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Chromatin immunoprecipitation (ChlP) assay

The ChIP assay kit was purchased from Upstate. Cells were crosslinked
using formaldehyde at a final concentration of 1% at 37°C for 10 minutes,
and then genomic DNA was fragmented by sonicator. The resulting DNA-
protein complexes were immunoprecipitated using the antibodies described
in supplementary material Table S1 or control 1gG as described in
supplementary material Table S2. The precipitated DNA fragments were
analyzed by real-time RT-PCR using the primers shown in supplementary
material Table S4 to amplify the TGFBR2 promoter region including the
¢/EBP binding sites or B-actin locus as a control. The results of quantitative
ChlP analysis (Fig. SA) were expressed as the amount of amplified TGFBR2
promoter region relative to input DNA taken as 100%.

Statistical analysis
Statistical analysis was performed using an unpaired two-tailed Student’s -
test. All data are represented as mean * s.d. (#=3).
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Fig. S1  The hepatoblast-like cells (HBCs) generated from hESCs were
characterized.

(A) hESCs were differentiated into the HBCs via definitive endoderm cells. The
HBCs were maintained on human LN111. (B) The expression levels of hepatoblast
markers (AFP, ALB, CK19, and EpCAM) in the HBCs were examined by FACS



analysis. (C) Clonal assay of the HBC was performed. The HBCs were plated at a
density of 200 cells/cm” on human LN111-coated 96-well plates. The colonies were
separated into four groups based on the expression of ALB and CK19 (ALB and CK19
double-negative, ALB negative and CK19 positive, ALB positive and CK19 negative,
and ALB and CK19 double-positive groups). The numbers represent wells in which
the colony was observed in three 96-well plates (total 288 wells). Five days after
plating, the cells were fixed with 4% PFA and used for double immunostaining.
Nuclei were counterstained with DAPI (blue). (D) The HBCs were transplanted into
CCl4 (2 mL/kg)-treated Rag2/IL2 receptor gamma double-knockout mice. The human
ALB level in recipient mouse serum was measured at 2 weeks after transplantation.
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Fig. S2 ¢/EBPa, c/EBPB, or TGFBR2 were knocked-down in the HBCs by
si-c/EBPa, si-c/EBPB, or si-TGFBR2 transfection, respectively.

The HBCs were transfected with 50 nM of si-control, si-c/EBPa, si-c/EBPp, or
si-TGFBR2. Two days after transfection, the gene expression levels of ¢/EBPa,
¢/EBPB, or TGFBR2 were examined by real-time RT-PCR in si-c/EBPa-, si-c/EBPf-, or
si-TGFBR2-transfected cells, respectively. On the y axis, the gene expression levels
of ¢/EBPa, ¢/EBPB, or TGFBR2 in si-control-transfected cells were taken as 1.0.
**P<0.01 (compared with the si-control-transfected cells).
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Fig. S3 Ad vectors efficiently transduced the HBCs.
The HBCs were transduced with 3,000 VP/cell of Ad-LacZ for 1.5 hr. The day

after transduction, X-gal staining was performed. The scale bars represent 50 pm.



S A 600 -

S TGFBR2 .,
[/}

o

S | 400-

@

[+3]

o

(]

o 200 -

o

2

k=

[«7

e 0 -

Ad-LacZ Ad-TGFBR2

S 4 600 /EBPY i S 4 900 { c/EBPS

2 2

g 95" *%

2 | 400 2 | 00 1

[«}] 13

= o

& S

S | 200 > | 300

2 2

= S

£ 0 T e 0 T
Ad-LacZ Ad-c/EBPa Ad-LacZ Ad-c/EBPB

Fig. S4 c¢/EBPa, ¢/EBPB, or TGFBR2 were overexpressed in the HBCs by
Ad-c/EBPa, Ad-c/EBPf, or Ad-TGFBR2 transduction, respectively.

The HBCs were transduced with 3,000 VP/cells of Ad-c/EBPa, Ad-c/EBPB, or
Ad-TGFBR2 for 1.5 hr. Two days after Ad vectors transduction, the gene expression
levels of ¢/EBPa, ¢/EBPf, or TGFBR2 were examined by real-time RT-PCR in
Ad-c/EBPa-, Ad-c/EBPpB-, or Ad-TGFBR2-transduced cells, respectively. On the y
axis, the gene expression levels of ¢/EBPa, ¢/EBPp, or TGFBR2 in Ad-LacZ-transduced
cells were taken as 1.0.  **P<0.01 (compared with the Ad-LacZ-transfected cells).
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Fig. S5 TGFBR2 overexpression or knockdown in the HBCs promotes
cholangiocyte or hepatocyte differentiation, respectively.

The si-control-, si-TGFBR2-, Ad-LacZ- or Ad-TGFBR2-transduced HBCs (total
of 1.0 x 10° cells) were transplanted into CCly (2 mL/kg)-treated Rag2/IL2 receptor
gamma double knockout mice by intrasplenical injection. Expressions of HNF4a and
CK19 were examined by immunohistochemistry at 2 weeks after transplantation.
Semiquantitative analysis of the immunofluorescent staining was performed in the
human cell clusters. *P<0.05; **P<0.01.
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ARTICLE INFO ABSTRACT

Although it is expected that hepatocyte-like cells differentiated from human embryonic stem (ES) cells or
induced pluripotent stem (iPS) cells will be utilized in drug toxicity testing, the actual applicability of
hepatocyte-like cells in this context has not been well examined so far. To generate mature hepatocyte-
like cells that would be applicable for drug toxicity testing, we established a hepatocyte differentiation
method that employs not only stage-specific transient overexpression of hepatocyte-related transcrip-
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protocol. In addition, our hepatocyte-like cells could sensitively predict drug-induced hepatotoxicity,
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including reactive metabolite-mediated toxicity. In conclusion, our hepatocyte-like cells differentiated

Nanopillar plate
Drug screening

from human ES cells or iPS cells have potential to be applied in drug toxicity testing.
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1. Introduction

Hepatocyte-like cells that are generated from human embryonic
stem cells (hESCs) [1] or human induced pluripotent stem cells
(hiPSCs) [2] are expected to be used in drug screening instead of
primary (or cryopreserved) human hepatocytes (PHs). We recently
demonstrated that stage-specific transient transduction of tran-
scription factors, in addition to treatment with optimal growth
factors and cytokines, is useful for promoting hepatic differentia-
tion [3—6]. The hepatocyte-like cells, which have many hepatocyte
characteristics (the abilities to uptake low-density lipoprotein and
Indocyanine green, store glycogen, and synthesize urea) and drug
metabolism capacity, were generated from hESCs/hiPSCs by

* Corresponding author. Laboratory of Biochemistry and Molecular Biology,
Graduate School of Pharmaceutical Sciences, Osaka University, 1-6 Yarmnadaoka,
Suita, Osaka 565-0871, Japan. Tel.: -+81 6 6879 8185; fax: +-81 6 6879 8186.
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0142-9612/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
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combinational transduction of FOXA2 and HNFla [6]. However,
further maturation of the hepatocyte-like cells is required because
their hepatic characteristics, such as drug metabolism capacity, are
lower than those of PHs [6].

To promote further maturation of the hepatocyte-like cells, we
subjected them to three-dimensional (3D) spheroid cultures. It is
known that various 3D culture conditions (such as Algimatrix
scaffolds [7], cell sheet technology [8], galactose-carrying substrata
[9], and basement membrane substratum [10]) are useful for the
maturation of the hepatocyte-like cells. Nanopillar Plate technology
[11] used in the present study makes it easy to control the config-
uration of the spheroids. The Nanopillar Plate has an arrayed pm-
scale hole structure at the bottom of each well, and nanopillars
were aligned further at the bottom of the respective holes. The
seeded cells evenly drop into the holes, then migrate and aggregate
on top surface of the nanopillars, thus likely to form the uniform
spheroids in each hole. Not only 3D spheroid cultures [12] but also
Matrigel overlay cultures [13] are useful for maintaining the
hepatocyte characteristics of PHs. Therefore, we employed both 3D
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spheroid culture and Matrigel overlay culture systems to promote
hepatocyte maturation of the hepatocyte-like cells.

The hepatocyte-like cells generated from hESCs/hiPSCs are ex-
pected to be used in drug development. To the best of our knowl-
edge, however, few studies have tried to predict widespread drug-
induced cytotoxicity in vitro using the hepatocyte-like cells. To
precisely determine the applicability of the hepatocyte-like cells to
drug screening, it is necessary to investigate the responses of these
hepatocyte-like cells to many kinds of hepatotoxic drugs.

In this study, 3D spheroid and Matrigel overlay cultures of the
hepatocyte-like cells were performed to promote hepatocyte
maturation. The gene expression analysis of cytochrome P450
(CYP) enzymes, conjugating enzymes, hepatic transporters, and
hepatic nuclear receptors in the 3D spheroid-cultured hESC- or
hiPSC-derived hepatocyte-like cells (3D ES-hepa or 3D iPS-
hepa), were analyzed. In addition, CYP induction potency and
drug metabolism capacity were estimated in the 3D ES/iPS-hepa.
To determine the suitability of these cells for drug screening, we
examined whether the drug-induced cytotoxicity is induced by
treatment of various kinds of hepatotoxic drugs in 3D ES/iPS-
hepa.

2. Materials and methods
2.1. hESCs and hiPSCs culture

A hESC line, H1 and H9 (WiCell Research Institute), was maintained on a feeder
layer of mitomycin C-treated mouse embryonic fibroblasts (Millipore) with Repro
Stem medium (Repro CELL) supplemented with 5 ng/ml fibroblast growth factor 2
(FGF2) (Sigma). Both H1 and H9 were used following the Guidelines for Derivation
and Utilization of Human Embryonic Stem Cells of the Ministry of Education,
Culture, Sports, Science and Technology of Japan and furthermore, and the study was
approved by Independent Ethics Committee.

Three human iPSC lines were provided from the JCRB Cell Bank (Tic, JCRB
Number: JCRB1331; Dotcom, JCRB Number: JCRB1327; Toe, JCRB Number: JCRB1338)
[14,15]. These human iPSC lines were maintained on a feeder layer of mitomycin C-
treated mouse embryonic fibroblasts with iPSellon (Cardio) supplemented with
10 ng/ml FGF2. Other three human iPSC lines, 201B6, 201B7 and 253G1 were kindly
provided by Dr. S. Yamanaka (Kyoto University) [2]. These human iPSC lines were
maintained on a feeder layer of mitomycin C-treated mouse embryonic fibroblasts
with Repro Stem supplemented with 5 ng/ml FGF2.

2.2. In vitro differentiation

Before the initiation of cellular differentiation, the medium of hESCs was
exchanged into a defined serum-free medium, hESFS, and cultured as previously
reported [ 16]. The differentiation protocol for the induction of definitive endoderm
cells, hepatoblasts, and hepatocytes was based on our previous reports with some
modifications [3-5,17]. Briefly, in mesendoderm differentiation, hESCs were
dissociated into single cells by using Accutase (Millipore) and cultured for 2 days
on Matrigel (BD Biosciences) in differentiation hESF-DIF medium which contains
100 ng/ml Activin A (R&D Systems) and 10 ng/ml bFGF (hESF-DIF medium was
purchased from Cell Science & Technology Institute; differentiation hESF-DIF
medium was supplemented with 10 pg/ml human recombinant insulin, 5 pg/ml
human apotransferrin, 10 pm 2-mercaptoethanol, 10 pm ethanolamine, 10 pm
sodium selenite, and 0.5 mg/ml bovine fatty acid free serum albumin [all from
sigma]). To generate definitive endoderm cells, the mesendoderm cells were
transduced with 3000 vector particle (VP)/cell of Ad-FOXA2 for 1.5 h on day 2 and
cultured until day 6 on Matrigel in differentiation hESF-DIF medium supplemented
with 100 ng/ml Activin A and 10 ng/ml bFGF. For induction of hepatoblasts, the DE
cells were transduced with each 1500 VP/cell of Ad-FOXA2 and Ad-HNF1a for 1.5 h
on day 6 and cultured for 3 days on Matrigel in hepatocyte culture medium (HCM)
(Lonza) supplemented with 30 ng/ml bone morphogenetic protein 4 (BMP4) (R&D
Systems) and 20 ng/ml FGF4 (R&D Systems), In hepatic expansion, the hepatoblasts
were transduced with each 1500 VP/cell of Ad-FOXA2 and Ad-HNF1a for 1.5 h on
day 9 and cultured for 3 days on Matrigel in HCM supplemented with 10 ng/mi
hepatocyte growth factor (HGF), 10 ng/ml FGF1, 10 ng/ml FGF4, and 10 ng/ml FGF10
(all from R&D Systems). To perform hepatocyte maturation on Nanopillar Plate (a
prototype multi-well culturing plate for spheroid culture developed and prepared
by Hitachi High-Technologies Corporation) shown in Fig. 1B, the cells were seeded
at 2.5 x 10° cellsjcm? (Fig. 51) in hepatocyte culture medium (Fig. $2) supple-
mented with 10 ng/m! HGF, 10 ng/ml FGF1, 10 ng/ml FGF4, and 10 ng/m! FGF10 on
day 11. In the first stage of hepatocyte maturation (from day 12 to day 25), the cells
were cultured for 13 days on Matrigel in HCM supplemented with 20 ng/ml HGF,

20 ng/ml oncostatin M (OsM), 10 ng/ml FGF4, and 10~% M dexamethasone (DEX). In
the second stage of hepatocyte maturation (from day 25 to day 35), Matrigel was
overlaid on the hepatocyte-like cells. Matrigel were diluted to a final concentration
of 0.25 mg/ml with William’s E medium (Invitrogen) containing 4 mu L-glutamine,
50 ug/ml gentamycin sulfate, 1 x ITS (BD Biosciences), 20 ng/ml OsM, and 1075 M
DEX. The culture medium was aspirated, and then the Matrigel solution (described
above) was overlaid on the hepatocyte-like cells. The cells were incubated over-
night, and the medium was replaced with HCM supplemented with 20 ng/ml OsM
and 1075 M DEX.

2.3. Adenovirus (Ad) vectors

Ad vectors were constructed by an improved in vitro ligation method [18,19]. The
human EF-1a promoter-driven LacZ-, FOXA2-~, or HNF1a-expressing Ad vectors (Ad-
LacZ, Ad-FOXA2, or Ad-HNF1a, respectively) were constructed previously [3,4,20].
All of Ad vectors contain a stretch of lysine residue (K7) peptides in the C-terminal
region of the fiber knob for more efficient transduction of hESCs, hiPSCs, and DE
cells, in which transfection efficiency was almost 100%, and purified as described
previously [3—5]. The vector particle (VP) titer was determined by using a spectro-
photometric method [21].

24. Flow cytometry

Single-cell suspensions of hESC/hiPSC-derived cells were fixed with 2% para-
formaldehyde (PFA) at 4°C for 20 min, and then incubated with the primary anti-
body (described in Table S1), followed by the secondary antibody (described in
Table S1). Flow cytometry analysis was performed using a FACS LSR Fortessa flow
cytometer (BD Biosciences).

2.5. RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from hESCs or hiPSCs and their derivatives using 1SO-
GENE (Nippon Gene). ¢DNA was synthesized using 500 ng of total RNA with
a Superscript VILO cDNA synthesis kit (Invitrogen). Real-time RT-PCR was performed
with Tagman gene expression assays (Applied Biosystems) or SYBR Premix Ex Taq
(TaKaRa) using an ABI PRISM 7000 Sequence Detector (Applied Biosystems). Relative
quantification was performed against a standard curve and the values were
normalized against the input determined for the housekeeping gene, glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH). The primer sequences used in this
study are described in Table S2.

2.6. Immunohistochemistry

The cells were fixed with 4% PFA. After incubation with 1% Triton X-100, blocking
with Blocking One (Nakalai tesque), the cells were incubated with primary antibody
(describe in Table S1) at 4°C for over night, followed by incubation with a secondary
antibody (described in Table S1) at room temperature for 1 h.

2.7. ELISA

The hESCs or hiPSCs were differentiated into hepatocytes as described in Fig. 1A.
The culture supernatants, which were incubated for 24 h after fresh medium was
added, were collected and analyzed for the amount of ALB secretion by ELISA, ELISA
kits for ALB were purchased from Bethyl. ELISA was performed according to the
manufacturer’s instructions. The amount of ALB secretion was calculated according
to each standard followed by normalization to the protein content per well,

2.8. Urea secretion

The hESCs or hiPSCs were differentiated into hepatocytes as described in Fig. 1A,
The culture supernatants, which were incubated for 24 h after fresh medium was
added, were collected and analyzed for the amount of urea secretion. Urea
measurement kits were purchased from BioAssay Systems. The experiment was
performed according to the manufacturer’s instructions. The amount of urea
secretion was calculated according to each standard followed by normalization to
the protein content per well.

2.9. Canalicular secretory assay

At cellular differentiation, the hepatocyte-like cell spheroids were treated with
5 mm choly-lysyl-fluorescein (CLF) (BD Biosciences) for 30 min. The cells were
washed with culture medium, and then observed by fluorescence microscope. To
inhibit the function of BSEP, the cells were pretreated with Cyclosporin A 24 h before
of the CLF treatment.

2.10. Assay for CYP activity and CYP induction

To measure the cytochrome P450 2C9 and 3A4 activity of the cells, we per-
formed lytic assays by using a P450-GloTM CYP2C9 (catalog number; V8791) and



K. Takayama et al. / Biomaterials 34 (2013) 1781-1789 1783

A
hESCs mesendoderm definitive hepatocyte
] hiPSCs cells endoderm cells hepatoblasts -like cells
i 2 days I 4 days i 3 days 3 days | 13days | 10 days |

Ad-FOXA2
(3,000 VP/cell)

A Gese
"y
? O
. LI
: .

(1,500 + 1,500 VP/cell)

100 gm

Fig. 1. Hepatocyte-like cells were differentiated from hESCs/hiPSCs by using Nanopillar Plate. (A) The procedure for differentiation of hESCs into 3D ES/iPS-hepa via mesendoderm
cells, definitive endoderm cells, and hepatoblasts is presented schematically. In the differentiation, not only the addition of growth factors but also stage-specific transient
transduction of both FOXA2- and HNF1a-expressing Ad vector (Ad-FOXA2 and Ad-HNF1e, respectively) was performed. The cellular differentiation procedure is described in detail
in the materials and methods section. (B) Photograph display of a 24-well format Nanopillar Plate and its microstructural appearances of the hole and pillar structure, (C) Phase-
contrast micrographs of the hESC-hepa spheroids on the Nanopillar Plate are shown. Scale bar represents 100 pm.

3A4 (catalog number; V9001) Assay Kit (Promega), respectively. We measured the
fluorescence activity with a luminometer (Lumat LB 9507; Berthold) according to
the manufacturer's instructions. The CYP activity was normalized with the protein
content per well.

To measure CYP2C9 and 3A4 induction potency, the CYP activity was measured
by using a P450-GloTM CYP2C9 and 3A4 Assay Kit, respectively. The cells were
treated with rifampicin, which is known to induce both CYP2C9 and 3A4, at a final
concentration of 10 pm for 48 h. The cells were also treated with Ketoconazole
(Sigma) or Sulfaphenazole (Sigma), which are inhibitors for CYP3A4 or 2C9, at a final
concentration of 1 um or 2 pm, respectively, for 48 h. Controls were treated with
DMSO (final concentration 0.1%). Inducer compounds were replaced daily.

2.11. Cell viability tests

Cell viability was assessed by the WST-8 assay kit (Dojindo) in Fig. 2D. After
treatment with test compounds, such as Acetaminophen (Wako), Allopurinol
(Wako), Amiodaron (Sigma), Benzbromarone (Sigma), Clozapine (Wako), Cyclizine
(MP bio), Dantrolene (Wako), Desipramine (Wako), Disufliram (Wako), Erythro-
mycin (Wako), Felbamate (Sigma), Flutamide (Wako), Isoniazid (Sigma), Labetalol
(Sigma), Lefunomide (Sigma), Maprotiline (Sigma), Nefazodone (Sigma), Nitro-
furantoin (Sigma), Sulindac (Wako), Tacrine (Sigma), Tebinafine (Wako), Tolcapone
(TRC), Troglitazone {Wako), and Zafirlukast (Cayman) for 24 h, the cell viability was
measured. The cell viability of the 3D iPSC-hepa were assessed by WST-8 assay after
24 h exposure to different concentrations of Aflatoxin B1 (Sigma) and Benz-
bromarone in the presence or absence of the CYP3A4 or 2C9 inhibitor, Ketoconazole
(1 um) or Sulfaphenazole (10 pm), respectively. The control refers to incubations in
the absence of test compounds and was considered as 100% viability value. Controls
were treated with DMSO (final concentration 0.1%). ATP assay (BioAssay Systems),
Alamar Blue assay (Invitrogen), and Crystal Violet (Wako) staining assay were per-
formed according to the manufacturer's instructions.

2.12. Primary human hepatocytes

Three lots of cryopreserved human hepatocytes (lot Hu8072 |[CellzDirect], HC2-
14, and HC10-101 [Xenotech]) were used. These three lots of crypreserved human
hepatocytes were cultured according to our previous report {5].

2.13. Statistical analysis

Statistical analysis was performed using the unpaired two-tailed Student's t-
test. All data are represented as means = SD (n = 3).

3. Results

The 3D ES/iPS-hepa were generated from hESCs/hiPSCs as shown
in Fig. 1A, Hepatocyte differentiation of hESCs/hiPSCs was efficiently
promoted by stage-specific transient transduction of FOXA2 and
HNF1a in addition to the treatment with appropriate soluble factors
(growth factors and cytokines) [6]. On day 11, the hESC-derived cells
were seeded at 2.5 x 10° cells/cm? (Fig. $1) on Nanopillar Plate
(Fig. 1B), in hepatocyte culture medium (Fig. S2) to promote hepa-
tocyte maturation. In addition, Matrigel was overlaid on the 3D ES~
hepa to promote further hepatocyte maturation. The 3D ES-hepa
with compact morphology that were adhesive to the substratum
and had an optimal size (approximately 100 pm in diameter) were
formed by using the Nanopillar Plate (Fig. 1C). The spheroids seem to
be stable because they could be cultured for more than 20 days. We
have confirmed that more than 90% of the cells that constitute the
spheroids were alive, indicating that the necrotic centers are absent.

To investigate whether or not a 3D spheroid culture could
promote hepatocyte maturation of the hepatocyte-like cells,
various hepatocyte characteristics of the 3D ES/iPS-hepa were
compared with those of the monolayer-cultured hESC- or hiPSC-
derived hepatocyte-like cells (mono ES-hepa or mono iPS-hepa).
The gene expression level of ALB peaked on day 20 in the mono
ES-hepa, and then it was dramatically decreased after day 25
(Fig. 2A). In contrast, the gene expression level of ALB was
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Fig. 2. Hepatocyte functions in hESC-derived hepatocyte-like cells were enhanced by using Nanopillar Plate. (A) The gene expression levels of ALB were measured by real-time RT-
PCR on day 15, 20, 25, 30, and 35. On the y axis, the gene expression levels in PHs (three lots of PHs were used in all studies), which were cultured for 48 h after plating (PHs-48hr),
were taken as 1.0. (B, C) The amount of ALB (B) and urea (C) secretion were examined in the mono ES-hepa (day 20), the 3D ES-hepa (day 35), and PHs-48hr. (D—H) The gene
expression levels of CYP enzymes (D), conjugating enzymes (E), hepatic transporters (F), hepatic nuclear receptors (G), and bile canaliculi transporters (H) were examined by real-
time RT-PCR in the mono ES-hepa, the 3D ES-hepa, and PHs-48hr. On the y axis, the expression levels in PHs-48hr were taken as 1.0. (I) The ability of bile acid uptake and efflux was
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BSEP, the cells were pretreated with 1 pm Cyclosporin A. *P < 0.05; **P < 0.01.
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moderately increased in the 3D ES-hepa until day 35 (Fig. 2A).
These results suggest that the hepatocyte functions of the 3D ES-
hepa are sustained for more than 2 weeks on the Nanopillar
Plate, although those of the mono ES-hepa are rapidly devitalized
(Fig. 2A and Fig. S4). Other hepatocyte characteristics, such as
ability of ALB and urea secretion and gene expression levels of
hepatocyte-related markers in the 3D ES-hepa were compared with
those of the mono ES-hepa (Fig. 2B—H). Because the gene expres-
sion level of ALB in the 3D ES-hepa was the highest on day 35 and
that in mono ES-hepa was the highest on day 20, various hepato-
cyte characteristics were compared on day 35 or day 20, respec-
tively. The amount of ALB (Fig. 2B) and urea (Fig. 2C) secretion in
the 3D ES-hepa was higher than those of the mono ES-hepa. The
gene expression levels of CYP enzymes (Fig. 2D), conjugating
enzymes (Fig. 2E), hepatic transporters (Fig. 2F), hepatic nuclear
receptors (Fig. 2G), and hepatic transcription factors (Fig. S5) in the
3D ES-hepa were higher than those in the mono ES-hepa. The
expression levels of most of the genes in the 3D ES-hepa were
higher than those in the mono ES-hepa. Because the previous study
[11] showed that hepatocyte spheroids expressed hepatocyte
transporters similar to those of the bile canaliculi in native liver
tissue, the gene expression levels of bile canaliculi transporters
(Fig. 2H), as well as the ability of bile acid uptake and efflux, (Fig. 21)
were examined in the 3D ES-hepa. The gene expression levels of
bile canaliculi transporters were increased in the 3D ES-hepa
compared with those of mono ES-hepa and PHs (Fig. 2H). The
bile canaliculi formation was visualized by BSEP fluorescent
substrate: Cholyl-lysyl-fluorescein (CLF), which is inhibited by BSEP
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inhibitor Cyclosporin A [22,23]. More CLF was accumulated in the
3D ES-hepa than in the mono ES-hepa (Fig. 21 upper panel). More-
over, CLF accumulation was inhibited by Cyclosporin A treatment
only in the 3D ES-hepa (Fig. 21 lower panel), demonstrating that the
functionality of BSEP transporter in 3D ES-hepa was greater than
that in mono ES-hepa. These results suggested that hepatocyte
maturation was promoted by the culture on the Nanopillar Plate. It
is likely that, compared to the monolayer culture condition, the 3D
spheroid-culture condition is more similar to the in vivo condition.

It is important to select an hESC/hiPSC line that has a strong
ability to differentiate into hepatocyte-like cells in the case of
medical applications such as drug screening. In this study, two hESC
lines and six hiPSC lines were differentiated into the hepatocyte-
like cells, and then their gene expression levels of ALB (Fig. 3A)
and ALB secretion levels (Fig. 3B) were compared. These results
suggest that the iPSC line, Dotcom, was the suitable cell line for
hepatocyte maturation. Therefore, the iPSC line, Dotcom, was used
to examine the possibility of the 3D iPS-hepa for drug screening.
The drug metabolism capacity and the CYP induction potency of the
3D iPS-hepa were compared with those of the mono iPS-hepa. We
confirmed the expression of ALB and CYP3A4 protein in the 3D ES-
hepa (Fig. 4A). The activity levels of CYP enzymes in the 3D iPS-
hepa were measured according to the metabolism of the CYP2C9
or CYP3A4 substrates (Fig. 4B); the levels were higher than those of
the mono iPS-hepa (Fig. 4B). We further tested the induction of
CYP2C9 and CYP3A4 by chemical stimulation (rifampicin was used
as a CYP2C9 or CYP3A4 inducer). Compared with mono iPS-hepa,
the 3D iPS-hepa produced more metabolites in response to
chemical stimulation (Fig. 4C). In addition, the CYP induction was
inhibited by using CYP2C9 or CYP3A4 inhibitor (Sulfaphenazole or
Ketoconazole, respectively). These results indicated that drug
metabolism capacity and CYP induction potency in 3D iPS-hepa
were higher than those in mono iPS-hepa.

Many researchers have tried to predict the drug-induced cyto-
toxicity in vitro using hepatocarcinoma-derived cells such as HepG2
cells [24,25]. HepG2 cells are less expensive than PHs and the
reproducible experiments are easier to perform than they are with
PHs, although 30% of the compounds were incorrectly classified as
nontoxic [24,25]. To overcome these problems, hESC/hiPSC-derived
hepatocyte-like cells are expected to be used to predict drug-
induced cytotoxicity. To examine its applicability to drug
screening, the 3D iPS-hepa were treated with various drugs, that
cause hepatotoxicity. WST-8 assay was performed to evaluate cell
viability (Fig. $6). The susceptibility of the 3D iPS-hepa to most of
the hepatotoxic drugs was higher than that of the mono iPS-hepa
(Fig. S7). Compared to the mono iPS-hepa, the 3D iPS-hepa were
more suitable tools for drug screening. Next, the susceptibility of
the 3D iPS-hepa to the hepatotoxic drugs was compared with that
of the 3D spheroid cultured HepG2 cells (3D HepG2; the hepatocyte
functions of 3D HepG2 cells are higher than those of monolayer
cultured HepG2 cells [Fig. S8]). With most of the drugs, the cell
viability of the 3D iPS-hepa was lower than that of the 3D HepG2
(Fig. 5A). These results indicated that the 3D iPS-hepa are more
valuable tools for drug screening than the 3D HepG2. However, the
susceptibility of the 3D iPS-hepa to Acetaminophen and Troglita-
zone was lower than that of the PHs which were cultured for 48 h
after the cells were plated (Fig. 5B). These results might be due to
the lower activity levels of CYPs in 3D iPS-hepa as compared as
those in PHs. Taken together, 3D iPS-hepa are more valuable tools
for drug screening than the 3D HepGz2, although further maturation

of 3D iPS-hepa is still required for 3D iPS-hepa to be an alternative
cell source of PHs in the drug screening.

To examine whether drug-induced cytotoxicity is caused by CYP
metabolites in 3D iPS-hepa, Aflatoxin B1 (mainly metabolized by
CYP3A4 [26]) and Benzbromarone (mainly metabolized by CYP2C9
[27]) were treated in the presence or absence of a CYP3A4 and a 2C9
inhibitor, Ketoconazole and Sulfaphenazole, respectively (Fig. 6).
The cell viability of 3D iPS-hepa was partially rescued by treatment
with the CYP inhibitor. These results indicated that drug-induced
cytotoxicity was caused by CYP metabolites of Aflatoxin B1 and
Benzbromarone.

4. Discussion

Recently, it has been expected that human pluripotent stem cells
and their derivatives, including hepatocyte-like cells, will be
utilized in applications for the safety assessment of drugs. We have
previously reported that combinational overexpression of SOX17,
HEX, and HNF4«, or combinational overexpression of FOXA2 and
HNF1o could promote hepatocyte differentiation [5,6]. However,
the drug metabolism capacity of the hepatocyte-like cells gener-
ated by our previous protocol was still lower than that of primary
human hepatocytes [6]. To generate more matured hepatocyte-like
cells as compared with our previous protocol, we established
a hepatocyte differentiation method employing not only stage-
specific transient overexpression of hepatocyte-related transcrip-
tion factors but also a 3D culture systems using a Nanopillar Plate,
was established. Although the use of hepatocyte-like cells gener-
ated from hESCs/hiPSCs in application for drug toxicity testing has
begun to be focused, to the best of our knowledge, there have been
few studies that have investigated whether hepatocyte-like cells
could predict many kinds of drug-induced toxicity.

3D culture spheroids were generated from hESCs/hiPSCs by using
a Nanopillar Plate. The diameter of the spheroids was approximately
100 um on day 35 of differentiation (Fig. 1C). Because it is known that
the no-oxygen limitation would take place in spheroids up to 100 um
in diameter [28], the size of the spheroid might be important to
generate spheroids with high viability. A Nanopillar Plate has
a potential to regulate the spheroid diameter simply by culturing
under optimized seeding condition, on its suitably designed pillar and
hole structure [11]. Therefore, a Nanopillar Plate would be a suitable
environment for the generation of 3D ES/iPS-hepa that show high
viability and possess high level of hepatocellular functions.

The levels of many hepatocyte functions, such as ALB secretion
ability (Fig. 2B), urea secretion ability (Fig. 2C), hepatocyte-related
gene expressions (Fig. 2D—H), drug metabolism capacity (Fig. 4B),
and CYP induction potency (Fig. 4C), of 3D ES/iPS-hepa were higher
than those of mono ES/iPS-hepa. This might have been because the
structural and functional polarity, which can be seen in the naive
environment of hepatocytes, of the hepatocyte-like cells was
configured by a 3D culturing condition. Previous studies have
shown that a 3D culture condition is suitable to maintain the
hepatic characteristics of the isolated hepatocytes because this
condition mimic in vivo environment [29,30]. These facts indicated
that the 3D culture condition is a more suitable condition for the
hepatocyte-like cells than the monolayer culture condition.

Two hES cell lines and six hiPS cell lines were differentiated into
the hepatocyte-like cells in this study. The hiPS cell line, Dotcom,
seemed to be a suitable cell line for hepatic differentiation (Fig. 3).
Because the hepatic differentiation propensity differs among the

Fig. 5. The possibility of applying 3D iPS-hepa to drug testing was examnined. (A) The cell viability of the 3D HepG2 (black) and 3D iPSC-hepa (red) were assessed by WST-8 assay
after 24 h exposure to different concentrations of 22 test compounds. (B) The cell viability of the 3D HepG2 (black), 3D iPSC-hepa (red), and PHs-48hr (green) were assessed by WST-
8 assay after 24 h exposure to different concentrations of Acetaminophen and Troglitazone. Cell viability is expressed as a percentage of cells treated with solvent only. *P < 0.05;

**P < 0.01.



1788 K. Takayama et al. / Biomaterials 34 (2013) 1781-1789

——t— Aflatoxin B1
---@--- Aflatoxin B1 + Ketoconazole

cell viability
(=23
o

0 5 50 500 (M)

B

—=e— Benzbromarone
---@--- Benzbromarone + Sulfaphenazole

F:% %
100 1 S
z | 804 -3
S | 601
>
3 | 40
(5]
20 -
0 L] k) L] L

0 10 20 40 (uM)

Fig. 6. Drug-induced cytotoxicity in the 3D iPS-hepa is mediated by cytochrome P450.
(A, B) The cell viability of the 3D iPSC-hepa was assessed by WST-8 assay after 24 h
exposure to different concentrations of (A) Aflatoxin B1 and (B) Benzbromarone in the
presence or absence of the CYP3A4 or 2C9 inhibitor, Ketoconazole or Sulfaphenazole,
respectively. Cell viability was expressed as the percentage of cells treated with solvent
only. *P < 0.05; **P < 0.01,

hES/hiPS cell lines, it would be important to select an appropriate
cell line for medical applications such as drug screening. However,
the dominant reason for this hepatic differentiation propensity is
not been well known. It would be interesting study to elucidate the
mechanism of this propensity.

Although the drug metabolism capacity and CYP induction
potency of 3D iPS-hepa were higher than those of mono iPS-hepa
(Fig. 4B and C), they were still lower than those of primary
human hepatocytes. The hepatic nuclear factors are known to be
key molecules in the CYP induction of hepatocytes {30]. Therefore,
overexpression of hepatic nuclear factors, which are not abun-
dantly expressed in the hepatocyte-like cells (such as PXR), might
upregulate the CYP induction potency of the hepatocyte-like cells.

3D iPS-hepa were more sensitive for detection of the drug-
induced cytotoxicity than HepG2 cells that are widely used to
predict hepatotoxicity [31,32] (Fig. 5). In addition, the decrease of
cell viability, which was caused by hepatotoxic drugs, of 3D iPS-
hepa was partially rescued by treatment with a CYP inhibitor
(Fig. 6). These data suggest that the hepatocyte-like cells could
detect the toxicity of the reactive metabolites that were generated
by drug metabolizing enzymes such as CYP enzymes. Because in
many cases, drug-induced hepatotoxicity is caused by the reactive

metabolites produced by drug metabolizing enzymes [33], our
finding that the hepatocyte-like cells could detect the toxicity of
reactive metabolites should be of great potential for toxicological
screening. Moreover, it might be possible to predict idiosyncratic
liver toxicity by using hepatocyte-like cells generated from hiPSCs
that were established from a patient with a rare CYP poly-
morphism. However, some compounds did not show any cytotox-
icity (such as Cyclizine, Felbamate, and Sulindac) (Fig. 5). To apply
the hepatocyte-like cells for wide-spread drug screening, genera-
tion of the hepatocyte-like cells are required to detect hepatotoxity
in more sensitive manner. Previous studies showed that the
depletion of conjugating enzymes [32] or knockdown of Nrf2 [34]
expression are useful to upregulate the sensitivity to hepatotoxic
drugs. Therefore, these approaches would be useful to generate
more sensitive hepatocytes to toxic drugs.

5. Conclusions

In this study, we established the efficient hepatocyte differen-
tiation method which employs not only stage-specific transient
overexpression of hepatocyte-related transcription factors but also
3D spheroid culture systems by using Nanopillar Plate. To the best
of our knowledge, this is the first study in which the hepatocyte-
like cells, having enough hepatocyte functions, mediate drug-
induced cytotoxicity against many compounds, Our hepatocyte-
like cells differentiated from hESCs or hiPSCs have potential to be
applied in drug toxicity testing.
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Monoclonal antibody (mAb) pharmaceuticals are much more complex than small-molecule drugs. Such
complex characteristics raise challenging questions for regulatory evaluation. Although heterogeneity
in mAbs based on their charge variants has been mainly evaluated using gel-based isoelectric focusing
(IEF) method, recent development in capillary electrophoresis and microchip electrophoresis has made
it possible to assure their heterogeneities in more easy and rapid manner. In the present paper, we
customized the imaged microchip isoelectric focusing (mIEF) for the analysis of mAbs, and compared the
customized version with the conventional capillary isoelectric focusing (cIEF) method, and found that
mIEF has much higher performance in operations, and its resolving powers are comparable with those

© 2013 Elsevier B.V. All rights reserved.

1. Infroduction

Clinical success of monoclonal antibody (mAb) pharmaceut-
icals has been transforming the pharmaceutical industries. In 2010,
worldwide sales of all biologics including mAbs reached the US
$100 billion mark [1].

mADb is a large glycoprotein molecule, and has complex ter-
tiary structure due to various post-translational modifications [2].
In addition, during manufacturing processes and storage periods
of an mAb product, it is well known that modifications such as
deamidation, C-terminal lysine variants, N-terminal pyrogluta-
mate, glycation, and glycosylation are observed individually and/or
simultaneously [3,4]. These modifications lead changes of charge
heterogeneity in mAbs, and result in changes of the product charac-
teristics, like long-term stability and binding activity. Thus detailed
monitoring and controlling these modifications which can affect
mADbs' characteristics are mandatory requirement by regulatory
agencies [5].

For evaluation of charge heterogeneities in glycoproteins, slab
gel isoelectric focusing (1EF) developed by Svensson in early 1960s
[6] has been a major technique, and still widely being employed
in the development of protein-based biopharmaceutical products
for lot release, stability testing, formulation screening, process

* Corresponding author. Tel.: +81 6 4307 4001; fax: +81 6 6721 2353.
E-mail address: k.kakehi@phar.kindai.ac jp (K. Kakehi).

0021-9673/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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development, comparability assessment, and product character-
ization. However, slab gel IEF method is time consuming and
labor intensive. In addition, quantitative evaluation of the observed
bands (spots) is not practical. Thus, most biopharmaceutical com-
panies have shifted efforts into developing capillary based IEF
assays. The capillary isoelectric focusing (cIEF) method was first
introduced in 1985 by Hjerten and Zu using on-line direct UV detec-
tion [7]. The method involves a two-step process: the analytes are
first focused in the capillary, and then the focused proteins are
forced to move toward the on-line UV detector. This clEF method is
more robust, reproducible, and quantitative than slab gel IEF, and
it has been successfully applied to many therapeutic glycoproteins
including mAbs [5,8-10].

A different cIEF technique called imaged cIEF which employs
the whole capillary imaging technology to detect the focused pro-
tein without the mobilization step was first demonstrated by Wu
and Pawliszyn in 1992 [11,12]. The imaged capillary isoelectric
focusing (icIEF) method is faster than the conventional on-line
detection cIEF (typically, total run time is 20 min versus 60 min,
respectively). Reproducibilities in the iclEF method are slightly bet-
ter than cIEF, because iclEF method does not require mobilization
step that causes disruption of pH gradient and diffusion of focused
samples. The iclEF technology has been increasingly used in the
field of biopharmaceuticals, and it is now becoming one of the tools
to evaluate charge heterogeneity for the evaluation of many ther-
apeutic glycoprotein products [13-15] and protein-based vaccines
[16,17].
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A quartz microchip-based apparatus with a linear imaging
UV photodiode array detection (Shimadzu MCE-2010 system)
was also commercially available and used in the IEF analysis of
proteins. Vickovd et al. reported the results of IEF analysis of
some biopharmaceuticals using the installed quartz microchip
coated with linear polyacrylamide [18]. Three therapeutic pro-
teins, hirudin, erythropoietin, and bevacizumab as a model of
mAb were successfully analyzed, and the results were compared
with conventional capillary IEF in terms of peak profile, iso-
electric point (pI) values, and reproducibility. Kitagawa et al.
reported high-speed analysis of some proteins by a customized
microchip IEF apparatus [19], which has a devise for a simple
straight channel chip. A standard mixture of some proteins was
successfully separated into individual proteins having different pl
values.

Based on these previous works, we customized the microchip
apparatus for routine works in evaluation of charge variants of
mADb products. And an ultra-fast charge variant profiling which
enables to evaluate biopharmaceutical glycoprotein products was
estimated. The quartz chip having simple, short, and straight non-
coated channel with whole column imaging detection system was
investigated in terms of assay speed, throughput and the charge
profiles, and the results were compared with those acquired by
clEF.

In addition, effects of the attached glycans and C-terminal lysine
residues on charge varients of mAbs were also investigated. This is
‘important information for evaluation of quality of mAb products.

2. Materials and methods
2.1. Reagents

All mAb products, bevacizumab, trastuzumab and cetuximab,
were kindly donated by Kinki University Nara Hospital. Trans-
ferrin (human blood plasma) was purchased from Sigma-Aldrich
(St. Louis, MO). Carrier ampholytes, ranges of pH 3-10, 5-8 and
8-10.5, were obtained from GE Healthcare (Buckinghamshire, UK).
All pI markers (p[=5.12, 7.40, 8.18, 9.22, and 10.10) were from
ProteinSimple (Santa Clara, CA). Iminodiacetic acid and hydrox-
ypropyl methyl cellulose (HPMC; viscosity of 2% aqueous solution
at 20°C, 4000cP) were purchased from Tokyo Kasei (Chu-o-ku,
Tokyo, Japan) and Sigma-Aldrich, respectively. All other reagents,
L-arginine, L-aspartic acid, sodium hydroxide, phosphoric acid,
N,N,N',N'-tetramethylethylene-diamine (TEMED) were from Wako
Pure Chemical Industries (Dosho-machi, Osaka, Japan). Peptide-
N4-(acetyl-B-p-glucosaminyl) asparagine amidase (PNGase F, EC
3.5.1.52, recombinant) and carboxypeptidase B (EC 3.4.17.2) were
from Roche Diagnostics (Mannheim, Germany). Sialidase (from
Arthrobacter ureafacience) was purchased from Nakalai Tesque
(Nakagyo-ku, Kyoto, Japan).

2.2. mlEF instrument

On-chip measurements were performed on a commercial Shi-
madzu microchip electrophoresis system MCE-2010 (Kyoto, Japan),
in which the chip design and the device for application of volt-
age are modified for charge profiling purpose. The D;-lamp based
instrument possesses a diode array detector with 1024 elements
located along the separation channel, and it provides a linear
imaging UV detection during electrophoresis [20]. A non-coated
quartz microchip (Fig. 1a) having two 9 L reservoirs at the each
end of a simple, short, and straight separation channel, was pro-
vided from Shimadzu. The chip does not have the injection device,
because the whole analytical path is filled with the sample solu-
tion. Changing the chip design as shown in Fig. 1 shows the

a) Elecimde

Anolyte reservoir

Detection window

[ Catholyte reservoir

Separation channel
27 mm
J 40 mm |
b) Reservoir (9 pL)
Separation | Yoy
channel .

1.4 mm

{40,025 mm depth

l

Fig. 1. (a) Aquartz microchip specialized for isoelectric focusing, and (b) a scheme of
a separation channel and a reservoir. Separated sample zones are monitored during
electrophoresis within the detection window 0f25.6 mm from the anolyte reservoir.

best ability in isoelectric focusing (IEF) analysis. The semiellipti-
cal channel fabricated onto a quartz-chip plate is 25-pwm depth
and 60-pm width as shown in Fig. 1b. The effective separa-
tion length and the imaging detection window are 27 mm and
25.6 mm, respectively. There are two platinum electrodes on the
chip to apply voltages between the anolyte and catholyte reser-
voirs. :

2.3. Preparation of the sample solution for IEF analyses

All mAb preparations were desalted by passing the solution
through an ultrafiltration filter (Vivaspin 500; molecular weight
cut-off: 100,000, GE Healthcare), and diluted with water to make
aqueous 10 mg/mL solutions. The aqueous solution of transferrin.
(10 mg/mL) was also prepared in the same manner. The desalt-
ing procedure is especially important to obtain robust results in
mIEF.

Sample solutions for mIEF analysis were prepared by mixing
the protein solution with pharmalytes (pH 3-10, 5-8, and 8-10.5),
HPMC solutions at different concentrations, suitable two pI mark-
ers (1 L each) that are observed at both acidic and basic ends of
the mAb peaks, 200 mmol/L arginine and water. For cIEF analy-
sis, 4 uL of pharmalyte 3-10, 2 L of TEMED, 200 L of 0.8% (w/v)
HPMC, 1L of two pl markers and 8 wL of 10 mg/mL antibody
solution were mixed and diluted with water to make 400 uL of
sample solutions. Final concentrations of each component are: 1%
(v/v) pharmalyte 3-10, 0.5% (v/v) TEMED, 0.4% (w/v) HPMC, and
0.2 mg/mL mAb.

2.4. Digestion of cetuximab with carboxypeptidase B and sialidase

For hydrolysis of C-terminal lysine residue on heavy chain,
a solution of cetuximab (10mg/mL, 100 wL) was diluted with
20mM phosphate buffer (pH 7.2, 100 uL), and mixed with 2 pL
of carboxypeptidase B solution (1.5U). The mixture was incu-
bated at 37 °C for 12 h. After enzyme reaction, the reaction mixture
was dialyzed against distilled water and lyophilized to dryness.
The solution of carboxypeptidase-treated cetuximab (10 mg/mL,
100 wL) was diluted with 20mM sodium acetate buffer (pH 5.0,
100 L), and mixed with 2 pL of sialidase solution (2 mU). The mix-
ture was kept at 37 °C for 12 h, and dialyzed against distilled water,
and lyophilized to dryness. The dried samples thus obtained were
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Table 1
Stepwise applied voltage for mIEF.
Peptide marker Transferrin mAbs
Time (s) Voltage (V) Time (s) Voltage (V) Time (s) Voltage (V)
0-20 130 0-20 130 0-20 100
20-100 250 20-40 250 20-120 200
100-240 500 40-100 500 120-220 390
100-200 1000 220-270 780
270-380 1560

dissolved in distilled water to make 10 mg/mL concentration, and
used for the analysis.

2.5. mlEF analysis

A bare silica chip was employed throughout all mIEF experi-
ments. Prior to the mIEF measurement, both channel and reservoirs
were rinsed with water 3 times from one end of the channel
by applying suitable pressure using a syringe filled with water.
Between measurements, the chip was rinsed with water 5 times.
After removing water by applying air pressure with a syringe, the
anolyte reservoir was filled with the sample solution and pres-
sure was applied to the reservoir by a syringe in order to fill the
channel with the sample solution. The anolyte and catholyte reser-
voirs were then emptied. And the anolyte reservoir was filled with
anolyte (40 mmol/L of aspartic acid containing 1.0% (w/v) HPMC),
and the catholyte reservoir was filled with catholyte (100 mmol/L of
sodium hydroxide with 1.0% (w/v)HPMC). Focusing was performed
by applying voltage as indicated in Table 1.

Microchip used in this study is specially modified and has a large
reservoir volume (9 pL) for catholyte and anolyte. Therefore, apply-
ing of constant high electric field strength (e.g. 450 V/cm) causes
current burst at early stage of electrophoresis. Adopted stepwise
voltage program could reduce initial current burst which causes
migration of sample ions toward cathode with electroosmotic flow,
and also could keep constant current during focusing. Detection
was performed at 280 nm with monitoring the progress of the sep-
aration. The final image of the IEF trace was then converted to a
data file for data analysis.

2.6. cIEF analysis

A P/ACE capillary electrophoresis system (Beckman Coulter,
Fullerton, CA) equipped with a filter-based UV detector set at
280 nm was applied for cIEF measurements. Separations were car-
ried out at 20°C using a commercially available DB-1 capillary
(internal diameter, 50 pm, Agilent Technologies, Palo Alto, CA)
with an effective length of 30cm (total length, 40 cm). The cap-
illary was rinsed with 6 mol/L urea for 10 min and then with water
for 10 min prior to use. At the initial step, the capillary was filled
with the sample solution by applying pressure (30 psi) for 2 min.
During clEF separation, 200 mmol/L of phosphoric acid containing
0.4% (w/v) HPMC was used as the anode buffer, and 300 mmol/L
of sodium hydroxide containing 0.4% (w/v) HPMC was used as the
cathode buffer. For focusing step, voltage at 25 kV in normal polar-
ity was applied for 10min to focus charge variants into their pI
positions. For mobilization of the separated zones toward detec-
tion window, voltage at 25kV in normal polarity was applied, and
pressure at 0.5 psi was also added to both negative and positive
ends of the capillary. The mobilized sample zones were detected at
280 nm. Between IEF analyses, the capillary was rinsed for 5 min
with 6 mol/L urea, and then with water for 5min. All the data
were analyzed by 32 Karat software, version 8.0 (Beckman Coul-
ter).

3. Results and discussion
3.1. Optimization studies for mIEF

At the initial step of optimization studies on mlIEF analysis,
transferrin (human, isoelectric point of the major isoform, ca.
5.4 [21]) was employed as model protein, because isoforms of
transferrin have been extensively examined for clinical tests of
chronic alcoholism [22~24]. Transferrin has two possible N-glycan
attaching sites, and major N-glycans observed in transferrin are
disialo-biantennary glycans, and trisialo-triantennary glycans are
also present as minor glycans [25]. Four parameters (a) neutral
polymer, (b) Pharmalyte, (c) mixing ratios of different pl range
Pharmalyte, and (d) urea, were optimized (Table 2).

3.1.1. Effect of neutral polymer concentration

Hydroxypropylmethylcellulose (HPMC, a commonly used neu-
tral polymer) was used as an additive for mIEF to reduce
electroosmotic flow during separation. Addition of a neutral poly-
mer in the running buffer covers the silica surface and prevents
the irreversible adsorption of the protein molecules to the quartz
channel [26-28]. Therefore, the presence of the neutral polymer
in the electrolyte improves the sensitivity as well as durability of
the quartz chip. The sample solution for mIEF was prepared by
mixing an aqueous solution (10 mg/mL: 20 pL) of transferrin, 1 L
of pI markers (pl 5.12 and 7.40), and HPMC solutions containing
different concentrations of Pharmalyte 5-8. Isoforms of transfer-
rin were not resolved well in a range of 0-0.1% of HPMC probably
due to non-specific adsorption of the protein to the channel wall
(Fig. 2a-1 and -2), because the peak intensities are smaller than
those observed at higher concentrations of HPMC. When higher
concentrations than 0.4% of HPMC were used (Fig. 2a-4 and -5),
peaks became broader probably due to molecular sieving effect
provided by HPMC [29,30]. Yasui et al. investigated the correla-
tion between electrophoretic mobility of non-denatured proteins
and HPMC concentration below 1.0% {31], which is much lower
than the reported entanglement point [32]. HPMC has amphiphilic
properties, and shows non-specific interactions with proteins at
high concentrations [31] (Fig. 2a-4 and -5). From these reasons,
0.2% HPMC concentration (Fig. 2a-3) was selected.

3.1.2. Pharmalyte concentration and its mixing ratios

In the present study, we chose Pharmalyte as carrier ampholyte
due to the robustness in IEF analysis [5]. In order to achieve the best
resolution among isoform peaks of transferrin, Pharmalyte concen-
tration was investigated. At the lower concentrations than 1.0% of
Pharmalyte, transferrin showed broad peak due to incomplete for-
mation of pH gradient in the channel (Fig. 2b-1 and -2). On the
other hand, broad peaks were also observed at the concentrations
of 4.0% or 8.0% of Pharmalyte, although relatively sharp peaks of
pl markers were observed (Fig. 2b-4 and -5). At 2.4% concentration
of Pharmalyte, transferrin showed the similar electropherogram as
reported previously [33] (Fig. 2b-3).
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Table 2
Parameters on optimization studies in mIEF.

Urea concentration (mol/L)

Parameter group No. HPMC concentration Pharmalyte concentration Mixing ratios of pharmalyte
5-8 3-10

(a) -1 0.0% 2.4% 1 0 0
-2 0.1% 2.4% 1 0 0
-3 0.2% 2.4% 1 0 0
-4 0.4% 2.4% 1 0 0
-5 0.8% 2.4% 1 0 0

(b) -1 0.2% 0.5% 1 0 0
-2 0.2% 1.0% 1 0 0
-3 0.2% 2.4% 1 0 0
~4 0.2% 4.0% 1 0 0
-5 0.2% 8.0% 1 0 0

(c) -1 0.2% 2.4% 1 0 0
-2 0.2% 2.4% 4 1 0
-3 0.2% 2.4% 9 1 0
-4 0.2% 2.4% 19 1 0

(d) -1 0.2% 2.4% 19 0
-2 0.2% 2.4% 19 1
-3 0.2% 2.4% 19 1 2

Mixing ratio of Pharmalyte products having different range of
pis to form the best pH gradient in the separation channel, is one
of the key parameters to achieve the best resolution. Since trans-
ferrin possesses charge variants in a range of p/ 5-7, several mixing
ratios of Pharmalyte 3-10 and Pharmalyte 5-8 were examined.
When Pharmalyte 3-10 and Pharmalyte 5-8 were used in 1:19
ratios (Fig. 2c-4), the best resolution of the peaks was observed
as compared to the case using only Pharmalyte 5-8 (see Fig. 2b-3).

p17.40
1 2

N

0 ' 1'0L( ‘) 20 256
mm

3.1.3. Addition of urea and TEMED

Urea is a commonly used additive for both cIEF and iclEF to
increase solubility of hydrophobic proteins around their p! val-
ues [9,34], but urea denatures proteins, and often causes shifts of
their pl values {11,35]. When urea was added to the separation
mixture at 1mol/L and 2mol/L, pI values of the main peak were
slightly shifted to the cathode and peak intensities were gradu-
ally decreased (Fig. 2d-2 and -3) probably due to denaturing of

C) pI5.12

N
1 1740
J-//Ll/\‘
A"
2

0 T 20 25.6
L (mm)

Fig. 2. mIEF separations at (a) several HPMC concentrations, (b) Pharmalyte concentrations, (c) Pharmalyte mixing ratios, and (d) urea concentrations in the separation
mixture. Solid arrows and dashed arrows show pl markers of 5.12 and 7.40, respectively. (a) Sample solutions containing (1) 0%, (2) 0.1%, (3) 0.2%, (4) 0.4%, and (5) 0.8% HPMC
as final concentration. (b) Sample solution containing (1) 0.5%, (2) 1.0%, (3) 2.4%, (4) 4.0%, and (5) 8.0% Pharmalyte as final concentration. (c) Sample solution containing
Pharmalyte 3-10 and 5-8 at (1) 0:1,(2) 1:4,(3) 1:9, and (4) 1:19 ratios to make 2.4% Pharmalyte as final concentration. (d) Sample solution containing (1) 0mol/L,(2) 1 mol/L,
and (3) 2 mol/L urea as final concentrations. Analytical conditions: anolyte, 0.04 mol/L aspartic acid with 1% HPMC; catholyte, 0.1 mol/L sodium hydroxide with 1% HPMC;
stepwise separation voltages were applied as shown in Table 1. Detection: UV absorption at 280 nm. Four parameters on optimization studies for mIEF are listed in Table 2.



