PXR activators leads to the accelerated metabolism of
the drugs themselves and the efficacy of concomitant drugs
is decreased. Interestingly, there are significant species
differences in the activation by PXR ligands between humans
and rodents.'? such as RIF and dotrimazole activate
human PXR but are weak activators of rodent PXR. In
contrast, dexamethasone and pregnenolone 16a-carbonitrile
activate rodent PXR but are weak activators of human PXR.

Cigarette smoke contains thousands of chemical com-
pounds including a number of carcinogenic polycyclic
aromatic hydrocarbons (PAHs) and is known to affect
therapy in both pharmacokinetic and pharmacodynamic
events.'®!” PAHs induce CYP1A1 and CYP1A2, which
mediate the rate-limiting step in the metabolism of many
drugs, including theophylline and clozapine, as well as in the
bicactivation of procarcinogens. These P450 inductions are
also expected to cause drug interaction in this respect. In
fact, it was reported that cigarette smoking reduced the
therapeutic efficacy of theopylline.m The molecular mech-
anisms by which PAHs or 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) transcriptionally activates the CYPIAIl and
CYPIA2 genes involve the binding of the ligand to aryl
hydrocarbon receptor (AhR)."”

Diazepam (DZ) is a drug that relieves anxiety and controls
agitation; it has long been controversial whether cigarette
smoking reduces its therapeutic efficacy. Norman et al.
reported that cigarette smoking strongly decreased the
elimination half-life and AUC of DZ, but Klots et al.
reported no effect.”?’?" DZ is mainly metabolized to 3-
hydroxydiazepam and N-desmethyldiazepam by CYP3A4
and CYP2C19, respectively. However, there have been
no reports about the induction of CYP3A4 and/or
CYP2C19 by AhR activators, PAHs or TCDD. Recently,
we found a novel event in CYP3A4 induction by AhR
activators.

In the present study, we investigated the effect of the AhR
activators on transcriptional activation of the CYP344 gene
and clearly demonstrated that the AhR activators induced
CYP3A4 through PXR pathways in HepG2 cells.

Materials and Methods

Materials: 3-Methylcholanthrene (3-MC) and RIF were
purchased from Sigma-Aldrich (St. Louis, MO). Benzo[d]-
pyrene (B{a]P) was purchased from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). TCDD was purchased from Wako
Pure Chemicals (Osaka, Japan). Tar was provided from
Japan Tobacco Inc. (Tokyo, Japan). The chemicals used for
this study were dissolved in dimethylsulfoxide (DMSO). All
other reagents used were of the highest quality available.
Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum were obtained from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan) and Hyclone Laboratories

(Logan, UT). MEM Non-Essential Amino Acids and
Antibiotic-Antimycotic were purchased from Invitrogen
(Paisley, UK).

Cell culture: HepG2 human hepatoma cells and Huh7
human hepatoma cells were obtained from American Type
Culture Collection (Manassas, VA). LS174T human colon
adenocarcinoma cells were obtained from the Institute of
Development, Aging, and Cancer, Tohoku University
(Sendai, Japan). HepG2-derived cell lines stably expressing
the CYP3A4-luciferase reporter gene, 3-1-20 cells, were
as reported previously.”? These cells were cultured in
DMEM supplemented with 10% fetal bovine serum, MEM
Non-Essential Amino Acids, and Antibiotic-Antimycotic.
The cells were seeded at the appropriate cell density for each
experimental condition. The next day, the cell medium was
exchanged for the medium containing chemicals (0.1%
DMSO) and cultured for 48h. Adenovirus infection and
small interfering RNA (siRNA) transfection were carried out
as described previously.?

Construction of recombinant adenovirus: Con-
strucion of the CYP344 gene reporter adenovirus
(AdCYP3A4-362-7.7k) and human PXR-expressing adeno-
virus (AdhPXR) was performed previously.?’ Control
adenovirus, f-galactosidase-expressing adenovirus (AdCont;
AxCALacZ), was provided by Dr. Izumi Saito (Tokyo
University, Tokyo, Japan). The titer of adenoviruses,
50% titer culture infectious dose (TCID50), was deter-
mined as reported previously.” Multiplicity of infection
(MOD) was calculated by dividing the TCIDs, by the
number of cells.

Small interfering RNA-mediated protein knock-
down: Double-stranded siRNAs (25-mer) targeting human
AhR (hAhR), human PXR (hPXR), and control siRNA
were obtained from Invitrogen (Carlsbad, CA). The corre-
sponding target mRNA sequences for the siRNAs were as
follows: hAbR-siRNA, 5'-uuaagucggucucuaugecgcuugg-3';
hPXR-siRNA, 5'-uuucaucugagcguccaucageuce-3';  control
siRNA 5'-uagucauugcacacugcacaguage-3’. Cells were trans-
fected with each siRNA using Lipofectamine RNAIMAX
(Invitrogen) according to the manufacturer’s instructions.

Luciferase gene reporter assay: The cells were
washed with Dulbecco’s phosphate buffered saline (D-PBS)
obtained from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan) and suspended in Passive Lysis Buffer from Promega
(Madison, WI) in a microcentrifuge tube. The cell
suspension was centrifuged at 12,000 x g for Smin at
4°C, and the cell extract was used for luciferase assay.
Luciferase assay was performed according to the manu-
facturer’s instructions using the Luciferase Assay System and
GloMax™ 96 Microplate Luminometer (Promega). Result-
ing data are presented as ratio of luminescence of treated
cell samples to that of control. Luminescence of each sample
was normalized by its protein concentration determined
with the Protein Assay Kit from Bio-Rad Laboratories
(Hercules, CA).
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Table 1. Sequences of the oligonucleotide primers used for
PCR amplification

- Primer sequence

Human CYP3A4
sénse $.GATTGACTCTCAGAATTCAAAAGAAACTGA-3
antisense 5 -GGTCGAGTGGCCAGTTCATACATAATG3'
Human CYP1Al
sense 5.ACTGCTTAGCCTAGTCAACCTG.3'
antisense S.CAATCAGGCTGTCTGTGATGTC-3'
Human GAPDH
serise 5-GAGTCAACGGATTTGGTCGT-¥
antisense S TTGATTTTGGAGGGATCTCG-3

RNA isolation and quantitative real-time poly-
merase chain reaction analysis:  Total RNA was
isolated from 3-1-20 cells using TRI Reagent (Molecular
Research Center, Inc., Cincinnati, OH) according to the
manufacturer’s prctccol. cDDNA was prepared from 0.5 g of
total RNA with MMLY reverse transcriptase (Promega) using
ohgo (dT) primer (Greiner Japan, Tbkyé, Japan} and porcine
RNase mh:bltor (Takara Bi a, Japan). Quantitative
hain reaction (PCR) was performed
using Perrmx Ex Taq (Perfect Real Time, Takara Bio) in a
Thermal Cycler Dice Real Time System (T: “akara Bio). All
samp!es were quantified using a comparative Ct method
for relative quantification of gene expression, normalized to
glyceraldehy&e— —phosphate dehydrogenase (GAPDH). The
sequences of primers are shown in Table 1.

Statistical analysis: Data were evaluated by the paired
Student’s t-test. When the p value was ‘less than 0.05, the
dxﬁ'erenoe was {:onszdered to be sxgmﬁmnb '

Results

Transmptzonal activation of the CYPBAA- re-
porter gene by tar: We investigated whether tar as a
major component of cigarette smoke activates the CYP3A4
transcription: using HepG2-derived cells- sbnbiy expressing
the -CYP344 gene reporter (3- 1-20 cells) as reported
prevxoasly 22 The. cells were tréated with 1-to 200 yg/ml
tar for 48h and reporter activities were determined. As
shown in: Fxgure l tar mcreased CYP3A4 gene rcporter

ong: of the ma;or components of mgarf:tte smoke,
0 effect (data not shown),

,pﬁonal activation. of the CYP3A4 re-
ren ‘by PAHS., ; Tar, & b

Lch are known as‘ hgands for Ai}R RIF was used asa
‘posxuve control. 3-1-20 cells were treated with RIF (10
M), 3 -MC (I ;JM), B{a]? :{I ;IM}, and TCDD €10 nM) for
48k As:showniin Flgure 2, RIB, 3-MC B{a]? and TCBD

lproduct of' the;

“CYP3A4 reporter: acuvxty by 18.6 2.5-fold;

e

o om o W
5 & 8 8 3

Fold induction
©

N N
] T3 5o 73 100 125 150 175 200
Tar (pg/ml)

Fig. 1. Effect of tar on CYP3A4 reporter activity in 3-1-20 celis
Clone 3-1-20 was seeded at 1 x 10* cells in 96-well tissue culture
plates with 0.1 ml of DMEM 1 day before tar treatment. The cells
were treated with 1-200 pg/mi tar for 2 days and the reporter activity
was measu'r y luciferase assay Reporter activities are ex-
pressed as foldincrease compared with that in the vehicle-reated
cells. Results’ represent the mean = 8.D. of three séparate experi-
menits. :

IS

Fold lnduetion

DMSO RPN BlE TCPD

Fig. 2. Effecﬁs of 3-MC, B{a]P and TCDD on CYP3A4 reporter
activity in- 3-1-20 celis

Clone 3-1-20 was seeded at 3 x 10° cens :n 48-well tissue culture
plates with 0.2mi of DMEM 24 h before RIF, 3-MC, BlaiP, or TCDD
treatment. The cells were treated with 10 M RIF, 1M 3-MC, 1uM
Blg}P, or10nM TCDD for 48h and the reporter activity was
measured by luciferase assay. Reparter activities are .ex rassed
as fold increase compared with that in-th

Copyright © 2012 by the Jipancée Society for the Study of Xenobiotics (JSSX)

-354-




PAHs Activate CYP3A4 Gene Transcription 203

>

12 ¢ ~

TYP3A4 mRNA tevel

S 3MC- BelP TCDD.

L2 g

CYPIALmRNA fevel
¢ & B

12
|°3

PMSO  RIF 3MC  Bw®  TCDD

Fig. 3. Effects of 3-MC, Bla]P and TCDD on CYP mRNA
expression in 3-1-20 cells )
Clone 3-1-20 was seeded at 3% 10‘
plates with 0. 2mi of DMEM
treatment. The cells were treal
B[a]P, br WnM TEDD for 48

n-48-well tissue culture
3 MC BlalPy and TCOD
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RNA expression was
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mpa
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plates and the cells were- treated wﬁh hPXR-stRNA (A) or hAhR-
SIRNA (B). After 48 h, the celis were' treated with 10 UM RIF, 1uM
3-MG, 1 M B[a]P or 10.nM TCDD for-48hand the reponer activity
easured by . luciferase: assay Reporter activities are
expressad as fold increase compared with that in the vehlcle-
treated cells transfected with the control siRNA Results represent
the mean £ 8.0. of three separale experiments. *, p < 0.05,

= p<001, **, p~<0.005, difference from the controf siRNA-
Iransfecteai cel!s based on unpaxred Student's fest.

V CYPSA‘i» reporter actmty mduoed by PAHs in 3-1-20 cells.

As shown in Figure 5, we found that the CYP3A4 reporter
acti ati treated with 3-MC, 'B{a}? and TCDD as well

" as RIF ‘was increased by the introduction’ of AdhPXR in

3 l-20voeils'" :

, 'AHs on CYP3A4 reporter activity in
Huth and IS174T cells:  Next, we mvesugated
whether ‘the PAHs induce CYP3A4 reporter activity in
&xfferént cell lines. Huh?7 cells'and LS174T cells 'were used,
in vitro models of hepatic and intestinal cells,

respectweiy As shown in Fxgure 6 the CYP3A4~ reporter

Dn the. other hand RIF mereased CYP3A4
; ity, whereas 3-MC, B[aJP, and TCDD had no
eifectk n ﬁze'acnvxty in LSI74T cells.

) stcussmn :

wstutiy, we mvestxgated ‘the effect of PAHS on
u'ansacuvatxon of the CYP344 gene usmg 3-1-20 cells. 3-MC
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Fig. 5. Effect of AdhPXR on CYP3A4 reporter activity in 3-1-20
cells

Clone 3-1-20 was seeded at 3 x 10* cells in 48-well tissue culture
plates pre-incubated for 24 h and then treated with AJhPXR (MO of
0, 1. 5, 10). Forty-eight hours after infection, these celis were treated
with 10 uM RIF, 1uM 3-MC, 1 uM B[a}P, or 30nM TCDD for 48 h and
the reporter activity was measured by luciferase assay. Reporier
activities are expressed as fold increase compared with that in the
vehicle-treated celis uninfected with AdRPXR. Results represent the
mean£S.D. of three separate experiments. *, p<0.05, ™,
p < 0.005, difference from the uninfetted cells based on unpaired
Student's f-test.

and Bla]P, which are typical PAHs, activated the CYP344
reporter gene (Fig. 2). The expression of endogenous
CYP3A4 mRNA was also induced by PAHs in 3-1-20 cells
(Fig. 3). These results indicate that PAHs are potent inducers
of CYP3A4. However, the CYP3A4 induction profiles by RIF
and PAHs were different between CYP3A4 reporter activity
and CYP3A4 mRNA expression level. It is reported that the
distal promater region; from —7836 nt t6 —7200 nt, and the
proximal promoter region, from ~362 nt to +11 nt, of the
CYP344 gene play important roles for CYP3A4 induction.™
Recently, Matsumura et al. discovered that a novel enhancer
region from ~11.4 to —~10.5 kb, dexxgnatecl the constitutive
liver enhancer module of CYP3A4 (CLEM4), is involved in
the constitutive activation of the CYP344 gene in HepG2
cells.® Furthermore, Liu et al. identified a funcbonal nuclear
reoeptor responsive element (P»ERS at —11368 to —11351)
in Huh7 cells,”” Taking these reports together, for intrinsic
CYP3A4 induction, all these cis-elements _might be required
in hurnan liver, However, the cell line 3-1-20 was established
by Norachartuyapot et al. by ‘insertion of the luciferase
reporter piasxmd pGLB CYP3A4~362~7 7k winch mciudes
both ~7836 to —7200 of the distal promoter region and
—362to+11 of the prox:mal promoter region of the CYP344
gene, the elements reported to be necessary for high response
to RIF, into HepG2 cell chromosome.”” Therefore, the
differences of these CYP3A4 actxvahon pattems by RIF and
PAHs m}gbt be attributable to other enhancer regions not
included in pGL3-CYP3A4-362-7.7k. In addition, CYP1Al
p}ays ‘ritical roles in the metabolism of PAHs.™ Thus, 3-MC
and B{a}P were initially metabokzeé by CYP1Al induced
thmngh ARR activation in tlns culture oondmon Subse—
quenﬂy, the metabolites of 3-MC- and BlaP m:ght cause
CYP3A4 induction. On the other hand, the induction profile

A: Hoh7 cell

18

CiAdLac +ACRUYRIALI621TK
BAJRPXR + AGhCYPIAL362-7.7K

S o -

Relative fnciferase activity

e

¥

B: LSI7T cell

i
CadLacZ + AdhCYPIAL-362-9TK

WMATHPXR + AGRCYPIAS-362-7.7k

s @ »

Reintive lnciferoae retivity

~

o

TR RIF MO Bl TCOD

Fig. 6. Effect of AdhPXR on CYP3A4 reporter activity in Huh7
cells and LS174T cells

Huh7 celis (A) and LS174T cells {B) were seedad at 2% 10° cells in
24-well tissue culture plates pre-incubated for 24 h and then were
treated with AdLacZ (10. MOI) or AdhPXR (10 MOI} and Ad-
CYP3A4-362-7.7k (5 MOI). Forty-eight hours after infection, these
cells were treated with 10uM RIF, 1M 3-MC, 1 HM BlalP, or
10nM TCDD for 48h ‘and the reporter activity was measured by
luciferase assay. Reporter activities are expressed as fold change
compared: with that in the vehicle-treated cells. Results. repre-
sent the mean + 8.0, of three separate experiments. *, p < 0.05,
* p<0. g05, difference from the corresponding AdlLacZ-infected
ceﬂs based on unpaired Student’s test.

was different among ABR ligands. Alﬁmugh CYP3A4
induction-potency is similar between 3-MC and Bla]P, the
CYP1At induction potency of Bla]P was far lower than that
of 3-MC. This result may suggest that AR is not directly
involved in the CYP344 gene activation by 3-MC and B{a}P.
CYP3A4 induction by xenobiotics and hormones is
mediated §Jy PXR, B30 onstitutive androstarie. receptor
(CAR, NRI1I3),% vitamin D receptor (VDR, NR11),?* and
glucocorticoid receptor-o (GRe, NR3CI)3‘) in the liver. In
particular, chemical-induced activation of the CYP344. gene
is mainly- mediated by PXR through: bmdmg to the CYP344
5'-flanking region,?*"*" whereas PAHs cause transactiva-
tion of CYPIAI and 142 genes via ABR.'® Therefore, we
knocked down hPXR expression using hPXR-siRNA. ‘When
hPXR-siRNA was introduced into the 3-1-20 cells, the
activation of the CYP344 reporter gene by PAHs as well as
RIF was significantly decreased (Fig, 4A), whereas the
knockdown of AR by hAhR-siRNA had no effect on the
activation of the CYP344 reporter gene by RIF and PAHs
(Fig. 4B). The same results were observed when hPXR-

Copyright.© 2012 by the Japanese Sotiéty for the Study of Xenobiotics (JSSX)
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siRNA was introduced by adenovirus (data not shown).
Furthermore, the overexpression of PXR using ‘AdhPXR
increased CYP3A4 reporter activity by PAHs as well as RIF
in an infection dose-dependent manner (Fig 5), Therefore,

these results strongly suggest that 3-MC and B{a]P enhance
the transactivation of the CYP344 gene through PXR
activation but not through AhR activation. On the other
hand, knockciown of AhR by hAhR—sxRNA decreased the
CYP3A4~ reporter acmqty by TCDD (Flg 4). This reason
for this is unclear; The CYP344 gene ‘might. be transactivated
partially by TCDD through the AhR pathway owing to its
strong AhR. activation potency. Further studies are neede& to
resolve this issue.

It is known that the drug-induced . -expression. of the
CYP344 gene in the liver is predominantly regulated through
PXR.® In contrast, VDR controls the CYP3A4 trans-
activation with the secondary bile acid, lithocholic acid
{LCA), in the intestine.’® In addmon recently, a novel
PXR functional cis-acting PXR-binding element demgnated
eNR3A4 has been discovered to be an essential element for
RIF-mduable CYP3A4 transactivation in Imman liver,” ‘This
element is located apprommately 7.6 kb upstream from the
transcription. initiation site of the C)’P3A4 gene, to which
hPXR binds as a heterodimer with human RXRe. Furﬂaer-
more, Pavek et al. reported that: eNR3A4 has. neghgxbie or
no effect on CYP3A4 transactivation fhmugh VDR % Thus,
these: ﬁndmgs indicate ‘that eNR3A4 | is a key egulatory
element. for the xenobiotic induction. of CYP3A4 t}n-ough
- hPXR in the liver. In this smdy, we show that  PAHs
mcrcased CYP3A4 reporter ‘activity in: PXR-overexpressmg
hepatoma oells whereas this phenomenon was not observed
in PXR»overexPresmng intestinal cells (Fig. 6}7.‘ These: resuits
indicate that eNR3A4 mlght have been mvolve, in ﬂle
activation of the CYP344 gene through hPXR by PAHs in
the liver, Since the difference of the HepG2 cells and the
LS174T cellsin an: induction mechanism of the- CYP3A4 -gene
by PAHs is- unlmown, further anaIysxs is still 4 in progress.

Nmnemus studies of induction by treatment with PAHs
have been: carried ou€ to date. PAHs as ‘well as TCDD have
been believed to strongly induce CYPIA1 and CYP1A2
through - the ABR: pathway. ‘However; ‘there aré no data
about YP3A: induction by them in expcnmanbai animals.

tly, it was’ reported that 3-MC induces CY?3A4- in
HepGZ ceIIs ) In addition, ‘when -the: Teporter: assay’ was
measured in pGL3 -CYP3A4:362+7 ’7k~transfcrmed Tat hep«
atomia Reuber H35 cells, PAHs an :TCDD did not increase
the repoﬁer actmty ‘{data not shown). Togcther with. these
results, it s suggested that PAHs.and TCDD activate human
PXR, but not raf or mouse PXRs: Further smdxes are
needed 1 to nlanfy this issue,

In-conclusion, we have demonsufated that PAHs activate
CYP344 gene transcription through, the activation of hPXR
in'HepG2 ¢ells. Thus, PAHs may contributé to CYP3A4
induction in humian: liver: - More “detailed - study oii the
molecular ‘mechanism: ‘behind the CYP3A4 -induction by

PAHs may prowde important information on the drug—drug

interaction.
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$7F7E T HepG2 HiFAIC &7 D TNF-a/actinomycin D #LIBIZ L B
FREETFIOEE
B BIE, S OBk ek B RO BT, kB

TNF-a/actinomycin D-mediated HepG2 cells in the presence of
iron as a model of hepatocyte injury

Shogo TAKAHASHI, Ayaka MIURA, Hitomi SASAKI, Shuhei SAKAGUCHI, and Kiyoshi NAGATA*

(Received November 20, 2012)

We examined the contribution of iron to the cytotoxicity of tumor necrosis factor (TNF)-a combined with
actinomycin D (ActD) as a model of hepatocyte injury in HepG2 cells. In general, hepatocytes are resistant to
- TNF-a. However, a transcriptional inhibitor such as ActD can sensitize then to TNF-a. In the present study, we
show that low levels of ActD (0.5 nM) sensitized HepG2 cells to the cytotoxic effects of TNF-2 (20 ng/mL) for
48 h. Iron plays a critical role in catalyzing the formation of potent oxidants. To assess the toxicological significance
of this TNF-a/ActD interaction, ferric-nitrilotriacetate (Fe-NTA, 2 M) was added to the cells. Treatment with
Fe-NTA significantly increased the sensitivity to the TNF-a/ActD-mediated cell death. TNF-a/ActD-mediated cell
death in the presence of a lower concentration of iron did not result in DNA fragmentation. We suggest that iron
increased the sensitivity to the cytotoxicity of TNF-a/ActD in HepG2 cells. It is likely that TNF-a/ActD/Fe-NTA-
mediated cell death contributes to the non-apoptotic death of cells via oxidative stress caused by iron. Our
experimental model may be useful for studying hepatic drug metabolism using TNF-a as a model of hepatocyte

injury, especially in HepG2 cells.

Key words — Tumor necrosis factor, cytotoxicity, actinomycin D, oxidative stress, iron
= 1 3¢, BMERA~OfE4 OBRF Y LA SE3 L0

BIEICBWT, BEEREHLLAWOBERILIC

B BERZERR, b MY AMHEFES &
CHEERHL SNTVA, V3 kbbb, FHEER
BCHAME ST RHEEHIENY, BRR
BRI B TABMAED bR, 2R
FERIC X D BSSIE R RBEE C SRT VB, 20 7
DETYH, EPRHICL O IRICE LB (F
WNEREE) &, ¥ CHEE TREY 2B

THb. D ERE EVEFESEAZEPL &5

HLVIEEFFILCELFELREFBEFEER
ElroTna, O EMEFREEIEBRRRRS &
UTHBRBAROVTHOBREICBVWTHRRLE
5720, FERERTF VY VBLUTFBERE Y
WHREZ R Y B OERECEMEL, YR - XA
T4y MAEEBLC, EEFKERICETS
go/no-go DIEIL, FEOEEMICKE L BT
bEEZOND, REOEBBYH,LESNIM
RE LT, BRedrRERESEE~NOBRELZET

BHH D, " FFEECHT B PRGOS

ERTWE, Fh Wei bz, ERF24 Pl

PRI (NSAIDs) DRV Y ¥ 2%, HEARED
Lipopolysaccharide (LPS) #UALERIC & b FFEE A
FRINDEOB|ENZINL, ¥ PIT, 20
R ¥ FRMFEEIE, tumor necrosis factor
(TNF)a il L & h 2 Z AR SR TS,
TNF-a {dA 3k, AEB AR B b 5 RRENY 1
FIAYTHY, FICBWTREREILOSLH
BEHZHEL TS, —HT, BED TNFail ks
FHMBERFEDA I X LAOHEILLY, 2D
TNF-a iZFF#Hf8 D TNF-¢ F8EICEE S L reactive
oxygen species (ROS) B4 & & b 12 c-jun N-
terminal kinase (JNK) BEEEEEALL, KEE
CLFHIRR oM s FEL, REXINESE
HEEZLNTWA. 1O ZhiE, FHbEn
JNK %%, caspase-8 ICX T A2MHEEAZ LD
cellular FLICE-inhibitory protein (c-Flip) % L
FIERISNBELEZLNTWS, 1O L L)

—-359-



70 7 % BIE =i ME k4R HBL RO BF kE W

%, In vitro T34 < OHIAA TNF-a OIS
BIC LTHHETH Y, B AME
KEBWTHBEETH S, BEOHE,S, TR
i¥, npuclear factor-kappa B (NF-«B) 2 & % JNK
BEOWHIESLTBY, W Fh, NF«B O
HEd /v o ¥y LTI, 28O TNFa
THHPBFEARZ 5 2 EHFFOENTVWAE,. 2 fEo
T, EYHITFEELRE LT WET VM2 #7
T 5%, NF«B#HC X 5 INK BBOKZE
BOBILRLETHE. —F, BEERENTHS
actinomycin D (ActD), D-galactosamine 3 & UF a-
-amanitin DFEET T, TNF-a I2 & 2 HIf5E A 555
ENBEZEFELPELEoTWS, B F7-, Bib
AMVAOFTEUSBBBICEECTH S Z LA WME
ENTWAEYS, W E4E TNF-o FlEIC L 5 {5t
BwTh, HHEBIRICLIZARY 7 VHIME

(ROS ¥ 277 V) #M5T3ZEABLITEoT

ETn5n, ® 22 THEETI in vitro (BT 55
HHFEEFMAOME*» BN E L TEEHEH
ActD B L UBE{LA b L AFERAE= b)) o0 =BERE
(Fe(II)-nitrilotriacetic acid, Fe-NTA) #fFE7 )V
Hifar L TIHAE SN A HepG2 Hila~mm L, TNF-
o FEMIFAREEE TV OREERATL.

BB ES L OERME

1. MpaiEE

HepG2 #ifigid, FALRFMEGESEDI T E M
BEEREEYy—-LY 5 s hidbnt v, &
DA% 10% fetal calf serum (FCS, WAKO #54)
B X U Antibiotic-Antimycotic £100 U/mL peniciliin
G sodium, 100 yg/mL amphotericin B (Invitrogen
#E)], 0.45% glucose, 2 mM-glutamine &4
Dulbecco’s modified Eagle's medium, (DMEM,
WAKO #L8) dh¢, 5% CO-95% air #&AHE L,
37CTA v Fan—arEffol,

2. Fe-NTA 88!

Awai 5 DFECHE o7, O HEE: (D) Jukfn
¥ (WAKO#E) ix 1 M HCl &#% v T 50 mM
[CHEE L7, F7-, NTA (Nacalai tesque #t82) &
IM NaOH #&# (Nacalai tesque #1%2) # Fv>T 150
mM L 2. 50 mM AEEREk (Nacalai tesque #t
®) BXUT150mMNTA % 1:3 CIB& L, NaHCO;
¥ AT pH 74 124 &7, 045 um membrane
filter TH3BRAM L, FeNTA & L L7z,

-360-

3. MTT assay

R HE MR MTT S% ((3(45-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromidel, Nacalai
tesque ) HWT, oo b a— i
PeoTITo7z. #MAE%E 96 well-plate (Becton,
Dickinson L&) 12 2x10¢ cells/well D% CTiEH
L, CO A ¥Far—%—NT2URMAREELL
%, ActD ZLEL, 30457 TNF-a, 521K
1% Fe-NTA % Mg\ ALE L7-. 48 BRRIBE#%,
MTT &% & welliZ 104L FoR ML, EBK
5% 4 BERAT o /2. TS bl (004 MEEZ ST
AVTaENTNI—N) 100l L, EE
Lichk Ve rEE¥ERy 574 X8 YT L,
FOHYA 707 L — Y —F— (TOSOH HH)
% FAv>C 570 nm ORSEERE #1T 5 72
4. 7HO-RAFIVERXEIELC LS DNA KAk

O i ,

100 mm B85 1 v ¥ 2 THESE LM 2 EIL L,
B ¥ & Dulbecco’s phosphate-buffered saline
(DPBS, WAKO #8) 2004l 2SS, 15 mL
Fa—TWB L B (250xg 104/ %
LIESE) R, MLy MRS Y 77—
[0.1 M Tris-HCI, 0.1 M-2-({2-[bis(carboxymethyl)
amino]ethyl} (carboxymethyl) amino) acetic acid
(EDTA) , 5% Triton] 1004l %%, R % &5
&4, DNA Wkl L7, 4T, 10 5MKER,
15000 rpm, 53 EEOSHEL, LFEEHAR L5
mL F 2 -7y, TENy 77— 3004, 7 x
J—=N/Z7 ok s (Nacalai tesque ¥ 5)
400l A BE, B8 (15000 rpm, 54-7)
L7, EEe#HitlsmlFa—7ICHY,
Ribonuclease A (RNase A, Invitrogen #8) &%
Z1luLinz, 37C, 1RMEE L7-f% proteinase
K (Nacalai tesque #5¢) &% 8uL Mz, 20T T
—BERE LA, EOo#E% (15,000 rpm, 15454
M), E¥EEBREL, 70% =¥/ —-V1mLinz,
BEELMIHELE. EBEZREBRTENY 77—
20uLiRIML, 1.2% 7H I — R 7P NVERkE %
Tot. : k
5. HEtZRVBT

5 N KBREIITFI9E + FHEREE (mean+SD)
TRL, HWEREIIE Student D tREFIT- 72,
FETEMEEEILERE 1% £EL LTHE L2



$REIET HepG2 MfEIZ BT 5 TNF-a /actinomycin D LEEIZ & 5 JFEE T 7N OHEE ‘ 71

# ES

1. TNF-a (A), ActD (B), Fe-NTA (C) &3
BT O HepG2 HIBENDMAFEM

4 1x$9, TNFa, ActD, BLU FeNTA K
MALEIC & 5 MBI ERET Lz, HepG2 HIBRIC
BT, TNF-a BaEm (01~100 ng/mL) @ 48
BEECEEELRMREEERE 2D o7 (Fig.
1A). F 72, HepG2ilifagix TNF-a FREMEIFEEIC
T AMEERL, R ActDEIZ I VR TS
ZEBHBLRTWS, FIT, ActD % 01~100

(A

<

140 1
120 4

100 .___+__./.\*/§\H
60 1

40 1
20 1

Survival ( % of control)
g

[~
o
L
L

TNF-@ (ng/mL)

~
Q
~

Survival (% of control)
o
o

10 50 100 150

Fe-NTA (uM)

120 9 *p <001
100

80 1 l
60

40 -

20 1

0 v

Control TNF-a TNF~o TNF-ao
ActD ActD
Fe-NTA

Survival {( % of control)
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oM O THE L, 48 BEOMIFEELIRET L
7o, FORKE, Fig 1BICRT &) ICEKEMRCH
JABEMEAHARL, 100 nM @ ActD TIHAEFERIE
36%IIET L7z, —F, 01~1nM Act DRLEREET
I ERIIR S 2 holz. 361, RAGEMEX
PURAEFNWEMET S B TRENZEBEE T
HOBAEA L TR 270/, —RICERA 4 VB
BTOMBNEARIIRNZ EPE, BAZEROR
v Fe-NTA % {Ef L. HepG2#iliZ Z#h% 0.5~
150 oM DFEECHEEE L7z, 48 BT 05~10uM ©
REELHBESRIZZOLONE o2, 50~
150 M TRAEBLZFMIRO b7 (Fig 10).

(

m
=

Survival ( % of control)
8

ActD (nM)

Fig. 1. Changes in cell viability of the treatments with
TNF-z (A), ActD (B) and Fe-NTA (C) in HepG2 cells.

These cells were preincubated for 24 h with DMEM. After
the addition of TNF-a (0.1~100 ng/mL), ActD (0.1~100 nM)
and Fe-NTA (0.5~150 uM) to the culture medium, the cells
were incubated for 48 h. The cell survival was measured by the
MTT assay as described in materials and methods. Data
represent the means+SD (n=4 experiments).

Fig. 2. Effect of iron on TNF-a/ActD-induced cytotoxicity
in HepG2 cells.

These cells were incubated with TNF-a (20 ng/mL) combined
with ActD (05 oM) for 48 h in the presence of FeNTA (2uM).
Cell survival was measured by the MTT assay as described in
materials and methods. The surviving fraction was determined by
dividing the absorbance of treated cells by that of control cells. A:
Control, B: TNF-¢, C: TNF-o/ActD, D: TNF-a/ActD/Fe-NTA. Data
represent the mean=SD (n=4 experiments). *p < 001, compared
to cells treated with TNF-a /ActD (Student’s t-test).
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2. SBIEET TO ActD-BSM HepG2 HHEICH
% TNF-« O#ifas
FRFFEZ BT, ActD (050M), FeNTA (24M)
Tt HepG2 M8 12 547 2 Ml B ko Stz
ol b, TNFa (20 ng/mL) /ActD (05
nM) /Fe-NTA (2uM) OEGBMEZRRL, 48
BE % COBALET TNF-a /ActD 12 X 5 HepG2
Haic BT B EE 2 HE L7z ActD i3 TNFa 4L
H30AECHRICERIML 72, 20 1 BRI Fe-
NTA 2L /= (Fig. 2). Z#DO#HH, TNF-
a/ActD Tl AL B M TR 1T 82%
TH B, $FFIE T TO TNFa /ActD/FeNTA B
LBWCREE 2 MBS EE S h, WakER
13 60%F TIETF L7 (Fig 2).
3. HepG2 #MT® TNF-a /ActD/Fe-NTA L1
{2k % DNA OH1E
LRICRT LD ST TNFa /ActD BEEL

HIEFE RO, TOFHEBEEOREDST R

F=Y ABBGEF 7O — T AN OWTRET L7
EBEICBVWT T VO —AX VERKBET
DNAWH{bicE o CHaROHERfTo 28 2
5, TRV AGEMSBE LTHWZ10 M
camptothecin LBEIC BV T, F¥—Y »7id

Act : 1Kb
seby | = | | == [+ F | hager
TNF-&

@ | — | = |+ | =]+ +]| -

Fe-NTA

(2 M) i Bl - |+ - |+ bl

Campto

thecin - -— - — - - +

(10 uM)

Fig. 3. Effects of TNF-a/ActD/. Fe-NTA-treated HepG2
cells on DNA laddering.

These cells were incubated with TNF-a (20 ng/mL)
combined with ActD (0.5 nM) for 48 h in the presence of Fe-
NTA (2uM). DNA was prepared from supernatant of 15,000
rpm of cell homogenates and electrophoresed as described in
materials and methods. DNA fragments were used as molecular
markers. DNA laddering was absent in control cells.
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P b NTAE, {EIEEF TNF-o /ActD/FeNTA QLB
BB TREREDS ¥—5% — > (180-200
bp) BELNAN ot TOBELY, RGHE
TCO TNF-a /ActD HEMPITILF & 10— 28
DHIMBFETH B = LIRS hi (Fig. 3).

£ &

TNF-q i$MEH AL M % FET B HF &
LTRWEShAS, BETRERETOEADH
B C BB EHRT S YA v LCHEE
ENTWE, Y FFHBICBVTY, RERSYE
BYBZYA ML E LTHLHREEHZEE
HEAOEEEOMFICEELREHETZELLTnA,
F 72, TNF-ai¥, BREIcEEIhL L FREELSH
BTH5ILH5, TNF-q idFEE mediator & %
AHLNTwE, D Fal, EYHFREE VM
e LT, EYRBLFSESmEiclEshse
F BF9E B SRk O HepG2 il 2 A L C & /-,
LALeAs, ol NFB 2k 5 JNK &%
DIEIZERT ZEFHMONTWE LD, BERE
FITHbD ActD BLUBILRA MLV AFERMTH S
FeNTAIZ L Y, TNF-a FHEEFEEICREMEZ
BelawnZ e xRA. ActD iE, EEREERE L
THIBNTBY, invivo, inviro CFHRM—I A
REE T 5. 18 Leist 5313 HepG2 ffa~ o
ActD 333 nM, 24 WM T TNF-a OBSFEHE X
PRELTYVWAY, Fig IBERTIHCEELD
METTIRI NS O ActD BB TR E M <
ABTHo/728, 0.5 sMILE%21TF-7- (Fig.

CIB). %7, FREELCBVWTE, HHEBEICELE

bR PLVAFRIZZ EVFHLNTED, 2 21
@7 1) —£kid Fenton/Haber-Weiss JUSIZ & ) H#
e FaFThn (OH) ZECEBMEA NV A%AE
T A, 19 HepG2HIE~NFe-NTA 2L 22>
ActD/TNF-g |2, Fe-NTA BMETIE, B
P TNF-e 2 X 2 EFRO b (Fig.
2). INSOREEDS 21figkE ActD ¥ TNF-o 5%
il s RIEETFICEERREALELS
Z EATRE N,

AN ¥ ¥ /LPS FEMFEE & & OIE RIS AT
BS54 5 EYEIFREICBWT, TNFa AT
PEBEEELBRHZEoTVAS. 9 2RI,
TNF-a i X % death receptor /v L 72 &0 ic
JNK EHALRE, & 512 NF«B B L 5 78



SRAETET HepG2 MAALIC BT 5 TNF-a /actinomycin D ALEZ & 5 FREEE 7L DL 73

P AMHBEBSELDIDNTH L. —HKIZ, B
MM B B TNF-¢ OB T B HHEL,
NF-«B @ fF#ifa & MBI BT 5 ER D@ WIS
RBETLEZXLNLTVA, Thbb, NF«BIL,
FFHIBLIC BV Tt TNF-o HEEOMBIE S 75 v
KR LTERTAERES VP VEELBY, —F,
MBI BV TIE, TNFaDELEZFHET LT
HEZ DI PLHBENTVE, KEF VI
BWTIE, ActDIZ L Y NF«BEBRSAES,
MRIFEDSHl S N7 T EE AT S B,

T/, HIBBIREEZAC TR -V REF S
O— Y AEBEN, TNFall & bFEEIZBW
T, FRBTETR NV ABITR 70—
ABHE LMIRTEE HET 5 2 LS HESh T
%, B PES T, ZFOMBEE#RINTS I &I,
FOER*BFERTLECEELFIPY &5,
DNA B 1b- (DNA fragmentation) (&, 78 b —
VADELZHEELEINRTEY, BF, 7R
F— VAR LR L VB LZDNAZ TS
o A7 VESIKEN T kB, 180~200 bp DEH
B0 55— (ladder)” & LTHRMEATWS.
2 —J ko o— A k% DNA QR GIET
EF =S 2 HRTH VO THS. ActD
7R AZFEST 59, Kleeff 51 ActD
100~1000 ng/mL T DNA W {bAE D 5N 3
%%, 10 ng/mL TEED SRRV ERRTVE, 2
BEBT ActDIZ 05 oM 2FRA L TwaAD, &
DACtDDBRETIE TR AEFEL v E
Exbhiz. EBE, I OFEHETTO TNF-
a /ActD/Fe-NTA #EMOMBIFE L, 7HF—
Y ADKMTH D DNA ORFLIZRE S, FE7
Rb—RCLBZLamRBELA (Fig3). AV
YE IR EDEWYIZ L B TNF-a 2N LAFEE
BWTh, ZoOMEE, ECA70—T AT
HHZEFREEINLTWS, 8 FOLO%
EYMEIFEEIL, ROSOREDPEELRET LR S
ZEPHEERTVA, MDD 2T, K4 DOFE
EE 7NV T, Fe-NTABRMICL Y, MR
H,0; % KIS DGV -OH I &€ (Fenton X
i5), ROSOELREZHEMI LTS, ThiC X
D, BB LUCZORBYICL Y EES R ROS
R RS AL, EMEITEELRE X
CFRTHIENTEDLEILNS,

INECHAN—EERT BT R —Y A5
THEEN B &L CEFEMIIBHEI L TETED,

FrO—VARBRELLOLELLATEL

L2 L, i#tfE, TNF-a 2 & 2RI OFEE |
WKLo TT7TRMN=VATERL, 27— AHKD
BB FET L PO TEY, 20 R5HN
ThyHHINAZ 70— 2" OFEFSRRER
Twiz., FOSTFEBIELAHTH 71205, &
B, ITNFoll ko THFEIND L7 O -2 AKD
#MIBLFEIx RIPK] 38 & O°RIPK3 (RIPK; receptor-
interacting protein kinase) & V29 FF —FiZKE
WTHLIEFEHLPELY, D AT -]
TR REFFBICBECREFICL o THE S
hi-7uy s sk 70— A (necroptosis) DFETE
MERIMENB L5207, TNF-o ZEEKOEME
{LIZHIARIE 3 L CHISESR & v ) HEICHHBE 72 2
DOYTFIVEERREFRT LN, D HHES
B, HAN—BIEKIFEOTH — A & RIPK
WCEKEEDF 70— AW 20DFBEDHI
FRAZDORH D ¥ T FMRERBII T 5. W4,
SEMERTREEIC BT B TNF-a % ERIEMY A A A
Y OBEENREENTVAY, © DY 7+ VinE
BROBHEORNPHESICHS T 5 WL E
bbb, i, BIEAPLRIZBWTY, 20
HEICL D TR~V ABHBVIETA T T — T AN
FHIhLEMEIRLTVWS, @2 FEIIWK T4
fatk T 5 Jurkat MIFLIZ BT, HyOp 4k 0.7 uM
DT CRMpsEIcER L, 1~3uMU T TRy
RI—T A, #LTC3uM BB ETCEA I O—2 X%
ELBIEHHFESATVS. O BYHFREC
BWTY, A7 U—VRAE TRV ADOFREDE
£, BUEA P LA o THEDNS LN S h
5. Thbb, TNFaBLUE LA P L 2CHL
T, BEZMTH S TNF-a/ActD/FeNTAIZ & %
RETFVIE, EPHEFEEETVE L TERALRE
WMERBTAIYV—NVIZRBLEEZONL, BB
BEHC LD, EPHEITEEORES L ) IEREICET
fiT& BRI SANE, BIBEICBNT, EE
ROBE 7O RIBITEHEROTFHl % T
L, BIES—XDey bROLFIZFESTEL L
Ezohb.
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Evaluation of Human Embryonic Stem Cell-derived Hepatocyte-like Cells
for Detection of CYP1A Inducers
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Summary: There is a great deal of interest in differentiation of human embryonic stem cells (hESCs) into
hepatocyte-like cells for application in pharmaceutical screening. Cytochrome P450 (CYP) 1A is involved
in the metabolic activation of procarcinogenic compounds as well as in detoxification of drugs. We
differentiated hESCs into hepatocyte-like cells (hESC-derived hepatocyte-like cells) and examined whether
CYP1A was induced in these cells by typical inducers of CYP1A. hESC-derived hepatocyte-like cells
expressed albumin, e-fetoprotein, CYP3A4, CYP3A7, CYP1A1, CYP1A2, and UDP-glucuronyl trans-
ferase (UGT) 1A1 mRNA. The levels of CYP1Al, CYP1A2, and UGT1Al mRNA expression were
increased by omeprazole and 3-methylcholanthrene, Furthermore, the enzyme activity of CYP1A was also
increased by these compounds. In conclusion, hESC-derived hepatocyte-like cells are available for the

detection of CYP1A inducers.

Keywords: hESCs; differentiation; hESC-derived hepatocyte-like cells; CYP1A; induction

Introduction

Human hepatocytes and liver tissues are used for
nonclinical tests in pharmaceutical screening. However,
some problems remain, including difficulty in obtaining
cells due to limitations of tissue availability as well as ind-
ividual differences between such specimens. Furthermore,
the expression levels of many proteins decrease rapidly in
culture.” An alternative is to use hepatoma cell lines;
however, these cells normally contain low levels of
metabolic enzymes, and usually poorly reflect the phenotype
of human hepatocytes in vivo.?

Human embryonic stem cells (hESCs) are able to grow
indefinitely and have the ability to differentiate into most
body cell types.” Hepatocyte-like cells, which are differ-
~ entiated from hESCs, would be useful for regenerative medi-
- cine and drug discovery.® Therefore, there is a great deal of
interest in methods of differentiating hESCs into hepatocyte-
like cells for application to pharmaceutical screening.

In humans, enzymes belonging to the cytochrome P450 1
family (CYP1A) play important roles in the detoxification of
therapeutic agents in the liver. On the other hand, CYP1A
is involved in the metabolic activation of procarcinogenic
compounds, such as polycyclic aromatic hydrocarbons
and aromatic amines found in cigarette smoke and cooked
foods.>® For example, CYPIA1 are known to metabolize
benzo[a]pyrene and 3-methylcholanthrene (3-MC) to their
ultimate carcinogenic forms.>” Therefore, it is desirable
to remove drug candidates that are capable of inducing
expression of the CYPIA subfamily in pharmaceutical
screening.

To increase the eﬂimency of drug discovery, it is important
to establish a new assay system that can detect enzyme
induction by drug candidates without using human liver
samples. In the present study, we differentiated hESCs into
hepatocyte-like cells (hESC-derived hepatocyte-like cells)
expressing CYP1A1 and CYP1A2. Moreover, we demon-
strated induction of mRNA levels of CYP1A1 and CYP1A2,
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and metabolic activity by representative CYP1A inducers. In
conclusion, hESC-derived hepatocyte-like cells may become
a reliable substitute source of normal human hepatocytes,
which are useful for clinical research and drug discovery as a
tool for enzyme induction studies.

Materials and Methods

Materials: Dexamethasone (DEX), dimethyl sulfoxide
(DMSO), omeprazole (OME), 3-MC, phenacetin, (+)-
(R)-trans-4-(1-aminoethyl)-N-(4-pyridyl)cyclohexane carbox-
amide dihydrochloride (Y-27632), oncostatin M (OSM),
human fetal liver total RNA, and human normal adult Liver
total RNA were purchased from Wako Pure Chemical
Industries (Osaka, Japan). Human fetal liver total RNA is
from 1 donor, who was male and 38 weeks old. Human
adult liver total RNA is from 1 donor, who was male and
64 years old. Activin A and hepatocyte growth factor (HGF)
were purchased from Funakoshi Co., Ltd. (Tokyo, Japan).
Wnt3a was purchased from R&D Systems (Minneapolis,
MN). Murine embryonic fibroblasts (MEF) were obtained
from Oriental Yeast (Tokyo, Japan). KnockOut Serum
Replacement (KSR) and SuperScript IIl First-Strand Synthesis
System for reverse transcription—polymerase chain reac-
tion (RT-PCR) were from Invitrogen Life Technologies
(Carlsbad, CA). TaKaRa SYBR Premix Ex Taq was obtained
from Takara Bio Inc. (Otsu, Japan). Modified Lanford
medium was obtained from Charles River Laboratories
Japan Inc. (Yokohama, Japan). Collagen Type I (collagen I)-
coated microplates were obtained from Asahi Glass (Chiba,
Japan). All other reagents used were of the highest quality
available.

Cell culture and differentiation:  This study was
approved by the Shinshu University Institutional Review
Board. KhES-3 cells were provided from Institute for
Frontier Medical Science, Kyoto University, Japan, and
cultured according to the method reported by Suemori
et al.® The hESCs were used between passages 30 and
40, and maintained in 3% CO, at 37°C. When hESCs
reached a confluence level of approximately 70%, differ-
entiation was initiated by replacing the medium with
medium A (RPMI1640 medium containing 2 mM GlutaMax,
2% B-27, 0.5% FBS, 100ng/mL activin A, and 50ng/mL
Wnt3a). After 72h, the medium was changed to medium B
(RPMI1640 medium containing 2mM GlutaMax, 2% KSR,
100ng/mL activin A and 50ng/mL Wnt3a) and cultured
for 48h. The cells were then passaged on collagen-coated
24-well plates and cultured in medium C (KnockQut-
DMEM containing 20% KSR, 1mM GlutaMax, 1% non-
essential amino acids, 0.1 mM p-mercaptoethanol, and 1%
DMSO) for 7 days, although Y-27632 was added at 10 uM
during first 24h of culture. Subsequently, the cells were
cultured in medium D (Lanford modified medium containing
10ng/mL HGF, 20ng/mL OSM, and 100nM DEX) for 6
days. Finally, the cells were cultured in Lanford modified
medium alone for 4 days (Fig. 1).

(day)
s 0 12 15 13 20 22 2425

| I I

l 11
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RPMI medium+GlutaMax, 0.5%FBS, 100ng/mL Activin A, 50ng/mL Wnt3a
RPMI medium+GlutaMax, 2%KSR, 100ng/mL Activin A, 50ng/mL Wnt3a
KO-DMEM, 20%KSR, 1% DMSO, 1mM glutamine, 1% NEAA, 0.4mM B-ME
Modified Lanford medium, 10ng/mL HGF, 20ng/mL OSM, 100nM DEX
Modified Lanford medium
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Fig. 1. Protocol for differentiation of hESCs into hepatocyte-like
cells and freatment with inducers

RNA extraction and reverse transcription reac-
tion: hESC-derived hepatocyte-like cells were treated with
50upM OME or 1uM 3-MC for 72h. Total RNA was
isolated from the cells using ISOGEN (Nippon Gene Co.,
Ltd.) according to the manufacturer’s protocol. First-strand
cDNA was generated from 500ng of total RNA. Reverse
transeription reaction was performed using a SuperScript I
First-Strand Synthesis System for RT-PCR in accordance
with the manufacturer’s instructions.

Real-time PCR: For detection of expression levels,
mRNAs were analyzed by SYBR Green real-time quantita-
tive RT-PCR. Real-time PCR analysis was performed on an
ABI Prism 7300 Real-time PCR System using SYBER®
Premix ExTaq (Takara Bio Inc.). PCR was performed in
mixtures consisting of 10 pL. of SYBER Green PCR Master
Mix, 0.4 pL of 10mM forward and reverse primers, 0.4 uL
of dye, 7.8 uL. of water, and 1 uL template cDNA in a total
volume of 20 pL. The relative expression of each gene was
normalized against glyceraldehyde 3-phosphate dehydrogen-

“ase (GAPDH). The primer sequences used were as follows:

GAPDH: forward primer, 5-GAG TCA ACG GAT TTG
GTC GT-3, reverse primer, 5’-GAC AAG CTT CCC GTT
CTC AG-3' albumin (ALBY): forward primer, 5'-GAG CTT
TTIT GAG CAG CTT GG-3', reverse primer, 5.GGT TCA
GGA CCA CGG ATA GA—S’ a-fetoprotein (AFP): forward
primer, 5'-AGC TTG GTG GTG GAT GAA AC-3’, reverse
primer, 5-TCT GCA ATG ACA GCC TCA AG-3
CYP3A4: forward priiner, 5-CTG TGT GTT TCC AAG
AGA AGT TAC-3, reverse primer, 5-TGC ATC AAT
TTC CTC CTG CAG-3'; CYP3A7: forward primer, 5'-
AGA TTT AAT CCA TTA GAT CCA TTC G-3/, reverse
primer, 5-AGG CGA CCT TCT TTT ATC TG-3;
CYP1AL: forward primer, 5'-CCT CTT TGG AGC TGG
GTT TG-3’, reverse primer, 5-GCT GTG GGG GAT GGT
GAA-3'; CYP1A2: forward primer, 5-CTT TGA CAA
GAA CAG TGT CCG-3/, reverse primer, 5-AGT GTC
CAG CTC CTT CTG GAT-3'; UGT1AL1: forward primer,
5'-CAG CAG AGG GGA CAT GAA AT-3', reverse primer,
5.ACG CTG CAG GAA AGA ATC AT-3.

Copyright © 2012 by the Japanese Society for the Study of Xenobiotics (JSSX)
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Table 1. HPLC timetable

Time (min) Solvent A (%) Solvent B (%)
0.0 98 2
0.8 98 2
5.0 C 10 90
7.5 10 30
7.6 98 2
13.0 98 2

Solvents A and B: 10mM ammonium acetate in water and 0.1% formic acid in
methanol, respectively.

Measurement of enzymatic activity: hESC-derived
hepatocyte-like cells were treated with 50puM OME or
luM 3-MC for 72h, and then incubated with 50 pM
phenacetin for 24 h. After incubation, medium was collected
and acetaminophen was measured by LC-MS/MS under the
conditions described below.

Instrument: An Agilent 1100 series HPLC system
(Agilent Technologies, Waldbronn, Germany) consisting of a
binary pump and a degasser linked to 2 CT'C HTS PAL New
Wash System Autosampler (AMR Inc., Tokyo, Japan) was
used. Mass spectrometric detection was performed on an
API 4000 triple quadruple instrument (Applied Biosystems/
Sciex, Foster City, CA) equipped with a TurbolonSpray®
electrospray ionization (ESI) interface. Data processing was
performed with the Analyst 1.4.2 software package (Applied
Biosystems/Sciex).

Chromatographic conditions:  Chromatographic
separation was performed on a reversed-phase CAPCELL
PAK C18 MG I coluran (50 x 4.6 mm i.d., 5 pm; Shiseido
Co., Inc., Tokyo, Japan). The column temperature was kept
constant at 40°C. The mobile phase consisted of a mixture of
10mM ammonium acetate in water (A) with 0.1% formic
acid in methanol (B) and was delivered at a flow rate of
0.6mL/min. A stepwise gradient was used as shown in
Table 1.

Mass spectrometric conditions: The mass
spectrometer was operated using the ESI source in positive
jon detection. To optimize all of the MS parameters,
standard solutions (100ng/ml) and an internal standard
were infused into the mass spectrometer at a flow rate of
250 uL/min. The ion spray voltage (IS) was set at 4,500V,
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 parameters viz.,
declustering potential, collision energy, entrance potential,
and collision exit potenual were 40, 20, 10 and 15,
respectively, for acetaminophen and [2H4]acetammophen
Zero air was used as source gas, while nitrogen was used as
both curtain and collision gas. The mass spectrometer was
operated in ESI positive jon mode and detection of the ions
was performed in the multiple reaction monitoring (MRM)

mode, monitoring the transition of m/z 152 precursor jon
[M + H] to the m/z 110 product ion for acetaminophen
(retention time: 4.7min) and m/z 156 precursor ion
(M + H] to the m/z 114 product ion for [2H4]acetaminophen
(4.7min). Quadrupoles Q1 and Q3 were set to unit resolu-.
tion. Data acquisiion and quantification were performed
using Analyst software version 1.4.2 (Applied Biosystems,
MDSS8ciex, Toronto, Canada).

Calibration standards: Calibration standards to
cover the assay range of 15,000 nM of acetaminophen were
prepared by adding 10 uL of 0.01, 0.05, 0.1, 0.5, 1, 5, 10,

- and 50 pM working standards to 0.1 uL aliquots of control

reaction mixture.

Statistical analysis: Data are expressed as means
+ standard  deviation (SD). - Statistical significance - was
assessed using an unpaired t-test. Differences were regarded
as statistically significant at p < 0.05.

Results

Basal mRNA levels of various genes in hESC-
derived hepatocyte-like cells: hESCs were differ-
entiated into hepatocyte-like cells according to the method
described in Figure 1. The levels of mRNAs of ALB, AFP,
CYP3A4, CYP3A7, CYP1A1, CYP1A2, and UGT1A1 were
measured by real-time PCR and compared with those of
human adult or fetal liver. The mRNAs of ALB, AFP,
CYP3A4, and CYP3A7 were expressed in hESC-derived
hepatocyte-like cells, whereas the levels of expression of
these genes were lower than those of human adult or
fetal liver except for AFP (Pigs. 2A—2D). In addition, the
mRNAs of CYPlIAl, CYP1A2, and UGTiAl were
expressed in these cells. The basal mRNA levels of these

enes were lower than those of human adult liver, but
higher than those of human fetal liver when compared to
the reference standard of human adult and fetal liver total
RNA (Figs. 2E-2G).

Influence of typical CYP1A inducers on CYP1A1,
CYP1A2, and UGT1A1 mRNA levels in hESC-
derived hepatocyte-like cells: We studied whether
the mRNAs of CYP1A1, CYP1A2, and UGT1A1 in hESC-
derived hepatocyte-like cells were inducible by typical
inducers, such as OME and 3-MC, using real-time PCR. The
level of CYP1A1 mRNA expression was markedly elevated
from 35- to 48-fold compared to controls by OME and 3-
MC (Fig. 3A). The level of CYP1A2 mRNA expression was
also significantly increased from 3.2- to 3.5-fold compared
to controls by OME and 3-MC (Fig. 3B).

The level of UGTIAl mRNA expression was also
significantly increased from 6.5- to 8.0-fold compared to
controls by OME and 3-MC (Fig, 3C).

Influence of typical CYP1A inducers on phenace-
tin O-deethylase activity in hESC-derived hepato-
cyte-like cells: To evaluate the effect of OME or 3-MC
on CYP1A activity in hESC-derived hepatocyte-like cells,
we measured the concentration of acetaminophen in medium

Copyright ©.2012 by the Japanese Society for the Study of Xenobiotics (JSSX)
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Fig. 2. Albumin (ALB), a-fetoprotein (AFP), CYP3A4, CYP3A7,
CYP1A1, CYP1A2 and UGT1A1 mRNA levels in hESC-derived
hepatocyte-like cells

hESCs were differentiated into hepatocyte-like cells according lo the
method described in Figure 1. Then, total mMRNA was extracted and
subjected to real-time PCR, The mRNA levels were normalized
relative to that of GAPDH mRNA, and the values are shown as ratios
to the average for hESC-derived hepatocyte-like cells treated
with 0.1% DMSO. Results are presented as means & SD from 6
independent experiments. N.D. means not detected.
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Fig. 3. The change of CYP1A1, CYP1A2 and UGT1A1 mRNA
levels treated with typical CYP1A inducers in hESC-derived
hepatocyte-like cells

hESC-derived hepatocyte-like cells were treated with 50 uM OME or
1M 3-MC for 72 h. Then, total mRNA was extracted and subjected
to real-time PCR: The mRNA levels were normalized relative to that
of GAPDH mRNA, and the values are shown as ratios to the
average for hESC-derived hepatocyte-like cells treated with 0.1%
DMSO. Results are presented as means + SD from 6 independent
experiments. Statistical analyses were performed using unpaired
t-test; *p < 0.05, **p < 0.01, ***p < 0.001.

after incubation with phenacetin, which is a typical substrate
for CYP1A. The phenacetin O-deethylase activity was
elevated by 24-fold compared to controls by treatment with
3-MC, but showed only slight induction by treatment with
OME (Fig. 4).

Discussion

In the present study, we attempted to differentiate hESCs
into hepatocyte-like cells and evaluate whether CYP1A
enzyme induction could be observed in these cells. A three-
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Fig. 4. The change of phenacetin O-deethylase activity treated
with typical CYP1A inducers in hESC-derived hepatocyte-like
cells

hESC-derived hepatocyte-like cells were treated with 50 yM OME
or 1pM 3-MC for 72h and then incubated with 50 4M phenacetin
for 24 h. After incubation, medium was collected and acetamino-
phen was measured with LC-MS/MS. Results are presented as
means £ SD from 6 independent experiments. Statistical analyses
were performed using unpaired t-test; *p < 0.05 and ***p < 0.001.

step process is required for induction of hESC differentiation
into hepatocytes—the first step involves the differentiation
of undifferentiated hESCs into endoderm, the second step
involves the differentiation of endoderm into hepatoblast-
like cells, and the third step involves maturation into
hepatocytes. Previous studies suggested that it is important
to add activin A when inducing differentiation of hESCs
into endoderm.>'” Hay et al. reported that Wnt3a can also
differentiate  hESCs jnto hepatic endoderm, and its
concomitant use with activin A bas synergistic effects on
efficient differentiation of hESCs into hepatic endoderm.'”
In the present study, we used activih A and Wnt3a
concomitantly for initiation of differentiation. In addition, Y-
27632, a selective inhibitor of p160-Rho-associated coiled
kmase, was used to permit survival of hESCs during
passage, 13,19 the use of Y-27632 decreased the death of cells
during passage in the present study (data not shown).

The mRNAs of AFP and ALB, used as markers of
hepatocytes, were detected in hESC-derived hepatocyte-like

cells together with CYP3A4, CYP3A7, CYP1A1, CYP1A2, ‘

and UGT1A1 mRNAs (Figs. 2A—2G). The levels of ALB
and CYP3A4 mRNAs were markedly lower than those in
the human adult and fetal Liver when compared to the
reference standard of human adult and fetal liver total RNAs
(Figs. 2A and 2C). On the other hand, the expression level
of AFP mRNA was higher than those in the fetal and adult
liver when compared to the reference standard of human
adult and fetal liver total RNA (Fig. 2B). AFP is found to
express predominantly in human fetal hepatocytes. 15
Although these results represent comparison to only one
standard sample for both human adult and fetal liver, hESC-
derived hepatocyte-like cells were shown to be differentiated
into more fetal-like cells rather than into adult hepatocyte-
like cells. It has been reported that CYP, UGT, and other

liver specific genes are expressed in hepatocyte-like cells,'®
but in this report, the mRNA levels of CYP3A4 and
CYP1A2 were lower than these in the present study
(Figs. 2C and 2B). |

In some studies, fibroblast growth factor, bone morpho-
genetic protein or sodium butyrate were used to differ-
entiate hESCs into hepatocyte-like cells more effi-
ciently. """ However, when we used fibroblast growth
factor, bone morphogenetic protein, and sodium butyrate to
differentiate hESCs into hepatocyte-like cells in preliminary
experiments, the degree of differentiation was inefficient in
comparison with the conditions used in the present study
(data not shown). It is necessary to develop methods to
induce maturation of hepatocyte-like cells, eg., it may be
useful to examine use of three-dimensional culture methods
reported previously.”>? Besides, Takayama et al. recently
reported that transduction of hepatocyte nudear factor 4
into hESCs generated functional hepatocytes.” Therefore, it
might be beneficial to utilize the transduction of a gene
which differentiates hESCs efficiently into hepatocytes.

Chemical-induced expression of CYP1A is mainly
regulated by the aryl hydrocarbon receptor (AhR), one of
several ligand-activated transcription factors.?*?® OME
and 3-MC are typical CYP1A inducers. Although 3-MC is
a strong ligand of AhR,?” OME has been shown to activate
ABR without direct binding.?*” The induction of UGT1A1
is also regulated by AhR as well as CYP1A1.%" Treatment
of hESC-derived hepatocyte-like cells with OME and 3-MC
induced not only CYPTAI and CYP1A2, but also UGT1Al
(Figs. 3A—3C), indicating that these cells possess active
AbR. Induction of CYP1Al and CYP1A2 are caused by
binding of AhR to the xenobiotic-responsive element of the
CYP1A1 and CYP1A2 genes.*? Therefore, it is possible that
these hESC-derived hepatocyte-like cells are available for
evaluation of AhR activator. By the way, we tried to study
the mRNA of CYP3A4, but the mRNA of CYP3A4 was not
elevated by the treatment of rifampicin (data not shown).
The character of the hESC-derived hepatocyte-like cells, i.e.
the high mRNA levels of AFP, and the low levels of ALB
and CYP3A4, suggest that these cells are fetal hepatocyte-
like cells. This character is supported by the fact that the
mRNA of CYP3A4 was not induced by rifampicin as shown
previously. 3

It is important that hESC-derived hepatocyte-like cells
have inducible metabolic enzyme activity. The O-deethyla-
tion of phenacetin is mainly catalyzed by CYP1A2. Similar to
the mRNA expression, the level of phenacetin 0-deethylase
activity was also significantly induced by treatment with
OME and 3-MC (Fig. 4). However, the induction of
phenacetin O-deethylase activity by OME was considerably
weaker than that by 3-MC, although both showed essentially
equivalent induction of not only CYP1A1 mRNA level, but
also CYP1A2 mRNA level. Although the reason for this
discrepancy between mRNA level and enzymatic activity is
not yet clear, it may be due to the effects on posttranscrip-
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tional regulation, e.g., differences in RNA stability, trans-
lation, and protein stability.

Several reports desaribed hESC-derived hepatocytes
as having CYP1A2 activity,21%1%339 byt a few reports
have previously shown inducible activity of CYP1A2 in
hESC-derived hepatocytes.”* In the present study, basal
phenacetin  O-deethylase activity was low, but as for
elevation of phenacetin O-deethylase activity treated with
CYP1A inducer, the hESC-derived hepatocyte-like cells may
be highly sensitive to AhR activator.

In conclusion, although additional investigations are
required for the development of practical applications,
hESC-derived hepatocyte-like cells appear to be snitable for
evaluation of CYP1A inducers.
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