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Preface

The 21st Annual and International Meeting of the Japanese Association for
Animal Cell Technology (JAACT) “POWER OF CELLS” was held at the Fukuoka
International Congress Center in Fukuoka, Japan from November 24–27, 2008.
The meeting focused on recent advancements in the field of animal cell tech-
nology from both basic and applied aspects. We invited academic and industrial
scientists from all over the world to make this meeting truly successful and scien-
tifically fruitful. More than 340 participants from 14 countries joined the meeting
and gave presentations (plenary & keynote lectures, 3; Murakami memorial lecture,
1; presentations by symposists, 37; technical seminars, 6; oral presentations, 30;
poster presentations, 126). Fields and titles of 9 symposia were 1. “From Molecules
and Genes to Therapies: Industrial ACT Perspectives”, 2. “Stem Cells: Culture
Technology to Clinical Application – Yasuo Kitagawa Memorial Symposium – ”, 3.
“Innovation for Tissue Engineering of Metabolic Organs”, 4. “Cell Engineering –
from Omics to Cell Culture Processes”, 5. “Water and Life”, 6. “Nutrigenomics:
Lipid Metabolism and Cancer Prevention”, 7. “Recent Progress in Cell Culture
Process Development”, 8. “Novel Production System for Biologics”, 9. “ Challenges
on Down Stream Process Development for Biologics”. All presentations (oral and
poster) were brought together on the following topics.

1. Cell culture engineering
2. Production of biologicals
3. Functional cell lines
4. Glycoengineering
5. Immunologicals, monoclonal antibodies, and vaccines
6. Transplantation, artificial organs, and organ substitutes
7. Gene therapy
8. Transgenic animals
9. Safety and regulation

10. Cell regulatory factors and signal transduction
11. Functional substances in food and natural sources
12. Animal cells for in vitro assay

The editors hope this volume of Proceedings will greatly contribute to the
development of animal cell technology for innovation of life science.
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The editors express their sincere thanks to all the participants, symposium
organizers, chairmen, speakers, members of the organizing committee, and the
student staff of this meeting for their valuable contributions.
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Exposition ’70, Fukuoka Convention & Visitors Bureau, ThermoFisher Scientific
Japan, and Kao Foundation for Arts and Sciences for financial supports.
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Purification of Hepatoblasts from Fetal Mouse
Livers by Using a Temperature-Reversible
Gelation Polymer and Their Application
in Regenerative Medicine

Purification of Hepatoblasts and Their Application
in Regenerative Medicine

Koichiro Yori, Toru Koike and Nobuyoshi Shiojiri

1 Introduction

Hepatoblasts are liver progenitor cells generating both mature hepatocytes and bil-
iary epithelial cells during fetal development, dependent on their positions placed
in the liver (Fig. 1) [4]. They also have a remarkable growth potential during liver
development [3]. The use of hepatoblasts and adult hapatocytes as cell sources in
hybrid-type artificial liver models may allow to maintain their hepatic functions
for longer periods, in which dying mature hepatocytes could be replaced by hep-
atocytes differentiated from hepatoblasts. Hepatoblasts can also be useful for cell
transplantation therapy in regenerative medicine.

The thermo-reversible gelation polymer called Mebiol gel is a chemically
synthesized biocompatible material. It is soluble below a lower critical solution
temperature (LCST) and becomes solid above the LCST [8]. Within the gelation
polymer, epithelial cells can grow whereas fibroblastic cells cannot survive because
the latter cannot use the polymer as an anchorage. Because mammalian fetal liv-
ers contain various kinds of nonparenchymal cells such as hepatic stellate cells,
endothelial cells and hemopoietic cells, the gelation polymer may be useful to
separate hepatoblasts or hepatocytes from the nonparenchymal cells.

In the present study, we applied the gelation polymer to separate hepatoblasts or
hepatocytes from nonparenchymal cells in cell suspensions of fetal mouse livers.
As a result, the separation was successful and highly pure and viable hepatocyte
preparations were obtained with a high recovery rate after culturing fetal mouse
liver cells in the gelation polymer for 3 or 5 days. While hepatoblasts gave rise to
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Fig. 1 Histogenesis of the mouse liver. (A) E12.5 liver. (B) E17.5 liver. (C) Adult liver. E12.5
liver is a hemopoietic organ, in which hemopoietic cells are abundant. Arrow indicates a bile duct
or its precursor. H-E staining

hepatocytes within an authentic Mebiol gel, they differentiated into biliary epithelial
cells forming cystic structures and expressing no hepatocyte marker in the presence
of basal laminar components.

2 Materials and Methods

Cell culture and purification of hepatoblasts Briefly, E12.5 livers of C3H/HeSlc
strain mice were diced and treated with dispase (1000 U/mL) (Godo Shusei) for
30 min at 37◦C. The liver specimens were subsequently dispersed into single cells
by pipetting, and filtrated through a nylon mesh filter. The filtrate was washed
twice by centrifugation. The resulting cellular pellet was resuspended at a cell den-
sity of 7 106 cells/mL in thermo-reversible gelation polymer (Mebiol) containing
DM-160 supplemented with 10% fetal calf serum. The gelation polymer contain-
ing fetal liver cells (10 μL) was placed and left for gelation on Teflon-coated
glass slides (Ea Brown) at 37◦C. Culture medium (60 μL) was then added on the
gel. Basal laminar component gel (Matrigel; BD) was also mixed with the Mebiol
gel. For reference, E12.5 liver cells were cultured on the glass slide without the
gelation polymer. For isolation of cultured hepatoblasts/hepatocytes, the gelation
polymer containing cultured cells was placed on ice to obtain its sol-condition.
The resultant cell suspensions were filtrated by using a membrane filter (pore
size 30 μm), and aggregates of fetal hepatoblasts/hepatocytes were trapped on the
membrane filter. For immunohistochemistry, the cultured cells within the gelation
polymer were fixed in a cold mixture of ethanol and acetic acid, and embedded in
paraffin.

Immunohistochemistry. Hydrated sections were incubated for 1 h at room
temperature with primary antibodies against alpha-fetoprotein (AFP), albumin,
carbamoylphosphate synthase I (CPSI), HNF4α, cytokeratin, vimentin, desmin,
PECAM-1, etc. After washing, sections were incubated with a Cy3 or fluorescein-
labeled, species-specific donkey antibodies (Jackson ImmunoResearch Lab.) for 1 h
at room temperature, washed again, and mounted.
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RNA preparation and RT-PCR. Dissected livers were dissolved in TRIzol
(Invitrogen) and total RNA was prepared according to the manufacturer’s instruc-
tions. RT-PCR was performed as described [5]. Mouse β-actin mRNA was used as
the internal control.

3 Results

3.1 Culture of E12.5 Liver Cells within Thermo-Reversible
Gelation Polymer

When dispersed E12.5 liver cells were cultured in a Mebiol gel, hepatoblasts rapidly
aggregated and formed spheroid structures on day 1 (Fig. 2). Nonparenchymal
cells persisted to be dispersed in the gel. With culture, the hepatoblast spheroids
enlarged and became compact and smoother on their surface (Fig. 2). When cul-
tured liver cells on days 1 and 5 were immunohistochemically analyzed for their
maturation, hepatoblasts gave rise to large hepatocytes, which expressed CPSI,
albumin and AFP (Fig. 2). The contamination of nonparenchymal cells in the hep-
atoblast/hepatocyte aggregates was minimal on days 1 and 5; almost no positive
immunoreactions of PECAM-1, desmin and vimentin were detected. Tissue sections
stained for nuclei by DAPI showed that nuclei of hepatoblasts/hepatocytes were
clearly positive, whereas those of nonparenchymal cells, which were recovered with
hepatoblast/hepatocyte aggregates, were negative, suggesting that the latter may be
dead.

Fig. 2 Aggregate formation of E12.5 liver cells cultured in a Mebiol gel on days 1 (A, D), 3
(B, E) and 5 (C, F). (A-C) Phase-contrast micrographs. (Insets in A-C) Magnified view of hep-
atoblast/hepatocyte aggregates. (D-F) H-E staining. (Inset in F) Immunofluorescence of CPSI.
Hepatoblasts form spherical aggregates and give rise to large hepatocytes expressing CPSI in a
Mebiol gel on day 5. Bars in 2A-C indicate 100 μm. Bars in 2D-F indicate 50 μm
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RT-PCR analysis of mRNAs for hepatocyte or nonparenchymal cell marker
genes demonstrated that hepatocyte maturation proceeded well and nonparenchymal
cells grew poorly or expressed very low levels of desmin, vimentin and PECAM-1
mRNAs in cultures of the fetal liver cells within the gelation polymer.

3.2 Separation of Cultured Fetal Hepatoblasts/Hepatocytes
from Nonparenchymal Cells

After 3 or 5 days of culture within a gelation polymer, E12.5 liver cells in a
Mebiol solution on ice were filtrated by using a membrane filter (pore size 30 μm)
(Fig. 3), and trapped aggregates on the membrane filter were analyzed for
gene expression for liver-specific markers and contamination of nonparenchymal
cells. Immunohistochemical analysis demonstrated that the contamination of non-
parenchymal cells was minimal and the purity of hepatocytes was almost 100%.
RT-PCR analysis also demonstrated that very few nonparenchymal cells were
contained in the trapped hepatocytes. Nonparenchymal cell fractions that passed
through the membrane filter expressed vimentin and desmin very poorly, suggesting
that they were dead.

Fig. 3 Purified
hepatoblast/hepatocyte
aggregates through a
membrane filter after
culturing. E12.5 liver cells
within a Mebiol gel for 5 days
(Phase-contrast micrograph).
Bar indicates 50 μm

3.3 Differentiation of Mature Hepatocytes from Hepatoblasts
within Thermo-Reversible Gelation Polymer

The maturation state of differentiated hepatocytes cultured for 5 days within a
Mebiol gel was further analyzed by using RT-PCR. Differentiated hepatocytes
expressed CPSI, tyrosine aminotransferase, tryptophan oxygenase and glucose-6-
phosphatase mRNAs as mature hepatocyte markers, the levels of which were much
higher than those of E17.5 livers. Especially the expression of glucose-6-phosphase
mRNA was close to that of adult livers. The level of their AFP mRNA expression
also declined under that of E12.5 livers. These data showed that the differentiated
hepatocytes were close to adult hepatocytes in maturation.
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3.4 Induction of Biliary Cell Differentiation from Hepatoblasts
with Basal Laminar Components

When E12.5 liver cells were cultured within a Mebiol gel containing 10–30%
Matrigel, hepatoblasts formed cyst structures of various sizes with large lumina on
day 1, and these structures persisted in culture through day 5 (Fig. 4). The growth
of nonparenchymal cells was minimal, but some viable cells were present in these
cultures. Immunohistochemical analyses showed that approximately 20% epithelial
cells forming cystic structures did not express HNF4 (Fig. 4), although large hep-
atocytes also differentiated. RT-PCR analyses demonstrated that the expression of
mature hepatocyte markers (CPSI and HNF4 mRNAs) was downregulated.

Fig. 4 Induction of biliary cell differentiation from hepatoblasts by basal laminar components.
E12.5 liver cells were cultured in a Mebiol gel containing Matrigel (20%). (A) Phase-contrast
micrograph of a cystic structure on day 5. (B) Double immunofluorescence of HNF4α (red) and
cytokeratins (green). HNF4α-negative epithelial cells are observed in a cystic structure on day 5
(arrows). Blue, DAPI staining. PV, portal vein. Bars indicate 50 μm

4 Discussion

In the present study, we succeeded in isolation of hepatoblasts/hepatocytes in
E12.5 liver cell suspensions with high recovery rate and purity by using a thermo-
reversible gelation polymer. Purified hepatocytes were highly viable and expressed
liver-specific markers, although their growth was very limited in our standard
culture condition without the conditioned medium or growth factors (data not
shown). Our separation protocol is simpler and more efficient to purify fetal hep-
atoblasts/hepatocytes from fetal liver cell suspensions than other protocols using
antibodies against E-cadherin or Dlk [2,7], although it takes 3 or 5 days to
make their compact spheroids that can be trapped on the membrane filter used.
However, the protocol does not include any antibody treatment and can also
minimize protease treatment, which leads to a higher viability of hepatoblasts/
hepatocytes.
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It is noteworthy that hepatoblasts could give rise to mature hepatocytes without
nonparenchymal cells within a Mebiol gel. We do not precisely know at present
why nonparenchymal cells died in the gel. Nonparenchymal cells could adhere
to hepatoblast aggregates for their survival, which did not occur in the gel. The
three-dimensional structures (shapes) of mature hepatocytes have been demon-
strated to be important in their gene expression, and cytoskeletal structures play
an important role in this phenomenon [1]. Thus, the formation of spheroidal struc-
tures of hepatoblast/hepatocyte aggregates may work positively for their maturation.
Nonparenchymal cells can also help hepatoblasts to make three-dimensional struc-
tures in vivo. As our preliminary data showed that the presence of the conditioned
medium of E12.5 liver cells dramatically stimulated the growth of hepatoblasts
(data not shown), soluble factors produced by nonparenchymal cells may play an
important role in hepatoblast growth in vivo.

We also induced biliary cell differentiation in hepatoblasts by using basal lami-
nar components, which agrees well with the data showing that fetal liver progenitor
cell lines can construct cystic structures, responding to basal laminar components
[6]. However, it still remains to be analyzed which molecules in basal laminar com-
ponents are important, or whether other extracellular matrix components have a bile
duct-inducing potency. These are questions to be resolved in the future.

In any event, our protocol for isolation of liver progenitor cells may be useful for
their cell transplantation therapy, and our culture conditions controlling differentia-
tion of hepatoblasts may be applicable to the development of a hybrid-type artificial
liver model, in which adult hepatocytes and fetal hepatoblasts were incorporated.
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Computer Aided Rational Design of Biochemical
Systems

Hiroyuki Kurata

1 Introduction

Goals of systems biotechnology are to construct a biochemical network map within
a cell, to analyze the mechanism of how a molecular architecture generates par-
ticular cellular functions, and to rationally design a biochemical network for an
engineering purpose [1]. To effectively perform such analysis and design, we have
developed the comprehensive software suit, CADLIVE (Computer Aided Design
of LIVing systEms), that consists of a network constructor [2], database, a path-
way search module for virtual knockout mutants [3], an automatic layout module
for drawing a large-scale network map [4], and a dynamic simulator with an opti-
mizer [5]. The CADLIVE network constructor is a computational tool for drawing
a large-scale map of biochemical networks and for registering their associated
regulator-reaction equations (RREs). CADLIVE improves on Kohn’s Molecular
Interaction Map notation for dynamic simulation [6], which describes biochemical
networks in a form that can be readily processed by both computers and humans. We
have developed the dynamic simulator that provides a rule-based automatic way to
convert biochemical network maps into mathematical models, which enables sim-
ulating their dynamics without going all the reactions down to the details of exact
kinetic parameters. The simulator has a powerful optimizer that adjusts the dynamic
model to experimental data.

In this paper, we introduce the CADLIVE system and apply it to the system
analysis of complex regulation networks.

H. Kurata (B)
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2 Methods

2.1 CADLIVE GUI Network Constructor

The CADLIVE network constructor is a software for drawing a large-scale map
of biochemical networks and for registering their associated RREs in an extension
of SBML [2, 3](Fig. 1). The RRE, Regulator (Modifier) (-0/->>/-II) Reactants ->
Products, clearly shows the relationship between regulators and their regulated reac-
tions and describes not only a mechanistic model but also a semantic model, i.e., a
meaningful flow of signal transduction pathways. CADLIVE improves on Kohn’s
MIM notation for computer simulation [6], which describes signal transduction
pathways and metabolic circuits in a form that can be readily processed by both
computers and humans.

A major consideration in the CADLIVE’s graphical notation is the capability
to trace all known interactions of any given molecular species in the temporal
order. Accordingly, each molecular species ideally appear only once in a diagram
and all interactions involving those species should emanate from a single symbolic
object.

Using the CADLIVE GUI network constructor, one is able to draw biochemical
networks and to generate their associated regulator reaction equations (RREs).

Fig. 1 CADLIVE GUI network constructor The ammonia assimilation network map
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2.2 Automatic Layout System

Biochemical network maps are indispensable for an understanding of complex bio-
chemical networks. Thus, CADLIVE implements an automatic layout program to
draw a large-scale biochemical network map from RREs, which exhibits cluster
structures clearly in relatively compact layout areas without any prior knowledge
[4]. A network map is modeled as a system of interacting nodes on squared grids.

2.3 Pathway Search for a Virtual Knockout Mutants

We developed the pathway explorer, which is effective in exploring the flow of
signals or mass in complex biochemical networks or in understanding molecular
architectures, such as redundant pathways and feedback loops [3]. In addition, we
developed the virtual knockout module that removes a target gene from a biochem-
ical network, where the complexes and modified molecules derived from the target
gene and the biochemical compounds catalyzed by the gene products are removed
together. Combination of pathway search with virtual knockout function facilitates
an understanding of the function of a target gene.

2.4 Dynamic Simulator with an Optimizer

A problem for dynamic simulation is that biochemical maps are not readily con-
verted into a mathematical model, because the biochemical map is too complicated
and heterogeneous and there are few kinetic parameters that have been measured in
vivo. In order to overcome these problems, we presented the well-design rules that
automatically convert a biochemical map into a mathematical model and developed
the CADLIVE simulator that implements those rules to simulate and optimize the
dynamics of biochemical models (Fig. 2) [5].

CADLIVE has a novel strategy, which divides a biochemical map into three lay-
ers and partitions the conversion process into two stages, with the well-designed
conversion rules in an XML representation. Of course, the CADLIVE simulator
supports biochemical maps generated by the GUI editor. In most biochemical net-
works, only a few kinetic parameters have been measured in vivo. To overcome this
problem, the simulator implements the optimizer that tunes kinetic parameters by
using a variety of genetic algorithms (GAs). In addition, Message Passing Interface
(MPI) on Grid computing (Globus) is employed to achieve high-speed optimization.

2.5 Ammonia Assimilation System

The E. coli ammonia assimilation system consists of three layers: gene, protein,
and metabolic layers (Fig. 1) [5]. In this system, glutamine and glutamate are
synthesized by adding ammonia to 2-ketoglutarate by glutamine synthetase (GS),
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Fig. 2 CADLIVE dynamic simulator. A client-server model

glutamate synthase (GOGAT), and glutamate dehydrogenase (GDH). In the low
concentration of ammonia, GS plays a major role in the ammonia assimilation.
This system has multiple feedbacks that provide a robust property for the intracel-
lular N/C ratio of the concentration of the nitrogen source (N) to that of the carbon
source(C) against environmental stress. These feedbacks regulate the activity and
synthesis of glnA (GS) and the transcription of nitrogen-regulated (Ntr) genes, glnG
(NRI), glnL (NRII), glnK (GlnK) [7]. The PII protein plays a key role in regulation
of such genes [8].

3 Results and Discussion

3.1 Mathematical Model Construction

We proposed the detailed mathematical model of the ammonia assimilation system
at molecular interaction levels. We used the Two-Phase Partition (TPP) method to
build mathematical model [5]. The TPP method divides the kinetics of molecular
interactions into two phases, the molecular binding phase and the reaction phase.
The mathematical model of this system consists of 53 algebraic equations (binding
phase) and 19 differential equations (reaction phase). In order to build dynamic
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models, it is required to adjust the kinetic parameters to experimental data. But the
values of most kinetic parameters have not been measured because of experimental
difficulties. Thus, we optimized parameters by using genetic algorithms.

3.2 Dynamic Simulation

We simulated the time course of the ammonia assimilation system, where the ammo-
nia concentration decreased to one tenth on 1000 min. The ratio of the glutamine
concentration to the 2-ketoglutarate concentration (N/C ratio) was maintained in a
low ammonia concentration, indicating that the N/C ratio shows robustness against
a changing ammonia concentration (Fig. 3).

Fig. 3 Simulated time course
of the N/C ratio.The ammonia
concentration decreased to
one tenth on 1000 min

We compared the simulated results of various knockout mutants with the exper-
imental data, where the GS concentrations were simulated under ammonia-rich
or ammonia-limiting medium. These simulations not only reproduced the typical
dynamic features of wild type but also agreed with the experimental behaviors of
many knockout mutants, �glnG (NRI), �glnL (NRII), �glnD (UTUR), �glnB
(PII), and �glnK (GlnK). These results demonstrate the validity of the dynamic
model [7].

3.3 System Analysis

Using the validated model predicted the physiological role of glnK. GlnK is the
homolog of PII and the transcription regulation is different, but the physiological
function remains to be elucidated [9]. The simulated result showed that GlnK was
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involved in the hysteresis of the Ntr gene expressions with respect to the ammo-
nia concentration. The hysteresis is caused by a positive feedback that consists of
glnAp2 (Enhancer) and glnG. On the other hand, the effect of the positive feedback
is suppressed by glnK. The hysteresis appeared very clearly in the glnK knockout
model, and did not appear in the glnK overexpression model. We predicted that the
glnK gene is responsible for hysteresis or reversibility of Ntr gene expressions with
respect to the ammonia concentration, demonstrating the molecular mechanism for
the experimental observation of the runaway expression of the Ntr genes.
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DNA Microarray in Nutrigenomics and Cancer
Prevention Research: Elucidating Molecular
Signatures of Cancer Preventive Phytochemicals

Thomas T.Y. Wang

1 Introduction

Population and experimental studies have implicated dietary components in the pre-
vention of prostate cancer [1, 2]. In particular, consumption of a diet that is rich in
fruits, vegetables, and legumes is associated with a decreased risk for prostate and
other forms of cancer [1, 2]. Hence, there is much interest in pursuing the devel-
opment of food-derived products or compounds as chemopreventive agents due to
their expected safety and the fact that they are not perceived as medicine per se [2].
However, the molecular targets of phytochemicals, as well as the mechanisms that
contribute to their beneficial effects on cancer, remain elusive. Further elucidation of
the molecular targets, i.e. molecular signatures and mechanisms, would be important
in understanding their cancer preventive properties. In our pursuit of these impor-
tant and complex issues, we have taken two approaches to address these questions.
One approach described in this report examined the effects of phytochemicals on
specific pathways such as apoptosis [3]; the other used DNA microarray analysis as
a global gene expression profiling tool [4]. Our work on resveratrol, a grape derived
candidate cancer protective agent, is highlighted. Resveratrol [5] is a polyphenol
(3, 4, 5 -trihydroxystilbene) categorized as a phytoalexin [6] found principally in
the skin of grapes, peanuts, and other plant species [7]. Recent studies attributed a
variety of health benefits to consumption of foods containing resveratrol, including
protection against cancers, cardiovascular disease, and aging [8]. However, despite
works [8–10] suggesting that resveratrol showed promise as a prostate cancer
chemopreventive agent, the in vivo effects of resveratrol, as well as the mechanisms
underlying those effects on prostate cancer, remain largely unknown.

In our example, microarray technology was used to identify genes modulated by
resveratrol in the human prostate cancer LNCaP cell culture model. The information
indicated modulation of androgen-dependent pathways as a possible mechanism of
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action. Microarray results were also use to compare other candidate cancer pre-
ventive compound such as genistein, a soy-derived phytochemicals. The molecular
information was used to design an animal model to validate our in-vitro observa-
tion. These results demonstrated the utility of microarray and cell culture model
technologies, and illustrated the feasibility of in-vivo/in-vitro complementary mod-
els to examine molecular mechanisms, identify molecular targets, and determine
efficacy of diet-derived compounds.

2 Materials and Methods

2.1 Chemicals

Genistein, daidzein, Resveratrol, 17β-estradiol, dihydrotestosterone (DHT), and
dimethylsulfoxide (DMSO) were purchased from Sigma Chemical Co. (St. Louis,
MO). Equol was purchased from INDOFINE (Hillsborough, NJ). The synthetic
androgen R1881 was from NEN Life Science Products (Boston, MA). Cell culture
media and reagents were from Invitrogen (Carlsbad, CA).

2.2 Cells, Cell Culture and Cell Growth

LNCaP human prostate cancer cells were obtained from the American Type Culture
Collection (Manassas, VA) and maintained in Media with 10% fetal bovine serum
(FBS) (Invitrogen, Carlsbad, CA) [4]. Cells were incubated in ambient 5% CO2
in air at 37◦C. The LNCaP cells (5×104 cells/well) were plated in 24-well plates
(Costar) for cell growth assays; and treatments were begun 24 h later. Cells were
treated with 0, 1, 5, 10, or 25 μM resveratrol (DMSO as vehicle) for 0–96 h,
and the medium containing resveratrol was replaced every 24 h. Cell growth was
analyzed using the sulforhodamine B (SRB) assay [4]. For experiments using the
synthetic androgen R1881 or 17 β-estradiol, cells were switched to Media with 10%
charcoal/dextran-treated FBS (CDS, Hyclone, Logan, UT) 24 h after plating to min-
imize the effect of serum steroid hormones [4]. The cells were then incubated for an
additional 24 h before the treatments were begun.

2.3 Analysis of the Effect of Resveratrol and Soy-Derived
Phytochemicals on Global Gene Expression in LNCaP Cells

For microarray gene expression profiling experiments, LNCaP cells (2×107 cells/T-
175 flask) were exposed to 0, 1, 5, or 25 μM phytochemicals for 48 h, total RNA
was isolated, and microarray analysis performed using the Affymetrix (Affymetrix,
Inc., Santa Clara, CA) platform [4]. The Affymetrix U133 chip was used for gene
expression analysis. Responsive genes were identified using the MAS 5.0 suite
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(Affymetrix) following criteria of a 1.5-fold increase and p<0.01 as a cut off [4].
Triplicate treatments were performed for each concentration, and gene expression
in LNCaP cells was confirmed using real-time PCR [4].

2.4 Effects of Resveratrol on LNCaP Cancer Cell Xenografts
in Athymic Nude Mice

To determine the prostate cancer protective effects of resveratrol in vivo, a nude
mouse xenograft model [11] was used. Mice were randomly assigned to the fol-
lowing diet groups: (a) Control (AIN-93M) diet, (b) AIN-93 M supplemented with
50mg resveratrol/kg diet (RES50), or (c) AIN-93M supplemented with 100 mg
resveratrol/kg diet (RES100). Pellet diets were prepared by Research Diets (New
Brunswick, NJ). Twenty-two mice were used per treatment group. The cancer
preventive efficacy of resveratrol was assessed by twice-weekly measurements
of tumor volume using the equation: tumor volume (cm3) = 0.523 × [length
(cm) × width2 (cm2)] [11]. Immunohistochemical (IHC) determination of steroid
hormone-responsive pathway response, proliferation, apoptosis, and angiogenesis
were performed as previously described [11]. Prostate specific antigen (PSA), a clas-
sic ARG responsive to both androgen and estrogen [12], was used to assess the effect
of resveratrol on steroid hormone-dependent pathways proliferating cell nuclear
antigen (PCNA) was used as a proliferation marker. Micro blood vessels were iden-
tified using Platelet/Endothelial Cell Adhesion Molecule 1 (PECAM-1) staining.
The IHC Staining Protocol for Vascular Endothelial Growth Factor (VEGF) was
used as previously reported [11].

2.5 Statistical Methods

For in vitro experiments, StatView (SAS Institute Inc., Cary, NC) software was used
for statistical analysis. Multiple group data were analyzed using ANOVA followed
by post-hoc analysis with Fisher’s PLSD test. The unpaired Student’s t-test was
used to compare experiments with two groups. Values were considered significant
at p<0.05. The mouse tumor data for each treatment group were analyzed using
SAS R© Proc MIXED (SAS Institute, Inc.) [11].

3 Results and Discussion

3.1 Effects of Resveratrol on LNCaP Cell Growth In Vitro

In vitro exposure of androgen-responsive LNCaP human prostate cancer cells to
medium containing 10% FBS with various concentrations of resveratrol (0–25 μM),



16 T.T.Y. Wang

relative to medium without resveratrol, resulted in concentration-dependent growth
inhibition at concentrations as low as 5 μM. As both androgen and estrogen con-
tribute to cell growth in LNCaP cells cultured in 10% FBS [12], we examined the
interactive effects of resveratrol, androgen, and estrogen on growth to elucidate
the underlying mechanism(s). LNCaP cells were cultured in 10% CDS with 1 nM
synthetic androgen R1881 or 17 β-estradiol in the presence of 0, 1, 5, or 25 μM
resveratrol for 96 h. Resveratrol inhibited cell growth induced by R1881 and or 17
β-estradiol in a concentration-dependent manner at concentrations as low as 1 μM
for androgen and as low as 5 μM for 17 β-estradiol.

3.2 Comparison of Gene Expression Profiles
of Resveratrol-Treated Cells

Microarray analysis of global gene expression profiles were performed on LNCaP
cells treated with 0, 1, 5, and 25 μM resveratrol. The total number of genes altered
in LNCaP cells (p<0.01, >1.5-fold) exposed to increasing concentrations of resver-
atrol as compare to controls was 121, 440 and 2042, respectively. The spatial
separation of various treatments in the 3-D plot showed multi-dimensional scal-
ing that suggested that resveratrol exerted concentration dependent effects on the
LNCaP cells.

3.3 Microarray and RT-PCR Analysis of the Effects of Resveratrol
on Specific Gene Expression in LNCaP Cells InVitro

Androgen-responsive genes (ARGs) appeared to be broadly affected by treatment
with resveratrol. Expression of classic ARGs, such as KLK3 (commonly known
as PSA, [13]), were down-regulated, while androgen-down-regulated genes such as
BCHE [13], were up-regulated by resveratrol. Selected ARGs were subjected to
RT-PCR confirmation. Consistent with the microarray results, expression of PSA
and STK39 was up-regulated in response to resveratrol, while no changes were
observed for B2M and SEPP1. Since expression of selected ARG mRNAs, as
with cell growth, is subject to regulation by androgen and 17 β-estradiol [13], the
effects of resveratrol on both androgen- and estrogen-mediated changes in ARGs
were examined using RT-PCR. Treatment of LNCaP cells with resveratrol effec-
tively inhibited the R1881-induced increase of several known ARGs: B2M, PSA,
SEPP1, STK39 and IGF-1R [13]. Resveratrol also inhibited 17 β-estradiol induction
of PSA, STK39 and IGF-1R. Expression of B2M and SEPP1 was not 17 β-estradiol
inducible. Consistent with changes at the message level, the effect of resveratrol on
the expression of the classic ARG, PSA, was also reflected at the protein expression
level.
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3.4 Effects of Resveratrol on an LNCaP Prostate Cancer Cell
Xenograft Model

We validated our in vitro findings by using an in vivo LNCaP cell tumor xenograft
model [11]. We found a significant delay in LNCaP tumor growth in nude mice
consuming the RES50 or RES100 diet by week 3 and weeks 3–4, respectively, after
injection of LNCaP cells. But there were no differences in tumor volume by the
7th week. By IHC analysis, expression of PSA was significantly less in tumors
from mice fed resveratrol, and this effect was dose-dependent. The IHC analysis
showed no differences between the treatments in overall levels of PCNA, a marker
for proliferation. Interestingly, we observed significantly lower levels of apoptosis
(as assessed by ApoTag) in tumors from the RES50- and RES100-fed mice com-
pared to controls. Moreover, we also observed an increase in microvessel formation
in RES100-fed mice as assessed by PECAM-1 staining, suggesting an increase in
angiogenesis in this group. However, we did not observe qualitative differences in
VEGF staining between the diet groups.

3.5 Specificity of Resveratrol on Gene Expression in LNCaP Cells

We also compared the effects of resveratrol to the soy derived cancer protective
phytochemicals compounds genistein, daidzein, and equol. Microarray results iden-
tified ARG as a category of broadly modulated genes. Overall, the ARG and their
androgen-dependent events appeared to be globally affected by the phytochemi-
cals tested. However, there appeared to subtle difference as far as threshold and
concentration–dependency of the compounds. In addition, a universal activation of
p53-dependent events (indicated by up-regulation of CDKN1A (p21/WAF1/Cip1) a
classic p53-responsive gene [14] involved in G0/G1 arrested by resveratrol as well
as genistein) was observed at high concentrations (25 μM),

In summary, we showed the utility of microarray technology to identify genes
related to specific signaling pathways (i.e. ARG) that are modulated in vitro by
resveratrol compared to cells treated with other diet-derived compounds. In addition,
we showed that complementary studies of in-vitro/in-vivo models are necessary to
validate molecular changes observed in cell culture, but also to reveal the limitations
of dietary treatments such as short term inhibition of tumor growth and potential
deleterious effects related to increased angiogenesis.

This work was supported by U.S appropriated funds to USDA project number
1235-51530-052-00 (TTYW).
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DNA Microarray Technology Evaluation
of Effect of Dietary Intake of Crude Rice
Glycosphingolipids in Mice

Jun Shimizu

1 Introduction

Glycosphingolipids (GSLs) are complex carbohydrates consisting of sugars, long-
chain fatty acids and sphingoid bases. Their basic skeletal structure, excluding the
sugars is called a ceramides. Ceramides are the common of the various intercellular
lipids in the skin, and they play an important role in barrier functions, for example,
in retaining moisture and preventing the entry of foreign materials into the body.
Additionally, ceramides are widely used in cosmetics and external applications
[1, 2].

The raw materials for manufacturing GSLs have previously been mostly of ani-
mal origin. However, owing to the potential transmission of bovine spongiform
encephalopathy through the use of such GSLs, GSLs are now manufactured from
plant-derived materials has meant that plant-derived materials are now manufac-
tured from plant-derived materials. Plant-derived GSLs have been used as dietary
supplements for maintaining the skin integrity. However, the effects of dietary intake
of plant-derived GSLs on the body have not yet been investigated.

In the present study, we examined the effects of dietary administration of crude
rice-derived GSLs (RG), extracted from rice bran in mice. Thereafter, we carried
out a DNA microarray analysis to examine the gene expression patterns in the liver
and to ascertain the food function of RG.

2 Materials and Methods

2.1 GSLs

RG (Okayasu Co., Saitama, Japan) was obtained from a commercially available
GSLs extracted from rice bran. Konjac GSL (KG; Okayasu Co.), a commercially
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available GSLs extracted from konjac comb, was used as the positive control. The
GSLs content of both products was 50%.

2.2 Experimental Animals and Diets

Seven-week-old male specific pathogen-free C57BL/6 J mice were purchased from
Tokyo Experimental Animals (Tokyo, Japan). The mice were maintained on an
AIN-93G diet [3] containing 0.5% GSLs for 2 weeks. During the study period,
the mice were provided ad libitum access to this diet and to deionized water. The
mice were kept in a room maintained at a temperature of 23 ± 1◦C, and with
50% a relative humidity, under a 12-h light cycle (light on at 07:00). The protocol
for animal experimentation was approved by the Animal Care Committee of Josai
University.

2.3 DNA Microarray Analysis

Total RNA of from the liver samples of mice that were fed on each diet was extracted
using TRIzol reagent (Invitrogen, CA, USA) [4] and pooled. It was then used
for DNA microarray analysis, which was performed on the CodeLink Expression
Bioarray System (UniSet Mouse 20 K Bioarray, Amersham Biosciences, NJ, USA)
according to the manufacturer’s protocol.

2.4 Real-Time PCR Analysis

To validate the results of the microarray analysis for CRAT gene, we performed
a real-time quantitative RT-PCR analysis on the Applied Biosystems 7500 Real-
Time PCR Systems (Applied Biosystems, CA, USA) using the SYBR green PCR
Master Mix (Applied Biosystems) using the Applied Biosystems 7500 Real-Time
PCR Systems (Applied Biosystems). The PCR data obtained for each sample
were normalized to the data obtained for glyceraldehyde-3-phosphate dehydroge-
nase (GADH), and the relative cDNA levels were calculated by the 2 − ��CT
method [5].

2.5 Statistical Analysis

Data are expressed as the mean ± SEM. The control group was compared to with
either the group that the RG group or the KG group using Student’s t test with the
level of significance set at p < 0.05.
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3 Results

3.1 Changes in the Gene Expression Profile

Table 1 summarizes the gene expression profile in the liver of the mice: a total of
12,419 genes were detected. The genes were divided into several categories on the
basis of their biological function, and the number of genes that were upregulated
or downregulated expression was counted. The expression pattern of genes related
to nutrient metabolism did not display any marked changes. The expression of the
thyroid hormone receptor β – a nuclear receptor mainly responsible for increasing
the basal metabolic rate – was upregulated in the RG group as compared to the
control group, but by not more than 2-fold (data not shown).

Table 1 Numbers of gene whose expressions were up or down regulated compared with control
group at least twofold or more in the liver of mouse fed experimental diets

C (4,886) RG (4,856) KG (4,868)

Genes (12,419) Expressed Up Down Up Down Up Down

Total – – 233 265 195 287
Apoptosis (153) – – 6 4 4 6
DNA repair (39) – – 1 2 1 4
DNA replication (34) – – 1 4 1 1
Transcription (618) – – 27 33 22 35
Cell cycle (149) – – 2 11 2 7
Cell adhesion (167) – – 8 10 4 16
Regulation cell cycle (59) – – 1 2 0 3
Regulation of transcription (584) – – 27 34 20 33
Carbohydrate metabolism (42) – – 0 1 2 0
Glucose metabolism (8) – – 0 1 1 1
Amino acid metabolism (42) – – 0 0 0 0
Fatty acid metabolism (20) – – 0 1 0 0
Immune response (41) – – 1 3 2 5
Lipid metabolism (47) – – 3 4 3 1
Protein biosynthesis (106) – – 4 1 5 5
Steroid biosynthesis (10) – – 1 0 1 0
Electron transport (111) – – 2 4 4 0

Abbreviations: C, control; RG, rice glycosphingolipid; KG, konjac glycosphingolipid.

3.2 Genes Involved in Energy Metabolism

Figure 1 shows the expression levels of genes related to energy metabolism, as
determined by DNA microarray analysis. The percentages shown indicate the rate
of change of expression in relation to the control group. In both the RG and KG
groups, the expression of genes related to the glycolytic pathway genes tended to be
upregulated, while the expression of genes related to the tricarboxylic acid (TCA)
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Fig. 1 Relative gene expression in the liver of mouse fed experimental diets. Percentage value
shows the relative increase or decrease compared with control group
Abbreviation: RG, rice glycosphingolipid; KG, konjac glycosphingolipid; Hk1, hexokinase 1; Hk2,
hexokinase 2; Gck, glucokinase; Pfkm, phosphofructokinase; Pfkl, phosphofructokinase, liver;
Pklr, pyruvate kinase liver and red blood cell; Pkm2, pyruvate kinase, muscle; Cs, citrate synthase;
Idh1, isocitrate dehydrogenase 1; Idh2, isocitrate dehydrogenase 2; Idh3b, isocitrate dehydroge-
nase 3 beta; Bckdhb, branched chain ketoacid dehydrogenase E1, beta polypeptide; Acly, ATP
citrate lyase; Cpt1a, carnitine palmitoyltransferase 1a; Cpt1b, carnitine palmitoyltransferase 1b;
Cpt 1c, carnitine palmitoyltransferase 1c, Cpt2, carnitine palmitoyltransferase 2; Crat, carnitine
acetyltransferase; Ucp1, uncoupling protein 1; Ucp2, uncoupling protein 2; Ucp3, uncoupling
protein 3.

cycle, such as citrate synthase (Cs), tended to be downregulated. With regard to
lipid metabolism, the expression of the carnitine acetyltransferase (CRAT) gene was
upregulated for in the RG group.

To confirm the expression of these genes and to quantify the gene expression in
individual mice, a primer specific to the CRAT gene in the liver was prepared. The
results of the PCR analysis revealed that the expression of CRAT was significantly
upregulated in the RG group as compared to the control group (Fig. 2, p = 0.014).
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Fig. 2 mRNA levels of
carnitine acetyltransferase
(Crat) in the liver of mouse
fed experimental diets. Values
are means ± SE of 7 mice.
∗Significantly different from
control group by Student’s
t-test at p < 0.05
Abbreviations: C, control;
RG, rice glycosphingolipid;
KG, konjac
glycosphingolipid.

3.3 Genes Related to Drug Metabolism

The expression levels of genes related to drug metabolism are shown in Table 2. Of
the 25 phase-I metabolizing enzymes, only CYP7a1 exhibited 2-fold upregulated
expression in both the RG and KG groups.

Table 2 Numbers of drug related genes whose expressions were up or down regulated compared
with the control group at least twofold or more in the liver of mouse fed experimental diets

C RG KG

Drug related genes (133) Up Down Up Down Up Down

Phase I metabolizing enzymes P
450 gene family (25)

– – 0 0 1 0

Phase II metabolizing enzymes – –
Acetyltransferases (7) – – 0 0 1 0
Epoxide hydrolases (3) – – 0 0 0 0
Glutathione S-transferases (16) – – 0 0 0 0
Metyltransferases (7) – – 0 0 0 0
Sulfotransferases (21) – – 0 0 0 3
UDP-glucosyltransferases (4) 0 1 0 1

Drug related transporters – –
P-glycoprotein family (33) – – 1 2 2 1
Other (14) – – 1 0 0 1

Abbreviations: C, control; RG, rice glycosphingolipid; KG, konjac glycosphingolipid.
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4 Discussion

Administration of GSLs tended to increase the expression of the genes involved in
energy metabolism. In particularly, the mRNA expression of thyroid hormone recep-
tor β (THRB) was upregulated in the RG group as compared to the control group.
THRB plays a role in energy metabolism including basic metabolism. Subsequently,
we subsequently focused on analyzed genes that are involved in lipid and carbo-
hydrate metabolism. The results showed that mRNA expression of hexokinase 1
(Hk1) and phosphofrukcutokinase (Pfk) was higher in the KG and RG groups than
in the control group. This suggested that the activity of the glycolytic pathway was
elevated in the KG and RG groups. On the other hand, the mRNA expression of
enzymes related to the TCA cycle, such as Cs, a rate-limiting enzyme, tended to be
downregulated in the RG group. These findings suggest that the TCA cycle is not
the only metabolic pathway that utilizes the acetyl coenzyme A (CoA) produced by
the glycolytic pathway.

Analysis of the genes related to lipid metabolism revealed that the expression of
CRAT gene was upregulated in the RG group as compared to the other 2 groups. The
CRAT gene plays an important role in fatty acid metabolism. CRAT belongs to the
family of carnitine acyltransferases. In the mitochondrial matrix, the acetyl group
of acetyl CoA binds to carnitine in the mitochondrial matrix and catalyzes the syn-
thesis of acetyl carnitine in a reversible reaction [6]. During fatty acid metabolism,
some long-chain fatty acids are oxidized via β-oxidation in peroxisomes; the acetyl
CoA produced in this reaction is then converted into acetylcarnitine by CRAT in the
peroxisomes. Acetylcarnitine penetrate the peroxisomal and mitochondrial mem-
branes, while acetyl CoA cannot. Acetylcarnitine present in peroxisomes then enters
the mitochondria and is reconverted by CRAT into carnitine and acetyl CoA; thus,
acetyl CoA is supplied to the TCA cycle [7]. We could not elucidate the precise
mechanism underlying the increase in the CRAT gene expression due to GSLs con-
sumption; however, it appears that GSLs enhances the metabolism of acetyl CoA,
which is produced by lipid metabolism, particularly β-oxidation.

The effects of GSLs on the expression of genes related to drug metabolism
were investigated. The expression of cytochrome 450 (Cyp), a phase-I metab-
olizing enzyme, was not markedly altered by dietary GSLs. This suggests that
GSLs probably does not affect drug metabolism. Of the cytochromes involved in
drug metabolism, only Cyp7a1 exhibited upregulated expression. Cyp7a1 is a rate-
limiting enzyme involved in the conversion of cholesterols into bile acids in the
liver; it plays an important role in cholesterol metabolism. The fact that the expres-
sion of the Cyp7a1 was upregulated after the administration of GSLs indicates that
GSLs appears to accelerate the conversion of cholesterols into bile acids.

These findings suggest that RG consumption enhances the metabolism of fatty
acids and cholesterols without affecting the activity of enzymes involved in drug-
metabolism. Further studies are required to elucidate the mechanisms underlying
this function of RG and to identify the compounds involved.
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Ovary (CHO) Cell Line

Yung-Shyeng Tsao, Ankit A. Merchant, Aaron Meyer, and Zhong Liu;

Marsha Smith, Diane Levitan, and Eric Gustafson

1 Introduction

DNA microarray technologies have been used to understand cell line and cell culture
process development, such as the study of super producers [1, 2] and temperature
effect [3] on mouse-originated production cell lines. Although CHO cells have been
commonly used in manufacturing biological products, limited hamster genetic data
were available for the industry until the establishment of the CHO consortium [4].
We have used the CHO DNA microarray developed by the consortium to analyze the
genome-wide expression profile changes of an antibody-producing CHO cell line
during serum-free suspension-adaptation. The latter is necessary for manufacturing
due to regulatory [5] and operational reasons. The profile changes were shown to
be physiologically significant to the cell and consistent within metabolic pathways.
Integrated pathway analysis has enhanced the power of DNA microarray technology
in the understanding of the physiological changes in the production process and
should have a profound impact on the development, understanding, and control of a
cell culture process.

2 Materials and Methods

A gene-amplified CHO clone with the desirable antibody productivity has been
isolated and grown in a serum-containing, nucleotide and nucleoside-deficient
MEM-based medium in three T-75 flasks at 37◦C. The cell line has been adapted
to grow in suspension in three shake-flasks at 37◦C in a proprietary serum-free
protein free medium custom-made by Sigma. One sample was taken from each
of the T-75 flasks (i.e., before adaptation) and each of the shake-flasks (i.e., after
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adaptation) during the exponential growth phase. Total RNA was extracted from
CHO cell pellets using TRIzol (Invitrogen) and the Qiagen RNeasy mini kit proto-
col. Total RNA (5 μg) from each sample was used to generate first-strand cDNA
using a T7-Oligo (dT) primer. Following second-strand synthesis, in vitro transcrip-
tion was performed with the BioArray, High Yield RNA Transcription Labeling Kit
(Enzo Life Sciences, Inc) and 10 μg of fragmented cRNA were used for hybridiza-
tion to custom Affymetrix microarray chips CHO1a520406F. Chips were washed
using Affymetrix GeneChip Fluidics Station 450 and scanned using Affymetrix
GeneChip Scanner 3000. CHP files were generated using Affymetrix MicroArray
Suite version 5.0 (MAS5) software. Further analyses were performed using an S+
based package, ArrayAnalyzer (licensed from Insightful, Inc.). Data were filtered
to exclude probe sets with the prefix AFFX (Affymetrix control probe sets), probe
sets which were called “absent” in all experiments, and probe sets where less than
7 probe pairs registered data. All data were Log2 transformed. The data were then
normalized to the median inter-quartile range for each probe set. Gene lists were
generated by comparing the experimental group to the appropriate control using
the following parameters: raw expression level over 100 for at least three of the
twenty-one chips, multi-t-test with a p- value of <.05, a multiple testing correc-
tion using the Benjamini-Hochberg adjustment, and a fold change greater than 2,
and a fold change greater than 1.5. Annotations and sequences of probes on the
CHO1a520406F microarray chip were based on release version 02 (May 2007).
The normalized gene expression levels prior to and after serum-free adaptation were
compared. The genes with greater than or equal to 1.5 fold difference in expression
were sorted out. Significant and meaningful changes in mRNA expression of pro-
teins which participated in certain pathways or functions were carefully identified.
Corresponding p-values for each identity and a combined p-value for each path-
way/function were calculated according to Zaykins et al. [6], where the p-value
cutoff was set to be < 0.001.

3 Results and Discussion

The following pathways were found either significantly up- or down-regulated. The
gene expression fold change for each enzyme involved is shown in the correspond-
ing figure(s). Since the p-values were generally lower than 0.01, we only show the
combined p-value for each pathway to demonstrate the significance of the overall
up- or down-regulation.

1. Cells increase synthetic pathways to restore Extracellular Matrix (ECM) and
counteract hypoxia-induced stresses (Fig. 1). (1) According to the literature [7],
procollagen can be modified by lysyl hydroxylase to produce collagen, which is
bound to cells through integrin. While, decorin regulates the binding of laminin
(through nidogen) and fibronectin to collagen and modulate the cell behavior dur-
ing development. The combined p-value for ECM gene up-regulations is 2.7e–15.
(2) Hypoxia can induce cytochrome b5 to produce Reactive Oxygen Species (ROS)
and thus induce the biosynthesis of Hypoxia-Induced Factor (HIF), which can
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Fig. 1 Both Extracellular Matrix (ECM) proteins, Hypoxia-Induced (HIF) angiogenic pathway,
and enzymes with Antioxidant Responsive Element (ARE) were up-regulated significantly

in turn induce the production of Vascular Endothelial Growth Factor (VEGF) to
stimulate angiogenesis [8]. The combined p-value for HIF-induced angiogenic path-
way gene up-regulation is 7.4e–9. (3) Hypoxia can also induce (a) enzymes with
Antioxidant Responsive Element (ARE) [9, 10]: glutathione peroxides, glutathione
S-transferases, catalase and superoxide dismutase to counteract the accumulation
of H2O2, O2-, and peroxidized compounds, (b) metalloproteins metallothionein,
ferritin, glucuronidase, and thioredoxin to counteract metal-induced free radicals,
(c) NADPH-producing enzymes malic enzyme and glucose-6-phosphate dehydro-
genase to replenish glutathione for the processes. The combined p-value for ARE
gene up-regulation is 7.4e–19.

2. Cells reduce growth rate, while increase glycoprotein post-translational modi-
fication activities. (Fig. 2) (1) Cell cycle-promoting proteins (cyclinA, cyclinB, cdc2,
cdk2, cdc20, MEKK) [11] were down-regulated; while cell cycle-inhibiting proteins
(cdk2-associated protein, cyclineD-binding protein), were up-regulated. The com-
bined p-value for cell cycle down-regulation is 2.3 e–17. This was consistent with the
fact that cell growth rate had dropped 50% after serum-free suspension adaptation
(data not shown). (2) glycoprotein-processing enzymes [11] were upregulated.
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Fig. 2 Cell cycle were down-regulated, while glycoprotein post-translational modifications were
up-regulated
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(a) In ER, this includes signal peptidase, glucosidase I, glucosyl transferase, man-
nosidase I, glycophosphotidylinositol-anchor protein, ubiquitin-dependent protease
DER, disulfide isomerase, peptidyl prolyl isomerase. The combined p-value for ER
processing protein up-regulation is 3.5e–8. (b) In medial Golgi, this includes glcnac
transferase I, mannosidase II, and fucose transferase. The combined p-value for
Golgi processing protein up-regulation is 1.9e–8.

3. Mitochondrial energy producing activities seemed to be down-regulated, while
cytoplasmic fatty acid synthesis and transport were up-regulated. (Fig. 3) (1) Energy
producing activities and fatty acid catabolism in mitochondria seemed to be down-
regulated; (2) While, fatty acids seemed to be transported through the carnitine
transporter into the cytoplasm for elongation by fatty acid synthetase; (3) The
energy was provided by the pentose phosphate pathway (PPP) through G-6-P dehy-
drogenase and acetyl CoA synthetase. (4) LDL docking proteins (VLDLR, CD36,
decorin) and fatty acid binding protein were up-regulated. The combined p-value
for fatty acid transport up-regulation is 9.8e–11.

4. Both sterol synthesis and regulation are up-regulated. (Fig. 4) (1) TCA pro-
vides substrates to synthesize acetyl CoA and acetoacetyl CoA in the cytoplasm. The
latter was converted to HMG-CoA and subsequently mevalonate, isopentenyl-PP,
farnesyl-PP, lanosterol, 7-dehydroxy cholesterol, and cholesterol. The combined p-
value for sterol synthesis up-regulation is 1.3 e–16. (2) In addition, when cholesterol
is low, insig 1 released its partner complex srebp and scap to Golgi. The protease
in Golgi then cut the complex and released a cytosolic part of srebp to the nucleus.
This in turn activates all of the genes involved in sterol synthesis and control [12].
The combined p-value for sterol control up-regulation is 7e–4.
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through Golgi and the nucleus. All of the enzymes involved were up-regulated

4 Conclusion

Using DNA microarray technology, a genome-wide expression profile analysis was
performed on an antibody-producing CHO cell line during serum-free suspension
adaptation. The results suggest that suspension-adapted cells shifted their resources
from cell growth to glycoprotein and lipid synthesis, as well as the processes to
resolve hypoxia stress. Apoptosis, signal transduction pathways, and motor proteins
were found to have no meaningful changes in gene expression during suspension
adaptation. It is forseeable that genomic, proteomic and metabolomic technologies
together will greatly advance our ability to understand and engineer cellular changes
during process development.
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Two-Step Chromatography Purification Processes

Bjorn Hammarberg and Bo Forsberg

1 Introduction

Mono-clonal antibodies (mAb) are an important class of drugs that is growing
rapidly, with many more in the pipeline, posed to becoming the largest revenue
generator in the pharma industry. However, the present price structure may not be
sustainable as new molecules are coming to the market and current ones expand
their indications. The high treatment cost often chronic conditions, Rheumatoid
Arthritis, Psoriasis, and Cancer, with doses typically ranging from 50 mg to 2 g
per injection, weekly to monthly basis, could in US reach USD 50.000 per patient
and year. This put large strains on health care systems, as well as preventing
many in developing world access. The manufacturing cost is just one part of the
total cost of a biopharmaceutical drug, but by utilizing the combined industrial
experience in large scale bio-processing to suggest a reliable manufacturing pro-
cess it would be possible to reduce COG, thus be able to lower the treatment
price.

Here we have taken well known unit operations, that can be readily process
validated in a cGMP setting (EMEA or USFDA standards) and simulated mAb
production costs based on real time data utilizing years of experience from the
biopharma industry and bioprocessing taking into account both biological and engi-
neering factors. The latter includes facility and equipment investments write-offs,
utilization factors, etc. Realistic dynamic binding capacities, cycle-times, strip and
CIP procedures for chromatography media with, proper virus validation showing
the appropriate robustness are among the necessary ingredients to have an industrial
process worth while to bring into a large scale commercial setting, with the aim of
producing 1 metric ton or more.
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2 Method and Parameters

An Excel-based Cost of Goods (COG) simulation model was established in the 90ies
by Mr Forsberg and has been developed over the years based on inputs from various
small, pilot and large scale operations. This model have been expanded and further
improved taking into account all costs associated with establishing and maintaining
a large scale manufacturing facility fully operational.

The quality of parameters to be used in any simulation model is crucial of getting
results correlating to a true operational scenario. Thus we have put extra emphasis
in getting appropriate data, both by interviewing industry insiders and getting quo-
tations from vendors in Scandinavia at the time of simulation with the exchange rate
1.50 USD/EUR, Feb/Mar 2008.

In Table 1 below the important parameters describing under which conditions the
facility would operate and how long we estimate the technical and economical life
time (Table 2).

Downstream processing (DSP) capturing mAb using Ion Exchange chromatog-
raphy (IEX), is feasible whenever the mAb has a relatively high isoelectric point,
as most cell proteins have lower iso-electric point, while the Protein A affinity
chromatography is the “gold standard” for capture. See Table 3 below for details.

Establishing a green field site is costly, here we have used an estimate provided by
the Finish engineering company Elomatic Oy and then expanded it into larger facil-
ities based on gained experiences from similar projects. One size (facility) will not
fit all; therefore three different sized facilities are considered 4.1.1–3. The facility
is either placed in Europe or in a special “Free Economic Zone” in India where no

Table 1 Operational parameters

No Unit Value Comments

1.1 Days 330 One month for maintenance and upgrades
per year

1.2 Hours 24 Three work shifts to keep the facility
operational around the clock

1.3 Days 7 Full week, including Saturday and Sunday
1.4 Years 20 Life time of the facility and some

equipments
1.5 Years 10 Life time of most equipment having

mechanical parts
1.6 kg/Year 500/1000 The amount of bulk produced in the

facility
1.7 Batch/mo 1 The number of batches manufactured per

month
1.8 EUR/h 15/50 Total man hour cost in India/EU
1.9 EUR/L 1 Buffer cost
1.10 EUR/L 0.5 WFI cost
1.11 EUR/L 7 Media cost
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Table 2 Upstream processing (USP)

No Unit Value Comments

2.1 g/L 1/2/5/10 Expression level in the cell culture.
Protein free, chemical defined
minimal growth media

2.2 Multiple 10x Scale-up factor in upstream
inoculums

2.3.1 L 10–100/20–200 Vessel size for disposable bags of
wave type, working volume (wv)

2.3.2 L 1 k–10 k/2 k–20 k Vessels in stainless steel
2.4.1 Disposable final vessel, let broth

settle over night for easier
harvesting using only depth
filters, 2 in series

2.4.2 L 5 k Harvest with PALL depth filters up
to 5 k wv, 1st coarse porosity
and 2nd fine (dual layer)

2.4.3 L >5 k Harvest with Alfa-Laval centrifuge
+ PALL depth filters for wv >5 k

Table 3 DSP, ∗also called “Multimodal chromatography” by GE healthcare

No Unit Value Comments

3.1.1 Capture IEX “Work Beads 40S” from Bio-Works, 500x,
stripping after 3x, then CIP, 500 cm/h

3.1.2 Protein A Mab Select SuRe from GEHC, 100x, stripping
and CIP as above, 500 cm/h

3.2 Inactivation Low pH
3.3 UF/Dia 0.22 μm PALL TFF
3.4 Polishing Mixed-mode ∗ Capto-Adhere from GEHC, 100x, CIP (no strip),

600 cm/h
3.5 Virus removal Nano-filtration Planova from Asahi Kasei, even though PALL

offers a lower cost product, thus a potential
upside.

3.6 UF Sterile bulk, filled in freeze-thaw disposable bags

taxes are paid allowing equipment to be purchased without the heavy additions of
duties and taxes. Therefore same equipment prices as in Europe have been used.

The facility cost includes all engineering CD/BD/DD and project management,
construction, utilities, process equipment, automation, etc, installation, and full
validation DQ/IQ/OQ/CV/PQ/PV, but not cost for land (Table 4).

Overhead is where the auxiliary costs are bundled. We have adopted a sim-
ilar approach to a recent publication [1], and personal communication (Dr S.
Fahrid, UCL). Others may separate certain items from each from other. Here
“Maintenance”, “Taxes”, and “Insurances” are all factors of the total capital
investment. While some of the non-production related labour costs are factors of
“Operating Labour” (Table 5).
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Table 4 Facility and Equipment

No Unit Value Comment

4.1 EUR 40 M The smallest facility, fewest production lines and
only disposable USP equipment

4.2 EUR 60 M For 2x 5 k cell culture lines, DSP and bulk fill.
4.3 EUR 75 M For 3x 10 k bioreactors are needed, 1MEUR each
4.4 EUR 90 M For 2x 20 k bioreactors are needed, 1.5 MEUR each
4.5 EUR 120 M For 6x USP-lines

Table 5 Overhead

No Unit Value Comment

5.1 % 10 Maintenance cost of sales price, GEHC typically charge
(20%). The percentage of total investment cost.

5.2. % 2 Local taxes (as above)
5.3. % 1 Insurance (as above)
5.4 % 20 Supervisors, percentage of the total operating cost, just

calculated for actual processing time to time for idle.
5.5 % 70 QA (as above), QC is factored into operating labour
5.6 % 100 General Management (as above), admin, security and

top management
5.7 MW 2 Energy consumption for 4.2 facility
5.8 EUR/kWh 0.10 Based on Hong Kong prices

3 Results and Discussions

A series of calculation have been carried out for the four different expression levels
outlined above, 1, 2, 5 and 10 g/L, either with the goal of producing 500 kg or 1 ton
of mAb-bulk drug substance per year. The growth cycle is 20 days for the inoculums
in 10x expansion steps, and 20 days final fed-batch cultivation time resulting in one
batch per month.

By using protein free chemical defined minimal cell culture growth media, har-
vest can be simplified, with a possibility to just use depth filters in scales below 5 kL
working volume, while larger scales still require centrifugation in combination with
depth filters. In the case of just using disposable bioreactors of wave-type even for
the final growth phase, the cells can be left to sediment over night as the bioreactor
will be discarded anyway, thus making it easy to just harvest by depth filtration.

GE healthcare’s Mab Select SuRe with improved NaOH resistance is a good
choice for Protein A based capture of mAb from clarified process fluid, as this chro-
matography media can withstand harsher CIP and still be useable up to 100 times.
Protein A resins have a high purchasing price and the amount used, number of cycles
are important factors to keeping COG down, so instead of loading all of the clarified
broth at once, we split the feed into up to 8 lots to limit the column size (maximum
1.2 m diameter) and the amount of media used (up to 30 cm bed height). The split
fractions are pooled again after the virus removal step.
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An alternative capture step is cation exchange chromatography (CIEX), but it is
only possible when the pI of the mAb is relatively high so a sufficient difference to
host cell proteins and DNA exist to prevent the latter to bind. Furthermore, CIEX
has been shown to last up to 500 cycles as they can be readily CIP. We have chosen
a newcomer on the market, Bio-Works and their Work Bead 40, which is a highly
cross-linked agarose smaller size beads offering superior performance compared to
similar priced competitors. We have used 20 g/L binding capacity of the protein A
resin to be on the safe side and not the higher biding capacities others rely on [2],
while we have used 50 g/L for the CIEX capture.

The development of mixed-mode or multimodal chromatography resins utiliz-
ing both IEX and HIC properties offers new opportunities in DSP as it essentially
combines two chromatography steps in one. The Capto Adhere binding capacity,
here 20 g/L and CIP allowing 100 cycles is on the safe side. With this step there
is no need for an additional anion IEX chromatography either as column based or
the membrane based. The overall process yield is 64% with the largest loss over the
second chromatography step.

The expression level is the largest significant factor in reducing cost exemplified
with Fig. 1 above. The bioreactor scale also significantly influences the price. By
using 10 kL bioreactors keeping all other factors constant increases the COG to
30.2 C/g compared to 21 C/g for 20 kL, 10 g/L and 1,000 kg/year. By exchanging
the capture step to CIEX will reduce COG with 2 C/g as the number of cycles are
greatly expanded. The purchasing price has rather small impact.

The 1 kL disposable bioreactor would not really be cost effective for production
for 500 kg per year unless 10 g/L expression level is ensured. With disposable biore-
actors, a COG of 52 C/g is obtained, which is 80% higher than the 20 kL bioreactor
case, with direct cost being the largest part, roughly 40 C/g, the investments cost is
just minor. Interestingly 5 kL scale without centrifugation harvesting with just two
depth filters in series gives a COG of 30 C/g for 500 kg/year which is far better than
most processes running today.

India is rapidly becoming experts also in the biopharmaceutical field with the
first biopharma drug in Asia outside Japan and Korea to get USFDA and EMEA
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Table 6 Please provide a
caption for this table

Area
Percentage of the selling
price

R&D 20–30
Marketing &

Sales
40–50

Manufacturing 5–15
Profit 15–20

approval. Thus we believe it is feasible to also run world class mAb production at
the largest scale in India. Therefore, we calculated how much the variable cost could
be reduced if production was shifted to India instead. For the 1 kL–5 kL case with
10 g/L, 500 kg per year a 42–46% reduction was obtained.

The excel model used does not allow for any dynamic simulation, thus we have
assumed no batch failures or QC rejects, which may be over optimistic but anecdotal
information suggest that the big-five operates to this level and it is possible.

The Manufacturing cost of the total price is often the smallest portion of the
total pie. Based on discussions with biopharma people and information gathered
at biotech conferences in 2008 a quite possible division is outlined in the Table 6
above. The lowest manufacturing cost is typical found at the big top 5 mAb manu-
facturers in the world, while COG in a developing country like mainland China is
far higher, as titers and yields are lagging, scale is smaller and expensive imports
hampering cost efficient production.

An additional cost would be to fill the formulated drug substance on a vial and
make it ready for injection. A typical biopharmaceutical Fill and Finish cost is 10 C
per vial [3].

Further lowering of COG is possible, for instance by shortening fed-batch time to
10 days allowing higher through-put of the facility, using resins with higher binding
capacity, 50 g/L without getting too high viscosity, as well as resins with increased
CIP resistance allowing significant larger amount of cycles before being discarded.

4 Conclusions

It is possible to produce mAb below 20 C/g if the expression level is high 10 g/L,
1 ton/year is manufactured, in 20 kL wv bioreactors, having CIEX capture and per-
formed in India, 17 C/g, still with the seemingly more expensive protein A based
capture step and done in Europe the COG can be as low as 21 C/g with Investment
contributing with 3.2 C and overhead with 8.2 C the remaining 9.7 C from the 15
unit operations consisting of the efficient process used. This is in-line with other
reports of 26–153 $/g [2].

The COG is greatly affected by the expression level and through put of the facil-
ity. Alternative chromatography resins, with longer life span (number of cycles)
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and DBC will reduce variable costs. Effective operations in low salary geographic
locations could further lower variable cost.

CHO-celled produced purified with conventional DSP can compete with trans-
genic hosts. Column chromatography is not a bottleneck.
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Evaluation of Neurotoxicity of Environmental
Chemicals Using Neural Stem Cells
and Neuroblastoma Cells

Masami Ishido

1 Introduction

The very large numbers of environmental chemicals that now exist have made
assessing their neural risks challenging. Recently, environmental estrogens, known
as endocrine disruptors or endocrine-disrupting chemicals, have been identified as a
diverse group of synthetic and naturally occurring compounds that mimic the action
of steroidal estrogens.

The nonlinear relationship between their effects and concentration has ham-
pered their risk assessment. Furthermore, current risk assessment methods for
environmental chemicals are based on adult physiology. However, recent reports
have shown an increased incidence of neurodevelopmental disorders which may
result from exposure to chemical in utero and during the early postnatal period.
Actually, we have demonstrated that exposure of rat pups to some endocrine-
disrupting chemicals, such as bisphenol A, octylphenol, nonylphenol, dibutylph-
thalate, diethylhexylphthalate, cyclohexylphthalate, tributyltin, and p-nitrotoluene
caused hyperactivity in male Wistar rats, accompanied by changes in the expression
of the mesencephalic dopamine transporter gene [1, 2].

In vivo animal studies provide useful data for hazard assessment, but the exten-
sive resources and time were needed to complete single chemical evaluation.
Therefore, the establishment of a simple test for developmental neurotoxicity is
urgent. In this study, we have examined the effects of p-nitrotoluene on cultured
neural stem cells isolated from the rat mesencephalon and on human neuroblastoma
NB-1 cells.
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2 Materials and Methods

2.1 Isolation of Rat Neural Stem Cells and Cell Culture

Pregnant Wistar rats at embryonic day 14 (E14) were obtained from Clea (Tokyo,
Japan), and maintained in home cages at 22◦C on a 12 h light-dark cycle, on
MF diet (Oriental Yeast Corp., Tokyo, Japan) and distilled water ad libitum. On
E15, they were killed by diethyl ether overdose. The embryos were removed and
transferred to minimal essential medium (MEM; Sigma-Aldrich, Tokyo, Japan).
Subsequently, the mesencephalons were dissected from the embryos and enzymat-
ically digested with 50 U deoxyribonuclease I (Takara Corp., Kyoto, Japan) and
0.8 U papain (Sigma-Aldrich) at 32◦C for 12 min. After stirring, the digestion mix
was passed through a 70 μm cell strainer (BD Biosciences, MA, USA). The run-
through, containing the neural stem cells, was centrifuged at 800 × g for 10 min,
resuspended in Dulbecco’s Modified Eagle’s Medium/F12 medium (DMEM:F12,
1:1; Invitrogen, Tokyo, Japan), supplemented with B27(Invitrogen), 20 ng/ml basic
fibroblast growth factor (bFGF; R&D Systems, Inc. MN, USA) and 10 ng/ml epi-
dermal growth factor (EGF; Roche Applied Science, Tokyo, Japan), and cultured in
uncoated dishes without serum. Fresh culture medium containing EGF and bFGF
was added after 3–4 days in culture.

Human neuroblastoma NB-1 cells were cultured in 45% RPMI-1640 (Gibco
BRL, Gaithersburg, MD) and 45% Eagles minimum essential medium (MEM;
Sigma-Aldrich, St. Louis, MO), containing 10% fetal bovine serum (FBS), peni-
cillin (100 U/ml), and streptomycin (100 μg /ml) in a humidified atmosphere of
95% air and 5% CO2 at 37◦C. Cells were sub-cultured once a week at a split ratio
of 1:6. Cell viability was determined by means of the crystal violet staining method.

2.2 Determination of Length of Neuritis

Human neuroblastoma NB-1 cells (2 × 104) were grown in 45% RPMI-1640
and 45% MEM containing 10% FBS. The cells were then fixed with 11% glu-
taraldehyde. The fixed cells were stained with crystal violet. The images were
photographed under microscope equipped with digital camera and analyzed by
image analyzer soft (NeuroZoom). The neurite extension is expressed as the total
length of neurites in micrometer per cell in randomly chosen microscope fields.

2.3 Immunostaining

For whole brain samples, 2-day-old rats were sacrificed by decapitation.
Immunohistochemistry was carried out as described previously. In brief, fixed
30 μm coronal sections were blocked, incubated with primary anti-nestin
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monoclonal antibody (1:100; Chemicon, CA, USA) and then with a fluores-
cein isothiocyanate (FITC)-conjugated secondary antibody (1:200; Sigma-Aldrich).
Nuclei were counterstained with 4’6-diamino-2-phenylindole (DAPI; Invitrogen).

Cultured stem cells were fixed with 4% paraformaldehyde for 15 min at room
temperature, permeabilized with 0.5% Triton X-100 and labeled as described pre-
viously, using primary antibodies against nestin (1:100; Chemicon), microtubule-
associated proteins (MAPs; 1:100; Sigma-Aldrich), and glial fibrillary acidic protein
(GFAP; 1:100; Sigma-Aldrich), or cy3-conjugated GFAP (1:100; Sigma-Aldrich).
Secondary antibodies conjugated with Alexa 405 (1:200; Invitrogen), FITC (1:200;
Sigma-Aldrich), TRITC (1:200; Sigma-Aldrich), or Alexa 488(1:200; Invitrogen)
were properly used. Specimens were then observed with an inverted microscope
(IX-70; Olympus, Tokyo, Japan) and images were captured using Viewfinder Lite
version 1.0 camera software and a DP-50 digital (Olympus) or Leica TCS SP5
confocal microscope system equipped with an AF6000 inverted microscope (Leica
Microsystems, Tokyo, Japan).

2.4 Enzyme-Linked Immunosorbent Assay for IL-6

For measurement of IL-6 proteins, NB-1 cells were plated in a 24 well and treated
with p-nitrotoluene at 0.1–1 μM concentration for 48 h. Culture medium was then
harvested. L-6 protein levels in the culture medium were measured by ELISA using
Quantikine M (R&D System, Minneapolis, MN), according to the manufacturer’s
protocol.

3 Results and Discussion

In this study, we have examined the effects of p-nitrotoluene on cultured neural stem
cells isolated from the rat mesencephalon. At embryonic day 15, these cells stained
positive with antibodies against nestin, microtubule-associated proteins, and glial
fibrillary acidic proteins. The treatment of cultured neurospheres with p-nitrotoluene
(1 μM; 72 h) facilitated differentiation with two distinct morphologies outside the
sphere, being neural and glial lineages. Neurospheres could therefore be used as a
very simple primary assay for screening environmental chemicals for disruption of
developmental programming.

Development of the nervous system involves the coordinated expression of
specific cellular events including proliferation, differentiation, migration, neurite
outgrowth, synaptogenesis, myelination, and programmed cell death. Chemical-
mediated disruption of one or more of these processes can potentially impair the
brain development. In this study, therefore we further investigated the neurotoxic-
ity of p-nitrotoluene using cultured human neuroblastoma NB-1 cells. Addition of
p-nitrotoluene to NB-1 cells promoted neurite outgrowth in dose dependent manner
(0.1–1 μM). During the chemical-facilitated neurite outgrowth, IL-6 was secreted
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into the culture medium. It was 1.6-fold by 1 μM p-nitrotoluene. Availability of
extension of neurite is a useful marker to screen the chemicals.

In this way, we currently extend the culture system employed in this study to
other environmental chemicals for evaluation of their neurotoxicity.
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Integration of Endothelial Cell-Covered
Hepatocyte Spheroids for Construction
of Vascularized Liver Tissue

Masakazu Inamori, Hiroshi Mizumoto, and Toshihisa Kajiwara

1 Introduction

Tissue vascularization by coculture with endothelial cells has been studied for
the creation of viable, large tissues for therapeutic use [1]. To supply a sufficient
mass of hepatocytes for cell transplantation, a high cell density tissue-like struc-
ture (organoid) is necessary because of the limited space for transplantation in the
body. A spheroid is a spherical organoid assembled in vitro from monodispersed
cells. Hepatocyte spheroids have a cell density close to that of native liver tissue and
express liver specific functions at a high level. Using novel culture techniques to
produce different shapes of hepatocyte organoids, we previously demonstrated that
hepatocyte organoids should be approximately 100 μm in diameter to survive [2–4].
Based on this evidence, the arrangement of endothelial cells within the hepatocyte
organoid at regular 100 μm intervals is a promising approach for the construc-
tion of a larger, vascularized liver tissue. The endothelial cell-covered hepatocyte
spheroid is a candidate tissue unit to produce the alignment of endothelial cells at
regular intervals in large hepatic tissues to allow for the in vitro construction of a
vascularized tissue [5].

Different types of cells were cocultured with endothelial cells to form vascular-
ized tissue in vitro [6, 7]. When endothelial cells were added to a non-endothelial
spheroid, the behavior of the endothelial cells varied with the combination of cell
types [8, 9]. In most cases, endothelial cells invaded the spheroid but did not cover
the spheroid surface. We assume that extracellular matrix (ECM) molecules must be
present on the surface of the spheroid for an endothelial cell coat to form. To keep
endothelial cells on the surface of the spheroid, we attempted to coat the surface
of the hepatocyte spheroids with type 1 collagen. Following successful construction
of HUVEC-covered hepatocyte spheroids, we attempted the regular alignment of
HUVECs within liver tissue by packing HUVEC-covered hepatocyte spheroids into
hollow fibers used for plasma separation.
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2 Materials and Methods

2.1 HUVEC-Covered Hepatocyte Spheroid Culture

Human umbilical vein endothelial cells (HUVECs, Lonza Ltd, Basel, Switzerland)
were purchased and subcultured in endothelial growth medium-2 (EGM-2) (Lonza).
Primary rat hepatocytes were isolated from a male Wistar rat (7–8 weeks old) by the
collagenase perfusion method. Viable cells (85–95%) were used for spheroid cul-
ture. Isolated hepatocytes were suspended in hepatocyte culture medium: DMEM
with high glucose (Invitrogen, Carlsbad, CA) supplemented with 50 μg/L epi-
dermal growth factor (EGF, BT-201) (Biomedical Technologies, Inc., Stoughton,
MA), 10 mg/L insulin (Sigma-Aldrich, St. Louis, MO), 60 mg/L proline (Sigma-
Aldrich), 7.5 mg/L hydrocortisone (Wako Pure Chemical Industries, Ltd., Osaka,
Japan), 3.7 g/L NaHCO3, 5.985 g/L HEPES, 50 μg/L linoleic acid, 0.1 μM copper
(CuSO4·5H2O), 3 nM selenium (H2SeO3), 50 pM zinc (ZnSO4·7H2O), and antibi-
otics (58.5 mg/L penicillin, 100 mg/L streptomycin). They were then cultured in
a 6 well plate (Nalge Nunc International KK, Tokyo, Japan) at a concentration of
1.5×106 viable hepatocytes/well in 1.5 ml hepatocyte culture medium. Cells were
incubated on a rotary shaker at 80 rpm at 37 ◦C in a humidified 5% CO2 atmo-
sphere. The supernatant (1 ml per well) was replaced on day two, and hepatocyte
spheroids were collected on day 4. Collected spheroids were filtered using a stain-
less wire mesh. Hepatocyte spheroids from 100 to 150 μm sieve fractions were used
for further experiments.

A Collagen Gel Culturing Kit (Nitta Gelatin Inc., Osaka, Japan) was used to
coat the surface of the hepatocyte spheroids. Hepatocyte spheroids were resus-
pended in 1 ml hepatocyte culture medium. Cellmatrix Type I-A was reconstituted
by adding 10× culture medium and reconstitution buffer according to the manu-
facturer’s instruction. Reconstituted collagen gel (1 ml) was added to the spheroid
suspension (final concentration of collagen: 1.2 mg/ml). After adding the collagen
gel, the spheroid suspension was incubated at 4◦C for one hour and washed twice by
adding 10 ml cold hepatocyte culture medium followed by centrifugation at 40×g
for 60 s.

Agarose (4%) was coated onto a 100 mm cell culture dish (BD Falcon, Franklin
Lakes, NJ) and substituted with EGM-2 before use. Collagen-coated hepatocyte
spheroids (7,500–10,000 spheroids) and HUVECs (3×106 cells) were plated in
12 ml EGM-2 per dish. The supernatant (10 ml per dish) was replaced every 2 days.
Hepatocyte spheroids without a collagen coat were also cocultured with HUVECs
as a control.

2.2 Vascular Network Formation Using HUVEC-Covered
Hepatocyte Spheroids

HUVEC-covered hepatocyte spheroids (collagen-coated hepatocyte spheroids
cocultured for 4 days with HUVECs) were collected and inoculated into
hollow fibers used for plasma separation (polyethylene treated with ethylene vinyl
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alcohol, PE-EVAL, Asahi Kasei Medical Co., Ltd., Tokyo, Japan) (inner diame-
ter: 330 μm, outer diameter: 430 μm) and packed by centrifugation (40×g for
180 s). Approximately 3 cm hollow fibers containing HUVEC-covered hepatocyte
spheroids were cultured in a 60 mm Petri dish (BD Falcon) in EGM-2. Media were
replaced every two days. For liver specific functions, HUVEC-covered hepatocyte
spheroids were inoculated into two 3 cm hollow fibers and packed by centrifugation
as described above and then cultured in 2 ml hepatocyte culture medium supple-
mented with EGM-2 SingleQuots (Lonza). Collagen-coated hepatocyte spheroids
were also cultured in hollow fibers as a control. The albumin concentration of the
culture supernatant from the identical culture dish was measured using an enzyme-
linked immunosorbent assay. Error bars indicate the standard deviation of two
individual culture dishes.

2.3 Immunofluorescent Microscopy

Samples were embedded in Tissue-Tek R© O.C.T. Compound (Sakura Finetechnical
Co., Ltd., Tokyo, Japan) and frozen in liquid nitrogen. Frozen sections were
obtained using a cryostat (CM1100, Leica). Sections were fixed in acetone for
10 minutes at 4 ◦C followed by washing in PBS (5 minutes, three changes).
Sections were incubated in blocking solution (PBS containing 10% skim milk
and 6% glycine) for 20 minutes. Sections were washed in PBS and incubated
in blocking solution containing primary antibodies (1:100) for one hour at room
temperature. Rabbit polyclonal anti-human von Willebrand factor (vWF) (Dako,
Glostrup, Denmark) was used for HUVECs and goat anti-mouse albumin (BETHYL
Laboratories, Inc, Montgomery, TX) was used for primary rat hepatocytes. Then
sections were washed in PBS and incubated in blocking solution containing sec-
ondary antibodies (1:100) for one hour at room temperature. Swine anti-rabbit
IgG FITC-conjugated (Dako) and donkey anti-goat IgG rhodamine-conjugated
(Millipore, Billerica, MA) antibodies were used as secondary antibodies. Images
were captured with a fluorescent microscope (IX71, Olympus, Tokyo, Japan). In
some experiments, rabbit anti-goat IgG rhodamine-conjugated antibody was used
after reaction with swine anti-rabbit IgG FITC-conjugated antibody giving a yellow
image for vWF.

3 Results

3.1 Hepatocyte Spheroid-HUVEC Coculture

Two days after plating on agarose coated dishes, some HUVECs formed HUVEC
spheroids. Other HUVECs were attached to the surface of hepatocyte spheroids.
Without collagen coating of the hepatocyte spheroids, some HUVECs invaded the
hepatocyte spheroids. On day 4 of coculture, many collagen-coated hepatocyte
spheroids were covered with a single layer of HUVECs (Fig. 1A), while HUVECs
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Fig. 1. Immunofluorescent microscopy of hepatocyte spheroid cocultured for 4 days with
HUVECs stained for albumin (drak grey) and von Willebrand Factor (white). HUVEC invasion
was observed (white arrows)

invaded some hepatocyte spheroids lacking a collagen coating, resulting in irregular
distribution (Fig. 1B). The collagen coating of the hepatocyte spheroid prevented
HUVEC invasion and facilitated HUVEC attachment to the spheroid surface.

3.2 Vascularized Liver Tissue Formation and Function

After packing HUVEC-covered hepatocyte spheroids into hollow fibers, HUVEC-
covered hepatocyte spheroids adhered to each other, organizing into a large tissue
during the culture time. HUVECs were distributed in regular intervals of approx-
imately 100 μm. Some HUVECs invaded the hepatocyte spheroids forming a
dense vascular network. On day 9, the HUVECs were observed to have a tubular
morphology with a diameter of approximately 10–15 μm (Fig. 2A), close to that of
a normal liver sinusoid [10].

Red : Albumin (hepatocyte)
Green : vWF (HUVEC)
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The rate of albumin secretion of liver tissue comprised of hepatocytes and
HUVECs was maintained at a higher level compared to that of liver tissue comprised
of hepatocytes without HUVECs throughout the culture period (Fig. 2B).

4 Discussion

HUVEC-covered hepatocyte spheroids of 100–150 μm diameter ensure that
HUVECs and hepatocytes coexist within a 100–150 μm proximity when they are
packed into a hollow fiber to form a vascularized liver tissue. In this study, HUVECs
invaded the hepatocyte spheroids, constructing a dense vascular network after pack-
ing in a hollow fiber. A similar phenomenon occurs during liver regeneration after
partial hepatectomy. Hepatocytes proliferate to form a cluster after injury; then, stel-
late cells and sinusoidal endothelial cells invade the hepatocyte cluster [11, 12].
Regeneration of the liver will be one criterion for liver tissue construction. As for
the effect of HUVEC coculture on the liver-specific functioning of hepatocytes when
hepatocytes and HUVECs were aligned regularly, liver specific functions improved
[13]. This result is in agreement with the improvement of liver-specific functioning
by liver tissue comprised of hepatocytes and HUVECs (Fig. 2B). Coating collagen
on the surface of cells or cell aggregates will serve other functions aside from het-
erologous cellular distribution control. One advantage is minimizing the inhibition
of molecular transport by the ECM. Many types of ECM are barriers to molecular
transport [14]. Compared to culture in a collagen gel, collagen coating of spheroids
lead to less inhibition of exchange of nutrients and growth factors. Another report
indicated that ECM coating of hepatocytes improved their adhesion to the liver
during cell transplantation [15].

In conclusion, a spheroid covered by endothelial cells is a promising tissue unit
for the construction of a vascularized tissue. Collagen coating of spheroids is also a
candidate technique for the control of heterologous cellular distribution.
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Characterization of Cell-Sized Vesicles Induced
from Human Lymphoid Cell Lines

Makoto Yamanaka, Shigeki Nakamura, Aiko Inoue, Takashi Yasuda, Yuichi
Inoue, and Hiroharu Kawahara

1 Introduction

Vesicles and liposome are widely used for the characterization of the membrane
protein [4], the establishment of drug delivery system (DDS) [2], the modeling of
artificial cells [3], the construction of the microreactor. In particular, membrane pro-
tein with the role of cell surface receptor in cell signaling is the key elements for
drug candidate and research target. However, membrane-binding sites of those pro-
teins have hydrophobicity and some membrane proteins change their structure and
lose the activity by detachment from membrane. Therefore, it is difficult to produce
membrane protein with the original structure and activity. We found the high con-
centration of sodium butyrate (NaB) induced mass production of cell-size vesicles in
several human lymphoma cell lines, NaB serves as the histone deacetylase (HDAC)
inhibitor and causes up-regulation of genes and proteins, inhibition of cell prolif-
eration, and induction of apoptosis [5]. We examined the properties of the vesicles
induced by NaB.

2 Material and Methods

2.1 Cell Line and Cell Culture

Three B lymphoma cell lines, Ramos (RA1), Nawalwa, and SK729-I, one T lym-
phoma cell line, Molt-4, two hybridoma cell lines, HB4C5, and AE6 were used in
this study. SK729-I is a fusion partner cell line derived from Ramos (RA1). AE6
was generated by fusing peripheral blood lymphocytes from healthy adult with a
fusion partner A4H12 derived from Molt-4 using an in vitro immunization method
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[1]. Cell were maintained in ERDF medium (Kyokuto Pharmaceutical Industrial
Co., USA) contained 10% of FBS (Thermo Fisher Science Inc., Kanagawa, Japan),
at 37◦C in humidified 5% CO2/95% air.

2.2 Induction of Vesicles

Cells were cultured in the ERDF basal medium containing 10 μg/ml of insulin,
5.5 μg/ml of transferrin, 2 μg/ml of ethanolamine, 6.7 ng/ml of sodium selenite,
10 ng/ml of epidermal growth factor, and 5 mM of NaB (Sigma Chemical Co, USA)
for one to two days.

2.3 Determination of Membrane Completeness and Mitochondrial
Activity in the Vesicles

The completeness (or closing) of the vesicle membrane was determined by the try-
pan blue dye exclusion method. The mitochondrial activity was determinated by the
MTT method.

2.4 Binding of the Cancer Specific Antibodies Expressing
Vesicles with Cancer Cells

An IgM monoclonal antibody produced by AE6 cells reacted with human lung ade-
nocarcinoma cell line A549 [1]. At first, AE6 cells were stained with the fluorescent
dye DiI (Invitrogen, CA, USA) that can bind to cell membrane. After wash, the vesi-
cles were induced from the DiI-stained AE6 cells by the treatment of NaB. Next,
their vesicles were cultured with A549 cells for 2 hours. Finally, the binding of the
vesicles to A549 cells was examined by fluorescence imaging.

In addition, reef coral fluorescent protein (RCFP) expression vector were intro-
duced into the IgM-expressing vesicles by electroporation. Then, the vesicles
containing RCFP vector were cultured with A549 cells. After 2 hours, the medium
was exchanged to normal medium, and A549 cells were cultured more for 6
hours. Finally, the expression of the incorporated RCFP vector in A549 cells was
determined by fluorescence imaging.

3 Results and Discussion

3.1 Induction of Vesicles

The vesicle induction of three B lymphoma cell lines, Ramos (RA1), Nawalwa,
and SK729-I, one T lymphoma cell line, Molt-4, two hybridoma cell lines, HB4C5,
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Table 1 Vesicle induction and its time from cells

Cell line Vesicle induction Induction time (day)

Ramos (RA1) + 1
Namalwa + 1
SK729-I + 1
AE6 + 2
HB4C5 + 2
Molt-4 – 2

+ occurred, – not occured

and AE6 by the treatment of NaB was examined. IgM-producing cell line Ramos,
Namalwa, SK729-I, AE6, and HB4C5 induced the vesicles, while non-Ig producer,
Molt-4 cells did not induce them (Table 1). Among the cell lines tested, Ramos was
the best induction at the rate of approximately 70% of total cell number. However,
all cells were dead after NaB treatment. The induced vesicles were 4–6 μm of the
same diameter as cell size in Ramos cells, and contained <5 μm in addition to cell
size in AE6 cells (Fig. 1).

3.2 Membrane Completeness and Mitochondrial Activity

To evaluate the functional properties of the induced vesicles, their membrane com-
pleteness and mitochondrial activity were examined. Vesicles were not stained by
the trypan blue dye exclusion method. Therefore, the vesicle’s membrane has the
completeness (Fig. 2), suggesting it can be available for a drug carrier.

In addition, the vesicles could not generate formazan from MTT, indicating that
the mitochondrial activity of the vesicle was attenuated by the vesicle induction
(Fig. 3).

Fig. 1 Vesicles induced by cells. (a) Ramos, (b) AE6
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Fig. 2 Confirmation of membrane competeness by trypan blue dye exclusion. (a) viable cell, (b)
dead cell, (c) vesicle

Fig. 3 Mitochondrial activity of cells and vesicles. (a) cell, (b) visicle

3.3 Binding of the Cancer Specific Antibodies in Vesicles
with Cancer Cells

The induced vesicles had original cell membrane proteins and could express exoge-
nous cell surface proteins on by transfection of their genes into the viable cells
followed by cell treatment of NaB (data not shown). Thus, the binding of the can-
cer specific antibodies expressing vesicles with cancer cells was evaluated using the
fluorescence staining method.

Microscopic observation showed that the DiI-stained vesicles of the lung cancer
specific IgM producing AE6 cells were incorporated into the lung cancer A549 cells
(Fig. 4). In addition, the movement of incorporated vesicles within the cells could
be observed clearly.

However, the expression of RCFP in A549 cells by the binding of the vesicles
containing the RCFP expression vector was not detected. Because transfection effi-
ciency of gene into the vesicles by electroporation was low, it was not enough to
detect RCFP expression in A549 cells.
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Fig. 4 Microscopic observation of DiI fluorescence-stained AE6 vesicle incorporated A549 cells.
(a) bright field, (b) fluorescence imaging

4 Conclusions

We reported here several properties of cell-size vesicles induced from several
lymphoma cell lines. However, the formation mechanism of the vesicles remains
unclear. This study may be applicable to the development of the membrane protein
production and active-targeting DDS using immunoglobulin producing cell lines.
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Dendrimer-Immobilized Culture Surface
as a Tool to Promote Aggregate Formation
of Anchorage-Dependent Cells

Mee-Hae Kim, Masahiro Kino-oka, Jun-ichi Miyazaki, and Masahito Taya

1 Introduction

In cultures of anchorage-dependent cells, the changes in cell morphology can cause
variations in cell behaviors, and culture surface design is often employed to regulate
the cell morphology. In our previous study [1], we designed the transporter-mediated
anchoring by displaying D-glucose on a glass surface, and reported that the shape
of rabbit chondrocytes and their adhesion were closely related to the density of
D-glucose displayed on the surface. In the cultures with changed ratios of D- and L-
glucose, it was found that 100% D-glucose-displayed surface provided a population
of round-shaped cells with the promoted extracellular matrix (ECM) production. In
the extended work with human mammary epithelial cells, the varied densities of
D-glucose displayed were prepared by using starburst polyamidoamine dendrimer,
which is a promising template for ligand display at terminals of dendric structure
[1–4].

In the present study, the dendrimer template was employed for displaying D-
glucose on a surface for culturing rabbit chondrocytes and mouse ES cells. Its
unique structure is expected to yield physical features such as the dendrimer den-
sity on a surface and D-glucose quantity on dendrimer by changing the dendron
core amount and generation number of dendrimer, respectively. Then we prepared
various dendrimer-immobilized surfaces with D-glucose display and investigated
the morphology, migration and aggregation of rabbit chondrocyte cells cultured on
the prepared surfaces. In addition, the differentiation of the cells during monolayer
growth was discussed in relation to ECM formation by the cells. Furthermore, we
examined the morphological and functional responses of mouse ES cells cultured
on the designed culture surfaces. The undifferentiated state of the cultured cells was
confirmed by alkaline phosphatase (ALP) activity and gene expression analyses.
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2 Materials and Methods

2.1 Preparation of Glucose-Displayed Dendrimer Surfaces

The conventional polystyrene (PS) surface of a square 8-well plate (Nunc, Roskilde,
Denmark) was used as a plain or starter material. Three types of dendrimer-
immobilized surfaces with D-glucose display, that is, first-generation (G1) and
fourth-generation (G4) surfaces as well as fourth-generation/low density (G4-LD)
surface were designed by changing the generation number and density of synthe-
sized dendrimers according to previous papers [1, 3, 5]. Briefly, the surface with
fourth generation of dendrimer was designed as a structural template by step-
wise addition of tris (2-aminoethyl) amine during the procedure for synthesis of
dendrimer. Finally, D-glucose was displayed as terminal ligands on the template
dendrimer.

2.2 Cell Isolation and Cultures

Rabbit chondrocyte cells. A biopsy of articular cartilage was harvested from hemeri,
femora and tibias of Japanese white rabbits (about 1-month old), and chondrocytes
were isolated by enzymatic digestion of the minced biopsy, as described elsewhere
[1, 5]. The isolated cells were preserved in liquid nitrogen until examination. The
primary culture was initiated by introducing the chondrocytes onto various surfaces
in the well or flask immediately after thawing the cells. The culture was kept at 37◦C
under a 5% CO2 atmosphere using Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich, St. Louis, MO, USA) with 10% fetal bovine serum, L-ascorbic acid and
antibiotics. The seeding density was fixed at 1.0 × 104 viable cells per cm2 of
culture surface. At culture day 3, the spent medium was changed with fresh one.

Mouse ES cells. A feeder-free murine germline-competent ES cell line, EB3,
was maintained on a surface of 0.1% gelatin coating in Glasgow minimum essential
medium with 1000 U/ml leukemia inhibitory factor, as described previously [6, 7].
The seeding density of the cells was fixed at 5.0 × 103 cells/cm2, unless otherwise
stated. Passages 14–20 of undifferentiated ES cells were used in all the experiments,
except for the blastocyst injection tests, which were performed using ES cells within
10 passages.

2.3 Staining of F-Actin and N-Cadherin

To visualize the organization of F-actin, cells were fixed in 4% paraformaldehyde
for 15 min and permeabilized in 0.1% triton X-100 for 10 min at room tempera-
ture. Then the cells were incubated in a fluorescein phalloidin (Molecular Probes,
Eugene, OR, USA). To investigate cell-cell contacts, the culture was conducted for
6 days in the single flask which provided two regions of G4 and G4-LD surfaces in
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the same culture system. The cells were washed with PBS and premeabilized by the
treatment with 0.5% Triton X-100 in PBS for 4 min. The premeabilized cells were
incubated with a primary mouse antibody marking N-cadherin (Sigma-Aldrich) at
4◦C overnight, after masking non-specific proteins. The cells were washed with
Tris-buffered saline, followed by immunolabeling with Alexa Fluor 488 anti-mouse
IgG (Molecular Probes) for 1 h. All samples were mounted and examined under a
confocal laser scanning microscope.

2.4 RT-PCR Analysis

The RT-PCR analysis were performed according to conventional procedures, as
described previously [6, 7]. Most of the primer sequences employed for the RT-
PCR analysis was designed according to a PrimerBank database (http://pga.mgh.
harvard.edu/primerbank/) [7].

3 Results and Discussion

3.1 Morphological Regulation and Aggregate Formation
of Rabbit Chondrocytes on Dendrimer-Immobilized
Surface with D-Glucose Display

To investigate the cell behaviors on various surfaces, rabbit chondrocyte cells were
cultured on the modified surfaces with the varied generation numbers and densities
of dendrimer used for D-glucose display. As shown in Fig. 1, the round-shaped cells

A B

C D

Fig. 1 Phase contrast images
of chondrocytes cultured on
PS (A), G1 (B), G4 (C) and
G4-LD (D) surfaces. The
images were taken in the
cultures at day 3. (Scale
bars = 100 μm)



60 M.-H. Kim et al.

were found to appear on G4 and G4-LD surfaces, while the cells on PS and G1
surfaces exhibited a stretch shape dominantly. To understand the cytoskeletal for-
mation of the cells on various surfaces, the F-actin staining was conducted using the
cells obtained at day 3. As seen in Fig. 2A-C, the stretch-shaped cells on PS, G1
and G4 surfaces were found to retain fully developed stress fibers with traversing
F-actin. On G4-LD surface, however, the immature stress fibers were recognized
not only in the round-shaped cells but also in the stretch-shaped cells (Fig. 2D). In

Fig. 2 Immunostaining of
F-actin in stretch-shaped and
round-shaped chondrocytes
on PS (A), G1 (B), G4 (C, E)
and G4-LD (D, F) surfaces.
The images were taken in the
cultures at days 3. (Scale
bars = 20 μm)
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addition, the stereoscopic examination revealed that the round-shaped cells on G4-
LD surface exhibited a spherical shape having cortical actin organization. Based
on the time-lapse observation, it was demonstrated that the cells on G4-LD sur-
face exhibited active migration, associated with the periodic change of the cell
morphologies in stretching and contracting manners (data not shown). Lasing the
culture on G4-LD surface led to appreciable aggregation through cell division and
cellular coalescence, while such aggregation did not occur on PS and G1 surfaces.
Moreover, immunostaining of the cells provided an evidence that collagen type II
formed exclusively around the round-shaped and aggregated cells on G4 and G4-LD
surfaces. However, the formation of collagen type II was seldom recognized around
the cells on PS and G1 surfaces (data not shown). It was thus suggested that cellular
morphology can be a physiological measure to dominate the formation of collagen
type II in association with cell aggregates.

To know the contribution of N-cadherin to cell-cell contacts, we conducted the
N-cadherin staining of cells cultured in the single flask with two regions of G4 and
G4-LD surfaces. As shown in Fig. 3, the cells dispersed in a confluent monolayer
manner in the region of G4 surface with appreciably declining in N-cadherin for-
mation, although the florescent intensity was still higher than those on PS and G1
surfaces (data not shown). On G4-LD surface, on the other hand, the N-cadherin
formation was outstanding in almost all cells, including not only the round-shaped
and aggregated cells but also stretched cells, and still significantly higher than that
in the cells on G4 surface (Fig. 3C). Occasionally, the staining signal was intensi-
fied in the areas of cell-cell contacts among the aggregates. It was thus considered
that this morphological change on the modified surface with the lowered dendrimer
density was responsible for the promoted N-cadherin expression during aggrega-
tion, thereby facilitating the chondrogenic phenotypes with the abundant formation
of collagen type II.

A

G4 region G4-LD region

B

Fig. 3 Immunostaining of
N-cadherin produced by
chondrocytes cultured for 6
days on G4 (A) and G4-LD
(B) surfaces. The panels B
indicate the magnified images
of cells, and the insertion in
the right-hand panel is the
cross-sectional image with
the arrows pointing at the
prominent expression of
N-cadherin. (Scale bars =
100 (A) and 20 (B) μm)
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3.2 Application of Designed Surface to Culturing Mouse ES Cells

The morphology of the ES single cells as well as the ES cell aggregates on the
different culture surfaces were compared as indicated in Fig. 4. The single-cell
observation on day 1 showed that most of the cells on the G4-LD surface were
round, while those on the conventional gelatin-coated (GLN) surface exclusively
showed a stretched morphology (Fig. 4A, B). Moreover, on day 4 the cells on
the G4-LD surface formed loosely attached spherical aggregates, while those on
the conventional surface formed flatter aggregates that were firmly attached to the
surface (Fig. 4C, D).

The possibility of using G4-LD surface as a tool for enrichment of undifferenti-
ated state of ES cells was investigated by culturing the cells for several passages. The
undifferentiated cultured cells on the G4-LD and GLN surfaces were compared by
both alkaline phosphatase (ALP) staining and RT-PCR analysis. The results showed
that ALP activity of the spherical aggregate cells on the G4-LD surface increased
with increasing the passage number (data not shown).

The result of RT-PCR analysis showed that undifferentiation cell markers (Rex-1
and Oct3/4) were detected at higher levels for spherical aggregate cells on G4-LD
surface, compared to the cells grown on GLN surface (Fig. 5). Moreover, in the
case of early differentiation markers, endodermal (GATA4), mesendodermal (Gsc)
and meso-dermal (T, Wnt3) differentiation, the expressions were at lower levels
for spherical aggregate cells on G4-LD surface, compared to those grown on GLN
surface.

In conclusion, this study suggests that G4-LD surface can offer culture environ-
ment to promote cell-cell interactions, facilitating the cell aggregation, which can
maintain the desired cell phenotypes during cultures.

A B

C D

Fig. 4 Morphologies of ES
cells cultured on G4-LD (A)
and GLN (B) surfaces at day
1 (A, B) and 4 (C, D). (Scale
bars = 100 μm)
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Advantage of Alagln as an Additive to Cell
Culture Medium

Application to Anti-CD20 Chimeric
Antibody-Producing POTELLIGENTTM CHO Cell
Lines

Yasufumi Imamoto, Hisaya Tanaka, Ken Takahashi, Yoshinobu Konno,
and Toshiyuki Suzawa

1 Introduction

Monoclonal antibodies (Mab) have been well-established therapeutics and are gen-
erally produced by cell culture. However, cost reduction by elevating production
titer is a key challenge to be considered for the development of Mab production
process. To achieve this, there are some choices and improvement of cell culture
medium is one of the common methods.

In this study, we explored availability of dipeptides as substitutes for amino acid
additives. Dipeptides were expensive ingredients and have not been suitable for the
use of supplements in culture medium so far. Recently, a novel economical produc-
tion method [1] has been invented, and provides an opportunity to take advantage of
dipeptides as components of culture medium. We here investigated the effectiveness
of two kinds of dipeptide, L-alanyl-L-glutamine (AlaGln) and L-alanyl-L-tyrosine
(AlaTyr). As AlaGln is quite stable in water and produces less ammonia than Gln, it
is expected to be a better nitrogen source. On the other hand, AlaTyr shows higher
solubility in water than Tyr. Cell cultures were done to test the practicalities of these
dipeptides feature.

2 Materials and Methods

2.1 Fed Batch Culture

Addition of dipeptide to culture medium was tested by cell culture using Erlenmeyer
flask or 1 L Jar. Two kinds of PotelligentTM Chinese hamster ovary cells (repre-
sented as A and B) expressing anti-CD20 chimeric antibody [2] were adopted to
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evaluate the effectiveness. Dipeptides were added to basal culture medium and/or
feed medium. Cell culture was started by inoculating the cells at 3.0 × 105 cells
mL–1 in the serum-free medium. Fed-batch culture was carried out in 250 mL
Erlenmeyer flask for 14 days without pH and DO controls. IMDM-based feed
medium was added on days 4, 6, 9, and 11. Cell culture using 1 L-scale bioreac-
tor was also performed under pH and DO controls. In this case, feed medium was
added on days 3, 5, 7, 9, and 11. Additives (AlaGln, AlaTyr or ammonia) were added
to culture medium prior to use.

2.2 Analysis

Mab titer was measured by Protein A HPLC. Viable cell was counted by a
Cedex, using trypan blue exclusion. Early apoptotic ratio was measured by Guava
EasyCyte. Gln concentration was determined by Nova 200, and AlaGln was
derivatized with 9-fluorenylmethoxycarbonyl (Fmoc-Cl) and measured by HPLC.

3 Results and Discussions

3.1 Effect of Dipeptide Addition to Culture Medium

Effects of AlaGln and AlaTyr on cell culture were evaluated. In figures, combination
of Gln (or Tyr) sources was indicated as Gln-AlaGln, for instance, where Gln was
added in basal culture medium and AlaGln was supplemented in feed medium. The
results for cell growth and Mab titer were shown in the following figures (Figs. 1, 2,
3, 4).

The results showed some advantages of dipeptides. Though the extent of efficacy
was dependent on cell lines and culture methods (flask or jar), dipeptide addition
improved production titer in almost all the cases.
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To clarify the effect of AlaGln on cell culture, two parameters were mea-
sured; one was early apoptotic ratio as an index of cell physiology, and the other
was time course change of Gln and AlaGln concentrations coupled with nitrogen
source consumption. The results showed that AlaGln addition suppressed apop-
totic ratio on the 8th day and the 10th day of cell culture (Fig. 5). Although
the cells showed almost the same early apoptotic ratio on the 10th day for Gln-
AlaGln and Gln-Gln conditions, apoptotic ratio was kept small for AlaGln-AlaGln
condition.

As for time course change of Gln and AlaGln concentrations, Gln concentration
was almost 0 mmol L–1 at the beginning of cell culture. On the other hand, AlaGln
accumulated in the cell culture medium as AlaGln was supplemented with feed
medium, because it was not consumed readily. As cell culture was developed, Gln
concentration increased while AlaGln concentration decreased presumably due to
decomposition of AlaGln which might be caused by peptidase released from dead
cells (Fig. 6).
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Fig. 5 Early apoptosis ratio during cell culture in 1 L Jar Gln-Gln (black), Gln-AlaGln (mesh),
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3.2 Controlling Ammonia Generation and Its Impact on Cell
Culture

To compare stability of Gln and AlaGln quantitatively, time course change of ammo-
nia in cell culture medium was measured (Fig. 7). The result showed that the stability
of AlaGln was higher in the medium, and AlaGln produced less ammonia than Gln.
Ammonia is well-known to inhibit cell growth and may have significant impact on
Mab production titer.

Next, inhibition effect of ammonia on cell culture profile was tested using
Erlenmeyer flask. Correlating with the increase of ammonia concentration, cell
growth was confirmed to be decreased (Fig. 8).

The observation indicated above could be an advantage of AlaGln in medium
preparation at manufacturing site of Mab, since cell culture medium on site
is generally stored at ambient temperature until the use. During the storage,
Gln in the medium degrades quickly to elevate ammonia accumulation, while
AlaGln degrades moderately. To confirm this hypothesis, cell culture was per-
formed in 1 L Jar under the mimetic condition of manufacture at scale (i.e.,
24 mmol L–1 ammonia was added to culture medium). The results indicated that
ammonia addition significantly suppressed cell growth and Mab production titer
(Fig. 9). Based on these results, it was concluded that stored medium having an
elevated ammonia level led to inhibit cell culture. To prevent ammonia genera-
tion during the storage of culture medium, AlaGln should be a better nitrogen
source.
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Fig. 9 Effect of ammonia on cell growth and titer of cell line A (1 L Jar) in Gln-Gln (�), Gln-
AlaGln (�), Gln-Gln plus ammonia (�) conditions

4 Conclusion

This article proposed advantages of using two kinds of dipeptide for cell culture,
AlaGln and AlaTyr. Addition of these dipeptides increased Mab titer and improved
cell growth, though degree of improvement was dependent on cell lines and culture
method. Stability of AlaGln was higher than that of Gln, which generated ammo-
nia significantly than AlaGln during the storage of cell culture medium. This may
lead to the difference in culture performance, especially in manufacturing condi-
tions. From these data, it was concluded that certain dipeptides could offer better
performance in cell culture by replacing some amino acid additives.
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Supplementation of Phosphatidylcholine
Protects the Hybridoma Cells from Apoptosis
Induced by Serum Withdrawal

Beng Ti Tey, Kah Choon Yap, Hideki Yamaji, Abdul Manaf Ali,
and Wen Siang Tan

1 Introduction

Serum is an important mitogenic agent that promotes cell growth in mammalian
cells. Since it is originated from other animals, it may contain infectious agents like
viruses and prions, hence its uses during the manufacturing of monoclonal antibody
are prohibited by regulatory agency. Studies that focused on serum replacement
have led to the development of various serum and protein free medium formulations.
However, the withdrawal of serum from the culture medium was reported to retard
the cell growth and induce apoptosis [2, 5, 7, 8]. Furthermore, cells were more
susceptible to apoptosis when they are cultivated in serum-free medium compared
to those cultivated in medium supplemented with serum [4, 5]. Indeed, apoptosis is
a major cell death mechanism in mammalian cell lines that used in biotherapeutic
manufacturing (Reviewed in [6]).

In a recent report, Lee et al [3]. revealed that serum withdrawal can caused
an elevation in cellular ROS levels, and induced apoptosis cell death in human
U397 cells. ROS such as O•−

2 and H2O2 are important mediators of intracellular
signaling pathway. In another study, Zweigner et al [10]. reported that the pres-
ence of H2O2 has strongly inhibited PtdCho synthesis and induced apoptosis in a
human microglial cell line. It was proposed that the inhibition of PtdCho synthesis
due to the lipid peroxidation or inhibition of choline phosphotransferase (CPT) by
intracellular acidification by H2O2. Phosphatidylcholine (PtdCho) is an important
phospholipid in eukaryotic cell membranes and it plays important role in signal
transduction. It is synthesized via the cytidine diphosphocholine (CDP-choline)
pathway. The inhibition of this pathway that led to the PtdCho deficiency is known
to triggers apoptosis in many cell lines [1]. Hence, there may be a possible link
between the serum withdrawal and PtdCho transduction pathway. In this study, the
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effect of PtdCho supplementation on the apoptotic cell death induced by the serum
withdrawal was investigated.

2 Materials and Methods

2.1 Cell Line

The hybridoma C2E7 cell line secreting the IgM antibody against the Mcf-7 breast
cancer cells was used in this study.

2.2 Analysis of Cell Density and Viability

Cell density and viability were evaluated using a haemacytometer with trypan blue
exclusion method.

2.3 Analysis of Apoptosis Level

Viable, early apoptotic, late apoptotic, necrotic and chromatin free (ghost) cells were
identified by fluorescence microscopic analysis of plasma membrane integrity and
nuclear morphology by double staining with propidium iodide (PI) and acridine
orange (AO).

2.4 Batch Culture

Stock culture of the hybridoma C2E7 cells was first established. At mid-exponential
phase of the culture, cells were harvested by centrifugation and resuspended at
2 × 105 cells/ml in a fresh medium containing 10% FBS or without any FBS
(0%) and transferred into a 75 cm2 T-flask with a total working volume of 25 ml.
Both the serum enriched (10% FBS) and serum withdrawal (0% FBS) were supple-
mented with PtdCho to a final concentration of 100 μg/ml. The cultures without any
PtdCho supplementation were used as controls. The cultures were then incubated at
37 ◦C. Samples were taken daily in order to assess viable cell number, viability and
apoptosis levels as mentioned above.

3 Results and Discussion

In the present study, 100 μg/ml of PtdCho was supplemented to the hybridoma
culture in the presence of serum and under serum withdrawal conditions. Under
the serum withdrawal condition, the culture supplemented with PtdCho was able
to maintain about 30% viability for over 6 days, while the viability of the culture
without PtdCho supplementation has decreased to about 10% (Table 1). In the serum
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Table 1 Influence of PtdCho Supplementation on the Growth and Survivability of the Hybridoma
C2E7 Cells under Serum Withdrawal Conditions (0% FBS)

With 100 μg/ml of PtdCho Without PtdCho

Initial Cell Density (cells/ml) 1.95 × 105 1.95 × 105

Maximum Cell Density (cells/ml) 4.00 × 105 3.65 × 105

Viability (%) after 6 days of Cultivation 29 10

Table 2 Influence of PtdCho Supplementation on the Growth and Survivability of the Hybridoma
C2E7 Cells under Serum Enriched Conditions (10% FBS)

With 100 μg/ml of PtdCho Without PtdCho

Initial Cell Density (cells/ml) 1.90 × 105 1.90 × 105

Maximum Cell Density (cells/ml) 1.50 × 106 1.42 × 106

Viability (%) after 6 days of Cultivation 35 2.5

supplemented culture, the presence of exogenous PtdCho was able to enhance the
survivability of hybridoma at the death phase of the culture. The viability of the
PtdCho culture was maintained at about 35% for over 8 days, while the viability of
the control culture has dropped to about 2% (Table 2).

The majority of the dead cells in the control culture were identified as apoptotic
cells (Tables 3 and 4). Hence, the supplementation of PtdCho in the medium has
delayed the apoptotic cell death that induced by serum withdrawal. The results of the
current study is in good agreement with that reported by other researchers who used

Table 3 Cell Fraction of Hybridoma C2E7 Cells after 6 Days of Cultivation under Serum
Withdrawal Conditions (0% FBS)

Cell Type With 100 μg/ml of PtdCho Without PtdCho

Viable (%) 20.8 7.3
Early Apoptotic (%) 3.8 5.4
Late Apoptotic (%) 70.2 83.4
Ghost (%) 5.2 3.9
Necrosis (%) 0 0

Table 4 Cell Fraction of Hybridoma C2E7 Cells after 8 Days of Cultivation under Serum Enriched
Conditions (10% FBS)

Cell Type With 100 μg/ml of PtdCho Without PtdCho

Viable (%) 23 3.0
Early Apoptotic (%) 20 15.3
Late Apoptotic (%) 48.5 73.2
Ghost (%) 3.5 8.5
Necrosis (%) 5.0 0
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PtdCho to suppress apoptosis induced by various apoptotic inducer such as purified
pneumolysin and H2O2 [10], and drugs such as farnesol and chelerythrine [1]

4 Conclusion

The results of the present study showed that PtdCho is able to protect the hybridoma
cells from apoptosis triggered by serum withdrawal. In addition, no effect on the
specific growth rate, maximum cell density and monoclonal antibody production
were observed in the culture supplemented with PtdCho. Therefore, PtdCho is a
suitable component for the formulation of a serum free medium.
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Monoclonal Antibody Productivity
of Hybridoma Cells Under Active Hypothermic
Growth Condition

Beng Ti Tey, Sun Li Chong, Michelle Y.T. Ng, Duen Gang Mou, Saw Hoon
Lim, and Abdul Manaf Ali

1 Introduction

There is a great demand for the biopharmaceutical such as cytokines, vaccines, and
monoclonal antibodies (mAb) that are produced from mammalian cells over the
past few years. However, the productivity of recombinant proteins in animal cell
is always lower compared to other microbial expression systems. Therefore, there
is a need to increase the productivity of these biopharmaceutical proteins in mam-
malian cells in order to meet the market demand. Over the years, various strategies
such as modification of the manufacturing facilities, genetically-modification of cell
lines and optimization of the operating conditions have contributed greatly to the
improvement of mammalian cell protein productivities. The strategy on the modi-
fication of operating parameters such as pH, osmolarity and temperature would be
favoured by most pharmaceutical manufacturers due to its cost effectiveness and it
is easy to implement.

Mammalian cell culture is normally performed at 37 ◦C, a temperature for the
optimal cell growth and cellular activities. Under hypothermic condition, cellular
adaptations in response to cold shock are necessary for survival of most organ-
isms. Mammalian cells would normally experience an arrested growth when they
were exposed to mild hypothermic conditions (between 37 and 30 ◦C). The growth
arrested mammalian cells would normally have a longer life span in batch culture,
and lower nutrient consumption, hence, would be expected to have a higher specific
cellular protein productivity. Indeed, several researchers had reported that great pos-
itive impact towards the productivity of recombinant proteins had been achieved in
CHO cell culture by lowering the cultivating temperature [4, 5, 9] However, due to
the low cell density as a result of growth arrestment, the total hypothermic mAb
productivity is somehow lower than that of normal temperature. In our previous
study, the specific mAb productivity of hybridoma is increased proportionally to
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the population of S-phase cells and inversely proportional to the population of G1-
phase cells under mild hypothermic condition [2]. In another study, Fox et al [3].
also reported that the specific productivity of CHO cells under hypothermic condi-
tion was proportional to the population of cells in S phase. On the other hand, the
specific productivity of NS0 cells in chemostat culture was reported to be correlated
to the G2/M cells [7]. Hence, the active growth of cells may play an important role
in mAb productivity. Therefore, the aim of the present study was to investigate the
mAb productivity of hybridoma cells under active mild hypothermic growth.

2 Materials and Methods

2.1 Cell Line

Hybridoma clone C2E7 excreting mAb IgM reacted with human breast cancer cell
line MCF7, T47-D and ductal and lobular carcinoma was used in this study [1].

2.2 Culture Conditions

RPMI 1640 (Gibco BRL, USA) consists of 2 g/l of sodium bicarbonate (NaHCO3)
was used in the present study. The batch culture of hybridoma cells was performed
in 175 cm2 T-flask containing 60 ml of fresh medium inoculated with mid expo-
nential cells at a density of 2.5 × 105 cells/ml. The cultures were supplemented
with 10 and 30% (v/v) of FBS in duplicate at each incubation temperature (37 and
32 ◦C). Samples were harvested daily for cell counting, viability, mAb concentration
determinations and mRNA expression analysis.

2.3 Cell Density and Viability Determination

Cell density and viability was determined using haemocytometer (improved
Neubauer–Haemocytometer) with trypan blue exclusion method.

2.4 Monoclonal Antibody Quantification

The mAb concentration was quantified using an ELISA kit (Bethyl Laboratories,
Inc., Texas, USA) as been described in Chong et al. [2].

2.5 Total RNA Isolation and Quantitation

Sample containing at least 106 cells was used for total RNA isolation. The total RNA
isolated using an RNeasyTM Mini Kit (Qiagen Inc., Hilden, Germany) according to
the manufacturer’s protocol with some modification. The concentration of RNA was
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quantitated by measuring the absorbance at 260 nm with Ultrospec-3000 UV-VIS
Spectrophotometer (Amersham Biosciences UK Ltd, UK). The purity of RNA was
determined by the ratio of the reading at 260 and 280 nm (A260/A280), in which pure
RNA has an A260/A280 ratio of 1.8–2.1.

2.6 Real Time PCR Quantification of IgM Expression Level

The PCR reaction was performed in 20 μl of total reaction volume con-
taining 2 μl of cDNA template, 10 μl of 2x Quantitect SYBR Green PCR
Master Mix (Qiagen Inc., Hilden, Germany), 0.5 μM of reverse and forward
IgM1 primers (IgM1_F: 5’- AAATGTCTTCCCCCTCGTCTCCTGC; IgM1_R:
5’- CAGATCTCTGTTTTTGCCTCCGTAGTG) using Light Cycler 2.0 Instrument
(Roche Diagnostics Corp., Indianapolis, USA).The reactions were performed with
35 cycles, each cycle consisted of denaturation without hold time at 90 ◦C, anneal-
ing at 63 ◦C for 30 second and extension for 45 min at 72 ◦C. After PCR cycling,
melting curve analysis was performed. The cycle at which a given sample crosses
a threshold fluorescence value (crossing point) is proportional to the amount of
DNA template and was calculated using the LightCycler R© Software 4.0 (Roche
Diagnostics Corp., Indianapolis, USA). A plot of crossing point versus logarithm of
concentration ranging from 102 to 108 copies was generated and can be interpolated
to find the concentration of unknown sample. Both the sample and standards were
prepared in duplicate.

2.7 Calculation

2.7.1 Specific Growth Rate

Specific growth rate, μmax

ln Xt = μmaxt + ln X0 (1)

Where Xt is the viable cell density at time t, and X0 is the initial viable cells
density and t is the cultivation time.

2.7.2 Specific Monoclonal Antibody Productivity

Specific monoclonal antibody productivity, qmAb

qmAb = (
[mAb]t2 − [mAb]t1

)
/

∫
Xvdt (2)

Where [mAb]t1 is the mAb concentration at t1, [mAb]t2 is the final mAb con-
centration at t2, and

∫
Xv dt is the integrated viable cells density (IVCD) from

t = t1 to t2.
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3 Results and Discussion

The growth of hybridoma under hypothermic condition (32 ◦C) was stimulated
through the supplementation of high serum concentration (up to 30%) into the cul-
ture medium. The results showed that the specific and volumetric mAb productivity
of hybridoma cultured at 32 ◦C and supplemented with 30% FBS (active hypother-
mic growth) was 1.34 and 1.38-folds higher than the control culture (37 ◦C and
supplemented with 10% FBS) (Table 1). Higher serum dosage has been reported to
increase the fraction of S-phase cells, and the specific growth rate in mammalian
cell culture [3, 6]. This finding is in line with our previous study whereby the spe-
cific hypothermic productivity is found to be correlated to the fraction of S-phase
cells [2].

Real time PCR quantification of mAb (IgM) expression level showed that the
enhanced specific hypothermic productivity was found to be related to the elevated
IgM mRNA level during lag and early exponential hypothermic growth (Table 2).
Hence, higher viable cells density during the lag and early exponential phase of
hypothermic growth is critical for improved total hypothermic productivity of mAb
by hybridoma cells.

Table 1 Summary of specific growth rate, total production and specific productivity of IgM with
varied dosage of FBS supplementation at 32 ◦C and 37 ◦C

μmax (day–1)

Maximum Cell
Density
(× 106

cells/ml)

Total mAb
Production
(mg/l)

Specific mAb
Productivity
(pg/cells-hr)

Growth Condition 32 ◦C 37 ◦C 32 ◦C 37 ◦C 32 ◦C 37 ◦C 32 ◦C 37 ◦C

Control – 10% FBS 0.65 0.78 1.23 1.25 3.57 3.94 0.0420 0.036

30% FBS 0.68 1.04 1.39 1.53 5.29 5.71 0.0490 0.041

Table 2 Monoclonal
antibody (IgM) expression
level in the mild hypothermic
(32 ◦C) growth of hybridoma
cells

mRNA Conc. (Copies/106 cells)

Day 10% FBS 30% FBS

0 0 0
1 2.24E + 07 4.86E + 07
2 1.58E + 07 2.56E + 07
3 1.07E + 07 1.25E + 07
4 2.86E + 06 8.52E + 06
5 2.21E + 06 1.10E + 07
6 2.05E + 06 1.41E + 07
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4 Conclusion

The results of this study have demonstrated the possibility of promoting hypother-
mic growth with high dosage of serum supplementation. However, the application
of serum that originated from animal is prohibited by the regulatory authority.
Therefore, there is a need to seek other alternative to replace FBS usage to pro-
mote active hypothermic growth. Indeed, the over-expression of antiapoptotic gene
such as Bcl-2 was reported able to reduce the serum dependency of NS0 cells [8].
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Efficient Selection of Cell Clones with Higher
Productivity in the Production of Recombinant
Human Monoclonal Antibodies

Ayako Ohshima, Yumiko Takamatsu, Koichi Yamamot, and Hiroyuki Saitoh

1 Introduction

To achieve a high production level of recombinant human monoclonal antibody
(rhMAb) through inoculation and cultivation of Chinese hamster ovary (CHO) cells,
it is absolutely necessary to select the clones that show superior performance under
manufacturing conditions [1]. However, during the phase of cell development, a
huge number of clones have to be handled at once. Figure 1 shows an example of
a process flow diagram of cell clone screening. The clone selection process begins
with the transfection, followed by a series of screening methods using a tissue cul-
ture plate. The performances of the selected clone are then evaluated under actual
manufacturing culture conditions using shake flasks and bioreactors. During the
screening stage, however, is very difficult to quickly choose from among a huge
number of tested clones (>5,000) using a culture plate. One of the main reasons for
this difficulty is the difference in culture methods between the screening stage and
the production stage. In the screening stage, the culture method is kept very sim-
ple in order to allow the efficient handling of so many clones. On the other hand,
the process for production is highly optimized to increase cell growth and rhMAb
production [2]. In most cases, a fed-batch culture is used to supply cells with nutri-
ents on demand over the course of several weeks during the production stage. This
change in the cultivation conditions (e.g., the production medium, feed medium and
feeding strategy) between the two stages can lead to changes in the production level
or cell growth level. Therefore, in terms of selecting the most efficient clones, it
would be preferable if the conditions used to screen and produce the antibodies
were more similar.

In this study, we tried to establish a cell selection method that can solve these
issues—i.e., the difficulty of selecting from among a huge number of clones in
the screening stage and the use of different culture methods for screening and
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Over 5,000 clones

Over 200 clones

20 clones
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TransfectionFig. 1 Diagram of clone
screening process

production. To bridge the gap between the screening culture and production culture,
we adopted a simplified production culture to minimize the effort expended in the
cell clone screening stage and the variety of cell culture conditions. We performed
the experiments with the following goals in mind: (1) fast screening, (2) simple oper-
ation, (3) the ability to evaluate many clones simultaneously and (4) a consistency
of the titer level between the screening and a large-scale production.

2 Materials and Methods

2.1 Culture Condition of Flasks and Plates

The cells used in this study were CHO cells expressing rhMAb A and rhMAb B.
Batch culture with 125 mL Erlenmeyer flasks and with tissue culture plates (12,

24, and 96-well plate) was carried out. Cell culture was started by inoculating the
cells at 2.0×105 cells mL–1 in serum-free medium. The inoculated flasks and culture
plates were placed on a rotary shaker and cultured in a humidified incubator at 37◦C
with 5% CO2. The shaking speed was 120 rpm for flasks and 180 rpm for plates.
The glucose concentration of the culture medium was set at 8 g L–1 so that the batch
culture could be continued for 7 days.

In a separate trial, a fed-batch culture was carried out for 17 days in 125 mL
Erlenmeyer flasks. The initial cell concentration and the culture conditions were the
same as those for the batch culture except that the initial concentration was 4 g L–1

glucose. Feed medium was added on days 4, 7, 10, and 13.

2.2 Analyses

The viable cell density was determined using an AlamarBlueTM assay [3]. The cul-
ture fluid was diluted in fresh medium to a concentration that fell within the bounds
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of an analytical curve (∼106 cells mL-1). 100 μL of diluted samples was incu-
bated with 10 μL of AlamarBlueTM (Diagnostic Systems, Inc.) on 96-well plates
for 3 h at 37◦C with light shielding. The fluorescence of each well was detected
using EnVision (PerkinElmer), and the viable cell densities of each sample were
calculated by the ratio of absorbance at 595 nm/615 nm using the analytical curve.
Culture fluids for which the viable cell densities were already known were used to
generate the analytical curve.

The antibody productivity was measured using LANCETM (PerkinElmer) [4]
or Protein A HPLC. Supernatants were diluted in 20 mM Tris-HCl buffer
(pH 7.2) including 10% Block Ace (Dainippon Sumitomo Pharma Co., Ltd.)
(Buffer A) to a concentration that fell within the bounds of an analytical curve
(∼10 μg mL-1). 2 μL of diluted samples was incubated with 12 μL of Buffer A
including 2.9 μg mL-1 LANCE europium (Eu)-W1024 labeled mouse anti-human
immunoglobulin G (Fc-specific, monoclonal antibody) (PerkinElmer), 25 μg mL-1

of biotin-conjugated mouse anti-human immunoglobulin G (kappa-specific, mon-
oclonal antibody) (BD Biosciences), and 50 μg mL-1 Surelight allophycocyanin
(APC) streptavidin (PerkinElmer) on 96-well half-area plates for 1 h at room
temperature with light shielding. The fluorescence of each well was detected
using EnVision (PerkinElmer), and the concentration of the antibody in the super-
natant was calculated by the ratio of absorbance at 665 nm/615 nm using an
analytical curve. The rhMAb was used as the standard to generate the analytical
curve.

3 Results

3.1 Selection of a Culture Vessel for Simplified Production
Culture in the Screening Stage

It is very convenient to evaluate cell performance using tissue culture plates, because
their closely packed wells allow the handling of many clones. To compare the effi-
cacy of cultures in Erlenmeyer flasks, we performed a simplified production culture
using 12, 24, and 96-well plates for 7 days. The time course of the viable cell density
and the antibody production level at day 7 are shown in Figs. 2 and 3, respectively.

As shown in Fig. 2, the time course of viable cell density in the 12-well plate and
24-well plate cultures were the same as that of the flask culture. On the other hand,
the cell growth in the 96-well plate culture was much lower than that in the flask
culture, presumably due to a lack of mixing efficiency caused by the small diameters
of the wells. That is, the oxygen supply appeared to be insufficient in the 96-well
cultivation due to the low mixing speed. The antibody production levels at day 7 in
the 12-well and 24-well plate culture were the same as that of the flask condition
(Fig. 3). In contrast, the production level in the 96-well plate culture decreased to
20% in accordance with the low cell growth. These results indicated that a 24-well
plate could be used for the clone selection instead of a flask.
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3.2 Comparison of the Cell Clone Performance in a Production
Culture Using an Erlenmeyer Flask and 24-well Tissue
Culture Plate

It is very important to evaluate the effectiveness of tissue culture plates in the selec-
tion of clones showing high performance under manufacturing conditions. In this
experiment, we compared 6 clones of CHO cells producing antibody B in produc-
tion cultures using an Erlenmeyer flask and 24-well plate to evaluate the cell clone
performance. Figure 4 shows the relative antibody production level of each clone.
Although the production levels of the cells in the flasks and the 24-well plates were
not the same (1800 mg L–1 and 600 mg L–1 for clone No. 4, respectively), this was
attributed to the difference in the duration of cultivation (17 days for the flask cul-
ture and 7 days for the plate culture). Despite this difference, the production levels
of the 6 clones were same in order. Clone No. 4 showed the highest production level,
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and clone No. 2 showed the lowest. The same results were obtained in regard to cell
growth profile (data not shown). Take together, these results indicated that a suc-
cessful selection of clones with higher productivity was possible by 24-well plate
culture.

4 Discussion

In order to establish an efficient procedure for the selection of cell clones that will
exhibit superior performance under manufacturing conditions, the selection method
should be simple, because it takes a long time to develop the rhMAb-producing
CHO cells. Therefore, it is necessary to develop a culture method that is on a smaller
scale than that using Erlenmeyer flasks, and tissue culture plates are ideal for this
purpose. In our previous study, we demonstrated that the performance of a fed-batch
culture using a flask was similar to that of a larger scale fed-batch culture using a
bioreactor (data not shown).

In this study, we investigated to minimize the culture scale to evaluate a large
number of clones. The screening was carried out with the same medium as used
in the production culture. The batch culture with production medium for 7 days
resulted in a similar production profile as the fed-batch culture for 17 days. In addi-
tion, the titer level of the 24-well plate culture was on the same order as that of the
flask culture (Figs. 2 and 3). From these results, we concluded that a batch culture
with 24-well plates was well correlated to a fed-batch culture with flasks in terms of
the cell growth and titer level.

This novel scaled-down method using tissue culture plates instead of a bioreactor
or flask could be fast, simple and consistent for the selection of cell clones that will
exhibit superior performance under manufacturing conditions.
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Continuous Cell Production from Three
Dimensional Hematopoietic Microenvironment
in Polyurethane Foam

Tadasu Jozaki, Kentarou Aoki, Hiroshi Mizumoto, and Toshihisa Kajiwara

1 Introduction

In adult humans, the bone marrow is the site for hematopoiesis. In this site,
hematopoietic stem cells (HSCs) maintain, self-renew and differentiate into all
blood cells [1]. HSCs adhere to the surface of trabecular bone through bone marrow
stromal cells. The cell-cell or cell-extra cellar matrix (ECM) interactions maintain
the physiological hematopoietic environment [2].

The suitable culture conditions for hematopoietic cell activity in vitro are
provided by co-culture with stromal cells and addition of cytokines [3–5]. In
stromal-dependent culture, the stromal cell layer provides physical support and
some cytokines to hematopoietic cells. Dexter et al. reported that HSCs maintain
colony-forming ability on a 2 dimensional stromal cell layer for 3 months [3].
Several cytokines such as stem cell factor (SCF), thrombopoietin (TPO), and flt-3
ligand were reported to partially regulate hematopoiesis [6, 7]. We can standardize
and maintain cells more easily in a stromal-free culture than in a stromal-dependent
culture. But, a stromal-free culture requires a higher concentration of cytokines than
a stromal-dependent culture [8].

Stromal-dependent culture in a monolayer such as the Dexter culture system
requires the addition of a large amount of cytokines for proliferation of HSCs and
hematopoietic progenitors [9, 10]. So, to use cell-cell or cell-ECM interaction more
effectively, 3D culture systems have been developed as follows: polyvinyl formal,
nonwoven disks, porous micro spheres, and so on [9, 11, 12]. These 3D porous car-
riers have a larger surface area than the conventional monolayer culture system and
promote a high cell density culture [13, 14].

In these reports, the contribution to maintenance or proliferation of HSCs and
hematopoietic progenitor cells has been documented. But, a 3-D culture is required
to establish continuous blood cell production system from cultured HSCs. A suitable
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carrier and culture method are required for the reconstruction of the hematopoietic
microenvironment in vitro.

We focused on polyurethane foam (PUF) as a porous scaffold for hematopoietic
cell culture. It has a sponge-like macro porous structure with each pore comprised of
smooth thin films and thick skeletons. PUF can achieve sufficient mass transfer and
high cell density culture because the pores are partially opened and connected with
each other. Moreover, the floating cells generated from the hematopoietic micro-
environment in the PUF can be harvested easily.

We employed two kinds of PUF, which have different contact angles and
hydrophilic properties. We investigated the effect of the scaffold on reconstruction
of the hematopoietic microenvironment in vitro.

2 Methods

2.1 Cell Culture

C57BL6/J male mice (6–8 week-old) were purchased from Kyudo Co., Ltd
(Kumamoto, Japan). Mouse bone marrow cells were isolated from their femur and
tibia by flushing with CMF-PBS using a 1 ml syringe and 26 gauge needles [12].
Mouse bone marrow mononuclear cells (mBMMNCs) were separated by density
gradient separation on percoll (1.077 g/ml, Sigma) [15]. mBMMNCs were cultured
in IMDM (Iscove’s Modified Dulbecco’s Medium, Sigma) supplemented with 20%
Horse serum (Gibco), 5 U/ml Penicillin and 5 μg/ml Streptomycin (Gibco).

We investigated 2-D and 3-D culture. For 2-D culture, mBMMNCs were cultured
in a monolayer culture as previously described [3]. For 3-D, we employed PUF as a
scaffold.

2.2 Preparation of Polyurethane Form as a scaffold

PUF was kindly donated by Inoac (Nagoya, Japan). It has a sponge like macro
porous structure with each pore consisting of smooth thin films and thick skele-
tons [16]. The PUF block was cut into a flat disk (with radius 11 mm, thickness of
1.0 mm). We used two kinds of PUF (W1, R4) with different surfaces and structural
properties (Table 1).

Table 1 Physical parameters
of two types of PUF PUF type W1 R4

Contact angle (degree) 85.2 ± 2.3 47.8 ± 4.5
Pore size (μm) 500 250
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2.3 PUF 3D Culture

Each PUF disk was placed in a 12 well plate for static culture. Medium containing
3.2×106 mBMMNCs (1.6 ml) was inoculated into each well and incubated in a
humidified incubator at 5% CO2 and a temperature of 37◦C.

After day 12, rotational culture was started to isolate mature blood cells from
PUF pores (Fig. 1). Then, the PUF disks were transferred to a new 12-well plate
with fresh culture medium at 3 days intervals. At the same time, non adherent cells
were harvested from old medium and counted as “Produced cells”. On the other
hand, adherent cells on PUF surface were harvested as “Adherent cells”.

Stromal cells
HSCs
HSC-derived cells

Adherent cells 

Evaluation of hematopoiesis in vitro 

Produced cells

Evaluation of cell production

(harvested from PUF plate)

(harvested from exchanged medium) 

Fig. 1 Schematic diagram of 3D culture configuration in PUF pores

2.4 Phenotype Analysis of Produced Cells

We evaluated lineage-specific surface markers for the Produced cells by MACS
(Miltenyi Biotec) at day 21–24. The cells released from PUF culture were labeled
with Ter-119 MicroBeads or CD45 MicroBeads (Miltenyi Biotec) as recom-
mended by the manufacturer. And, Ter119+ or CD45+ cells were isolated from the
magnet-retained fraction with a MACS separation unit (Miltenyi Biotech).

2.5 Colony Forming Unit (CFU) Assay

The cultured cells were washed and resuspended at a density of 1.0×105 cells /ml in
IMDM containing 1% FBS. The CFU samples (0.3 ml) were added to the suspended
medium to form a 3.0 ml HSC-CFU complete with erythropoietin and tested in
accordance with the manufacturer’s protocol (Miltenyi Biotec).
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3 Result

3.1 Distinctive Efficiency of PUF in Cell Growth of mBMMNC
Cultivation

We counted the number of cells produced from PUF or monolayer culture as an
indicator of cell production (Fig. 2a). In monolayer culture, cell production ceased
by day 21. In both PUF cultures, the cell production from PUF increased until day
33 and then began to decrease. The number of cells produced in W1 culture was
higher than that of R4 culture.

From the population of Ter119 or CD45 positive cells at day 21–24, almost 99%
of produced cells were hematopoietic cells and 21.8–34.9% differentiated into the
erythroid line without the addition of erythropoietin (Table 2).

Figure 2b showed changes in the adherent cell number. Adherent cell prolifer-
ation was obviously occurring in PUF culture after day 14. And, the number of
adherent cells remained fairly constant between day 14 and day 21.
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Fig. 2 Hematopoietic cell proliferation (a) Produced cells (b) Adherent cell

Table 2 Evaluation of
lineage specific surface
markers of produced cell in
PUF culture

Culture system %Ter119+ %CD45+

Fresh mBMMNC (day 0) 40.9 39.0
W1 culture (day 21–24) 21.8 99.2
R4 culture (day 21–24) 34.9 99.1
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3.2 Colony-Forming Ability is Associated with Cell Density
in Culture Space and the Surface Characteristic

The number of colony-forming units (CFUs) in PUF culture was larger than in the
monolayer culture (Table 3). In comparison of PUF cultures, colony-forming ability
was maintained in R4 culture better than in W1 culture. These results might be due
to differences in cell density within each culture or surface characteristics of each
carrier.

Table 3 Compsrison of
CFUs among various culture
system

Culture system Day 14 ([CFU/well]) Day 21 ([CFU/well])

W1 culture 345.4 ± 298.8 62.5 ± 5.7
R4 culture 259.5 ± 228.0 127.0 ± 36.5
Monolayer 21.8 ± 14.3 9.8 ± 0.8

4 Discussion

The purpose of this work was to investigate the effect of scaffold type on recon-
struction of the hematopoietic microenvironment in vitro. In this study, we showed
that PUF pores might contribute to hematopoietic cell production. In comparison of
PUF and monolayer culture, PUF culture exceeded monolayer culture in adherent
cell proliferation and maintenance of colony-forming ability (Fig. 2 and Table 2).
The cell proliferation suggests that stromal cells support the hematopoietic cells,
but the stromal cells in 2-D culture were not sufficient to continue cell production
in comparison with 3-D culture. In both PUF cultures, cell production increased
and decreased similarly. Therefore, PUF cultures might benefit from the structural
characteristic of the pores, but the surface characteristic influences cell productivity.

W1 culture exceeded R4 culture in nonadherent cell production, while R4 cul-
ture exceeded W1 culture in maintenance of colony-forming ability (Fig. 2). These
results might be due to surface characteristics. So, different cells in each PUF culture
might adhere, and they are likely to generate different cytokine effects.

These results indicate that an optimum environment for HSCs consists of high
cell density co-culture with a stromal cell line in PUF pores. The surface character-
istic that influences the cell activity for reconstructing a HSC niche in vitro needs to
be investigated further.

References

1. Emerson, S.G. (1996) Ex vivo expansion of hematopoietic precursors, progenitors, and stem
cells: The next generation of cellular therapeutics. Blood 87: 3082–3088.

2. Panoskaltsis, N., Mantalaris, A., and David Wu, J.H. (2005) Engineering a mimicry of bone
marrow tissue ex vivo. J. Biosci. Bioeng. 100(1): 28–35.



94 T. Jozaki et al.

3. Dexter, T.M., Allen, T.D., and Lajtha, L.G. (1977) Conditions controlling the proliferation of
haemopoietic stem cells in vitro. J. Cell Physiol. 91: 335–344.

4. Koller, M., Bender, J.G., Papoutsakis, E.T., and Miller, W.M. (1992) Effects of synergistic
cytokine combinations, low oxygen, and irradiated stroma on the expansion of human cord
blood progenitors. Blood 80: 403–411.

5. Kanai, M., Hirayama, F., Yamaguchi, M., Ohkawara, J., Sato, N., Fukazawa, K.,
Yamashita, K., Kuwabara, M., Ikeda, H., and Ikebuchi, K. (2000) Stromal cell-dependent ex
vivo expansion of human cord blood progenitors and augmentation of transplantable stem cell
activity. Bone Marrow Transplant. 26: 837–844.

6. Yoshida, M., Tsuji, K., Ebihara, Y., Muraoka, K., Tanaka, R., Miyazaki, H., and Nakahata, T.
(1997) Thrombopoietin alone stimulates the early proliferation and survival of human ery-
throid, myeloid and multipotential progenitors in serum-free culture. Br. J. Haematol. 98:
254–264.

7. Ebihara, Y., Tsuji, K., Lyman, S.D., Sui, X., Yoshida, M., Muraoka, K., Yamada, K.,
Tanaka, R., and Nakahata, T. (1997) Synergistic action of Flt3 and gp130 signalings in human
hematopoiesis. Blood 90: 4363–4368.

8. Mutsumi, T. (2005) Cell processing engineering for ex-vivo expansion of hematopoietic cells.
J. Biosci. Bioeng. 99(3): 189–196.

9. Tomimori, Y., Takagi, M., and Yoshida, T. (2000) The construction of an in vitro three-
dimensional hematopoietic microenvironment for mouse bone marrow cells employing
porous carriers. Cytotechnol. 34: 121–130.

10. Bennaceur-Griscelli, A., Tourino, C., Izac, B., Vainchenker, W., and Coulombel, L. (1999)
Murine stromal cells counteract the loss of long-term culture-initiating cell potential induced
by cytokines in CD34+CD38low/neg human bone marrow cells. Blood 94: 529–538.

11. Naughton, B.A., Preti, R.A., and Naughton, G.K. (1987) Hematopoiesis on nylon mesh
templates. I. Long-term culture of rat bone marrow cells. J. Med. 18(3–4): 219–250.

12. Tun, T., Miyoshi, H., Aung, T., Takahashi, S., Shimizu, R., Kuroha, T., Yamamoto, M., and
Ohshima, N. (2002) Effect of growth factors on ex vivo bone marrow cell expansion using
three-dimensional matrix support. Artif. Organs 26: 333–339.

13. Li, Y., Kniss, D.A., Yang, S.-T., and Lasky, L.C. (2001) Human cord cell hematopoiesis in
three-dimensional nonwoven fibrous matrices: In vitro simulation of the marrow microenvi-
ronment. J. Hematother. Stem Cell Res. 10: 355–368.

14. Naughton, B.A. and Naughton, G. K. (1989) Hematopoiesis on nylon mesh templates.
Comparative long-term bone-marrow culture and the influence of stromal support cells. Ann.
NY. Acad. Sci. 554: 125–140.

15. Palsson, B.O., Paek, S.H., Schwartz, R.M., Palsson, M., Lee, G.M., and Emerson, S.G. (1993)
Expansion of human bone marrow progenitor cells in a high cell density continuous perfusion
system. Biotechnology 11(3): 368–372.

16. Ijima, H., Nakazawa, K., Mizumoto, H., Matsushita, T., and Funatsu, K. (1998) Formation
of a spherical multicellular aggregate (spheroid) of animal cells in the pores of polyurethane
foam as a cell culture substratum and its application to hybrid artificial liver. J. Biomater. Sci.
Polymer Ed. 9(7): 765–778.



A New Approach for Drug Discovery
and Differentiation Study Using Cutting-Edge
3d Cell Culture System

Fujiko Ozawa, Yoshitaka Miyagawa, Masami Hiroyama, Nobutaka
Kiyokawa, Akihiro Umezawa, Akito Tanoue, and Satoru Tanaka

1 Introduction

Cell-cell interactions are important in numerous biological processes, including
tumor growth [1], and stem cell differentiation and self-renewal [2–5]. In addition,
cell-cell interactions have been proven to be crucial for generating functional tissues
in vitro [6, 7], which can be achieved by 3D cell culture [8]. Therefore, 3D cell cul-
ture model is crucial to understand biological events in a living body such as normal
organs and tumor tissues.

To date, various 3D cell culture systems have been applied to a variety of cell
types, Several examples are: (i) mouse embryonic stem cells (mESC) cultured on
3D cell culture system showed greatly enhanced proliferation and self-renewal in
comparison with 2D cell culture [9]; (ii) preadipocytes undergo a sequential differ-
entiation in respond to insulin signaling, synthesize and store triglyceride deposits,
and express functionally important adipokines within a 3D environment that is rich
in extracellular matrix (ECM) [10–12]; (iii) bone marrow stromal cells (BMSCs)
cultured within the 3D scaffolds can be easily adjusted for bone replacement [13],
and (iv) hepatocytes sandwiched between two layers of hydrated rat tail tendon
collagen gel maintain a variety of hepatocyte functions.

In regard to tumor cells, the groups of Kerbel and Teicher demonstrated a multi-
cellular mediated resistance to alkylating drugs. Drug resistance induced in EMT6
tumors in mice was completely lost when the cancer cells were isolated and grown
in monolayers but could be fully recapitulated when cells cultures as multicellular
spheroid [14, 15]. Furthermore, it is recently reported the comparison of the sensitiv-
ity to trastuzumab between 2D and 3D depending on the tyrosine phosphorylation,
and that the sensitivity is increased in 3D culture [16].
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Here we investigate the effects of 3D environment on tumor drug sensitivity, hep-
atocyte function and adipose differentiation of stem cell using a NanoCulture plate
(NCP). The plate has approximately 2~3 μm diameter of uneven microfabrications
on a culture surface and the system is able to generate uniform spheroids using
conventional techniques without addition of any animal compounds.

2 Materials and Methods

2.1 Cell Culture and Spheroid Formations

All types of cell were seeded on 96-well NanoCulture R© plates (NCP) (SCIVAX
Corp.) at 1×104 cells/well using SCIVAX media (SCIVAX Corp.). To optimize the
condition for spheroid formation, two types of plate patterns and two kinds of media
were used. To compare with other 3D cell culture systems, ultra low attachment
plate (Corning), Ez-BindShut (Iwaki), Vecell-3D Insert (Nikkyo) and matrigel (BD
Biosciences) were used, and the same density of HepG2 hepatocarcinoma cell were
seeded on those culture plates.

2.2 Immunoblot

Total cell lysates from 2D and 3D cell cultures were applied on SDS-PAGE and
transferred to PVDF membrane. The membranes were stained with antibodies
against HIF-1α (SantaCruz), VEGF and Akt.

2.3 Drug Susceptibility Test

For a drug susceptibility test, three kinds of drugs (5-FU, tegafur) were added into
the culture media of two types of cell, hepatocarcinoma (HepG2) and colon cancer
cell lines after spheroid formation or 3D culture experiment on NCP. On the other
hand, cells were seeded on polystyrene plate (Corning) for 2D culture experiment in
the same manner followed by addition of the drugs. The cell number was evaluated
using CellTiter-Glo (Promega).

2.4 Measurement of Albumin Secretion

HepG2 cells and immortal hepatocytes (Nosan) were seeded on collagen-coated
polystyrene and NCP plates for 2D and 3D cell cultures, respectively. The culture
media were collected, and the albumin concentrations in the media were measured
by an ELISA using anti-human albumin.
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2.5 Adipocytes Culture and Oil-red O Staining

Preadipocytes (Primary Cell Co.) from rats mesenteric adipose were seeded using
Visceral fat differentiation medium (Primary Cell Co.), and then the cells were fixed
with 10% formalin for 1 h and then soaked in 3 mg/ml oil-red O in 60% isopropanol
for 1 h. Then cells were washed with 60% isopropanol for 2 min.

2.6 Spheroid Formation of Human Adipose-Derived Stem Cell

Human mesenchymal stem cells (hMSC) were seeded using maintaining medium
and adipocyte differentiation medium. Then, the cells were stained with oil-red O
as described above.

3 Results and Discussion

3.1 Spheroid Formation on NCP

The two kinds of pattern of NCP include honeycomb and square shapes. The
spheroid formation on NCP depends on the NCP pattern, medium types and cell
types. Therefore, HCC1954 breast cancer cells were seeded on two kinds of NCP
using two kinds of media (NCM-M and -L) and spheroid formation was monitored.
The spheroid formation of HCC1954 cells was optimal on honeycomb pattern of
NCP and NCM-M medium compared to square pattern of NCP and NCM-L medium
(Fig. 1).

Fig. 1 Spheroid formation
depends on the plate pattern
and the medium type
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3.2 Comparison of Spheroid Formation among 3D Cell
Culture Systems

To compare NCP with other commercially available 3D system, HepG2 cells were
used. On Ez-BindShut and Vecell-3D Insert systems, HepG2 cells did not form
spheroid. On an ultra low attachment plate, the cells formed non-uniform spheroid.
On the hand, HepG2 cells formed uniform spheroids using NCP and matrigel, how-
ever those spheroids were different in size and number reflecting the difference in
spheroid formation mechanisms in these 3D cell culture systems (Fig. 2). On NCP
cells migrate and proliferate (http://www.scivax.com/cell/english/index.html), while
in matrigel spheroids are formed by proliferation of a single cell. Among these 3D
systems, only NCP suited to high-though put screening (HTS).

attachment plate (l)

Fig. 2 NCP vs. other 3-D kits

3.3 The Expressions of Related Proteins to Hypoxia and Survival

Hypoxia-inducible factor-1a (HIF-1a) is a transcription factor for many genes that
control the delivery of oxygen and nutrients via the induction of angiogenesis and
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Fig. 3 The expressions of
related proteins with hypoxia
and survival

glycolysis. HIF-1α activates the transcription of vascular endothelial growth factor
(VEGF), a key factor in tumor angiogenesis, and the expression of glucose trans-
porters, glycolytic enzymes, and growth factors, which may promote tumor cell
survival under hypoxic conditions [17]. Therefore, we investigated the expression
levels of these proteins in spheroids cultured on NCP. The expressions of hypoxic
marker, HIF-1α and the downstream molecule, VEGF were increased in 3D cell
culture using NCP more than in 2D cell culture (Fig. 3). In addition, survival signal
molecule, Akt was increased in NCP compared to 2D culture. These differences in
protein expressions indicate that hypoxic condition may be present in the spheroids
grown on NCP, similarly to in vivo tumor tissue.

3.4 Evaluation of Drug Susceptibility Difference between 2D
and 3D Cell Cultures

It is known that the drug susceptibility can differ in 3D culture compared to a cell
monolayer [14–16]. Thus, drug susceptibilities were compared between 2D and 3D
cell culture using polystyrene and NCP plates, respectively. The 5-FU and the pro-
drug, tegafur drugs were added into the culture medium of hepatocarcinima cell
line (HepG2), and mitomycin C was added into the culture medium of colon cancer
cells. In case of 5-FU, the drug susceptibility of 3D cell culture was higher than
that of 2D. Furthermore, the drug susceptibility to tegafur was more enhanced in
3D than in 2D cell culture. On the other hand, the drug susceptibility to mitomycin
C of 3D cell culture was lower than that of 2D (Fig. 4). The differences in drug
susceptibilities might be drug specific and depend on parameters like drug perme-
ability, drug transporter (MDR1) expression, target protein expression, and protein
phosphorylation state. Especially, the result from tegafur experiment indicates that
the expressions of enzymes.

Such as CYP2A6 in liver or thymidine kinase in tumor, which catalyze tegafur
to 5-FU were increased in 3D cell culture.

3.5 Enhanced Albumin Secretion Form Hepatocytes on NCP

To compare the ability of liver function between 2D and 3D cell cultures, the albu-
min secretion from HepG2 cell and immortal cells were measured. The albumin
secretion from immortal hepatocytes in 3D cell culture was 10~25 –folds of that
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Fig. 4 Evaluation drug effects by NanoCulture R© lysis (NCL) kit

Fig. 5 Increase in albumin secretion on NanoCulture R© plate
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in 2D cell culture (Fig. 5). Similarly, the albumin secretion from HepG2 in 3D cell
culture was approximately 5–folds in 2D cell culture (Fig. 5). These results indicate
that 3D system using NCP promotes the ability of liver function of hepatocytes in
vitro. To date, sandwiched culture of hepatocytes was used to maintain hepatocyte
functions. However, we here show that NCP could be an alternative technology for
sandwiched culture of hepatocytes.

3.6 Lipids Accumulation in Adipocyte Spheroids on NCP

Preadipocytes were seeded and differentiated to adipocytes using differentiation
medium. Both cells in 2D and 3D cell cultures accumulated lipids, especially single
droplet was observed in 3D cell culture using NCP (Fig. 6). Similarly, hMSCs were
also cultured with same manners and stained with oil-red O (Data not shown). The
cells also accumulated lipids in the cytoplasm.

Our results indicated that functional abilities and ability to differentiate are
promoted and preserved in 3D cell culture using NCP. Over the decades, there
have been an increasing number of publications on 3D cell culture system. Such
a research effort reflects the common need of 3D culture system for in vitro

Fig. 6 Primary adipocytes on NanoCulture R© plate
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model mimicking whole organisms in vivo. NCP could be the most advanced and
convenient technology, which can result in reproducible results.
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Dimensional Cell Culture Dish for In Vivo-Like
Cell Culture

VECELL R© of Cell Adhesive ePTFE Membrane

Y. Furutani, T. Tamura, and M. Kodama

1 Introduction

Culturing cells on flat plastic dish results in artificial 2-dimensional sheets of cells
and there are the strong interactions between cells and plastic dish surfaces to induce
excess differentiation, because the cell shape is so stretched out on the surface. The
experiments in vitro on monolayer of cells on plastic substrates may not reflect
faithfully important aspects of cell behavior in vivo [1, 2].

Normal cells in the human body at a 3-D (3-D) environment are surrounded
by other cells, membranes, fibrous layers, and adhesion proteins. Living tis-
sues and cells reside in a complex 3-D microenvironment formed by other cells
and extracellular matrix. We have engineered 3-D scaffolds of expanded poly-
tetrafluoroethylene (ePTFE) for 3-D cell culture as VECELL R©. In this study, we
will examine the differences between normal plastic dish and VECELL R© in cellular
attachment, proliferation, and differentiation.

2 Materials and Methods

2.1 Preparation of VECELL R© Membrane

The surface of VECELL R© membrane is shown in Fig. 1, of which the fibril length is
20–50 μm, the porosity about 80–90%, the thickness 50–70 μm. The ePTFE mem-
brane is coated with amphiphilic polymer – PAU (poly amino-acid and urethane
copolymer – Mitsubishi Chemical Corporation) and ocean collagen (salmon colla-
gen – Air Water Inc.) to be very hydrophilic and cell adhesive. However, the coating
layer is so thin and homogeneous that it cannot be easily recognized as shown in
Fig. 1.
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20 um

Fig. 1 Membrane structure of VECELL R© coated with PAU and collagen

VECELL R© allows cell adhesion and proliferation in physiological conditions
without any stress unlike surface of normal plastic cell culture surfaces. Cells on
VECELL R© can adhere on membrane in a 3D fashion as shown in Fig. 2.

Cells adhere to surface coated fibers and there are no excess stretch faces to cells
from membrane surface. Cells proliferate on the membrane keeping at the native
state to form tissue layer with extra-cellular matrix (ECM). We think it is real 3-D
cell culture.

ECMCellMembrane 
Fiber

Surface
Coating

Fig. 2 Schematic illustration of cell adhesion and tissue formation on VECELL R©
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2.2 Cell Preparation and Culture

L929, Caco-2 cells, and Mouse ES cells (C3Hfc-1) were purchased from Riken Cell
Bank (Tsukuba, Japan). Primary hepatocytes were isolated from adult male Wister
rats (180–220 g) by collagenase perfusion. The viability was 80%, determined by
trypan blue exclusion.

L929 cells were sub-cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% heat-inactivated FBS. Caco-2 cells were sub-cultured in DMEM
containing 20% FBS and 0.1 mM NEAA.

Mouse ES cells were in DMEM containing 20% FBS, Nucleosides, 0.1 mM
NEAA, 1000 U/ml LIF and 0.05 mM 2-Mercaptoethanol.

Rat hepatocytes were culture in Williams medium E (WE) containing 10% FBS,
100 μm Insulin, 10 ng/ml effects of epidermal growth factor (EGF) ,and 5 mM
Dexamethasone.

3 Results

Cell Culture and Proliferation – on Plastic Dish or on VECELL R©

3.1 Caco-2 Cell Culture

For Fig. 2 example, Caco-2 cell culture results are shown in Fig. 3. Adhered cells
in 3 Days culture are changed into cell-tissue layer in 26 Days culture, where ECM
can be easily observed.

Cell Layer

ePTFE Layer

3 Days 26 Days (HE stain)

20 μm

Fig. 3 Cross sectional views of Caco-2 cell culture

3.2 Long Period Stability of L929 Cell Culture

The cells cultured on VECELL R© can be visualized by a phase contrast microscope
and very stable and maintained native state shape for a long cell culture period up
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Fig. 4 L929 Cell culture for 264 h – reverse phase contrast microscope observation
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Fig. 5 Cell proliferation on plastic dish and on VECELL R© – MTT assays

to 2 weeks (L929) as shown in Fig. 4. In Caco-2 cell culture, stable monolayer
formation of cell and tissue organization was observed. These results suggest that
VECELL R© can be used for cell-based screening test.

The results of the cell proliferation rate determined by MTT assay in Fig. 5 show
that indeed it on plastic dish is higher than on VECELL R© within 144 h culture
period, but after that, most of cells on plastic dish detach from the surface, and on
the other hand cells on VECELL R© are stable after 168 h culture period.

3.3 Rat Hepatocyte Cell Culture

Cells on VECELL R© membrane can proliferate at native cell shape as shown in
Fig. 6. Rat hepatocytes on plastic dish spread highly that the nuclears can be eas-
ily showed. However, rat hepatocytes shape is not changed after 6 Days culture
period.
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Fig. 6 Rat Hepatocyte
culture for 6 Days – phase
contrast views

3.4 ES (mouse C3Hfc-1) Cell Culture

VECELL R© has so porous membrane and is expected to suppress excess differenti-
ation process of ES cells and stem cells. On normal plastic dish, ES cells and stem
cells change easily into differentiated state during cell culture. As shown in Fig. 3,
ES cells were formed Embryoid Body like aggregates on VECELL R©. Most of ES
cells on VECELL R© showed ALP strong positive activity to express undifferentia-
tion state. But many of ES cells on gelatin coated plastic dish are changed into ALP
weak activity as shown as circle (A) to express differentiation state (Fig. 7).

Indeed, the ES cell proliferation on VECELL R© is not so high as compared
with that of gelatin-coated dish, but on VECELL R© most of cells are kept at
undifferentiated condition as Fig. 8 shows.

Fig. 7 Mouse ES cell (C3Hfc-1) culture for 7 days. – phase contrast views with ALP stain Circle
(A) of the left is ALP negative area

4 Discussions

Advantages of 3-D cell culture are to reveal in vivo-like morphology, better inter-
cellular interactions and more realistic biology and function. There is a need for
a surface upon which cells behave as though in vivo, thus the surface provides a
relevant in vitro model of cellular processes.
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Fig. 8 ES cell (mouse C3Hfc-1) proliferation on gelatin-coated plastic dish and on VECELL R© –
MTT assay

Cell culture using permeable micro-porous membranes will become a standard
method for culturing cells.

From our results, it seems that VECELL R© can be used as 3-D cell culture dish.
It is very clear that the porosity of membrane is so important for cell function and
proliferation. This unique insert of very porous membrane can be applied for ES
and stem cell culture including tissue culture as shown in our results.
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Characterization of the Erythropoietin (EPO)
Protein Production in the Recombinant Human
Cultured Cells, in which the Exogenous EPO
Gene was Introduced into Hypoxanthine
Phosphoribosyl Transferase (HPRT) Gene Locus

Toshiaki Banzai, Yukiko Koyama, and Shuji Sonezaki

1 Introduction

Mammalian cell expression systems are widely used for production of therapeutic
proteins [1, 2]. Industrial production of recombinant DNA-derived protein requires
a large culture volume, and scale-up to this volume requires a long time: generally,
at least 60 generations [3, 4]. Moreover, it is preferable that recombinant cell lines
are cultured in the absence of the drugs used for selection of the recombinant cell
lines, since the drugs are expensive and complicate downstream purification. Thus,
it is very important for industrial purposes to obtain cell lines that maintain a stable
production rate of recombinant DNA-derived protein during prolonged cultivation
without selective pressure by drugs [5]. However, there are only a few reports in
which stable cell lines for protein production have actually been [5, 6].

We previously reported that the green fluorescent protein (GFP) gene was
expressed at a constant rate during 129 days without selective pressure in the human
fibrosarcoma HT1080 cell line, when the GFP gene was site-specifically introduced
into the hypoxanthine phosphoribosyl transferase (HPRT) gene locus, one of a con-
stitutively expressed endogenous gene locus [7]. The GFP protein accumulates in
cytosol, however most therapeutic proteins are secretory proteins. In this study, we
examined whether the effect of stabilizing gene expression is applicable to secre-
tory proteins by replacing GFP gene with human erythropoietin (EPO) gene, one of
therapeutic and secretory proteins.
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2 Materials and Methods

2.1 Vector Construction

Three EPO expression vectors was constructed (Fig. 1), named phprt-GT-EPO
genome #41 (abbreviated as #41), phprt-GT-EPO cDNA #2 (abbreviated as #2)
and phprt-GT-IVS-EPO cDNA #52 (abbreviated as #52), respectively. Homology
arms (HA1 and HA2), complementary to hprt genomic sequences around exon 3,
were cloned by PCR reaction from human genomic DNA (Fig. 1) by using a

Fig. 1 (a) Schematic diagram of wild type HT1080 and gene-targeted HT1080 genomes. Gene-
targeting results in the insertion of the vector sequence between HA1 and HA2. The region, where
the HA2 probe hybridizes to in Southern analysis, is indicated as white square with annotation
(HA2p). Recognition sites of Bgl II are indicated as b. (b) Example of the results of southern
hybridization analysis was shown. The indicated sizes were estimated from DNA molecular weight
marker
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Table 1 Primer sequences

Primer name Primer sequences (5′–3′ direction)

HA1 sense cctgcaggtcgcgattggtacttgttcagctttattcaag
HA1 antisense gtcgacaaggacgcgttctgataaaatctacagtcatagga
HA2 sense Gtcgacctctagctagagcttggcgtaatcatggtctccggagactgaagagctattgtgtgagtat
HA2 antisense acatgttctcttaagtcgcgaagtagtgttatgatgtatgggcata
HA2 probe sense Aaactagtcaccttggagga
HA2 probe antisense Ctcaagagagggtatctgtc
EPO sense ccttgctagcatgggggtgcacggtgagta
EPO antisense ccttgaattctcatctgtcccctgtcctgc

primer set of HA1 sense and HA1 antisense or a primer set of HA2 sense and
HA2 antisense, respectively (Table 1). CMV promoter/enhancer was derived from
pcDNA 3.1 (Invitrogen; #2 and #41) or pIRES (Promega; #52) plasmid. EPO coding
sequence was cloned by PCR reaction from either genomic DNA (#41) or reverse-
transcripted products of mRNA (#2 and #52) by using EPO sense and EPO antisense
primers (Table 1).

2.2 Screening of Gene-Targeted Clones

Two μg of linearized vector was transfected to 1 × 106 cells of HT1080 cells (JCRB
cell bank; Cat. No. IFO50354) by using the Nucleofector R© device (WAKO) pro-
grammed to L-005 in Solution T. After the transfection, the cells were seeded in
96-well micro titer plates. Gene targeted clones were screened as described in pre-
vious report [7]. The cells grown in the medium containing both G418 and 6TG were
discriminated by microscopic observation, and were scaled up. The cells picked up
from one well of the 96-well micro titer plates were termed as clone.

2.3 Southern Analysis

All clones picked up and scaled up were subjected to southern analysis. Genomic
DNA was digested by Bgl II restriction enzyme and probed with the HA2 probe,
PCR amplified by using HA2 probe sense and antisense primer (Table 1). Detailed
procedure was described in previous report [7].

2.4 EPO Specific Production Rates Assay

EPO specific production rates (spr) of 4–5 gene-targeted clones out of clones
obtained by the one of the vectors described above were analyzed. Six culture
dishes, in which 5 × 104 cells were seeded with the medium containing both G418
and 6TG, per one clone were prepared for the assay. After 3 and 4 days of the
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seeding, the mediums were recovered for ELISA assay and the total numbers of the
cells were counted by using a hemocytometer from three culture dishes. EPO spr
[pg cell–1 day–1] were calculated from the data by the following equation;

EPO spr = {(EPO at day 4) – (EPO at day 3)}/ [{(cell number at day 3) + (cell
number at day 4)}/ 2]/(culture time)

Long-term stability of EPO spr were analyzed for 1 gene-targeted clone out of
clones obtained by the one of the vectors described above. The clones were con-
tinuously cultured in the medium containing no selection drugs over 60 days by
passageing every 4–5 days. The EPO spr of those clones were periodically assayed
as described above.

3 Results and Discussion

3.1 Obtaining EPO Producer Clones by Gene-Targeting

All clones grown in the medium containing both G418 and 6TG were subjected to
southern analysis for confirming gene-targeted insertion of the vector at the target
hprt locus. Figure 1a shows the schematic diagram of genomic structures of either
wild-type HT1080 cell or gene-targeted clones by each vector. In the southern anal-
yses, in which each genomic DNA was digested by Bgl II restriction enzyme and
probed with the HA2 probe, a fragment of 3385 bp in length will be detected in wild-
type genome, while a fragment of 6978 bp, 8540 bp, and 7406 bp will be detected in
gene-targeted clones by the #2, the #41 and the #52 vector, respectively. Figure 1b
shows the example of results of the southern analyses. In the Fig. 1b, the restricted
fragments in the expected sizes were detected. No trace of signal derived from wild-
type genome (i.e. signals at 3385 bp) was detected in those clones, indicating that
the insertion of the vector at the target hprt locus occurred.

Regardless of the kinds of the vector used, 1–7 gene-targeted clones were
obtained in 1 transfection experiment, and the ratio of the number of gene-targeted
clone obtained per the number of cells used for transfection experiment was ranged
from 2.8 to 7.0 × 10–6.

3.2 Diversity of EPO spr is Low in the Gene-Targeted Clones

EPO spr were assayed immediately after obtaining the clones in G418 and 6TG
screening. The assays were performed in the medium containing both G418 and
6TG. The results are shown in Fig. 2. Gene-targeted clones obtained by transfec-
tion of either the #2, the #41, or the #52 vector showed low diversity of EPO spr
as can be seen in Fig. 2. It also was represented as low CV value (#2; 15.2%, #41;
16.1%, and #52; 14.6%). While clones, where the #52 vector was randomly inte-
grated into genome, showed relatively high CV value (59.1%). The low CV values
in gene-targeted clones might represent that the expression level of exogenous gene
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Fig. 2 EPO spr was
evaluated. The white dots
represent the EPO spr of
gene-targeted clone (#2, #41,
#52), the black dots represent
randomly-integrated clones
(#52-R)

is depending on the chromosomal position, where the exogenous gene is integrated.
On the other hands, EPO spr levels were quietly different depending on the vec-
tor types even in the gene-targeted clones (spr average is 0.18, 1.13, and 0.32 pg
cell–1 day–1 in gene-targeted clones by the #2, #41, or #52 vector, respectively).
The results could suggest that by modifying the vector structures, specific protein
production rate in gene-targeted clones could be enhanced more. The ability for pro-
ducing EPO in spinner flask scale is to be evaluated for further characterization of
those cell lines in respect to industrial use.

3.3 Long-Term Stability of EPO spr in the Gene-Targeted Clones

Three gene-targeted clones and two randomly-integrated clones were subjected to
long-term culturing for analyzing the stability of EPO spr in the medium contain-
ing no selection drug. EPO spr of those clones were periodically assayed during
long-term culture up to approximately 60 days, corresponding to approximately
102 generations. In gene-targeted clones analyzed, no decrease of EPO spr was
observed, regardless of the vector types, during 60 days culturing without selective
pressure (Fig. 3). While in randomly-integrated clones, EPO spr were decreased
(Fig. 3). One of the randomly-integrated clones, #52-R 1E9, gradually decreased its
EPO specific production rate for 80% at 30 days and 50% at 60 days.

The results would suggest that the exogenous gene, which is site-specifically
introduced into the hprt locus, could retain its expression level at a constant
level without selection drugs for long-term, even though its coding protein is a
secretory one.
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Fig. 3 Stability of EPO spr level during long-term culture in the medium without selection drugs
(6TG and G418). Gene-targeted clone 19-3B (by the #41 vector), clone 13-8C (by the #52 vector),
and clone 13-11H (by the #2 vector) were subjected to the analysis. Randomly-integrated clone
2C12 (#52-R) and 1E9 (#52-R) were also analyzed
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Development of Protein High Expression System
by Using Fructose Metabolism

Yuriko Tsukamoto, Shigeki Nakamura, Aiko Inoue, Norikazu Nishino,
Yuichi Inoue, and Hiroharu Kawahara

1 Introduction

A fructose-based cell culture is suitable for the production of useful proteins because
it decreases lactate production in culture medium, leading to cell and product
stability [1, 3]. However, not all cell lines can be cultured in a fructose-based
medium. Our previous study suggested that two fructose metabolism-related genes,
glucose transporter 5 (GLUT5) and fructose 1,6-bisphosphatase (FBP) might be
related to it [4, 5]. We attempted to develop high expression system of mon-
oclonal antibodies (MAbs) in the fructose-based medium by using the fructose
metabolism-related gene.

2 Materials and Methods

2.1 Cell Line and Cell Culture

The human hybridoma cell line AE6 and BD9 were generated by fusing peripheral
blood lymphocytes from a healthy adult with a fusion partner A4H12 derived from
human Molt 4 cells using an in vitro immunization method [6]. The human cell line
SC-01MFP was established from human myeloma cell line RPMI8226. Cells were
maintained in RPMI1640 medium supplemented with 10% FBS (Thermo Fisher
Scientific, USA), at 37◦C in humidified 5% CO2/95% air. Before fructose experi-
ments, cells were adapted in the 10%FBS-RPMI1640 medium containing 2 g/L of
fructose for one day.
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2.2 Vector Design for Protein Expression

The full length of GLUT5 and FBP was amplified by RT-PCR from the human
hybridoma AE6, and inserted into the mammalian expression vector pTARGETTM

(Promega, USA) by the TA cloning method, respectively. After cloning, they were
identified by DNA sequencing. The obtained expression vectors were referred to
pGLUT5 and pFBP, respectively. To construct the vector expressing both IgG and
GLUT5 genes, the NheI/SmaI fragment containing GLUT5 gene from pGLUT5
was inserted between the NheI and EcoRV sites of the expression vector pSecTag2C
(Invtrogen, USA), and then the NruI/NaeI fragment containing CMV promoter, IgG
heavy chain gene, and polyadenylation signal site from pC5-gamma [2] was inserted
into the NruI site of the GLUT5-inserted pSecTag2C. The obtained IgG and GLUT5
expression vector was referred to pSec-IgG/GLUT5.

2.3 Transfection of Gene to Cells

Gene expression vector was transfected into cells with Lipofectamine 2000
(Invitrogen, USA) according to a common instruction. Transfection was done
in 2 ml medium containing 4 μg of DNA, 10 μl of Lipofectamine 2000. The
expression vector pGLUT5 or/and pFBP was transfected into AE6 cells. The expres-
sion vector pC5-gamma, pGLUT5, pSec-IgG/GLUT5, and their combination was
transfected into SC-01MFP cells. After 48 h, cells were maintained in the 10%
FBS-RPMI1640 medium containing G418 (pGLUT5, pFBP, and pC5-gamma) or
Zeocin (pSec-IgG/GLUT5).

2.4 Measurement of Antibody Concentration
and Viable Cell Density

The MAb concentrations in culture medium were measured by an enzyme-linked
immunosorbent assay (ELISA) as described previously [8], using anti-human IgG
antibody (Biosource International, Inc., USA) as the first antibody, and anti-human
IgG peroxide conjugate antibody (Biosource International, Inc., USA) as the second
antibody. Cell number was counted by using a hemacytometer, and viability was
determined by the trypan blue dye exclusion method.

2.5 RT-PCR Analysis

Total RNA was recovered from cells using ISOGEN reagent (NIPPON GENE,
Tokyo, Japan). Reverse transcription was done using random hexamer primers, as
described in a common protocol (Invitrogen). To examine gene expression of the
fructose transporter, GLUT5, the following primers were used: as forward primer,
5’-CCC CTG GTA ACA TAA CAA CA-3’, and as reverse primer, 5’-TGA CAT
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CAC ACC TTC CTA GA-3’. As a control, the beta-actin primers were used as for-
ward primer, 5’-GAC TTA GAG CAA GAG ATG-3’, and as reverse primer, 5’-GCC
AGA CAG CAC TGT GTT-3’.

PCR amplification reactions were done in 50 μl reaction volumes containing
25 μl of 2× PCR buffer, 10 μl of 2 mM deoxynucleoside triphosphates, 3 μl of 10
pmol of each primer, 1 μl of first strand cDNA, and 1.0 units of KOD FX (Takara
Biomedicals, Osaka, Japan). The mixture was denatured at 94◦C for 2 min, followed
by 30 cycles at 98◦C for 10s, at 54◦C for 30s, and at 72◦C for 1 min. The amplified
products were analyzed by electrophoresis on a 1.0% agarose gel and stained by
ethdium bromide.

3 Results and Discussion

3.1 Improvement of Cell Proliferation by GLUT5 Gene
Transfection

BD9 cells were not cultured in the fructose-based medium. To examine the effects of
GLUT5 and FBP genes on cell proliferation, the GLUT5 expression vector pGLUT5
and the FBP expression vector pFBP were transfected into BD9 cells, respectively.
GLUT5 gene showed a tendency to improve cell proliferation and viability (Fig. 1),
while FBP gene did not change them (data not shown). These results suggest that
GLUT5 gene may be involved in growth potential in the fructose-based medium.

Fig. 1 Improvement of proliferation and viability by GLUT5 gene transfection in BD9 cells. Cells
(1 × 104 cells/ml) were cultured in a fructose-based 10%FBS-RPMI1640 medium for 5 days. After
5 days, cell density and viability were measured

3.2 Improvement of IgG Productivity by GLUT5 Gene Transfection

To examine the effect of GLUT5 gene on IgG productivity, the GLUT5 expres-
sion vector pGLUT5 and the IgG expression vector pC5-gamma were cotransfected
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Fig. 2 GLUT5 gene expression and IgG productivity in the SC-01MFP cells. Gene expression
was examined by RT-PCR. Cells (1 × 104 cells/ml) were cultured in glucose- and fructose-based
10%FBS-RPMI1640 medium for 5 days. After 5 days, antibody concentration in the medium was
measured

into SC-01MFP cells. Four clones expressing both IgG and GLUT5 were obtained
(Fig. 2). The pC5-gamma transfected control did not significantly increase IgG
productivity, while two clones 7B and 9A showed higher IgG productivity in the
fructose-based medium than the glucose-based medium. The IgG productivity of
the clones may be enhanced by the suppression of endogenous GLUT5 expression
with the inhibitor of the GLUT5 original promoter [7].

3.3 Improvement of IgG Productivity by GLUT5
and IgG Gene Cotransfection

To increase co-expression efficiency of IgG and GLUT5 genes, the IgG and GLUT5
expression vector pSec-IgG/GLUT5 was transfected into SC-01MFP cells. As a
result, IgG production in the fructose-based medium was over 2.5 times higher than
that in the glucose-based medium (Fig. 3). This result suggests that the relative posi-
tion of IgG and GLUT5 genes integrated into genome may affect IgG productivity in
SC-01MFP cells. Because IgG and GLUT5 gene expression was controlled by the
CMV promoter, respectively, IgG expression might be coactivated when GLUT5
expression was activated in the fructose-based medium.

4 Conclusions

This study showed that the fructose transporter, GLUT5 improved cell proliferation
and IgG productivity in human hybridoma and myeloma cell lines in the fructose-
based medium. The increased IgG productivity might be involved in the relative
position of GLUT5 and IgG genes integrated into genome in SC-01MFP cells.
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Fig. 3 IgG productivity of
SC-01MFP cells transfected
with the IgG and GLUT5
expression vector. Cells were
cultured in glucose- and
fructose-based
10%FBS-RPMI1640 medium
for 3 days. After 3 days, IgG
concentration in the medium
was measured
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Controlling Fucosylation Levels of Antibodies
with Osmolality during Cell Culture
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1 Introduction

Monoclonal antibodies (MAbs) are being used in an increasing number of ther-
apeutic applications targeting conditions such as cancer, cardiovascular disease,
inflammatory disease, macular degeneration, transplant rejection, multiple sclero-
sis, and viral infection. Since the production cost of MAbs is much higher than that
of other biopharmaceuticals and low-molecular-weight compounds, it is critical to
produce high-efficacy MAbs efficiently. One method to increase the effectiveness
of a MAb, which in turn affects antibody-dependent cellular cytotoxicity (ADCC),
is to consider the type of host cell employed. Since different host cell lines pro-
duce distinct glycosylation patterns (fucosylation in particular), MAbs produced in
a particular host will demonstrate a specific ADCC activity. For example, MAbs
produced in a rat myeloma cell line (YB2/0) exhibit higher ADCC activity than
MAbs produced in Chinese hamster ovary cells (CHOs) or in NS0 myeloma cells.
This is because YB2/0 cells produce MAbs with a lower fucose content. This find-
ing led to the development of a CHO host cell line with α-1,6-fucosyltransferase
gene knock out (PotelligentTM cell, BioWa, NJ, USA) [1].

2 Materials and Methods

Cell culture: Rat hybridoma YB2/0 cells (ATCC CRL 1662, MD, USA) were
used as the host cell line. A YB2/0 cell line expressing proprietary recombi-
nant chimeric IgG1 antibody was cultured in Hybridoma SFM or CD-Hybridoma
medium (Invitrogen, CA, USA) with appropriate supplements in a 250-mL shaker
flask (Corning, NY, USA) in 1-L (ABLE, Tokyo, Japan) and 5-L bioreactors
(Marubishi-bioeng., Tokyo, Japan). The cultures were inoculated at a density of
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at least of 2×105 cells/mL and cultivated at 37◦C and pH 7.1 [2, 3] until the decline
phase.

Assay: Viable cell density and viability was analyzed by CedexTM (Innovatis,
Bielefeld, Germany) using the trypan blue dye exclusion method. The osmolality
of the medium was measured by a Vogel osmometer OSMOMAT 030-D (Vogel,
Giessen, Germany) using freezing-point depression. Glucose concentration was
monitored by the glucose/lactate biosensor YSI2700 (YSI, OH, USA). Fucosylation
levels were measured as a monosaccharide composition of each purified MAb, as
previously described [4].

3 Results and Discussion

3.1 Dilution of Basal Medium

For the fed-batch culture in a 5-L bioreactor, the osmolality of the initial basal
medium was maintained between 285 and 345 mOsm/kg by dilution with distilled
water. The defucosylation level (deFuc%) of MAbs was found to be between 40 and
70%, depending on the medium osmolality (Fig. 1). Although protein production is
affected by the osmolality of the culture medium in general, no significant changes
were observed in the amount of MAb produced under the conditions employed.
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Fig. 1 Dependence of MAb
defucosylation level
(deFuc%) on medium
osmolality. The fed-batch
method was used in a 5-L
bioreactor

3.2 Effects of Different Osmolality-Influencing Compounds
on deFuc%

To evaluate the chemical structure of the compounds used for controlling osmolality,
we first diluted the medium from 320 to 250 mOsm/kg, and then added either NaCl,
KCl, fucose, fructose, creatine, or mannitol. Cells were cultured at 37◦C for 11
days. deFuc% was linearly correlated with osmolality, with r2 being as high as 0.92,
irrespective of the identity of the compound added (Fig. 2). Both ionic and non-
ionic compounds exhibited the same correlation, and fucose showed no effect on
the strength of the correlation.
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3.3 Perfusion Culture

Perfusion with the Sorvall CentritechTM Lab II system (Thermo, MA, USA) main-
tained medium osmolality so that we could arbitrarily and subsequently control
deFuc% during cell culturing. The perfusion rate was set at 1 vvd. The osmolality
of the medium was maintained by changing the culture medium at an interval of
about four days. As a result, we succeeded in regulating deFuc% arbitrarily between
45% and 85% by controlling medium osmolality from 260 to 330 mOsm/kg (Fig. 3).
At a lower osmolality (245 mOsm/kg), growth inhibition was observed.

3.4 Fed-Batch Culture

Fed-batch is the most common method used for MAb production. However, it is not
easy to control medium osmolality throughout the culture period, because several
cell by-products accumulate in the tank. Since the tank size limits the volume of
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Fig. 4 Cells were cultured in a custom-made medium containing low NaCl concentration. The
high initial osmolality decreased as glucose was consumed during fed-batch culturing; this led to
a reduction in osmolality. Relative amount of defucosylation levels (deFuc%) of MAbs for the
production of IgG1 MAbs using 5-L bioreactor when the glucose feed solution was combined. (a)
growth curves, (b) osmolality, (c) glucose concentration, (d) deFuc%
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feed solutions, dilution is not practical for industry-level production. Furthermore,
the initial osmolality cannot be maintained throughout the culture. Thus, the method
employed was used to control the increase in osmolality during culture without
requiring a dilution step. We used a custom-made medium containing a low con-
centration of sodium chloride. The osmolality was regulated by controlling glucose
concentration, because glucose is a primary nutrient that is initially present in high
concentration but is ultimately consumed by cells. Consumption of glucose results
in an osmolality decrease; this was observed as expected (Fig. 4). The increase
in osmolality was achieved by supplementation of glucose from day 6. Constant
osmolality of the medium was attained by the addition of glucose.

4 Conclusion

• deFuc% was dependent on medium osmolality during culture.
• deFuc% was not affected by the type of compound used for controlling osmolality

(creatine, fucose, NaCl, KCl, fructose or mannitol).
• Based on these results, we succeeded in controlling the deFuc% of MAbs arbi-

trarily between 45 and 85% by maintaining medium osmolality constant during
perfusion of cultures.

• By using medium containing an initial low concentration of NaCl and a high
concentration of glucose in combination with glucose solution feeding, we could
maintain the low osmolality and high deFuc% during the fed-batch culturing.
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Comparison of Immunoresponses Between
Cecal Patch Cells and Peyer’s Patch Cells
Stimulated by Bacterial Components

Takuma Konno, Akira Hosono, Yasuhiro Hiramatsu, Satoshi Hachimura,
Kyoko Takahashi, and Shuichi Kaminogawa

1 Introduction

The mucosa of the gastrointestinal tract is constantly exposed to various anti-
gens, including commensal or pathogenic bacteria and dietary foods. In the Peyer’s
patches (PPs), one of the gut-associated lymphoid tissues (GALT), commensal
and pathogenic bacteria are taken up into M cells via intracellular transport prior
to stimulation of mucosal antigen-presenting cells (APCs). Next, APCs transmit
this stimulus to T cells, thus promoting immunoresponses in the small intestine.
Interestingly, commensal bacteria are able to exist in the gut without hypersensitiv-
ity, but pathogens induce remarkable immunoresponses leading to their removal by
the gut immune system. On the other hand, more than 99% of intestinal commen-
sal bacteria are localized in the large intestine in which lymphoid tissues including
cecal patches (CPs) and colonic patches are located. Therefore, immune system in
the large intestine is supposed to be stimulated by these various commensal bacte-
ria, but the characteristics of the large intestinal immunoresponses to them have not
been clarified.

In previous studies, it was reported that CPs in the large intestine had M cells
in their follicle associated epithelium (FAE) and their histological character was
similar to PPs [1, 2]. Furthermore, it was observed that the lymphoid population of
T or B cells in CPs was similar to those in PPs [3]. Moreover, we previously reported
that dietary Bifidobacterium pseudocatenulatum JCM 7041 (Bp) was taken up into
the luminal side of PPs directly, and that the Bp was captured by CD11c+ cells of
PPs in the small intestine [4] and CPs in the cecum (unpublished data). It is assumed
that the bacterial stimulation occurred in CPs as well as in PPs. However, it has not
been clarified how CP cells trigger immune responses to the intestinal commensal
bacteria.
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Consequently, this study aimed to clarify how immune responses are triggered
to bacterial components in CPs in the large intestine compared to PPs, described as
inductive sites of intestinal immunity in the small intestine.

2 Materials and Methods

2.1 Animals

Female BALB/c mice were purchased from CLEA Japan (Tokyo, Japan) and were
used in experiments at 7 weeks of age. All animal experiments were performed in
accordance with the guidelines for the care and use of laboratory animals of the
College of Bioresource Sciences, Nihon University.

2.2 Preparation of Unfractionated Cells or Thy1.2- Cells
as APCs from PPs and CPs

PPs and CPs were removed carefully from the small intestine and the cecum.
Then PP and CP cells were obtained by treatment with collagenase and EDTA as
described previously, and cultured at 2.0 × 106 cells/ml in 48-well flat-bottom plates
with RPMI 1640 supplemented with 10% fetal calf serum, 2 mM L-glutamine,
penicillin (50 U/ml), and streptomycin (50 μg/ml) [5].

Thy1.2 (CD90.2) negative cells as APCs from PP and CP cells were isolated
by magnetic cell sorting system (MACS; Miltenyi Biotec, Bergisch Gladbach,
Germany) with anti-mouse CD90.2-conjugated magnetic microbeads and LD col-
umn. The purity of Thy1.2- cells from PPs and CPs were >95% in all experiments
(data not shown).

2.3 Cell Culture for Cytokine Production

Cytokine production was measured in unfractionated cells or Thy1.2- cells from
PPs and CPs, cultured at 2.0 × 106 cells/ml in 48-well flat-bottom plates with soni-
cated Bifidobacterium (BIM) [5] or lipopolysaccharide (LPS) from Eschelichia coli
B55:05 (E.coli) (Sigma, St. Louis, MO) for 24 h or 72 h. Concentrations of bacte-
rial components in all samples were 1, 10, or 50 μg/well. Cytokine production was
measured in APCs from PPs and CPs, cultured at 2.0 × 106 cells per ml with BIM
or LPS from E.coli for 24 h. Concentrations of bacterial components in all samples
were 0.1, 1 or 10 μg/well.
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2.4 Enzyme-Linked Immunosorbent Assay (ELISA) for Cytokines

The culture supernatants were assayed for interleukin (IL)-12p40 and IL-10. The
concentrations of cytokines in the supernatants were measured by BD OptEIATM

ELISA kits for mouse IL-10 and IL-12p40 (BD Biosciences, Franklin Lakes, NJ).

2.5 Flow Cytometric Analysis

Surface markers were detected using anti-CD90.2 (BD Biosciences), and nonviable
cells were detected using Propidium Iodide (PI) (Sigma). Flow cytometric analysis
was performed by using FACSCanto (BD Biosciences); and data were analyzed
using FlowJo ver. 8 software (Tree Star, Ashland, OR).

2.6 Statistical Analysis

Data were expressed as the mean ± SD. Analysis of the data was by one-way
ANOVA. In addition, a comparison of the mean of each group was performed by
Tukey’s test. All the data were analyzed using SPSS ver. 13.0 (SPSS, Chicago, IL).

3 Results

First of all, we examined cytokine production by PP and CP unfractionated cells
stimulated with bacterial components in vitro. We isolated whole cells from PPs
and CPs from female 7-weeks-old BALB/c mice, and co-cultured them with BIM
or LPS for 24 h or 72 h.

In Table 1, it can be seen that CP cells and PP cells produced almost equal lev-
els of IL-10 following bacterial stimulation (BIM or LPS). In contrast, CP cells
produced significantly lower levels of IL-12p40 than PP cells following bacterial
stimulation (p < 0.05). IL-12p40 is a proinflammatory cytokine secreted by APCs,
e.g. macrophages and dendritic cells. These data suggest that the immunoresponse
following bacterial stimulation of APCs from CPs might be less than that following
stimulation of APCs from PPs.

Therefore, we isolated Thy1.2- cells as APCs and determined cytokine pro-
duction by PP and CP APCs stimulated with bacterial components in vitro. The
purity of Thy1.2- cells from PP and CP were confirmed to be more than 95% in all
experiments by flow cytometer (data not shown).

It was observed that APCs of CPs produced lower levels of IL-12p40 than those
from PPs. This result was found to be similar to that with the unfractionated cells.
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Table 1 Production of IL-12p40 and IL-10 by PP and CP whole cells co-cultured with bacterial
components

IL-12p40 production IL-10 production

Concentration of BIM or LPS (μg/ml) PP CP PP CP

1 + ± ++ ++
10 ++ ± ++ ++
50 +++ + ++ ++

PP and CP whole cells were obtained and pooled from BALB/c mice. Cells were cultured with
BIM or LPS for 24 h or 72 hours. IL-12p40 and IL-10 production was measured by ELISA.
The determinations, “+++, ++, +, ±” were judged from the results based on three independent
experiments compared to un-stimulated negative control.

Table 2 Production of IL-12p40 and IL-10 production by PP and CP APCs co-cultured with
bacterial components

IL-12p40 production IL-10 production

Concentration of BIM or LPS (μg/ml) PP-APCs CP-APCs PP-APCs CP-APCs

0.1 + ± + ++
1 ++ ± + ++
10 +++ + + ++

APCs from PPs and CPs were obtained and pooled from BALB/c mice, and then cultured
with BIM or LPS for 24 hours. IL-12p40 and IL-10 production was measured by ELISA.
The determinations, “+++, ++, +, ±” were judged from the results based on three independent
experiments compared to un-stimulated negative control.

However, considering IL-10 production, APCs of CPs tended to produce higher
levels of IL-10 than those of PP (Table 2).

4 Discussion

It is supposed that CPs in the cecum can be stimulated by intestinal commensal
bacteria, because there are huge numbers of bacteria in the large intestine including
the cecum. In our recent work, we observed that luminal bacteria were taken up into
the epithelial site of CPs directly (unpublished data). It has been reported that M
cells were observed in the FAE in the cecum [1, 2]. This therefore suggests that the
immune system of CPs could be stimulated by commensal bacteria constantly. We
next hypothesized that the immunoresponses of CPs might be different from those
of PPs, because large amounts of commensal bacteria are allowed to exist in the
large intestine without hypersensitivity.

In this study, we found that the unfractionated cells of CPs produced lower lev-
els of IL-12p40 and equal levels of IL-10 compared with PP cells. Additionally,
APCs of CPs produced lower levels of IL-12p40 compared with those of PPs. In
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contrast, APCs of CPs tended to produce higher levels of IL-10 compared with those
of PPs. It is well known that IL-12p40 and IL-10 have opposite effects [6]. APCs
of CPs might be more tightly regulated as regards IL-12p40 production stimulated
by bacterial components compared with those of PP. This suggests that the down-
regulation of IL-12p40 production by CP-APCs in response to bacterial components
might be very important in the prevention of intestinal inflammation by commensal
bacteria, because IL-12p40 is a proinflammatory cytokine inducing Th1 responses.
Furthermore, the inverse correlation between IL-10 production and IL-12p40 pro-
duction in CP-APCs was demonstrated. Therefore, lower production of IL-12p40
by CP-APCs might cause increased IL-10 production. In conclusion, these results
suggest that the immunoresponses of CPs are different from those of PPs, and that
APCs of CPs down-regulate immunoresponses to bacterial components compared
with those of PPs. Thereby, the homeostasis of the large intestine may be main-
tained, in spite of the fact that large numbers of commensal bacteria are located
there.
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Conjugate of β-Lactoglobulin
with Carboxymethyl Dextran Increased
the Antigen-Specific IgG1 Production,
While It Decreased IgE Production Compared
with Native β-Lactoglobulin

Tadashi Yoshida, Yuko Shigihara, Manami Nakamura, and Makoto Hattori

1 Introduction

IgE is a critical factor of type I allergic diseases. IL-4 produced by Th2 cells is
known as an essential cytokine to induce IgE [1, 2]. On the other hand, the regulating
mechanism for the induction of IgE and IgG1 has not been clarified. IgG1 is not
involved in type I allergy although it is induced by IL-4 as well as IgE. A fine
understanding of the mechanism for inducing IgE would contribute to the prevention
of allergic disorders.

Ig class switching is known to require two independent signals [3]. One is pro-
vided from cytokines and the other is from CD40. Among these signals, only the
signal from cytokines could determine the class to switch, for example IL-4 induces
IgG1 and IgE as described above. However, the influence of the signal from BCR
on the class switching has not been investigated. It is considered that the signal from
BCR would be involved in the regulation of the class switch because it is also an
important factor to activate B cells as well as the signals from cytokines and CD40.

In this study, we examined the distinct activity of β-lactoglobulin (β-LG) and
a conjugate of it with polysaccharides to induce IgE and IgG1. The results of this
study would suggest that the surface structure of antigen is important for regulating
IgE production.
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2 Materials and Methods

2.1 Mice

Female BALB/c mice were purchased from Clea Japan (Tokyo, Japan). Female
NC/Nga mice were purchased from Charles River Japan (Yokohama, Japan). These
mice were used at 6–9 weeks old. All the mice used in this study were maintained
and used in accordance with the guidelines for the care and use of experimental
animals of Tokyo University of Agriculture and Technology.

2.2 Preparation of β-LG and Conj.162

Crude bovine β-LG (genotype AA) was prepared from fresh milk of a Holstein
cow. Crude β-LG was purified with a DEAE-Sepharose Fast Flow column
(Amersham Pharmacia Biotech, Buckinghamshire, UK). A conjugate of β-LG
with carboxymethyldextran (CMD) was prepared as described previously [4]. In
brief, Dextran 162 (Mw. 162000; Sigma Chemical Co., St. Louis, MO) was car-
boxymethylated with monochloroacetic acid under alkaline conditions. β-LG and
CMD were dissolved in distilled water, and the pH of the solution was adjusted to
4.75 with 1 M HCl. EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) solu-
tion was added in 30 min, and the pH was kept at 4.75 by addition of 1 M HCl.
The reaction mixture was incubated at 25◦C for 3 h, and then 2 M acetate buffer
was gradually added over a period of 10 min to stop the reaction. After dialysis
against distilled water at 4◦C and lyophilization, the crude β-LG-CMD conjugate
(Conj.162) was obtained.

2.3 Purification of Conj.162

Conj.162 was purified as described previously [4]. In brief, hydrophobic chromatog-
raphy (Butyl-Toyopearl 650S, Tosoh, Tokyo, Japan) was applied to remove free
CMD from the crude Conj.162. Then free β-LG and polymerized β-LG in the
crude Conj.162 was removed by anion-exchange chromatography (QA-Cellulofine
Q-800-m, Seikagaku Industry Co., Tokyo, Japan). After dialysis against distilled
water and lyophilization, the purified Conj.162 was obtained.

2.4 Chemical Analysis of Conj.162

The amount of protein in Conj.162 was determined by measuring the absorbance
at 280 nm. The amount of CMD bound to β-LG was determined by measuring the
absorbance at 490 nm after coloring by the phenol-sulfuric acid method.
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2.5 Immunization

BALB/c or NC/Nga mice were immunized i.p. with 100 μg (as protein) of β-LG
or Conj.162 absorbed in Alum adjuvant. Two weeks after immunization, the mice
were bled, and sera samples were collected from the mice.

2.6 ELISA

The amount of the β-LG-specific IgG1 and IgE antibody was measured by ELISA.
Maxisorp immunoplates were coated with a 0.01% β-LG solution. After wash-
ing and blocking, the sample sera and standards were added to the plates. The
bound antibody was detected with biotin-labeled goat anti-mouse IgG1 (A85-1,
BD Pharmingen, San Diego, CA) or biotin-labeled rat anti-mouse IgE (R35-118,
BD Pharmingen), before incubating with alkaline phosphatase-streptavidine. A
substrate (p–nitrophenyl-phosphate) was then added, and the absorbance was deter-
mined at 405 nm. The titer of β-LG-specific IgG1 and IgE in each sample serum
was calculated relative to that of β-LG-specific IgG1 and IgE in the standard serum,
respectively.

2.7 Statistical Analysis

Differences between β-LG and Conj.162 immunized groups were analyzed by
Student’s t test. P values less than 0.01 were considered statistically significant and
indicated as “∗” in the tables.

3 Results

3.1 Chemical Property of Conj.162

Conj.162 was prepared, and the chemical property of Conj.162 was analyzed as
described above. As shown in Table 1, the molar ratio of β-LG to CMD in Conj.162
was determined to be 7:1, and weight ratio was 2:3.

Table 1 Chemical property
of Conj.162 β-LG : CMD

Molar ratio Weight ratio

Conj.162 7:1 2:3
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3.2 Conj.162 Induced Higher Level of IgG1 and Lower Level
of IgE than Native β-LG

BALB/c mice were immunized with β-LG or Conj.162. β-LG-specific IgG1 and
IgE titier in the sera from these mice were measured. β-LG-specific IgG1 titier in
the sera from β-LG immunized mice was significantly lower than that from Conj.162
immunized mice (Table 2). Interestingly, β-LG-specific IgE titier in the sera from
β-LG immunized mice was significantly higher than that from Conj.162 immunized
mice contrary to IgG1 (Table 2). Similar result was obtained from the experiments
of NC/Nga mice (data not shown).

Table 2 IgG1 and IgE
induction in BALB/c mice
immunized with β-LG or
Conj.162

β-LG-specific antibody
(relative conc.)

Immunized with IgG1 IgE

β-LG 0.45±0.10 3.77±1.26
Conj.162 1.30±0.46∗ 0.54±0.16∗

4 Discussion

Type I allergic reaction is a major mechanism for several allergic diseases, including
food allergy and house dust asthma. IgE is a key molecule inducing type I allergy.
Therefore, many previous studies have tried to suppress IgE production although the
mechanism for inducing IgE has not been clearly understood [5–8]. Most such stud-
ies adopted the strategy of inhibiting the Th2 response [5–7], because IL-4 secreted
from Th2 is known to be a critical factor to induce IgE class switching. On the other
hand, Th2 and IL-4 are important for not only IgE production but also other several
immune responses. Hence, the strong suppression of Th2 responses would result in
the immune deficiency.

Our results in this study showed that Conj.162 induced lower level of IgE than
native β-LG. On the other hand, IgG1 production induced by Conj.162 was signifi-
cantly higher than that induced by β-LG. IgG1 is also an antibody induced by IL-4
as well as IgE, while it does not cause type I allergy. This result clearly indicates
that the induction of IgE and IgG1 is distinctly regulated by the surface structure of
antigen. It was considered that the structure of antigen directly affects B cells and
influences their class switching because it has not been known any cytokines which
enhance IgG1 but suppress IgE production. Actually, Taneichi et al. have reported
that ovalbumin (OVA) surface-coupled with liposome induced IgE-selective unre-
sponsiveness and that T cells were not involved in the inhibition of IgE induced
by OVA-liposome [8]. This evidence strongly suggests the direct effect of OVA-
liposome on B cells although the mechanism for distinct regulation of IgE and
IgG1 by the property of antigen has not been revealed. Conj.162 might regulate
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IgE and IgG1 production by a similar mechanism with OVA-liposome; for example,
regulating intracellular signals from BCR.

In summary, we clearly demonstrated the distinct regulation of IgE and IgG1
class switching. Conj.162 preferentially induced IgG1 than IgE, while native β-
LG was opposite. We are now conducting the work to identify the mechanism for
regulating IgE and IgG1 production by the property of antigen. It is expected that
the results of our study would contribute to the prevention and treatment of allergic
diseases.
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Anti-Inflammatory Action of Epigallocatechin-
3-Gallate at a Physiological Concentration
through the 67-KDA Laminin Receptor in
Lipopolysaccharide-Stimulated Raw264.7 Cells

Byun Eui Hong, Yoshinori Fujimura, Koji Yamada, and Hirofumi Tachibana

1 Introduction

Green tea (Camellia sinensis L.) is a popular beverage worldwide, and its possible
health benefits have been the subject of considerable attention [1, 2]. Among the
green tea polyphenols, EGCG constitutes approximately 60% of the catechins in tea
and it is well known to have a variety of biological and pharmacological properties,
including cancer-preventive, anti-virus, anti-oxidative effects, anti-inflammatory
activities and to have anti-Alzheimer and anti-Parkinson disease properties [2–4].
In case of murine macrophage cell line, RAW 264.7 and in elicited BALB/c mouse
peritoneal macrophages, EGCG have been reported to inhibit the activation of tran-
scription factors, NF-κB and AP-1, induced by many pro-inflammatory stimuli such
as UV and LPS [3, 4] resulting in the decrease in the expression of inflammatory
gene products including lipoxygenase [5], cyclooxygenase [6], nitric oxide synthase
[7], and TNF-α 4. Furthermore, most experiments using EGCG requires high con-
centrations of EGCG (10–50 μM) to demonstrate a variety of biological activities
although the peak plasma concentration of EGCG is less than 1 μM [8].

Recently, We have identified 67-kDa laminin receptor (67LR) as a cell surface
EGCG receptor that mediates the anti-cancer action of physiologically achievable
concentrations of EGCG (0.1–1 μM) [9]. Furthermore, this receptor has been shown
to be responsible for modulation of immune systems based on anti-allergic effects
of EGCG, and also found that the inhibition of myosin II regulatory light chain
or extracellular signal-regulated kinase1/2 phosphorylation plays a critical role in
the EGCG-induced degranulation inhibition or suppression of FcεRI expression,
respectively [10, 11]. However, the relationship of 67LR and anti-inflammatory
activity of EGCG at a physiological concentration in LPS-stimulated macrophage
cells has not yet been reported.
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Therefore, the present study reveals the information that relationship of suppres-
sion effects of EGCG at a physiological concentration and 67LR on the production
of inflammatory mediators from LPS-stimulated RAW264.7 cells.

2 Materials and Methods

2.1 Reagents

(–)-Epigallocatechin-3-gallate (EGCG) was purchased from Kurita Water Industries
(Tokyo, Japan). Lipopolysaccharide (LPS), anti-β-Actin polyclonal antibody, and
horseradish peroxidase (HRP)-conjugated anti-rabbit antibody were derived from
Sigma (St. Louis, MO). Anti-67LR (F-18) antibody, anti-iNOS polyclonal antibody,
anti-COX-2 polyclonal antibody and horseradish peroxidase (HRP)-conjugated
anti-goat (donkey) IgG antibody were obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA), and HRP-conjugated anti-Rat IgG2a antibody, HRP-
conjugated anti-mouse IgG antibody were obtained from Zymed Laboratories (San
Francisco, CA). HRP-conjugated anti-rabbit antibody was purchased from ICN
Pharmaceuticals (Aurora, OH). An anti-mouse TNF-α antibody was obtained from
Endogen (Woburn, MA). Biotinylated anti-mouse TNF-α antibody was obtained
from Biosource (Camarillo, CA).

2.2 Cell Preparation

The RAW264.7 Cells were cultured in DMEM supplemented with antibiotics (100
U/mL penicillin and 100 U/mL streptomycin), and 10% (v/v) fetal calf serum. The
cells were maintained at 37◦C in a humidified incubator containing 5% CO2. In all
experiments, cells were allowed to acclimate for 24 h before any treatments.

2.3 Construction of 67LR-Suppressed Cells

The psiRNA-hH1 (G2) short hairpin RNA expression vector was purchased
from InvivoGen. As the inserts for expressing short hairpin RNA, one
insert was selected: shRNA1-sense (5’-TCCCGATCT TGACTTCCAGATGGAA
TTCAAGAGATTCCATCTGGAAGTCAAGATTT-3’) and sh RNA-antisense (5’-
CAAAAA ATCTTGACTTCCAGATGGAATTCAAGAGTTCCATCTG GAAG-
TCAAGATC-3’). This insert was annealed and subcloned into psiRNA-hH1 (G2),
which was linearized with BbsI. Vector containing the 67LR gene-targeting shRNA
expression was transfected into the RAW 264.7 cells by electroporation. Then, the
clone with the neomycin resistance was selected and used for experiments.
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2.4 Enzyme-Linked Immunosorbent Assay

The amount of TNF-α in culture medium was measured by sandwich enzyme-linked
immunosorbent assay (ELISA). An anti-mouse TNF-α antibody was used to fix
TNF-α. Antibody solution diluted at 500 times by PBS was added to a 96-well
plate, and incubated for 2 h at 37◦C. After washing with 0.05% Tween 20-PBS
(T-PBS) three times, each well was blocked with 1% BSA-PBS for 2 h at 37◦C. Then
wells were washed again three times with wash buffer. Following blocking reaction,
each well was treated with 50 μl of culture supernatant for 1 h at 37◦C. The wells
were then treated with biotinylated anti-mouse TNF-α antibody diluted at 1,000
times using 1% BSA-PBS solution for 1 h at 37◦C. HRP-conjugated streptavidin
solution diluted at 1000 times by 1% BSA-PBS solution was added to each well
at 100 μl. Then, 0.6 mg/ml of 2,20-azinobis (ethylbenzothazoline-6-sulfonic acid
diammonium salt) (ABTS) dissolved in 0.03% H2O2-0.05 M citrate buffer (pH 4.0)
was added to the well at 100 ml, and the absorbance at 405 nm was measured after
the addition of 1.5% oxalic acid to terminate the coloring reaction at 100 ml.

2.5 Measurement of NO

The concentration of NO in culture supernatant was determined as nitrite, a
major stable product of NO, by the Griess reagent (1% sulfanilamide/0.1%
naphtylethylenediamine dihydrochloride in 2.5% H3PO4) (Sigma, USA). Briefly,
culture medium (100 μl) was incubated with 100 μl of Griess reagent. Absorbance
of the mixture was then measured at 535 nm.

2.6 Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total cellular RNA was extracted from appropriately treated RAW 264.7 cells with
TrizolTM(Sigma-Aldrich, St Louis, MO) according to the manufacturer’s protocol.
The resultant cDNA samples were subjected to 37 cycles of PCR amplification in
the presence of specific sense and antisense primers. Mouse β-Actin cDNA was
amplified as an internal control. Each cycle consisted of denaturation at 94◦C for
1 min, annealing at 60◦C for 1 min (β-Actin, IL-6 and TNF-α), and DNA synthesis
at 72◦C for 1 min. Sequences for the PCR primers sizes and expected amplifica-
tion product sizes are as follows: for the β-Actin: sense 5’-GGAATCCTGTGGCAT
CCATGAAAC-3’, and antisense 5’-TAAAACGCAGCTCAGTAACAGTCCG-30’;
for the TNF-α: sense 5’-TCCCCAAAGGGATGAGAAGTTC-3’, and antisense 5’-
TCATACCAGG GTTTGAGCTCAG-3’; for the IL-6: sense 5’-AAGTGCATCAT-
CGTTGTTCATACA-3’, and antisense 5’-AAGTGCATCATCGTTGTTCATACA-
3’. Samples were subjected to electrophoresis on 1.5% agarose gels, stained with
ethidium bromide, and photographed.
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2.7 Western Blot Analysis

Whole cell protein lysates of RAW 264.7 cells were lysed in 100 μl of lysis buffer
containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton-X 100, 1 mM
EDTA, 50 mM NaF, 30 mM Na4P2O7, 1 mM phenylmethanesulfonyl fluoride
(PMSF), 2 μg/ml aprotinin, and 1 mM pervanadate. Whole cell lysate samples
were separated by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and electrotransferred to nitrocellulose membranes. The blotted nitrocellulose was
incubated with primary antibodies for 2 h, and with HRP-conjugated secondary
antibodies for 1 h at room temperature. Epitopes on proteins recognized specifically
by antibodies were visualized by using enhanced chemiluminescence Advance kit
(Amersham Biosciences, Piscataway, NJ).

3 Results and Discussion

To explore whether the effects of EGCG on cellular responses to the LPS stimulation
are mediated through the 67LR, RAW264.7 cells were stably transfected with short
hairpin RNA (shRNA) expression vector to reduce the 67LR expression. Western
blot analysis showed that RAW264.7 cells expressed the 67LR, and this expression
has been shown to be lowered in RAW264.7 cells transfacted with shRNA for 67LR
(Fig. 1a).

Among a variety of inflammatory mediators, TNF-α and IL-6 are major inflam-
matory cytokines produced by macrophages, and have been reported to participate
in regulating the immune response, acute-phase reaction, and hematopoiesis [4]. In
addition, iNOS expression can be significantly induced by LPS and/or cytokines
in a variety of immune cells, including macrophages, hepatocytes and endothelial
cells, and COX-2 is another enzyme that plays a pivotal role in the mediation of
inflammation [12]. Recently, a major green tea catechin, EGCG has been reported
to decrease LPS-induced COX-2, iNOS, TNF-α and IL-6 expression in the murine
macrophage cell line, RAW 264.7, and to similarly inhibit LPS-induced TNF-α and
IL-6 production in elicited BALB/c mouse peritoneal macrophages [3, 4]. In this
study, we examined whether the inhibitory effect of EGCG through the 67LR on
TNF-α and NO production from LPS-stimulated RAW 264.7 cells culture media.
The cells were pretreated with EGCG (1 μM) for 1 h, and then incubated with LPS
(50 ng/mL) for 12 h. The TNF-α production levels in the culture medium were
measured by ELISA and NO production levels in the culture medium were mea-
sured by Griess assay. The TNF-α and NO production was increased in the culture
medium of LPS-stimulated RAW 264.7 cells, and these increased TNF-α and NO
was significantly decreased upon treatment with EGCG in LPS-stimulated RAW
264.7 cells. However, the TNF-α and NO production in 67LR-downregulated cells
treated with LPS plus EGCG were higher (relative intensive) than that of the con-
trol cells (Fig. 1b). These results suggest that the expression level of 67LR may be
elevated in the cells that are sensitive to the effect of EGCG at a physiological con-
centration (1 μM) and suppressive effects of EGCG are mediated through binding
to the 67LR.
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Fig. 1 Through binding to the cell-surface 67LR, the anti-inflammatory effect of EGCG in
macrophage cells. (a) The cell-surface expression of 67LR in RAW 264.7 cells. (b) The Effect
of 67LR-downregulation on the EGCG-induced reduction of NO and TNF-α production in
RAW264.7 cells

We also investigated the inhibitory effects of EGCG through the 67LR on mRNA
and protein expression of inflammatory mediators, such as TNF-α, IL-6, nitric
oxide synthase and cyclooxygenase-2 from LPS-stimulated RAW 264.7 cells. The
cells were pretreated with EGCG (1 μM) for 1 h, and then incubated with LPS
(50 ng/mL) for 6 h. The TNF-α and IL-6 mRNA expression was determined by
RT-PCR, and the iNOS and COX-2 protein expression was determined by Western
immunoblot analysis. LPS increased expression of inflammatory mediators, such
as TNF-α, IL-6, iNOS and COX-2, whereas EGCG inhibited expression of LPS-
induced inflammatory mediators, such as TNF-α, IL-6, iNOS and COX-2 in control
cells. However, the expression of inflammatory mediators, such as TNF-α, IL-6,
iNOS and COX-2 in 67LR-downregulated cells treated with LPS plus EGCG were
higher (relative intensive) then that of the control cells (date not shown). These
results show that the ability of EGCG to decrease the expression of inflammatory
mediators, such as TNF-α, IL-6, iNOS and COX-2 was mediated through binding
to the 67LR. Taken together, 67LR may be the primary target for EGCG to mediate
anti-inflammatory responses to the LPS stimulation and decide the accessibility of
EGCG to the macrophage cells.

In summary, we showed the data for the first time that 67LR plays an impor-
tant role in mediating anti-inflammatory actions of EGCG at a physiologically
achievable concentration, and we have revealed a new mechanism by which EGCG
suppresses inflammatory response through binding to the 67LR as a cell-surface
receptor.
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Enhancement of Antibody Production using
Solution after Antibody Purification:
Application of Spent Medium for Antibody
Production

Akiko Ogawa, Sadaharu Fukui, and Satoshi Terada

1 Introduction

Monoclonal antibodies are essential in fields of diagnostics and medicine. The
market for antibody drugs is growing every year by 20% but antibody produc-
tion has some risks including limited supply and high costs because antibodies
are produced by mammalian cells such as hybridomas and Chinese hamster ovary
(CHO) cells. These cells are cultured in expensive serum-free media containing
growth factors in order to maintain cellular functions. In particular, transferrin
and insulin are essential for the production of antibodies; transferrin functions
as an iron transporter and a mitogen, while insulin improves glucose uptake [1].
However, as these growth factors remain after cell culture, the used culture media are
typically discarded. Riese et al. have reported that used culture medium was effec-
tive for the production of mouse monoclonal antibodies when it was mixed with
additional amino acids and glucose, after purification by microfiltration and ultra
filtration [2].

In this study, we examined a recycling culture medium for antibody production,
which was previously used for antibody production by CHO cells.

2 Materials and Methods

2.1 Cell Line and Cell Culture

CHO-DP12 cells (ATCC R©CRL-12445TM) were obtained from the American Type
Culture Collection (Manassas, Virginia, USA) and used throughout this work. This
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cell line produces recombinant human anti-IL-8 (Gonzalez, TN., et. al., Nucleic
acids encoding humanized anti IL-8 monoclonal antibodies, US patent, 6025158
dated Feb. 15, 2000).

The subculture medium was DMEM medium (Nissui, Tokyo, Japan) supple-
mented with 5% (v/v) FBS (Biowest, Nuaillé, France), 0.2% sodium bicarbonate
(Nacalai Tesque, Kyoto, Japan), 10 mM HEPES (Nacalai Tesque, Kyoto, Japan),
2 mM glutamine (Nacalai Tesque, Kyoto, Japan), 0.06 mg/mL kanamycin (Nacalai
Tesque, Kyoto, Japan) and 200 μM MTX (Sigma Aldrich, MO, USA).

CHO-DP12 cells were grown in culture dishes (Sumitomo Bakelite, Tokyo,
Japan) at 37◦C in humidified air containing CO2 at 5%.

2.2 Determination of Antibody Concentration

The amount of human IgG in the culture supernatant was determined by sandwich
enzyme-linked immunosorbent assay (ELISA). For the ELISA, rabbit affinity puri-
fied antibody to human IgG (H+L, Bethyl Laboratories, Inc., TX, USA) was used as
the capture antibody, goat antibody to human IgG (γ ) conjugated with horseradish
peroxidase (HRP) (American Qualex Antibodies, CA, USA) was used for detection,
and o-phenylenediamine dihydrochloride (Nacalai Tesque, Kyoto, Japan) was used
as the substrate. Human IgG concentration was calculated from optical density at
492 nm (Hitachi High-Technologies, Tokyo, Japan).

2.3 Production of Human Monoclonal Antibody and Preparation
of Recovered Medium

In order to produce human monoclonal antibody, CHO-DP12 cells were seeded at
765,000 cells/dish on two 90 mm culture dishes (Sumitomo Bakelite, Tokyo, Japan)
in DMEM medium containing 5% FBS. The next day, adhesion to the dish was con-
firmed, and the medium was removed. The cells were then washed with PBS four
times in order to completely remove the FBS. Fresh ASF104 medium (Ajinomoto,
Tokyo, Japan) containing 5 mg/L transferrin and 5 mg/L insulin was added to the
dishes at 12 mL/dish and the cells were cultured for two days. When they reached
confluency (viable cell number 4,178,000 cells/dish) on the fourth day, the culture
supernatant was collected and the antibody was purified from it by affinity pro-
tein G column (GE Healthcare UK, Buckinghamshire, England). The flow-through
fraction, which contained various materials that did not attach to the column, was
collected and concentrated 18-fold by ultrafiltration using Amicon Ultra-15 cen-
trifugal filter units (Millipore, MA, USA) and then it was diluted to one-eighteenth
the concentration using fresh basal ASF104 medium. This is referred to as the
recovered medium.
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2.4 Proliferation Assay of CHO-DP12 Cells
with Recovered Medium

CHO-DP12 cells were seeded at 16,400 cells/well on 24-well culture plates
(Sumitomo Bakelite, Tokyo, Japan) in DMEM medium containing 5% FBS. The
next day, adhesion to the dish was confirmed, and the medium was removed. These
cells were then washed with PBS four times in order to completely remove the FBS.
Each experimental medium was added to each well at 500 μL and then they were
cultured for 70 h.

Final viable cell density and cell viability were determined by counting in a
hemacytometer under a phase contrast microscope using the trypan blue exclusion
assay.

2.5 SDS-Page

All samples were subjected to 20% PAGE in the presence of sodium dodecyl sulfate
according to the method of Laemmli [3]. Separated proteins were stained with a
commercialized silver stain kit (ATTO, Tokyo, Japan).

3 Results and Discussions

3.1 Detection of Proteins Including Transferrin and Metabolic
Products of CHO-DP12 Cells

Generally, mammalian cells synthesize and release various autocrine and paracrine
factors, which maintain cellular functions and promote cell differentiation. Used
culture medium is rich in such factors and is often used as a conditioned medium.
For example, human embryonic stem cells can be cultured in mouse embryonic
fibroblast-conditioned medium [4]. Therefore it was possible that the culture super-
natant of CHO-DP12 would have not only growth factors derived from medium but
also autocrine or paracrine factors derived from CHO-DP12 cells. Figure 1 shows
SDS-PAGE analysis of the culture supernatant of CHO-DP12 (lane 1) and the con-
centrated flow-through fraction of the affinity column (lane 2: one-tenth dilution;
lane 3: no dilution). Transferrin was detected in both samples: the culture super-
natant of CHO-DP12 and the concentrated flow-through fraction from the affinity
column. Judging by the condensation of the band, the content of transferrin in the
supernatant was nearly equal to that of the concentrated flow-through fraction. On
the other hand, insulin was not detected in any sample. These results indicated
that an abundant amount of transferrin remained after culture, antibody purifica-
tion and condensation by ultrafiltration, and that insulin was consumed during the
culture or the other processes including antibody purification and condensation.
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Fig. 1 SDS-PAGE analysis of the culture supernatant from CHO-DP12 cells and the concen-
trated flow-through fraction from affinity column followed ultrafiltration. Lane 1: supernatant of
CHO-DP12 cells cultured in fresh ASF104 supplemented with 5 mg/L transferrin and 5 mg/L
insulin; Lane 2 and 3: the concentrated flow-through fraction from the affinity column. The
concentrated flow-through fraction of lane 2 was diluted with PBS to one-eighth of the
absorbance

Additionally, several unidentified proteins were detected in both samples. They were
likely produced by the CHO-DP12 cells.

3.2 Effect of the Recovered Medium on Cell Proliferation
of CHO-DP12

To examine the effect of the recovered medium on cell proliferation, CHO-DP12
cells were cultured under several conditions: ASF104 basal medium only, supple-
mented with growth factors such as transferrin and insulin, respectively, at 0.625 or
5 mg/L, recovered medium only, and recovered medium supplemented with growth
factors at 0.625 or 5 mg/L. Figure 2 shows the viable number of CHO-DP12 cells
cultured under the conditions described above. When the cells were cultured in the
presence of both the recovered medium and the growth factors (column 4 and 6),
the viable cell numbers were higher than when they were cultured in the presence
of supplemented growth factors only (column 2 and 5). Additionally, the viable cell
number obtained from a combination of 0.625 mg/L of growth factors and recovered
medium was equal to that obtained from supplementing with 5 mg/L of growth fac-
tors. In the presence of recovered medium only, the viable cell number was reduced
compared with the seeding period (column 3). These results show that recov-
ered medium has different growth factors which enhance the cell proliferation of
CHO-DP12 cells but that use of recovered medium alone was not enough to support
the proliferation of CHO-DP12 cells.
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Fig. 2 The viable cell number of CHO-DP12 cells cultured under several media conditions
for 70 h. CHO-DP12 cells were cultured under the following conditions: no growth factors
(column 1), supplemented growth factors at 0.625 mg/L (column 2) or 5 mg/L (column 5), recov-
ered medium (column 3), and recovered medium with growth factors at 0.625 mg/L (column 4) or
5 mg/L (column 6)

3.3 Effect of the Recovered Medium on the Human IgG
Production of CHO-DP12

To examine the effect of recovered medium on antibody production, the final human
IgG concentration in the culture supernatants of CHO-DP12 cells (see Section 3.2)
was measured by ELISA. The supernatants were collected at the end of the culture
period. When CHO-DP12 cells were cultured in the medium containing both recov-
ered medium and growth factors (column 4 and 6), the human IgG concentration was
higher than when they were cultured in the medium supplemented with growth fac-
tors only (column 2 and 5). Additionally, the combination of 0.625 mg/L of growth
factors and recovered medium produced the same amount of IgG as the media con-
taining 5 mg/L of growth factors. However, there were no significant differences in
the antibody productivities per cell among these culture conditions. These results
show that the combination of transferrin, insulin and recovered medium was suffi-
cient for CHO-DP12 cells to produce more human antibody, but that the capacity of
antibody production between the different culture conditions was nearly equal.

In conclusion, we studied the effect of recovered medium on cell proliferation
and antibody production. The recovered medium improved cell proliferation of
CHO-DP12 cells and increased the total amount of human IgG production, but did
not enhance the overall antibody productivity. Furthermore, although some proteins
produced by CHO-DP12 cells were detected in the culture supernatant and concen-
trated flow-through solution, it was assumed that they would have had the ability to
enhance the cell proliferation of CHO-DP12, but this was not very defined in this
study.
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Fig. 3. The human IgG concentration of supernatants from CHO-DP12 cells cultured under sev-
eral media conditions for 70 h. Each column indicates the final human IgG concentration of the
culture supernatants from CHO-DP12 cells. They were cultured under the conditions detailed in the
caption for Fig. 2 CHO-DP12 cells were cultured under the following conditions: no growth factors
(column 1), supplemented growth factors at 0.625 mg/L (column 2) or 5 mg/L (column 5), recov-
ered medium (column 3), and recovered medium with growth factors at 0.625 mg/L (column 4) or
5 mg/L (column 6)
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Production of Human Monoclonal Antibodies
Against FC Epsilon Receptor I Alpha
by Combining In Vitro Immunization
with Phage Display

Kosuke Tomimatsu, Shin-ei Matsumoto, Makiko Yamashita, Kiichiro Teruya,
Yoshinori Katakura, Shigeru Kabayama, and Sanetaka Shirahata

1 Introduction

Monoclonal antibodies (mAbs) have a great potential and hope for the treatment of
various human diseases. The advent of mAbs was done using hybridoma technol-
ogy, which was introduced by Köhler and Milstein [1]. However, owing to their
murine origins, the first generation of mAbs evaluated in the clinic was limited
by their immunogenicity [2–4]. Thus, increasing effort has been applied to engi-
neer antibodies without a non-human structure to minimize such responses [5–7].
To overcome this problem, we developed an in vitro immunization (IVI) proto-
col [8–10], which elicits antigen-specific immune responses in peripheral blood
mononuclear cells (PBMC). In antibody engineering, cell surface antigens are often
targeted [11] as they play an increasingly important role. However the generation of
antibodies against cell surface antigens is hard owing to the difficulty in obtaining
sufficient amounts of antigen with high purity and in the native conformation for
immunization [12].

In this study, we tried to generate antigen-specific monoclonal antibodies against
membrane proteins using intact cells as the antigen. We focused on the high affin-
ity IgE receptor epsilon alpha chain (FcεRIα), which triggers allergic reactions [13]
and is expressed on human basophile cell line KU812F. We tried to obtain FcεRIα-
specific human monoclonal antibody using a method combining IVI and phage
display.
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2 Experimental Procedure

2.1 Recombinant FcεRIα

Total RNA from KU812F cells was prepared by GenElute Mammalian Total
RNA Kit (Sigma-Aldrich) and recombinant FceRIa was constructed as previously
described [14].

2.2 In Vitro Immunization

The preparation of PBMCs and in vitro immunization were performed as previ-
ously described [15]. LLME-treated PBMCs were sensitized with KU812F cells
fixed with 1% glutaraldehyde and cultured in eRDF medium (Invitrogen, Carlsbad,
CA) supplemented with 10% heat-inactivated FBS, IL-2, IL-4, 2-mercaptoethanol
and D-type CpG ODN (1 mM). After culture for 3 days, K-type CpG ODN (1 mM)
was added and the cells were cultured for an additional 3 days. The total amounts of
immunoglobulin secreted into the culture supernatant were determined by ELISA
as previously described [16]. B cells producing antigen-specific antibodies were
detected by the ELISPOT assay as previously described [10]. Experiments through-
out this study were carried out in accordance with the principles of the Declaration
of Helsinki and the regulations of the ethics committee of the Faculty of Agriculture
at Kyushu University.

2.3 Generation of the Phage Antibody Library and Selection

The phage antibody library was constructed as previously described [15]. To select
antigen specific phage antibody from the library, we demonstrated panning with
streptavidin magnetic beads conjugated with biotinylated recombinant FcεRIα.
Antigen specificity of the selected phage antibodies were evaluated by ELISA.

2.4 Production of Recombinant Human Monoclonal IgG
in Chinese Hamster Ovary Cells

We amplified the VH and VL genes by PCR using vectors expressing scFv spe-
cific for FcεRIα as templates and appropriate primers. The VH and VL genes were
cloned into the pSecTag2A/IgGc bearing heavy chain constant region (CH) gene
and pSecTag2A/IgLc bearing light chain constant region (CL) gene respectively.
Chinese hamster ovary (CHO) cells were transfected with these expression vectors
using Lipofectamine (Invitrogen) according to the manufacturer’s instructions. IgG
in the supernatant was purified by affinity chromatography with protein G column
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(GE Healthcare, Sweden). Specificity of these generated antibodies were assessed
by competitive ELISA.

2.5 Flow Cytometric Analysis

KU812F cells were teated with C9 and-FcεRIα IgG. After treatment, the cells
were washed with PBS and incubated with FITC-labeled human IgG for 30 min.
The fluorescence intensity was measured with a FACSAriaTM Cell Sorter (BD
Bioscience).

3 Results

3.1 KU812F-Specific Immune Response Elicited by In Vitro
Immunization

Figure 1a shows that the PBMCs, immunized in vitro with fixed KU812F cells,
augmented the cell-cell interactions and consequently formed numerous larger
clusters than control cells. The PBMC immunized with fixed KU812F pro-
duced a large amount of IgM and IgG (data not shown) and KU812F-specific
antibodies (Fig. 1b and c). These data indicate that the in vitro immunization
method using fixed cell antigen could activate PBMCs and induce cell surface
antigen-specific immune responses when sensitized with intact cells or lysate
antigen.

3.2 Construction of the Phage Display Library and Selection

The variable region genes of antibody were amplified from cDNA prepared from
PBMCs immunized in vitro by PCR using V region family specific primers. Next
we constructed and obtained scFv phage display library contain 6.4 × 103 clones
from PBMC immunized with cells and 2.4 × 104 clones from PBMC immunized
with lysate. The antigen-specific scFv phages were selected from the phage libraries
by panning.

3.3 Production of the IgG Type Antibody and Functional Analysis

Generated IgG genes were transfected into CHO cells and IgG were produced into
the culture supernatants. The three FcεRIα specific individual clones (C9, C51 and
L49) were obtained by purification with affinity chromatography and performed
competitive ELISA to assess antigen specificity of purified IgGs (Fig. 2a). We found
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Fig. 1 Immune responses of lymphocytes augmented by in vitro immunization. LLME-treated
PBMCs were cultured in eRDF medium supplemented with 10% FBS (ctrl), or sensitized with
KU812F cells in eRDF medium supplemented with 10% FBS, IL-2, IL-4, and CpG ODN (Cell
or Lysate). (a) After culture for 6 days, the PBMC were observed with a phase contrast micro-
scope. (b, c) KU812F cell-specific IgM derived from PBMCs immunized in vitro were evaluated
by ELISPOT assays

that all three IgGs could bind specifically to FcεRIα. Next we determined whether
the generated recombinant FcεRIα specific IgG could recognize FcεRIα expressed
on the KU812F cell surface membrane by flow cytometric analysis. C9 exhibited
binding ability to FcεRIα expressed on the cell surface of KU812F cell (Fig. 2b);
however, the other two IgG clones (C51 and L49) did not (data not shown). Next
we investigated the ability of C9 anti-FcεRIα IgG to inhibit the binding of IgE to
FcεRIα on KU812F. As shown in Fig. 3c, the C9 IgG inhibited the binding of IgE
to FcεRIα on KU812F.
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Fig. 2 Analysis of monoclonal IgG clones against FcεRIα. (a) Evaluation of antigen specificity
of the purified mAbs (C9, C51 and L49) with competition ELISA. (b) Flow cytometric analysis
of C9 binding to FcεRIα expressed on KU812F cell surfae. Filled peak, binding of human IgG for
control. Open peak, binding of mAb C9. (c) Inhibition analysis of the IgE binding to FcεRIα by
flow cytometry analisys. Filled peak, negative control. Open peak, binding with FITC-conjugated
IgE. Gray peak, binding with FITC-conjugated IgE after treatment with mAb C9

4 Discussion

Here, we report a new method for generating human monoclonal antibody against
cell surface antigens by combining in vitro immunization of human PBMCs with
phage display. Fixed KU812F cells elicited antigen-specific antibody production
from PBMCs by in vitro immunization as shown in Fig. 1, and the FcεRIα-specific
phage antibody library constructed from cell immunized PBMCs seems to have
better specificity than the library constructed from lysate immunized PBMCs.
Additionally, in our previous study, we demonstrated that VH gene expression
in PBMCs immunized in vitro was considerably enhanced compared with non-
stimulated PBMCs [15]. These results suggest that an efficient immune response
against cell surface membrane protein was induced by in vitro immunization with a
fixed cell providing the antigen.



156 K. Tomimatsu et al.

When receptor-bound IgE forms cross-links with a multivalent allergen, the
resulting activation signal causes the release of inflammatory mediators. The C9
IgG generated bound to FcεRIα expressed on KU812F cells and blocked bind-
ing between FcεRIα and IgE. This suggests that the C9 IgG might inhibit allergic
interactions at the molecular level. In summary, we have developed a human mon-
oclonal antibody against a receptor protein using a small phage antibody library
and PBMCs immunized in vitro with intact whole cells. These results indicate that
combining in vitro immunization with phage display has advantages for generating
human monoclonal antibody.
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Enhancement of Hepatocyte Function Through
Heterotypic Cell-Cell Interactions Using
E-Cadherin-Expressing NIH3T3 Cells

Akira Ito, Takehiko Kiyohara, Yoshinori Kawabe, Hiroyuki Ijima,
and Masamichi Kamihira

1 Introduction

Heterotypic cell-cell interactions between epithelial and mesenchymal cells play
crucial roles in living tissues and organs. Thus, these interactions are fundamentally
important in tissues and organs, and have to be taken into account in replicat-
ing tissue functions in bioartificial organs and in tissue engineering. Tissue cells
such as epithelial cells or hepatocytes can spontaneously form aggregates in vitro.
During the aggregate formation, cells reconstruct tissue-like structures such as
epithelial islands by connecting cells via the homophilic adhesion molecule, E-
cadherin. The calcium-dependent, transmembrane molecules, cadherins directly
regulate morphologic events [1]. The predominant cadherin of most epithelia
including hepatocytes is E-cadherin. Because E-cadherin is a homophilic adhesion
molecule, cells expressing different cadherin molecules such as E- and P-cadherins
tend to distinguish between each other when artificially mixed in vitro. In the
present study, in order to engineer heterotypic interactions between epithelial and
mesenchymal cells via E-cadherin molecules, the E-cadherin gene was introduced
into mesenchymal mouse fibroblast NIH3T3 cells, and the effects of co-culture of
E-cadherin-expressing NIH3T3 cells with hepatocytes were investigated.

2 Materials and Methods

2.1 Establishment of E-Cadherin-Expressing NIH3T3 Cells

The fragment of full-length murine E-cadherin cDNA [2] obtained from RIKEN
Bioresource Center (Tsukuba) was ligated into the pcDNA4 plasmid (Invitrogen,
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Carlsbad, CA, USA), and NIH3T3 cells were transfected with the plasmid using
Lipofectamine 2000 reagent (Invitrogen). Cells were selected in the medium
containing 1 mg/ml zeocin (Sigma-Aldrich, St. Louis, MO, USA), and stable
E-cadherin-expressing clones were established (designated as 3T3/E-cad).

2.2 Western Blot Analysis

The cell lysates (total protein, 15 μg) of NIH3T3 or 3T3/E-cad cells were subjected
to SDS-PAGE on a 7.5% polyacrylamide gel, and the proteins were transferred
onto a nitrocellulose membrane. After blocking using 5% skimmed milk, the mem-
brane were incubated with a rabbit anti-E-cadherin monoclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h, and probed with peroxidase-
labeled anti-rabbit IgGs (Santa Cruz Biotechnology) for 1 h. The labeled anti-
bodies were detected by the ECL detection system (GE Healthcare, Buckingham-
shire, UK).

2.3 Co-Culture Experiment

Primary rat hepatocytes were obtained from Wistar rats by the two-step collage-
nase perfusion method. Details of the culture medium for hepatocytes and protocols
were reported previously [3], except that the medium contained 10% fetal bovine
serum in the present study. Co-culture of hepatocytes with NIH3T3 or 3T3/E-
cad cells was performed firstly by seeding freshly isolated hepatocytes onto wells
of 6-well collagen-coated tissue culture plates at 1.7×105 cells/well (day 0), fol-
lowed by medium change after 24 h using cell suspension containing 3T3/E-cad or
NIH3T3 cells at 1×105 cells per well in fresh medium. Co-culture was maintained
by medium change every day.

2.4 Fluorescence Microscopy and Analysis

For fluorescence microscopy, 3T3/E-cad and NIH3T3 cells were pre-stained using
CellTracker (red fluorescent probe, Molecular Probes, Eugene, OR, USA), and
observed by fluorescence microscopy (Olympus, Tokyo) 1 d after the co-culture.
Frequency of cell-cell contacts by co-culture was analyzed by using images of 5
fields in each of three separate wells per sample were captured by fluorescence
microscope and saved to a disk for later analysis. Frequency of cell-cell contacts,
which is defined as the number of cell-cell contacts divided by the number of
3T3/ E-cad or NIH3T3 cells, was measured using Photoshop software (Adobe
Systems, San Jose, CA, USA).
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2.5 Assay for Albumin Secretion Rate

Albumin secretion rate was determined as follows: A fixed population of hepato-
cytes (1×104 cells) was co-cultured with increasing number of 3T3 cells (1, 3,
or 9×104 cells) corresponding to 1:3, 1:1, or 3:1 (3T3:hepatocyte), respectively,
and the amount of albumin secreted from hepatocytes in culture medium on day
2 was quantified by enzyme-linked immunosorbent assay (ELISA) using commer-
cially available kits (Bethyl Laboratory, Montgomery, TX, USA). Time course of
albumin secretion rate was determined as follows: Hepatocytes (3×104 cells) were
co-cultured with NIH3T3 or 3T3/E-cad cells (3×104 cells), and the amount of
albumin secreted in the medium was quantified by ELISA on days 2, 3 and 6.

3 Results and Discussion

3.1 Establishment of E-Cadherin-Expressing NIH3T3 Cells

Western blot analysis revealed that 3T3/E-cad cells stably expressed E-cadherin
[4]. E-cadherin was detected throughout the cell membrane of 3T3/E-cad cells
by immunostaining with anti-E-cadherin antibodies. 3T3/E-cad cells grew to form
cell islands like epithelial cells in culture, and were obviously different from
parental NIH3T3 cells which showed more scattered and fibroblastic morphology.
Although we established four 3T3/E-cad clones during antibiotic selection, identical
morphological changes were observed for all the clones.

3.2 Co-Culture with Hepatocytes

In co-culture with hepatocytes, 3T3/E-cad cells were incorporated into the cell
islands formed by hepatocytes, and the frequency of cell-cell contacts between
3T3/E-cad cells and hepatocytes was 1.8-fold more than that between parental
NIH3T3 cells and hepatocytes (Fig. 1).

3.3 Effects of Co-Culture with Hepatocytes on Albumin
Secretion Rate

It is known that homotypic and heterotypic cell-cell interactions play fundamental
roles in proliferation and differentiation in the liver, and even in vitro, co-cultures
of hepatocytes with nonparenchymal cells have been shown to be effective in the
expression of liver-specific functions in cultured hepatocytes [5]. To investigate the
effects of interaction with 3T3/E-cad cells on albumin secretion in cultured hepato-
cytes, a fixed population of hepatocytes was co-cultured with an increasing number
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of NIH3T3 or 3T3/E-cad cells (3T3:hepatocyte; 1:3, 1:1, or 3:1) (Table 1). As the
ratio of parental NIH3T3 cells to hepatocytes increased from 1:1 to 3:1, the albumin
secretion rate increased. For 3T3/E-cad cells, on the other hand, the higher level
of albumin secretion rate was observed even with a low cell ratio (1:1) compared
with that for NIH3T3 cells. These results suggest that the frequency of cell-cell
interactions between hepatocytes and fibroblasts promoted the expression of liver-
specific functions in cultured hepatocytes, and the liver function was enhanced by
the reinforced adhesion between 3T3/E-cad cells and hepatocytes.

After 6 d of co-culture, the differences in albumin secretion rate between the
cultures became more obvious (Fig. 2). When hepatocytes were cultured alone, the
albumin secretion rate drastically decreased on day 6. In the co-culture with NIH3T3
cells, the albumin secretion rate was higher than in the culture of hepatocytes alone
on days 3 and 6, but the overall albumin secretion rate decreased on day 6. On the
other hand, when hepatocytes were co-cultured with 3T3/E-cad cells, the albumin

Table 1 Effects of interaction with 3T3/E-cad cells on albumin secretion rate on day 2

Albumin secretion rate (μg/ml/d)

Hepatocyte alone 13.6 ± 2.1

NIH3T3: Hepatocyte
1:3 16.9 ± 2.2
1:1 14.1 ± 1.2
3:1 21.5 ± 4.5

3T3/E-cad: Hepatocyte
1:3 14.0 ± 1.9
1:1 20.9 ± 4.2
3:1 20.2 ± 4.1
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secretion rate was maintained throughout the culture for 6 d, and the level was sig-
nificantly higher than in the culture of hepatocytes alone or in the co-culture of
hepatocytes and NIH3T3 cells.

In the present study, the interactions between parenchymal and nonparenchymal
cells were artificially generated and enforced by using NIH3T3 cells expressing
E-cadherin. These results indicate that 3T3/E-cad cells may be useful for co-culture-
based bioartificial liver and liver tissue engineering.
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Magnetic Cell-Patterning for Tissue Engineering

Hirokazu Akiyama, Akira Ito, Yoshinori Kawabe, and Masamichi Kamihira

1 Introduction

In normal tissues and organs, various cell types and cell layers are highly organized
and interact with each other in micro-scale order, constructing and maintaining the
three-dimensional (3D) structures. From a viewpoint of tissue engineering, it is
essential to mimic natural microenvironment for the construction of functional tis-
sue substitutes [7]. To this end, micro-scale cell patterning techniques have attracted
great attention, and they have been applicable not only to tissue engineering field but
also to cell biological studies [2, 10].

Lithographic approaches have been used widely for cell patterning due to their
high resolution capacities [1, 6]. However, because substrates used in these methods
are non-biodegradable, their application has been very limited in tissue engineering.
Conversely, cell patterning technologies such as the 3D photopatterning [9] and ink-
jet printing [13, 14] do not require specialized substrates. Although these techniques
provide a potentially powerful method to create 3D cell patterns, the approaches
currently have many problems. Therefore, the development of a new cell patterning
procedure applicable to tissue engineering is still required.

In our previous study, we developed a novel cell-patterning procedure [5] using
magnetite cationic liposomes (MCLs) which were designed to improve the accu-
mulation of 10-nm magnetite nanoparticles into target cells for magnetic cell
manipulation. The MCL-labeled cells could be micro-patterned using magnetic field
concentrators, in which magnetized micron-thick steel plates were embedded. On
the other hand, as the scaffold-free 3D tissue construction approach, multilayered
cell sheets were also created by strongly depositing MCL-labeled cells on the culture
surfaces by magnetic force [4]. In principle, using the magnetic cell manipulation
technique, cell patterns can be created irrespective of surface conditions. In the
present study, we applied the magnetic cell patterning technique to form cell patterns
on a monolayer of cells and a magnetic tissue-engineered cell sheet. Based on these
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results, we also attempted to fabricate complex 3D tissue constructs by combining
the magnetic force-based cell sheet formation and cell patterning procedures.

2 Materials and Methods

2.1 Cells and Culture

Human umbilical vein endothelial cells (HUVECs) obtained from the supplier
(Kurabo, Osaka, Japan) were grown in commercially available growth media
(Humedia-EG2; Kurabo). Mouse myoblast C2C12 cells were grown in Dulbecco’s
modified Eagle medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) sup-
plemented with 10% fetal bovine serum. Cells were cultured at 37◦C under a
humidified atmosphere of 5% CO2 and 95% air.

2.2 Preparation of Magnetite Cationic Liposomes

The magnetite (Fe3O4; average particle size, 10 nm) was obtained from Toda
Kogyo (Hiroshima, Japan). MCLs were prepared as described previously [11]. For
magnetic labeling of the cells, MCLs were added to the culture media at the con-
centration of 100 pg-magnetite/cell, and cells were cultured for 24 h (HUVECs) and
4 h (C2C12 cells), respectively.

2.3 Device Fabrication for Magnetic Cell-Patterning

Steel plates (thickness, 200 μm; Toyo koban, Tokyo, Japan) were used as mag-
netic field gradient concentrators. Cell patterning devices with steel plates for linear
patterns [3] and arbitrary patterns (Fig. 2A; [5]) were manufactured as described
previously. To magnetize steel plates to attract MCL-labeled cells, these devices
were placed on neodymium cylindrical magnets (diameter, 30 mm; height, 15 mm;
magnetic induction, 0.4T).

2.4 Magnetic Cell-Patterning onto Cell Layers

To fabricate cell patterns on a monolayer of cells, a 35-mm cell culture
dish (hydrophilic lumox dish; film bottom thickness, 25 μm; Greiner bio-one,
Frickenhausen, Germany), where C2C12 cells reached a confluent state, was placed
on the cell patterning device. Then, MCL-labeled HUVECs (5 × 103 cells/dish)
were seeded. For cell-patterning on a cell sheet, magnetic tissue-engineered C2C12
cell sheets were fabricated as described previously with a slight modification [4].
After 2 h cultivation of the cell sheet, the cell patterning device for arbitrary patterns,
where the letter “G”-shaped steel plate was embedded, was positioned underneath
the dish. Magnetically labeled HUVECs (1 × 104 cells/dish) were then seeded onto
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the C2C12 cell sheet. To visualize the patterned HUVECs on a cell sheet, cells were
stained using goat anti-mouse IgG alkaline phosphatase conjugate, nitro-blue tetra-
zolium chloride (NBT), and 5-bromo-4-chloro-3’-indolyl phosphatase p-toluidine
salt (BCIP) (Tubule Staining Kit for CD31, Kurabo).

2.5 Construction of 3D Tissue Construct Incorporating
Patterned HUVECs

The structure of 3D tissue construct, in which the micro-patterned HUVECs were
embedded, was illustrated in Fig. 3A. C2C12 cell layer (1 × 106 cells/dish) was con-
structed, and magnetically labeled HUVECs (4.3 × 103 cells/dish) were patterned
on the layer with the similar method as described above. Thereafter, magnetic cell
layer formation of C2C12 cells and magnetic patterning of HUVECs were alterna-
tively repeated twice and once, respectively. Cells were allowed to culture for layer
formation and attachment of the patterned HUVECs to the cell layer for 1 h and 2 h,
respectively.

2.6 Fluorescence Microscopy

Fluorescence microscopy of the cells was performed using Cell-Tracker (Molecular
Probes, Eugene, OR, USA). HUVECs were pre-stained with the orange fluores-
cent probe. For 3D analysis, C2C12 cells were also pre-stained with the green
fluorescent probe. The 3D tissue constructs were observed using a fluorescence
microscope (BZ-9000, Keyence, Osaka, Japan) and processed with a BZ-Analyzer
(Keyence).

3 Results

For the construction of in vivo-like complex 3D tissues, it is often necessary to
fabricate cell patterns on the top of cell layers. Because the magnetic cell-patterning
technique can control cell arrangements on any surfaces under sufficient magnetic
force, we firstly attempted to pattern HUVECs on a monolayer of C2C12 cells.
After C2C12 cells reached a confluent state, the dish was placed on the magnetic
cell-patterning device (200 μm-thick steel plate with a magnet), and then MCL-
labeled HUVECs were seeded. As shown in Fig. 1, HUVECs were patterned on the
confluent C2C12 cell monolayer with a line width of almost 200 μm, which was
consistent of the thickness of the steel plate.

Next, in order to demonstrate that the magnetic cell-patterning procedure is
not limited on monolayer cells, we attempted to fabricate patterns of HUVECs
on a magnetic tissue-engineered C2C12 cell sheet constructed by accumulating
magnetically labeled C2C12 cells to the culture surface by applying magnetic
force using the procedure developed in our previous study [4]. In this case, a
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Fig. 1 Magnetic
micro-patterned HUVECs on
a monolayer of C2C12 cells.
A merged image of the
phase-contrast and
fluorescence images.
Patterned HUVECs were
pre-stained with orange
fluorescent probe

cell patterning device, in which the letter “G”-shaped steel plate with a thickness
of 200 μm was embedded, was used (Fig. 2A). When the magnetically labeled
HUVECs were seeded onto the C2C12 cell sheet, it was found that the line width of
HUVEC patterns was consistent with the thickness of the steel plate by fluorescence
microscopy (almost 200 μm). Moreover, CD31 staining revealed that HUVECs
were successfully patterned in the letter of “G” according to the figuration of the
device (Fig. 2B).

Based on the results described above, we finally attempted to create a complex
C2C12 cell sheet, in which patterned HUVECs were incorporated. As illustrated in
Fig. 3A, magnetic cell layer formation of C2C12 cells and magnetic patterning of
HUVECs were alternately repeated, and each pattern of HUVECs was positioned
at a right angle by perpendicularly rotating the cell patterning device. As shown in
Fig. 3B and C, HUVECs were successfully patterned to form a cross line in C2C12
cell layers, and the cross pattern of HUVECs was embedded into the 3D tissue
construct.

Fig. 2 Formation of the letter “G”-shaped HUVEC pattern on a C2C12 cell sheet. (A) Cell
patterning device. (B) Patterned HUVECs were visualized by CD31 staining
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Fig. 3 Fabrication of 3D tissue constructs incorporating patterned HUVECs. HUVECs and C2C12
cells were pre-stained with orange and green fluorescent probes, respectively. (A) The structure of
the 3D tissue construct. (B) The 3D view of the construct. (C) The cross-section of the dashed line
in (B)

4 Discussion

In this study, we demonstrated effectiveness of the magnetic cell-patterning tech-
nique for the application to tissue engineering. The advantage of our method is
that magnetically labeled cells can be patterned irrespective of surface conditions.
We successfully patterned HUVECs on a monolayer of cells (Fig. 1) and a mag-
netic tissue-engineered cell sheet (Fig. 2). In these cases, conventional methods
such as lithography-based approaches could not control cell placements. Moreover,
line widths of the patterned HUVECs on these substrates were almost consistent
with the thickness of magnetized steel plates (200 μm). Magnetic control of the
widths of linearly arranged HUVECs on monolayer cells was also possible by using
below 100 μm-thick steel plates including a 10 μm-thick plate (data not shown).
These results indicated that line widths of cell patterns could be controlled by the
thicknesses of magnetized steel plates in micro-scale order. However, because the
magnetic inductive force of target cells is inversely proportional to the distance from
magnetic source, it may be difficult to create magnetic arrangements of cells on a
thick substrate, where sufficient magnetic force could not be provided. In this regard,
we need further investigation of controllability of cell patterns on thick substrates
using strong magnets.

We also demonstrated a successful fabrication of 3D tissue constructs, in which
micro-patterned endothelial cells were incorporated, by combining the magnetic
cell layer formation and magnetic cell patterning techniques (Fig. 3). Although
the other groups developed procedures feasible to construct complex 3D tissues
by transferring orderly arranged cells on micro-patterned substrates to a tissue
matrix [8, 12], these methods required time-consuming and complicated processes
for surface modification and transferring procedures. In contrast, our procedure is
simple and easy, because target cells were directly arranged on a tissue matrix
and magnetic force could induce to form a tissue layer again on the top of
patterned cells, leading to cell arrangements within 3D tissue constructs. These
results suggest that the magnetic cell-patterning procedure can be a key tech-
nology for construction of complex 3D tissue architectures required in tissue
engineering.
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Magnetic Force-Based Tissue Engineering
of Skeletal Muscle for Bio-Actuator

Yasunori Yamamoto, Masahiro Kato, Akira Ito, Yoshinori Kawabe, Kazunori
Shimizu, Eiji Nagamori, and Masamichi Kamihira

1 Introduction

Micro-actuators have attracted considerable attention for applications in various
fields such as micro-total analysis system (μ-TAS) and lab-on-a-chip. Recently,
bio-actuators have been developed because biological cells may be powered with-
out requiring external energy sources. For instance, there are some examples such
as hydrogel micropillar [4] and cardiomyocyte sheet actuator [7]. Actuating prin-
ciple of the hydrogel micropillar was powered by cultured primary neonatal rat
cardiomyocytes. The fabricated polymer pillars were ~100 μm in length and cell
adhesion peptides were immobilized on the hydrogel surface to promote attach-
ment of cardiomyocytes to the pillars. Total natural contractile forces of single or
a few cardiomyocytes attached to the pillar seemed to exceed 80 nN, as estimated
from displacement of the micropillar. On the other hand, actuating principle of the
cardiomyocyte sheet actuator was powered by a cultured primary neonatal rat car-
diomyocyte sheet. Diaphragm and fluid in a chamber were driven by the attached
cardiomyocyte sheet. Using micro-check valves, directional fluid flow was gener-
ated. The expected flow rate using ideal check valves to regulate the flow direction
of the actuator without loss was estimated to be 0.24 μL/min.

Thus, primary neonatal rat cardiomyocytes may be a potent cell source to con-
struct the actuators. On the other hand, the use of mouse myoblast C2C12 cells for
bio-actuators has two advantages over primary cardiomyocytes; controllability of
the actuators by electrical stimulation and ability of cell proliferation.

Magnetite nanoparticles have been used in an increasing number of biologi-
cal and medical applications because of the unique responses to magnetic force.
Magnetite cationic liposomes (MCLs), which are cationic liposomes containing
10-nm magnetite nanoparticles, were previously developed to improve accumu-
lation of magnetite nanoparticles in target cells, using electrostatic interactions
between MCLs and the cell membrane [6]. We have recently developed a tissue
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engineering technique using MCLs, based on the fact that cells labeled with MCLs
can be manipulated using a magnet [1–3]. Thus, we have developed a novel method-
ology for tissue engineering using magnetite nanoparticles combined with magnetic
force, and designated this methodology as “magnetic force-based tissue engineering
(Mag-TE)”.

In the present study, three-dimensional (3D) constructs composed of C2C12 cells
were fabricated by the Mag-TE technique, for the application to bio-actuator.

2 Materials and Methods

Magnetite cationic liposomes (MCLs). MCLs were fabricated from a col-
loidal magnetite and lipid mixture consisting of N-(α-trimethylammonioacetyl)-
didodecyl-D-glutamate chloride (TMAG), dilauroylphosphatidylcholine (DLPC)
and dioleoylphosphatidyl-ethanolamine (DOPE) in a 1:2:2 molar ratio, as described
previously [6]. A schematic model of MCL is illustrated in Fig. 1.

C2C12 cell culure. Mouse myoblast C2C12 cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and were cultured at 37◦C in a 5% CO2 incubator.

Construction of C2C12 cell sheet. For magnetic labeling of cells, MCLs (net
magnetite concentration, 100 pg/cell) were added to the culture medium of C2C12
cells, and the cells were incubated for 4 h to allow the uptake of MCLs. The MCL-
labeled C2C12 cells were harvested by trypsin treatment and 2 or 4×106 cells were
reseeded onto a well of 24-well ultra-low cell attachment culture plates (cat. no.
3473; Corning, NY, USA; culture area, 200 mm2/well), whose surface is composed
of a covalently bound hydrogel layer that is hydrophilic and neutrally charged. Then,
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Fig. 2 Construction of C2C12 cell ring

a cylindrical neodymium magnet (diameter, 30 mm; height, 15 mm; magnetic induc-
tion, 0.4 T) was placed on the reverse side of the ultralow-attachment plate in order
to apply magnetic force vertically to the plate, and cells were cultured for 1 d to
form a C2C12 cell sheet.

Construction of C2C12 cell ring. A plug silicone (diameter, 12 mm) was posi-
tioned at the center of a well of 24-well ultra-low cell attachment culture plates,
MCL-labeled C2C12 cells (6×105 cells) were seeded into the gap between the well
wall and the plug silicone, and then a magnet (diameter, 30 mm; height, 15 mm;
magnetic induction, 0.4 T) was placed under the well. The cells were attracted onto
the bottom of the well by magnetic force and accumulated to form a multilayered
cell sheet. One day after the beginning of culture, the cell sheet drastically shrank
and the cells formed a ring-like structure by gathering around the plug silicone. The
schematic drawing is shown in Fig. 2.

3 Results

C2C12 cell sheet fabricated by Mag-TE technique is shown in Fig. 3. When C2C12
cells labeled with MCLs were seeded onto 24-well ultra-low cell attachment cul-
ture plates, the cells were attracted onto the bottom of well by magnetic force and
accumulated to form a multilayered cell sheet. As shown in Table 1, C2C12 cell
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Fig. 3 C2C12 cell sheet
(2×106 cells, 4 h)

Table 1 Shrinkage of C2C12
cell sheets

Culture
time
(h)

Shrinkage (%)

2×106 cells 4×106 cells

1 0 0
2 21.4 ± 4.8 0
4 60.6 ± 4.1 0
8 85.9 ± 1.3 22.6 ± 5.2
12 92.8 ± 0.5 28.8 ± 2.2
24 93.0 ± 1.9 67.3 ± 1.7

sheets started shrinking in several hours, and the area of cell sheets reduced to 93.0%
(2×106 cells/well) and 67.3% (4×106 cells/well).

Next, we fabricated a ring-like structure by utilizing the feature of the shrinkage
of C2C12 cell sheets. The structure of C2C12 cell ring and the cross-section are
shown in Fig. 4. The ring-like structure was 12 mm in diameter and 119.8±13.6 μm
in thickness. Interestingly, histological study revealed that the cells were oriented in
the direction of circumference by the tension generated within the structure. Thus,
the 3D fibrous myoblast cell structure was induced by using MCLs and magnetic
force.

4 Discussion

A significant characteristic of cell-based bio-actuators is that they are self-actuated,
wireless and mechanochemical transducers requiring no externally coupled energy
sources. Another characteristic is the complete integration of the cell-based actuator
that encapsulates its energy source within a cellular, aqueous environment. C2C12
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10 mm 100 µm

Fig. 4 C2C12 cell ring. Left: overview of a cell ring. Right: histological examination of fab-
ricated C2C12 cell ring. Representative bright-field micrograph of hematoxylin/eosin-stained
cross-sections of C2C12 cell ring

cell-based actuators may possess these characteristics, and, in the present study, we
fabricated 3D constructs (cell sheet and cell ring) of C2C12 cells for the application
to bio-actuator.

In this study, we showed that C2C12 cell sheets drastically shrank within a day
(Fig. 3 and Table 1), which may be a specific feature of C2C12 myoblast cells
because shrinking of NIH3T3 cell sheets was much slower than that of C2C12 cell
sheets (data not shown). This feature would be a problem to fabricate bio-actuators,
because the fabricated 3D constructs can not maintain their configuration. Since
the end of muscular tissues attaches onto bone via tendon and myofibers in muscle
receive a tensile force in vivo, the fabricated C2C12 cell constructs should be bound
to a tendon-like structure even in vitro.

On the other hand, when a plug silicone was positioned at the center of a well, the
cell sheet drastically shrank and the cells formed a ring-like structure by gathering
around the plug silicone (C2C12 cell ring, Fig. 4). Histological study of the ring-
like structure revealed that the cells were oriented in the direction of circumference,
suggesting that cells received a tensile force and a plug silicone played a tendon-like
role. Because some researchers reported that the differentiation of myoblast cells
was promoted by the tension generates within the cell structure [5], this procedure
by the Mag-TE technique may provide a novel strategy to fabricate bio-actuators
using C2C12 cells.
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Fabrication of Skeletal Muscle Tissue from
C2C12 Myoblast Cell Towards the Use
as Bio-Actuator

Hideaki Fujita, Kazunori Shimizu, and Eiji Nagamori

1 Introduction

Muscle develops active tension upon stimulation and is the only actuator in animals.
Muscles work at relatively low temperature compared to combustion engine and are
able to use glucose as energy source and considered to be highly efficient actuator.
Thus, muscle can be decent candidate for bio-based actuators. Several studies report
the use of cardiac cells as actuators and succeeded in producing sufficient force to
power micro-devices [1, 2]. Because cardiac cells contract spontaneously, use of
skeletal muscle will be more suitable for the use as bio-actuators. Fabrication of
skeletal muscle tissue from established cell line is difficult due to the low cell-cell
attachment, need of differentiation, and requirement of highly oriented myotubes.
Recently, Dennis et al. reported the fabrication of muscle tissue from primary skele-
tal muscle cells and termed the construct “myooid” [3]. They reported that on their
attempt to fabricate muscle tissue from mono-culture of murine myoblast cell line
C2C12, muscle tissue could not be formed and only when fibroblast cell line 10T1/2
was co-cultured with C2C12, muscle tissue was formed [4]. Their myooid produced
only ∼2.5% of active tension compared to the in vivo skeletal muscle, which may
result from the presence of fibroblast in the myooid construct. In this study, we
report the fabrication of myooid from mono-culture of C2C12 by the use of serum
free medium AIM-V. Fabricated myooid produced active tension upon electric pulse
stimulation and more active tension was generated compared with myooid formed
by co-culture of C2C12 and 10T1/2, which demonstrates the increased capability as
bio-actuators.
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2 Materials and Methods

2.1 Cell Culture

C2C12 was purchased from Riken Cell Bank (Riken, Saitama, Japan) and main-
tained in GM (DMEM supplemented with 10% fetal bovine serum and antibiotics).
C2C12 was differentiated in DM (DMEM supplemented with 2% horse serum and
antibiotics) or in AIM-V (Invitrogen, Carlsbad, CA). Medium was exchanged daily.

2.2 Preparation of Laminin Coated PDMS Dish

Myooid was formed by culturing C2C12 on polydimethylsiloxane (PDMS) which
was coated with laminin as reported previously [4]. Procedure for preparation of
laminin coated PDMS dish is illustrated in Fig. 1. First, 2 g of PDMS was poured
on 35 mm petri dish and polymerized at 50◦C and cured for 2 weeks. Then, PBS
containing 2 μg/cm2 of laminin was poured on PDMS coated petri dish and air dried
for 8 h. Laminin coated silk suture was prepared by immersing ∼3 mm of silk suture
in PBS containing 50 μg/ml laminin for 1 h. Salt precipitation on PDMS coated dish
was washed with PBS and laminin coated silk suture was pinned at 2 places 18 mm
apart. Then GM containing 10 μg/ml of laminin was poured and incubated for 1
week at 37◦C.

Fig. 1 Prepatation of laminin coated PDMS dish

3 Results

3.1 Differentiation of C2C12 by AIM-V

C2C12 was seeded on laminin coated PDMS dish at density of 2×104 cells/dish
in GM and cultured in GM until confluence. Cells reached confluence 3 days after
seeding. Then, cells were differentiated in DM or AIM-V. After 3 days in AIM-V,
cells fused and formed multinucleated myotubes as reported previously [5]. Figure 2
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Fig. 2 Differentiation of C2C12 by AIM-V

shows phase contrast image of C2C12 differentiated by AIM-V, which show for-
mation of myotubes after 1 week of differentiation (Fig. 2). Immuno-fluorescent
microscopy revealed the presence of sarcomere structure (Fig. 2), indicating that
myotubes formed by AIM-V possess contractile capability. Western blot analysis
shows that myogenic transcription factor myogenin increased 3 days after differen-
tiation, followed by increase in the amount of myosin heavy chain and myosin light
chain both by DM and AIM-V (Fig. 5A). Amount of tropomyosin also increased
slightly after differentiation. These results indicate that although differentiation is
weaker compared to DM, AIM-V is capable of differentiating C2C12.

We have also evaluated the change in the amount of glucose and lactate
in medium during cultivation in DM and AIM-V (Fig. 3). Amount of glucose
decreased linearly in DM and AIM-V, and rate of glucose consumption did not
change significantly. Amount of lactate in medium increased linearly and change
was almost identical in DM and AIM-V.

Fig. 3 Change in the amount of glucose (a) and lacate (b) in medium
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3.2 Formation of Myooid by AIM-V

After 5–7 days of differentiation in DM and AIM-V, C2C12 started to dissociate
from culture surface probably because of the de-lamination of the PDMS surface.
When C2C12 was differentiated by DM, C2C12 dissociated in a patchy manner and
did not form cylindrical construct, consistent with the previous report [4]. On the
other hand, when C2C12 was differentiated in AIM-V, cells started to dissociate
from PDMS surface in sheet-like manner and formed cylindrical construct after 1
week of cultivation (Fig. 4).

To evaluate the differentiation status of C2C12 by AIM-V, we performed
Western blot analysis (Fig. 5A) and found that although C2C12 differentiate and
express muscle proteins when differentiated by AIM-V, amount of muscle pro-
teins decreased rapidly after formation of myooid (Fig. 5B). When medium was
exchanged to DM after formation of myooid, muscle protein expression increased
showing that AIM-V is not sufficient to maintain differentiation. Thus, we fixed our
protocol to exchange the medium from AIM-V to DM just after the formation of
myooid.

3.3 Active Tension Generation of Myooid

To evaluate the tension generation capability of myooid formed by AIM-V, we mea-
sured active tension generation by electric pulse stimulation. Myooid formed by
AIM-V and cultured in DM for 1 week generated active tension when 1 V/mm,
10 ms duration electric pulse was applied (Fig. 6A). When myooid was activated by

Fig. 4 Formation of myooid by AIM-V

Fig. 5 Western blot analysis of C2C12 in (a) normal 2D culture, and (b) myooid
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Fig. 6 Active tension generation of myooid cultured in (a) DM, and (b) AIM-V

50 Hz, 10 ms tetanus stimulation for 2 s, larger active tension was generated which
is common characteristic of striated muscle. Myooid formed and cultured in AIM-
V also generated active tension when stimulated with electric pulse, but amount
of tension generation was smaller than that of myooid cultured in DM (Fig. 6b).
These results indicate that change of medium to DM after formation of myooid is
necessary to maintain contractile function of C2C12.

3.4 Passive Tension Generation of Myooid

Next we examined the passive property of myooid formed by AIM-V. Figure 7
shows increase in passive tension when myooid was subjected to stretch at con-
stant speed of 0.5 mm/s to 15% of initial length. Both myooid cultured in DM and
AIM-V generated passive tension when myooid was stretched, but passive tension
was larger in myooid cultured in AIM-V than that of myooid cultured in DM. This
result indicates that myooid cultured in AIM-V is rich in connective tissue than that
cultured in DM.

Fig. 7 Passive tension generation upon stretch at 0.5 mm/s
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4 Discussion

We have succeeded in fabricating muscle tissue construct using mono-culture of
murine myogenic cell line C2C12 by enhancing cell-cell attachment using AIM-V. It
seems likely that AIM-V enhances production of extracellular matrix proteins such
as collagen because we observed that medium became more viscous after cultiva-
tion when cultured in AIM-V. Although myooid was formed by AIM-V, continuous
cultivation of myooid by AIM-V resulted in muscle tissue with less muscle protein
and small active tension. By exchanging the medium from AIM-V to DM after the
formation of myooid, muscle tissue with active tension generation capability was
fabricated. Myooid formed from mono-culture of C2C12 produced 1.4× active ten-
sion than that formed from co-culture of C2C12 and 10T1/2 [4]. Thus, myooid
formed using AIM-V will be more useful as bio-actuator than those previously
reported.

Passive tension of myooid cultured in DM was smaller than that of myooid
cultured in AIM-V. Smaller passive tension indicates that myooid cultured in DM
maybe mechanically weaker than that cultured in AIM-V. On the other hand, smaller
passive tension may be beneficial in fabricating bio-based machines because smaller
passive tension will result in longer working stroke when two or more myooid were
combined to power machines.

Recently several bio-based actuators were designed that use motor proteins as
power source [6, 7], but because molecular motors are basically “On” at all times
when ATP is present, control of the movement is difficult. In addition, ATP and
molecular motor must be obtained before the use. Muscle cells intrinsically possess
excitation-contraction mechanisms as well as metabolic function which can produce
ATP from glucose, regeneration of motor proteins within the cell, and tissue repair-
ing capability from myoblasts. Furthermore, myotubes are composed from massive
amount of molecular motors, enabling higher output than using molecular motor
itself. Thus, skeletal muscle tissue fabricated from C2C12 cell line will be ideal
material for bio-actuators. This report will provide simple method for production of
electrically controllable skeletal muscle based bio-actuator.
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Retroviral Vectors Pseudotyped with Chimeric
Vesicular Stomatitis Virus Glycoprotein for
Antibody-Dependent Gene Transduction

Yujiro Kameyama, Yoshinori Kawabe, Akira Ito, and Masamichi Kamihira

1 Introduction

Gene delivery technology has been essential for biotechnology since they have been
used for establishing recombinant animal cell lines for the production of pharmaceu-
tical agents, for the generation of transgenic animals, and for gene therapy. Among
gene delivery procedures, retroviral vectors (including lentiviral vectors) derived
from RNA viruses have been used widely when stable gene transfer is required both
in vitro and in vivo, because of their ability to integrate the gene of interest into the
genome of host cells including non-dividing cells [2].

Since the host range specificity of retroviral vectors is mainly determined by
the envelope proteins, it can be altered by the substitution of these proteins. For
example, viral vectors pseudotyped with ecotropic envelope protein can infect only
rodent cells, whereas viral vectors pseudotyped with amphotropic envelope protein
can infect most other mammalian cells. Recently, retroviral vectors pseudotyped
with vesicular stomatitis virus glycoprotein G (VSV-G) have been used widely due
to their broad host range specificity. These vectors can infect not only the mam-
malian cells, but also the non-mammalian cells such as the insect, avian and fish cells
regardless of species (pantropic) because the receptors for VSV-G are phospholipids
which are observed ubiquitously in membrane lipids. In addition, pseudotyping with
VSV-G improves the mechanical strength of viral vectors, and viral titers can be
increased up to 1000-fold by ultracentrifugation [3].

However, the in vivo use of pantropic viral vectors is limited due to the low
transduction efficiency of target cells and possible side-effects. To overcome these
problems, pantropic viral vectors could be modified by pseudotyping with chimeric
envelopes [6, 9, 10, 11]. Despite the advantages of VSV-G, no studies have suc-
ceeded so far in modifying this protein for pseudotyping of viral vectors, whilst still
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satisfying the requirements for both efficient production of infectious viral particles
and alteration of host specificity.

In the present study, VSV-G protein has been engineered genetically using the
duplicated Z domain of Staphylococcal protein A, which can bind specifically to
the Fc region of immunoglobulin G (IgG). Gammaretroviral (based on mouse stem
cell virus, MSCV) and lentiviral (based on human immunodeficiency virus type 1,
HIV-1) vectors pseudotyped with the VSV-G chimeric proteins were produced to
achieve antibody-dependent infection by viral vectors.

2 Materials and Methods

2.1 Plasmid Construction

An expression vector (pZZ-VSV-G) for the chimeric VSV-G was constructed as
described in our previous report [7]. The schematic drawing of the structure of
plasmids is shown in Fig. 1.

2.2 Production of Viral Vectors

GP293-lacZ [8] cells were transfected with the VSV-G expression plasmids
(pVSV-G, pZZ-VSV-G, or pZZ-VSV-G + pVSV-G) using lipofection reagent
(Lipofectamine 2000; Invitrogen) to produce gammaretroviral vectors for the
expression of bacterial β-garactosidase. Lentiviral vectors for the expression of
enhanced green fluorescent protein (EGFP) were produced using a kit (ViraPower
lentiviral expression systems; Invitrogen) and the VSV-G expression plasmids.

Fig. 1 Schematic drawing of pVSV-G (a) and pZZ-VSV-G (b) VS: secretion signal derived from
VSV-G, LS: secretion signal derived from lysozyme, FL: flexible linker
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2.3 Detection of Viral RNA by Reverse Transcription (RT)-PCR

The amount of viral particles was semi-quantified by amplifying virus-specific
sequence (packaging signal sequence) by RT-PCR.

2.4 Western Blot Analysis for ZZ Fragments of Viral Particles

Western blotting was performed for the detection of ZZ fragments incorporated into
the viral vectors using POD-conjugated rabbit antibodies.

2.5 Antibody-Dependent Infection of Viral Vectors

To confirm the antibody-dependent infectivity, the assay was performed as the cell
transfection array assay using human IgG coated 96-well plates. The procedure
is shown in Fig. 2. The 96-well plates coated with BSA were used as a negative
control.

Antibody-plate

BSA-plate

Addition of viral 
particles and wash Seeding of cells

Specific binding of antibody
and viral particles Expression of target gene

Fig. 2 Procedure of antibody dependent infection of viral vectors

3 Results

To confirm the expression of ZZ-VSV-G on the surface of cells, immunostaining of
cells transfected with the expression vector plasmids was performed using anti-VSV
antibodies conjugated with FITC (data not shown). Although cells transfected with
ZZ-VSV-G plasmid alone were stained strongly, cell fusion was not observed. The
strong staining with the anti-VSV antibodies seemed to be due to the interaction
between ZZ fragment and Fc region of antibodies, indicating that ZZ-VSV-G pro-
tein was expressed on the cell surface. The staining intensity of cells co-transfected
with VSV-G and ZZ-VSV-G plasmids was stronger than that of cells expressing ZZ-
VSV-G alone. These results suggest that viral vectors pseudotyped with ZZ-VSV-G
require native VSV-G for the efficient production of functional viral particles. Next,
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Table 1 Productivity of gammaretroviral and lentiviral vectors

Density of bands amplified by RT-PCR

pVSV-G pZZ-VSV-G pZZ-VSV-G + pVSV-G

Gammaretroviral vector 46212.421 35273.886 49986.271
Lentiviral vector 27030.409 14390.338 20465.702

RT-PCR was performed to evaluate the productivity of gammaretroviral and lentivi-
ral vectors. The band density was estimated using an imaging software (Table 1).
Although the band density was lower for the viral particles expressing ZZ-VSV-G
alone, the band density of the viral particles co-expressing ZZ-VSV-G and VSV-
G was comparable to that of VSV-G alone, indicating that VSV-G promoted virus
production.

Western blotting was performed for the detection of ZZ fragments incorporated
into the gammaretroviral and lentiviral vectors as the envelope. Bands correspond-
ing to the expected molecular weight of ZZ-VSV-G were detected for ZZ-VSV-G
and ZZ-VSV-G+VSV-G vectors (Fig. 3). The higher amount of ZZ-VSV-G proteins
was detected for the samples of ZZ-VSV-G+VSV-G vectors.

Finally, we evaluated infectivity and antibody-binding activity of viral particles
using plates coated with human IgG or BSA for gammaretroviral (Table 2a) and
lentiviral vectors (Table 2b). When plates were coated with BSA as a negative con-
trol, the infectivity of the vectors was negligible in all samples. Although the viral
vectors pseudotyped with native VSV-G or ZZ-VSV-G alone also exhibited very

1

A B 

2 3 1 2 3

zz-vsv-G zz-vsv-G

Fig. 3 Western blot analysis for ZZ fragment of gammaretroviral (a) and lentiviral (b) particles.
Lane1, pVSV-G; lane2, pZZ-VSV-G; lane3, pZZ-VSV-G + pVSV-G

Table 2a Antibody-dependent. Infectivity of gammaretroviral vectors

Viral titer (IU/well)

Cell species pVSV-G pZZ-VSV-G
pZZ-VSV-G +
pVSV-G (1:1)

pZZ-VSV-G +
pVSV-G (1:5)

IgG+ 5.67 0 746 792
Neuro2a BSA+ 27.3 0 8.33 9.67

Normal 1.86 × 105 0 5.21 × 104 8.62 × 104

COS7 IgG+ 54.7 1.33 1330 1000
BSA+ 44 0.333 15.0 22.7
Normal 4.70 × 105 0 8.31 × 104 1.11 × 105
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Table 2b Antibody-dependent. Infectivity of lentiviral vectors

Cell species pVSV-G pZZ-VSV-G
pZZ-VSV-G +
pVSV-G (1:1)

pZZ-VSV-G +
pVSV-G (1:5)

HeLa IgG+ 21.7 4.00 168 119
BSA+ 3.67 0 8.00 3.67

Normal 1.00 × 105 1.40 × 102 3.40 × 104 5.70 × 104

HaCaT IgG+ 0 0 41.7 57.0
BSA+ 0 0 2.00 1.67

Normal 4.15× 103 0 1.06 × 103 2.93 × 103

low or negligible infectivity in this assay, viral vectors pseudotyped with both ZZ-
VSV-G and VSV-G exhibited infectivity only on the IgG-coated plates. Although
the viral vectors pseudotyped with native VSV-G or ZZ-VSV-G alone also exhib-
ited very low or negligible infectivity in this assay, viral vectors pseudotyped with
both ZZ-VSV-G and VSV-G exhibited infectivity only on the IgG-coated plates.

4 Discussion

We constructed a genetically engineered VSV-G protein fused with a duplicated
Z domain which can bind specifically to the Fc region of IgG. Although modi-
fied VSV-G often failed to express on the cell surface [11, 12], the expression of
ZZ-VSV-G proteins was confirmed by the immunostaining, indicating that native
VSV-G promoted the expression of ZZ-VSV-G on cell surface. The productivity of
viral particles pseudotyped with ZZ-VSV-G alone was decreased, being consistent
with the previous report [5]. However, the productivity of viral particles pseudo-
typed with ZZ-VSV-G increased by co-expressing with native VSV-G (Table 1).
The incorporation of ZZ-VSV-G proteins into viral particles was confirmed by the
western blot analysis for detection of ZZ fragments (Fig. 3). These results showed
that the production of viral vectors pseudotyped with ZZ-VSV-G was promoted
by the expression of native VSV-G, as shown in Table 1. Furthermore, the infec-
tivity of viral vectors pseudotyped with ZZ-VSV-G alone was very low, even in
the presence of antibodies. The similar results were reported previously [4, 5]. The
infectivity of viral vectors pseudotyped with modified VSV-G was often lost due
to deficiencies in virus production and/or the fusogenic ability of VSV-G. In order
to induce fusogenic ability and improve infectivity, native VSV-G may be added to
pseudotyped viral vectors using modified VSV-G, although non-specific infectiv-
ity is also induced. For gammaretroviral vectors pseudotyped with ZZ-VSV-G and
VSV-G, the viral titer enhanced 470- and 140-fold for Neuro2a and COS7, respec-
tively, compared with native VSV-G alone. In spite of the different procedure of
viral production, lentiviral vectors pseudotyped with ZZ-VSV-G and VSV-G also
exhibited the antibody-dependent infectivity (Table 2a and b).
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In conclusion, we succeeded in the production of viral vectors with antibody-
binding activity by using ZZ-VSV-G. The ZZ-VSV-G pseudotyped vectors exhib-
ited antibody-dependent infectivity by the addition of native VSV-G. This viral
vector system may be useful for genetic transduction of cells expressing specific
proteins on their surface, and for screening of antibodies specific for cell surface
receptors.
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Improvement of CPP-RBD for siRNA Delivery

Rina Kuwabara, Tamaki Endoh, Masahiko Sisido, and Takashi Ohtsuki

1 Introduction

Small interfering RNA (siRNA) containing sequence homologous to specific gene
causes sequence-specific gene silencing, which is termed RNA interference (RNAi).
RNAi was first discovered in Caenorhabditis elegans, and its applicability to mam-
mals was recently discovered. RNAi offers one of the most attractive methods for
therapy of genetic diseases such as cancer and viral infections. At present, to deliver
the siRNA into cells, virus vectors or polymers are used as siRNA carrier. However,
these carriers are concerned about integration of viral RNA or high toxicity for cells.
It is necessary to deliver siRNA into the cells safely and efficiently in order to apply
the RNAi strategy for therapy.

Recently, we reported siRNA delivery and photo-induced RNAi by using fluo-
rescently labeled carrier protein [1]. It consists of Alexa546 labeled cell permeable
RNA binding protein, a fusion protein of HIV-1 Tat peptide, one of cell-penetrating
peptides (CPP), and U1A RNA-binding domain (RBD). The constructed TatU1A-
Alexa internalized into cells together with interacted siRNA, which contains U1A
binding sequence, through endocytotic pathway. Then, it induced RNAi-mediated
gene silencing without cytotoxicity caused by cytosolic diffusion in response to
photostimulation.

In this study, we examined siRNA delivery and photo-induced RNAi using
several CPP-RBPs to improve the RNAi effect. The RBP part in TatU1A
was replaced with other RBP [RBD of drosophila Sex-lethal protein (Sxl)
[2] or bacteriophage λN peptide (λNp) [3] derived from bacteriophage λN protein]
to make Tat-RBP variants (TatSxl and TatλNp). Sxl recognizes a single-stranded
RNA (5’-GUUGUUUUUUU(U)-3’). λNp recognizes an RNA hairpin loop (5’-
GCCCUGAAAAAGGGC-3’). Purified proteins were labeled with Alexa546 to
make TatRBP-Alexa variants (TatSxl-Alexa and TatλNp-Alexa) for photo-induced
RNAi.
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siRNA containing a short 5’-extension that binds to the Sxl (SxlsiRNA) or
λNp (λNpsiRNA) was also prepared as a cargo partner. Constructions of pro-
tein/RNA complexes (TatSxl/SxlsiRNA and TatλNp/λNpsiRNA) were confirmed by
gel mobility shift assay. Then, fluorescent labeled siRNAs were applied to the cells
with TatRBP-Alexa variants to evaluate sequence specific delivery of correspond-
ing siRNA. Finally, to induce the RNAi mediated gene silencing, cells incubated
with protein/RNA complex were irradiated by light at 540 nm, which excites the
Alexa546 entrapped in endocytotic compartments.

2 Experiment

2.1 Plasmid Construction

The coding sequence for the Sxl protein was amplified from Drosophila Sxl cDNA
clone (Open Biosystems) using the following primers: 5’-CCGCTCGAGTTAGG-
ATCCCTTGCCATGCTCCTCAG-3’ and 5’-CGCGCTAGCGGCGCAAGCAAC-
ACCAACCTG-3’. Double-stranded DNA encoding λNp was prepared by primer
extension using the following primers: 5’-CCGCTCGAGTTAGGATCCAGGGC-
GGTTAACTGGTTTTGCGCTTACCCCAACCAACAGGGGATTTGCTGCTTT-
CCATTG-3’ and 5’-CGCGCTAGCGGCCTGGATGCACAAACACGCCGCCGC-
GAACGTCGCGCAGAGAAACAGGCTCAATGGAAAGCAGCAAATCC-3’.

Expression vectors for TatSxl and TatλNp, which contains C-terminal Cys for
later modification of Alexa546, were constructed by inserting the coding sequence
of Sxl or λNp into the Nhe I-Xho I site of previously constructed pET-TatU1A-
C [1]. The coding sequences of constructed vectors (pET-TatSxl and pET-TatλNp)
were confirmed by sequencing analysis with an ABI PRISM 310 genetic analyzer.

2.2 Preparation and Fluorescent Labeling of Protein

BL21(DE3) was transformed with prepared vectors, pET-TatU1A, pET-TatSxl or
pET-TatλNp, which express Tat-RBP variants with N-terminal His-tags. Protein
expression was induced by IPTG (1 mM) at 25◦C for 16 h. Cells were harvested
by centrifugation, and lysed by sonication in buffer A [50 mM HEPES-KOH
(pH 7.5), 150 mM (NH4)2SO4, 7 mM MgCl2, 20% glycerol, 7 mM β-
mercaptoethanol, and 100 μM phenylmethylsulfonyl fluoride]. Then protein was
purified by His-tag purification. Buffer B [50 mM HEPES-KOH (pH 7.5), 1 M
NH4Cl, 10 mM imidazole and 20% glycerol] was used to wash the Ni-NTA
column, and Buffer C [50 mM HEPES-KOH (pH 7.5), 100 mM (NH4)2SO4,
150 mM imidazole, and 20% glycerol] was used to elute the His-tagged protein.
To label the Alexa Fluor 546, eluted proteins were mixed with Alexa Fluor 546 C5
maleimide (Molecular Probes) in Buffer C and incubated at room temperature. The
Alexa-modified proteins (TatU1A-Alexa, TatSxl-Alexa, and TatλNpepide-Alexa)



Improvement of CPP-RBD for siRNA Delivery 193

were purified by using Centri-Sep spin column (Princeton Separations), which
was preliminarily equilibrated with T buffer [20 mM HEPES-KOH (pH 7.4),
115 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, and 13.8 mM
glucose]. Concentrations of all Alexa546-labeled proteins were quantified using
Protein Assay Kit (Bio-Rad). The labeling efficiency of Alexa546 was calculated
from absorbance of Alexa546 (Abs556) measured by ND-1000 Spectorophotometer
(NanoDrop), and adjusted to 50% using separately prepared unlabeled proteins in
order to compare the difference between Tat-RBP variants.

2.3 Preparation of RNAs

In order to construct a siRNA-type cargo RNAs, antisense and sense strands were
dissolved in distilled water at final concentration of 20 μM and annealed by incu-
bation at 90◦C for 1 min followed by 60 min-incubation at 37◦C. The antisence
strand targeting EGFP mRNA was (5’-UGCGCUCCUGGACGUAGCCUU-3’).
The sense strands contain 5’ short extensions, which bind to respective RBP, to make
U1AsiGFP (5’-GGGCAUUGCACUCCGCCCUCUGGCUACGUCCAGGAGCG-
CAUU-3’), Sxl-siGFP (5’-GGUUGUUUUUUUUCUGGCUACGUCCAGGAGC-
GCAUU-3’) and λNp-siGFP (5’-GGCCCUGAAAAAGGGCCUCUGGCUACGU-
CCAGGAGCGCAUU-3’). Underlined sequences were RBP binding sequence.
FAM-labeled antisense strand was purchased from Japan Bio Services Co., Ltd.,
and annealed with the sense strands to make FAM-labeled siRNAs.

2.4 Gel Mobility Shift Assay

Purified proteins (0–5 μM) were mixed with 200 nM of FAM-labeled siRNAs in
T buffer. After 10-min incubation at 37◦C, protein-RNA mixtures were analyzed in
8% native polyacrylamide gels with Gel-Shift buffer (50 mM Tris-HCl [pH 6.8],
10 mM Mg(OAc)2, 65 mM NH4OAc, 1 mM EDTA) at 4◦C. The FAM-labeled siR-
NAs in the gel were detected by FMBIO III fluorescence image analyzer (Hitachi)
using a 488 nm excitation laser and 520 nm emission filter set.

2.5 RNA Delivery and Photoaccelerated Endosomal Escape

For RNA delivery experiments, TatRBP-Alexa variants and cargo RNA were mixed
in 50 μL of T buffer and incubated at 37◦C for 10 min. Cells in 96-well culture plates
were overlaid with the mixture. After 3 h incubation at 37◦C, cells were treated twice
with culture medium containing RNase for 1 h at 37◦C to remove RNAs adhering
to the extracellular surface of the cells. The supernatant medium was replaced to
normal culture medium (200 μL), and cells were irradiated by light at 540 ± 10 nm
passed through 4× objective lens (IX51/IX2-FL-1/MP5Mc/OL-2, Olympus). The
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intensity of the irradiated light was 10 J/cm2 to induce photoaccelerated endosomal
escape of the internalized complex.

2.6 Induction of RNAi-mediated EGFP Silencing

One day prior to RNA delivery, dEGFP-CHO cells were plated in a 96-well culture
plate at a density of 2 × 104 cells per well. siRNA was delivered into the cells using
TatRBP-Alexa variants, and photoaccelerated endosomal escape was induced as
described above. The cells were continuously cultured at 37◦C. The RNAi-mediated
EGFP silencing was evaluated according to previous report [1]. Briefly, at 22 h
after the photostimulation, cell proliferation was evaluated by using Cell Counting
Kit-8 (Dojindo). Then, the culture medium was replaced with T buffer followed
by two washes, and EGFP intensity of adhering dEGFP-CHO cells was directly
quantified by FLUOstar OPTIMA (BMG Labtech) using a 480 nm excitation and
540 nm emission filter set. The effect of RNAi-mediated EGFP silencing was nor-
malized by subtracting the values of the wells without cells and dividing by cell
proliferation value. Cellular fluorescence images were subsequently obtained using
a fluorescence microscope.

3 Results and Discussion

3.1 Gel Mobility Shift Assay

Construction of complex between Tat-RBP and corresponding cargo siRNA was
confirmed by gel mobility shift assay. In the case of TatλNp, λNp-siGFP bands
became faint by addition of TatλNp, and definite shifted band was not observed
(data not shown). Since the similar result was observed when TatλNp was mixed
with Sxl-siGFP, a negative partner for TatλNp, the results suggested that TatλNp
nonspecifically interacted with λNp-siGFP mediated by electrostatic interaction
between positive charge of Tat-peptide and negative charge of RNA.

In contrast, in the case of TatSxl, shifted Sxl-siGFP was observed when TatSxl
was mixed at 2 μM (Fig. 1). Although the shifted band was considerably weak,
original RNA band was almost disappeared, and λNp-siGFP, a negative partner for
TatSxl, was remained at original position at the same condition (2 μM TatSxl).
The results indicated specific interaction between TatSxl and Sxl-siGFP. When the
TatSxl was mixed at 5 μM, both Sxl-siGFP and λNp-siGFP became fainter, and
shifted Sxl-siRNA was also disappeared. From the results, TatSxl interacted with
Sxl-siGFP mediated by both specific Sxl interaction and nonspecific electrostatic
interaction.

TatSxl was further modified with Alexa546 to compare with TatU1A for induc-
ing RNAi-mediated gene silencing. TatλNp did not indicate specific interaction
with λNp-siGFP, which was modified with Alexa546 only low efficiency (data not
shown).
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3.2 EGFP Silencing by TatRBP/siRNA

TatSxl-Alexa and TatU1A-Alexa (2 μM) were mixed with Sxl-siGFP and U1A-
siGFP (200 nM), and applied to dEGFP-CHO cells, which express destabilized
EGFP. The EGFP silencing was evaluated according to the EXPERIMET section.
Figure 2) shows cellular relative EGFP intensities after 24 h from the photostimu-
lation. In the case of TatU1A-Alexa, moderate EGFP silencing was observed with
specific cargo RNA (U1A-siGFP), and non specific control RNA (Sxl-siGFP and
normal siRNA) indicated weaker EGFP silencing. The results indicated preferential
delivery of U1A-siGFP by TatU1A-Alexa and effective induction of RNAi-mediated
gene silencing in response to the photostimulation, which agrees with our previous
report [1].

However, in contrast, TatSxl-Alexa did not indicate any EGFP silencing irrespec-
tive of cargo RNA, specific Sxl-siGFP or non specific U1A-siGFP. The efficiency
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Fig. 2 Photo-induced EGFP silencing by using TatRBD-Alexa variants. siRNA variants (200 nM)
were delivered into dEGFP-CHO cells using TatRBD-Alexa variants (2 μM), and photostimulation
(10 J/cm2) was applied. Cellular EGFP intensity was evaluated after 24 h from the photostimulation
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of cytosolic diffuse of TatSxl-Alexa in response to the photostimulation was
also lower than that of TatU1A-Alexa when Alexa546 signal was observed after
photostimulation (data not shown). It suggests that absolute amount of internal-
ized TatSxl-Alexa/Sxl-siRNA complex was insufficient to indicate photoacceler-
ated endosomal escape and induce RNAi-mediated gene silencing at 10 J/cm2-
photostimulation. Higher concentration of TatSxl-Alexa or stronger intensity of
photostimulation might be required to induce RNAi.

4 Conclusion

We could delivery siRNA into the cells and induce RNAi by using a cell-penetrating
peptide (CPP) and RNA-binding proteins (RBPs). The result indicated that TatU1A
as siRNA carrier was superior to that of TatSxl.

At present, we are making CPP-RBP variants to induce RNAi more efficiently.
We expect that siRNA delivery using a cell-penetrating peptide and RNA-binding

domain will be a useful method in treating some gene diseases.

References

1. Endoh, T., Sisido, M., and Ohtsuki, T. (2008) Cellular siRNA delivery mediated by a cell-
permeant RNA-binding protein and photoinduced RNA interference. Bioconjug. Chem. 19:
1017.

2. Handa, N., Nureki, O., Kurimoto, K., Kim, I., Sakamoto, H., Shimura, Y., Muto, Y. and
Yokoyama, S. (1999) Structural basis for recognition of the tra mRNA precursor by the
Sex-lethal protein. Nature 398: 579.

3. Scharpf, M., Sticht, H., Schweimer, K., Boehm, M., Hoffmann, S., and Rosch, P. (2000)
Antitermination in bacteriophage lambda. The structure of the N36 peptide-boxB RNA
complex. Eur. J. Biochem. 267: 2397.



Production of Recombinant Human EPO
and EPO/Fc Fusion Proteins by Chinese
Hamster Ovary Cells

Carlos Alberto Penno, Yoshinori Kawabe, Akira Ito,
and Masamichi Kamihira

1 Introduction

Recombinant human erythropoietin (hEpo), the best-selling single drug in the US
biotech drug market accounting for $10 billion sales in 2006, is the most success-
ful therapeutic agent empowered by the advent of recombinant DNA technology
[1, 2]. hEpo is a glycoprotein hormone produced mainly by kidney cells whose pro-
duction is stimulated by a reduction in the oxygen content into renal circulation
[3]. Its mechanism of action is based on the proliferation of erythroid progeni-
tors in the bone marrow, resulting in replication and maturation towards functional
erythrocytes [4, 5]. hEpo has widely been used to treat chronic kidney disease,
anemia of cancer and anemia associated with chemotherapy [6, 7]. Carbohydrates
attached to hEpo molecule have a central role modulating its in vivo activity, partic-
ularly prolonging its serum half-life [8]. In fact, a glyco-engineered version of hEpo
trade name Darboepoetin R© presenting three-fold longer half-life enables dosing fre-
quency reduction [8]. Paradoxically, sialic acid carbohydrates play an inhibitory role
on hEpo-receptor binding [8].

Presently, the redesign of proteins prolonging their serum half-lives is a main
goal in pharmaceutical industries, because their uncomfortable and painful admin-
istration is a major hindrance placing a burden in patients and caregivers [9].
There are numerous strategies for therapeutics redesign which include PEGylation,
Fc-fusion, incorporation of N-linked oligosaccharide motifs and albumin-fusion [9].
In the present study, we succeeded to establish CHO cell lines producing hEpo and
hEpo/Fc by retroviral vector transduction. Moreover, the productivities of the pro-
teins were enhanced with a sequence derived from the woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE) inserted downstream of the target
genes. hEpo and hEpo/Fc produced were biochemically characterized and their in
vitro activities were also assessed.
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2 Materials and Methods

Plasmid construction. Totally four retroviral plasmids were constructed according to
Fig. 1. The construction of the plasmids pMSCV/G�AEpo and pMSCV/G�AEpoW
are described in our previous report [10]. A gene for Fc fragment derived from
human IgG2 was amplified from pMSCV/G�AscFv-Fc2 [11] and fused to hEpo
sequence in either plasmid through the hinge region.

Transient protein production. The effect of WPRE insertion into the vectors on
protein production was investigated by the transient transfection (Lipofectamine
2000; Invitrogen) of plasmids into CHO cells. At 24 h post-transfection, the medium
was replaced with serum-free medium (CHO-S-SFM; Invitrogen) and culture broths
were collected after 48 h. The concentrations of hEpo and Fc-fusion proteins were
determined by ELISA (EPO ELISA; Roche Diagnostics).

Retroviral vector production and establishment of clones. VSV-G pseudotyped
pantropic retroviral vectors were produced by DNA transfection into GP293 cells.
The viral particles produced in the medium were concentrated by ultracentrifuga-
tion and used to infect CHO cells. GFP-positive clones were isolated by the limiting
dilution method. Viral titration was determined by visual expression of GFP in
3T3-infected cells. Further biochemical characterization was carried out by Western
blot using antibodies against hEpo and Fc region (hIgG).

In vitro activity. Ba/F3 cells expressing the murine Epo receptor (mEpoR) [12]
were exposed to various concentration of hEpo and hEpo/Fc. Cell proliferation was

Fig. 1 Schematic drawings of retroviral vector plasmids
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measured by employing cell counting kit (WST-8; Dojindo). Data analysis and EC50
values for samples were obtained by the use of Prism (GraphPad Software Inc.).
Statistical significance was assessed by unpaired Student’s t-test. A value of p < 0.05
was considered to be significant.

3 Results

First, the effect of WPRE insertion to the vectors on the recombinant protein pro-
duction in CHO cells was determined. WPRE sequence was located at downstream
of hEpo and hEpo/Fc sequences and these cassettes were ligated into the retrovi-
ral vector plasmids based on murine stem cell virus (MSCV) (Fig. 1). CHO cells
transfected transiently with the WPRE-containing plasmids resulted in an increase
in protein productivity (Fig. 2). The enhancements by WPRE were approximately
6-fold and 2-fold for hEpo and hEpo/Fc respectively.

Subsequently, CHO cell lines producing hEpo and hEpo/Fc were established.
The structure of synthesized proteins were analyzed by Western blot employing two
different antibodies (against hEpo and Fc region of IgG; Fig. 3). SDS-PAGE under
reducing (Fig. 3a) and non-reducing conditions (Fig. 3b) were performed using cul-
ture broths of the cells. Proteins were synthesized within their expected molecular
weights either under reducing (hEpo 34–39 kDa; hEpo/Fc 63–68 kDa; hIgG 65 kDa)
or non-reducing conditions (hEpo/Fc 126–136 kDa; hIgG 150 kDa).

Finally, the proteins produced by CHO cells were characterized by in vitro activ-
ities in a proliferation assay using Ba/F3 cells expressing the murine Epo receptor.
The concentrations of samples were determined by solid-phase ELISA and cells
were exposed to various concentrations of agonists. Figure 4 shows that hEpo/Fc
retained biological activity although with a lower potency (EC50 = 1.3) than hEpo
itself (EC50 = 0.6).

Fig. 2 WPRE increases protein productivity in CHO cells
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Fig. 3 Western blot analysis of hEpo and hEpo/Fc fusion proteins

Fig. 4 In vitro biological activities of hEpo and hEpo/Fc



Production of Recombinant Human EPO and EPO/Fc Fusion Proteins 201

4 Discussion

Here we report the production of recombinant hEpo and hEpo/Fc proteins. The
effect of WPRE located at downstream of the target cDNA sequences on protein
productivity was also investigated. The presence of WPRE sequence in the vec-
tors enhanced both hEpo and hEpo/Fc production to 6- and 2-fold respectively. On
the other hand, WPRE did not influenced protein productivity in HEK293 cells
when transfected with identical plasmids (data not shown). At present, the rea-
son for this inconsistency remains unclear; however, it may be related to distinct
regulatory effects of WPRE on the context of different cells lines and promoters.
Supporting this evidence, Klein et al. [13]. have demonstrated that although WPRE
elicited marked improvements in terms of EGFP expression when transfected into
viral vector packaging cells, the effect of WPRE was promoter and cell line depen-
dent. Taking these data together, it is uncertain whether or not WPRE might
be useful to increase biopharmaceuticals production in broad range of cell lines
and/or promoters contexts. We generated CHO cell lines stably producing hEpo
and hEpo/Fc using viral transduction. Our clones have synthesized proteins within
their expected molecular weights as observed by Western blot (Fig. 3). Furthermore,
in vitro biological activities were assessed: hEpo (EC50 = 0.6) provided a higher
proliferative performance than hEpo/Fc (EC50 = 1.3). In agreement with this result
Bitonti et al. [14]. have constructed hEpo/Fc (Fc-derived from IgG1) dimers and
monomers (comprised of a single Epo conjoined to a dimeric Fc subunit) aiming
at it pulmonary delivery. Despite the fact that the protein structure differs from our
construct (Fc-derived from IgG2) the results showed that hEpo/Fc monomers pre-
sented improved pharmacokinetics parameters including 2-fold improved receptor
affinity and enhanced efficacy in vivo over hEpo/Fc dimer and Epogen R© [14]. In
a different study, Way et al.[9] have shown that Epo/Fc half-life by intraperitoneal
administration in mice was lower than hEpo itself. The engineering of hEpo by mean
of Fc-fusion may not be a successful strategy to enhance hEpo activity, although
Fc-fusion facilitates purification of target proteins using affinity columns.

In this study, we succeeded to increase hEpo and hEpo/Fc productivity by using
the WPRE sequence in CHO cells. The proteins were correctly synthesized and in
vitro studies revealed that hEpo/Fc partially retained the biological activity of hEpo.
Nevertheless, our research to create a novel erythropoietic agent that may allow a
superior performance is in progress.
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Development of Oviduct-Specific Gene
Expression System for Transgenic Avian
Bioreactor

Yoshinori Kawabe, Kensaku Numata, Masashi Teramori, Akira Ito,
and Masamichi Kamihira

1 Introduction

Transgenic animal bioreactors have been proposed to be the next generation produc-
tion system for biopharmaceuticals [1, 2]. Avian systems using chickens and quails
have several advantages in that they rapidly reach sexual maturity and have a small
space requirement for breeding and a high production yield of egg proteins over
mammalian expression systems including goats and sheep [3, 4]. We have devel-
oped various techniques to generate transgenic chickens and quails which express
the target genes throughout the body including the eggs [4–9]. However, since the
target proteins have the possibility of a detrimental effect in animal health, tissue-
specific expression is desired. In case of avian, oviduct where egg white proteins
such as ovalbumin and conalbumin are produced can be a site for recombinant
protein production. For the oviduct-specific expression, the regulatory sequences
of white protein genes such as ovalbumin, lyzosome and conalbumin have been
characterized [10–12] but the whole region of original promoter required for the
tissue-specificity and high-level expression is too long to transfer to plasmid-based
expression vectors, and the expression level of target proteins often decreases when
promoter regions are partially used.

Here we report to develop a synthesis promoter system to realize oviduct-specific
expression by combining the Tet system [13] and the minimal regulatory sequences
of the ovalbumin (OVA) and conalbumin (conA) genes.

2 Materials and Methods

Plasmid construction The expression vector plasmids for the evaluation of posi-
tive feedback expression are shown as Fig. 1. p�A-tTA includes the expression
unit of a tetracycline transactivator (tTA) under the control of a chicken β-actin
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Pact

A) pΔA-tTA

tTA polyATRE

PCMVmini

LacZ polyATRE

PCMVmini

tTA polyA

B) pTRE-tTA

C) pTRE-β

Fig. 1 Vector constructs

promoter. pTRE-tTA and pTRE-β include the expression units of tTA and bacterial
β-galactosidase under the control of TRE harboring CMV minimal promoter,
respectively.

Transient plasmid transfection The plasmids were transfected into the NIH-3T3
cells using a lipofection reagent (LF2000) and the transfected cells were assayed by
β-galactosidase activity as described below.

β-Gal activity. For quantification of β-galactosidase activity, the cells tans-
fected with expression vector plasmids or transducted with retroviral vectors were
collected, washed with PBS and the β-galactosidase activity of cell lysates was
measured using ONPG as a substrate as described previously [6, 7].

Retroviral vector production The regulatory sequences of the OVA (-140 ∼ +41)
and conA (-107 ∼ +62) genes were amplified from the chicken genomic DNA
by PCR. The retroviral vector plasmids for the evaluation of positive feed-
back expression are shown in Fig. 2. The production of retroviral vectors and

LacZLTR Ψ Neor LTRPact

LacZLTR Ψ eGFP LTRPOVATRE

LacZLTR Ψ eGFP LTRTRE PconA

LacZLTR Ψ eGFP LTRtTAPOVATRE POVATRE

LacZLTR Ψ eGFP LTRtTATRE PconA TRE PconA

A) MSCV/eGTREOZ (OZ)

B) MSCV/eGTREOZ-TREOt (OZOt)

C) MSCV/eGTREcZ (cZ)

D) MSCV/eGTREcZ-TREct (cZct)

E) MSCV/NΔAβ

Fig. 2 Retroviral vector constructs
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concentration of viral vectors by ultracentrifugation were performed as described
previously [6, 7].

Primary culture of chicken oviduct cells and gene transduction Oviduct cells
were isolated from magnum portion of diethylstilbestrol (DES) -treated chickens by
the method of Sanders and McNight [14], except that DES dissolved in ethanol was
injected intramuscularly at a dose of 1 mg/d. Cells were seeded at a density of 1–5 ×
105 cells per well of a 96-well collagen type-I coated plate in 0.1 ml of D-MEM/F12
medium supplemented with 0.1% BSA, 0.1 μM 17β-estradiol, 1.0 μM dexametha-
sone, 50 ng/ml insulin and antibiotics (penicillin and streptomycin). After 1–2 h, the
supernatants were transferred into other well to remove the fibroblast cells. After
cultivating the primary cells for 1–2 d, the viral solutions were infected into the cell.
After 48 h of post-infection, the cells were collected and β-galactosidase activity
was measured for cell lysates.

3 Results

We firstly evaluated the enhanced expression by positive feedback system which the
tTA expression vector (pTRE-tTA) was added into a Tet system in animal cells.
The expression vector plasmids were transfected into NIH3T3 cells by lipofec-
tion method and the expression level of the transgene in the cells was measured
by β-galactosidase activity. The plasmids (Tet system; p�A-tTA and pTRE-β,
Positive feedback system; p�A-tTA, pTRE-tTA and pTRE-β) were co-transfected
into NIH3T3 cells. The expression level of LacZ gene was 25-fold higher com-
pared to without the tTA expression vector (Fig. 3), indicating that the positive
feedback system worked effectively for the enhanced expression. However, since
the CMV minimal promoter is located downstream of the tetracycline-responsive
element, the automatic leak expression derived from the CMV minimal promoter
was observed even in the absence of tetracycline and the leak expression triggered
the positive feedback when the two expression vector plasmids (pTRE-tTA and
pTRE-β) were co-transfected into cells (data not shown). Consequently, to suppress
the leak expression of tTA and LacZ genes, the plasmid in which the region of the
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system
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Fig. 3 Evaluation of positive
feedback system
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CMV minimal promoter was deleted (pTRE�-β) was constructed and assayed. As
the result, the leak expression became negligible, suggesting that the choice of min-
imal promoter is important and the tissue-specific expression may be controlled in
this region. To demonstrate tissue-specific expression using this region, synthetic
promoters containing a TATA-box neighboring regulatory regions derived from
OVA and conA genes located downstream of the TRE sequence (TREO and TREc,
respectively) were constructed. The enhanced expression by a positive feedback was
not observed in non-oviduct cells, when the tTA expression vector plasmids under
the control of TREO and TREc synthetic promoters (pTREO-tTA and pTREc-tTA)
were introduced (data not shown), suggesting that the enhanced expression by the
positive feedback may occur in oviduct cells using the synthetic promoter.

Finally, retroviral vectors were infected to oviduct cells isolated from magnum
portion of DES-treated chickens. Chicken embryonic fibroblasts (CEF) were iso-
lated from a 10-day embryo and used as non-oviduct cells for a negative control.
Retroviral vectors encoding expression cassettes for LacZ gene under the control of
synthetic promoters (OZ and cZ) were produced and infected to oviduct cells and
CEF cells. The β-galactosidase activity measured were normalized by the retrovi-
ral titer determined using NIH3T3 cells (Table 1). The expression level for cZ was
higher than that for OZ in oviduct cells, while the expression was negligible in CEF
cells for both retroviral vectors. To confirm the enhanced expression by the posi-
tive feedback, one-packed retroviral vectors where both LacZ and tTA genes were
introduced (OZOt and cZct, respectively) were produced and infected to oviduct
cells. The enhanced expression was observed for cZct, and the expression level was
8.2-fold higher than that for cZ and comparable for using the ubiquitous promoter.
These results suggest that by combining the synthetic promoter and Tet system, the
oviduct-specific and high-level expression could be achieved.

Table 1 Relative activity of β-galactosidase

Relative β-galactosidase activity (mU/mg-protein)

Cells OZ OZOt cZ cZct β-actin

Oviduct
primary
cells

0.053 ± 0.015 ND 0.83 ± 0.027 6.8 ± 1.0∗ 6.7 ± 1.4

CEF 0.018 ± 0.011 0.13 ± 0.013 0.052 ± 0.013 0.36 ± 0.16 2.2 ± 0.90

∗P<0.05 (cZ vs cZct), ND: not detected

4 Discussion

We successfully developed the oviduct-specific and enhanced expression system
by combining a positive feedback expression system of tTA and a synthetic pro-
moter comprised of TRE and TATA-box neighboring regulatory regions derived
from oviduct protein genes. Although some research groups have generated the
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transgenic [15] and chimeric [16] chickens expressing the recombinant genes in
an oviduct-specific manner, the expression level is not high. In many cases, it
is difficult to achieve high-level expression using a limited control region. The
requirements for oviduct-specific gene expression system in pharmaceutical protein
production are (1) strict oviduct specificity, (2) high-level expression, (3) compact-
ness in size and (4) robustness. In this study, the enhanced expression was observed
for primary oviduct cells but not for non-oviduct cells using the cZct retroviral vec-
tor. The expression level was comparable to that using chicken β-actin promoter.
Previously, when a recombinant antibody gene under the control of a chicken β-
actin promoter was expressed in the egg white of genetically manipulated chickens
and quails, the expression level was ∼ mg/ml [6, 7]. The retroviral vector incor-
porated the gene expression system developed in this study may be a useful tool
for generation of genetically manipulated avian with oviduct-specific and high-level
expression.
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Production of Therapeutic Proteins Composed
of Seven Dominant Human T Cell Epitopes
Derived from the Japanese Cedar Pollen
Allergens

Yoshinori Kawabe, Yoshifumi Hayashida, Kensaku Numata, Akira Hishigae,
Akira Ito, and Masamichi Kamihira

1 Introduction

About 23 million people suffer from Japanese cedar (Cryptomeria japonica) pollen
allergy in Japan [1, 2] and the number of pollen allergy patients is steadily increas-
ing. Histamine receptor antagonists have been mainly used for the treatment of this
disease as the symptomatic treatment. Although the allergen-specific immunother-
apy has attracted great attention, the use of intact native allergens has a risk
of systemic anaphylaxis. To avoid side effect, the peptide immunotherapy using
dominant T-cell epitopes has been expected as an effective treatment for allergic dis-
eases. The effectiveness of this strategy has been proven in animal model and also
described in humans [3, 4]. Recently, Takaiwa and co-workers developed transgenic
plants expressing dominant T cell epitope peptides of Cry j 1 and Cry j 2 allergens
of Japanese cedar pollen [5, 6]. Zhu et al. also reported that a chimeric protein com-
posed of human IgG Fcγ and allergen might be effective for the immune therapy of
allergic disease [7].

On the other hand, we have generated the transgenic avian species such as chick-
ens and quails for the production of recombinant proteins by using retroviral vectors
for gene transfer [8–11]. If T-cell epitope peptides are expressed in the eggs of
transgenic avian, it may be possible to induce successful oral immune tolerance
to these allergens by eating the eggs. Moreover, while the transgenic plants can-
not produce complex recombinant proteins with post-translational modifications,
transgenic avian system may be superior choice.

Here we report the production of chimeric fusion proteins for human T-cell epi-
topes derived from the Japanese cedar pollen allergens (7crp; Fig. 1) in animal cells
and genetically manipulated chickens.
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A) Two major allergens of Japanese cedar pollen

B) Seven dominant epitopes of Cry j 1 and Cry j 2

Fig. 1 Two major allergens
of Japanese cedar pollen and
the structure of 7 crp

2 Materials and Methods

Plasmid Construction Oligonucleotides corresponding to sequences of a seven
dominant human T cell-epitope peptide derived from the Japanese cedar
pollen allergens were synthesized according to chicken codon usage (Fig. 2).
Total RNA was extracted from oviduct cells isolated from magnum portion of

10        20        30        40        50        60
ATGAGGAGCCTGCTGATCCTGGTGCTGTGCTTCCTGCCCCTGGCCGCCCTGGGCAAGGTG
M  R S L L I L V L C F L P L A A L G K V  

70        80        90       100       110       120
GACGGCATCATCGCCGCCTACCAGAACCCCGCCAGCTGGAAGAGCATGAAAGTGACCGTG
D  G  I   I   A  A  Y  Q  N  P  A  S  W  K  S  M  K  V  T  V

130       140       150       160       170       180
GCCTTCAACCAGTTCGGCCCCGACATCTTCGCCAGCAAGAACTTCCACCTGCAGAAGAAC
A  F  N  Q  F  G  P  D  I   F  A  S  K  N  F  H  L  Q  K  N

190       200       210       220       230       240
AAGCTGACCAGCGGCAAGATCGCCAGCTGCCTGAACTACGGCCTGGTGCACGTGGCCAAC
K  L  T  S  G  K  I   A  S  C  L  N  Y  G  L  V  H  V  A  N

250       260       270       280       290       300
AACAACTACGACCCCAGCGGAAAGTACGAGGGCGGCAACATCTACACCAAGAAAGAGGCC
N  N  Y  D  P  S  G  K  Y  E  G  G  N  I   Y  T  K  K  E  A

310       320       330       340       350
TTCAACGTCGAGCAGTTCGCCAAGCTGACCGGCTTCACCCTGATGGGCAGG
F  N  V  E  Q  F  A  K  L  T  G  F  T  L  M  G  R

Lysozyme signal peptide

Cry j 2 / 74-89

Cry j 1 / 212-214 Cry j 2 / 192–204

Cry j 2 / 356-357 Cry j 1 / 235–247

Cry j 1 / 312–330

Cry j 2 / 96–107

Fig. 2 Nucleotide and deduced amino acid sequences of 7crp
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diethylstilbestrol-treated chicks [12] using a kit (QuickPrepTM total RNA extraction
kit) and the RNA samples were converted to cDNA using a reverse transcriptase
(ReverTra AceTM). Chicken egg white lysozyme gene was amplified by PCR from
cDNAs. mFcα and mFcγ genes were amplified by PCR. hFcγ gene was amplified by
PCR from the plasmid pMSCV/G�AscFvFc [9] and hFcα gene was obtained from
the RIKEN gene bank. Retroviral vector plasmids including an expression cassette
of seven dominant human T-cell epitopes derived from the Japanese cedar pollen
allergens (7crp) fused with the Fc region of immunoglobulin A or G, or chicken
lysozyme were constructed (Fig. 3).

Production of fusion proteins by transient transfection CHO-K1 cells were trans-
fected with the retroviral vector plasmids. After 48 h of post-transfection, the cells
were harvested. Western blot analysis for cell lysates was carried out to confirm
the production of fusion proteins using anti- lysozyme, Fc and 7crp antibodies, as
described below.

Expression of 7crp in E. coli and antisera production The coding region of
7crp+His-tag was amplified by PCR and the PCR product was subcloned into
pGEX-6P-2. E. coli Rossettta transformed with the recombinant plasmid were
cultured and the protein production was induced with IPTG. After sonication of
the cells, cell lysates were dissolved with 8M Urea. The recombinant protein
was purified using a Ni+-chelate column. Antisera against 7crp were obtained by
immunizing the protein to BALB/c mice.

Retroviral vector production, injection into chicken embryos and cultivation of
embryos Production of VSV-G pseudotyped pantropic retroviral vectors, injection

Ampr

3′ LTR

EGFP

pQMSCV/ΔA7crpFcγIE

7crp

Fcγ

PCMV/MSV
5’LTR

chicken 
β-actin

promoter

SV40
ori

+

IRES

A)

Ampr

3′ LTR

EGFP

pQMSCV/ΔA7crpFcαIE

7crp

Fcα

Fcα

Fcγ

PCMV/MSV
5′LTR

chicken 
β -actin
promoter

SV40
ori

+

IRES

B)

EGFP IRES

+

7crp

chicken 
lysozyme

PCMV/MSV
5′ LTR

SV40
ori

chicken 
-actin

promoter

3′ LTR

Ampr

pQMSCV/ΔAL7crpIE

C)

Fig. 3 The retroviral vector plasmids



212 Y. Kawabe et al.

of viral solution into embryos and culture of manipulated embryos were performed
as described previously [9].

Analysis of manipulated chickens Genomic DNAs were extracted from the blood
cells and some tissues of genetically manipulated chickens using a genomic DNA
preparation kit (MagExtractor). The fluorescence was confirmed by microscopic
observation. For Western blotting of cLys-7crp, samples were prepared from some
tissues of genetically manipulated chickens.

3 Results

Since Cry j 1 and Cry j 2 allergens of Japanese cedar pollen are originally produced
in plants, a 7crp gene optimized for chicken codon and a secretion signal sequence
derived from chicken egg white lysozyme were chemically synthesized (Fig. 2). We
firstly examined the production of the chimeric fusion proteins in mammalian cells.
The retroviral vector plasmids including the expression units of chimeric fusion
proteins (7crp-Fc,α 7crp-Fcγ and cLys-7crp) under the control of a chicken β-actin
promoter were transfected into CHO-K1 cells. Retroviral vectors produced using the
same plasmids were also infected to GP293 and NIH3T3 cells. After 48 h of post–
transfection or infection, cells were harvested and production of the target proteins
was analyzed by Western blotting. For the chimeric 7crp-Fc fusion proteins, they
were detected as major bands, but a few bands with lower molecular weight were
also detected. On the other hand, the chimeric chicken lysozyme-7crp fusion protein
was detected as single band. These results indicate that the chimeric fusion proteins
were properly expressed in mammalian cells.

In order to generate genetically manipulated chickens expressing the chimeric
fusion proteins, retroviral vectors were concentrated by ultracentrifugation. The
viral titer was determined for NIH3T3 cells. Among the retroviral vectors tested,
titer was increased up to 0.9–3.8×108 infectious units (IU)/ml for the cLys-7crp
retroviral vector after concentration. Thus, the viral vector was injected into total
32 of chicken embryos in the two experiments, and the hatchability of manipulated
embryos was 44% (11/25). The chickens that hatched exhibited no apparent abnor-
mality. A retroviral sequence was detected by PCR using genomic DNA extracted
from blood cells of the chickens (Fig. 4a lane 1–5). PCR primers for amplification
of the retroviral packaging signal were used for detection of the viral sequence.
pMSCV/eG�AL7crpIE plasmid as positive control and genomic DNA extracted

235bp

6 7 8 9 NC PC

A)

B)

phiX WT H2O   1     2     3     4     5    plasmid

Fig. 4 Analysis of
genetically manipulated
chickens (a) PCR (b) Western
blotting
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from wild-type chicken as negative control were also used for PCR. EGFP expres-
sion in blood cells of manipulated chickens was observed microscopically. Target
genes were expressed under a constitutive β-actin promoter and the EGFP expres-
sion was driven by IRES-dependent translation. Next, cLys-7crp expression was
analyzed by Western blotting using anti-7crp antibodies. The cell lyastes of NIH3T3
cells transduced with the same viral vector as the positive control and heart tissues
of a wild-type chicken as the negative control were used. cLys-7crp protein was
detected in heart of manipulated chickens (Fig. 4 b; lane 6–9), but not in other tissues
including blood cells (data not shown).

4 Discussions

We examined the expression of chimeric fusion proteins for human T-cell epitopes
derived from the Japanese cedar pollen allergens in animal cells and genetically
manipulated chickens. Three types of chimeric fusion proteins (7crp-Fcα, 7crp-Fcγ
and cLys-7crp) could be expressed in animal cells (CHO-K1, NIH3T3 and GP293
cells). When the three retroviral vectors were produced, the cLys-7crp retroviral
vector gave higher titer. We have generated transgenic chickens and quails using
retroviral vector for gene transfer [8–11]. Through these studies, it was found that
at least 108 IU/ml is necessary for a high-level expression of the transgene [9, 10].
Since the retroviral vector for cLys-7crp reached to a titer of around 108 IU/ml
after ultracentrifugation, retroviral solution was injected into chicken embryos. The
hatchability of manipulated embryos was almost the same level as those of our pre-
vious report [9–11]. For Western blotting, cLys-7crp was detected in the heart of
manipulated chickens, but not in other tissues. Since β-actin promoter used for the
transgene expression drives a gene strongly in muscular tissues [10] and retroviral
solution were directly injected into the heart of embryos, the detection of trans-
gene expression in heart may be attributable to promoter activity and/or higher copy
number of transgene. Since the synthetic peptide consisting of the seven dominant
human T cell epitopes (7crp) includes some hydrophobic amino acids, it may be
possible that the target protein is retained and degraded in the cells. Further investi-
gation is necessary to design chimeric T cell epitope proteins for effective form and
efficient production.
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The Differentiation of C2C12 Cells to Myotube
by Paraquat

Masaaki Okabe, Koichi Akiyama, Sogo Nishimoto, Takuya Sugahara,
and Yoshimi Kakinuma

1 Introduction

Paraquat (1, 1’-dimethyl-4, 4’-bypiridinium) is one of herbicide, often used in many
counties. However, in some case with wrong usage of paraquat, paraquat shows tox-
icity against human, especially on framer [1–4]. In these cases, paraquat produces
reactive oxygen species (ROS) to show its toxicity.

One of important toxicity in paraquat against mammal is to induce Parkinsonism.
1-methyl-4-phenylpyridinium (MPP+), the structure is similar to paraquat have
been known to induce Parkinsonism [5, 6]. MPP+ is metabolized from 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), impurity in stimulant. Because paraquat
and MPP+ have similar structure, paraquat also is concerned with Parkinson’s dis-
ease [M]. It is also known that paraquat activates Mitogen-activated protein kinase
kinase (MEK) – extracellular signal-regulated kinases (ERK) and c-Jun N-terminal
kinases (JNK) in brain neuroblasts [7]. These kinases are known to concerned with
the differentiation of cells to macrophages [8], adipocytes [9] and muscle [10, 11],
suggesting the importance of these kinases in the differentiation of these kind of
tissues.

Paraquat is known to induce injury on the lungs [12]. Then paraquat induces
the differentiation of interstitial cells into muscle cells in the lung of monkeys [13]
suggesting that paraquat perturbs the differentiation of muscle cells.

C2C12 cells are mouse myoblast cell line and have an ability to differentiate
into skeletal muscle cells [14]. C2C12 cells have been often used to study about
the differentiation of skeletal muscle cells. In this paper, we examined the effect of
paraquat on the differentiation of C2C12 cells. To show the manner of paraquat on
the modulation of the differentiation in C2C12 cells, we studied the role of ROS
from paraquat and the activity of MEK-ERK and JNK on the differentiation in
C2C12 cells.
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2 Materials and Methods

2.1 Cell Culture

C2C12 cells were bought from Riken Bioresource Center. C2C12 cells were main-
tained under 5% CO2 at 37◦C in DMEM (Nissui Pharmaceutical) supplemented
with 10% fatal bovine serum (JRH bioscience), 100,000 unit/L penicillin and
10 mg/L streptomycin (Nakarai Tesque).

To study the effect of paraquat on the differentiation of C2C12 cells, C2C12
cells were plated at 5 × 104 cells/well, and cultured for 24 h. Then the medium was
changed to DMEM with 10% fatal bovine serum and paraquat (0.1~1000 ng/mL,
Wako). The cells were cultured in each period, taken photos and harvested to apply
to each examination.

In future experiment, 10 or 100 μM ascorbic acid, 0.1 ~ 100 μM H2O2, was add
to the medium and C2C12 cells were cultured in the medium with the condition
above.

2.2 Western Blotting

After the culturing in each condition, C2C12 cells were harvested and applied to
and washed twice with phosphate-buffered saline and lysed in the buffer containing
50 mM Tris-HCl (pH 7.5), 150 mM HaCl, 1% Triton-X 100, 1 mM EDTA, 50 mM
NaF, 30 mM Na4P2O7, 1 mM phenylmethylsulfonyl fluoride, 2.0 μg/mL aprotinin
and 1 mM pervanadate. The whole-cell lysate was incubated at 4◦C for 30 min
and then contributed at 12,000 × g for 30 min. The supernatant was mixed with
a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer. The mixture was loaded onto 8% SDS-PAGE gel, and electrophoresis was
performed under reducing conditions. The sample was then electrotransferred onto
a PVDF membrane. The blotted membrane was probed for monoclonal mouse anti-
myosin antibody M4276 (Sigma) or anti-actin antibody produced in rabbit A2066
(Sigma). The secondary antibody used was horseradishperoxidase-conjugated anti-
mouse immunoglobulin (Ig) G, and the detection of each protein was performed
using ECL Plus Western Blotting Detection System (GE Healthcare) and Lumino
Imaging Analyzer FAS-1000 (Toyobo).

2.3 Measurement of TBARS Level in C2C12 Cells

TBARS levels in C2C12 cells were measured with a commercial kit (Cayman
Chemical) according to Yagi’s method [15].
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3 Results and Discussions

C2C12 cells were cultured for 12 days in the medium containing 0.1~100 ng/mL
paraquat and 10% FBS, undifferentiating condition. However, depending on the
concentration of paraquat, many cells changed to myotube-like form. Furthermore,
cells became ticker depending on the concentration of paraquat (Fig. 1a).

MHC is a marker protein for the differentiation of muscle cells. As shown in
Fig. 1b, the effect of paraquat on MHC increased depending on the concentration of
paraquat. Especially, the concentration of MHC increased in the cells cultured with
100 and 1000 ng/mL paraquat. There was no effect on the amount of MHC in other
concentration.

The main function of paraquat is to product reactive oxygen species (ROS). To
study the rule of ROS on the differentiation of C2C12 cells by paraquat, C2C12
cells were cultured in the medium with paraquat and ascorbic acid. In the presence
of ascorbic acid, C2C12 cells changed their forms (Data not shown).

Moreover, Culturing with each concentration of H2O2 (0.1~100 μM) showed no
effect on the differentiation of C2C12 cells.

Control

0.1

0.1

100

1

1000

(ng/mL)

MHC

Actin

0    0.1  1  10      100    1000Paraquat (ng/mL) 

A

B

Fig. 1 Effect of paraquat on the differentiation of C2C12 cells. C2C12 cells were cultured in 10%
FBS-containing DMEM with each concentration of paraquat for 12 days. (a) Effect of paraquat on
the morphology of C2C12 cells. (b) Effect of paraquat on the amount of myosin heavy chain in
C2C12 cell
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To discuss the role of ROS come from paraquat on the differentiation of C2C12
cells, it is important to measure ROS level in each sample. In this study, TBARS
level was measured as a marker of ROS level. There was no significant differences
between control and 100 ng/mL paraquat-add cells in TBARS level. This suggests
ROS from paraquat is not concerned in the differentiation of C2C12 cells.

When paraquat induces inflammation in the lungs, the differentiation of cells to
muscle is shown [13]. This suggests the possibility that paraquat perturbs the dif-
ferentiation of muscle cells. Usually C2C12 cells differentiate in the medium with
2% house serum [14]. However, in this study C2C12 cells showed the morpholog-
ically change to myotube and the increasing of MHC and MyoD level with 100 or
1000 ng/mL paraquat even in the medium with 10% FBS, undifferentiating condi-
tion. These results suggest that paraquat perturbs the differentiation of C2C12 cells
to myotube.

The activity of paraquat as a herbicide was given by ROS producing activity for
weed control. In many cases, the toxicity of paraquat is dependent on the ROS from
paraquat in mammals. For instance, it has been reported that paraquat and MPP+,
the structure is similar to paraquat, are the cause of Parkinson disease-like symp-
toms [16–20] by the ROS produced by paraquat or MPP+. ROS induces apoptosis
on nerve cells of substantia nigra. It is important to know the role of ROS pro-
duced by paraquat to clarify the perturbing-mechanism of muscle-differentiation
by paraquat. In our study, ascorbic acid, one of anti-oxidative substances showed no
effect on the differentiation-perturbing by paraquat. H2O2, one of ROS did not cause
the differentiation. Moreover, 100 ng/mL of paraquat did not increase TBARS level
compare with control. These results suggest that paraquat induces the confusion of
differentiation on C2C12 cells in ROS-independent manner.
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Molecular Cloning and Characterization
of a Novel Canine Sulfotransferase

Katsuhisa Kurogi, Yoichi Sakakibara, Shin Yasuda, Ming-Cheh Liu,
and Masahito Suiko

1 Introduction

The cytosolic sulfotransferases (SULTs) are enzymes that catalyze the transfer of
a sulfonate group from the active sulfate, 3’-phosphoadenosine 5’-phosphosulfate
(PAPS), to a hydroxyl or an amino group of an acceptor compound [1]. Sulfonation
represents an important mechanism in vivo for the metabolism/detoxification of the
drugs and other xenobiotics, as well as endogenous compounds such as steroids
and thyroid hormones, catecholamine neurotransmitters, and bile acids in mam-
mals [2–4]. It has been proposed that all cytosolic SULTs constitute a gene
superfamily [5], within which several SULT gene families have been classified.
It is generally accepted that members of the same SULT gene family share at
least 45% amino acid sequence identity, while members of a subfamilies further
divided within each SULT gene family are greater than 60% identical in amino
acid sequence [6, 7]. Presently, there are six SULT gene families: SULT1 (phe-
nol sulfotransferases), SULT2 (hydroxysteroid sulfotransferases), SULT3 (amine
sulfotransferases), SULT4, SULT5, and SULT6. Tissue/organ-specific distribu-
tion and ontogenetic expression of some cytosolic SULTs have been studied in
human, mouse, and rat, and the results showed that different SULTs may differ in
tissue/organ and developmental stage distribution [8–10].

Many xenobiotics and endogenous compounds undergo sulfonation and are
excreted via the kidney or bile. Notably, some cytosolic SULTs are expressed in kid-
ney as well as in liver. It seems therefore that kidney is not only an excretion organ
but may actively participate in detoxification via the sulfonation pathway. Madin-
Darby canine kidney (MDCK) cells have been widely used as a model system for
investigating the excretion/detoxification mechanism of kidney. However, little is
known with regard to the cytosolic SULTs that may be involved in the detoxifica-
tion mechanism of MDCK cells. Moreover, although sulfonation has been studied
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in many mammalian species including rat, mouse and human, similar information
is lacking concerning the dog, where only SULT1A1, SULT1B1, and SULT1D1
have been identified and characterized [11–13]. For these reasons, MDCK cells may
serve as an excellent host for the discovery of new canine cytoslic SULTs and for
investigating the functional relevance of these enzymes in kidney.

In this paper, we report the molecular cloning, expression, purification, and char-
acterization, as well as tissue distribution, of a novel canine cytosolic SULT, which
is apparently an orthologue of the human SULT1C4 [14].

2 Materials and Methods

2.1 Materials

Acetaminophen, o-bromophenol, eugenol, minoxidil, p-nitrophenol (pNP), vani-
llin, and L-p-tyrosine were products of Wako Pure Chemical Industries, Ltd.
1-Naphthol was purchased from KATAYAMA CHEMICAL INDUSTRIES Co.,
Ltd. 2-Naphthol was from Nacalai Tesque. 1,3-Bis[tris(hydroxymethyl) methy-
lamino]propane (bis-tris propane), dehydroepiandrosterone (DHEA), dopamine,
17β-estradiol (E2), estrone, pregnenolone were products of Sigma Chemical
Company Industries. 2-(N-morpholino) ethanesulfonic acid, monohydrate (MES)
was purchased from DOJINDO. 3,3’,5-Triiodothyronine (T3) was from MP
Biomedicals. 4-octylphenol and 1-naphthylamine (1-NA) were from Aldrich
Chemical Company. TRIzol was obtained from Invitrogen. ReverTra Ace,
KOD FX, and all restriction endonucleases were from TOYOBO. Isopropyl
β-D-thiogalactopyranoside (IPTG) was purchased from TAKARA. Ligation-
Convenience Kit was from NIPPON GENE. Oligonucleotide primers were syn-
thesized by NIPPON EGT. pBluescript II SK(+) and XL1-Blue MRF’ and BL21
Escherichia coli host strain were from Stratagene. pGEX-4T-1 prokaryotic GST
fusion vector and glutathione Sepharose 4B were from GE Healthcare Biosciences.
MDCK II cells (CCL-34) were from American Type Culture Collection. Cellulose
thin-layer chromatography (TLC) plates were products of Merck. All other chemi-
cals were of the highest grade commercially available.

2.2 Molecular Cloning of a Novel Canine Cytosolic SULT

MDCK II cells were routinely maintained in MEM containing 5% FBS at 37◦C
and 5% CO2. Total RNA was extracted from MDCK II cells using TRIzol accord-
ing to manufacturer’s instructions [15], and the cDNA encoding the novel canine
SULT was amplified by employing the RT-PCR technique. With the total RNA
from MDCK II cells as the template and oligo (dT) as the primer, the first-strand
cDNA was synthesized using a First-Strand cDNA Synthesis Kit (TOYOBO). Using
gene-specific sense (5’-GCGCGGATCCATGGCCTTAAACAAAATGG AG-3’)
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and antisense (5’-CCCTCGAGGGTTATGAGAATTGGAAGTGAAA-3’) oligonu-
cleotideprimers, a PCR reaction in a 20 μl reaction mixture was carried out
under the action of KOD-FX, with the first-strand cDNA prepared as template.
Amplification conditions were 2 min at 94◦C, followed by 30 cycles of 30 s at
94◦C, 30 s at 50◦C, 1.5 min at 68◦C. The PCR product isolated by spin-filtration,
upon digestion by Bam HI/Xho I, was subcloned into the Bam HI/Xho I site of
pBluescript II SK(+) and transformed into E. coli XL1-Blue MRF’. To verify its
authenticity, the cDNA insert was subjected to nucleotide sequencing [16].

2.3 Bacterial Expression and Purification of the Recombinant
Canine Cytosolic SULT1C4

pBluescript II SK(+) harboring the canine SULT cDNA was digested by Bam
HI/Xho I, and subcloned into the Bam HI/Xho I site of pGEX-4T-1 prokaryotic
expression vector. pGEX-4T-1. pGEX-4T-1 harboring the canine SULT1C4 cDNA
was transformed into competent E. coli BL21 cells. Transformed BL21 cells were
grown to OD600 nm = ~0.4 in 200 ml LB medium and induced with 0.1 mM IPTG.
After a 4-h induction at 25◦C, the cells were collected by centrifugation and homog-
enized in ice-cold lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 1 mM
EDTA) using an Ohtake French Press. The crude homogenate containing the GST
fusion protein was subjected to centrifugation at 20,400g for 20 min at 4◦C. The
purification procedure for the recombinant canine cytosolic SULT1C4 was carried
out by affinity gel fractionation using glutathione Sepharose 4B at 4◦C. The recom-
binant protein was eluted by a 3-h digestion at 4◦C using 500 μl of a thrombin
digestion buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 2.5 mM CaCl2)
containing 5 unit/ml bovine thrombin.

2.4 Enzymatic Assay

The sulfonation activity was assayed using PAP[35S] (synthesized from ATP
and [35S]sulfate using recombinant human bifunctional ATP sulfurylase/adenosine
5’-phosphosulfate kinase as described previously) as the sulfate donor [17]. The
standard assay mixture, with a final volume of 25 μl, contained 50 mM bis-tris
propane buffer (pH 7.00), 0.2 μM PAP[35S] (45 Ci/mmol), and 1, 10, or 100 μM
substrates. The reaction was started by the addition of the enzyme, allowed to
proceed for 10 min at 37◦C, and terminated by heating at 100◦C for 3 min.
The final assay mixture was subjected to the analysis of [35S]sulfated product
using the previously developed thin-layer chromatography procedure [18], with
n-butanol/isopropanol/formic acid/water (3:1:1:1; by volume) as the solvent system.
Upon completion of TLC, the plate was analyzed using a Fluoro Image Analyzer
(FLA-3000G).
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2.5 Analysis of the Tissue Specific Distributions
of Canine SULT1C4

RT-PCR was employed to examine the expression of SULT1C4 mRNA in dif-
ferent canine tissues. For use as templates in PCR, first-strand cDNAs were first
reverse-transcribed from total RNA, isolated from eight canine tissues of male or
female beagle, using random hexamers according to the manufacturer’s instruc-
tion (TOYOBO). Using gene-specific sense (5’-TCCCATCCATTGGATCTGGT-3’)
and antisense (5’-CAGGTCCTCATAGAAGAGGT-3’) oligonucleotide primers, PCR
reactions in 20 μl reaction mixtures were carried out under the action of Taq DNA
polymerase, with different (heart, thyroid grand, liver, spleen, stomach, small intes-
tine, kidney, testis, or ovary) first-strand cDNA prepared as template. Reaction
conditions were 2 min at 94◦C, followed by 30 cycles of 30 s at 94◦C, 30 s at
45◦C, and 60 s at 72◦C. The final reaction mixture was applied onto a 2.5%
agarose gel, separated by electrophoresis, and visualized by ethidium bromide
staining.

3 Results and Discussion

3.1 Molecular Cloning of a Novel Canine Cytosolic SULT

Using the nucleotide sequence of canine SULT1D1 (GenBank accession no.
AY004331) as a search tool, a novel canine SULT gene (LOC474542) was iden-
tified in the dog genome database (NCBI). The cDNA encoded by this newly
identified canine SULT gene was amplified by RT-PCR with the total RNA iso-
lated from MDCK II cells as the template, and was subjected to nucleotide
sequencing. Figure 1 shows the nucleotide and deduced amino acid sequences of
this novel canine SULT. The open reading frame encompasses 912 nucleotides
and encodes a 303 amino acid polypeptide. Similar to other cytosolic SULTs,
this newly identified canine SULT contains sequences resembling the so-called
‘‘5’-phosphosulfate binding (5’-PSB) motif ” (YPKSGTxW in the N-terminal
region) and “3’-phosphate binding (3’-PB) motif ” (YxYRNPKDVLISxFH in the
central region) [19] which are proposed to be involved in the binding of PAPS,
a co-substrate for the SULT-catalyzed sulfonation reactions [1]. Sequence analy-
sis revealed that the newly identified canine SULT displays highest (82.8%) amino
acid sequence identity to human SULT1C4. It is generally accepted that members
of the same SULT gene family share at least 45% amino acid sequence identity,
whereas members of subfamilies further divided within each SULT gene family
are greater than 60% identical in amino acid sequence [6, 7]. Based on these cri-
teria, the newly cloned canine SULT clearly belongs to the same gene subfamily
as human SULT1C4, and was thus designated the canine SULT1C4 (see Table 1)
[5, 15].
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atggccttaaacaaaatggaggattttaaatttgatggaacaacacgcctacctgtcgct 60
M  A  L  N  K  M  E  D  F  K  F  D  G  T  T  R  L  P  V  A    20
tatgtggaggggattttacaacccacacctacctgtgacatctgggaccagatctggaat 120
Y  V  E  G  I  L  Q  P  T  P  T  C  D  I  W  D  Q  I  W  N    40
ttccaagccaagtctgatgatctgcttattgccacctatcctaaagcaggaacaacatgg 180
F  Q  A  K  S  D  D  L  L  I  A  T  Y  P  K  A  G  T  T  W    60
actcaggagatagtggacttaatacaaaatgaaggggatgttgacaaaagtcaaagagca 240
T  Q  E  I  V  D  L  I  Q  N  E  G  D  V  D  K  S  Q  R  A    80
cctattcatgtacgaattcctttcattgaatggataatcccatccattggatctggtttg 300
P  I  H  V  R  I  P  F  I  E  W  I  I  P  S  I  G  S  G  L    100
gaaagagctaatgaaatgccctcaccacggaccctgaaaacacatcttcccatccatttg 360
E  R  A  N  E  M  P  S  P  R  T  L  K  T  H  L  P  I  H  L    120
ctgccaccatccttcatagaaaaaaactgcaagataatctatgtggcaagaaatccaaag 420
L  P  P  S  F  I  E  K  N  C  K  I  I  Y  V  A  R  N  P  K    140
gacaatatggtgtcttattaccatttccaaagaatgaataaatctcttcctgctccagga 480
D  N  M  V  S  Y  Y  H  F  Q  R  M  N  K  S  L  P  A  P  G    160
acctgggaagagtattttgagaattttctggctgggaaagtatgctggggttcttggtat 540
T  W  E  E  Y  F  E  N  F  L  A  G  K  V  C  W  G  S  W  Y    180
gaccacgtgaaaggatggtggaaagccaaagaccaacaccgcattctctacctcttctat 600
D  H  V  K  G  W  W  K  A  K  D  Q  H  R  I  L  Y  L  F  Y    200
gaggacctgaagaagaatacaaagcatgaaattcagaaggtggcagagtttattggaaaa 660
E  D  L  K  K  N  T  K  H  E  I  Q  K  V  A  E  F  I  G  K    220
aacctagatgatgaaatcctagataaaattgtccatcacacttcatttgatgttatgaag 720
N  L  D  D  E  I  L  D  K  I  V  H  H  T  S  F  D  V  M  K    240
gagaatccaatgtcaaactattcatcagttcctgctaaaatcatgaaccactctgtgtct 780
E  N  P  M  S  N  Y  S  S  V  P  A  K  I  M  N  H  S  V  S    260
ccattcatgagaaaagggatagttggagactggaagaatcactttaccgtggctcagaat 840
P  F  M  R  K  G  I  V  G  D  W  K  N  H  F  T  V  A  Q  N    280
gaaagatttaatgaagactacaagaagaaaatggctgataccaatctaacttttcacttc 900
E  R  F  N  E  D  Y  K  K  K  M  A  D  T  N  L  T  F  H  F    300

219aatactcttaac
Q  F  S  *                                                    303

Fig. 1 Nucleotide and deduced amino acid sequences of canine SULT1C4 5’-PSB motif and 3’-PB
motif located, in the N-terminal and middle regions are underlined

Table 1 Amino acid
sequence comparison of
canine SULT1C4 with other
SULTs

GeneBank
Enzyme accession number Identity∗ (%)

cSULT1A1 D29807 50
cSULT1B1 AY004332 52
cSULT1D1 AY004331 53.5
hSULT1C1 XM497863 53.1
hSULT1C2 U66036 62.2
hSULT1C4 AF055584 82.8

∗Identity (%) of the amino acid sequence of cSULT1C4 to other
SULTs are shown.

3.2 Tissue-Specific Expression of Canine SULT1C4

We were interested in the expression patterns of SULT1C4 in different dog
tissues/organs. RT-PCR was employed to examine the expression of mRNA encod-
ing SULT1C4 in 8 tissues from male and female dog (see Section 2). Interestingly,
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Fig. 2 Tissue distributions of the canine SULT1C4 mRNA expression analysis of SULT1C4 was
performed using RT-PCR

male dog expressed SULT1C4 mRNA in every tested tissue except the liver, whereas
female dog expressed SULT1C4 mRNA only in spleen, kidney and ovary. These
results suggested that SULT1C4 may play a role in not only kidney but also other
tissue, and with a gender difference. A previous study demonstrated that human
SULT1C4 was expressed in ovary, kidney, fetal heart, fetal lung, fetal kidney, but
not in thyroid grand, stomach, and small intestine [15]. It therefore appears that the
expression of SULT1C4 may vary between different species (Fig. 2).

3.3 Characterization of a Recombinant Canine SULT1C4

Recombinant canine SULT1C4 was expressed and purified using the pGEX-4T-1
GST gene fusion system. Purified recombinant canine SULT1C4 was subjected
to functional characterization with respect to their sulfonating activities. A pH-
dependence experiment was first carried out using o-bromophenol as the substrate.
Results showed that canine SULT1C4 displayed a pH optimum at 7.00 (data not
shown).

To study the substrate specificity of the purified SULT1C4, representative
endogenous and xenobiotic compounds were tested as substrates. The activity
data compiled in Table 2 revealed that SULT1C4 enzyme displayed sulfonating
activities toward a variety of xenobiotic compounds, especially xenobiotic phenols
including phenol, o-bromophenol, vanillin, p-nitrophenol (pNP), 1-naphthol and
2-naphthol. It is therefore possible that the canine SULT1C4 may play a role on the
metabolism and/or detoxification of those xenobiotic phenols. The enzyme, how-
ever, is probably not involved in the sulfonation of endogenous compounds such as
dopamine, E2 (17β-estradiol), pregnenolone, DHEA (dehydroepiandrosterone), T3
(3,3’,5-triidothyronine). It should be noted that human SULT1C4 [15, 20] shares
with canine SULT1C4 the sulfonating activities toward simple phenols.

Table 3 shows the kinetic constants of canine SULT1C4 with the phenol,
o-bromophenol, vanillin, eugenol, pNP, 1-naphthol and 2-naphthol as substrates. In
comparison with those determined with phenol as substrate, canine SULT1C4 dis-
played lower Km (and therefore higher affinity) with o-bromophenol. It was noted
that the Vmax /Km value of canine SULT1C4 with o-bromophenol is 82.9-fold greater
than that with phenol, indicating the higher catalytic efficiency of the enzyme with
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Table 2 Specific activities of the canine SULT1C4 toward endogenous and xenobiotic compounds

Specific activity (nmol/min/mg)

Substrate conc. (μM) 1 10 100

Phenol 0.24 ± 0.01 2.36 ± 0.08 7.08 ± 0.19
o-Bromophenol 7.09 ± 0.32 10.27 ± 0.48 3.64 ± 0.11
Vanilin 2.29 ± 0.12 8.86 ± 0.51 9.05 ± 0.54
Eugenol 0.18 ± 0.01 1.65 ± 0.06 6.83 ± 0.47
4-Octyphenol 0.06 ± 0.01 0.43 ± 0.10 0.20 ± 0.01
p-NP (p-Nitrophenol) 0.05 ± 0.03 0.31 ± 0.02 0.29 ± 0.25
Dopamine N.D.∗ N.D. N.D.
Tyrosine N.D. N.D. N.D.
Tyramine N.D. N.D. N.D.
Acetaminophen N.D. N.D. N.D.
1-naphthol 0.83 ± 0.10 8.31 ± 0.20 9.59 ± 0.30
2-naphthol 0.27 ± 0.02 2.71 ± 0.21 7.75 ± 0.16
E2 (17β-Estradiol) N.D. N.D. N.D.
Pregnenolone N.D. N.D. N.D.
DHEA

(Dehydroepiandrosterone)
N.D. N.D. N.D.

T3 (3,3′,5-
Triiodothylamine)

0.01 ± 0.00 0.07 ± 0.01 0.01 ± 0.00

1-NA
(1-Naphthylamine)

N.D. N.D. N.D.

Minoxidil N.D. N.D. N.D.

Data shown represent means ± SD from three determinations.
∗N.D. refers to activity not detected.

Table 3 Kinetic constants of canine SULT1C4

Km
∗ (μM)

Vmax
∗∗

(nmol/min/mg)
Vmax/km
(nmol/min/mg/μM)

Phenol 25.66 9.02 0.35
o-Bromophenol 0.63 18.28 29.02
Vanilin 19.87 17.18 0.86
Eugenol 42.28 7.85 0.19
pNP 72.95 3.59 0.05
1-Naphthol 8.29 15.63 1.89
2-Naphthol 27.36 9.6 0.35

∗Km and ∗∗Vmax values were determined from Lineweaver-Burk plots.

o-bromophenol as the substrate. In contrast, it was observed that the Vmax /Km value
with pNP was less than that with phenol, indicating the lower catalytic efficiency
of the enzyme for pNP. These results suggest that canine SULT1C4 prefers bromo
group at ortho- to nitro group at para- position. Moreover, it is an interesting fea-
ture that canine SULT1C4 prefers 1-naphthol over 2-naphthol with a 5.4-fold greater
Vmax /Km value.
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In conclusion, we have cloned, expressed, purified and characterized a novel
canine cytosolic SULT, SULT1C4. Recombinant canine SULT1C4 resembled the
orthologous human SULT1C4 with regard to enzymatic properties particularly sub-
strate specificity. However, RT-PCR analysis showed that, unlike human SULT1C4,
canine SULT1C4 was expressed mainly in spleen, kidney and testis/ovary, indi-
cating their tissue/organ-specific differences between human and dog. Collectively,
the results obtained suggested that the newly identified canine SULT1C4 may be
involved in the sulfonation of xenobiotic phenols such as phenol, o-bromophenol.
vanillin, 1-naphthol in kidney as well as other tissues. These results provide a
foundation for further studies on the catalytic mechanism underlying phenols
sulfonation.
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In Vitro Analysis of the Interaction
Between Human Intestinal Epithelial
Cells and Macrophage-Like Cells

Yoko Ishimoto, Hideo Satsu, Tetsunosuke Mochizuki, Mamoru Totsuka,
and Makoto Shimizu

1 Introduction

In addition to the function of absorbing nutrients, intestines have many defense
mechanisms against exogenous substances such as bacteria and chemicals. Intestinal
epithelial cells, which cover the surface of intestines function to keep intestinal
homeostasis not only by acting as a barrier but also by interacting with immune cells
located in the intestinal epithelium via soluble factors. But, in the intestines of the
patients suffering from intestinal inflammation, hyperproduction of inflammatory
cytokines, especially TNF-α, from immune cells such as activated macrophages,
and damage of intestinal epithelial cells is observed. This is one of the causes of
intestinal inflammation.

There are many types of bowel diseases such as infectious enteritis and inflam-
matory bowel disease (IBD) and recently the number of IBD patients has been
increasing probably due to westernization of the food style. But the therapeutic
method has not yet been established since the diseases are induced by a lot of
complicated factors.

Previously, we constructed an in vitro model using a coculture system to ana-
lyze the effect of macrophages on intestinal epithelial cells [1]. We showed that
coculturing with macrophage-like THP-1 cells induced cell damage to intestinal
epithelial-like Caco-2 cells, which was caused by TNF-alpha secreted from THP-1
cells. We also showed occurrence of apoptosis and necrosis in the disrupted Caco-2
cells, and involvement of NF-κB and ERK pathway in THP-1-induced cell damage
of Caco-2 cells.

In this study, we further analyzed this phenomenon to reveal the pathogenic
mechanism of the intestinal inflammation.
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2 Material and Methods

2.1 Coculture Experiment

For a coculture system, human intestinal epithelial-like Caco-2 cell monolayers and
macrophage-like THP-1 cells were used as previously described [1]. Briefly, Caco-
2 cells were cultured for 14 days on a semi-permeable support, and THP-1 cells
were differentiated with phorbol myristate acetate (PMA) for 4 days in 12-well
plates. Then, the semi-permeable support membrane in which Caco-2 cells had been
cultured was placed on the 12-well plates on which THP-1 has been cultured.

2.2 Determination of Cell Damage

The viability of the Caco-2 cell monolayers was mainly assessed by their ability to
maintain lactate dehydrogenase (LDH) inside the cells as measured with an LDH-
cytotoxic test kit (Wako, Japan).

2.3 RNA Preparation and DNA Microarray

Total RNA in Caco-2 cells which had been cocultured with THP-1 cells over the
time periods of 0, 1, 3, 6, 24, and 48 h was extracted by using Isogen (Nippon Gene,
Japan) according to the manufacturer’s instructions. cRNA synthesis using 20 μg
total RNA and hybridization to the HG-U133 plus 2.0 GeneChip was performed
following the manufacturer’s recommended instruction (Affymetrix, Santa Clara,
CA). GeneChip Operating software was used to determine the presence, marginal,
or absence of mRNA for specific genes in each sample. Affymetrix microarray
Analysis Suite (MAS) 5.0 was used for chip-to-chip normalization and gene expres-
sion value determination. Based on the duplicate DNA microarray results, genes that
were more than 4-fold up-regulated were selected.

2.4 Real Time RT-PCR

Reverse transcription of the RNA was performed using ExScriptR RT reagent Kit
(TaKaRa, Japan) according to the manufacturer’s instruction. Quantitative real-time
RT-PCR analysis was performed with a Lightcycler (Roche, Japan). One-twentieth
of the first strand cDNA was used as a template for detection of each gene of inter-
est using SYBR Green PCR assay (TaKaRa, Japan). The gene expression levels
were normalized to the level of the housekeeping gene (GAPDH). Relative gene
expression changes were calculated as number-fold changes compared to the control
samples.



Interaction Between Human Intestinal Epithelial Cells and Macrophage-Like Cells 233

3 Results and Discussion

We have previously reported that both apoptotic and necrotic cell death were
induced in Caco-2 cells cocultured with THP-1 cells by morphorgical analysis. It
is suggested that the expression of various genes changed in Caco-2 cells cocul-
tured with THP-1 cells. Caco-2 cells which had been cocultured with THP-1 cells
over the time periods of 0, 1, 3, 6, 24, and 48 h were therefore exhaustively analyzed
with a DNA microarray to detect the changes of gene expression. As a result, the
expression of 24,000 genes including a number of unknown genes out of 55,000
probe sets on a chip was observed.

Table 1 is the list of the selected genes whose signal intensity levels were more
than 200 and which increased 4-folds compared with the gene expression in Caco-2
cells cocultured for 0 h. It showed that the expression of genes related to immunity
and apoptosis was increased.

Genes of chemokines, such as IL-8, CXCL1, CXCL3 and CCL20, and Decay-
Accelerating Factor (DAF or CD55) were among the immunity-related genes in
Table 1. Puleston et al. reported that gene expression of CXCL1, CXCL2, CXCL3
and CCL20 was up-regulated in active colonic IBD, compared with uninflamed
area or tissues from control [2]. DAF is one of the complement regulating pro-
teins, and its expression is up-regulated during inflammation [3]. For example,
an increased expression (or surface levels) of DAF on colon epithelium of IBD
patients was reported [4, 5]. It has also been reported that a proportion of DAF-
deficient (Cromer INAB) patients develop IBD [6]. These reports strongly support
that Caco-2 cells cocultured with THP-1 cells are under inflammatory conditions.
The apoptosis-related genes in Table 1 include not only pro-apoptotic genes but also
anti-apoptotic genes, such as TNFAIPs and Mcl-1, suggesting that the increases in
the anti-apoptotic genes are protective responses of the cells to avoid apoptosis.

Table 1 The up-regulated gene expression∗ in Caco-2 cells cocultured with THP-1 cells

Gene 1 h 3 h 6 h 24 h 48 h

Immune IL-8 5.9 5.9 6.7 4.5 NC
CXCL1 5.4 4.8 4.5 2.9 NC
CXCL3 3.4 3.2 3.3 2.3 NC
CCL20 3.2 3.7 3.7 3.1 1.7
CXCR4 NC 1.2 2.1 1.4 0.9
DAF 1.0 1.8 2.1 1.9 2.1

Apoptosis PHLDA2 2.9 2.7 2.9 2.4 1.5
TNFRS10B 0.6 1.8 2.4 2.3 1.6
IEX-1 3.2 3.1 2.8 1.6 0.4

Anti-apoptosis TNFAIP3 3.1 3.0 3.1 1.9 0.9
TNFAIP8 NC 1.5 2.1 1.5 1.0
MCL-1 1.9 2.6 2.6 1.1 0.7

∗The number is fold change (log2 ratio)
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The increase in gene expression in Caco-2 cells was then confirmed by real
time RT-PCR. The expression of 4 apoptosis-related genes, Mcl-1, TNFAIP8,
TNFSF10B and IEX-1genes, was observed to be changed as detected by a DNA
microarray (data not shown).

We focused on IEX-1 whose changes in the mRNA expression was the highest
among the genes, and analyzed whether IEX-1 was involved in THP-1 -induced cell
damage in Caco-2 cells. IEX-1 is an immediate early response gene and induced
by various stimuli such as irradiation, growth factors, LPS and inflammatory
cytokines including TNF-α and IL-1β [7]. Several reports indicate that IEX-1 is
involved in the regulation of apoptosis, although contradicting results regarding
the pro-apoptotic or anti-apoptotic properties of IEX-1 have also been reported
[8–11].

To investigate the effect of TNF-α secreted from THP-1 cells on IEX-1 mRNA
expression, Caco-2 cells were treated with anti-TNF-α monoclonal antibody. After
coculturing for 1 h, RNA was extracted from Caco-2 cells and measured IEX-
1 mRNA expression using real time RT-PCR. Induction of IEX-1 expression in
cocultured Caco-2 cells was suppressed, suggesting that TNF-α was involved in
an increase of IEX-1 mRNA level in Caco-2 cells (Fig. 1).

The fact that cell damage in Caco-2 cells was suppressed by anti-TNF-α mon-
oclonal antibody indicates that adding recombinant TNF-α on the basal side may
reproduce this phenomenon. Three culture models were therefore constructed to
investigate this hypothesis (Fig. 2). Model-(I) contained non-treated Caco-2 cells
cultured on semi-permeable support membranes and was used as a control. Model-
(II) contained Caco-2 cells treated with TNF-α (25 ng/ml), and Model-C contained
Caco-2 cells cultured with THP-1 cells. Some factors as well as TNF-α might be
present in the basal side of Model-(III). The large quantity of LDH released from
damaged cells was observed only in the Caco-2 cells cocultured with THP-1 cells,
which suggested some factors other than TNF-α seemed to be involved in the dam-
age in Caco-2 cells (Fig. 2a). And, the highest IEX-1 mRNA level was observed in
Caco-2 cocultured with THP-1 cells (Fig. 2b).

The difference in the IEX-1 mRNA level of the three models would be due to the
different quantity and types of factors present in the basal side. Secretion of several

Fig. 1 Effect of the
anti-TNF-α antibody on
IEX-1 mRNA expression in
Caco-2 cells cocultured with
THP-1 cells. For real-time
RT-PCR, Caco-2 cells
cocultured for 1 h in the
absence or presence of
anti-TNF-α antibody
(3.2 μg/ml) were used
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Fig. 2 LDH leakage (a) and IEX-1 mRNA expression (b) of Caco-2 cells cultured in three culture
models. Model-(I), control; Model-(II), cultured with TNF-α; Model-(III), cocultured with THP-1
cells

cytokines known to be produced by THP-1 cells was therefore measured using a
sandwich-ELISA method. The results showed that IL-1β production was increased
in THP-1 cells cocultured with Caco-2 cells (data not shown).

To investigate the effect of IL-1β secreted from THP-1 cells on the IEX-1
mRNA expression, Caco-2 cells were treated with anti-IL-1β monoclonal antibody
(8.0 μg/ml). After coculturing for 1 h, the induction of IEX-1 expression in cocul-
tured Caco-2 cells was partly suppressed, suggesting that IL-1β was involved in the
increased IEX-1 mRNA expression in Caco-2 cells (data not shown).

In conclusion, we showed that the expression of genes related to immunity and
apoptosis was increased in Caco-2 cells by coculturing with THP-1 cells. The appar-
ent increase in IEX-1 mRNA expression would be, at least partly, due to TNF-α and
IL-1β secreted from THP-1 cells. The role of IEX-1 in Caco-2 cell damages induced
by THP-1 cells should be revealed.

These results suggest that the phenomenon observed in this system is similar in
some respects to that observed with intestinal inflammation such as IBD, supporting
the previous suggestion that this coculture system would be useful to analyze the
interaction between the cells upon intestinal inflammation.
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Role of Ubiquitination Promoted During
Restimulation in the Induction of T Cell Anergy

Yohei Mizuguchi, Ai Yamamoto, Makoto Hattori, and Tadashi Yoshida

1 Introduction

The immune system is a mechanism for preventing us from the infection by
pathogens. Immune reaction is activated to remove antigens when the pathogens
invade us. T cells play important roles in activating B cells, macrophages, T-
cytotoxic cells by secreting cytokines or surface molecules. On the other hand,
immune reaction against self and food antigens causes autoimmune disease and
food allergy. Therefore, immune tolerance is induced against such antigens as food
and self. One of the major mechanisms of immunological tolerance is T cell anergy
[1]. T cell anergy is a condition of T cells unable to react against antigen.

Recent studies have demonstrated that some E3 ubiquitin ligases were upregu-
lated in anergic T cells [2–5]. These observations suggested that the ubiquitination
and degradation of intracellular proteins are required for the T cell anergy. The
degradation of specific proteins would therefore occur actively during the induc-
tion of T cell anergy, and such proteins are considered to play important roles in the
induction of immunological tolerance [2–5]. However, the role and mechanism of
ubiqutination in the induction of T cell anergy has not been clarified.

In this study, we examined the kinetics of the ubiquitination in the induction of T
cell anergy. The results of our study clearly demonstrated that the restimulation of
anergic T cells is required for the ubiquitination of intracellular proteins.

2 Materials and Methods

2.1 Mice

T cell receptor transgenic mice DO11.10 were used at 6–9 weeks old. T cells of
these mice recognize ovalbumin (OVA). BALB/c mice were purchased from Clea
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Japan (Tokyo, Japan). All the mice used in this study were maintained and used
in accordance with the guidelines for the care and use of experimental animals of
Tokyo University of Agriculture and Technology.

2.2 Preparation of OVA-Specific Th1 Cells

Naïve splenocytes isolated from DO11.10 were stimulated with OVA supplemented
with IL-12 for inducing the differentiation to Th1 cells. Th1 cells were used for the
experiments 7 days after stimulation.

2.3 Anergy Induction

Th1 cells were incubated in the wells precoated with the anti-CD3 monoclonal anti-
body (145-2C11, Cedarlane, Ontario, Canada) for 24 h. These wells had been coated
overnight with anti-CD3 antibody 1 μg/ml. The T cells were collected and moved
to another well without the antibody to rest. After resting for 3 days, Th1 cells were
collected and used for restimulation.

2.4 Restimulation

For analyzing the ubiquitinated proteins, collected Th1 cells were restimulated in
the wells precoated with the anti-CD3 antibody 5 μg/ml and anti-CD28 monoclonal
antibody (37.51, eBioscience, San Diego, CA) 5 μg/ml. After 30 min, cell lysates
were prepared and applied for Western blotting. For analyzing the proliferation,
collected Th1 cells were restimulated with OVA (100 μg/ml) in the presence of
antigen-presenting cells (APC). APC was prepared from the splenocytes of BALB/c
mice by treating with mitomycin C. After 3 days, the proliferation was measured by
ELISA.

2.5 ELISA

Proliferation of anergic Th1 cells and normal Th1 cells were measured by BrdU
ELISA Kit (Roche Diagnostics, Basel, Switzerland).

2.6 Western Blotting

SDS-PAGE was performed according to the method of Laemmli [6] with 4% of
concentrating gel and 10% of running gel. After transferring the proteins to PVDF
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membrane, ubiquitinated proteins were detected by using rabbit anti-ubiquitin
antibody (CALBIOCHEM, La Jolla, CA) as a primary antibody.

2.7 Statistical Analysis

Differences between the control Th1 cell and anergic Th1 cell groups were analyzed
by Student’s t test. P values less than 0.05 were considered statistically significant
and indicated as “∗” in the figure.

3 Results

3.1 Proliferation of Anergic T cells

We examined proliferation of anergic T cells compared to normal T cells.
We used Th1 cells prepared from OVA-specific TCR transgenic mice because

Th1 cells are more sensitive than naïve T cells and Th2 cells [7, 8]. T cell anergy
was induced by the stimulation of anti-CD3 antibody. It is known that anti-CD3
antibody induces T cell anergy in vitro. Figure 1 shows that proliferation of anergic
Th1 cells was reduced compared to the control T cells.
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Fig. 1 Proliferation of anergic T cells

3.2 Ubiquitination of Intracellular Proteins

Next we analyzed the kinetics of ubiquitination of intracellular proteins in the induc-
tion of T cell anergy. The cells were treated with anti-CD3 antibody for induction
of anergy. These cells were restimulated and detected ubiquitinated proteins by
immunoblotting. Figure 2 shows that ubiquitination of intracellular proteins remark-
ably increased after the restimulation only in the T cells that had been induced
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anergy (lane 2). The level of ubiquitinated proteins in the anergic T cells (lane 1)
was equal to that in the normal T cells (lane 3) before the restimulation. In addition,
the level of ubiquitinated proteins of the normal T cells did not change before and
after the restimulation (lane 3 and lane 4).

Lane 1 2 3 4

Anergy

Restimulation

+ + − −
− + − +

Fig. 2 Western blotting
analysis of ubiquitinated
proteins in anergy-induced
Th1 cells

4 Discussion

Recent studies have demonstrated that several E3 ubiquitin ligases were upregu-
lated in anergic T cells [2–5]. It suggested that the ubiquitination and degradation
of intracellular proteins are involved in the T cell anergy. Our result showed that
ubiquitinated proteins remarkably increased after the restimulation. Previous studies
have demonstrated that several E3 ligases upregulated in the early phase of anergy
induction. For example, the expression of GRAIL mRNA increased after the TCR
stimulation in the absence of costimulation [9]. Together with these observation
and our results, it was suggested that E3 ligases are upregulated by anergic stim-
ulation but they work after the restimulation. This hypothesis is supported by a
previous study which showed the increased ubiquitination of PLC-γ1 and PKC-θ
in the anergic T cells that had been restimulated [2].

It has been known that E3 ligases such as Cbl-b, GRAIL are upregulated in the
anergic T cells. Substrate proteins of Cbl-b are considered to be p85, CrkL, PLC-
γ and PKC-θ. It has been also reported that these proteins are ubiquitinated in the
anergic T cells [2]. These reports proposed that the degradation of such proteins
results in the inability of T cells to respond to antigen. On the other hand, the pro-
teins ubiquitinated in the anergic T cells have not been completely clarified. Our
results demonstrated that many other proteins than those reported previously would
be ubiquitinated and might be involved in the T cell anergy. Identifying these pro-
teins would contribute to the clarifying the mechanism of T cell anergy. We are
conducting the proteomic analysis of ubiquitinated proteins induced after the
restimulation in the anergic T cells.
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We have shown that the induction of anergy and activation is controlled by the
intensity and length of calcium signal [10]. This finding suggests that the intensity
and length of calcium signal would regulate the expression of E3 ligases. NF-AT is
an important transcription factor for T cell activation and known to be activated by
the calcium signal. The absolute amount of NF-AT or the ratio of NF-AT to uniden-
tified other factors might affect the induction of E3 ligases. A fine understanding of
the mechanism for inducing E3 ligases by the anergic stimulation is expected.

In summary, we demonstrated that ubiquitination of intracellular proteins
increased remarkably after the restimulation. This result indicates that the ubiquti-
nation of intracellular proteins is necessary for T cells to unrespond against antigen
but not to become anergic state. It is expected that the results of our study would
contribute to the prevention and treatment of allergic diseases.
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Expression Analysis of Senescence-Associated
Genes: Their Possible Involvement in Diabetes

Miyako Udono, Kaori Mukae, Tsukasa Fujiki, Zhang Ping Bo, Hiroshi Fujii,
Sanetaka Shirahata, and Yoshinori Katakura

1 Introduction

Accumulation of errors and damages concomitant with aging would cause not only
physiologic dysfunction but also diseases such as cancer, diabetes and hyperten-
sion. In this study, we tried to clarify factors involved in senescence programs
by proteomics approach and assumed their involvements in the aging-associated
diseases.

2 Experimental Procedures

2.1 Cell Culture

TIG-1 cells (Institute of Development, Aging and Cancer, Tohoku University,
Miyagi, Japan) were cultured in MEM medium (Nissui, Tokyo, Japan) supple-
mented with 10% FBS at 37◦C in 5% CO2.

2.2 Senescence-Associated β-Galactosidase Assay

Senescence-associated β-galactosidase (SA-β-Gal) assay was performed according
to the method described by Dimiri et al. [1]. Staining was carried out at 37◦C for
10 h.
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2.3 Isolation of Membrane Proteins

We used Cell Surface Protein Biotinylation and Purification Kit (PIERCE).

2.3.1 Cell Biotinylation

TIG-1 cells were prepared from 90 to 95% confluent culture in 150 mm plate. After
aspirating medium, cells were washed twice with 8 ml of cold PBS. Then, sulfo-
NHS-SS-Biotin solution (10 ml) was added to dishes and shaked for 30 min at 4◦C.
Cells were scraped and transferred to 50 ml tube. Cell were extensively washed
with TBS.

2.3.2 Cell Lysis

Lysis buffer was added to cell pellets and transferred to 1.5 ml tube, and cells were
sonicated on ice. After centrifugation, supernatant was transferred to fresh 1.5 ml
tube.

2.3.3 Isolation of Labeled Proteins

Column was equilibrated with NeutrAvidin Gel solution. Cell lysates were added to
this column, and incubated for 60 min with shaking at room temperature. After this
incubation, column was washed with wash buffer containing protease inhibitor.

2.3.4 Elution of Proteins

Sample buffer containing 50 mM DTT was added to the column and incubated for
60 min at room temperature. The column was centrifuged at 100×g for 2 min.
Eluted proteins were stored at –20◦C.

2.4 Protein Assay

Protein concentration in cell lysate was determined by Bradford method using
Protein Assay Dye (BIO-RAD Lab.).

2.5 SDS-PAGE

Cell lysates were applied to 1D/2D SDS-PAGE using 10% acrylamide gel.
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2.6 MALDI TOF-MS ANALYSIS

After silver-staining of the gel, spots and bands were cut down and subjected to
MALDI TOF-MS analysis.

2.7 PCR

2.7.1 Total RNA Preparation

Total RNA form TIG-1 cells were prepared by using TRIzol reagent according to
the manufacturer’s protocol.

2.7.2 cDNA Synthesis

Total RNA (2.5 μg) was used as template for cDNA synthesis reaction using M-
MLV reverse transcriptase, RNase H– (Promega).

2.7.3 Realtime PCR

cDNA derived from human muscle and pancreas tissues of diabetes patients
(Toyobo) were used as template for realtime PCR analysis. Realtime PCR was done
using SYBR Premix Ex Taq kit (Takara).

3 Results

We identified 16 candidates for senescence-associated genes by proteomics
approach. Next we investigated the expression profiles these genes in replicative
senescence of TIG-1 cells by quantitative realtime PCR. As a result, 14 genes were
identified as senescence-associated genes. Further, we investigated the involvement
of these genes in the onset of diabetes that is known to be one of aging-related dis-
eases by using cDNA derived from muscle and pancreas tissues of diabetes patients
by quantitative realtime PCR. Among these 14 senescence-associated genes, expres-
sion of 13–14 genes were augmented in muscle and/or pancreas tissues of diabetes
patients (Table 1).

4 Discussion

All these results suggested that these senescence-associated genes can be novel
markers and/or targets for life-style related diseases including diabetes, and further
that life-style related diseases can be elicited by cellular senescence programs [2].
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Table 1 Expression profiles
of senescence-associated
genes

Diabetes
Replicative
senescence Muscle Pancreas

Band 1 ↑ ↑ ↑
Band 2 ↓ – ↑
Band 3 – ↑ ↑
Band 4 ↓ ↑ ↑
Band 5 ↑ ↑ ↓
Band 6 ↓ ↑ ↑
Band 10 ↓ – ↑
Band 11 ↑ ↑ ↑
Spot 1 ↑ ↑ ↑
Spot 4 ↑ ↑ ↑
Spot 7 ↑ ↑ ↑
Spot 8 ↑ ↑ ↓
Spot 10 ↑ – ↑
Spot 13 ↓ ↑ ↑
Spot 23 ↑ ↑ ↑
Spot 27 – ↑ ↑
p16 ↑ ↑ ↑
p21 ↑ ↑ ↑
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Study of Butyrate Signal Transduction Pathways
in Rat Hepatic Stem-Like Cells
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1 Introduction

Short-chain fatty acids (SCFAs), acetate, propionate and butyrate, are the major
anions in the lumen of the large intestine. They are produced by bacterial fermenta-
tion of undigested carbohydrates. Luminal SCFAs are not only absorbed as nutrients
across the intestinal epithelium, but also influence various physiological functions
of the intestinal system. Butyrate is also known as a histone deacetylase inhibitor
and acts as a differentiation-promoting agent for a wide variety of cell types [5]. In
2003, two groups independently described that one of the G protein-coupled recep-
tors (GPCRs), GPR43, is a receptor for SCFAs [2, 4]. There are many studies about
butyrate induced differentiation, while there is little information about intracellular
signal transduction mechanisms through the receptor.

To reveal the molecular mechanisms of the physiological activity of butyrate,
it is necessary to study the intracellular molecular event owing butyrate signal
transduction. We have reported some proteins which expression decreased after
sodium butyrate treatment for rat hepatic stem-like (HSL) cells by two-dimensional
electrophoresis and mass-spectrometer. HSL cells were established from healthy
adult rats, and have a potential of self-renewal and an ability to differentiate to
hepatocytes, biliary duct cells and pancreatic endocrine cells [3, 7].

In this study, we cultured HSL cells with 20 mM sodium butyrate and examined
GPR43 mRNA expression and mitogen-activated protein (MAP) kinase cascade
activation.
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2 Materials and Methods

2.1 Materials

Butyrate sodium salt was purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Dulbecco’s Modified Eagle’s Medium (DMEM) and Micro-to-Midi
Total RNA Purification System were purchased from Invitrogen Corp. (Carlsbad,
CA, USA). Fetal calf serum (FCS) was purchased from Biofluids (Rockville, MD,
USA). Rabbit anti-phospho extracellular signal-regulated kinase 1/2 (ERK1/2),
anti-ERK1/2, anti-phospho Akt and anti-Akt polyclonal antibodies and secondary
alkaline-phosphatase (ALP)-conjugated anti-rabbit IgG were obtained from Cell
Signaling Technology Inc. (Bererly, MA, USA). Complete Mini EDTA Free was
obtained from Roche Diagnostics GmbH (Mannheim, Germany) and Phosphatase
Inhibitor Cocktail 2 was obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2 Cell Culture

HSL cells were cultured in DMEM with 10% FCS at 37◦C in a 5% CO2 atmosphere.
Cells were used for experiment at 80% confluence.

2.3 RNA Preparation and RT-PCR

Total RNA was prepared from scraped HSL cells (107 cells) using Micro-to-Midi
Total RNA Purification System according to manufacturer’s instruction. Reverse
transcription and polymerase chain reaction were performed as described [6]. PCR
was made as below: pre-denaturation 95◦C, 2 min, 30 cycles of denaturation 95◦C,
30s, annealing 60◦C, 30s, elongation 72◦C, 3 min, and post elongation 72◦C, 10 min.
The primers used were: rat GPR40 forward 5’-tggctatatgggcccttgtc-3’, rat GPR40
reverse 5’-cctgagcttccgtttgtggt-3’, rat GPR43 forward 5’-catcatcgttcagtacctgaactc-
3’, rat GPR43 reverse 5’-ggcattgagggaactgaacac-3’ glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) forward; 5’-ccatcaccatcttccaggag-3’, GAPDH reverse;
5’-cctgctcaccaccttcttg-3’. The primer sequence was selected using “Primer3” soft-
ware. GAPDH was used as internal control. Amplified DNAs were separated on 2%
agarose gel electrophoresis and stained with 0.5 μg/ml ethidium bromide.

2.4 Phosphoprotein Preparation and pERK and pAkt
Western Blot Analysis

HSL cells were incubated with 20 mM sodium butyrate for independent time periods
as shown in Fig. 3. HSL cells in 100 mm culture dish were lysed and homogenized in
0.5 mL of RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100,
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0.5% Sodium Deoxycholate, 0.1% SDS, 2 mM EDTA) with 130 μL Complete Mini
EDTA free and 9 μL Phosphatase Inhibitor Cocktail 2. Equal amounts of protein
samples (14 μg/lane) were subjected to 12% SDS-PAGE before being transferred to
Immobilon-P (Millipore Co., Billerica, MA, USA). The samples were then exposed
to the following primary antibodies: rabbit anti-phosphoERK1/2, anti-ERK1/2, anti-
phosphoAkt or anti-Akt polyclonal antibodies.

3 Results

3.1 Effect of Butyrate is Reversible to HSL Cells

Butyrate was described to differentiate many cell types, however, the effects were
reversible. In HSL cells, butyrate changed shape of HSL cells and induced cell
death (Fig. 1a, b). After 2 days, butyrate was washed out in the medium (Fig. 1c),
HSL cells shapes were returned as before and the cells proliferated (Fig. 1d). When
butyrate added again, much more cells changed their shapes and were alive than
after the first treatment of butyrate (Fig. 1e).

Fig. 1 Two treatments of
butyrate to HSL cells. Before
(a) and after incubation with
20 mM butyrate for 1 day (b).
Two days after incubation,
butyrate was washed out (c).
Another four days culture in
the medium without butyrate,
HSL cells proliferated and the
shape was back to the
beginning (d). Second
incubation with 20 mM
butyrate for 2 days (e). Time
schedule of butyrate
treatment (f)
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3.2 Existence of GPR43 G Protein-Coupled Receptor in HSL Cells

GPR43 and GPR40, long-chain fatty acids receptor [1], mRNA expression in HSL
cells were evaluated by RT-PCR analysis using specific primers and were detected at
the expected size (Fig. 2). Rat GAPDH primer designed from the region containing
an intron did not amplify any products except a single 575 bp product, indicating
that there was no contamination of the genomic DNA. The expression levels of
GPR43 were quantified using quantitative-RT-PCR. GPR43 expression levels were
almost same between before and after butyrate treatment (data not shown).

Fig. 2 GPR40 and GPR43 mRNA expression in HSL cells. RT-PCR was performed as described
in Section 2. The PCR products were separated on a 2% agarose gel and stained with ethidium
bromide. GAPDH is an internal control. The diamond indicates expected bands

3.3 Butyrate Selectively Affected the Phosphorylation of ERK

In order to determine whether butyrate activated classical GPCR signals via GPR43,
we examined the effects of butyrate on the phosphorylation of MAP kinases ERK1/2
and Akt. As shown in Fig. 3, incubation of cells with 20 mM butyrate increased
phosphorylation of ERK, which reached its maximum by 10 min, then reduced time-
dependently until 1 h, finally returned the original level after 24 h. Butyrate had no
effect on the phosphorylation of Akt.

4 Discussion

We are interested in proliferation activity of HSL cells and performed two-
dimensional electrophoresis to identify the proteins statistically more abundant
in rapidly growing undifferentiated HSL cells than in sodium butyrate-treated
differentiated HSL cells [6]. One of the identified proteins, prohibitin, was described
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Fig. 3 Effects of butyrate on the phosphorylation of ERK1/2 and Akt. Cells were stimulated with
20 mM butyrate for the indicated times. Cell lysates were analyzed by immunoblotting using an
antibody that was phosphor-specific or specific for total ERK1/2 (upper left) or Akt (upper right),
respectively. Images were analyzed to compare the relative intensity of the bands (lower panels).
For ERK, upper bands were analyzed

to control MAP kinase pathway. GPR43 is described to couple with Gq and Gi/o,
it is possible that MAP kinase pathway is activated by butyrate in HSL cells.
According to these reports, we studied whether HSL cells response against butyrate
treatment dependent GPR43.

Our results showed that the mRNAs for GPR43 and GPR40 are expressed in
the rat HSL cells. Quantitative RT-PCR demonstrated that the expression level of
GPR43 mRNA was not affected by butyrate treatment (data not shown). Le Poul
et al. showed that propionate activated ERK1/2 in CHL-K1 cells that expressed
GPR41 or GPR43 [2]. Yonezawa et al. showed that p38/hsp27 path way was acti-
vated via GPR43 in the MCR-7 human breast cancer cell line [8]. They reported that
SCFAs selectively induced the phosphorylation of p38 within 10 min. Our results
showed that butyrate rapidly and selectively stimulated ERK1/2 phosphorylation,
while, Ark phosphorylation was not detected. The results obtained were contrary
to our intention, because much cell death was observed after sodium butyrate treat-
ment. Although intracellular signal molecules that activated by SCFAs were varied
with cell lines used, these effects of butyrate may have been mediated, in part, via
GPR43.
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1 Introduction

Cytokines play pivotal roles in controlling cell fate for maintenance of homeosta-
sis in the body. Therefore, mimicry of cytokine functions with artificial ligands
is a promising strategy for realizing artificial control of the fates of specific cell
populations. To this end, we have designed several antibody/cytokine receptor
chimeras that can transduce a growth signal in response to the cognate anti-
gens [1]. An anti-fluorescein single-chain Fv (ScFv) tethered to extracellular D2
domain of the erythropoietin receptor (EpoR) and transmembrane and cytoplas-
mic domains of gp130 resulted in marked cell growth promotion in the presence
of fluorescein-conjugated BSA (BSA-FL) or a series of fluorescein dimers con-
nected by an oligo-DNA linker in factor-dependent hematopoietic cell lines [2]. This
chimeric receptor could be employed to specifically amplify gene-transduced cells
in an antigen-dependent manner, a technique known as antigen-mediated genetically
modified cell amplification (AMEGA).

However, all the previous studies have used plasmid or retroviral vectors for
expression of the gene of interest as well as chimeric receptors. Therefore, random
integration of the transgene into the host genome is inevitable for its stable expres-
sion. This could lead to disruption of the host-genomic genes and subsequent clonal
variability of the transgene expression induced by positional effects. Furthermore,
the sizes of such transgenes are limited to several kilobases, especially for retroviral
vectors that need to be packaged into a viral capsid.

To solve these problems, we employed human artificial chromosome (HAC) vec-
tors in the present study, because they replicate and segregate in a similar manner
to natural chromosomes. In our previous study, we constructed a novel HAC vector,
21�qHAC, from human chromosome 21 by telomere-directed chromosome trun-
cation [3]. 21�qHAC contains a single loxP sequence for site-specific insertion of
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a circular DNA via the Cre/loxP system. Furthermore, 21�qHAC was mitotically
stable in human cells and achieved long-term reproducible transgene expression,
representing features that would be feasible for a transgene-regulation system. In
the present study, we introduced a fluorescein-responsive ScFv-gp130 (Sg) chimeric
receptor as well as a model transgene, enhanced green fluorescent protein (EGFP),
into the 21�qHAC vector to investigate the HAC stability, maintenance of trans-
gene expression and possibility of BSA-FL-dependent growth control of interleukin
(IL)-6-dependent hybridoma cells.

2 Materials and Methods

2.1 Plasmid Construction

The construction of the chimeric receptor, ScFv-gp130 (Sg) gene was as described
[2]. pBS226-PGK-SgIG was constructed by subcloning the PGK promoter, Sg,
IRES-EGFP and the SV40 early polyA signal sequences into pBS226 vector
(Invitrogen).

2.2 Cell Culture, Transfection and Microcell-Mediated
Chromosome Transfer (MMCT)

A murine IL-6-dependent hybridoma cell line, 7TD1, was cultured in RPMI 1640
medium (Nissui) supplemented with 10% FBS (Biowest) and 1 ng/ml of murine
IL-6 (Genzyme). CHO/21�q, which is a CHO cell variant with 21�qHAC, was
cultured in F12 medium (GibcoBRL) supplemented with 10% FBS and 8 μg/ml
blasticidin S (Kaken Pharmaceutical).

CHO/21�q-SgIG cells were established by transfecting pBS226-PGK-SgIG and
Cre recombinase expression plasmid pBS185 (Invitrogen) into CHO/21�q cells
using Lipofectamine2000 (Invitrogen), followed by selection and cloning with
560 μg/ml G418 (Calbiochem) and 8 μg/ml blasticidin S. Microcells containing
21�q-SgIG HAC were prepared as described [4], and fused with 7TD1 cells using
polyethylene glycol 1000 (Wako). The cells selected in the presence of 450 μg/ml
G418 were named 7TD/21�q-SgIG and used for further study.

2.3 Fluorescence In Situ Hybridization (FISH)

Digoxigenin-labeled human Cot-1 DNA (Invitrogen) was hybridized with the chro-
mosome spreads on the slide glasses at 37◦C overnight. The probe was further
labeled with a rhodamine-labeled anti-digoxigenin antibody Fab fragment (Roche).
The chromosomes were counterstained with DAPI (Sigma). Images were captured
with a microscope (Nikon) equipped with a photometric CCD camera, digitally
processed, and visualized with Argus system (Hamamatsu photonics).
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2.4 Cell Proliferation Assay

Cells were washed twice with PBS and seeded in 24-well plates containing vari-
ous concentrations of BSA-FL. The initial cell concentration was adjusted to 104

cells/ml. Cell number and viability were determined by the trypan blue exclusion
assay using a hemocytometer.

2.5 Flow Cytometry

Cells were washed once and resuspended with PBS. Green fluorescence intensity
was measured using FACS Calibur flow cytometer (Becton Dickinson) at 488 nm
excitation and fluorescence detection at 530 ± 15 nm.

3 Results

3.1 Establishment of an HAC Donor Cell Line with a Chimeric
Receptor

The overall experimental scheme is shown in Fig. 1. The 21�qHAC is maintained
in a CHO cell line, CHO/21�q [3]. To introduce the chimeric receptor into the HAC
vector, CHO/21�q cells were cotransfected with the expression plasmid (pBS226-
PGK-SgIG) and a Cre recombinase expression plasmid (pBS185) followed by G418
selection. Site-specific insertion of the targeting construct into the loxP site of the
HAC vector generates a functional neo gene on the HAC vector. The resulting HAC
construct and CHO transfectants were designated 21�q-SgIG and CHO/21�q-
SgIG, respectively. Flow cytometric analysis revealed that CHO/21�q-SgIG cells
exhibited distinct green fluorescence compared with untransfected CHO/21�q cells
(Fig. 2a). In a FISH analysis, a human Cot1 DNA probe was detected in a small
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Fig. 1 Schematic diagram of the experimental scheme used in this study. (a) Site-specific insertion
of ScFv-gp130-IRES-EGFP (SgIG) into the loxP site on the 21�qHAC vector. (b) Creation of
donor cells and microcell-mediated chromosome transfer into recipient cells
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Fig. 2 (a) Flow cytometric analysis to confirm EGFP expression. The histograms for parental
CHO/21�q cells (dotted line) and CHO/21�q-SgIG cells (gray histogram) are shown. (b) FISH
analysis. A representative metaphase spread of a CHO/21�q-SgIG clone is shown. A HAC
fragment hybridized to the human Cot-1 DNA probe is indicated by an arrow

independently segregating minichromosome, and neither insertion nor transloca-
tion to the host chromosome was observed (Fig. 2b). These results indicate that
CHO/21�q-SgIG cells can be used for further studies as a donor cell line for
transferring 21�q-SgIG to recipient cells.

3.2 BSA-FL-Dependent Cell Growth, Stable EGFP Expression
and Stable HAC Maintenance in 7TD/21Δq-SgIG Cells

Microcell-mediated chromosome transfer followed by G418 selection resulted in
proliferating cells, designated 7TD/21�q-SgIG cells. As a control, 7TD/21�q-IG
cells were also created from CHO/21�q cells transfected with a plasmid lacking
the Sg chimeric receptor gene (pBS226-PGK-IG), followed by G418 selection.
To investigate whether the G418-resistant cells could respond to BSA-FL, cell
growth assays were performed. As a result, 7TD/21�q-SgIG cells showed BSA-
FL-dependent cell growth and an anti-apoptotic effect, while parental 7TD1 and
7TD/21�q-IG cells exhibited no BSA-FL dependency (Fig. 3). The growth was
dependent on FL molecules conjugated on BSA because unconjugated BSA did not
induce cell growth of 7TD/21�q-SgIG cells. These results indicate that cell growth
of 7TD1 cells harboring 21�qHAC can be successfully controlled by the addition
of BSA-FL.

To investigate whether 7TD/21�q-SgIG cells stably express the model transgene
EGFP, flow cytometric analysis was performed. Consequently, 7TD/21�q-SgIG
cells after BSA-FL selection for 129 days exhibited significantly higher green flu-
orescence intensity than parental 7TD1 cells (Fig. 4a), indicating that the EGFP
expression was stably maintained during BSA-FL selection. To examine whether
21�q-SgIG exists as an independent minichromosome in 7TD/21�q-SgIG cells
cultured in BSA-FL for 21 days, a FISH analysis using a human Cot1 DNA probe
was performed. The 21�q-SgIG was detected as a small independent minichromo-
some, and the copy number was either one (75%) or two (25%) in the 50 metaphase
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Fig. 4 (a) Flow cytometric analysis to confirm EGFP expression. The histograms for parental
7TD1 cells (dotted line) and 7TD/21�q-SgIG cells after G418 selection, followed by a 129-day
culture with BSA-FL (gray histogram) are shown. (b) FISH analysis. A representative metaphase
spread of 7TD/21�q-SgIG cells after G418 selection, followed by a 21-day culture with BSA-FL
is shown. A HAC fragment hybridized to the human Cot-1 DNA probe is indicated by an arrow

spreads examined. Neither insertion into the host chromosome nor apparent amplifi-
cation of 21�q-SgIG was observed. These results indicate that 21�q-SgIG is stably
maintained in 7TD/21�q-SgIG cells.

4 Discussion

In this study, we constructed a novel HAC vector carrying an antibody/receptor
chimera gene to demonstrate growth control of HAC-introduced cells by a cog-
nate antigen. This is the first study in which our chimeric gene has been introduced
into cells via microcell-mediated transfer of an HAC, since all our previous stud-
ies utilized transfection or transduction of plasmids or retroviruses, respectively.
The distribution of the EGFP fluorescence intensity in 7TD/21�q-SgIG cells was
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more uniform in histograms obtained by flow cytometry than that in retrovirally-
transduced 7TD/SgIG cells (data not shown) [4]. This could be due to the nature of
21�q-SgIG HAC, which is independent of the host chromosome, such that expres-
sion of the transgene can be sustained without suffering any positional effects from
its neighboring sequences on the host genome. In addition, FISH analysis revealed
that the majority of 7TD/21�q-SgIG cells retained a single copy of the HAC, further
contributing to the stability of the expression level. These results clearly indicate the
merit of an HAC-based vector in obtaining gene-transduced cells with uniform and
predictable characteristics.

Here we introduced the 21�q-SgIG HAC into a factor-dependent hybridoma
cell line. Since the HAC is functional in human bone marrow mononuclear cells
and mesenchymal stem cells, application to other cell types with appropriate
factor dependencies should not be difficult. Modification of the Sg chimeric recep-
tor, including the use of other antigen-antibody pairs and alternative intracellular
domains, could realize concurrent inputs of distinct signals or different signal out-
puts, such as cell growth and death signals, at different time points. HAC vectors,
which can accommodate even megabase-range inserts, could show great advan-
tages for coexpression of such a series of antigen-responsive chimeric receptors that
could artificially control specific cell fates. Thus, our system may be promising as
a versatile method for specifically modifying cellular processes both in vitro and in
vivo.
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The Impact of Redox State on Regulation of the
High-Affinity IgE Receptor Expression

Yoshinori Fujimura, Hayato Higo, Satomi Yano, Koji Yamada,
and Hirofumi Tachibana

1 Introduction

IgE-mediated stimulation of mast cells and basophils is an important initial event
in the IgE-dependent allergic reactions [1]. The crosslinking of allergen-specific
IgE bound to the high-affinity IgE receptor FcεRI expressed on these cells with
multivalent allergens results in a release of bioactive chemical mediators such as
histamine, proteases, chemotactic factors and arachidoic metabolites. Therefore,
FcεRI is required for mast cells and basophils to initiate the IgE-mediated aller-
gic reaction such as atopic dermatitis, bronchial asthma, and food allergy. The
FcεRI is a multisubunit receptor with a ligand binding α subunit, a signal mod-
ifying membrane-tetraspanning β subunit, and a homodimeric disulfide-linked γ

subunit that provides the signaling ability of this receptor. Among the three sub-
units forming the FcεRI, the α chain is the specific component of FcεRI that mostly
extends out to the extracellular region and directly binds to IgE. The study using
α chain-deficient mice demonstrated that IgE was unable to bind to the cell sur-
face of mast cells thereby failing to induce degranulation through IgE-binding [2].
Thus, it is expected that the IgE-mediated allergic symptoms may be attenuated by
downregulating the FcεRI expression in mast cells and basophils.

Peroxisome proliferator-activated receptor-γ (PPARγ) are activated by the
prostaglandin (PG) D2 metabolite 15-deoxy-�[12, 14]-PGJ2 (15d-PGJ2), which is
able to suppress the expression of pro-inflammatory genes and tumor cell growth
[3–6]. Moreover, it has been reported that PPARγ ligands can negatively regulate
the activation of mouse and human mast cells such as histamine release and cytokine
production [7, 8]. Previously we have found that natural ligands for PPARγ,
15d-PGJ2, have the ability to suppress FcεRI expression in the human basophilic
KU812 cells [9]. Generally, it has been known that there are both PPARγ-dependent
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and -independent pathways mediating pleiotropic effects of 15d-PGJ2 [10]. Which
pathway is involved in 15d-PGJ2-induced suppression of FcεRI expression still
remains unclear. In the present study, we investigated the mechanism for the effect
of 15d-PGJ2 on the expression of FcεRI.

2 Materials and Methods

2.1 Reagents

Mouse anti-human FcεRI α chain antibody CRA-1 was obtained from Kyokuto
seiyaku (Tokyo, Japan). Mouse IgG2b, used as negative control, was bought
from Dako Cytomation (Glostrup, Denmark). Fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse IgG antibody was purchased from Protos Immuno-
research (Burlingame, CA). Mouse anti-phosphorylated ERK1/2 antibody, rabbit
anti-ERK1/2 antibody, and rabbit anti-PPARγ antibody were obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Horseradish peroxidase (HRP)-
conjugated anti-mouse IgG antibody and HRP-conjugated anti-rabbit antibody
were obtained from Zymed Laboratories, Inc. (San Francisco, CA) and ICN
Pharmaceuticals, Inc. (Costa Mesa, CA), respectively. 15-deoxy-� [12, 14]-
prostaglandin J2 (15d-PGJ2) was purchased from Cayman chemical Co. (Ann
Arbor, MI). Catalase, hydrogen peroxide, N-acetylcysteine (NAC), and anti-β-actin
antibody were obtained from Sigma Co. (St Louis, MO). H2DCF-DA was obtained
from Invitrogen (Carlsbad, CA).

2.2 Cell Culture

KU812 cells were obtained from the Japanese Cancer Research Resources Bank
(Tokyo, Japan) and were maintained in RPMI-1640 (Nissui, Tokyo, Japan) sup-
plemented with 10% fetal bovine serum (PAA Laboratories GmbH, Austria),
100 units/mL penicillin G, 100 μg/mL streptomycin, and 10 mM HEPES buffer.
KU812 cells were cultured at 37◦C in a humidified atmosphere with 5% CO2.
For stimulation with 15d-PGJ2, KU812 cells were first centrifuged and washed
with RPMI-1640 medium. Then the cells were cultured in serum-free RPMI-1640
medium with or without 2 μM 15d-PGJ2.

3 Construction of PPARγ-siRNA Expression Plasmids
and Transient Transfection

The psiRNA-hH1hygro G2 short hairpin RNA (shRNA) expression vector was
purchased from InvivoGen (San Diego, CA). As the inserts for expressing short hair-
pin RNA, the following insert was selected: shRNA-sense (5’-GTACCGTTTGAG-
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TTTGCTGTGAAGTTCAAGAGA CTTCAC AGCAAACTCAAACT TTTTGG-
AAA-3’) and shRNA-antisense (5’-AGCTTTTC CAAAAAGTTTGAGTTTGC-
TGTGAAGTCTCTTGAACTTCACAGCAAACTCAAACG-3’). This insert was
annealed and subcloned into Acc65 I/Hind III sites in psiRNA-hH1. PPARγ

gene-targeting shRNA expression vector was transfected into the KU812 cells by
electroporation. Then, the clone with the hygromycin B (Roche Diagnostics, Basel,
Switzerland) resistance was selected and used for experiments.

3.1 Western Blot Analysis

KU812 cells treated with or without 15d-PGJ2 were washed and lysed in cell lysis
buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton-X 100,
1 mM EDTA, 50 mM NaF, 30 mM Na4PO7, 1 mM phenylmethanesulfonyl fluo-
ride, 2.0 μg/ml aprotinin, and 1 mM pervanadate. Whole cell lysate samples were
loaded onto 10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), and
electrophoresis was done under reducing condition. The samples were then electro-
transferred onto a nitrocellulose membrane. The blotted nitrocellulose was probed
using phosphorylated ERK1/2, FcεRI α chain, or PPARγ antibody, and the sec-
ondary antibody used here was the HRP-conjugated anti-mouse IgG or anti-rabbit
IgG, and detection was done using the ECL kit (GE Healthcare, Buckinghamshire,
UK). For detection of total ERK1/2 or β-actin, the same filter was blotted again with
anti-ERK1/2 or anti-β-actin antibody.

3.2 Analysis of the Cell Surface FcεRI Expression

The cell surface expression of FcεRI was assessed by flow cytometry. In brief,
cells were incubated with the anti-FcεRI α chain antibody CRA-1. Then cells were
exposed to the FITC-conjugated anti-mouse IgG and subjected to flow cytometry
(FACSCalibur; Becton Dickinson, Sunnyvale, CA). As a negative control, the mouse
subclass-matched IgG2b antibody was used. The extent of FcεRI expression is rep-
resented as the relative percentage of the mean fluorescence intensity of CRA-1 to
non-treated cells.

3.3 Measurement of Reactive Oxygen Species (ROS) Generation

KU812 cells were first centrifuged and washed with PBS. Then the cells (1 × 106)
were incubated in PBS containing 2 μM H2DCF-DA for 30 min at 0◦C. After wash-
ing twice with PBS, the intensity of H2DCF-DA fluorescence was determined by
using a flow cytometer, with an excitation wavelength of 480 nm and an emission
wavelength of 530 nm.
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4 Results and Discussion

To elucidate whether PPARγ is involved in the suppressive effect of 15d-PGJ2 on
the expression of FcεRI, we tried the construction of PPARγ-kockdowned cells
by a RNA interference method. KU812 cells were transfected with the PPARγ-
siRNA expressing vector or control-siRNA vector by electroporation. For selecting
stable clones, transfected cells were grown in medium containing hygromycin B.
Lysate derived from the cells with hygromycin resistance were fractionated by SDS-
PAGE, and then immunoblotted using the PPARγ antibody. KU812 cells transfected
with control-siRNA vector expressed PPARγ, but this protein level was clearly
reduced by transfecting with PPARγ-siRNA vector (data not shown). Stable siRNA
expressing cells were cultured with 15d-PGJ2 (2 μM) for 24 h under serum-free
conditions. The cell surface expression of FcεRI was measured by flow cyto-
metric analysis using the specific antibody against FcεRI. As shown in Fig. 1a,
RNA interference-mediated downregulation of PPARγ expression did not affect
the suppressive effect of 15d-PGJ2 on the FcεRI expression. This result suggests
that 15d-PGJ2-induced downregulation of FcεRI expression may be due to the
PPARγ-independent mechanism.

It has been reported that 15d-PGJ2 are potential inducers of intracellular oxida-
tive stress [11]. To examine whether the redox alteration based on the pro-oxidant
effect of 15d-PGJ2 is involved in its suppressive effect on the FcεRI expression,
the intracellular ROS level was measured. KU812 cells were treated with 15d-PGJ2
(2 μM) in the presence or absence of catalase (1000 U/ml) or NAC (10 mM) for 2 h.
ROS generation was assayed by flow cytometer using H2DCF-DA, and expressed
as relative ROS level (%) to the non-treatment group. As seen in Fig. 1b, the intra-
cellular ROS level was elevated upon treatment with 15d-PGJ2, and this elevation
was abrogated in the presence of ROS scavengers such as catalase and NAC. The
ROS scavenging activity of catalase was higher than that of NAC. We next examined
the effect of catalase on the suppression of FcεRI expression by 15d-PGJ2. KU812
cells were cultured with 15d-PGJ2 (2 μM) for 24 h in the presence of catalase
(1000 U/ml) under serum-free conditions. A catalase treatment caused an inhibi-
tion of suppressive effect of 15d-PGJ2 on the FcεRI expression (Fig. 1c). Catalase is
known to function to catalyze the decomposition of hydrogen peroxide to water and
oxygen. Suppression of the FcεRI expression was observed in hydrogen peroxide-
treated cells (data not shown). These facts and the result of Fig. 1b suggest that
15d-PGJ2-induced ROS generation such as hydrogen peroxide may be responsible
for downregulation of FcεRI expression by 15d-PGJ2.

We have reported that the reduction of ERK1/2 phosphorylation caused a down-
regulation of FcεRI expression [12]. To further elucidate the molecular basis for
15d-PGJ2-induced suppression of FcεRI expression, we examined the effect of
15d-PGJ2 on ERK1/2 phosphorylation (Fig. 1d). KU812 cells were treated with
15d-PGJ2 for 6 h in the presence or absence of catalase. ERK1/2 was separated
on a 10% SDS-PAGE and immunoblotted with the anti-phosphorylated ERK1/2
antibody. Immunoblot analysis revealed that 15d-PGJ2 was able to reduce the phos-
phorylation of ERK1/2. In addition, a catalase treatment prevented the inhibitory
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Fig. 1 Involvement of ROS in 15d-PGJ2-induced suppression of FcεRI expression. (a) Stable
siRNA expressing cells were cultured with 15d-PGJ2 (2 μm) for 24 h under serum-free conditions.
The cell surface expression of FcεRI was measured by flow cytometric analysis using the specific
antibody against FcεRI. (b) KU812 cells were treated with 15d-PGJ2 (2 μm) in the presence or
absence of catalase (1000 U/ml) or NAC (10 mM) for 2 h. ROS generation was assayed by flow
cytometer using H2DCF-DA, and expressed as relative ROS level (%) to the non-treatment group.
(c) KU812 cells were cultured with 15d-PGJ2 (2 μm) for 24 h in the presence of catalase (1000
U/ml) under serum-free conditions. The cell surface expression of FcεRI was measured by flow
cytometric analysis using the specific antibody against FcεRI. (d) KU812 cells were treated with
15d-PGJ2 for 6 h in the presence or the absence of catalase. ERK1/2 was separated on a 10%
SDS-PAGE and immunoblotted with the anti-phosphorylated ERK1/2 antibody

effect of 15d-PGJ2 on the ERK1/2 phosphorylation. These results suggest that 15d-
PGJ2-induced generation of ROS such as hydrogen peroxide may contribute to the
reduction of ERK1/2 phosphorylation, followed by the downregulation of FcεRI
expression.

It has been known that degranulation stimulated by IgE/antigen was accompa-
nied by production of intracellular ROS, and the inhibition of ROS production
led to reduced degranulation [13]. However, possible roles of ROS elevation in
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downregulation of mast cell or basophil activation, including FcεRI expression,
degranulation, and cytokine production, still remains unclear. Our present data are
the first report showing the involvement of redox state in the downregulation of
FcεRI expression. This finding may shed new light on a negative role of ROS in
basophil and mast cell activations.
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The Characteristic of Chimeric Receptors
Based on Erythropoietin Receptor

Wenhai Liu, Masahiro Kawahara, Hiroshi Ueda, and Teruyuki Nagamune

1 Introduction

Cytokines are small secretory proteins, which bind to their cognate receptors
expressed on the surface of target cells to control cell fate [1]. The erythropoietin
receptor (EpoR) belongs to the cytokine receptor superfamily and is the primary
regulator of mammalian erythropoiesis [2, 3]. Epo-binding to the extracellular D1
domains activates EpoR for signaling. Numerous studies have examined the roles of
transmembrane (TM) and intracellular domains of the wild-type EpoR [4–6]. They
did not examine the influence of the extracellular domains on signal transduction.
Therefore, in this study, we designed a series of antibody/EpoR chimeras containing
a hemagglutinin (HA)-tagged anti-fluorescein ScFv tethered to different combina-
tions of EpoR D1/D2 domains in the extracellular domain. Furthermore, we also
inserted one to four Ala residues at the intracellular juxtamembrane region of each
chimeric receptor to modulate the orientation of the intracellular domain. Overall,
such receptor engineering would offer more systematic analysis to elucidate the
importance of conformation in EpoR. To test the signal-transduction ability of each
chimeric receptor, the IL-3-dependent pro-B cell line Ba/F3 was transduced with a
vector encoding each chimeric receptor. The transduced cells were stimulated with
BSA-FL to examine the ligand-dependent cell growth. We evaluated the influence of
the individual combinations of extracellular and intracellular domains on the signal
transduction in EpoR.

2 Methods and Results

To analyze the influence of conformation of extracellular and intracellular domains
on the signal transduction in EpoR, we developed a series of vectors for chimeric
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Fig. 1 Schematic diagrams of the chimeric receptor constructs and vectors. A series of chimeric
receptor constructs with different combinations of the domains containing the anti-FL ScFv clone
31IJ3, extracellular D1/D2, transmembrane and intracellular domains of EpoR. A HA-tag was
fused to the extracellular N-terminus of each chimeric receptor

receptors containing a HA-tagged anti-fluorescein ScFv tethered to different com-
binations of the extracellular D1/D2, TM and the intracellular domains of EpoR
(Fig. 1).

A murine IL-3-dependent pro-B cell line, Ba/F3, was retrovirally transduced with
the expression vector for chimeric receptors. EGFP-positive cells were selected by
FACS sorting or by AMEGA [7] in the presence of 152 nM BSA-FL. The expression
levels of chimeric receptors were analyzed by Western blotting (data not shown).
The results confirmed that all of the constructed chimeric receptors were expressed
in the transduced cells.

A cell growth assay was performed to examine whether the cells expressing the
chimeric receptors could grow in response to BSA-FL, which could bind to the
ScFv domain of the chimeric receptors. This assay was used to characterize the
contribution of extracellular and intracellular domains to the signal transduction in
the chimeric receptors. Cells were washed and cultured in a series of concentrations
of BSA-FL for 3 days, and viable cell concentrations were measured (Fig. 2). As
expected, chimeric receptors without ScFv, which were used as negative controls,
failed to induce cell growth.

BSA-FL showed agonism at the constructs containing both D1 and D2 domains.
SD1D2e succeeded in cell proliferation, but the growth activity was markedly
reduced by inserting one to three Ala residues into the intracellular juxtamembrane
domain. It was surprising that the growth activity recovered remarkably after inser-
tion of four Ala residues, which also elevated the level of constitutive activation
relative to that with SD1D2e.

On the other hand, BSA-FL showed inverse agonism at the constructs containing
only the D2 domain. The constitutively active growth induced by SD2e, SD2e-2A
and SD2e-3A was inhibited by the addition of BSA-FL. Although SD2e showed
strong constitutive activation, the insertion of two or three Ala residues weakened
the growth activity, which was nearly abolished by the insertion of one or four Ala
residues.
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Fig. 2 Ligand-dependent cell growth induced by chimeric receptors. The EGFP-positive cells
cultured in IL-3 were washed three times with PBS and seeded in 96-well plates at 1000 cells
in 100 μl per well containing various concentrations of BSA-FL. Viable cell concentrations were
determined using Cell Counting Kit-8 on day 3. The data from triplicate cultures are plotted as the
mean ± S.D.

Of the constructs that contained only the D1 domain, only SD1e showed growth
activity, which was constitutively active and unaffected by BSA-FL. However, the
growth activity was abolished by the insertion of Ala residues. BSA-FL showed
strong inverse agonism at Se, which contains neither the D1 nor D2 domain.

To confirm the ligand-specificity of the BSA-FL-responsive chimeric receptors,
we performed a cell proliferation assay using a different set of ligands for the
chimeric receptors. Besides BSA-FL, we also tested fluorescein-conjugated OVA
(OVA-FL) as a specific ligand, while unconjugated ligands (BSA, OVA and free FL)
or specific ligands in the presence of excess free FL (BSA-FL + free FL, OVA-FL +
free FL) were tested to investigate the specificity of the chimeric receptors. BSA-FL
and OVA-FL contain, on average, two FL molecules on each carrier protein, which
would be expected to induce receptor dimerization, a prerequisite for triggering
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Fig. 3 Cell growth assay to test ligand specificity. The EGFP-positive cells cultured in IL-3 were
washed three times with PBS and seeded in 96-well plates at 1000 cells in 100 μl per well without
any ligands or with 60 nM BSA, 18 μM free FL, 60 nM BSA-FL, 60 nM BSA-FL with 18 μM free
FL, 60 nM OVA, 60 nM OVA-FL or 60 nM OVA-FL with 18 μM free FL. BSA-FL and OVA-FL
contain approximately two FL molecules per protein, which was determined from absorbance at
280 nm and 495 nm. Viable cell concentrations of triplicate cultures after 3 days are plotted as the
mean ± S.D.

signal transduction. On the other hand, inclusion of excess free FL would be
expected to inhibit the signal induced by BSA-FL or OVA-FL, since free FL
is monomeric and could not induce receptor dimerization. We chose SD1D2e,
SD1D2e-4A, SD2e, SD2e-3A and SD1e as representative chimeric receptors that
responded to BSA-FL. As expected, all chimeric receptors showed no response to
the unconjugated ligands (Fig. 3). The growth responses to OVA-FL were as strong
as those to BSA-FL in all of the transduced cell lines. Furthermore, the cell prolif-
eration in response to BSA-FL or OVA-FL was markedly affected in the presence
of excess free FL. These results indicate that the chimeric receptors specifically
recognize FL molecules on the carrier proteins.

3 Discussion

In this study, we designed a series of HA-tagged anti-FL ScFv-EpoR chimeras
containing the EpoR extracellular D1 or D2 domain alone (D1 chimeras or D2
chimeras, respectively), both D1 and D2 domains (D1D2 chimeras), or no extracel-
lular domains (Se). We also inserted one to four Ala residues into the intracellular
juxtamembrane region to alter the orientation of the intracellular domain. These
chimeras were individually expressed in the murine pro-B cell line Ba/F3. We used
a FACS-based assay, in which the HA-tag in each chimeric receptor is stained with
mouse anti-HA antibody and PE-labeled secondary antibody to measure the expres-
sion level of chimeric receptors on the cell surface (Table 1). As a result, all of the
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Table 1 Surface expression level of chimeric receptors

Chimeric
receptor

Expression
level

Chimeric
receptor

Expression
level

Chimeric
receptor

Expression
level

D1D2e 84 D2e 58 D1e 8
SD1D2e 59 SD2e 50 SD1e 16
SD1D2e-1A 48 SD2e-1A 44 SD1e-1A 20
SD1D2e-2A 62 SD2e-2A 29 SD1e-2A 13
SD1D2e-3A 47 SD2e-3A 30 SD1e-3A 8
SD1D2e-4A 54 SD2e-4A 34 SD1e-4A 8

chimeric receptors were expressed on the cell surface. However, the levels of expres-
sion varied between chimeric receptors. Median fluorescence derived from the PE
spanned from 8 (SD1e-3A) to 84 (D1D2e).

There was a statistically significant difference in the surface expression level
between D1D2 chimeras, D1 chimeras and D2 chimeras (Fig. 4). The cell surface
expression of D1D2 chimeras was higher than that of the D1 chimeras as well as
the D2 chimeras; in particular, the expression of D1 chimeras was very low. These
results suggest that the D2 domain is intrinsically important for the cell-surface
expression of the chimeric receptors. Therefore, the domain structure in the extracel-
lular domain is a key determinant for the surface expression level of these chimeras.
At the primary sequence level, the extracellular domain, including the four cysteine
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Fig. 4 Comparison of the surface expression levels of D1D2 chimeras, D1 chimeras and D2
chimeras. The surface expression level of D1D2 chimeras was calculated using the median fluores-
cence intensities of PE derived from SD1D2e, SD1D2e-1A to SD1D2e-4A. The surface expression
levels of D1 chimeras and D2 chimeras were also calculated using the corresponding data. The
calculated values are plotted as the mean ± S.D. ∗∗: p < 0.01; ∗: 0.01 < p < 0.05
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residues, the spacing of which is conserved, and the five-amino acid motif Trp-
Ser-Xaa-Trp-Ser (WSXWS) are well conserved and very similar among cytokine
receptors. The WSXWS motif or the WSXWS equivalent motif has been shown
to be critical for the folding and transport of cytokine receptors to the cell surface
[8, 9]. In fact, an A234E mutation in the WSAWS motif of EpoR was found to
improve the efficiency of the processes [8]. Since the WSAWS motif is located in
the D2 domain of EpoR, the folding and transport of the D1 chimeras to the cell sur-
face might be severely impaired. The difference of the extracellular domain of the
chimeras affected not only the surface expression level but also the ligand depen-
dency. BSA-FL showed agonism at the D1D2 chimeras, inverse agonism at the D2
chimeras, and no effect on the D1 chimeras.

In addition to the modification of the extracellular domain, the orientation of
the intracellular domain in the chimeras was modulated by the insertion of alanine
residues. The cell growth assay to examine BSA-FL-dependency revealed that these
subtle modifications could greatly affect the signaling activity of the chimeras. In the
D1D2 chimeras, the cell proliferation signal was significantly reduced by inserting
one to three Ala residues, but was strongly recovered by inserting four Ala residues.
In the D2 chimeras, SD2e-2A and SD2e-3A stimulated cell growth, while SD2e-
1A and SD2e-4A failed to stimulate cell growth. The growth signal was lost after
inserting the Ala residues in the D1 chimeras.

In summary, here we developed a series of chimeric EpoRs. The results of our
cell growth assay experiments indicate that EpoR signal transduction is affected by
the conformations of both extracellular and intracellular domains.
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Anti-Cancer and Structure-Activity
Relationship of Natural Polyacetylenes

Soninkhishig Tsolmon, Yui Kurita, Si Won Hong, Parida Yamada,
Hideyuki Shigemori, and Hiroko Isoda

1 Introduction

Plants contain many secondary metabolites; polyacetylenes are example of such
metabolites. Polyacetylenic compounds are synthesized in plants in response to dif-
ferent stresses and play important role in plant “self-defense” against insects, fungi
and other microorganisms [1]. In our recent studies we investigated a novel poly-
acetylenic compound 1 reduced cell growth and induced granulocytic differentiation
in HL-60 cell lines [2].

Compound 1 possesses four acetylenic carbons, four olefin carbons, and six
methylene carbons in polyacetylenic chain structure (Fig. 1). The most distinct
structure of compound 1 is IAA at C-8, and compound 1 is the only reported
compound including polyacetylenic chain and IAA in one structure [3].

Besides, three different polyacetylenic compounds were isolated from sun flower
seeds. Compound A, B and C possess similar structures, including four acetylenic
carbons, six olefin carbons, and three methylene carbons in polyacetylenic chain
structure, on the other hand, compounds A-C possess different functional groups at
C-8 (Fig. 2). Compounds A and B have a β-glucose and an acetoxy group at C-8,
respectively, while compound C possesses a free hydroxyl group at C-8 [4].

In this study, we used K562 cell line to detect anti-cancer and structure-activity
relationships of natural polyacetylenes. The K562 cell line was established from the
pleural effusion of a patient with chronic myelogenous leukemia in blast crisis. It
had been known that K562 cells have the capacity to express characteristics of ery-
throcytic, monocytic, and megakaryocytic differentiation when exposed to various
agents, also provides an excellent model system for investigating process involved
in cellular differentiation [5].
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Fig. 1 Chemical structure
of compound 1

Fig. 2 Chemical structure of
compound A, B and C

2 Materials and Methods

2.1 Cell Culture

K562 cells were grown in the RPMI1640 medium supplemented with 10% fetal
bovine serum (FBS). The cells were kept in an incubator at 37◦C in a humidified
atmosphere of 5% CO2 in air.

2.2 Materials

Compound A, B and C were isolated from the acetone extract of seedlings of sun-
flower, Helianthus annuus L. cv Russia. The extract was subjected to silica gel
column chromatography and reversed-phase HPLC to give compound A, B and C.

Compound 1 was isolated from the acetone extract of flower bud of Hedera
rhombea. The extract was separated using silica gel column chromatography and
reversed-phase HPLC to get compound 1.

2.3 MTT Assay

The time-dependent change in cell viability and proliferation was determined using
the MTT tetrazolium assay. K562 cells were seeded onto a 96-well plate at 2 × 103

cells per well in 90 μl of RPMI1640 medium (Gibco) and then preincubated for
24 h. Compound 1, A, B and C diluents were added at 10 μl per well, followed by
incubation for 12, 24, 48 and 72 h at 37◦C in a humidified atmosphere of 5% CO2.
MTT (5 mg/ml) was then added at 10 μl per well, followed by 24 h of incubation at
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37◦C; 100 μl of 10% SDS was added to each well to solubilize the MTT formazan
product. After 24 h of incubation at 37◦C, the absorbance at 570 nm was determined
with a POWERSCAN HT multidirectional microplate reader.

3 Results and Discussion

The time- and dose- dependent change in K562 cell viability was determined
using the MTT assay. The viability of cells incubated with compound A and C
(Fig. 3 and 5) were not significantly changed, and the viability of cells treated with
compound B (Fig. 4) were slightly increased. On the other hand, cells incubated with
compound 1 showed significant change of viability (Fig. 6). The viability of cells
incubated with the highest concentration of compound 1 (10 μM) were decreased
time- dependently, at 1.0 μM concentration compound 1 slightly suppress K562 cell
growth compared with not treated cells, and at low concentration it (0.1 μM) had
no effect on K562 cell viability.

From these results, polyacetylenes with β-glucose (compound A), free hydroxyl
group (compound C) and acetoxy group (compound B) at C-8 did not show cyto-
toxic effect on K562 cell growth during up to 10 μM treatment concentrations.
But compound A and B could induce cell growth inhibition in higher concentra-
tion (50 μM), compound B being more potent than compound A (data not shown).
Compound 1 which had IAA at C-8 was the most effective in suppressing tumor
cell growth among tested polyacetylenes. We suggest that IAA is the most important
structure for growth inhibitory effect. Recently combination of IAA and horseradish

Fig. 3 Compound A treated K562 cell viability
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Fig. 4 Compound B treated K562 cell viability

Fig. 5 Compound C treated K562 cell viability

peroxidase had been shown to be cytotoxic towards human tumor cells, and are
targeted as anew produrg in cancer therapy due to radical forming ability of IAA
reactive towards DNA and other biomolecules [6]. Besides, the growth inhibitory
effect on K562 cells, polyacetylenic chain also may be involved to strengthen the
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Fig. 6 Compound 1 treated K562 cell viability

effect. The unsaturated terminal of compound 1 may induce more effect, compare
with the saturated terminal of compound A, B and C.

At 1.0 μM compound 1 treatment K562 cell growth was slightly decreased to
compare to control cells but obvious cytotoxicity was not indicated. This result sug-
gests that compound 1 may have differentiation inducing effect on K562. further
studies are needed to elucidate this hypothesis.
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Effect of Mongolian Medicinal Plant Stellera
Chamaejasme on Chronic Leukemia Cells K562

Soninkhishig Tsolmon, Parida Yamada, and Hiroko Isoda

1 Introduction

Programmed cell death comprises apoptosis which is manifested by caspases activa-
tions and subsequent nuclear fragmentation. However, accumulating morphological
and biochemical evidence suggests that programmed cell death is not confined
only to apoptosis. Recently the cell’s suicide program has been found to involve
autophagic compartment. Autophagy is a process where cytoplasmic material,
including organelles, is segregated into a double-membrane bound vesicle and then
delivered to the lysosomal compartment for degradation. Although autophagy is
considered as a cell survival mechanism, a number of studies describe it as a
possible death pathway of cancer cells [1], [2], [3]. Cancer cell lines often have
lower autophagic capacity than their normal counterparts and fail to respond to
serum/amino acid deprivation or high cell density [3].

The root of Stellera chamaejasme L. (Thymelaeaceae) is one of the main substi-
tutes of traditional Mongolian medicine. The clinical applications of this plant were
supported by its pharmacological properties, such as tumor suppression and bacteri-
cidal action as demonstrated by a number of experimental studies conducted in the
past decade [4]. Despite a long history of its clinical use, little is known about the
mechanisms underlying its therapeutic effects. There have been continued efforts
in investigating how S. chamaejasme L. regulates cellular responses in cancer and
other diseases.

In this study we investigated anticancer effect of the ethanol extract of
S.chamaejasme using chronic leukemia cell line K562. Our data suggests that the
extract of this plant may induce autophagic cell death in chronic leukemia cells.
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2 Materials and Methods

2.1 Cell Lines, Chemicals and Biochemicals

Human promyelocytic leukemia cell line K562 was purchased from Riken Cell
Bank (Tsukuba, Ibaraki, Japan) and grown in RPMI 1640 medium supplemented
with 10% of heat-inactivated fetal bovine serum at 37◦C in a 5%CO2 incubator.
Acridine orange (AO) was purchased from Sigma Aldrich.

2.2 Extract Preparation

10g of dried plant of St.chamaejasme was extracted in 100 ml 99.8% EtOH for 1
week. The extract was filtered by 0.45 mm membrane filter and membrane-sterilized
by 0.2 μm membrane. Extract was stored at –80◦C.

2.3 Cell Viability Assay

The viability of cells was determined by MTT assay. Briefly, K562 cells were seeded
onto 96-well plates for MTT assay at 2000 cells in 90 μL medium. After 24 h
incubation, 10 μL extract diluents with medium were added to obtain final con-
centrations from 0.5% to 0.002% and the cells were cultured for 24, 48 and 72 h,
followed by the addition of 10 μL of 5.0 mg/mL of 3-(4,5-dimethythiazol-2-yl)-
2,5-diohenyl-2H-tetrazolium bromide. After another 24 h of incubation, 100 μL of
10% sodium dodecyl sulfate (SDS) was added and incubated for 24 h to completely
dissolve the formazan produced by the cells. The absorbance was spectrophotomet-
rically determined at 570 nm using a multidetection microplate reader (Powerscan
HT, Dainippon Pharmaceutical, USA). Blanks were prepared at the same time to
correct for the absorbance caused by sample color and by the inherent ability of the
samples to reduce MTT in the absence of cells.

2.4 DNA Fragmentation Assay

K562 cells were plated onto Petri plates at 106 cells/plate in 9.5 ml of medium and
incubated at 37◦C for 24 h. The extract was added at 0.2%, 0.02%, 0.002% final
concentration and the cells were incubated for 24 h and 48 h. The DNA extraction
was carried out using the genomic DNA purification kit (Promega, Tokyo, Japan).
The DNA purity was determined by measuring the absorbance ratios (A260/A280)
using a spectrophotometer (Beckman, Fullerton, CA, USA). A 1% agarose gel was
prepared using electrophoresis-grade agarose (Nippon Gene, Tokyo, Japan). The
DNA samples well as molecular weight marker solution (DNA Ladder, Toyobo, Co.
Ltd.) were mixed thoroughly with loading buffer (Wako) and loaded onto the gel in
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1×TAE buffer solution. Electrophoresis was carried out for 30 min at 100 V. The
gel was stained with ethidium bromide and directly photographed under ultraviolet
illumination.

2.5 Detection of Autophagic Vacuoles by Acridine Orange Staining

Cell staining with acridine orange (Sigma Aldrich) was performed according to
published procedure [5]. Briefly, cells were treated with 0.02% of the extract for
48 h, washed with PBS and incubated with 1 μg/ml acridine orange for 15 min at
room temperature. Photographs were obtained with fluorescent microscope (Leica
Microsystems, Germany). In acridine orange stained cells the cytoplasm and nucle-
olus fluoresce bright green and dim red, whereas acidic compartments fluoresce
bright red. We also measured the autophagy by the intensity of the red fluorescence
which is proportional to the degree of acidity of autophagic vacuoles by Guava PCA
flow cytometry (GE Healthcare, USA).

3 Results and Discussion

To asses the anticancer effect of traditional medicinal plant St.Chamaejasme on
K562 chronic leukemia cells we used MTT assay. MTT is a yellow water-soluble
tetrazolium dye that is reduced by mitochondrial enzymes of live, but not dead, cells
to purple formazan, which can be measured spectophotometricaly. During the treat-
ment of K562 cells with ethanolic extract of the plant the cell growth was inhibited
dose and time dependently compared to control after 48 h and 72 h of treatment
with the highest inhibition rate of 70% at 0.5% extract treatment. Phase contrast
microscopy revealed membrane blebbing and cell aggregation in the treated cells
whereas vehicle treated cells did not differ from non treated controls.

Since the extract had cytotoxic effect on cancer cells we tried to elucidate the
cause of cell death in the sample treated cells. The most common death pathway in
cells is apoptosis. Most drugs used nowdays in cancer treatment are known for their
induction of apoptotic death pathways in cancer cells. Many techniques have been
developed to detect apoptotic programmed cell death. One of the most commonly
used techniques is identification of DNA ladders. Our DNA fragmentation analysis
results showed that treated cells did not produce any ladder, thus suggesting that the
cell death could not be due to apoptosis.

Recently the cell’s suicide program has been found to involve autophagic com-
partment. Autophagy is characterized by an increase in the number of vacuoles
surrounded by a double membrane called autophagosomes, that sequester cyto-
plasm or organelles. Subsequently, autophagosomes fuse with lysosomes to form
autolysosomes, where sequestered material is digested before nuclear collapse [6].
During physiological conditions, autophagy plays an important role in normal pro-
tein and organelle turnover. Furthermore, autophagy can be enhanced by several



280 S. Tsolmon et al.

cancer-related stimuli, for example, starvation, radiation as well as several anti-
cancer agents [7]. Our further morphological observations showed extract-treated
K562 cells display a dramatic increase in intracellular vacuoles. This evidence
prompted us to study the possible role of autophagy in cancer cell death.

Autophagy can be detected by acridine orange staining. Acridine orange (AO)
moves freely to cross biological membranes and accumulates in acidic compart-
ment, where it is seen as fluorescence bright red. Vital staining of cells treated with
plant extract have shown accumulation of AO indicated by bright red dot punc-
tures in the cell cytoplasm, whereas in control cells, less accumulation of AO was
observed. Autophagosome formation rate at 24 h treatment was 70% in 0.2% extract
treated cells, while at 0.02% and 0.002% the rate was 35 and 18% respectively
measured by flow cytometry (Guava).

Our results suggest that anticancer effect of traditional medicinal plant
St.Chamaejasme could be due to induction of autophagy in malignant cells. Genetic
links between defects in autophagy regulation and cancer have been reported. Thus,
mice with decreased autophagy were more prone to the development of spontaneous
tumours including lymphomas, lung carcinomas, hepatocellular carcinomas, and
mammary precancerous lesions. suggest that autophagy is a true tumour suppres-
sor pathway [7]. However, autophagy mechanisms underlying tumour suppression
effect remain largely undetermined. Understanding those mechanisms and regula-
tion of autophagy will be most apparent in medical aspects of many diseases such
as cancer.
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Capsaicin Induced the Upregulation
of Transcriptional and Translational Expression
of Glycolytic Enzymes Related to Energy
Metabolism in Human Intestinal Epithelial Cells

Junkyu Han and Hiroko Isoda

1 Introduction

Capsaicin (8-methyl-N-vanillyl-6-nonennamide) is the pungent compound of num-
ber of structurally related moieties characterized by their pungent flavor. Capsaicin
has been widely studied because of its importance in spices, food additives and drug
[1]. Studies indicate that capsaicin alters thermogenesis and energy metabolism
through sympathetic nervous system activation. The sympathetic nervous sys-
tem activation by capsaicin induced reduction of body weight and suppression of
body fat accumulation [2, 3]. Also capsaicin inhibits adipocyte differentiation via
activation of AMPK (AMK-activated kinase).

Recently, it was reported that capsaicin and capsaicin receptor play an important
role in increasing in metabolic rate: the metabolic rates of capsaicin receptor knock-
out mice and normal mice were measured by oxygen consumption [4]. The oxygen
consumption of normal mice, which have the capsaicin receptor, was increased by
injection of capsaicin into intestine, but the oxygen consumption of knockout mice
was not.

2 Materials and Methods

2.1 Cells and Culture

Caco-2 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma, St Louis, MO) supplemented with 10% fetal calf serum (Sigma),
1% penicillin-streptomycin (Sigma), and 1% nonessential amino acids (Cosmo Bio
Co. Ltd., Tokyo, Japan). They were incubated in an atmosphere of 5% CO2 at 37◦C.
The cells were passaged at a split ratio of 4–8 every 3 or 4 days.
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2.2 Proteomics

Proteins from capsaicin-treated or untreated cells were resuspended in 350 μl of 8 M
urea, 2% (w/v) 3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate
(CHAPS), 0.5% (v/v) immobilized pH gradient (IPG) buffer, and 10 mM DTT.
Solubilized proteins were electrophoresed in the first dimension using a commer-
cial flatbed electrophoresis system and 18 cm IPG dry strips with a pH 3–10 linear
range. Cytotoxicity assay. The IPG strip was rehydrated for approximately 14 h at
room temperature and the proteins were electrophoresed in gradient mode using an
EPS 3501 XL power supply (GE Healthcare) under the following conditions: 150 V,
1 mA for 30 min; 300 V, 1 mA for 30 min; 500 V, 1 mA for 1 min; 3,500 V, 1 mA
for 1.5 h; 3,500 V, 1 mA for 7.8 h. After isoelectric focusing, the IPG strips were
reequilibrated for 20 min in 2% (w/v) sodium dodecyl sulfate (SDS), 6 M urea, 30%
(v/v) glycerol, 0.05 M Tris-HCl (pH 8.8), and 2% (w/v) DTT and for 20 min in 2%
(w/v) SDS, 6 M urea, 30% (v/v) glycerol, 0.05 M Tris-HCl (pH 8.8), and 5% (w/v)
iodoacetamide. The strip was placed on a gradient SDS-PAGE gel (12–14% (w/v)
polyacrylamide) and run at 1000 V, 20 mA for 45 min and at 1000 V, 40 mA for
160 min.

3 Results and Discussion

3.1 Proteomics Analysis

The proteins overexpressed following treatment with capsaicin (100 μM) in Caco-2
cells were identified by proteomics technologies (Fig. 1). Proteins from capsaicin-
treated cells and control cells were separated on immobilized pH gradient strips
followed by SDS-PAGE (Fig. 2). Stained gels were analyzed with image analysis
soft. We focused on the spots, overexpressed more than 1.7 folds. The two protein
spots that showed a significant change; Spot 1 was upregulated 2.1-fold and Spot 2

Fig. 1 Two-dimensional gel
electrophoresis of
capsaicin-treated Caco-2 cells
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Fig. 2 Spot volume of spot 1
and spot 2

was upregulated 1.7-fold in intensity compared to that of controls had been excised
and analyzed by MALDI-TOF mass spectrometry, which gave sufficient confirma-
tion of protein identity for both spots. Proteins that were induced in Caco-2 cells
treated with capsaicin were identified as phosphoglycerate mutase (PGM; Spot 1)
and triosephosphate isomerase (TPI; Spot 2). PGM is an enzyme that catalyzes step
8 of glycolysis. It catalyzes the internal transfer of a phosphate group from C-3 to
C-2 which results in the conversion of 3-phosphoglycerate to 2-phosphoglycerate
through a 2,3-bisphosphoglycerate intermediate. TPI is an enzyme that catalyzes
the reversible interconversion of the triose phosphate isomers dihydroxyacetone
phosphate and D-glyceraldehyde 3-phosphate. TPI plays an important role in gly-
colysis and is essential for efficient energy production. These proteins are glycolytic
enzymes that activate a central glycolytic ATP-producing pathway.
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Effect of Novel Compounds from Thymelaea
Hirsuta on Melanogenesis
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Hideyuki Shigemori, and Hiroko Isoda

1 Introduction

The human skin color is imparted by the type and amount of melanin produced by
melanocytes. Melanins are the end-product of complex multistep transformations of
L-tyrosine, are polymorphous and multifunctional biopolymers [1]. Melanins have
very diverse roles and functions in various organisms. It gives color to the skin and
hair and protect the skin against harmful UV light. A large number of skin diseases,
which include acquired hyperpigmentation, such as melasma and solar lentigo, are
caused by increased production and accumulation of melanins [2].

Hyperpigmentation is treated using a wide array of depigmenting or skin light-
ening agents such as magnesium-L-ascorbyl-2-phosphate (MAP), hydroxyanisole,
N-acetyl-4-S-cysteaminylphenol, arbutin (hydroquinone-beta-D-glucopyranoside)
and hydroquinone (HQ). However, with reports of potential mutagenicity and
unwanted side effects, there has been an increasing demand for alternative herbal
and pharmaceutical depigmenting agents [3]. In our search for a safe but effective
antimelanogenesis compound from a natural source, we discovered that extract of
Tunisian Thymelaea hirsuta has antimelanogenesis properties [4]. This study was
conducted to determine the possible anti-melanogenesis effects of novel compounds
from T. hirsuta extract on melanogenesis of B16 murine melanoma cells.

2 Materials and Methods

2.1 Cells and Culture

B16 murine melanoma cells were obtained from the Riken Cell Bank (Tsukuba,
Japan) and were maintained as a monolayer culture in Dulbecco’s modified Eagle’s

M.O. Villareal (B)
Graduate School of Life and Environmental Sciences, University of Tsukuba, Tsukuba,
Ibaraki 305-8572, Japan
e-mail: mye_o@yahoo.com

285M. Kamihira et al. (eds.), Animal Cell Technology: Basic & Applied Aspects, Animal
Cell Technology: Basic & Applied Aspects 16, DOI 10.1007/978-90-481-3892-0_47,
C© Springer Science+Business Media B.V. 2010



286 M.O. Villareal et al.

medium (DMEM) (Sigma, St Louis, MO, USA), supplemented with 10% fetal
bovine serum (Sigma), 50 unitsml penicillin and 50 lg ml streptomycin (Cambrex,
East Rutherford, NJ, USA) at 37

◦
C with 5% CO2.

2.2 Isolation of Compounds from Thymelaea Hirsuta

Thymelaea hirsuta leaves (100 g) were extracted with eight (8) liters of methanol
(MeOH) and evaporated to dryness in vacuo at 30

◦
C. The crude extract was sub-

jected to MeOH and EtOAc extraction and subjected to a series of fractionation
using silica gel column and elutions with CHCl3/MeOH applied to a Sep-Pak
Cartridge. The fractions containing daphnane was further separated and purified
by reverse-phase HPLC and the novel compounds were obtained from that fraction.

2.3 Cytotoxicity Assay

To determine the general viability of cultured cells, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT) assay, based on the protocol first
described by Mossman [5], was carried out.

2.4 Melanin Assay

B16 melanoma cells were seeded at a density of 5 × 105 cells per 100-mm petri dish
and cultivated by the method described above. The cells were treated with 0.1 μM
novel compounds and 100 μM arbutin and incubated for 48 h. The melanin content
was measured following Hosoi et al.’s [6] method, with some modifications. The
total melanin content was estimated using the standard curve for synthetic melanin
and expressed as melanin content per viable cell.

3 Results and Discussion

3.1 Cytotoxicity Test

The MTT assay is considered as a reliable means of measuring cell proliferation in
vitro. The results we obtained show that the novel daphnane compounds are not in
any way cytotoxic to the cells but rather appear to have proliferative effects between
concentrations of 0.1–2 μM.

3.2 Effect on Cell Melanin Content

To determine the effect of the compounds on melanogenesis, melanin content per
viable cell was determined. B16 cells were treated with 0.1 μM NC1 and NC2
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Fig. 1 B16 murine melanoma cells treated with novel compounds from Thymelaea hirsuta.
Arrows pointing to long dendrites not observed in untreated cells (control)

compounds. The compounds induced a noticeable change in the cell morphology
(Fig. 1).

B16 cells treated with novel compounds had lower melanin content compared
with the control. NC1’s ability to reduce the melanin content of B16 cells, at 0.1 μM
concentration, is the same as that of 100 μM arbutin, a known depigmenting agent
[7, 8].

The results of the MTT assay in addition to the melanin assay suggest that the
compounds are strong melanogenesis inhibitors and thus may be considered as
promising candidates for novel skin depigmenting agents.
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Caenorhabditis elegans’ Lifespan
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and Sanetaka Shirahata

1 Introduction

Electrolysis of water produces two types of water: electrolyzed reduced water
(ERW) in the cathode site and electrolyzed oxidized water (EOW) in the anode
site. ERW has attracted much attention because of its therapeutical effects. ERW
has been shown to exhibit inhibitory effects on pancreatic cell damage in HIT-T15
cells [1] and anti-diabetic effects on type 2 diabetes model mice (db/db) [2]. ERW
reduced hemodialysis-induced oxidative stress in end-stage renal disease (ESRD)
patients [3]. Shirahata et al. [4]. first demonstrated that ERW exhibiting high pH,
low dissolved oxygen, and extremely high dissolved molecular hydrogen showed
ROS scavenging activity and protected oxidative damage to DNA.

According to the free radical theory of ageing, ageing is the result of the accu-
mulation of molecular damage caused by free radicals. Free radicals, particularly
reactive oxygen species (ROS), such as singlet oxygen (1O2), superoxide (O2

•-),
hydrogen peroxide (H2O2), and hydroxyl radical (OH•) are considered to cause
extensive oxidative damage to biological macromolecules such as DNA, proteins
and lipids. The correlation between delayed ageing progression and oxidative stress
resistance has been testified many times over the years in Caenorhabditis elegans
(C. elegans) and many other model organisms. It has been shown that vitamin E
[5], tocotrienols [6], EGB761, which is an extract of Ginkgo biloba leaves [7] and
CoQ10 [8] can prolong the lifespan of C. elegans by increasing resistance to oxida-
tive stress. Recently the antioxidative and anti-ageing properties had also been found
in platinum nano-particle solution [9].

Based on those former works and the free radical theory of aging, we investi-
gated effect of ERW on lifespan of C. elegans. In the present study, we developed
a new culture method using a special culturing medium called water medium and
compared the effects of ERW on the lifespan of C. elegans strains in both water
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medium and conventional S medium. We found that ERW was able to significantly
extend C.elegans lifespan in water medium, but not in S medium.

2 Methods and Materials

2.1 Elegans Strains and Growth Condition

The wild-type N2 strain was provided by Dr. K. Nomura, Department of Biology,
Faculty of Sciences of Kyushu University. The worms were maintained at 20ºC,
according to the procedures established by Brenner [10]. Age-synchronous pop-
ulations were prepared, as previously described by Emmons et al. [11]. Briefly,
collected eggs were hatched overnight at 20ºC in S-basal buffer, which consisted
of 100 mM NaCl, 0.01 mM cholesterol, and 50 mM potassium phosphate (pH 6.0),
on nematode growth medium (NGM) agar plates [12]. Hatched worms (L1-stage
larvae) were transferred to fresh NGM agar plates and cultured at 20ºC or 25ºC with
Escherichia coli strain OP50 (E. coli OP50) as a food source, until they reached L4
larval stage.

2.2 Preparation of ERW

ERW (pH 11.57; DH, 0.928 ppm; DO, 6.15 ppm; ORP, -659 mV) and EOW (pH
11.06; DH, 0.005 ppm; DO, 12.3 ppm) were produced by the batch type TI-200
electrolyzing device equipped platinum-coated titanium electrodes set in the 4 L
chamber separated by semi-permeable membrane (Nihon Trim Co., Osaka, Japan).
0.002 M NaOH solution (pH 11.34; DH, 0.001 ppb; DO, 7.67 ppm; ORP, +350 mV)
was electrolyzed for 1 hr at a 100 DC voltage. 0.002 M NaOH as well as ERW and
EOW was neutralized with HEPES as control and expressed as Milli Q. Freshly
prepared electrolyzed water was immediately used for preparation of medium.

2.3 Preparation of Water Medium

In order to test the effect of ERW, we used 2 kinds of culturing media. One was the
traditional C.elegans culturing medium called S medium [S-basal medium supple-
mented with 3 mM CaCl2, 3 mM MgSO4, 50 μM EDTA, 25 μM FeSO4, 10 μM
MnCl2, 10 μM ZnSO4, 1 μM CuSO4, and 10 mM KH2PO4 (pH 6.0)] with E. coli
OP50.

The other one, called water medium, was designed especially for electrolyzed
water. Water samples were adjusted to pH 7.0 with HEPES, and heat killed E. coli
OP50 (2×109 bacterial cells/ml) was added in the medium as a food resource. We
also added 50 μM FUdR into the culture mediums during the assays to prevent
worm death due to internal hatching. Dishes were shaken in a gyratory shaker at
120 oscillations/min [13].
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2.4 Lifespan Assay

For the lifespan assay, L4 larvae were transferred to each culture medium. The
transfer day was designated as Day 0. The worms were transferred to fresh cul-
ture medium every second day and the surviving worms were counted at the same
time. The mortality data were derived from Kaplan–Meier survival curves, and sta-
tistical comparisons of mean lifespan values between the control and ERW group
worms were analyzed by log-rank test.

2.5 ROS Detection

Nematodes were cultured with ERW medium or MQ medium until Day 5. After
Day 5, worms were picked up and washed extensively with M9 buffer (22 mM
Na2HPO4, 22 mM KH2PO4, 85 mM NaCl, 1 mM MgSO4, 0.02% gelatin), then
incubated with 0.4 M paraquat (Supelco, USA) for 5 h. The worms were washed
three times with M9 buffer and then transferred to 2 ml of Hank’s solution (0.44 mM
KH2PO4, 5.37 mM KCl, 0.34 mM Na2HPO4, 137 mM NaCl, and 5.55 mM
D-glucose) that contained 10 mM DCHFDA (Invitrogen, USA) and incubated for
30 min at 20ºC. Finally, the worms were fixed with 4% formaldehyde and subjected
to laser scanning confocal microscopy (OLFV-32U2/XE; Olympus Co., Japan, exci-
tation at 488 nm and emission at 510 nm) [9]. The relative fluorescence of the whole
worm body was determined densitometrically using the Olympus FV10-ASW 1.4
software. The statistical significance of differences between the control and treated
groups were determined by one-way ANOVA.

3 Results

3.1 Lifespan

Wild-type nematodes cultured in TI-200 ERW medium resulted in increases in
average-lifespans of 7% (P < 0.05) while worms cultured in TI-200 EOW medium
showed a significant shortened lifespan of 29% (P < 0.05) (Fig. 1).

3.2 Detection of ROS

Ageing is associated with intracellular damage, which is caused by endogenous and
exogenous oxidative stress. We measured the effects of ERW medium on the intra-
cellular accumulation of ROS induced by paraquat. Worms cultured in TI-200 ERW
medium reduced the level of ROS generated by 0.4 M paraquat-induced oxidative
stress compared with the control (74.95 ± 7.8%, p < 0.01) (Fig. 2).
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Fig. 1 Survival curves of C.elegans cultured in TI-200 ERW, TI-200 EOW or MQ media. N2
worms were cultured in each water medium at 20ºC. Worms were scored as dead when they failed
to respond to repeated touching with a platinum wire pick. The number of worms used per each
lifespan assay experiment was 58–125 (n = 58 – 125) and three to six independent experiments
were repeated (N = 3 – 6). MQ means 0.002 M NaOH solution neutralized to pH 7.0 with HEPES
as well as EOW and ERW

Fig. 2 Effects of ERW media and on ROS accumulation in C.elegans. Worms were cultured
in TI-200 for 5 days (n = 5 – 12). The intensity of fluorescence of worms was detected by
Olympus FV10-ASW 1.4 software. The average intensity is presented as mean ± S.E.M., in
relation to the MQ water medium worms. Q, R, SQ, SR means the relative intensity of fluo-
rescence of paraquat-treated-worms in MQ medium, TI-200 ERW medium, S medium (MQ),
S medium (TI-200 ERW) respectively. Q-, R-, SQ-, SR- means the relative intensity of fluores-
cence of none-paraquat-treated-worms in MQ medium, TI-200 ERW medium, S medium (MQ), S
medium (TI-200 ERW). ∗∗∗ p < 0.001, ∗ p < 0.5

4 Discussion

Our former research showed ERW has an ability to scavenge the intracellular ROS
in multiple types of cultured animal cells. Since ERW medium can significantly
extend the nematode lifespan, we assumed that the ROS scavenging ability of ERW
is responsible to the prolonged lifespan of C.elegans we have observed. In order
to confirm the assumption, we detected the ROS level in C.elegans, and the results
showed that in the conditions of water medium, ERW significantly alleviated the
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accumulation of ROS induced by the paraquat compared to Milli Q. ERW also sup-
pressed the ROS level in nematodes without treatment of paraquat. On the other
hand, nematodes showed much lower levels of ROS in S medium than in water
medium. ERW did not exhibit suppressive effect of ROS level in S medium. Taken
together, it is reasonable to believe that ERW have benefits to animals’ lifespan by
at least in part by the scavenging ability of ROS.
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Anti-Cancer Effects of Enzyme-Digested
Fucoidan Extract from Seaweed Mozuku
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Nishimoto, Masashi Ueno, Akitomo Niho, Makiko Yamashita, Hiroshi Eto,
Yoshinori Katakura, and Sanetaka Shirahata

1 Introduction

Fucoidan is a unique sulfated polysaccharide found in the cell walls of several
types of brown seaweed. Recently, fucoidan has attracted a lot of clinical atten-
tion due to its strong anti-tumor potential, which has been intensively investigated.
Fucoidan suppresses the growth of tumor cells in vivo and activates the immune sys-
tem against tumors [1–6]. Sulfation of fucoidan enhanced its antitumor activity [2].
Koyanagi et al. reported that fucoidan inhibited tube formation following migration
of human umbilical vein endothelial cells [7]. Ye et al. reported that enzyme-
digested fucoidan extract inhibited invasion and angiogenesis of tumor cells [8].
Aisa et al. reported that fucoidan induced apoptosis HS-Sultan cells accompanied
by caspase-3 activation and down-regulation of ERK pathway [9].

In this study, we examined that anti-cancer effects of enzyme-digested fucoidan
extract derived from Mozuku of Cladosiphon novae-caledoniae Kylin, which
originates in the Kingdom of Tonga, inducing the apoptosis of tumor cells.

2 Materials and Methods

2.1 Preparation of Fucoidan and Treatment

The abalone glycosidase-digested fucoidan extract prepared from seaweed Mozuku
of Cladosiphon novae-caledoniae Kylin from the Kingdom of Tonga, commercially
available as a product named ‘Power fucoidan’, was donated for the study by the
Daiichi Sangyo Corporation (Osaka, Japan) [8]. An undiluted solution (pH 3.7) was
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neutralized to pH 7.0 with NaOH. The precipitants were removed by centrifuga-
tion at 2,200×g for 15 min. The supernatants were then autoclaved, and stored as
‘fucoidan extract (2.8 mg/ml)’ at 4◦C. The fucoidan extract was mixed with culture
medium, and treatments to various cells were performed.

2.2 Cell Culture and Anti-proliferative Assay

The human fibrosarcoma cell line HT1080, human uterine carcinoma cell line HeLa,
human lung adenocarcinoma and human normal fibroblast TIG-1 were cultured
in Minimum Eagle’s medium (MEM) supplemented with 10% fetal bovine serum
(FBS), 10 mM HEPES, 100 units/ml penicillin and 100 μg/ml streptomycin (10%
FBS/MEM). Human leukemic cell lines HL60, U937 and K562 cells were cul-
tured in RPMI 1640 medium supplemented with heat-inactivated 10% FBS, 10 mM
HEPES, 100 units/ml penicillin and 100 μg/ml streptomycin. All cell culture was
performed in a humidified atmosphere with 5% CO2 at 37◦C.

Cells were inoculated at a final concentration of 1 × 105 cells/ml in culture
medium in 35 mm culture dishes. After 24 h pre-incubation, the cells were exposed
to various concentrations of the fucoidan extract. After cultivation, the cell number
in each culture dish was measured using automated hematology analyzer (Sysmex
Co., Kobe, Japan).

2.3 Caspase-3/7 Activity Assay and Analysis of Cell Cycle
and Apoptosis

To examine caspase activity, HL60 cells were inoculated at a density of 2.0 × 104

cells in 100 μl culture medium with the fucoidan extract and cultured in a 96-well
microplate. After 24 h culture, caspase-3/7 activity was measured with Apo-ONETM

Homogeneous Caspase-3/7 Assay kit (Promega Co., Madison, WI).
Cell cycle was determined by PI staining and flow cytometry as described [10].

Mitochondrial membrane potential was determined by Rhodamine 123 staining
using a flowcytomer, as previously reported [11].

3 Results

3.1 Anti-proliferative Activity of the Fucoidan Extract
to Cancer Cells

The treatment of the enzyme-digested fucoidan extract suppressed the proliferations
of various cancer cells (Fig. 1). The fucoidan extract suppressed the proliferations
of anchorage-dependent human cancer cells such as cervix adenocarcinoma HeLa,
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Fig. 1 Anti-proliferative activity of the fucoidan extract to human cancer cells. (a) HeLa (cervix
adenocarcinoma), (b) HT1080 (connective tissue fibrosarcoma), (c) A549 (lung adenocarcinoma),
(d) HL60 (acute promyelocytic leukemia), (e) U937 (histiocytic lymphoma), (f) K562 (chronic
myelogenous leukemia)

connective tissue fibrosarcoma HT1080 and lung adenocarcinoma A549 cells.
Anchorage-independent human cancer cells, typical leukemic cells, such as acute
promyelocytic leukemia HL60, histiocytic lymphoma U937 and chronic myeloge-
nous leukemia K562 cells were also suppressed the proliferations by the fucoidan
extract treatment. The anti-proliferation effect of cancer cells was enhanced by
treatment with the fucoidan extract in a dose-dependent manner.

On the other hand, the fucoidan extract did not induce apoptosis to human periph-
eral blood lymphocytes even at the highest dose of 560 μg/ml. At the highest dose,
HL60 and U937 cells were induced 33.2 and 34.5% sub-G1 population, respectively
(data not shown). It was suggested that the fucoidan extract specifically suppressed
the proliferation of cancer cells.
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3.2 The Fucoidan Extract Induced Apoptosis in HL60 Cells

The cell cycle analysis of human leukemic HL60 cells was analyzed using a flow-
cytometer. The percentage of sub-G1 fraction was increased in a time- and dose-
dependent manner after treatment with the fucoidan extract (data not shown).
Pretreatment of HL60 cells with pan-caspase inhibitor, Z-VAD-FMK, inhibited
the augmentation of sub-G1 population induced by the fucoidan extract (Fig. 2a).
This result indicated that the caspase activity played the important role for the
augmentation of sub-G1 population in the fucoidan extract treated HL60 cells. To
evaluate the involvement of the activation of caspase-3/7, the activity of caspase-3/7
was determined. After 3 h treatment of the fucoidan extract, the caspase-3/7 activity

Fig. 2 The fucoidan extract induced apoptosis in human leukemic HL60 cells. (a) Detection of
sub-G cells treated with or without the fucoidan extract and pan-caspase inhibitor Z-VAD-FMK.
(b) Detection of caspase-3/7 activation in the fucoidan extract treated HL60 cells. (c) Analyses of
mitochondrial electric potential. Control; a dotted line and gray filling. Fucoidan extract treatment
(280 μg/ml, 24 h); a solid line



Anti-Cancer Effects of Enzyme-Digested Fucoidan Extract from Seaweed Mozuku 299

reached the maximum value (Fig. 2b). The mitochondrial membrane potential of
HL60 cells was decreased by the fucoidan extract treatment for 24 h (Fig. 2c). These
results showed that the treatment of the fucoidan extract induced apoptosis in HL60
cells via caspase-3/7 activation and the mitochondrial depolarization.

4 Discussion

Fucoidan is reported to induce apoptosis of tumor cells [9, 12, 13]. However, the
mechanism by which of fucoidan induces the apoptosis of tumor cells has not been
clearly elucidated. We used fucoidan derived from the seaweed Cladosiphon novae-
caledoniae Kylin and digested with abalone glycosidase [8]. The fucoidan extract
was found to consist mostly of fucose (73%) by sugar composition analysis, and
digested small MW fraction (72%, MW: < 500) by size-exclusion chromatography;
therefore, fucoidan extract consists mostly of digested fucoidan. In this study, we
tried to evaluate the apoptosis inducing activity of the fucoidan extract as one of the
anti-tumor effects.

First, anti-proliferative activity of the fucoidan extract was indicated. It was
shown that the fucoidan extract inhibited the proliferation of all human cancer cell
lines we tested. The fucoidan extract suppressed the proliferations of anchorage-
dependent and anchorage-independent human cancer cells in a dose-dependent
manner (Fig. 1), and an enzymatic digestion of fucoidan was not an obstacle
to suppress the proliferation of cancer cells. In another experiment, a cell death
was not induced in human peripheral blood lymphocytes even at the highest dose
of 560 μg/ml. At the highest dose, HL60 and U937 cells exhibited 33.2% and
34.5% sub-G1 population, respectively. It was suggested that the fucoidan extract
specifically suppressed the proliferation of cancer cells. The cell cycle analysis
revealed that the percentage of sub-G1 fraction was increased after treatment with
the fucoidan extract. The augmentation of sub-G1 fraction was suppressed by pan-
caspase inhibitor Z-VAD-FMK. The treatment of the fucoidan extract stimulated
the caspase-3/7 activation and the mitochondrial membrane depolarization (Fig. 2).
These results strongly suggested that the suppression of cell proliferation in HL60
cells induced by the fucoidan extract was the apoptosis.

In conclusion, the enzyme-digested fucoidan extract suppressed the growth
of anchorage-dependent and anchorage-independent cancer cells. The enzyme-
digested fucoidan extract stimulated the caspase-3/7 and mitochondrial pathways to
induce apoptosis. The enzyme-digested fucoidan extract enhanced Con A binding
of cancer cells and Con A-induced apoptosis.
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The Downregulation of Mast Cell Activation
Through the Suppression of the High-Affinity
IgE Receptor Expression by Green Tea Catechin
Egcg

Hirofumi Tachibana, Yoshinori Fujimura, Yusuke Hasegawa, Satomi Yano,
and Koji Yamada

1 Introduction

IgE-mediated stimulation of mast cells and basophils is an important initial event
in the IgE-dependent allergic reactions [1]. The crosslinking of allergen-specific
IgE bound to the high-affinity IgE receptor FcεRI expressed on these cells with
multivalent allergens results in a release of bioactive chemical mediators such as
histamine, proteases, chemotactic factors and arachidoic metabolites. Therefore,
FcεRI is required for mast cells and basophils to initiate the IgE-mediated aller-
gic reaction such as atopic dermatitis, bronchial asthma, and food allergy. The
FceRI is a multisubunit receptor with a ligand binding α subunit, a signal mod-
ifying membrane-tetraspanning β subunit, and a homodimeric disulfide-linked γ

subunit that provides the signaling ability of this receptor. Among the three sub-
units forming the FcεRI, the α chain is the specific component of FcεRI that mostly
extends out to the extracellular region and directly binds to IgE. The study using
α chain-deficient mice demonstrated that IgE was unable to bind to the cell sur-
face of mast cells thereby failing to induce degranulation through IgE-binding [2].
Thus, it is expected that the IgE-mediated allergic symptoms may be attenuated by
downregulating the FcεRI expression in mast cells and basophils.

Tea (Camellia sinensis L.) is one of the most widely consumed beverages in the
world, and it is known to contain various beneficial constituents. It has been demon-
strated that these tea constituents exhibit various biological and pharmacological
properties, and have been reported to act in several ways that are antioxidative [3, 4],
and antimutagenic or anticarcinogenic [5, 6]. Catechins apparently have an essen-
tial role in these actions, and (-)-epigallpcatechin-3-O-gallate (EGCG), which is the
major catechin in tea leaves, is believed to be most responsible for their beneficial
effects. We have previously reported that EGCG has the suppressive effect of the
expression of FcεRI in human basophilic cells [7]. However, whether EGCG can
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reduce the FcεRI expression in mast cells remains unclear. In the present study, we
investigated the effect of EGCG on the FcεRI expression in mast cells.

2 Materials and Methods

2.1 Reagents

(-)-Epigallocatechin-3-O-gallate (EGCG) was purchased from Sigma Co. (St Louis,
MO). Mouse anti-human FcεRI α chain antibody CRA-1 was obtained from
Kyokuto seiyaku (Tokyo, Japan). Mouse IgG2b, used as negative control, was
bought from Dako (A/S, Denmark). Fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse IgG antibody was purchased from Protos Immunoresearch
(Burlingame, CA, USA). Mouse anti-phosphorylated ERK1/2 antibody and rab-
bit anti-ERK1/2 antibody were obtained from Santa Cruz Biotechnology,Inc.
(Santa Cruz, CA, USA). Antimouse IgG antibody, horseradish peroxidase (HRP)-
conjugated antimouse IgG antibody, and HRP-conjugated anti-rabbit antibody were
obtained from Zymed Laboratories, Inc. (San Francisco, CA, USA) and ICN
Pharmaceuticals,Inc. (Aurora, OH, USA), respectively.

2.2 Cell Preparation

Bone marrow cells were maintained in RPMI-1640 medium (Nissui, Tokyo, Japan)
supplemented with 10% fetal calf serum (FCS; PAA Laboratories GmbH, Austria),
2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin and 10 mM
HEPES buffer. The cells were cultured at 37◦C in a humidified atmosphere with 5%
CO2. Bone marrow cells were isolated from the femurs of 8 weeks old C57BL/6
mice. Bone marrow cells were cultured to >99% homogeneity in RPMI containing
interleukine-3 and stem cell factor at a concentration of 10 ng/ml over a four-week
period. Bone marrow derived mast cell (BMMC) phenotype and homogeneity were
confirmed by flow cytometry for mast cell surface marker such as FcεRI, and by
histological staining with toluidine blue (data not shown).

2.3 Western Blot Analysis

BMMC cells treated with or without EGCG were washed and lysed in cell lysis
buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton-X 100,
1 mM EDTA, 50 mM NaF, 30 mM Na4PO7, 1 mM phenylmethanesulfonyl flu-
oride (PMSF), 2.0 μg/ml aprotinin, and 1 mM pervanadate. Whole cell lysate
samples were loaded onto 10% sodium dodecyl sulfate-polyacrylamide gel, and
electrophoresis was done under reducing condition. The samples were then electro-
transferred onto a nitrocellulose membrane. The blotted nitrocellulose was probed



The Downregulation of Mast Cell Activation 303

using phosphorylated ERK1/2 antibody, and the secondary antibody used was
the HRP-conjugated anti-mouse IgG, and detection was done using the ECL kit
(Amersham Pharmacia Biotech). For detection of total ERK1/2, the same filter was
blotted again with anti-ERK1/2 antibody.

2.4 Flow Cytometric Analysis

The cell surface expression of FcεRI was assessed by flow cytometry. In brief,
cells were incubated with the anti-FcεRI α chain antibody CRA-1. Then cells were
exposed to the FITC-conjugated anti-mouse IgG and subjected to flow cytometry
(FACSCalibur; Becton Dickinson, Sunnyv ale, CA, USA). As a negative control,
the mouse subclass-matched IgG2b antibody was used. The extent of FcεRI expres-
sion is represented as the mean fluorescence intensity of CRA-1, and the value is
indicated in each panel. The vertical line in the figure indicates the peak point for
CRA-1 in non-treated cells.

2.5 Surface Plasmon Resonance Biosensor Assay

Analysis of the interaction between EGCG and BMMC cells was performed using
the SPR biosensor SPR670 (Moritex, Nagoya, Japan). BMMC cells were immobi-
lized on the sensor chip and then this chip was equilibrated in SPR running bu¡er,
phosphate-buffered saline (pH 7.4, 30 μl/min). EGCG was diluted at 0 or 50 μM
in SPR running buffer in 60 μl injection volumes and at a flow rate of 30 μl/min.
Binding was measured at 25◦C for 2 min, followed by dissociation.

2.6 Histamine Release Assay

BMMC (1 × 106 cells/mL) cultured with or without 25 μM EGCG for 24 h, were
sensitized with IgE anti-DNP. The treated cells were washed and suspended in
200 μL of histamine release buffer (pH 7.2), containing 2.7 mM KCl, 1.8 mM
CaCl2, 1.1 mM MgCl2, and 11.9 mM NaH2PO4, and then DNP-HSA was chal-
lenged at 37◦C for 30 min. After centrifugation at 300g for 5 min, the histamine
content of the supernatant or cell lysate was measured by means of a fluorometric
assay.

2.7 RT-PCR

Total RNA was isolated using the TRIZol reagent (Invitrogen, Carlsbad, CA,
USA) and was reverse transcribed. The resultant cDNA samples were sub-
jected to 25 cycles of PCR amplification in the presence of specific sense
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and antisense primers. Human glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) cDNA was amplified as an internal control. Temperatures were
94◦C for denaturation, 60◦C for annealing,and 72◦C for polymerizations.
Sequences for the PCR primers are as follows: for the FcεRI α chain: sense 5’-
TGTGCCTAGCACTGCTGTTCATG-3’, and antisense 5’-ACCTTGCGGACATT
CCAG TTC-3’; for the FcεRI β chain: sense 5’-CCCAAATCCACAAGAATC
CTCC-3’, and antisense 5’-GCTACTGACAATGTTTGCTCCCAG-3’; for the
FcεRI γ chain: sense 5’-AGCCGTGATCTTGTTCTTGCTCC-3’, and anti-
sense 5’-TTCAAAGCACAGAGGTGACC AAG-3’; for G3PDH: sense
5’-CGCATCTTCTTGTGCAGTGCC-3’, and antisense 5’-TCCA CGAC
ATACTCAGCACCG-3’.

3 Results and Discussion

To examine the effect of EGCG (Fig. 1a) on the FcεRI expression of mast cells,
we used the mouse bone marrow-derived mast cells (BMMC) as a mast cell model.
Flow cytometric analysis showed that EGCG was able to decrease the cell-surface
expression of FcεRI in BMMC after a 24-h treatment in a dose-dependent man-
ner (Fig. 1b, the data of 25 μM EGCG treatment). To assess whether the reduction
of FcεRI expression by EGCG is associated with a functional change, especially
histamine release, BMMC, cultured with or without EGCG (25 μM) for 24 h,
were sensitized with IgE anti-DNP, and then DNP-HSA was challenged. Histamine
released from the cells was determined using a fluorometric assay. In non-treated
cells with the catechins, the value of histamine release was 22%, and the value was
reduced to 16% in EGCG-treated cells (data not shown). This observation indicated
that the reduction of histamine release was caused by the suppression of the cell
surface FcεRI expression by EGCG.

Fig. 1 EGCG suppresses the FcRI expression. (a) The chemical structure of EGCG. (b) The
murine immature cultured cells BMMC were treated with EGCG. Then the cells were stained
with anti-FcεRI α chain antibody CRA-1. The mean fluorescence intensity was determined using
FACSalibur. FcεRI expression (%) was represented as relative mean fluorescence intensity of
EGCG(+) to EGCG(–). (c) BMMC were stimulated with EGCG, and then lysed and ERK1/2 was
separated on a SDS-PAGE. Immunoblot analysis using anti-phosphorylated ERK1/2 antibody was
performed
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We also examined whether the suppressive effect of EGCG on the FcεRI expres-
sion is due to the inhibition of mRNA expression for the FcεRI α, β, γ chain genes.
BMMC were cultured for 24 h with or without 25 μM of EGCG, and total RNA
was isolated from the cells. The mRNA levels for the α chain as well as the β and γ

chains were measured by RT-PCR. All subunits of FcεRI mRNA of non-treated cells
were clearly detected, and the corresponding mRNA levels in the EGCG-stimulated
cells were shown to be significantly reduced (data not shown). Thus, it was sug-
gested that the suppressive effect of EGCG on the cell surface expression of FcεRI
is related to the down-regulation of the expression of the FcεRI α, β, and γ mRNA.

For investigating the cell-surface interaction of EGCG with BMMC, SPR assay
was performed. This experiment showed that the SPR signal significantly increased
by the injection of EGCG, and the strength of SPR signal was sustained just after the
termination of the EGCG exposure (data not shown). The strength of SPR signals
were increased in a dose-dependent manner. These results suggested that the SPR
signal of EGCG may be due to a result of the binding to the cell surface of BMMC.

We have recently reported that the inhibition of ERK1/2 phosphorylation was
responsible for the suppressive effect elicited by EGCG on the FcεRI expres-
sion [8]. To elucidate further mechanism for EGCG’s action in BMMC, the cells
were treated with 25 μM EGCG for 3 h to examine the level of phosphorylated
ERK1/2. Immunoblot analysis showed that the suppressive effect of EGCG on
phosphorylated ERK1/2 level was observed (Fig. 1c), suggesting that reduction
of ERK1/2 phosphorylationis involved in EGCG-induced suppression of FcεRI
expression.

Taken together, the present results suggest that EGCG has the ability to down-
regulate FcεRI expression of mast cells, and that both the cell-surface binding and
the reduction of ERK1/2 phosphorylation are involved in the activity of EGCG to
suppress the FcεRI expression. These findings indicate that EGCG-induced suppres-
sion of FcεRI expression is effective for inhibiting mast cell activation induced by
antigen/IgE stimulation.

Currently, we have identified a cell surface receptor that mediates the anticancer
activity of EGCG [9]. Expression of the metastasis-associated 67 kDa laminin
receptor (67LR) conferred EGCG responsiveness to cancer cells. The 67LR is
a nonintegrin receptor for laminin, fibronectin, and type IV collagen [10, 11].
Expression of the 67LR has been shown to be upregulated in neoplastic cells
compared with their normal counterparts and directly correlate with an enhanced
invasive and metastatic potential in many malignancies [12, 13]. The receptor has
been implicated in laminin-induced tumor cell attachment and migration, as well
as in tumor angiogenesis, invasion, and metastasis [14–16]. It has been reported
that the expression of 67LR in mast cells is related to the adhesion to laminin and
may contribute to the tissue distribution of mast cells and to mast cell accumulation
at sites of tissue injury and inflammation [17, 18]. The appearance of both FcεRI
and 67LR may be important for mast cells to localize to areas of inflammation and
respond to IgE-mediated stimuli [18]. However, a possible role for 67LR in the IgE-
mediated allergic reactions and in suppressive effects of EGCG on FcεRI expres-
sion still remained unknown. For best understanding the molecular basis for the
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downregulation of mast cell activation by EGCG, further study on involvement of
67LR in the action of EGCG is needed.
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Anti-Diabetes Effects of Hita Tenryou-Sui
Water R©, a Natural Reduced Water

Kazuhiro Osada, Yuping Li, Takeki Hamasaki, Masumi Abe,
Noboru Nakamichi, Kiichiro Teruya, Yoshitoki Ishii, Ying Wang,
Yoshinori Katakura, and Sanetaka Shirahata

1 Introduction

Diabetes mellitus is an endocrine disorder in which glucose metabolism is impaired
because of total loss of insulin after destruction of pancreatic β-cells, inadequate
release of insulin from pancreatic β-cells or insensitivity of target tissues to insulin.
Diabetes is classified mainly into two types. Type 1 diabetes (insulin-dependent
diabetes mellitus; IDDM) is due primarily to autoimmune-mediated destruction
of pancreatic β-cell islets, resulting in absolute insulin deficiency. On the other
hand, type 2 diabetes (non-insulin-dependent diabetes mellitus; NIDDM) is a com-
plex disorder with a strong genetic background and made up of different forms
each of which is characterized by variable degrees of insulin resistance and β-cell
dysfunction, and which together lead to hyperglycemia. Recently it has been
revealed that reactive oxygen species (ROS) are deeply related to both IDDM and
NIDDM [1].

Water has no calorie and can easily be taken everyday. Thus, natural reduced
water (NRW), which can scavenge ROS will be beneficial to prevent and improve
ROS-related diseases including diabetes mellitus. Previously, we reported that a nat-
ural mineral water derived from a deep well in Japan (trademark, Hita Tenryousui
water R©, Nakanoshima, Hita City, Oita, Japan) was one of NRW and could scavenge
intracellular ROS and suppress oxidative damage of pancreatic β cells induced by
alloxan, a type 1 diabetes inducer [2]. Here we report that Hita Tenryosui water R©
can improve the symptoms of alloxan-induced type 1 diabetes model mice. The
water also stimulated the glucose uptake into myotubes by activation of insulin sig-
naling pathway. Open clinical test revealed that Hita Tenryosui water R© improved
blood sugar, triglycerol and total cholesterol levels of diabetes and hyperlipemia
patients.
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2 Materials and Methods

2.1 Cell Culture and Waters

L6 rat skeletal muscle myoblasts were grown and maintained in DME medium sup-
plemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin and 100 μg/ml
streptomycin. The cells were reseeded in the appropriate culture dishes and, after
reaching sub-confluence, the medium was changed to DME medium supplemented
with 2% FBS. The medium was then exchanged every 2 days until the cells were
fully differentiated into myotubes, typically after 7–10 days. All experiments were
carried out in the stage of myotubes. Hita Tenryosui water R© (Hita T. W.; pH 8.3; Na,
23 mg/l; K, 8.5 mg/l; Ca, 9.2 mg/l; Mg, 1.6 mg/l) was obtained from Hita Tenryosui
Water Co. Ltd., Hita city, Japan. A commercial natural mineral water from company
A as control water (natural mineral water A; mineral water; pH 7.3; Na, 28 mg/l; K,
0.6 mg/l; Ca, 7.4 mg/l; Mg, 4.0 mg/l) was purchased in the market of Japan. Culture
media were prepared with these waters instead of ultra pure water (Milli Q water,
Millipore; UPW).

2.2 Determination of 2-Deoxyglucose Uptake

Uptake of 2-deoxy-[3H] D-glucose into L6 myotubes was determined as reported
previously [3]. Briefly, fully differentiated L6 myotubes were incubated in 2%
FBS/DMEM prepared with various waters for 3 days. L6 myotubes were deprived of
serum for 4 h by incubation in DMEM. After the medium was removed, cells were
placed in HBSS for 30 min containing 25 mM glucose. During the final 20 min, 100
nM insulin was added to determine glucose uptake.

2.3 Analysis of Insulin Receptor (IR) Phospho-Rylation

After fully differentiated L6 myotubes were incubated in 2% FBS/DMEM with or
without Hita Tenryousui water R© for 72 h, L6 myotubes were deprived of serum for
4 h in DMEM and washed twice with warm PBS. Cells were incubated subsequently
at 37◦C in HBSS for 30 min. During the last 20 min, 100 nM insulin was added.
Myotubes were then lysed in dishes using ice-cold lysis buffer. Aliquots of the cell
lysates (50 μg of protein) from each group were separated by SDS-PAGE (7.5%
acrylamide), immunoprecipitated with anti-IR β-subunit, and then immunobloted
with anti-phospho-IR (pY1158) antibody. Immunoreactive proteins were visualized
by enhanced chemiluminescence method, followed by densitometory. The cellular
protein content in each sample was determined using Bio-Rad protein assay dye
reagent concentrate according to the manufacturer’s instructions.
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2.4 Assay for PTPase Activity

Fully differentiated L6 myotubes were treated as described above. To establish a
positive control, cells were treated with 10 mM vanadate for 20 min, which is known
to inhibit the PTPase activity. Myotubes were washed three times with ice-cold
PBS, and then collected in 100 μl lysis buffer by using a cell scraper. Cells were
passed through a 25-gauge needle 10 times and centrifugation. PTPase activity in
the cell extracts (50 μg protein) was determined by measuring the hydrolysis of
p-nitrophenyl phosphate (pNPP) as described by Chen H. et al [4].

2.5 Animal Experiments

Adult male ICR (CD-1 strain) mice (5 weeks age, ca. 30 g of body weight) were
acclimated for 7 days and randomly assigned into 6 groups of mice; Group 1 was
treated with Ultra pure water (Milli-Q water) and citrate buffer as control; Group 2
with Milli-Q water and alloxan; Group 3 with Hita Tenryosui water R© and alloxan;
Group 4 with commercial natural mineral water and alloxan. Normal ICR mice
were also administered daily with fresh water for 4 weeks. To induce type 1 dia-
betes, mice submitted to fasting for 18 h were administered alloxan by three i.p.
injections. Alloxan was dissolved in citrate buffer (0.05 M, pH 4.0) and adminis-
tered at intervals of 48 h, in a dose of 100 mg/kg body weight each. The control
group received only the citrate buffer. Various waters were administered daily to the
end of study. All mice treated with alloxan were observed for behavioral changes
like polydipsia, polyphagia and polyurea. Four weeks after alloxan injection, blood
samples from tail vein were collected for determination of blood glucose by Glucose
auto-analyzer.

Type 2 diabetes mice (C57BL/KsJ-db+/db+) exhibit the symptoms of type 2
diabetes due to obesity. The sugar tolerance test was performed on the mice admin-
istrated tap water or Hita Tenryousui water R© freely. After fasting for 18 h, glucose
(1 mg/30 g weight) was administrated i.p. and blood glucose levels were determined
after 0, 30 and 60 min.

2.6 Open Clinical Test

The open clinical test was performed to study changes in the relevant tests parame-
ters of 65 diabetes patients and 50 hyperlipemia patients who drunk Hita Tenryousui
water R© in the Center Hospital in Changchun city, Jilin, China. The average age of
the subjects (male, 56; female, 24) was 62±9.5 year old and the daily consumption
of drinking water was as much as 2 l per day for 2 months. The diagnostic parame-
ters such as blood sugar, triglycerol, and total cholesterol concentration were tested
twice – at the beginning and at the end of 2 months.
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3 Results and Discussion

We reported that Hita Tenryosui water R© scavenged intracellular ROS of hamster
pancreatic beta HIT-T15 cells with or without alloxan treatment, previously [2].
Here, the effect of the water on alloxan-induced type 1 diabetic mouse was investi-
gated. Starved blood glucose levels of the normal mice administrated natural mineral
water A or Hita Tenryousui water R© were not changed significantly compared to
those of control Milli Q water-administrated mice. The blood glucose levels of
alloxan-induced diabetic mice administrated with Milli-Q water and natural mineral
water A gradually elevated and reached about 450 mg/dl 4 weeks after final alloxan
injection. Hita Tenryousui water R© partially prevented hyperglycemia (Fig. 1).

Concerning to anti-type 2 diabetes effect, we investigated whether NRW exerted
a direct effect on glucose transport. L6 myotubes were exposed to Hita Tenryousui
water R© for 3 days, followed by the addition of 100 nM insulin for 20 min. Hita
Tenryousui water R© but not mineral water A increased both basal and insulin-
stimulated glucose transport (p < 0.01) (Fig. 2).

To determine whether NRW is associated with changes in the first steps of the
insulin signaling cascade, IR protein level was assessed in total cell lysates by
immunoprecipitation with anti-IR β-subunit antibodies and western blotting with
anti-phosphotyrosine antibodies. NRW treatment increased the phosphorylated IR
protein level (Fig. 3). This result indicates that NRW treatment activated the first
steps of the insulin signaling by inducing phosphorylation of the insulin receptor.

Since the level of tyrosine-phosphorylated proteins in the cell depends upon the
balanced activity of tyrosine kinase and tyrosine phosphatase, we measured total
PTPase activity of L6 myotubes lysate after treatment with NRW. After treatment

Fig. 1 Effects of various
waters on fasted blood
glucose levels of normal and
alloxn-induced diabetic CD-1
mice. Each value was shown
as circle and bars denote the
mean ± S.E.M. and n was 6
for each value. ∗∗, p < 0.01
compared to alloxan-treated
group
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Fig. 2 Effects of Hita
Tenrousui water R© on
2-deoxyglucose uptake in L6
myotubes. After fully
differentiated L6 myotubes
were incubated with various
waters for 3 days, 100 nmol/l
insulin was added in HBSS
and incubated for 20 min. At
the end of the incubation,
2-deoxyglucose uptake was
measured

Fig. 3 Stimulatory effect of
Hita Tenryosui water on
phospho-rylation of insulin
receptor (IR) β-subunit in L6
myotubes

Fig. 4 Inhibition of PTPase
activity by Hita Tenryousui
water R©. Fully differentiated
L6 myotubes were incubated
with various waters for 3 days
and PTPase activity in the cell
lysate was determined

with this water, the PTPase activity was reduced as well as 10 mM vanadate treat-
ment as positive control in both absence and presence of insulin (Fig. 4). The
results suggest that the Hita Tenryousui water R©-induced stimulation of tyrosine
phosphorylation may be partially mediated by the inhibition of PTPase.

When Hita Tenryousui water R© was administrated to type 2 diabetes model
mice, significant differences were not observed in body weights, amounts of
food and drinking water and fasted blood sugar levels compared to tap water-
administrated mice. However, Hita Tenryousui water R© showed a tendency to
improve the impaired glucose tolerance compared to tap water (Fig. 5).

The open clinical test was performed to investigate changes in the relevant tests
parameters of 65 diabetes patients and 50 hyperlipemia patients who drunk 2 l of
Hita Tenryousui water R© per day for 2 month.

Given all the results of the clinical trials (Table 1), it can be said that the natu-
ral reduced water consumption improves average values of fasting blood sugar at
89% of 65 diabetes patients after 2 month. Roughly 92% of responders showed the
high statistically significant improvement at their trigrlycerol and total cholesterol
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Fig. 5 Effects of tap water
and Hita Tenryousui water R©

on the impaired glucose
tolerance of type 2 diabetes
model mice
(C57BL/KsJ-db+/db+).
Blood glucose levels were
determined after
intraperitoneal injection of
glucose into the mice of 17
weeks age. Tap water was
supplied from Kyushu
University, Hakozaki,
Fukuoka, Japan

Table 1 Suppressive effect of Hita Tenryosui water R© on fasting blood sugar, triglycerol, and total
cholesterol levels of 65 diabetes patients and 50 hyperlipemia patients

Case

Blood marker levels
before consumption
(mmol/l)

Blood marker levels
after consumption for 2
months (mmol/l) P value

Fasting blood sugar 65 8.14 ± 1.25 6.99 ± 1.45 P<0.05
Triglycerol 50 3.15 ± 0.74 2.35 ± 0.88 P<0.05
Total cholesterol 50 5.32 ± 0.91 4.38 ± 0.76 P<0.05

concentration values, which can be also beneficial to other diseases like high blood
pressure, circulatory disturbance, renal insufficiency or atherosclerotic dementia.
The randomized double blind clinical tests with 29 patients performed in Fukuoka
Tokusyukai Hospital also demonstrated that Hita Teryousui water R© significantly
increased blood HDL-cholesterol and decreased the amount of 8-OH dG, an oxida-
tive marker, in urea of type 2 diabetes patients after drinking about 1 l per day for 6
months [5].

Taking account of all the experimental facts in vitro and in vivo, it can be said
that NRW will be considered as a useful complementation to the usual medication
of ROS-associated diseases.
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Suppressive Effect of ERW on Lipid
Peroxidation and Plasma Triglyceride Level

Masumi Abe, Shunpei Sato, Kazuko Toh, Takeki Hamasaki, Noboru
Nakamichi, Kiichiro Teruya, Yoshinori Katakura, Shinkatsu Morisawa,
and Sanetaka Shirahata

1 Introduction

Oxidative stress is produced as a result of imbalance due to excess formation of free
radicals and decreased activity of antioxidant defense systems. All oxidative reac-
tions are continuous sources of potentially cytotoxic reactive oxygen species (ROS),
which play important roles in living systems both through their beneficial and detri-
mental effects. Electrolyzed reduced water (ERW) generated nearby the cathode
exhibited anti-oxidative properties, and suppressed tumor angiogenesis [1]. Here
we investigated whether ERW prevents arteriosclerosis arisen from low-density
lipoprotein (LDL) oxidation. We revealed that ERW inhibited LDL oxidation in
vitro by macrophage cells. Furthermore, the effect of ERW on lipid peroxidation in
tissues and lipid metabolism in plasma were examined in vivo.

2 Materials and Methods

2.1 Preparation of Electrolyzed Reduced Water (ERW)

ERW (pH 11.6; DH, 0.928 ppm; DO, 6.15 ppm; ORP, –659 mV) was prepared
by electrolyzing ultra pure water (MilliQ, Millipore) containing 2 mM NaOH
(pH 11.3; DH, 0.001 ppb; DO, 7.67 ppm; ORP, +350 mV) at 100 V for 60 min
using a batch-type electrolyzing device equipped with platinum-coated titanium
electrodes (TI-200s, Nihon Trim Co., Osaka, Japan). ERW typically contained
0.2–2.5 ppb Pt nanoparticles (Nps) when assayed with ICP-MS spectrometer.
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2.2 Measurement of lipid peroxidation

Thiobarbituric acid reactive substances (TBARS) in plasma and LDL were deter-
mined as a measurement of lipid peroxidation by the fluorescent method [2].
TBARS in RBC was measured as described by Yagi et al [3]. TBARS was calcu-
lated from [A532–A600], referred to tetraethoxypropane standard. TBARS in liver
and aorta were measured as described by Ohkawa et al [4]. The fluorescent intensity
(Ex 515 nm and Em 553 nm) of the n-butanol layer, separated from the mixture by
centrifugation at 600 × g for 10 min, was measured. TBARS was calculated from
the fluorescent intensity by standardization against tetraethoxypropane.

2.3 Cell Culture

The macrophage-like cell line J774.A1 was obtained from Cell Resource Center
for Biomedical Research, Institute of Development, Aging and Cancer, Tohoku
University (Sendai, Japan). The J774.A1 cells were cultured in DMEM, which
contained 10% (vol/vol) fetal bovine serum, 5 mM HEPES, 1.0 mM sodium bicar-
bonate. For each experiment, the cells were cultured in the 24-well culture plate
(Falcon) at 37 ◦C at an atmosphere of 5% CO2/95% air.

2.4 LDL Oxidation in the Culture Supernatant of J774.A1 Cells

LDL was oxidized in J774.A1cells-cultured DMEM prepared with various waters
in the presence of 10 μM copper (II) sulfate (CuSO4). A hundred ng/ml LDL was
added to DMEM for 24 h in CO2 incubator at 37 ◦C and oxidation reaction was
terminated by addition of 20 mM ethylenediaminetetraacetic acid. Peroxidation of
LDL was measured by the TBARS described above.

2.5 DiI-LDL Uptake by Macrophages in the Presence of Cu2+ ion

DiI-LDL, a fluorescent labeled LDL (Biomedical Technologies Inc.) was incu-
bated with 10 μM Cu2+ ion in DMEM prepared with various waters at 37 ◦C
for 24 h in dark. J774.A1-derived macrophages were incubated with the test sub-
stance or vehicle control (0.1% v/v DMSO) for 48 h and then incubated with
DiI-oxLDL (100 ng/mL) for another 24 h. The cells were washed and then inves-
tigated in triplicates by flow cytometry. Data were acquired from 10,000 cells
(events), and the DiI-oxLDL uptake was determined and expressed as the geometric
mean fluorescence intensity (MFI).

2.6 Animal Experiments

Male Wistar rats, 4 weeks old, were purchased from KBT oriental Inc. (Tokyo,
Japan). After acclimatization for 1 week using commercial diet (CRF-1, Oriental
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Yeast Co. Ltd., Tokyo, Japan), the animals were divided into six groups including
seven rats each.

Experimental groups: MQ, ultrapure water from Millipore; MQ+H2; MQ+H2+2
ppm Pt; MQ+2 ppm Pt; ERW; ERW+Pt. The rats were housed individually in
stainless wire netting cages for 3 weeks. All rats were given free access to the
experimental diet and each water, and their body weights were monitored daily.
After an experimental period of 3 weeks, the rats were fasted for 20 h, and
blood was collected from the abdominal artery under ether anesthesia. The hep-
arinized blood was immediately separated into plasma and red blood cells (RBC)
by centrifugation at 1600 × g for 10 min. The plasma samples for oxidation
were stored on ice until oxidation, and the other plasma samples were frozen
at –80◦C. After blood collection, physiological saline was perfused, and then the
liver and aorta were removed, weighed, and stored at –80 ◦C.

2.7 Lipid Analysis

Total cholesterol (T-CHO), free cholesterol (FCHO), high-density lipoprotein-
cholesterol (HDL-CHO), LDL-cholesterol (LDL-CHO), triglyceride (TG), phos-
pholipid (PL), and nonesterified fatty acid (NEFA) in plasma were analyzed by SRL
company (Tokyo, Japan).

2.8 Statistical Analyses

Data were analyzed by two-way ANOVA followed by Tukey’s post hoc tests.
Differences were considered to be statistically significant for P > 0.05.

3 Results and Discussion

3.1 Effect of Various Waters on Lipid Peroxidation In Vitro

Measurement of oxidized LDL in various waters after 7 days’ incubation. The
generation of malonyldialdehyde (MDA) equivalents during LDL oxidation was
estimated by thiobarbituric acid reactive substances (TBARS) assay. ERW sup-
pressed lipid peroxide significantly compared with MQ on the 7th day (Fig. 1).
There was significantly difference between MQ and ERW. ERW suppressed LDL
peroxdation in vitro. Tap water oxidized LDL three folds in ERW.

3.2 Measurement of LDL Oxidation in Supernatant
of Macrophage-Like Cells

Figure 2 shows the amount of oxidized LDL in J774.A1 cells cultured in ERW
medium was significantly decreased compared with MQ medium in the presence of
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10 μM CuSO4. There was no significant correlation between MQ and ERW medium
in the absence of Cu2+ ion. Under drastic oxidation (presence of Cu2+), ERW sup-
pressed lipid peroxidate in J774A1 cells. It suggested that ERW was helpful to
prevent oxidative stress of lipid peroxidation.

3.3 774A1 Uptake Fluorescence Oxidized LDL

The incorporation of DiI-LDL into J774.A1 cells were enhanced by the presence
of Cu2+ ion (data not shown). To determine whether Cu2+ ion could induce the
uptake of DiI-LDL by macrophage-like cells cultured in media prepared using vari-
ous waters. However, there was no difference on the uptake of DiI-oxLDL between
MQ and ERW group. However, the incorporation of DiI-oxLDL increased in tap
water medium compared with ERW medium (Fig. 3).
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Table 1 Measurement of lipid peroxide in plasma, RBC, liver and aorta by TBARS formation

nmol/mg protein

tissue MQ MQ + H2 MQ + H2 + Pt MQ + Pt ERW ERW + Pt
plasma 0.16 ± 0.03 0.14 ± 0.02 0.15 ± 0.01 0.16 ± 0.02 0.14 ± 0.01 0.14 ± 0.02
RBC 1.57 ± 0.23 1.72 ± 0.21 0.89 ± 0.47 0.72 ± 0.01 0.82 ± 0.01 0.70 ± 0.54
liver 4.36 ± 0.84 4.42 ± 0.82 5.14 ±1.30 3.71 ± 0.75 4.62 ± 0.80 4.78 ± 0.72
aorta 10.86 ± 1.10 12.38 ± 0.85 11.24 ± 1.66 11.37 ± 1.80 10.99 ± 1.09 11.32 ± 1.32

RBC: red blood cell

3.4 Measurement of Lipid Peroxide in Plasma, RBC, Liver
and Aorta

The plasma, RBC, hepatic, and aortic concentrations of TBARS in rats fed the natto
fraction diets for 3 weeks are shown in Table 1. Lipid peroxide level in RBC was
significantly lowered in the groups of MQ+H2+Pt, MQ+Pt, ERW and ERW+Pt.
However, nhibition of lipid oxidation of plasma, and a reduction in lipid peroxida-
tion in liver and aorta were not observed. The antioxidant effect in the body was
not of similar order to the inhibitory effect on the oxidation of plasma and LDL by
CuSO4 ex vivo. In this study, although the rats were given cholesterol as a substrate
for oxidation, they were not subjected to oxidative stress. Therefore, it is suggested
that the difference in the order of inhibitory effect of ERW on oxidation between in
vitro and ex vivo was caused by a difference in their active ingredient, absorption,
and metabolism.

3.5 Analysis of Lipid Concentration in Plasma

To investigate the mechanism of lipid metabolism of the ERW in the body, lipids
such as total cholesterol, free cholesterol, high-density lipoprotein, low-density
lipoprotein, triglyceride, phospholipid, nonesterified fatty acid were determined.
Plasma concentrations of T-CHO, F-CHO, HDL-CHO, LDL-CHO, TG, NEFA,
and PL in high cholesterol fed rats are shown in Table 2. Triglyceride level in the
ERW group was significantly lower than that in the control group. No significant
differences in other lipids were observed in the six groups. These results suggest
that although the addition of CHO to the diet increased lipids, ingestion of ERW
appeared to decrease TG. However, there was no difference of body weights and
liver weights (data was not shown) between MQ control and ERW groups. This
phenomenon suggests that ERW suppressed absorption of lipids. As these lipids are
not only dangerous factors in arteriosclerosis [5], but also cause overweight, ERW
may have a useful effect on lipid metabolism.

The results suggest that ERW inhibits absorption of excessive lipids. It was sug-
gested that ERW might help to prevent hyperlipidemia and arteriosclerosis, because
ERW reduced lipid peroxidation in vitro and improved lipid metabolism in vivo.
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Fig. 3 Macrophage-like J774.A1 cells uptaked oxidized DiI-LDL. J774.A1 cells cultured DMEM
made from various waters in the presence of 10 μM CuSO4. Oxidized DiI-LDL uptake to cells. DiI-
oxLDL measured by flow cytometry. Copper–mediated LDL oxidation was performed 37◦C for
24 h in a CO2 incubator. DiI: 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindo-carbocyanine perchlorate
(fluorescent dye)
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Growth Suppression of HL60 and L6 Cells
by Atomic Hydrogen

Kensuke Nakanishi, Takeki Hamasaki, Takuro Nakamura,
Masumi Abe, Kiichiro Teruya, Yoshinori Katakura,
Shinkatsu Morisawa, and Sanetaka Shirahata

1 Introduction

We previously reported ERW which is produced near the cathode by electrolysis has
a reductive activity and tumor-suppressive activity [1–3]. We also revealed that ERW
contains both molecular hydrogen and Pt nanoparticles (nps) derived from platinum-
coated titanium electrodes. Synthesized Pt nps have catalytic activity converting
molecular hydrogen to atomic hydrogen. Consequently, there is a possibility that
the atomic hydrogen is produced in ERW. Thus, we synthesized Pt nps to construct
a model water of ERW containing both molecular hydrogen and Pt nps, and then we
examined the effect of the model water on the cell viability and Sub-G1 analysis in
this study.

2 Experimental Procedure

2.1 Cell Culture and Measurement of Cell Proliferation

Premyeloblastic cell lines (HL60; JCRB0085), skeletal muscle myoblast cell
lines (L6; JCRB9081) were obtained from the Japanese Collection of Research
Bioresources (JCRB, Osaka, Japan). HL60 Cells were cultured in RPMI 1640
medium (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) supplemented with 10%
fetal bovine serum (FBS) (Invitrogen Japan K. K., Tokyo Japan) at 37◦C in a 95%
air/ 5% CO2 atmosphere (10% FBS/MEM).L6 cells were cultured in Dulbecco’s
Modified Eagle Medium supplemented with 10% FBS at 37◦C in a 95% air/ 5%
CO2 atmosphere. Briefly, cells were seeded (floating cells, 1.0 × 105 cells/cm2 and
adherent cells, 2.0 × 104 cells/cm2) in 6-well plates. The cultures were incubated
with different concentrations of Pt nps for 2 h in serum-free medium, washed two
times with PBS, exchanged with fresh serum containing medium and incubated with
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a gas incubator at 37◦C in a 75% H2/ 20% O2/ 5% CO2 atmosphere for 24 h.
Dissolved helium solution was used as control. The number of cells was counted
by a cell counter.

2.2 Cell Cycle Analysis by Flowcytometer

Cells were harvested 2 h after treatment with or without H2/Pt nps solution. After
washing with PBS, 1×106 cell pellets were suspended in 0.5 ml of hypotonic fluo-
rochrome solution, containing 50 μg/ml propidium iodide (PI; Sigma, MO). Cells
were stained overnight in the dark at 4◦C and examined by a flowcytometer (EPICS
XL ADC System, Beckman Coulter, Inc. Ca, USA).

3 Results and Discussion

Cells were incubated with dissolved H2 solution after treatment with Pt nps at 2 h
in FBS-free medium. The cell viability was decreased on both HL60 and L6 cells
when supplemented with both Pt nps and H2 (Fig. 1). The result of trypan blue
dye assay shows that this suppression of cell viability was caused by cell death
(data not shown). Thus, we next examined the cell death by Sub G-1 analysis using
flowcytometer.

Increasing of Sub-G1 phase is one of the indications of apoptosis. Analysis of cell
cycles was performed 24 h after Pt nps supplement. In the condition of dissolved
hydrogen solution supplemented with 3.0–5.0 ppm Pt nps in HL60 cells and L6
cells, 20–37% of Sub-G1 phase are increased compared to control medium. The
result suggests that atomic hydrogen induced apoptosis of both L6 and HL60 cells
(Fig. 2 ).

The H-transfer reaction in vitro by antioxidants has been well investigated so far.
There are many reports about the activities of antioxidants. However, there are few

Fig. 1 Dissolved hydrogen solution supplement with Pt nps suppresses the growth of HL60 cells
and L6 cells. Bars represent means ±SD. ∗P<0.01 in comparison with control
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Fig. 2 Cell cycle analysis of HL60 and L60 cells cultured in medium supplemented with H2 and
Pt nps

reports about effects in a living organism of atomic hydrogen itself. We expect that
physiological effects of atomic hydrogen itself will be figured out in the future.
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Insulin-Mimetic Activity of Inositol Derivatives
Depends on Phosphorylation of PKCζ/λ
in L6 Myotubes

Nhung Thuy Dang, Masanori Yamaguchi, Tadashi Yoshida, Ken-ichi Yoshida,
and Hitoshi Ashida

1 Introduction

Insulin plays an important role in the maintenance of postprandial glucose home-
ostasis. Insulin stimulates glucose transport into the striated skeletal muscle and
cardiac muscle cells, and fat cells in adipose tissue through the translocation of
glucose transporter 4 (GLUT4). GLUT4 is translocated from the storage sites of
endoplasmic reticulum to the plasma membrane surface upon stimulation by insulin
[1], resulting in increased glucose uptake from the bloodstream into target tissue
cells [2]. Therefore, a defect of this regulatory machinery in muscle and fat cells
causes insulin resistance and pathogenesis of type 2 diabetes [3].

Inositol (1, 2, 3, 4, 5, 6-cyclohexanehexol) is a class of compounds which could
form nine distinct stereoisomers through epimerization of the six hydroxyl groups.
Some inositol derivatives, such as D-chiro-inositol (DCI) and 3-O-methyl-D-chiro-
inositol (pinitol, PI) [4–6], have been shown to possess insulin-like effect, and are
potential therapeutics in the prevention and treatment of diabetes. However, the
mechanism by which the inositol derivatives act on the insulin signaling pathway
is not fully understood yet. Therefore, we investigated the effect of selected inositol
derivatives on the insulin signaling pathway in a model system using L6 myotubes.

2 Materials and Methods

2.1 Materials

Modified Eagle’s medium (MEM) was purchased from Nissui pharmaceutical
(Tokyo, Japan). Fetal bovine serum (FBS) was obtained from Equitech-Bio, Inc.
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(Kerrville, TX). PI, DCI, L-chiro-inositol (LCI), and myo-inositol (MI) were prod-
ucts of Hokko Chemical Industry Co., Ltd (Tokyo, Japan). Anti-GLUT4 and
anti-goat IgG antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-Akt and anti-phospho PKCζ/λ, anti-phosphoAkt, and anti-PKCζ/λ
were from Cell Signaling Technology (Beverly, MA), Sigma Chemical Co. (St.
Louis, MO), and Transduction Laboratories Ltd. (San Diego, CA), respectively.
Blocking-OneTM and Blocking One-PTM were obtained from Nacalai Tesque
(Kyoto, Japan). Immuno-Blot PVDF membrane and ECL plus used for Weatern
blotting were purchased from Pall Gelman Laboratory (Tokyo, Japan) and GE
Healthcare Bio-Science Corp. (Piscataway, NJ), respectively.

2.2 Cell Culture

L6 myoblasts were grown and maintained in MEM supplemented with 10% FBS in
a 5% CO2 humidified atmosphere at 37◦C. When myoblasts were grown to conflu-
ence, the medium was replaced with MEM containing 2% FBS, and the cells were
cultured up to 7 days to induce the differentiation into myotubes. The degree of the
differentiation of L6 myotubes at differentiated days was confirmed by detection
of the expression level of GLUT4 in cell lysates (data not shown). Fully differenti-
ated myotubes were serum-starved for 18 h in MEM containing 0.2% bovine serum
albumin prior to the experiments.

2.3 Preparation of Cell Lysate

The fully differentiated and serum-starved L6 myotubes were incubated with Krebs-
Ringer HEPES (KRH) buffer (50 mM HEPES, pH 7.4, 137 mM NaCl, 4.8 mM
KCl, 1.85 mM CaCl2, and 1.3 mM MgSO4) for 10 min at 37◦C and then treated
with 100 nM insulin or 1 mM inositol derivatives in KRH buffer for 15 min. After
being washed twice with ice-cold KRH buffer, the cells were harvested and lysed
with RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet R© P-40,
0.5% sodium deoxycholate, 0.1% SDS, 1 mM Na3VO4, 10 μg/ml leupeptin, 10 mM
sodium fluoride, and 1 mM phenylmethylsulfluoride) for 1 h at 4◦C. The lysate was
collected by centrifugation at 10,000 × g for 20 min at 4◦C.

2.4 Preparation of the Plasma Membrane Fraction From Myotubes

The plasma membrane of L6 myotubes was prepared as described previously [7].
Briefly, the fully differentiated L6 myotubes were treated with 100 nM insulin or
1 mM inositol derivatives as described above. The cells were washed twice with
ice-cold KRH buffer, and harvested with buffer A (10 mM Tris, pH 7.8, 10 mM
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KCl, 1.5 mM MgCl2, 1 mM phenylmethylsulfonylfluoride, 0.5 mM dithiothre-
itol, 5 μg/ml aprotinin, 1 mM Na3VO4, and 10 μg/ml leupeptin) containing 0.1%
Nonidet R© P-40. The cells were then homogenized by passing through a 27-gauge
needle three times, and homogenates were spun at 1,000 ×g for 10 min at 4◦C.
The pellet was washed with buffer A without Nonidet R© P-40 and spun at 1,000 × g
for 10 min at 4◦C. The plasma membrane fraction was obtained by resuspending the
resulting pellet in buffer A containing 1% Nonidet R© P-40 and centrifuging at 10,000
× g for 20 min at 4◦C. The resulting supernatant containing the plasma membrane
fraction was collected and subjected to immunoblot analysis.

2.5 Immunoblot Analysis

For detection of GLUT4, aliquots of the plasma membrane fraction (3 μg protein)
and cell lysate (10 μg protein) were separated by 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred onto a PVDF membrane. The mem-
brane was soaked in 5% (w/v) non-fat dry milk in TBST (10 mM Tris-HCl, pH
8.0, 150 mM NaCl and 0.05% Tween 20), and incubated with anti-GLUT4 for 1 h
at room temperature. After being washed, the membrane was then incubated with
horseradish peroxidase-conjugated anti-goat antibody for 1 h at room temperature.
For detection of Akt and PKC expression and their phosphorylation, aliquots of the
cell lysate (30 μg protein) were separated by 8% SDS-PAGE gels, and transferred
onto the PVDF membrane. The membrane was treated with Blocking-OneTM or
Blocking-One-PTM, incubated with primary antibody for 1 h at room temperature,
and then incubated with horseradish peroxidase-conjugated secondary antibody for
1 h at room temperature. Specific immuno-complex was detected by enhanced using
the ECL plusTM detection kit.

3 Results

3.1 Inositol Derivatives Stimulate Translocation
of GLUT4 to Plasma Membrane

GLUT4 is mainly expressed in muscle and adipose tissues and plays an impor-
tant role in glucose homeostasis [8]. Insulin stimulates the translocation of GLUT4
from intracellular storage sites to the plasma membrane surface [1], resulting in the
increased glucose uptake from the bloodstream into the cells of target tissues [2].
In this study, we selected four inositol derivatives, namely PI, DCI, LCI, and MI.
Structures of them are shown in Fig. 1. We investigated the effects of four inositol
derivatives on GLUT4 translocation in vitro using a model system of L6 myotubes.
We found that three inositol derivatives other than MI stimulated the translocation
of GLUT4 to plasma membrane (Table 1).
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Fig. 1 Structure of inositol
derivatives, PI (1), DCI (2),
LCI (3), and MI (4)

Table 1 Summarized results of assays to determine effects of inositol derivatives on L6 myotubes

Compounds

Insulin
(100 nM)

PI
(1 mM)

DCI
(1 mM)

LCI
(1 mM)

MI
(1 mM)

GLUT4 translocation + + + + –
PKCζ/λ phosphorylation + + + + –
Akt phosphorylation + – – – –

3.2 Inositol Derivatives Activate PKCζ/λ Phosphorylation but not
Akt Phosphorylation

aPKC isoforms ζ/λ and Akt are known as the mediators involved in the insulin-
stimulated glucose transport in muscle and adipocytes [1, 9]. To understand a
mechanism by which three inositol derivatives stimulated the translocation of
GLUT4, we investigated phosphorylation status of PKCζ/λ and Akt. Three inosi-
tol derivatives other than MI stimulated phosphorylation of PKCζ/λ at 1 mM, but
none of them enhanced phosphorylation of Akt at Ser473 (Table 1).

4 Discussion

In this study, we confirmed that three inositol derivatives, namely PI, DCI, and
LCI, stimulated the translocation of GLUT4 to plasma membrane surface in the
model system of L6 myotubes (Table 1), well coinciding with the previous reports
[4, 6, 10]. In addition, it was also reproduced that MI failed to stimulate the GLUT4
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translocation (Table 1), as previous studies demonstrated that MI possessed no anti-
hyperglycemic effect [6, 11, 12]. It was reported that some of MI can be converted
to DCI in the body [12], but the conversion might be too limited to exert the insulin-
mimetic effect, which could be the case in the L6 myotube system as well. In any
case, it is intriguing that such a simple alternation in structure of inositols epimeriz-
ing a hydroxyl group results in the dramatic change in their biological activity. The
L6 myotube system can be regarded as an ideal model to work with the mysterious
mechanism by which the inositols exert the activity, since the present study actually
enabled us to find the striking fact that inositol derivatives provoked the differential
phosphorylation status of the kinases, such as aPKCζ/λ and Akt, which are involved
in the insulin signaling pathway. Although obviously further study is still required,
the L6 myotube system will help us to understand the mechanism underlying the
insulin-mimetic activity of inositol derivatives.
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Enhancement of Phagocytic Activity by a Crude
Polysaccharide from Tea (Camellia sinensis)
Extract

Manami Monobe, Kaori Ema, Keiko Azuma, and Mari Maeda-Yamamoto

1 Introduction

Tea, from the plant Camellia sinensis L., is one of the most popular beverages con-
sumed worldwide in its green, black, or oolong form. Tea polyphenols and tea
polysaccharides are the main components in tea extracts. Epigallocatechin gallate
(EGCG), a major polyphenolic compound in tea extracts, is well-known to have
antioxidant [1], antibacterial [2], and immunomodulatory effects [3]. Tea polysac-
charides are also reported to have the ability to inhibit pathogenic bacterial adhesion
[4]. Wang et al [5]. reported that tea polysaccharides enhanced immunization of rats.
In general, it is known that food polysaccharides in mushrooms and plants activate
macrophage immune responses and lead to immunomodulation, antitumor activity,
and so on [6]; however, there are still only few reports on the immunostimulating
effect of tea polysaccharides, and furthermore, the dependence of immunostimulat-
ing activity on the level of leaf maturation has never been reported. In this study, we
found that the immunostimulating activity of crude polysaccharide from immature
tea leaves was higher than that of TPS from mature tea leaves, and we conclude that
the catechin-polysaccharide complex is a potential immunostimulator.

2 Materials and Methods

2.1 Preparation of TPS

Tea cultivars were harvested at the plantation of the National Institute of Vegetable
and Tea Science in Kanaya, Shizuoka, Japan. Tea leaves were dried in a microwave
oven, pulverized, and stored at 4◦C before analysis. The pulverized tea leaves were
boiled in distilled water (DW) for 30 min and centrifuged for 30 min (1200g).
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The tea extract was precipitated by using ethanol (final 70% concentration). The
sediment was washed with ethanol and acetone alternately and dried (crude polysac-
charide, TPS). Separation of high- and low-molecular weight TPS fractions was
performed by a dialysis membrane (Slide-A-Lyzer 20 k MWCO, Pierce, Rockford,
IL) and a centrifugal filter device (Microcon YM-100, Millipore Co., Bedford, MA,
USA) (TPS-F1 and TPS-F2), respectively. To remove the substances that conju-
gated with TPS from buds, such as polyphenols and proteins, 100 mg of precipitate
was dissolved in 10 mL of 0.1 M NaOH; 1 mL of a NaClO solution (available
chlorine >5%) was added. The mixture was then incubated at 4◦C overnight [7].
The reaction mixture was dialyzed (Slide-A-Lyzer 20 k MWCO, Pierce) with DW,
precipitated by using acetone (final 70% concentration) at room temperature, and
dried. A precipitate was dissolved in DW and centrifuged for 30 min (1200g), and
this solution was divided into a clear supernatant (TPS-F3) and brown precipitate.
The clear supernatant was precipitated by using ethanol (final 70% concentration).
The sediment was washed with ethanol and acetone alternately and dried.

2.2 Catechin Assay

Catechins were analyzed by the procedure of Maeda-Yamamoto et al [8]. The tea
was diluted 3- to 5-fold with DW, and 20 μL of the filtrate after filtration through a
membrane filter (DISMIC-13-HPPTFE, pore size 0.45 μm, ADVANTEC, Tokyo,
Japan) was injected into the HPLC apparatus (Shimadzu Class VP HPLC sys-
tem). Epicatechin (EC), catechin (C), EGCG, epicatechin gallate (ECG), catechin
gallate (CG), and epigallocatechin-3-O-(3-O-methyl) gallate (EGCG3’’-Me) were
measured at 272 nm and epigallocatechin (EGC) at 242 nm. Quantification of cat-
echins was performed after data acquisition by using an LC workstation (Class VP
system, Shimadzu).

2.3 Molecular Weight of TPS

The molecular weight of tea polysaccharides was determined by HPLC equipped
with a refractive index detector (RID-10A, Shimadzu) and a Shodex OHpak SB-
806 M HQ column (8.0 mm × 300 mm). The elutions of the standard molecular
weight of dextran (Pharmacia AB, Uppsala, Sweden) and pullulans (Showa Denko
Co. Ltd., Tokyo, Japan) were carried out in the same manner.

2.4 Phagocytesis Assay

The phagocytosis assay was performed as previously described [9]. Briefly,
to differentiate cells along the monocytic pathway, HL60 cells (American-type
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Culture Collection, Rockville, MD) were cultured in RPMI 1640 medium (Gibco-
Invitrogen, Burlington, ON, Canada) supplemented with 120 nM VD3 (Wako Pure
Chemical Industries, Ltd.). Differentiated HL60 cells were seeded in 48-well plates
(BD Biosciences, Franklin Lakes, NJ). Cells were treated with 25 μL of TPS,
a catechin mixture (polyphenone E, Mitsui-Norin Co., Ltd., Shizuoka, Japan), or
lipopolysaccharide (LPS, Calbiochem, San Diego, CA). Next, 25 μL of a 1%
suspension of YG-labeled microspheres (Polysciences, Inc., Warrington, PA) was
added, and the solution was incubated at 37◦C in 5% CO2 for 16 h. The cells were
fixed with 2% formaldehyde and resuspended in phosphate-buffered saline. The rate
of phagocytosis was measured with an EPICSXL-flow cytofluorometer (Beckman
Coulter, Fullerton, CA).

2.5 Statistical Analysis

All data were derived from at least three experiments. Data are expressed as the
means ± standard deviation (SD). The efficiency of phagocytosis was compared by
using the paired t-test. The parameter n represents the number of experiments.

3 Results

3.1 Immunostimulation Activity of TPS

Phagocytosis by macrophages is used as an important indicator of immune func-
tion activation; thus, we estimated the immunostimulation activity of TPS by
using VD3-differentiated HL60 cells in which phagocytosis is activated by various
immune-enhancing polysaccharides. As shown in Fig. 1, TPS from various culti-
vars stimulated VD3-differentiated HL60 cells. Although data are not shown, the
immunostimulating activity of TPS from buds to second leaves was higher than that
of TPS from other leaves and stems (data not shown).

3.2 Polyphenol Content and Immunostimulating Activity

A good correlation was obtained between the percentage of phagocytosis and total
catechin (Fig. 2); however, no correlation was obtained between the percentage of
phagocytosis and each catechin, such as EGCG.

3.3 Molecular Weight Distribution of TPS

The molecular weight of TPS is calculated by using the molecular standard fitting
equation. TPS has three major peaks of around 200, 1, and 0.1 (×104) M.W. TPS
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Fig. 1 Phagocytic activities by TPS from various cultivars. VD3-differented HL60 cells were
incubated with beads in the presence of TPS (100 μg/mL). Phagocytosis activity in the absence of
TPS (control) is normalized to 100%. Values are the means, n = 3

was separated into two fractions (TPS-F1 and TPS-F2) by a dialysis membrane
and a centrifugal filter device, and the phagocytic activities were measured. TPS-F1
(more than 200 × 104 M.W.) (p < 0.05), but not TPS-F2 (less than 1 × 104 M.W.),
significantly increased the phagocytic activity (Fig. 3).

Fig. 2 Relationship between
the percentage of
phagocytosis and total
catechin. Y = 4.3868X +
47.047 and r 2 = 0.6946,
where Y and X are the
percentage of phagocytosis
and the total catechin,
respectively
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Fig. 3 Phagocytic activities
of TPS-1, 2, 3 and brown
precipitation.
VD3-differented HL60 cells
were incubated with beads in
the presence of TPS
(100 μg/mL). Phagocytosis
activity in the absence of TPS
(control) is normalized to
100%. Values are the means,
n = 3. ∗p < 0.05 versus the
control

3.4 Immunostimulating Activity of TPS that Removed Polyphenols
(TPS-F3) and the Brown Precipitate

Neither TPS-F3 nor the brown precipitation stimulated VD3-differentiated HL60
cells (Fig. 3).

3.5 Immunostimulating Activity of the Catechin Mixture

The catechin mixture (the catechin content was more than 90%, and the EGCG
content was more than 60%) did not stimulate VD3-differentiated HL60 cells (data
not shown).

4 Discussion

In this study, we found that the immunostimulating activity of TPS was depen-
dent on the content of total catechin in the leaf extract (Fig. 2), and the activity
of TPS from immature tea leaves was higher than that of TPS from mature tea
leaves. Furthermore, high-molecularweight TPS was the main substance with an
immunostimulating activity, and TPS that removed polyphenols (TPS-F3) did not
stimulate VD3-differentiated HL60 cells (Fig. 3). Also, tea catechins have been
reported to have immunomodulatory effects [3], but in this study, a catechin mix-
ture did not stimulate VD3-differentiated HL60 cells. These results suggest that
the polyphenol-polysaccharide complex is a potential immunostimulator. Nakamura
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et al [10]. reported that a complex mixture of tannins with polyphenols and polysac-
charides inhibited tumor promotion and carcinogenesis in mice and mice cell lines.
These results were similar to ours. However, the mechanism underlying these activi-
ties is still not clear. Tannin such as catechins and strictinin are the main polyphenols
in green tea extract. This suggests that the tannin-polysaccharide complex is a
very important molecule in the immunomodulating activity of tea extracts. Further
studies and data are needed to clarify the mechanism of immunomodulation by
tannin-polysaccharide complexes.
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Effects of Lupeol on Melanoma In Vitro
and In Vivo: Fundamental and Clinical Trials

Keishi Hata, Kikumi Ogihara, Saori Takahashi, Takeshi Tsuka,
Saburo Minami, and Yoshiharu Okamoto

1 Introduction

The studies on tumor cell differentiation provide useful information for the preclin-
ical evaluations of potent anticancer agents [3, 11]. Malignant melanoma is known
to be one of difficult tumor to cure. Lupeol, a lupane triterpene, is widely distributed
in plant kingdom, and recently found to suppress the tumor progressions in vitro
and in vivo [8, 9, 5]. We previously reported that lupeol induced mouse melanoma
cell differentiation, and inhibited the proliferation and motility of melanoma cells
in vitro [4]. In the present study, we examined the differentiation-inducing activities
of lupeol against melanoma cells in vitro and its clinical effects on the dogs with
spontaneous melanoma.

2 Materials and Methods

2.1 Transmission Electron Microscopy (TEM)

B16 2F2 cells treated without or with 10 μM lupeol for 48 h, were fixed with
0.25% glutaraldehyde/phosphate buffer saline (PBS), and rinsed with PBS. Then
the cells were set in 4% agar noble and post-fixed with 1% osmium tetroxide. The
cells were dehydrated by ethyl alcohol according to the routine technique, displaced
with QY-1, and embedded in Epon. Ultra thin sections of cells were carried out,
and the cells were double-stained with uranyl acetate and lead citrate, and observed
under an electron microscope.
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2.2 Fluorescence Microscopy

Cells grown on glass coverslips pre-coated with fibronectin were cultured with or
without lupeol for 12 h. The cells were rinsed twice with PBS, fixed in 4% formalde-
hyde, and permealized with 0.1% Triton X-100 for 10 min. For the detection of
stress fibers, the cells were stained with Alexa-488-conjugated phalloidin.

2.3 Western Blotting

Aliquots of B16 2F2 cells were incubated with or without a stimulant for an appro-
priate period. The cells were collected by pipetting, washed twice with PBS, and
then lysed with 5 mM Tris-HCl buffer, pH 6.8, containing 1% SDS, 1 mM EDTA
and 10% sucrose. The proteins were separated by SDS-polyacrylamide gel elec-
trophoresis, and then transferred to a nitrocellulose membrane. The membrane was
immersed in 20 mM Tris-HCl, pH 7.5, 0.15 M NaCl, and 0.05% Tween 20 (TBST)
containing 5% skim milk, and then incubated with primary antibodies for 2 h at
room temperature, washed three times with TBST, and then incubated with HRP-
conjugated secondary antibodies for 1 h at room temperature. The membrane was
washed three times with TBST, and the signals were visualized using enhanced
chemiluminescence reagents.

2.4 Migration Assay

Cancer cell migration assays were performed using Transwell cell culture chambers
[6]. The Transwell cell culture chambers contained polyvinylpyrrolidone-free poly-
carbonate filters with a pore size of 8.0 μm were pre-coated with 2 μg of fibronectin
on the lower surface. Cancer cells (5 × 104 cells) in enriched RDF medium supple-
mented with 0.1% BSA were added to the upper compartment, the chambers were
and incubated at 37◦C for 6 h. The cells on the lower surface of the filter were fixed
with methanol and stained with hematoxylin. The cells on the upper surface were
removed by wiping with cotton swabs. The average number of migrated cells in 4
areas was counted manually under a microscope, and each assay was repeated four
times.

3 Results and Discussion

3.1 Differentiation Markers of Melanoma

Briefly, we studied the effects of lupeol on morphological changes in B16 2F2
cells. The observations with TEM revealed that the mature melanosomes in B16
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Fig. 1 Biomarkers of melanoma cell differentiation (A): B16 2F2 cells were stimulated without
(a) or with 10 μM lupeol (b) for 48 h, and the intracellular melanosomes were observed under
a transmission electron microscope (bar, 5 μm). (B): B16 2F2 cells were incubated without (N)
or 10 μM lupeol (L) for 48 h, and the proteins in cell lysates were separated by SDS-PAGE, and
subjected to Western blotting. Three independent experiments were performed. (C): B16 2F2 cells
were cultured on coverslips pre-coated with fibronectin for 24 h, and treated with 10 μM lupeol for
0 h (a), 4 h (b) and 8 h (c). The cells were labeled with Alexa-Fluor 488-phalloindin (bar, 40 μm)

2F2 cells treated with 10 μM lupeol for 48 h significantly increased, when com-
pared to the untreated cells (Fig. 1A). Therefore, we investigated the events involved
in melanosome transports such as the expressions of Myosin-Va/Rab27a/Slac-2a
by observations with fluorescence microscopy and Western blotting. The expo-
sure to 10 μM lupeol for 48 h markedly elevated the expressions of tyrosinase,
MITF, a transcriptional factor of tyrosinase, Rab27a and myosin-Va in B16 2F2
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cells (Fig. 1B). It was reported that Rab27a and myosin-Va, but not Slac2-a was
stimulated in forskolin-induced B16 cell differentiation [7]. We examined the lev-
els of Slac2-a in B16 2F2 cells treated with lupeol for 48 h, but lupeol did not
modulate the expression of Slac2-a. We examined dendrite formations in B16 2F2
cells by lupeol. Following treatment with 10 μM lupeol for 4 h, actin stress fibers
remained in the cytoplasm in B16 2F2 cells, and dendrites of the cells were not
formed (Fig. 1C–a and b). By the lupeol treatment for 8 h, the disassembly of actin
stress fibers in B16 2F2 cells and dendrite outgrowth were observed (Fig. 1C–c).
Rearrangement of the actin cytoskeleton by inhibition of Rho signaling was found to
trigger dendritic formation in melanoma cells [1, 4, 10]. These results suggested that
lupeol attenuated the actin fiber assembly for 4–8 h, and this event caused dendritic
formation in B16 2F2 cells.

3.2 Melanoma Cell Motility

It has been reported that disruptions in actin fiber assembly are involved in can-
cer cell motility and invasion [2]. We investigated the effects of lupeol on human
cancer cell motilities. The results are summarized in Table 1. At 10 μM, lupeol
did not influence the growth of nine types of cancer cells, and weakly inhibited
HeLa cell proliferation. Lupeol at 10 μM markedly suppressed G361 melanoma
and NB-1 neuroblastoma cell migration, and weakly suppressed A549 lung adeno-
carcinoma cell migration. However, lupeol at the same concentration did not inhibit
the migration of other types of human cancer cells. These findings suggested that
lupeol selectively suppressed the migration of melanoma and neuroblastoma cells,
which are derived from the neural crest.

Table 1 Effects of Lupeol on growth and migration of cancer cells

Cell line (origin) Cell growth (%) Migration index (%)

G361 (melanoma) 97.5 ± 3.8 40.5 ± 3.1
NB-1 (neuroblastoma) 96.0 ± 2.5 39.7 ± 6.1
A549 (lung adenocarcinoma) 100.1 ± 7.4 87.3 ± 5.0
ACHN (renal adenocarcinoma) 106.3 ± 6.9 103.4 ± 4.8
HeLa (cervical carcinoma) 72.4 ± 2.3 101.4 ± 4.1
HT1080 (fibrosarcoma) 91.6 ± 6.5 100.6 ± 10.8
MIA Paca2 (pancreatic cancer) 99.1 ± 4.9 93.1 ± 4.7
Saos2 (osteogenic sarcoma) 100.0 ± 9.8 101.3 ± 5.0
SH-10-TC (stomach cancer) 99.6 ± 5.2 94.6 ± 4.1
T24 (urinary bladder

carcinoma)
90.7 ± 5.5 101.5 ± 2.3

The effects of 10 μM lupeol on cell growth for 72 h and migration for 6 h were examined.
The values represent percentages, relative to the control (n = 4).
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3.3 Clinical Tests

In the cases I-III, in which melanoma cells metastasized to mandibular lymph nodes,
we topically injected lupeol (0.75–1.5 mg per site in one time) at the metastatic sites.
The melanoma at the metastatic sites was completely disappeared by injection of
lupeol, but the primary melanomas progressed (cases I and II). In case III, lupeol
induced the increase of melanosome in vivo, which is a hallmark of melanoma
cell differentiation. In other 4 cases (cases IV-VII), we topically injected lupeol
around primary sites after extirpations of melanoma areas at primary site without
keeping surgery margins. In case IV, the tumor progression was suppressed and
the focal lysis of tumor tissues was observed by lupeol alone. In cases V-VII, we
took other therapies together lupeol including hyperthermia and immunotherapy.
As the results, lupeol regulated the tumor progression in two (cases V and VI),
and the melanoma in case V was completely disappeared; however, melanomas
metastasized to whole body in one (case VII). In the present clinical tests, it was
demonstrated that the repeat treatments with lupeol took some actions on 6 cases
of 7 dogs with malignant melanomas. Especially, lupeol seemed to be more effec-
tive against the melanomas metastasizing to mandibular lymph nodes than those
at primary sites. In the present point, we cannot explain exactly the phenomenon.
However, one possible reason is that lupeol diffuse sufficiently in the lymph node
when lupeol is injected into the lymph node. On the other hand, in primary tumor
site, lupeol does not diffuse sufficiently around the tumor site because the tissue
around the tumor site is rigid. In this point, we must investigate regarding interval
of administration, concentration of lupeol, and range of injection area.

This work was supported in part by a Grant-in-aid for Scientific Research
(20580352) from the Ministry of Education, Culture, Sports, Science and
Technology.
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The Effect of Secoisolariciresinol on 3t3-L1
Adipocytes and the Relationship Between
Molecular Structure and the Activity

Shiori Tominaga, Takuya Sugahara, Sogo Nishimoto, Manami Yamawaki,
Yuki Nakashima, Taro Kishida, Koichi Akiyama, Masafumi Maruyama,
and Satoshi Yamauchi

1 Introduction

Secoisolariciresinol (SECO) is one of the most abundant dietary lignans. It occurs
predominantly in a glycosylated form in food products. SECO is the major lignan
found in flaxseed (Linum usitatissimum L.) and is present in a polymer containing
secoisolariciresinol diglucoside (SDG). SECO, SDG and the polymers are known
to have a number of health benefits, including reduction of serum cholesterol lev-
els, delay in the onset of type II diabetes and decreased formation of breast, prostate
and colon cancers. Research on the isolation and synthesis of SECO compounds has
been continued by organic chemists. However, the relationship between the molec-
ular structure and biological activity has not been elucidated. On the other hand,
meso-SECO is not common and there is no report about the stereoselective synthetic
research and biological investigation on meso-SECO.

In this article, the effects of three types of SECOs on adipogenesis were
compared by using of mouse 3T3-L1 adipocytes.

2 Materials and Methods

2.1 SECO Compounds

(+)- and (–)-SECO were synthesized by the previously reported methods. (+)-
SECO: colorless crystals, mp, 111–112◦C (CHCl3-(iso-Pr), 114-115◦C in literature,
[α] 20D = +31 (c 0.3, acetone). NMR data agreed with those of literature. (–)-
SECO: mp, 111–112◦C (CHCl3-(iso-Pr) 2O). [α] 20D = -32 (c 0.3, acetone). Lit.
[α] 20D = -35.5 (c 1.07, acetone). Purity of these compounds was checked by
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silica gel TLC (EtOAc/hexane = 1/1) and HPLC analysis by DAICEL chiral col-
umn AD-H revealed that the optical purity of each SECO was more than 95%ee.
meso-SECO was also synthesized by the method as we previously reported [3].

2.2 Cells and Cell Culture

3T3-L1 preadipocytes obtained from ATCC were subcultured in ERDF medium
(Kyokuto Pharmaceutical, Tokyo, Japan) supplemented with 10% fetal bovine
serum (FBS) at 37◦C in a humidified atmosphere of 5% CO2. The differentiation
of 3T3-L1 preadipocytes into adipocytes was initiated by the addition of 0.25 μM
DEX, 0.5 mM IBMX and 5 μg/ml of insulin, followed by the cultivation of cells
without DEX and IBMX until differentiation after 2 days. The media were changed
every 2 days.

The estrogen-responsive cell line T47D-KBluc cells were obtained from ATCC.
T47D-KBluc cells were used for assay of estrogen-like activity of SECO com-
pounds. T47D-KBluc cells express lucifarase by stimulation of the potent estrogen
or well-characterized weaker environmental estrogens. T47D-KBluc cells were sub-
cultured in ERDF medium supplemented with 10% of FBS at 37◦C in a humidified
atmosphere of 5% CO2. The culture media was replaced to ERDF medium with
10% charcoal-treated FBS 7 days before experiments to eliminate trace estrogens
in FBS.

2.3 Assay of Adiponectin Production of 3T3-L1 Adipocytes

3T3-L1 adipocytes were cultured in 10% FBS-ERDF medium supplemented with
each SECO compound at 0.3 mM. Two days after, the amount of adiponectin
secreted in culture medium was determined by mouse adiponectin ELISA kit.

2.4 Reveres Transcription-Polymerase Chain Reaction
(RT-PCR) Analysis

After 3T3-L1 adipocytes were differentiated, the cells were cultured in 10% FBS-
ERDF medium supplemented with each SECO for 2 days. Cells were harvested
and washed twice with PBS. Total RNA was prepared by using Sepasol RNA-
I super (Nacalai Tesque, Kyoto, Japan) according to manufacture’s instruction.
One microgram of total RNA was used as a template for the cDNA synthe-
sis reaction performed using MMLV-reverse transcriptase and an oligo-dT primer
(Toyobo, Osaka, Japan). The resultant cDNA samples were subjected to 30 cycles
of PCR amplification performed under the following conditions: denaturation at
98◦C for 10 s, annealing at 60◦C for 2 s, and DNA synthesis at 74◦C for 30 s,
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according to the manufacture’s recommendation. The PCR reaction was performed
using Takara Taq DNA polymerase (Kyoto, Japan). Mouse β-actin cDNA was
amplified as an internal control. The PCR primer sequences were as follows:
for mouse β-actin sense, 5’- TGG AAT CCT GTG GCA TCC ATG AAA C-3’,
and antisense, 5’- TAA AAC GCA GCT CAG TAA CAG TCC G-3’; for mouse
Adiponectin sense, 5’- AGT GGA TCT GAC GAC ACC -3’, and antisense, 5’-
CTG TCA TTC CAA CAT CTC C-3’; for mouse PPARγ sense, 5’- GCT GTT
ATG GGT GAA ACT CTG -3’, and antisense, 5’- ATA AGG TGG AGA TGC
AGG TTC -3’. The amplified PCR products were subjected to electrophoresis on
a 1.0% agarose gel, and stained using SYBR Gold (Molecular Probes, Eugene,
OR, USA).

2.5 Oil Red O Staining

3T3-L1 preadipocytes were grown to confluence in 48-well culture plate in ERDF
medium supplemented with 10% FBS. The differentiation was induced 10% FBS-
ERDF with 5 μg/ml of insulin, 0.25 μM DEX and 0.5 mM IBMX, and each
SECO and E2 were added at 0.15 μM at the initiation of differentiation. At day
2 after induction, medium was changed to adipogenesis progression media; 10%
FBS-ERDF medium supplemented with 5 μg/ml of insulin and 0.15 μM SECOs
without DEX and IBMX, and the media were changed every 2 days. Two weeks
after inoculation, oil red staining performed by using lipid assay kit (Primary Cell;
Hokkaido, Japan) according to manufacture’s instructions. Briefly, oil red O dis-
solved in isopropanol was kept overnight at room temperature, filtered, mixed with
distilled water, kept overnight in the cold, and finally filtered twice before use.
The final staining solution was 0.2% oil red O in 60% isopropanol. Cells were
washed twice with PBS, and fixed for at least 15 min with fixed buffer contain-
ing formalin. The cells were washed twice with PBS, then stained for 15 min
in a filtered oil red O solutions. After washing with distilled water, the stained
cells were observed with a microscope. Following microscopic observation, cells
were lysed with lysis buffer and TG accumulation was measured by absorbance at
540 nm.

2.6 Assay of Estrogen-Like Activity

The T47D-KBluc cells were seeded at 1 × 104 cells per well in 96-well plates
and cultured in 10% FBS-ERDF medium with various concentrations of SECO
compounds and 0.1 nM 17β-estradiol (E2). After 48 h, the cells were washed
twice with PBS, and then lysis buffer (Promega, Wisconsin, USA) was added at
20 μl per well and incubated until cells were lysed (15–30 min) at room temper-
ature. Luciferase assay was performed by using of luciferase reporter gene assay
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kit (Promega). Luciferase activity was determined by Luminessencer-JNR AB 2100
(ATTO, Tokyo, Japan), and quantified as relative luciferase units (RLU).

3 Result

3.1 Effects of SECOs on the Adiponectin Production
by 3T3-L1 Adipocytes

3T3-L1 adipocytes were stimulated by SECO compounds in 10% FBS-ERDF
medium for 2 days. As shown in Fig. 1, only (–)-SECO accelerated adiponectin pro-
duction by 3T3-L1 adipocytes 1.6-fold. In contrast, (+)- and meso-SECO depressed
the adiponectin production. Thus, these facts indicated difference in structures of
the SECO compounds have different influence on the adiponectin production.

3.2 Effects of SECOs on mRNA Expression of Adiponectin

To examine the mode of regulation of each SECO on adiponectin production, the
mRNA level for adiponectin in 3T3-L1 cells treated with each SECO was exam-
ined. As a result, (–)-SECO up-regulated the expression of adiponectin mRNA level.
On the other hand, (+)- and meso-SECO down-regulated the expression level. This
result was correlated with the adiponectin production levels of 3T3-L1 cells treated
with each SECO. In both cases, SECO affected mRNA expression level to regulate
adiponectin production of 3T3-L1 cells.

Control (+)– SECO (–)– SECO meso –SECO
0

50

100

150

200 ∗∗
p < 0.01 vs control

∗∗

∗∗

Fig. 1 Effects of SECOs on
the adiponectin production by
3T3-L1 adipocytes
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3.3 Effects of SECOs on Triglyceride Accumulation
in 3T3-L1 Adipocytes

The differentiation was induced 10% FBS-ERDF with 5 μg/ml of insulin, 0.25
μM DEX, 0.5 mM IBMX, and 0.15 μM each SECO added to the medium at the
initiation of differentiation. Two days after induction, medium was changed to adi-
pogenesis progression media; 10% FBS-ERDF medium supplemented with 5 μg/ml
insulin and 0.15 μM SECOs or E2, and the media were changed every 2 days. As
shown in Fig. 2a, all SECOs and E2 significantly suppressed triglyceride (TG) accu-
mulation. Especially, (–)-SECO obviously suppressed TG accumulation, and the oil
droplets were much smaller than those in cells treated with other SECOs or E2. In
addition, cytotoxicity of these substances was not observed at this concentration,
and there was no difference in the rate of differentiation to adipocytes among these
substances.

The quantitative analysis of TG content in 3T3-L1 adipocytes treated with SECO
or E2 was performed by oil red O assay. As indicated in Fig. 2b, TG accumulation
in 3T3-L1 cells stimulated with (–)-SECO was obviously lower than that in control
cells.

3.4 Estrogen-Like Activity of SECOs

It is well known that SECO has estrogen activity. However, the activity was evalu-
ated by using of the mixture of (+)- and (–)-SECO. To consider the structure-activity
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meso –  SECO E2
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***p < 0.005 vs
control

(b)
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Fig. 2 Effects of SECOs on triglyceride accumulation in 3T3-L1 adipocyte
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relationship of SECO on estrogen activity, estrogen activities of SECO com-
pounds were compared. Estrogen-responsible lusiferase reporter gene assay using
T47D-KBluc cells was performed. As a result, only (–)-SECO possessed estrogen
activity. However, the activity was much lower than that of E2. The specific estrogen
activity of (–)-SECO was less than 1/1000 of E2. In contrast, (+)- and meso-SECO
did not have estrogen activity. This result suggests that estrogen activity of SECO
from natural resources comes from only (–)-SECO.

4 Discussion

The research on the biological functions of SECO and SDG have been performed
many researchers. In addition, it has been reported that SECO was converted to
enterodiol and enterolactone, which are the compounds postulated to have anti-
carcinogenic properties, by intestinal microbes to mammalian lignans in body.
However, the relationship between stereochemistry and biological activity has not
been clear. We previously revealed the difference in biological functions such as
immunological function, cytotoxic activity, and antioxidant activity [3]. The result
showed that each optical isomer possesses different biological activities. This fact
means that it is important to separate each optical isomer for precise analysis of
the biological function of SECO. Recently, Fukumitsu et al [1]. reported that SDG
reduced fat accumulation in mice, adiponectin mRNA expression level. In this
report, we revealed that the structure-activity relationship between of SECO iso-
mers on adipogenesis. As the result, (–)-SECO showed most beneficial effects on
lipid metabolism. As shown in Fig. 2, adiponectin production was stimulated only
by (–)-SECO, and (–)-SECO completely depressed lipid production without cyto-
toxicity. E2 also suppressed TG accumulation in 3T3-L1 cells, as much as (+)- and
meso-SECO.

In addition, our previous study revealed that cell growth of human breast cancer
MCF-7 cells was stimulated by (–)-SECO at 5 μM [3]. MCF-7 cells have estrogen
receptor (ER) and the growth is stimulated by E2 or estrogen-mimicking com-
pounds. It is supposed from these facts that (–)-SECO has estrogen-like activity
and stimulates cell growth of MCF-7 cells via estrogen receptor. In fact, (–)-SECO
exclusively had estrogen-like activity among SECO isomers. Our data indicated that
E2 suppressed TG accumulation in 3T3-L1 cells. (–)-SECO strongly suppressed TG
accumulation than E2. Matured 3T3-L1 cells are expressing both ERα and β, and
ERα regulates insulin sensitivity [2]. ERs may concern with regulation of TG accu-
mulation in 3T3-L1 adipocytes. However, (+)- and meso-SECO also suppressed TG
production without estrogen activity. These facts suggest that although beneficial
effects on lipid metabolism in 3T3-L1 cells partly come from estrogen-like activity
of (–)-SECO, there are other pass ways except for estrogen-like activity for depress-
ing TG accumulation by (–)-SECO. In addition, the concentration of (–)-SECO for
suppression of TG accumulation was significantly lower than that for stimulation
of adiponectin production. It is supposed from this fact that there are different pass
ways for the adipogenesis in 3T3-L1 adipocytes induced by (–)-SECO.
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Detection of Anti-Allergic Factors in Strawberry
Extracts

Kazuhiro Mitsuda, Aiko Inoue, Norikazu Nishino, Yuichi Inoue,
and Hiroharu Kawahara

1 Introduction

Pollinosis is well known as one of allergic problems in modern society. Many people
are suffering from this disease every year from the end of February to the beginning
of April. Allergies such as pollinosis are occurred by IgE antibodies. IgE produced
when balance of type 1 helper T (Th1) and type 2 helper T (Th2) cells are inclined
to Th2 cells. SOCS3 and SOCS5 are predominantly expressed in Th2 and Th1 cells,
respectively, and they reciprocally inhibit the Th1 and Th2 differentiation processes
[3, 4]. Therefore, we examined the effect of strawberry extracts on IgE production
and gene expression for helper T cell differentiation.

Strawberry is rich in vitamin C, polyphenols including anthocyanin, flavonoid,
phenylpropanoid and xylitol. It also contains the allergen Fra a1 homologue to the
major birch pollen allergen Bet v1 [1]. The health-promoting functions of strawberry
have been broadly investigated. But, the anti-allergic effects of strawberry have
not well been studied. We reported here the anti-allergic action of their strawberry
extracts.

2 Materials and Methods

2.1 Isolation of Lymphocytes from Whole Blood

Ficoll-Paque Plus (GE Healthcare, Sweden) is used for isolation of mononu-
clear cells from human peripheral blood by rapid centrifugation. Human blood
samples were obtained from a healthy donor, and peripheral blood lymphocytes
(PBL) were separated from each blood sample with Ficoll-Paque Plus. PBL were
cultured in 5% FBS (Thermo Fisher Scientific, USA) –10% human plasma-ERDF
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medium (Kyokuto Pharmaceutical Industrial Co., Tokyo, Japan). Human plasma
was separated from the heparinized blood original donor.

2.2 Preparation of Strawberry Extracts

Strawberry extracts were prepared as follows. Strawberries were homogenized
at 6,000 rpm for 30 s at 0◦C, and equal amount of PBS was added to it. The
homogenate was centrifuged at 8,300×g for 60 min at 4◦C, and the supernatant
was sterilized by a 0.22 μm filter. The obtained filtrate was used for the experiments
as the strawberry extracts.

2.3 Effect of Strawberry Extracts on IgE Production

To investigate the effects of strawberry extracts on IgE production, an in vitro
IgE inducing method was used [2]. 2.5×106 cells/ml of PBL were cultured in
5% FBS-10% human plasma-ERDF medium containing 10 ng/ml of recombinant
human IL-2, IL-4, IL-6 (R&D systems, USA), 10 μg/ml of Muramyl dipep-
tide (MDP) (SIGMA, USA), and 100 ng/ml of the ceder pollen antigen Cryj1
(HAYASHIBARA, Japan), with or without 5% (v/v) of strawberry extracts. As a
positive control, 100 ng/ml of epicatechin gallate (ECg) derived from tea leaves
were used. After 10 days, the concentration of total IgE antibody in the supernatant
was measured by an enzyme-linked immunosorbent assay (ELISA) and compared
between control and sample containing strawberry extracts. Cells were recovered
and used for RT-PCR abalysis.

2.4 Measurement of Total IgE Concentration

Total IgE concentrations in culture medium were measured by ELISA, using anti-
human IgE antibody (#AHI0510; Biosource International., USA) as the first anti-
body, and anti-human IgE peroxidase-conjugated antibody (#AHI 0504; Biosource
International Inc., USA) as the second antibody.

2.5 RT-PCR Analysis

Total RNA was recovered from PBL using ISOGEN (NIPPON GENE, Japan).
Reverse transcription was done using Thermo Script RT-PCR System as described
in a common protocol (GE Healthcare). The following primers were used to
amplify the genes for helper T cell differentiation and the beta-actin gene as a con-
trol. Forward primer (5’-CAAGACCTT CAGCTCCA-3’) and reverse primer (5’-
CAGAGCTACAG GACTCTCTC-3’) were used to amplify SOCS3 (suppressor of
cytokine signaling 3). Forward primer (5’-AGTA GAATTGTATTGAAAGGC-3’)
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and reverse primer (5’-CATTTACAAGAGAAATTGTTG-3’) were used to amplify
SOCS5. Forward primer (5’-GACTTCGAGCAAGAGATG -3’) and reverse primer
(5’-GCCAGACAGCACTGTGTT -3’) were used to amplify beta-actin. The ampli-
fication conditions used for SOCS3 (720 bp) and SOCS5 (870 bp) were 40 cycles
for 94◦C for 40 s, 57◦C for 40 s, 72◦C for 1 min. The PCR condition of beta-actin
(240 bp) was 20 cycles for 94◦C for 40 s, 52◦C for 40 s, 72◦C for 1 min. Amplified
bands are analyzed as gene expression level by NIH image.

2.6 Biacore Analysis

Binding of the strawberry extracts to Cryj1 was measured using Biacore X instru-
ment. Briefly, Cryj1 (20 μg/ml) in 10 mM sodium acetate, pH 3.0 was immobilized
to the Sensor Chip CM5 surface by amine coupling according to a common proto-
col (GE Healthcare). CM5 surface were coupled to final resonance values of 12500
response units (RU) for Cryj1. HBS EP buffer, pH 7.4 (10 mM HEPES, 150 mM
NaCl, 3.4 mM EDTA, 0.005% surfactant P20, pH 7.4) was used for immobilization
and binding assays. Strawberry A extract and PBS were injected to the Cryj1 immo-
bilized chip at 20 μl/min and monitored until equilibrium. Representative curves
were indicated for the association and the dissociation phase.

3 Results and Discussion

3.1 Suppressive Effects of Strawberry Extracts on IgE Production

To investigate the anti-allergic effects of strawberry extracts, we used 18 breeds of
strawberries. Most strawberry extracts suppressed IgE production and their suppres-
sive effects were different among the breeds tested (Fig. 1). Strawberry A extract
was the best in the decrease of IgE production and it effects was as much as an
anti-allergic factor ECg. However, vitamin C, which is abundantly included in straw-
berries, was little effect. This suggested that the decreased IgE production was not
caused by anti-oxidant action.

3.2 RT-PCR Analysis of Gene Expression for Helper T Cell
Differentiation

Gene expression for helper T cell differentiation was examined by RT-PCR. As a
result, SOCS3 gene expression that is related to Th2 differentiation was found to
be significantly decreased by strawberry A extracts when compared with control
(Fig. 2 left). This corresponded to total IgE production (Fig. 2 right). However,
SOCS5 gene expression that is related to Th1 differentiation did not change. These
findings suggest that strawberry extracts may suppress IgE production by decreased
Th2 differentiation.
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Fig. 1 Suppressive effects of strawberry extracts on IgE production

Fig. 2 Gene expression for helper T cell differentiation and its relation to IgE production

3.3 Interaction of Strawberry Extracts with Cryj 1

The binding of strawberry A extract to Cryj1 was examined by Biacore analysis.
It revealed that there is a factor with the ability to bind with Cryj1 in the extracts.
Cryj1 has the pectate lyase like activity that can degrade pectin, a component of
plant cell walls [5]. Strawberry also includes many pectin components. This means
that they may bind to Cryj1 as a substrate. But, apple pectin did not bind with Cryj1
(data not shown). Therefore, the strawberry-derived factor binding to Cryj1 need to
be further investigated (Fig. 3).
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Fig. 3 Interaction of strawberry a extracts with Cryj1 by biacore analysis

4 Conclusions

We reported here that strawberry had anti-allergic effects. Our results suggest that
the strawberry extracts may suppress the allergic reaction by acting on both Th2
cells and Cryj1 allergen. However, further study is needed to identify anti-allergic
factors in strawberry extracts.
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Anti-Melanogenic Activity of Yacon Leaves
in Mouse Melanoma Cells

Anti-Melanogenic Activity of Traditional Andean
Food Yacon

Tomoyuki Ishikawa, Toshio Hyakutake, Yasuaki Gondou, Mitsuhiro Sakai,
Reiko Kinoshita, Jyunji Tottori, Hiroshi Kunitake, and Ken-Ichi Kusumoto

1 Introduction

Traditional food yacon (Smallanthus sonchifolius), a plant of asteraceae, is origi-
nally cultivated in the Andean of South America. Yacon contains beta-1,
2-oligofructans and polyphenols abundantly. Yacon leaves are used as a tea and
the roots can be eaten raw. The leaves are known to contain components that led to
a suppressing rise in blood glucose levels. Kurume city is one of the municipalities
that an agricultural output is high in Japan. Although a number of agricultural prod-
ucts are cultivated in Kurume city, there isn’t unique one. Therefore, we focused on
a specialty product yacon as an attractive healthy vegetable. In the present, we have
cultivated yacon to introduce functional yacon tea and confectionery.

Natural compounds known to exhibit anti-meanogenic activity such as arbutin or
vitamin C are widely used in medical and cosmetic fields. Tyrosinase, a key enzyme
of melanin synthesis, is targeted for anti-melanogenic activity. The mechanisms of
suppression of melanin synthesis differ depending on the chemical structure of nat-
ural compounds. Most major mechanism is to directly inhibit activity of tyrosinase.
Also, it is known to inhibit intracellular expression of tyrosinase by affecting a factor
of signaling on melanin synthesis or to positively regulate proteasome mechanism
to degrade tyrosinase.

In this report, we demonstrate that yacon leaf extracts have an anti-melanogenic
activity to suppress melanin synthesis in mouse B16 melanoma cells. Natural com-
ponents to exhibit anti-melanogenic activity were extracted and purified from yacon
leaves by using an ethanol extraction, a silica-gel column, and reverse-phase high-
pressure liquid chromatography C-18 column. Our results suggest that this approach
can propose a novel biological function of traditional food yacon for suppressing
melanin synthesis.
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2 Materials and Methods

2.1 Yacon Leaf

Fresh leaves of yacon were supplied by Nomura’s Farm in Kurume city. Yacon
leaves were immediately freeze-dried and stored at –30◦C (Fig. 1).

Fig. 1 Photograph of yacon cultivated by Nomura’s Farm in Kurume city, Fukuoka, Japan; leaves
(left) and roots (right)

2.2 Cell Culture and Cell Culture

Mouse melanoma B16 cells (American Type Culture Collection) were cultured in
Dulbecco’s modified Eagle’s Medium (DMEM, Invitrogen) with 10% fetal bovine
serum (FBS) at 37◦C in a humidified atmosphere containing 5% CO2.

2.3 Extraction of Yacon Leaves with Various Solvents

Freeze-dried yacon leaves were incubated for 24 h at 4◦C in the following solvent
(50 mg/ml); distilled water, ethanol, methanol, chloroform, ethyl acetate, hexane,
and acetone. Samples extracted with four kinds of solvents (ethyl acetate, chloro-
form, hexane, and acetone) were evaporated and then dissolved with equal volume
of methanol. In addition, the freeze-dried products were incubated for 1 h at 95◦C
in distilled water.

2.4 Anti-Melanogenic Analysis in Mouse B16 Melanoma Cells

B16 cells were precultured in 96-well plate at a density of 2.0×104 cells/well in
0.1 ml DMEM with 10% FBS. Culture medium was changed to DMEM with 10%
FBS and 2 mM theophyline (Sigma). Each extract was added in the cells in the
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presence of theophyline and the cells were incubated for a week at 37◦C. After
treatment, the cells were lysed by 0.9% Triton X-100 and incubated for 1 h at room
temperature. Anti-melanogenic activity was measured by the absorbance of 414 nm
and expressed as the percentage of decreasing amounts of melanin via total amounts
of control cells and positive control cells treated with 1.64 mM Phenylthiourea
(PTU, Sigma).

2.5 Purification of Ethanol Extracts from Yacon Leaves Using
a Silica-Gel Column and a Reverse-Phase High-Pressure
Liquid Chromatography C-18 Column

Freeze-dried products of yacon leaves (10 g) were incubated overnight in 200 ml of
ethanol at 4◦C (termed as Ethanol extracts). Ethanol extracts (20 ml) were loaded
on a silica-gel column with methanol and a flow-through was collected (termed as
Flow-through fraction with methanol). After the flow-through fractions were evapo-
rated, the residues were dissolved in a solution of chloroform:methanol = 40:1 (v/v).
The dissolved solution was loaded on a silica-gel column with chloroform-methanol
solution (40:1) and flow-through fractions were collected (termed as 40:1 fraction).
Subsequently, the column was subjected with chloroform-methanol solution (20:1)
and the eluates were collected as a fraction at 25 ml. Finally, the column was eluted
with chloroform-methanol solution (5:1) and then methanol in turn, in which these
eluates were collected (termed as 5:1 fraction and 0:1 fraction, respectively).

Fractions having anti-melanogenic activity (termed as T3 fraction) were col-
lected and subjected on a reverse-phase high-pressure liquid chromatography C-18
column, Sunfire (Waters Corporation). After the T3 fraction was injected, the col-
umn was washed for 20 min with the solvent of methanol-water (7:3), eluted for
15 min with a gradient from methanol-water (7:3) to methanol, and eluted for
20 min with methanol. In all steps, a flow rate was 1 ml/min and fraction volume
was 2 ml. Each fraction was resolved by thin-layer chromatography (TLC) anal-
ysis that is developed with chloroform-methanol solution (20:1) and detected by
phosphomolybdic acid.

3 Results and Discussion

3.1 Anti-Melanogenic Activity of Yacon Leaf Extracts with Various
Solvents in Mouse B16 Melanoma Cells

We tried to estimated anti-melanogenic activity in crude extracts of yacon leaves
with various solvents in mouse B16 melanoma cells (Fig. 2). Extracts from five
kinds of solvents; ethanol, methanol, ethyl acetate, chloroform, and acetone, exhib-
ited anti-melanogenic activity at 500 μM, whereas, extracts from three kinds of
solvents; cold water, hot water, and hexane, had no effects at 500 μM. Ethanol
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Fig. 2 Anti-melanogenic activity of yacon leaf extracts with various solvents; cold water, hot
water, ethanol, methanol, ethyl acetate, chloroform, hexane, and acetone. B16 cells were treated
with extracts from eight kinds of solvents or with PTU as a positive control for a week in 96-well
plate. After incubation, the cells were lysed with Triton X-100, and then absorbance of 414 nm
was read. Control of no treatment and positive control treated with PTU were calculated as 100%
and 0% of the rate of melanin synthesis respectively, and each extracts was calculated at the rate
of melanin synthesis against control and PTU

Fig. 3 Photograph of mouse
B16 cell-cultured plate. B16
cells were cultured at the
presence of yacon extracts.
Left; control, treatment with
2 mM theophyline to induce
melanin synthesis. Right;
yacon leaves, treatment with
ethanol extracts in the
presence of theophyline

extracts only exhibited anti-melanogenic activity at 250 μM. These results showed
that natural compounds of yacon leaves to be exhibiting anti-melanogenic activity
in B16 cells are effectively extracted by using ethanol (Fig. 3).

3.2 Purification of Natural Compound from Ethanol Extracts
of Yacon Leaves to be Exhibiting Anti-Melanogenic Activity
in B16 Cells by Using a Silica-Gel Column
and a Reverse-Phase High-Pressure Liquid Chromatography
C-18 Column

We first attempted fractionation of the ethanol extracts from yacon leaves by using
a silica-gel column. In this method, ethanol extracts of yacon leaves were generated
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a precipitation by dissolving with organic solvent such as chloroform. Therefore,
ethanol extracts were loaded on a silica-gel column with methanol to get rid of the
precipitation generated in a hydrophobic environment. A flow through fraction was
recovered by 83.9% of ethanol extracts. The relative activity of this flow through
fraction elevated at 1.08-fold than that of ethanol extracts. Again, this flow through
fraction was loaded on a silica-gel column with chloroform-methanol solution
(40:1). The relative activity of 40:1 fraction elevated at 2.58-fold than that of ethanol
extracts, which suggested that this fraction still contains compounds having anti-
melanogenic functions. The relative activity of 20:1 fraction (T3 fraction) decreased
at 0.311-fold than that of ethanol extracts. T3 fraction was homogeneously detected
by TLC analysis. The 5:1 fraction eluted with chloroform-methanol (5:1) and 0:1
fraction eluted with methanol had little anti-melanogenic activity. Subsequently, T3
fraction was further purified by using a reverse-phase high-pressure liquid chro-
matography C-18 column. Each fraction separated on C-18 column was developed
by TLC analysis. T3 fraction purified (termed as T3) was examined both in anti-
melanogenic activity and in the preventive effects of intracellular tyrosinase in B16
cells. The identification and characterization of this compound as a melanogenic
inhibitor will be presented in the future.

3.3 Anti-Melanogenic Activity by T3 Fraction in Mouse B16
Melanoma Cells

The purity of T3 was confirmed by TLC analysis (Fig. 5) and nuclear magnetic res-
onance (NMR) spectroscopy. T3 was evaluated in anti-melanogenic activity in B16
cells. A concentration suppressing half amount of melanin synthesis against control
was 45.7 μM (Fig. 4). These results showed that anti-melanogenic mechanisms of
T3 are to inhibit tyrosinase on melanin synthesis as well as that of arbutin.

Fig. 4 Anti-melanogenic activity of T3 purified on C-18 column. B16 cells were treated with
each concentration of T3 or with PTU as a positive control for a week in 96-well plate. After
incubation, cells were lysed with Triton X-100, and then absorbance of 414 nm was read. Control
of no treatment and positive control treated with PTU were calculated as 100% and 0% of the
rate of melanin synthesis respectively, and each concentration of T3 was calculated at the rate of
melanin synthesis against control and PTU
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Fig. 5 TLC analysis of T3
purified on C-18 column. T3
was resolved and confirmed
the purity by TLC analysis
that is developed with
chloroform-methanol solution
(20:1) and then detected by
phosphomolybdic acid

In summary, we extracted by using various types of solvents and purified nat-
ural component from yacon leaves to be exhibiting anti-melanogenic activity in
B16 cells. T3 purified from ethanol extracts exhibited anti-melanogenic activity at
45.7 μM, a concentration suppressing half amount of melanin synthesis. Arbutin, a
well-known compound for exhibiting anti-melanogenic activity, suppressed melanin
synthesis to about 39% at 50 μM. Thus, these results are suggested that the anti-
melanogenic activity of T3 is strong as well as that of arbutin. The elucidation of
mechanism that T3 suppresses melanin synthesis needs further study. In the present,
we are determining the chemical structure of T3. The chemical structure of T3 may
be contributed to medical and cosmetic fields.



Cytokine Responses of Splenocytes of Female
and Male Non-Obese Diabetic Mice Induced
by Lactic Acid Bacteria
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Kimoto-Nira, Chise Suzuki, and Koko Mizumachi

1 Introduction

It has been well recognized that the incidences of autoimmune diseases such as
insulin-dependent diabetes mellitus (IDDM) and rheumatoid arthritis (RA) are
largely influenced by genetic factors [1, 2]. For example, non-obese diabetic (NOD)
mice, an animal model for spontaneous IDDM, show a clear female predilection
[3]. Genetic defects alone are not, however, sufficient to cause autoimmune dis-
eases, and environmental factors including drug, food and microbial conditions are
also involved [4–6], although their precise mechanisms are not clear at present. To
find useful probiotics capable of effectively suppressing the onset of IDDM, we
here examined and compared cytokine responses of spleen cells of female and male
NOD mice induced by 2 strains of lactic acid bacteria, Lactococcus lactis subsp.
lactis G50 and Lactobacillus acidophilus JCM1132.

2 Materials and Methods

2.1 Lactic Acid Bacteria

Lc. lactis G50 is maintained in the International Patent Organism Depository
(FERM P-18415; Tsukuba, Japan) and has the immunomodulatory activity such as
reduction of IgE level in mouse serum [7]. Lb. acidophilus JCM1132T, a reference
strain for probiotics [8], was obtained from the Japan Collection of Microorganisms
(Wako Pure Chemical Industries, Saitama, Japan).
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2.2 Cytokine Responses

Female and male NOD mice were purchased from Clea Japan, Tokyo, and used
at 10–11 weeks of age. Spleen cells from the prediabetic mice were cultured at a
concentration of 1.0 × 107 cells/well with or without 10 μg/ml of a peptide fragment
of glutamic acid decarboxylase 65, from amino acid residues 524 through 543 (GAD
524–543) and 5 μg/ml of the heat-killed lactic acid bacteria, Lc. lactis G50 or Lb.
acidophilus JCM1132, in HL-1 medium (Cambrex Bio Science Walkersville, MD)
in a flat-bottom 24-well culture plate (Asahi Techno Glass, Tokyo, Japan) for 3
days. In some experiments, splenocytes of BALB/c mice (Clea Japan) were used in
the place of NOD mice. The culture supernatants were collected at day 1, 2 and 3,
and then tested for production of various cytokines such as IL-4, 6, 10, 12, IFN-γ
and TGF-β by ELISA, according to the manufacture’s instructions (BD Biosciences
Pharmingen, San Diego, CA).

The use and care of the animals in this study were approved by Animal Care and
Experimentation Committee of Gunma University (No. 07–110).

3 Results and Discussion

In female NOD mice, both strains of lactic acid bacteria were usually found to
induce the secretion of IL-6, 10, 12 and IFN-γ among the above 6 cytokines,
although none of the cytokines could be detected in the supernatants without the
bacterial stimulation, even in the presence of GAD 524–543, an important epitope of
the autoantigen [9] (Figs. 1, 2, 3, and 4). The magnitude of each cytokine response
elicited by the lactic acid bacteria was, however, different between the 2 strains.

Fig. 1 IL-6 production of splenocytes of female (left panel) and male (right panel) NOD mice
in response to Lb. acidophilus JCM1132 (middle panel) and Lc. lactis G50 (lower panel) in the
presence (closed bar) or absence (opened bar) of GAD 524–543
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Fig. 2 IL-10 production of splenocytes of female (left panel) and male (right panel) NOD mice
in response to Lb. acidophilus JCM1132 (middle panel) and Lc. lactis G50 (lower panel) in the
presence (closed bar) or absence (opened bar) of GAD 524–543. n.t. = not tested

For example, the spleen cells secreted large quantities of IL-12, a cytokine for Th1
differentiation, but slight amounts of IL-10 in response to Lb. acidophilus JCM1132,
while Lc. lactis G50 induced extremely high production of IL-10, an immunosup-
pressive cytokine, but low level of IL-12 (Figs. 1, 2, 3, and 4). These results suggest
that Lc. lactis G50 might protect the female NOD mice from spontaneously develop-
ing IDDM, because both Th1 and Th17 cells are considered to mediate the induction
and exacerbation of IDDM [10, 11].

Fig. 3 IL-12 production of splenocytes of female (left panel) and male (right panel) NOD mice
in response to Lb. acidophilus JCM1132 (middle panel) and Lc. lactis G50 (lower panel) in the
presence (closed bar) or absence (opened bar) of GAD 524–543. n.t. = not tested
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Fig. 4 IFN-γ production of splenocytes of female (left panel) and male (right panel) NOD mice
in response to Lb. acidophilus JCM1132 (middle panel) and Lc. lactis G50 (lower panel) in the
presence (closed bar) or absence (opened bar) of GAD 524–543

Interestingly, the splenocytes of male NOD mice with low susceptibility to
IDDM did not produce all the cytokines tested in this study in response to the lactic
acid bacteria (Figs. 1, 2, 3 and 4). Such sex differences were not so clear in the case
of BALB/c mice, but IL-6, 12 and IFN-γ responses were shown to be somewhat
higher in the female mice, as compared with those in the male mice (Figs. 5 and 6).
From these results, it is suggested that female NOD mice with high sensitivity to
IDDM tend to elicit more vigorous T cell activation in response to the lactic acid
bacteria than the male mice.

Fig. 5 IL-6 (left panel) and IL-10 (right panel) production of splenocytes of female (opened bar)
and male (closed bar) BALB/c mice in response to Lb. acidophilus JCM1132 (middle panel) and
Lc. lactis G50 (lower panel)
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Fig. 6 IL-12 (left panel) and IFN-γ (right panel) production of splenocytes of female (opened
bar) and male (closed bar) BALB/c mice in response to Lb. acidophilus JCM1132 (middle panel)
and Lc. lactis G50 (lower panel)
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Development of a High-Throughput Evaluation
System for Antiviral Activities of Food Factors
By Using Bioinformatics

Nozomu Eto, Kiyoko Nagahama, Shohei Miyamoto, Osayoshi Yamaguchi,
Sayumi Miyauchi, Takako Iwata, Asuka Uchida, and Kunihito Yamamori

1 Introduction

To elucidate food functionality maintaining health is one of the most expected things
in science activity for the human. Various physiological functions of food factors are
being evaluated and the most are for the purpose of prevention of life-style related
diseases or to raise biophylaxis ability. An estimated 170 million individuals in the
world are infected with hepatitis C virus (HCV), a serious cause of chronic liver dis-
ease [4]. Although the acute phase of infection is usually associated with mild symp-
toms, approximate 80% of HCV infection results in chronic infection that frequently
leads to severe chronic liver disease; 20–30% of infected individuals may develop
cirrhosis and 1–3% may develop liver cancer. Therefore, screening a new food fac-
tor for chronic HCV is a major public health objective. A point of view of phylaxis
for viruses such as influenza is important as well as a HCV, too. There are many
functions which should be measured, for example, as well as above, antioxidation
activity, anti-metastatic activity, anti-angiogenic activity, anti-inflammatory activity
and so on. However, to measure all necessary bioactivity makes serious demands
upon investigator’s time. Therefore we want to suggest a new method to evalu-
ate plural functions at the same time by applying artificial neural network [1, 2].
Neural networks, with their remarkable ability to derive meaning from compli-
cated or imprecise data, can be used to extract patterns and detect trends that
are too complex to be noticed by either humans or other computer techniques.
In this study, we chose anti-HCV activity and natural killer (NK) cell activation
activity as the plural bioactivities for simultaneous evaluation, and demonstrated
that those bioactivities was able to be predicted with high precision at the same
time.
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2 Materials and Methods

2.1 Cells

HepG2 cells were maintained in DMEM medium supplemented with 10% FCS.
HCV replicon cells were maintained in a MEM medium with 10% FCS. For HCV
replicon cells, the culture medium was additionally supplemented with 500 μg/ml
G418. KHYG-1 cells were maintained in a RPMI1640 medium with 10% FCS and
20 unit/ml of IL-2 (rIL-2, PeproTech EC, London, UK). Every cells were maintained
in humidified atmosphere containing 5% CO2.

2.2 Food Factors and Drugs for Construction of Artificial
Neural Network

The food factors tested were as follows, 3 flavonols, quercetin, kaempferol and
galangin; 3 anthocyanidins, delphinidin, cyanidin and perargonidin; 2 isoflavones,
daidzein and glycitein; 6 other polyphenols, epigallocatechin gallte (EGCG),
curcumin, resveratrol, chlorogenic acid, rosmarinic acid and capsaicin; 3 unsat-
urated fatty acids, arachidonic acid, 9c, 11t-conjugated linoleic acid (CLA) and
linoleic acid; others, lipoic acid, gamma-aminobutyric acid (GABA) and benzyl
isothiocyanate (BITC). The drugs tested include 2 anti-viral drugs; interferon-
alpha (IFN-alpha) and ribavirin, 4 statins; atorvastatin, simvastatin, lovastatin and
pravastatin.

2.3 Measurement of an Expression Level of Marker Proteins
of HepG2 cells

Marker proteins of HepG2 cells were measured by ELISA to detect cellular
reactiveness for a food factor. Measured proteins are as follows: IFN-inducible
antiviral protein Mx (MxA), heat shock protein 90 (HSP90), heat shock protein
70 (HSP70), thioredoxin, thioredoxin reductase 1 (TXNRD1), NAD(P)H dehydro-
genase (quinone) 1 (NQO1), Fas-associated death domain protein (FADD), Cellular
tumor antigen p53 (p53), X-linked inhibitor of apoptosis protein (XIAP), baculovi-
ral IAP repeat-containing protein 5 (survivin), apoptosis regulator Bcl-2 (Bcl-2),
tumor-associated hydroquinone oxidase (tNOX), mitogen-activated protein kinase
1 (ERK2), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.4 Anti-HCV Assay

Anti-virus activities of food factors were determined by luciferase assays and cell
proliferation assay on HCV replicon cells. The luciferase assay was performed by
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using the Steady-Glo or Bright-Glo luciferase assay systems (Promega, Madison,
WI) according to the manufacturer’s protocol. The cell proliferation was measured
by metabolic conversion of WST-8 with a Cell Counting Kit-8 (Wako, Tokyo,
Japan) according to the manufacturer’s protocol. The value of luciferase activity
was calculated by relative value in comparison with the solvent control. Antiviral
activity defined as follows: Viral replication rate = (relative luciferase activity) /
(cell proliferation rate)

2.5 NK Cell Activation Activity Assay

Natural immunity activation activities of food factors were determined by IFN-
gamma production amount of human NK cell line, KHYG-1 cells. IFN-gamma
included in culture supernatant of the NK cell was measured by using ELISA kit
(PeproTech, London, UK).

2.6 Construction of Artificial Neural Network

The network consists of three groups, or layers, of units: a layer of “input” units is
connected to a layer of “hidden” units, which is connected to a layer of “output”
units. Each layer consists of 13 units, 6 units, and 1 unit respectively. An Error back
propagation learning method was used for training of the neural network. Values of
13 marker proteins expression level that were obtained when a certain food factor
was added in HepG2 cells, were input into an each “input” unit. The activity of each
hidden unit was determined by the activities of the input units and the weights on the
connections between the input and the hidden units. The behavior of the output units
depended on the activity of the hidden units and the weights between the hidden
and output units. An actual value of physiological functions was assumed teacher
signal, and each weight was revised to shrink an error between teacher signal and
output signal, namely the estimate of physiological function value. The network was
trained repeatedly till error became less than 10% or till repetition number reached
to 40,000.

2.7 Food Factors for Verification of Reliability of the Trained
Neural Network Model

The food factors, drug and crude extract from plant tested were as follows, 10t, 12c-
CLA, genistein, epigallocatechin (EGC), fluvastatin and blueberry leaf extract with
hot water.
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3 Results and Discussion

It is desirable to replace physiological function values into a common code to esti-
mate plural different bioactivities from one set of experimental data. Because it is
thought that every internal event is associated with behavior of proteins in a cell
level, all physiological functions may be translatable in cellular protein expression
pattern as a common code. If this supposition is right, plural physiological func-
tions should be able to calculate from the same data of protein expression pattern
by applying suitable translation method depending on kind of physiological func-
tions, in the process translating expression patterns of protein into physiological
function value. We planned to perform such a computation in artificial neural net-
work. Since neural networks are the best at identifying patterns or trends in data,
they are well suited for prediction or forecasting needs including sales forecasting,
industrial process control, customer research, data validation, risk management, and
target marketing [3].

In order to train a neural network to perform the task, the weights of each unit
must be adjusted in such a way that the error between the output signal and the
teacher signal is reduced (Fig. 1). This process requires that the neural network
computes the error derivative of the weights. The error back propagation algorithm
is the most widely used method for determining the error derivative of the weights.

Because the data sets of the scale that could perform error back propagation
learning was too large, we couldn’t prepare for these by a biochemical experiment.
Therefore we composed learning data in assuming raw data dispersing, and the neu-
ral network became to be trained by this new data sets. The learning of neural
network was completed within 5 min, and a network was built for every physio-
logical function. It was needed only 0.1 sec to calculate of functionalities of a food
factor by built neural networks.

output

hidden hidden

input
(MxA)

input
(HSP90)

input
(tNOX)

input
(ERK2)

6 hidden units 

13 input units

weight

marker protein expression level

output signal
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  To decrease error, compare each other
and weight must be changed.

Fig. 1 Architecture of
feed-forward type neural
network
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Table 1 Verification of reliability of the trained neural network model

Anti-HCV activity NK cell activation activity

estimated actual (SD) estimated actual (SD)

CLA12c 0.09 0.95 (0.071) 0.77 0.86 (0.085)
genistein 1.04 1.03 (0.119) 1.34 1.17 (0.110)
EGC 1.10 1.12 (0.260) 0.92 2.09 (0.546)
fluvastatin 0.12 0.02 (0.001) 2.51 2.61 (0.304)
blueberry leaf extract 0.16 0.15 (0.036) 0.52 0.44 (0.063)

To verify reliability of the trained neural network model as a evaluation sys-
tem for food functions, we applied to the system three food compositions, one
drug, and one plant extract as follows: 10t, 12c-CLA which is a kind of conjugated
linoleic acid included in bovine milk and dairy products, genistein which is a kind
of soy bean isoflavones, EGC which is a catechin component in green tea, fluvas-
tatin which is a high cholesterol lowering drug, and a blueberry leaf extract. Then
these estimates were compared with actual values obtained by traditional methods.
Of course, ingredients used for the system verification were not ones used to train
the neural network. Table 1 shows actual value of anti-HCV activities by viral repli-
cation rate and NK cell activation activities by IFN-gamma production rate. The
table also shows estimated values that calculated by the trained neural network.
In the case of anti-HCV activity, low estimated values which mean high activities
are obtained with fluvastatin and the leaf extract. On the other hand, in the case
of NK cell activation activity, high estimated values which mean high activities are
obtained with fluvastatin and EGC. These estimates are close to the measured actual
values obtained by traditional assay methods, and their range of error is within
0.2. From these results, we conclude that the system proposed here is useful as a
high-throughput evaluation system, which can estimate plural antiviral functions
simultaneously in a high accuracy.

In general, an effect for human being must be finally measured. However, this
system, which utilizes culture cells, is extremely effective for primary screening of
useful food compositions, because plural functionalities can be estimated by just
one ELISA experiment.
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The Effects of Pesticides on Immune Cells

Sogo Nishimoto, Kota Kanda, Masaaki Okabe, Koichi Akiyama, Yoshimi
Kakinuma, and Takuya Sugahara

1 Introduction

The wide spread of the environmental pollution caused by the chemical substances
such as pesticides is a serious problem for creatures including human [1–3]. Various
chemical substances taken in the body are carried to the organs responsible for
detoxification such as liver and kidney, and excreted from the body. On the other
hand, some hydrophobic substances among these chemicals are accumulated in our
body [4].

In this study, we focused on the pesticidal chemicals used for the efficient culti-
vation of farm products for food. Many of pesticides prohibited production and/or
use in Japan are still used in other countries and the farm products dusted such
pesticides are imported. Therefore, we cannot deny the possibility of the exposure
to these prohibited pesticides via residuals on cereals, vegetables and fruits that
harvested in foreign countries.

In some previous reports, the influences of these risky pesticides on reproductive
system have been studied [5, 6]. However, the influences on immune system have
not been well uncovered yet. We chose two pesticides for investigation; methoxy-
chlor possessing similar structure to DDT [7], and endosulfan (also referred as
benzoepin) possessing similar characteristic property as endrin [8].

To examine the influences of these two pesticides on mammalian immune sys-
tem, the effects on immunoglobulin production of human hybridoma cells and
mouse splenic lymphocytes were evaluated. Human hybridoma cells and mouse
splenic lymphocytes were cultured in the medium containing each pesticide at sev-
eral concentrations. Moreover, to investigate the effect of pesticides on the body,
mice were orally administrated each them at several concentrations for 2 week. In
the present study, we investigate the effect of pesticides on mice in detail.
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2 Materials and Methods

2.1 Reagents

Pesticides chemical substances, methoxychlor, α-endosulfan and β-endosulfan were
purchased from Wako Pure Chemicals (Osaka, Japan). Briefly, 10 mM of each pes-
ticide were prepared by dissolving in ethanol. For assays, each pesticide was diluted
with ethanol at various concentrations.

Goat anti-human IgM, goat anti-human IgM-HRP (Biosource International), rab-
bit anti-mouse IgM, goat anti-mouse IgG, rabbit anti-mouse IgA, goat anti-mouse
IgM-HRP, goat anti-mouse IgG-HRP conjugated, goat anti-IgA-HRP (Zymed) were
used for quantitative analysis by ELISA.

2.2 Cells and Cell Culture

Human-human hybridoma, HB4C5 cells producing monoclonal IgM were used for
the assay of Ig production-stimulating activity. HB4C5 cell line was a fusion product
of a human B lymphocyte from a lung cancer patient and human fusion-partner
NAT-30 cells [9].

Splenic lymphocytes were prepared from mice. Briefly, mice were killed by cer-
vical dislocation, and spleens were excised from the cavity. Spleens were strained
with 100 nM-pore nylon meshes, and collected cells were hemolyzed with hemoly-
sis buffer (155 mM NH4Cl, 15 mM NaHCO3, 1 mM EDTA-2Na, pH 7.3). After
wash twice with PBS, lymphocytes in spleen were obtained. HB4C5 cells and
splenic lymphocytes were cultured in ERDF medium (Kyokuto Pharmaceutical,
Tokyo, Japan) supplemented with 10 μg/mL of insulin (Sigma), 20 μg/mL of
transferrin (Sigma), 20 μM ethanolamine (Sigma), and 25 nM selenite (Sigma)
(ITES-ERDF) [10]. HB4C5 cells and lymphocytes were incubated at 37◦C under
humidified 5% CO2-95% air.

2.3 Animals

Albino mice were purchased from the Japan SLC, Inc (Hamamatsu, Japan). Mice
were housed in a room maintained at 24 on a 12 h light/dark cycle in a spe-
cific pathogen-free facility, and provided tap water and diet ad libitum. Animal
experiments using mice described herein were approved by the Ehime University
Animal Care and Use Committee and were performed in accordance with applicable
guidelines and regulations.

2.4 Oral Administration

For oral administration, three mice per group were administrated each pesticide or
ethanol as a control. The administration was performed against 8-week-old female
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mice. Mice were administrated with 20 μL volume (1 mL/kg) of pesticides at
high concentration (1 mM) everyday for 14 days [11]. After measurement of body
weight, mice were killed by cervical dislocation, and spleens were excised at day
15. Following washing with PBS twice, the weight of spleen was measured. The
mean tissue weight of the three control mice was calibrated as 100%, and relative
weight rate was then calculated as occupation of spleen weight against body weight
of control.

2.5 Assay for Ig Production Activity of Pesticides

The Ig production activity of each pesticide was examined by measuring the amount
of IgM secreted by HB4C5 cells or of IgA, IgG and IgM secreted by splenic lym-
phocytes from mice into the culture medium. HB4C5 cells and splenic lymphocytes
were inoculated into medium supplemented with each pesticide at various concen-
trations. The assay of the Ig production activity was performed in a 96-well culture
plate, and HB4C5 cells and splenic lymphocytes were inoculated at a density of
2×105 cells/mL and 7.5×105 cells/mL, respectively. After cultivating for 24 h, the
amount of Igs secreted into culture medium was determined by an enzyme-linked
immunosorbent assay (ELISA).

2.6 Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was performed as a previously described [12, 13]. Briefly, 1.0 μg/mL of
a anti-human IgM and anti-mouse Igs antibody was added to a 96-well plate at
100 μL/well, and incubated for 2 h at 37◦C. After washing with 0.05% Tween20-
PBS (T-PBS) three times, each well was blocked with 1.0% bovine serum albumin
(BSA)-PBS solution for 2 h at 37◦C. Following the blocking reaction, each well was
treated with 50 μL of culture supernatant for 1 h at 37◦C. Then, 100 μL/well of the
HRP-conjugated anti-human IgM antibody or HRP-conjugated anti-mouse Igs that
had been diluted 1,000 times by 1.0% BSA-PBS was added and incubated for 1 h
at 37◦C. Following this, 0.6 mg/ml of 2,2-azino-bis(ethylbenzothazoline-6-sulfonic
acid diammonium salt) (ABTS) dissolved in a 0.03% H2O2-0.05 M citrate buffer
(pH 4.0) was added to the wells at 100 μL/well, and the absorbance at 415 nm was
measured after addition to 100 μL/well of 1.5% oxalic acid to terminate the coloring
reaction. The IgM concentration was quantitatively determined by a standard curve,
using a standard solution for human IgM, mouse IgA, mouse IgG and mouse IgM,
respectively.

3 Results

To examine the effect of pesticides on Ig production activity of immune cells when
we were taken in our body, we chose two kinds of pesticides, methoxychlor and
endosulfan (Fig. 1a, b). Endosulfan has two different forms, α- and β-form.
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Fig. 1 Chemical structures and immune responses on HB4C5 cells. (a, b) Chemical structures
of methoxychlor and endosulfan, respectively. (c) HB4C5 cells were cultured with methoxychlor
(•) α-endosulfan (�) and β-endosulfan (◦) at various concentrations for 24 h. Control is dia-
mond shape. It is indicated that upper and lower phase are cell viability and hIgM production,
respectively

To assess these pesticides on human IgM production, HB4C5 cells were cultured
with methoxychlor and endosulfan at various concentrations for 24 h. As shown in
Fig. 1c, methoxychlor and β-endosulfan indicated cytotoxicity against HB4C5 cells.
On the other hand, only α-endosulfan had almost never toxicity between 0.1 and
1 μM. IgM production level was slightly decreased in α- and β-endosulfan treated
cells. We found from this result that methoxychlor and endosulfan at concentration
range in this experiment had not obviously affect on HB4C5 cells.

Next, we investigated whether mouse immune response of methoxychlor and
endosulfan are similar with HB4C5 cells. Spleen cells were prepared from young
female mouse according to above section. In spite of splenic lymphocytes treated by
all pesticides were alive, it was down-regulated the IgA and IgG production at dose-
dependent manner (Fig. 2). On the other hand, IgM production level was slightly
increase and/or constant.

These results suggest that each pesticide control Ig production except for IgM
and inhibit Ig secretion.

To observe the histological effect, each pesticide at 1 mM concentration was
administrated to mice for 14 days. The administrated concentration was determined
as reference to LD50 value [14]. Methoxychlor and endosulfan was set up one-two
thousandth and one-fortieth of LD50, respectively. We could not observe the body
weight loss of mice for experiment periods.

As shown in Table 1, spleen enucleated from high concentration pesticides-
administrated mice became atrophied. All pesticides were induced the weight loss
of spleen for 14 days; its rate was approximately 60% against control.
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Fig. 2 Ex vivo effects of methoxychlor and endosulfan of Ig production on mouse spleen lympho-
cytes. It is indicated that the amount of IgA (•), IgG (◦) and IgM (�) production on spleen cells
cultured with methoxychlor (a), α-endosulfan (b) and β-endosulfan (c). Control was indicated to
left side in each figure

Table 1 Relative weight rate of spleen on pesticides administrated mice

Methoxychlor α-Endosulfan β-Endosulfan Control

0.30±0.04 0.30±0.02 0.28±0.02 0.53±0.01

The values (%) were calculated by spleen weight per body weight.

4 Conclusions

In human hybridoma cells, methoxychlor, α- and β-endosulfan were slightly
decreased and/or constant human IgM production in culture medium and cell viabil-
ity at high dose. The toxic effects of these pesticides did not be observed at between
0.01 and 1 μM. However, the toxicity of them may be increased in response to
higher concentration.

In mouse splenic lymphocytes, each pesticide was markedly decreased in IgA
and IgG production level except for IgM. Splenic lymphocytes treated with each
pesticide at low dose were reduced in IgA and IgG production whereas they
were lived. These pesticides may have suppression effect on secretion mecha-
nism. In addition, we found that the atrophy of spleen was happened by each
pesticide-administration.

IgG plays an important role in infectious diseases against viruses or bacterium
[15, 16]. Hence, we may suffer from opportunistic infectious diseases by decline
of immune response when methoxychlor or endosulfan was chronically taken and
accumulated in our body.
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Co-Cultured Hepatocyte-Spheroid Chip
Constructed Using the Microfabrication
Technique

Yusuke Sakai and Kohji Nakazawa

1 Introduction

The liver is the main metabolic organ in the body; it plays important roles such as
protein synthesis and drug metabolism. Hence, hepatocytes have often been used for
research involving pharmacokinetics and toxicity assays. The conventional method
involves culturing the hepatocytes as a monolayer. However, this results in the loss
of the tissue-like organization of the hepatocytes and the rapid deterioration of liver-
specific functions. In contrast, cultured hepatocyte spheroids (spherical multicellular
aggregates) can maintain a high level of liver function in vitro, which is attributable
to their resemblance to tissues in terms of the presence of abundant cytoplasmic
organelles and close cell-cell contact [1–3]. Therefore, the spheroid culture system
has been advocated as a useful technique to replace monolayer culture. Numerous
reports have suggested that the hepatocyte spheroids can be cultured using various
methods [4, 5] such as rotation culture and non-adhesion culture. We have also
developed a microchip technique that can generate uniform hepatocyte spheroids
in a regularly arrangement [6, 7]. However, the expression of hepatocyte functions
in vitro is limited, even in the spheroid culture system.

On the other hand, in addition to parenchymal cells (hepatocytes), the liver
is composed of non-parenchymal cells such as stellate cells, endothelial cells,
fibroblasts, and so on. These non-parenchymal cells play an important role in hep-
atocyte function [8]. Therefore, the co-cultured spheroids comprising hepatocytes
and non-parenchymal cells are useful models for the maintenance of high hepatic
functions.

In this study, we established a spheroid co-culture technique by using our original
microchip technique. Furthermore, the effects of mixture ratios of hepatocytes and
non-parenchymal cells in the spheroids on the expression of hepatocyte functions
were examined.
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2 Materials and Methods

2.1 Hepatocyte Spheroid Chip

Figure 1 shows the construction of a hepatocyte spheroid chip. The chip comprises
672 circular microwells in a triangular arrangement (pitch, 400 μm) on a polymethyl
methacrylate (PMMA) plate (24 × 24 mm); each circular microwell was 300 μm in
diameter and 200 μm in depth. In the center of each circular microwell, an area with
a diameter of 100 μm was modified with collagen to create a cell-adhesion area; the
remaining area of the microwell was modified with polyethylene glycol (PEG) to
create a non-adhesive area. The chip was prepared by using the microfabrication
and microcontact printing techniques described in our previous studies [6, 7].

672 cavities/cm2

24
 x 

24
 m

m

Collagen PEG

200 µm 

100 µm

10 x 10 mm

400 µm 

300 µm

Fig. 1 Schematic representation of the spheroid chip

2.2 Isolation of Hepatocytes and Non-Parenchymal Cells

Hepatocytes and non-parenchymal cells were isolated as described in previous
reports [9, 10]. The whole liver of adult Wistar rats (male, 7–8 weeks old, weigh-
ing approximately 200 g) was perfused with 0.05% collagenase solution. The liver
minced after treatment with collagenase solution for approximately 10 min at 37◦C,
and large tissue fragments ware removed by filtration through a gauze mesh. The
dense cell suspension thus obtained was passed through a stainless mesh with a
pore size of 45 μm. For the isolation of hepatocytes, the resultant cell suspension
was washed thrice with a culture medium by centrifuging at 50g for 90 s. For the iso-
lation of non-parenchymal cells, the supernatant obtained from first centrifugation
procedure was collected and centrifuged at 50g for 90 s to remove any residual hep-
atocytes. The supernatant thus obtained was washed twice with the culture medium
by centrifuging at 60g for 60 s. The supernatant obtained after the third centrifuga-
tion procedure was passed through a stainless mesh with a pore size of 20 μm, and
the resultant cell suspension was filtered through a filter paper with a pore size of
11 μm. Finally, the cell suspension obtained after filtrations was washed twice with
the culture medium using centrifugation at 150g for 3 min. The cell viability was
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determined by using the trypan blue exclusion method, and cells with more than
85% viability were used for this study.

In this study, we used Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10 mg/L insulin, 7.5 mg/L hydrocortisone, 50 μg/L epidermal
growth factor, 60 mg/L proline, 50 μg/L linoleic acid, 0.1 μM CuSO4·5 H2O,
3 μg/L H2SeO3, 50 pM ZnSO4·7 H2O, 58.8 μg/mL penicillin, and 100 μg/mL
streptomycin.

2.3 Homo- and Co-cultured Spheroids

In this study, the effect of several mixture ratios of hepatocytes and non-
parenchymal cells in the spheroid culture were evaluated (Table 1).

Hepatocytes and non-parenchymal cells were mixed before they were inoculated
onto the spheroid chip. Homo (hepatocytes only) – or 3 types of hetero (hepato-
cytes + non-parenchymal cells in varying ratios)- cell suspensions were inoculated
into the culture area of the spheroid chip. The chip was placed in a polystyrene dish
(diameter, 35 mm) containing 2 mL of culture medium. The medium was replaced
at 4 h and 24 h after inoculation and subsequently, at 1-day intervals. All cells were
cultured under a humidified atmosphere of 5% CO2 and 95% air at 37◦C.

Table 1 Culture condition
for spheroids

Condition
Mixture ratio [cells/chip]
(Hepatocyte: non-parenchymal cell)

Homo-culture 1.7 × 105: –
Co-culture-9:1 1.7 × 105: 0.19 × 105

Co-culture-7:3 1.7 × 105: 0.73 × 105

Co-culture-5:5 1.7 × 105: 1.7 × 105

2.4 Morphology and Liver-Specific Function

Phase-contrast micrographs were used to measure the diameters of the spheroids. A
phase-contrast microscope was used to obtain photographic images of the spheroids
with several mixture ratios on day 14 of culture. The diameters of the 50 spheroids in
each chip were estimated from images by using a two-dimensional image-analysis
program. The diameter was calculated using the equivalent circle diameter (ECD)
method whereby the spheroid area was expressed in terms of ECD.

Albumin secretion by the spheroids on the chip was evaluated on day 14 of
culture under each inoculation condition. The concentration of albumin into the
culture medium during a 24-h of culture period was determined by performing an
enzyme-linked immunosorbent assay (ELISA).
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3 Results

3.1 Spheroid Morphology and Diameter

Figure 2 shows the phase-contrast micrographs of the chips containing homo- and
co-cultured spheroids on day 14 of culture. Under all conditions, the cells spon-
taneously formed spheroids with the smooth surfaces and the uniform diameters
in the center of each microwell on day 3 of culture. However, the circular confor-
mation and smooth surfaces of the spheroids of the homo-culture, co-culture-9:1,
and co-culture-7:3 gradually deteriorated after approximately 10 days of culture

Fig. 2 Cell morphology of
the mono- and co-cultured
spheroids in day 14 of culture
(a) Homo culture,
(b) Co-culture-9:1,
(c) Co-culture-7:3, and
(d) Co-culture-5:5
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(Fig. 2 A–C). In contrast, the conformation of co-cultured spheroids containing hep-
atocytes and non-parenchymal cells at a ratio of 1:1 (co-culture-5:5) was maintained
for at least 14 days of culture (Fig. 2D).

Figure 3 shows the diameters of spheroids on 14 days of culture under each cul-
ture condition. The diameters of the spheroids were uniform for each of condition.
The results showed that the size of the spheroids depends on the proportion of non-
parenchymal cells.

3.2 Albumin secretion

Figure 4 shows the rates of albumin secretion on day 14 of culture. The albumin-
secretion rates were higher in the case of co-cultured spheroids than in the case of
homo-cultured spheroids. Furthermore, the activity of the spheroids depended on
the proportion of non-parenchymal cells. The activities under the co-culture-9:1,
co-culture-7:3, and co-culture-5:5 conditions were 2-, 3-, and 4-times higher than
the activity under the homo-culture condition, respectively.
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rates of spheroids on day 14
of culture. Error bars
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independent cell
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4 Discussion

Some researchers have reported that compared to homo-cultured spheroids, co-
cultured spheroids comprising hepatocytes and non-parenchymal cells or hepato-
cytes and fibroblasts such as 3T3 cells can enhance and maintain the hepatocyte
functions [11, 12]. However, in the preciously used spheroid co-culture techniques,
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it was difficult to control the diameter of the spheroid and the cell mixture ratio in
individual spheroids. The controls of spheroid diameter and the cell mixture ratio
in the spheroid are important items to evaluate the interaction between hepatocytes
and non-parenchymal cells. Because of the structure of the microwells in our chip,
our microchip technique could be used to control the number of cells in a single
spheroid. Furthermore, the spheroids formed on the chip did not fuse to each other,
because each spheroid was immobilized in the collagen area of the microwells in
the chip. Therefore, our microchip technique may be a useful tool for the evaluation
of the effects of co-cultured spheroids.

In this study, spheroid conformation and function were compared among homo-
cultured spheroids and co-cultured spheroids under the co-culture-9:1, co-culture-
7:3, and co-culture-5:5 conditions. Under all 4 conditions, the size of the spheroids
depended on the proportion of non-parenchymal cells, but the spheroid size differ
only slightly (Fig. 3). This may be attributable to the fact that non-parenchymal are
smaller than hepatocytes and these cells did not proliferate throughout the culture
duration because in this study, fetal bovine serum (FBS) was not added to the cul-
ture medium. On the other hand, the circular conformation and smooth surfaces of
the spheroids were maintained stably because of the presence of non-parenchymal
cells. This effect depended on the mixture ratio of hepatocytes and non-parenchymal
cells, and was frequently observed under the co-culture-5:5 condition (Fig. 2).
Furthermore, the albumin-secretory activity of the hepatocytes also depended on
the mixture ratio of the hepatocytes and non-parenchymal cells (Fig. 4). Non-
parenchymal cells produce various cytokines and extracellular matrices, which
affect the hepatocytes [11]. Thus, the co-culture condition may reconstruct a suitable
culture environment for hepatocytes.

In conclusions, we developed a simple technique for producing co-cultured
spheroids. The spheroid conformation and hepatocyte function were maintained by
increasing the proportion of non-parenchymal cells in the co-cultured spheroids.
This technique may be applicable as a cellular platform for biological researches,
such as that on hetero cell-cell interactions and reconstruction of tissues.
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Micropatterned Hepatocyte Culture Using
Microstencil Technique

Yukako Shinmura, Ami Higuchi, Yusuke Sakai, and Kohji Nakazawa

1 Introduction

A cell chip, in which the cells are micropatterned on a culture plate, is expected
to apply various cell-based assays, such as drug screening, cell transfection, cell
differentiation studies, and fundamental cell biological studies, because it can facil-
itate the observation of cell responses, including high-throughput screening [1–3].
To develop such a cell chip, the formation of equal cell patterns on the culture plate
is a key technology. Several cell patterning techniques for accelerating or inhibiting
cell attachments have been reported, such as lithography, photo-reactive polymers,
microcontact printing, and so on [4–7]. However, these techniques involve the use
of especial devices for microfabrication or surface modification and complicated
processes in chip preparation. Therefore, a simple technique that can form the cell
pattern on the culture plate will have advantages over previous methods.

On the other hand, among the various mammalian cells, primary hepatocytes
are one of the target cells for the cell-based assay, because the liver plays many
essential roles in maintaining normal physiology. Therefore, cell chip micropattern-
ing primary hepatocytes have attracted attention as a cell-based assay system for
studying liver functions, including drug metabolism and hepatotoxicity [8–12].

In this study, we established a simple technique for a micropatterned culture
of rat hepatocytes using a microstencil, which was a thin membrane with orderly
through-microholes. Furthermore, the expression of hepatocyte functions in the
micropatterned culture was compared with that in the randomly distributed culture.
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2 Material and Methods

2.1 Preparation of a Microstencil Chip

A poly-dimethylsiloxane (PDMS) microstencil (wherein a thin membrane com-
prised 724 through-microholes (500 μm in diameter) in a triangle arrangement of
800 μm pitch) was fabricated by peeling the microstencil off from a microfabricated
mould of poly-methylmethacrylate (PMMA). To prepare the microstencil chip, the
fabricated microstencil was sealed onto the surface of a glass plate (24 × 24 mm)
(Fig. 1). The surface of the microstencil chip was coated with type IV collagen in
order to encourage cell adhesion.

800 µm

mm
×

500 µm

PDMS stencil

glass surface

20 mm

20 mm

24 mm × 24 mm

Fig. 1 Schematic diagram of the microstencil chip

2.2 Hepatocytes Preparation and Culture Medium

Rat hepatocytes were isolated from the whole liver of an adult Wistar rat (male,
7–8 wk old and weighing approximately 200 g) by performing liver perfusion using
0.05% collagenase [13]. The cell viability was determined using the trypan blue
exclusion method, and cells exhibiting more than 80% viability were used for the
subsequent analyses.

The culture medium comprised Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10 mg/L insulin, 7.5 mg/L hydrocortisone, 50 μg/L epidermal
growth factor, 60 mg/L proline, 50 μg/L linoleic acid, 0.1 μM CuSO4·5 H2O,
3 μg/L H2SeO3, 50 pM ZnSO4·7 H2O, 58.8 μg/mL penicillin, and 100 μg/mL
streptomycin.

2.3 Hepatocyte Culture

Figure 2 shows the process of creating the micropatterned culture of hepatocytes
using the microstencil chip. Hepatocytes (1.0 × 106) were inoculated onto the
microstencil chip that was placed in a polystyrene dish (diameter, 35 mm) con-
taining a 2-mL culture medium. After 24 h, the stencil was deliberately peeled off
the chip, and the chip with micropatterned hepatocytes was transferred to another
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Seeding of hepatocytes Peel off the microstencil Micropatterned hepatocytes

Fig. 2 Process of creating the micropatterned culture of hepatocytes using the microstencil chip

polystyrene dish containing a 2-mL fresh culture medium. To obtain a randomly
distributed culture of cells as the control experiment, hepatocytes (5.0 × 105) were
inoculated onto a 35-mm dish coated with type IV collagen. The culture medium
was changed at intervals of 1 day. All the cells were cultured at 37◦C in a humidified
atmosphere of 5% CO2 and 95% air.

2.4 Evaluation of Liver-Specific Functions

Albumin secretion and ammonia removal were evaluated as typical liver functions.
The concentrations of albumin, which were secreted into the culture medium during
24 h of culture, were determined by performing an enzyme-linked immunosorbent
assay (ELISA). To evaluate ammonia removal, the culture medium was replaced
with a fresh culture medium containing 1 mM ammonium chloride. The ammonia
concentration was measured using a commercial kit. The ammonia removal activity
was calculated based on the decrease in ammonia concentration occurring during
24 h of culture, following the replacement of the culture medium. These functions
were evaluated at 5 days of culture, and their values were normalized with the cell
number in the culture on the same day.

3 Results

3.1 Hepatocyte Morphology

In the randomly distributed culture, rat hepatocytes adhered to the collagen-coated
dish and formed a monolayer; however, the cell distribution was heterogeneous
throughout the culture duration (Fig. 3A). Although the hepatocytes inoculated onto
the microstencil chip adhered to the surface of the microstencil and the glass surface
in through-microholes of the microstencil and formed a monolayer conformation
within 1 day of culture, the micropatterned spots of hepatocytes were formed by
peeling off the stencil (Fig. 3B). The conformation of micropatterned hepatocytes
was maintained within 5 days of culture; however, the circular pattern of hepatocytes
gradually decayed after 5 days of culture.
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500 μm

(A) (B)

Fig. 3 Hepatocyte morphology on 3 days of culture (A) Randomly distributed culture, (B)
Micropatterned culture

3.2 Liver-Specific Functions

Figure 4 shows the activities of albumin secretion and ammonia removal in hepato-
cytes on 5 days of culture. The activities of albumin secretion and ammonia removal
in the micropatterned culture were approximately 3.3- and 1.6-times higher than
those in the randomly distributed culture, respectively.
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4 Discussion

In this study, we established a simple technique to micropattern rat hepatocytes, that
is, by peeling off the stencil from the chip. Previous methods for the micropatterned
cell culture require the formation of the cell adhesion area and non-adhesion area
on the culture chip prior to cell inoculation. In contrast, this method can form the
micropatterned cell culture after cell inoculation. Thus, the concept of this method
is quite different from previous methods. Furthermore, this method has potential for
application to a micropatterned co-culture.

Although the conformation of micropatterned hepatocytes was maintained for 5
days of culture (Fig. 3B), subsequently, the circular pattern of hepatocytes gradu-
ally decayed, because the cells spread to the chip surface that was removed by the
stencil. Therefore, this method may be available to the micropatterned culture for
several days. The albumin section and ammonia removal activities of hepatocytes
in a micropatterned culture were higher than those in randomly distributed culture
(Fig. 4 A and B). The micropatterned culture may be able to maintain stable cell-
cell interactions for the expression of functions in comparison with the randomly
distributed culture, because the cells on the particular areas of patterned spot were
gathered higher density than those of randomly distributed culture.

In conclusion, we established a simple technique for creating a micropatterned
culture of rat hepatocytes using a microstencil and demonstrated that micropatterned
hepatocytes could express higher functions in comparison with randomly distributed
hepatocytes. This simple technique for micropatterned culture may be applicable as
a cellular platform for a cell-based assay system.
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Structural Features of Totally Designed Lipidic
Materials for Small Interfering RNA Delivery
System

Glutamate-Based Lipidic Materials as Potential
siRNA Carriers

Ken-Ichi Kusumoto

1 Introduction

RNA interference (RNAi) with siRNA has been revealed as a powerful technique
that is capable of suppressing targeted genes with high specificity. A delivery system
for siRNA into mammalian cells has broadened the scope of medical intervention
since siRNA has recently emerged as potential therapeutic agents in the treatment of
human genetic and nongenetic diseases. Several studies have reported various strate-
gies for the siRNA delivery system. Viral vectors are accepted as the most effective
tools for gene transfer into mammalian cells in vivo and in vitro. However, there are
safety problems such as induction of immune reactions or tumorigenesis. Therefore,
the use of nonpathogenic materials based on lipids or polymers has been attempted.
Recently, a variety of studies have been exploring the novel nonpathogenic materials
as potential siRNA carriers. Understanding of lipidic materials for small interfering
RNA (siRNA) delivery system is essential for the effective design and selection of
appropriate materials as potential applications in basic and therapeutic research.

Lipidic materials have been used as an easy-to-use system to transfer siRNA
into mammalian cells. For example, commercial reagents such as Lipofectamine
2,000 (Invitrogen) are available for use in a variety of researches. The advantage
of lipidic materials is the protection of RNA molecules by encirclement of their
structures and low cytotoxicity and immunogenicity in in vivo transfection com-
pared with the use of vectors such as calcium phosphate or viral vectors. However,
how the chemical structure of lipidic materials functions as potential siRNA carrier
has been controversial. Efforts toward a comprehensive knowledge of correlations
between the structural features and biological functions of lipidic materials are cru-
cial for controlling nonviral siRNA delivery system into mammalian cells. Here,
we have focused on understanding how the structural features of glutamate-based
lipidic materials that are designed by taking advantage of the chemical structure
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having double-stranded hydrophobic chains in major cell membrane lipids such
as phospholipids and sphingolipids can enhance its biological function to promote
intracellular delivery of siRNA.

2 Materials and Methods

2.1 Materials

Glutamic acid, aspartic acid, 1-dodecanol, ρ-toluenesulfonic acid, chloroacetyl
chloride, toluene, tetrahydrofuran, anti-EGFP siRNA duplex, were purchased from
Wako Pure Chemical Industries (Japan). Trimethylamine, hypoxanthine, thymi-
dine, and G418 were purchased from Sigma-Aldrich. Dulbecco’s modified Eagle’s
medium (DMEM), trypsin, Lipofectamine 2,000, RNAiMax, and trypan blue dye
solution were purchased from Invitrogen. Plasmid vector pCMV-IE EGFP was
purchased from Takara Bio (Japan). Anti-β-galactosidase siRNA-1 duplex was
purchased from GE Healthcare. Cy3-labeled anti-luciferase siRNA duplex was
purchased from B-Bridge International.

2.2 Glutamate-Based Lipid TMA-C2-Glu-C12

Glutamate-based lipid TMA-C2-Glu-C12 was synthesized by refluxing with dean-
stark-trap into dry toluene with glutamic acid, 1-dodecanol, and ρ-toluenesulfonic
acid, by mixing into dry chloroform with chloroacetyl chloride, and then by mix-
ing into dry tetrahydrofuran with trimethylamine. TMA-C2-Glu-C12 was derived
from glutamic acid that was used as a connector to bind one head region consisting
of trimethylamine (TMA) and hydrophobic chain comprising 2 carbon atoms (C2)
and two tail regions, each consisting of hydrophobic chain comprising 12 carbon
atoms (C12). Its analogs were synthesized by the same methods as those used for
TMA-C2-Glu-C12. For preparation of lipidic solutions, each compound was dis-
persed into autoclaved deionized-distilled water at a final concentration of 1 mM by
ultrasonication for 1 min.

2.3 CHO-EGFP Cell Line and Cell Culture

CHO-K1 cells were transfected with pCMV-IE EGFP vector by using transfection
reagent DoFect-GT1 (Dojindo, Japan) and were cultured in DMEM containing HT
(hypoxanthine and thymidine) and 10% FBS at 37◦C in the humidified atmosphere
of a 5% CO2 incubator. The cells after 24 h transfection were cloned in 96-well
plates containing DMEM with HT, 10% FBS, and 1 mg/mL antibiotic G418. The
cells that constantly expressed EGFP gene, termed as a CHO-EGFP cell line, were
maintained in DMEM containing HT, G418, and 10% FBS.
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2.4 siRNA Transfer Assay

CHO-EGFP cells were precultured overnight in 24-well plates at a density of
1.0 × 105 cells per well in 1 mL DMEM containing HT and 10% FBS. Anti-EGFP
siRNA duplex (50 pmol/well) and 1 mM TMA-C2-Glu-C12 solution (1, 2.5, 5,
7.5, or 10 μL/well) were gently mixed in tubes containing DMEM (25 μL/well)
and then incubated for 5 min at room temperature. The cells were transferred into
0.5 mL DMEM with HT, and the transfer mixtures were gently added to the cul-
ture medium and incubated for 3 h at 37◦C. Following transfection, the cells were
cultured for 24 h with 1 mL fresh DMEM with HT and 10% FBS. For the quanti-
tative estimation of transfer efficiency, the cells were harvested, washed once with
DMEM, and analyzed on a flow cytometer. Lipidic analogs to TMA-C2-Glu-C12
were examined using the same methods as those used for TMA-C2-Glu-C12.

2.5 Flow Cytometry Analysis

The fluorescence intensity of EGFP silencing by siRNA uptake into CHO-EGFP
cells was estimated under a flow cytometer. The cells were gently harvested using
0.2% trypsin-EDTA solution at 24 h post-transfection, washed once with 10 mL
DMEM, and 5.0 × 104 events were analyzed on an EPICS flow cytometer equipped
with a 488-nm excitation laser wavelength operated at 450 V. The untreated cells
were gated as a population on a flow cytometry histogram, and the relative EGFP-
reduced efficiencies were estimated as the percentage of decreased values in a gate
of the untreated population. To estimate the fluorescence intensity of Cy3-labbeled
anti-luciferase siRNA by the uptake into CHO cells, the cells were transfected for
3 h with the transfer mixtures and analyzed using a flow cytometer at 24 h post trans-
fection (5.0 × 104 events, 525-nm excitation laser wavelength, 750 V). The transfer
efficiencies of Cy3 siRNA-transferred cells were estimated as the percentage of a
gate range of more than the untreated population.

3 Results

3.1 The Effects of Glutamate-Based Lipidic Materials with
Different Head Region Structures on Sirna Delivery

Three glutamate-based materials having different head region structures were tested;
TMA-C2-Glu-C12, TMA-C4-Glu-C12, and TMA-C6-Glu-C12 (Fig. 1). By gating
of the flow cytometry histogram, the untreated cells were predominantly comprised
of 98.3% ± 0.22% of the positive population. When associated with the complexes
of TMA-C2-Glu-C12 and anti-EGFP siRNA, the relative EGFP-reduced efficiencies
were 42.5% ± 9.86% at 5 μL (Fig. 2). In contrast, TMA-C4-Glu-C12 and TMA-
C6-Glu-C12 resulted in the efficiencies of 84.5% ± 3.06% and 78.4% ± 3.06%
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Fig. 1 Chemical structures of TMA-C2-Glu-C12 and its analogs

at 5 μL. These results showed the structural changing from C2 (-CH2CO-) to C6 (-
(CH2)5CO-) in the hea d region leads to the reduction of the ability of siRNA carrier.
The chemical structure of -CH2CO- in TMA-C2-Glu-C12 played an important role
for the enhancement of biological functions as siRNA carrier.

0

20

40

60

80

100

untre
at

ed

TM
A-C

2-
Glu

-C
12

TM
A-C

4-
Glu

-C
12

TM
A-C

6-
Glu

-C
12

TM
A-C

2-
Glu

-C
14

TM
A-C

4-
Glu

-C
14

TM
A-C

6-
Glu

-C
14

TM
A-C

2-
Asp

-C
12

TM
A-C

2-
Asp

-C
14

TM
A-C

2-
Asp

-C
16

R
el

at
iv

e 
E

G
F

P
-r

ed
u

ce
d

ef
fi

ci
en

ci
es

 (
%

)

Fig. 2 The transfer effects of
TMA-C2-Glu-C12 and its
analogs

3.2 The Effects of Glutamate-Based Lipidic Materials with
Different Tail Region Structures on siRNA Delivery

Three glutamate-based materials with different tail region structures were
tested; TMA-C2-Glu-C14, TMA-C4-Glu-C14, and TMA-C6-Glu-C14. The rela-
tive EGFP-reduced efficiencies by TMA-C2-Glu-C14 were 63.7% ± 8.12% at
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5 μL (Fig. 2). The ability of TMA-C2-Glu-C14 as siRNA carrier was approxi-
mately 1.5-fold less than that of TMA-C2-Glu-C12. Thus, the structural changing
from C12 (-(CH2)11CH3) to C14 (-(CH2)13CH3) in tail regions diminished the abil-
ity of glutamate-based materials on siRNA delivery. In addition, the efficiencies by
TMA-C4-Glu-C14 and TMA-C6-Glu-C14 at 5 μL were 75.9% ± 5.35% and 75.2%
± 4.01%, respectively. These results showed that TMA-C4-Glu-C14 or TMA-C6-
Glu-C14 has the low ability in comparison with TMA-C2-Glu-C12, since their
structures are different from the component of -CH2CO- (C2) and -(CH2)11CH3
(C12). Therefore, the chemical structure of -(CH2)11CH3 in TMA-C2-Glu-C12 was
crucial for the enhancement of biological functions as siRNA carrier.

3.3 The Effects of Aspartate-Based Lipidic Materials

Subsequently, the transfer abilities of aspartate-based materials having aspirate
connector region were examined; TMA-C2-Asp-C12, TMA-C2-Asp-C14, and
TMA-C2-Asp-C16. The silencing efficiencies by TMA-C2-Asp-C12 were 55.7%
± 7.08% at 5 μL (Fig. 2). The ability of TMA-C2-Asp-C12 was approximately
1.3-fold less than that of TMA-C2-Glu-C12. Thus, the structural changing from
ethylene (-CH2CH2-) to methylene (-CH2-) in connector region resulted in the
reduction of its transfer ability. These results showed that the chemical struc-
ture of -CH2CH2- in TMA-C2-Glu-C12 is important for the enhancement of the
ability as siRNA carriers. Additionally, TMA-C2-Asp-C14 and TMA-C2-Asp-
C16 showed low efficiencies similar as TMA-C2-Glu-C14 or TMA-C6-Glu-C14.
Among aspartate-based materials, TMA-C2-Asp-C12 had the highest potential as
siRNA carrier; these observations were consistent with the results obtained on
examination of glutamate-based materials.

4 Discussion

Attention has recently been focused on RNAi with siRNA as a powerful tool for
gene silencing. Efforts toward the design and development of artificial materials on
siRNA delivery system into mammalian cells are crucial for basic and therapeutic
research. We are interested in studying the evolution of designed lipidic materials as
potential siRNA carriers with high transfection efficiency and low cytotoxicity. In
this study, we report for the first time that totally synthesized glutamate-based lipid
TMA-C2-Glu-C12 is a more efficient material on siRNA delivery system.

Totally designed materials as potential siRNA carriers have been a major interest
in an improvement of applications in the treatment of human genetic and non-
genetic diseases. A number of studies have indicated that a variety of viral vectors,
liposomes, and polycations can contribute to the development of siRNA delivery
system. The question arises as to how the chemical structure of lipidic materials
can perform to efficiently transfer siRNA into the cell cytoplasm. However, little
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attempt has been made to investigate the structural and biofunctional features of
lipidic materials as siRNA carriers. In this study, we demonstrate that the chemi-
cal structure of TMA-C2-Glu-C12 is essential for the enhancement of the transfer
efficiencies on siRNA delivery system. Of particular interest is that, using analogs
having different hydrocarbon chains and connector, a small structural alternation
of TMA-C2-Glu-C12 leads to decreasing its ability as siRNA carriers. The struc-
tural features such as -CH2CO- and -(CH2)11CH3 exhibited by TMA-C2-Glu-C12
may lead to a proper complex with siRNA to pass through the cell membrane bar-
riers. Further, the ability of TMA-C2-Glu-C12 containing glutamate connector was
superior to that of TMA-C2-Asp-C12 containing aspartate connector; the struc-
tural difference between TMA-C2-Glu-C12 and TMA-C2-Asp-C12 is only ethylene
(-CH2CH2-) and methylene (-CH2-). Although it is no obvious explanation for why
the chemical structure of TMA-C2-Glu-C12 leads to biological function as poten-
tial siRNA carriers, ethylene group (-CH2CH2-) in TMA-C2-Glu-C12 structure may
play an important role to facilitate intracellular delivery of siRNA. Taken together,
these data provide a model of lipidic materials as potential carriers for siRNA deliv-
ery into cells. The chemical structure of TMA-C2-Glu-C12 having double-stranded
dodecyl chains, modeled on cell membrane lipids, will be a good model of rational
carrier design for a nonpathogenic delivery system.

Understanding of correlations between the chemical structure and biological
function of lipidic materials may provide significant insights into the design and
development of a new class of carrier agents. In future, the structural information of
biological functions in our findings may be used for a rational design to regulate the
transfer efficiency, the low cytotoxicity, and the tissue specificity on siRNA delivery
system in vivo. Further investigations on glutamate-based lipidic materials are cur-
rently in progress. The development and optimization of lipidic materials for novel
medical applications will be presented in the future.



Thin-Film Assembly of Totally Designed Lipidic
Materials as Gene Carrier in Mouse Embryonic
Neural Stem Cells: Thin-Film Assembly
of Lipidic Material as Potential Gene Carrier

Ken-Ichi Kusumoto, Takahiro Nagata, and Itaru Hamachi

1 Introduction

Neural stem cells present in developing embryonic and adult nervous systems are
immature and uncommitted cells that possess self-renewal potential and produce a
vast array of highly specialized neural cells belonging to the central nervous sys-
tem. Several studies have reported the development of gene delivery system for
these neural cells as a potential application in gene therapy for neurodegenerative
diseases and for understanding the genetic basis of brain development and function.
Gene delivery system based on a variety of materials such as lipids, polypeptides,
amino-dendrimers, and polyethylenimine have been used in mammalian cells, and
currently, these systems are known to possess therapeutic applications. However, the
transfer efficiencies of most lipidic materials with regard to neural cells, including
neural stem cells, progenitor cells, neurons, and glia, are less than 5% compared to
those of virus vectors.

Viral vectors are accepted as the most effective tools for gene delivery in neural
cells in vivo and in vitro; however, there are problems such as immune reactions and
tumorigenesis. Therefore, the use of nonpathogenic materials has attracted a consid-
erable amount of interest. Efforts toward a comprehensive knowledge of the transfer
activities of lipidic materials are crucial for developing a nonviral gene delivery
system. The advantage of lipidic materials is the protection of DNA molecules by
encirclement of their structures and low cytotoxicity and immunogenicity in in vivo
transfection. Some of lipidic materials such as surfactants are known to form a
variety of assembled structures such as spherical, rod-like, worm-like, and gran-
ular micelle. However, how lipidic assembly functions as potential gene carriers
has remained controversial. Here, we have presented a detailed study on a novel
model of gene delivery system mediated by thin-film assembly of diethanolamine-
based lipid TMA-C2-DEA-C14 that is designed to take advantage of the chemical
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structure of the presence of double-stranded hydrophobic chains in major cell
membrane lipids such as phospholipids and sphingolipids.

2 Materials and Methods

2.1 Materials

The following chemicals, reagents, and equipment were obtained from the
respective manufacturers: diethanolamine, myristic acid, ρ-toluenesulfonic acid,
chloroacetyl chloride, toluene, tetrahydrofuran, chloroform, and pCMV-IE-hsGFP
vector, Wako Pure Chemical Industries (Japan); trimethylamine, insulin, transfer-
rin, selenium, human fibronectin, and poly-L-lysine, Sigma-Aldrich; Dulbecco’s
modified Eagle’s medium/Ham’s F12 medium (DMEM/F12), chemically defined
lipid concentrate, and trypsin, Invitrogen; recombinant human EGF and FGF-basic,
R&D Systems; micro slide glass, Matsunami Glass (Japan); carbon-coated grid,
Okenshoji (Japan).

2.2 Diethanolamine-Based Lipid TMA-C2-DEA-C14

Diethanolamine-based lipid TMA-C2-DEA-C14 was modeled on the chemical
structure having double-stranded hydrophobic chains in major cell membrane lipids
such as phospholipids and sphingolipids. TMA-C2-DEA-C14 was synthesized by
refluxing with dean-stark-trap in dry toluene with diethanolamine, myristic acid,
and ρ-toluenesulfonic acid, by mixing in dry chloroform with chloroacetyl chloride,
and then by mixing in dry tetrahydrofuran with trimethylamine. TMA-C2-DEA-C14
was purified on a silica gel column to more than 95% purity. TMA-C2-DEA-
C14 with phase transition temperature of 33.7◦C was derived from diethanolamine
(DEA) that was used as a connector to bind 1 head region consisting of trimethy-
lamine (TMA) and hydrophobic chain comprising 2 carbon atoms (C2) and 2 tail
regions, each consisting of a hydrophobic chain comprising 14 carbon atoms (C14).
For the preparation of lipidic assembly, TMA-C2-DEA-C14 was gradually self-
organized by incubating in autoclaved deionized-distilled water for a month with
a final concentration of 1.3 mM at 25◦C (termed as TMA-C2-DEA-C14 assembly).
For the preparation of dispersed solutions, TMA-C2-DEA-C14 was dissolved by
ultrasonication for 1 min in autoclaved deionized-distilled water with a final con-
centration of 1.3 mM (termed as TMA-C2-DEA-C14-sonic) or by incubating for
15 min at each temperature above the phase transition temperature: 40, 50, 60, 70,
80, 90, and 100◦C.

2.3 Mouse Embryonic Neural Stem Cells and Cell Culture

Neural stem cells were established from 14-day-old Balb/c mouse embryonic brains
and were grown for a month in DMEM/F12 supplemented with 10 μg/mL insulin,
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10 μg/mL transferrin, 1% chemically defined lipid concentrate, 10 μM selenium,
50 ng/mL EGF, and 25 ng/mL FGF-basic. Culture dishes and plates were coated and
incubated for 16 h with 1 μg/mL fibronectin in DMEM/F12 at 37◦C. Cells used in
this study were subcultured until they had undergone 20–80 population doublings.

2.4 Transfection Assay by TMA-C2-DEA-C14

Neural stem cells were precultured overnight in poly-L-lysine-coated 24-well plates
at a density of 1.0 × 105 cells/well in 1 mL DMEM/F12 with supplements. Tissue
culture 24-well plates were coated with 20 μg/mL poly-L-lysine solution in H2O
for 16 h at 37◦C. The pCMV-IE-hsGFP vector (1.5 μg/well) and 1.3 mM TMA-C2-
DEA-C14 solution (5 μL/well) were mixed in 50 μL/well of DMEM/F12 without
supplements and then incubated for 5 min at room temperature. The cells were
transferred into 0.5 mL DMEM/F12 with supplements, and the transfection mix-
tures were added to the culture medium and incubated for 3 h at 37◦C. Following
transfection treatment, the cells were cultured in 1 mL fresh DMEM/F12 with sup-
plements for 24 h. For quantitative estimation of the transfection efficiency, the
GFP-expressed cells were counted under a fluorescence microscope in more than 3
different views (a minimum of 300 live cells/view) or analyzed on a flow cytometer.

2.5 Optical Microscopy Analysis

TMA-C2-DEA-C14 assembly or TMA-C2-DEA-C14-sonic was applied on a micro
slide glass at a concentration of 1.3 mM and was observed under an Axiovert
microscope (Carl Zeiss Ltd.). Subsequently, 5 μL of 1.3 mM TMA-C2-DEA-C14
assembly or TMA-C2-DEA-C14-sonic was mixed with the pCMV-IE-hsGFP vector
(1.5 μg) in 50 μL of 150 mM sodium solution, incubated for 5 min, applied on a
micro slide glass, and observed under an optical microscope (×1,000).

2.6 Transmission Electron Microscopy Analysis

TMA-C2-DEA-C14 assembly or TMA-C2-DEA-C14-sonic was applied on a
carbon-coated grid at a concentration of 1.3 mM and incubated for 5 min. The
grids were dried at room temperature and observed under a transmission electron
microscope (TEM) H-7100 (Hitachi Ltd., Japan) at 75 kV. Subsequently, 5 μL
of 1.3 mM TMA-C2-DEA-C14 assembly or TMA-C2-DEA-C14-sonic was incu-
bated for 5 min with the pCMV-IE-hsGFP vector (1.5 μg) in 50 μL of 150 mM
sodium solution, applied on a carbon-coated grid, and incubated for 5 min. The
grids were individually washed with autoclaved deionized-distilled water and sub-
jected to TEM analysis. The particle size of assembly was analyzed by counting at
least 100 particles under TEM (×3,000) in different microscopic views.
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3 Results and Discussion

3.1 Formation of TMA-C2-DEA-C14 Assembly

In order to determine an optimal formation of TMA-C2-DEA-C14 as potential
gene carriers, the chemical structure of which is shown in Fig 1a, we investigated
an appropriate method for preparing an aqueous solution of TMA-C2-DEA-C14.
TMA-C2-DEA-C14 was found to generate lipidic assembly by incubation in water
for a month at 25◦C below the phase transition temperature. These particles were
observed as opaque white (Fig. 1b). On the other hand, TMA-C2-DEA-C14 solu-
tions prepared by ultrasonication or by incubation at more than 40◦C in water were
optically transparent (Fig. 1b).

Fig. 1 (a) Chemical structure of TMA-C2-DEA-C14. (b) Photographs of TMA-C2-DEA-C14
assembly (assem) and dissolved solutions, TMA-C20DEA-C14-sonic, or 40–100◦C

3.2 The Effects of TMA-C2-DEA-C14 Assembly on Gene Delivery
in Neural Stem Cells

Neural stem cells were precultured in 24-well plates and incubated for 3 h with
transfection mixtures containing pCMV-IE-hsGFP vector and TMA-C2-DEA-C14.
On using TMA-C2-DEA-C14 assembly, fluorescence microscopy analysis at 24 h
post-transfection showed that the transfection efficiency was 32.2% ± 6.93% of
GFP-expressed cells. In contrast, the efficiency of TMA-C2-DEA-C14-sonic at 24 h
post-transfection was 2.29% ± 2.02%, and those of the solutions prepared by incu-
bation at 40 or 100◦C were 5.00% ± 2.36% or 2.64% ± 3.62%, respectively. Thus,
the transfer ability of TMA-C2-DEA-C14 assembly as gene carriers for neural
stem cells was approximately 14-fold higher than that of TMA-C2-DEA-C14-
sonic. These results showed that the biofunctional activity of TMA-C2-DEA-C14 is
significantly enhanced by assembly.

3.3 Optical Microscopic Observation of TMA-C2-DEA-C14
Assembly

To investigate the structural characteristics of TMA-C2-DEA-C14 assembly, we
first observed the assembly particles under an optical microscope (×1,000). Most of
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Fig. 2 Optical microscopy
images (×1,000).
(a) TMA-C2-DEA-C14
assembly (b) DNA/TMA-C2-
DEA-C14.assembly
complexes

the assembly particles were thin-film structures with polygonal shapes and rounded
edges (Fig. 2a); however, the structural characteristics of TMA-C2-DEA-C14-sonic
particles could not be observed since they were completely dispersed by ultrasonica-
tion. Subsequently, when TMA-C2-DEA-C14 assembly was associated with DNA,
the shape of thin-film structures changed from polygonal to spherical, including
ciliary morphogenesis (Fig. 2b). When TMA-C2-DEA-C14-sonic was associated
with DNA, the complexes were observed as aggregate structures. Thus, the struc-
tural characteristic of TMA-C2-DEA-C14 assembly was completely different from
that of TMA-C2-DEA-C14-sonic. These results showed that TMA-C2-DEA-C14
assembly was characterized by thin-film structures with polygonal shapes and
rounded edges that can dramatically change to spherical structures, including cil-
iary morphogenesis, on association with DNA. This structural characteristic of
TMA-C2-DEA-C14 assembly plays an important role in the enhancement of the
biofunctional activity as gene carriers in neural stem cells.

3.4 Transmission Electron Microscopic Observation
of TMA-C2-DEA-C14 Assembly

In order to further analyze the structural characteristic of TMA-C2-DEA-C14
assembly, we observed the thin-film structures under an electron microscope. TEM
images revealed that TMA-C2-DEA-C14 assembly had thin-film microstructures
with polygonal shapes and rounded edges with a particle size of 2.73 ± 1.48 μm.
The structures of TMA-C2-DEA-C14-sonic were not observed. Subsequently, when
associated with DNA, the thin-film microstructures with polygonal shapes were
dramatically changed to spherical structures that contained a number of liposome
complexes at a size of 50–300 nm (Fig. 3a). In contrast, DNA complexes formed
with TMA-

C2-DEA-C14-sonic were aggregate structures containing a few liposomes
(Fig. 3b). These results showed that TMA-C2-DEA-C14 assembly with a unique
structural feature for generating a number of liposome complexes can deliver genes
in neural stem cells. Therefore, we demonstrated that diethanolamine-based lipidic
material TMA-C2-DEA-C14 is spontaneously self-organized by incubation at 25◦C
and that the biofunctional activity of TMA-C2-DEA-C14 assembly is to effectively
deliver DNA into the cellular cytoplasm of neural stem cells by forming a number
of liposome complexes.
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Fig. 3 TEM images
(×15,000).
(a) DNA/TMA-C2-DEA-C14
assembly complexes.
(b) DNA/TMA-C2-DEA-
C14-sonic complexes

In summary, this study demonstrated that lipidic assembly by TMA-C2-DEA-
C14 has a promising potential to facilitate efficient gene delivery with low cytotox-
icity into neural stem cells. We revealed that TMA-C2-DEA-C14 forms a thin-film
structure of assembly (approximately 2.7 μm) after incubation at 25◦C below the
phase transition temperature; furthermore, TMA-C2-DEA-C14 assembly has the
potential as gene carriers to deliver DNA into mouse embryonic neural stem cells
with higher transfection efficiencies (up to approximately 40%) and low cyto-
toxicity. After association with DNA, TMA-C2-DEA-C14 assembly undergoes a
conformational change from polygonal to spherical structures containing a num-
ber of liposomes. This structural feature of liposome complexes plays a key role
in promoting successful gene delivery system for neural stem cells. Our findings
are promising for future gene delivery research with regard to the design and
development of lipidic materials for therapeutic applications.
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and Itaru Hamachi

1 Introduction

Chinese hamster ovary (CHO) cell line is known to be highly efficient for the
production of therapeutic proteins, including cytokines and antibodies. Utilizing
artificially constructed material as potential gene carrier is important for the bottom-
up development of gene delivery system. However, few reports have focused
on using totally designed lipidic compounds for gene transfer in mammalian
cells. Several studies have reported various strategies for gene delivery system
including viral vector-mediated introduction, liposome-mediated introduction, and
polycation-mediated introduction. Viral vectors are accepted as the most effective
tools for gene transfer into mammalian cells in vivo and in vitro. However, there
are safety problems such as induction of immune reactions or tumorigenesis [1, 2].
Therefore, the use of nonpathogenic materials based on lipids or polymers has been
attempted.

Lipidic materials have been used as an easy-to-use system to transfer DNA
into mammalian cells. For example, commercial reagents such as Lipofectamine
2000 (Invitrogen) are available for use in a variety of researches. The advantage
of lipidic materials is the protection of DNA molecules by encirclement of their
structures and low cytotoxicity and immunogenicity in in vivo transfection com-
pared with the use of vectors such as calcium phosphate or viral vectors. However,
how the chemical structure and the structural feature of lipidic materials functions
as potential gene carrier for CHO cells has been controversial. In previous studies,
we demonstrated that totally designed lipidic materials provide a delivery system
that is capable to improve the novel design and development of lipidic materials as
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potential and nonpathogenic carriers in basic and therapeutic research [3–5]. Efforts
toward a comprehensive knowledge of correlations between the structural features
and biological functions of lipidic materials are crucial for controlling DNA/RNA
delivery system into mammalian cells. Here, we have focused on understanding
how lipidic materials that are designed by taking advantage of the chemical struc-
ture having double-stranded hydrophobic chains in major cell membrane lipids
such as phospholipids and sphingolipids can enhance its biological function to pro-
mote intracellular delivery of DNA into CHO cells. Moreover, we have focused on
whether lipidic materials can deliver DNA on three-dimensional large scale cultures
of CHO cells.

2 Materials and Methods

2.1 Totally Designed Lipidic Materials

Totally designed lipidic materials were modeled on the chemical structure hav-
ing double-stranded hydrophobic chains of phospholipids and sphingolipids in cell
membranes [6–8]. A variety of lipidic materials (more than 150 of compounds),
termed as a molecular repertoire, were synthesized. Each lipid had similar chemical
structure (Fig. 1).

Fig. 1 Basic concept of
totally designed lipidic
materials
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2.2 Combinatorial Analysis Using Lipidic Repertoire

CHO cells were precultured in 24-well plate in DMEM with 10% FBS. As shown
in Fig. 2, each lipid, a repertoire of lipidic analog, was mixed to make the transfer
complexes with DNA (pCMVIE-GFP). For the quantitative estimation of trans-
fer efficiency, the cells were harvested and analyzed on an EPICS flow cytometer
(Beckman Coulter Inc.).

Fig. 2 Combinatorial
analysis

2.3 Three-Dimensional Culture for CHO Cells

To develop three-dimensional culture system for CHO cells, we determined the opti-
mal conditions for gas bag culture with ceramics scaffolds. CHO cells (1.0 × 107

cells/bag) were cultured for 3 days in 75–200 mL of DMEM with 10% FBS using
gas bag (100 mL type) and 1.5 mg/bag of gold-loaded ceramics scaffolds (100–
200 nm in diameter). After incubation, the cells were lysed with Triton X-100 and
the cell numbers were estimated by measuring lactate dehydrogenase (LDH) activity
(Promega). Subsequently, the cells were cultured for 3 days at different cell num-
bers (0.1–5.0 × 107 cells/bag), and the cells (1.0 × 107 cells/bag) were cultured for
5 days to identify growth curve.

2.4 Three-Dimensional Transfection Assay

CHO cells (1.0 × 107 cells/bag) were precultured overnight in 100 mL DMEM with
10% FBS in permeable gas bag (Nipro, Japan) including 1.5 mg gold-loaded ceram-
ics scaffolds. The cells were transfected with 5 mL of the transfer mixtures including
100 mg pCMVIE-GFP and 140 μl of 5 mM CHO-cocktail. For the quantitative
estimation of transfection efficiencies, the cells were harvested and analyzed on a
fluorescent microscope, a flow cytometer, and Western immunoblot assay.
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3 Results and Discussion

3.1 Optimization of Lipidic Materials for Transfection
on CHO Cells

To identify lipid material as potential gene carrier for CHO cells, we examined
first screening by using a lipidic repertoire. When 150 types of lipidic materials
were tested for transfection on CHO cells, we could find out one of lipid (termed
as CHO-specific lipid A) (Fig. 3a). Further, we tried to identify a quadratic lipid
among a repertoire to be able to generate a synergic effect on transfection efficien-
cies. As a result, some lipid (termed as quadratic lipid B) could significantly enhance
the transfer ability of CHO-specific lipid A (Fig. 3b). We further investigated the
optimal ratio of CHO-specific lipid A versus quadratic lipid B to enhance the trans-
fection efficiencies on CHO cells. The lipidic mixture (termed as CHO-cocktail)
may be lead to a proper complex with DNA to pass through the cell membrane bar-
riers. Further, the transfer ability of CHO-cocktail was a higher degree than superior
commercial reagents Lipofectamine 2000 and FuGENE. The chemical structure of
CHO-cocktail having double-stranded hydrophobic chains, modeled on cell mem-
brane lipids, will be a good model of rational carrier design for a nonpathogenic
delivery system.

Fig. 3 (a) First screening of a lipidic repertoire for transfection on CHO cells; CHO-specific lipid
A. (b) Second screening for enhancement of the ability of CHO-specific lipid A

3.2 Three-Dimensional Culture for CHO Cells

To develop the three-dimensional culture system for CHO cells, we examined the
culture conditions of CHO cells using permeable gas bag and gold-loaded ceramics
scaffolds (Figs. 4 and 5). We chose a condition; 1.0 × 107 cells/bag, 100 mL culture
medium, and 1.5 g scaffolds/bag and observed the growth curve (Fig. 4c). These
results showed that CHO cells can grow in gas bag system equipped with ceramics
scaffolds.
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Fig. 4 Three-dimensional culture on CHO cells. (a) Medium volume dose response. (b) Different
cell numbers. (c) Growth curve. The cells were cultured at each day in 100 mL DMEM with 10%
FBS in gas bag including 1.5 g of scaffolds

Fig. 5 Differential images (×400). The cells were cultured at 3 h (left image) or 3 days (right
image) on gas bag culture conditions. A number of CHO cells were bound and adhered on gold-
loaded ceramics scaffolds

3.3 Three-Dimensional Transfection for CHO Cells

CHO cells were precultured for 1 day in 100 mL DMEM with 10% FBS in gas
bag including 1.5 g of scaffolds. Next day, the cells (1.5–2.0 × 107 cells/bag) were
transferred with 100 μg DNA/CHO-cocktail complexes. On 3 days culture, the
cells were harvested and analyzed by a flow cytometer and Western immnoblot
assay. As shown in Fig. 6, the transfection efficiencies on three-dimensional cul-
ture were 97.9%. Cell pellets were observed as yellow-green under a fluorescent
lamp. Moreover, total amount of GFP in cell pellets was 2 mg at 108 cells/100 mL/2
days that is measured by Western immnoblot assay.

In summary, our findings may improve the development of gene delivery sys-
tem through utilizing artificially lipidic compounds in a powerful research tool and
in therapeutic research. Here, we have focused on understanding how the lipidic
materials that are designed by taking advantage of the chemical structure hav-
ing double-stranded hydrophobic chains in major cell membrane lipids such as
phospholipids and sphingolipids can enhance its biological function to promote
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Fig. 6 The transfection efficiencies of lipidic material CHO-cocktail on three-dimensional culture
of CHO cells. The cells were transfected on gas bag culture condition equipped with gild-loaded
ceramics scaffolds. The cells were harvested at 48 h post-transfection and analyzed on a flow
cytometer. Control; untreated cells. CHO-cocktail; transfected cells with CHO-cocktail

intracellular delivery of DNA. We demonstrate that a cocktail composed of 2 types
of totally designed lipidic materials among a molecular repertoire is useful as a
power tool to carry out three-dimensional transfection with high efficiency on CHO
cells. Insight into this molecular repertoire may improve our understanding of how
the chemical structure and the structural feature of artificial materials have a bio-
logical function as potential gene carrier target for various mammalian cells. This
molecular repertoire may be able to lead to the rational design of artificially lipidic
materials. In this study, our findings suggest that this approach can serve as a novel
model for the development of the expression system for the large-scale production
of recombinant proteins.
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Size Dependent Heat Generation of Magnetic
Nanoparticles Under AC Magnetic Field
for Cancer Therapy

Jun Motoyama, Toshiyuki Hakata, Ryuji Kato, Noriyuki Yamashita,
Tomio Morino, Takeshi Kobayashi, and Hiroyuki Honda

1 Introduction

Hyperthermic treatments have been used for many years, particularly in anticancer
therapy. Magnetic nanoparticles, which is used as a heating mediator for a local
hyperthermia, is easily focus on the heating region by injecting selectively. The
use of such particles is based on the fact that multidomain ferro- or ferri-magnetic
materials are heated by an alternating magnetic field due to hysteresis losses [1]
Single domain particles of magnetite can also generate heat by relaxation loss.
Ten nanometer of diameter is supposed to be a boundary size to allocate particles
between single-domain and multi-domain. Optimal diameter of magnetic nanopar-
ticle for magnetic nanoparticle-mediated hyperthermia should be investigated in
detail. There, we drew attention to the specific-surface area (SSA) as a represented
index for expressing particle size and microscopic structure. The SAR, which is
defined as the energy amount converted into heat per unit time and unit mass of
those magnetic particles were studied under several conditions of AC magnetic
field.

Our group have introduced cationic liposome technology in order to enhance
the surface interaction between cells and heating mediator, and thereby improve its
localization. We called them the magnetic cationic liposome (MCL). In previous
animal studies, we have demonstrated the efficacy of hyperthermia using them. In
addition, we have described the capability of immunological reaction in cancer cells,
which would occur by increased amount of the heat-shock protein 70 (HSP70),
following hyperthermic treatment with MCL [2].
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In this study, we applied our hyperthermic treatment system with the refined
MCL to 7,12-Dimethylbenz(a)anthracene (DMBA)-induced rat mammary cancer
model.

2 Heat Generation Capacity by SSA

2.1 Method

Magnetite nanopartiles were dispersed in distilled water with the same concentration
of 20 mg/mL. Those magnetite dispersions were filled in the cylindrical polypropy-
lene tubes and gelated with kappa-carrageenan. Temperature increase was caused by
the upwardly generated AC magnetic field from the surface of the irradiation coil of
the AMF radiator (Fig. 1). The samples contained 5 mg of magnetite nanoparticles
in each. As a control, kappa-carrageenan gel was put into the sample tube without
magnetite dispersions.

Ferrite core

Solenoid coil

Sample

Magnetic flux

Fig. 1 Schematic apparatus
of experiments

The alternating-magnetic-field (AMF) radiator was arranged to change its fre-
quency and amplitude. A list of those arrangements of the experimental courses is
shown in Table 1.

The magnetic properties of the magnetite nanoparticle are shown in Table 2.
The temperature of the samples were measured by using optical thermometer

(FX-9020; Anritsu Meter Co., Tokyo). After the experiments, all samples were
brought to measure the iron contents by the potassium thiocyanate method to deter-
mined the magnetite concentration in the sample precisely. The control was also
exposed under the AMF, and confirmed that has no affection to heat generation.

The SAR values of the samples were determined from the time dependent
calorimetric measurements.

Table 1 Applied AC
magnetic energy for
experiment

Applied Frequency (kHz) Applied Power (kW)

360 1.6, 3.5, 5.2
200 2.5, 6.0, 13.0
110 2.5, 6.0, 13.1
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Table 2 Physical properties of the magnetite particles for the experiment

Particle diameter

DLS method

Sample
TEM
method (nm) (nm)

Polydispersity
index

Saturated
magnetization
(Am2/kg)

Coercivity
(kA/m)

SSA
(m2/g)

A 120 1,986 0.57 82.5 7.2 12
B 40 1,657 0.45 75.0 10.4 30
C 14 539 0.28 67.7 6.4 57
D 11 109 0.15 63.2 3.0 74
E 10 109 0.21 64.1 2.3 84
F 10 109 0.25 57.9 1.2 92
G 10 146 0.23 57.5 6.0 107
H 10 93 0.30 51.6 3.0 121
I 10 84 0.18 52.9 0.32 125
J 10 94 0.29 49.7 1.4 131
K 10 107 0.19 48.9 3.5 145
L 10 130 0.25 47.4 2.6 159
M 10 105 0.22 38.1 0.9 190

3 Result

Figure 2 shows the typical profiles of the time-dependent temperature curve during
the AC magnetic field irradiation. The SAR values (W/g) can be calculated by the
following equation [3]:

SAR = C
�T

�t

1

mmag
(1)

where C is the sample-specific heat capacity which is calculated as a mass weighed
mean value of magnetite and water. In this study, a heat capacity for water Cwater =
4.18 J/gK is used for the sample heat capacity. �T/�t is the initial slope of the
time-dependent temperature curve. As shown in Fig. 2, there are as good as the
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Fig. 2 Typical profile of heat
generation under AC
magnetic field
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linear relations in 0–5 min intervals for calculating �T/�t. mmag is the magnetite
content per gram of the sample tubes. The SAR values of the samples calculated by
the equation (1) are plotted in Fig. 3.

The two local maximum values of the SAR were observed where SSA is approx-
imately 90 m2/g (a) and 120 m2/g (b) separately in all the experimental intensities
of AC magnetic field’s frequency and power.

It has been reported that the SAR of magnetite particle in an external AC
magnetic field can be attributed to two kinds of power loss mechanisms; one is
hysteresis loss and others is relaxation loss [4]. Those two mechanisms are believed
to be depended on particle sizes. The hysteresis losses are for larger particles and
relaxation losses are for smaller particles. SSA value represent particle diameter,
therefore, smaller SSA particles express larger diameter. Consequently, it is con-
sidered that the maximum value (a) in Fig. 3 correspond to hysteresis loss, and
maximum value (b) attributes to relaxation loss.

The differential of magnitude of SAR by the AC power are also distinguishable
by the particle sizes indicated by the SSA. Its boundary existed between two max-
imum values of the SAR in Fig. 3. As a result, two mechanisms of heating affects
to the SAR value differently. The SAR values for the particles below the 110 m2/g
of SSA seemed more susceptible against to the power of AC magnetic field in all
frequencies as well. Therefore, hysteresis loss induced heating is strongly affected
by the strength of applied AMF.

4 Treatment of Spontaneous Cancer Model

4.1 Method

Eight-week-old Sprague-Dawley (SD) rats were purchased from the Charles River
Laboratory Japan, Inc. (Kanagawa, Japan). A single dose of 20 mg DMBA dis-
solved in sesame oil were administered to 20 rats via esophageal intubation. After
10 weeks, 4 rats developed mammary tumors at more than 1 site in the body. In the
each of these rats, we selected 1 tumor region that exceeded 10 mm in its long axis
and used this for the experiments.

Magnetite nanoparticles (average diameter; 10 nm, SSA; approximately 90),
N-(α-trimethyl-ammonioacetyl) didodecyl-D- glutamate chloride (TMAG),
Dilauroyl- phosphatidylcholine (DLPC) and dioleoylphos- phatidylethanolamine
(DOPE) were used to prepare the MCL.

The MCL were infused gradually into the tumor directly in approximately 30 min
by using an infusion pump (SP100i; World Precision Instruments Inc., FL, USA).
The applied dose of the MCL was approximately 2 mg MCL per mL tumor volume.
After the injection, the rats were subjected to the first hyperthermia treatment for
30 min under anesthesia. The treatment were repeated on the following 2 days.
The rats were bedded above an irradiation coil. The applied AC magnetic field
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was 360 kHz. The temperatures at the surface of the tumor tissue and rectum were
measured by optical fiber probe thermometers.

5 Result

Figure 4 shows tumor volume profiles after the treatment in each rat. In all 4 rats, we
observed multiple growth of tumors at 1–3 sites in the body. Although those tumor
areas were untreated, their growth volumes were also measured. In rat B, there were
3 sites of untreated sites of the tumor, 1 site of which grew rapidly. The others were,
however, reduced in volume and had regressed completely after 31 days. In other
rats, untreated sites of tumor were also reduced in volume, or well controlled.
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Fig. 4 Tumor growth profiles for each rat after 3 treatments. Closed square: treated tumor; Open
square: untreated tumor

6 Conclusion

Magnetite nanoparticles that have approximately 10 nm diameter have different
magnetic properties represented by SSA. By means of SSA, Mechanism of heat
generation of magnetite nanoparitcles seems different in the vicinity of 110 m2/g
of SSA. Therefore, magnetite nanoparticles would be selective by its SSA and it
will be reasonable to formulate MCL. By using those refined MCL, hyperthermia
treatment is also effective in a spontaneous cancer model.
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Functional Evaluation of Anticancer
Drugs in Human Leukemia Cells Based
on Metabolic Profiling Technique

Daisuke Miura, Yoshinori Fujimura, Hirofumi Tachibana,
and Hiroyuki Wariishi

1 Introduction

To date, mass spectrometry (MS) coupled with pre-separation technique such as
liquid chromatography (LC-MS) or gas chromatography (GC-MS) has been known
to be a conventional strategy for metabolomics [1–3], but these methods have sev-
eral disadvantages for pharmaceutical metabolomics. First, sample preparation of
such methods includes complicated steps such as sample extraction, derivatization,
desalting, and/or concentration before further MS analysis. Second, large sample
volume is required because of lower sensitivity. Third, albeit with new LC develop-
ments such as ultra-performance liquid chromatography (UPLC), total LC analysis
time is still on the order of several minutes. Although GC coupled with time-of-flight
MS had been developed to take shorter time than conventional GC-quadrupole-
MS because of the ability to deconvolute co-eluted peaks easily, analysis time of
GC is almost the same as that of UPLC. There is another problem that thwarts
the development of MS-based metabolomics techniques. The appearance of adduct
ions containing sodium or potassium ion, especially in positive ion mode, makes
metabolomic data more complicated [4]. Resolving of these issues is indispensable
for highly sensitive and high-throughput analysis in pharmaceutical metabolomics
research area because thousands of samples should be analyzed in the first large
scale screening. Thus, 9-aminoacridine (9-AA) was utilized in the present study
to develop MS mearsurement with negative ionization mode. In contrast to the
methods mentioned above, direct MS analysis, especially, matrix-assisted laser des-
orption ionization (MALDI)-MS has advantages for metabolite analysis because it is
a highly sensitive, high-throughput, and low sample-consuming (within 1 μL) tech-
nique compared to the other conventional analytical platforms based on LC-, GC-
or CE-MS [5]. In addition, MALDI has recently been reported to be suitable not
only for high-molecular-weight polymers or peptides but for low-molecular-weight
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metabolite analysis [6–8]. In the present study, we developed the methodology of the
rapid and direct analysis of cellular metabolites by MALDI-MS for high-throughput
and non-targeted metabolomic analysis, and applied this technique to multivariate
analysis for recognizing the difference among cellular metabolite profiles.

2 Materials and Methods

2.1 Reagents

9-AA hydrochloride was obtained from Sigma-Aldrich (St. Louis, MO) and recrys-
tallized prior to use 9 (–)-Epigallocatechin-3-O-gallate (EGCG), 5-fluorouracil
(5-FU), superoxide dismutase (SOD), Trypan Blue, propidium iodide, and cata-
lase were purchased from Sigma-Aldrich (St. Louis, MO). Methotrexate (MTX)
and metabolite standards used in this study were bought from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan).

2.2 Cell Culture

Jurkat cells, human acute lymphoblastic leukemia, were obtained from the Japanese
Cancer Research Resources Bank (Tokyo, Japan) and were maintained in RPMI-
1640 (Nissui, Tokyo, Japan) supplemented with 5% fetal bovine serum (FBS:
Biological Industries, Kibbutz Beit Kaemek, Israel), 100 U/mL penicillin G,
100 mg/mL streptomycin and 10 mM HEPES buffer in a humidified atmosphere
with 5% CO2 at 37◦C. To assess cell proliferation, cells at a density of 2 × 105

cells/ml were treated with the indicated concentrations of either MTX, 5-FU, or
EGCG for 72 h in RPMI supplemented with 2% FBS, 5 mg/mL BSA, 5 U/mL SOD
and 200 U/mL catalase. After treatment, the trypan blue dye-exclusion test using
0.5% trypan blue dye was performed for counting viable cells.

2.3 Flow Cytometric Analysis

Jurkat cells treated with each anti-cancer drug with a IC50 concentration for 72 h
were suspended in 70% ethanol and incubated at –20◦C for more than 4 h. The
cells were washed with phosphate-buffered saline (PBS) and resuspended in PBS
together with 10 μg/mL RNaseA. Incubation was continued at 37◦C for 20 min. The
cellular DNA was then stained by applying propidium iodide (50 μg/mL) for 30 min
at room temperature. The stained cells were analyzed by flow cytometry (FACS
Calibur; Becton Dickinson, Sunnyvale, CA) for relative DNA content. ModFit LT
software (Verity Software House, Inc., Topsham, ME) was used to assess cell cycle
distribution and sub G1 region as the apoptotic cell population.
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2.4 Samples Preparation for High-Throughput Metabolic Profiling

Jurkat cells incubated for 72 h were collected by centrifugation, 200g, for 5 min,
followed by washing twice with ice-cold PBS. The cells that were resuspended in
PBS at a density of 5 × 106 cells/mL were directly dropped onto a stainless MALDI
sample plate, followed by mixing with 0.5 μL matrix solution (10 mg/mL 9-AA in
methanol) on the sample plate. About 2,500 cells (0.5 μL) were applied onto the
sample plate.

2.5 Mass Spectrometry and Multivariate Statistical Analysis

Mass spectrometric analysis was performed on an AXIMA-QIT-TOF mass spec-
trometer (Shimadzu, Japan). Metabolite peaks were assigned by searching accurate
mass to KEGG or METLIN metabolite databases.

Multivariate data analyses, principal component analysis (PCA) and orthogonal
partial least squares discriminant analysis (OPLS-DA) [9], were carried out using
SIMCA-P+ version 11.5 (Umetrics, Sweden).

3 Results and Discussion

Inhibition of Jurkat cell growth by treatment with anticancer drugs.
It has been reported that MTX competitively and reversibly inhibits dihydrofo-

late reductase (DHFR), an enzyme that participates in the tetrahydrofolate synthesis.
DHFR catalyses the conversion of dihydrofolate to the active tetrahydrofolate.
Folate is compulsory for the de novo synthesis of the nucleoside thymidine, essen-
tial for DNA synthesis. In addition, folate was also known to be an indispensable
molecule for purine base synthesis, and such purine synthesis may be inhibited upon
treatment with antifolate [10]. Therefore, MTX is able to inhibit the synthesis of
DNA, RNA, thymidylates, and proteins. On the other hands, 5-FU acts as a pyrimi-
dine analogue and is transformed inside the cell into different cytotoxic metabolites
that are then incorporated into DNA and RNA, finally inducing cell cycle arrest and
apoptosis by inhibiting the cell′s ability to synthesize DNA [11]. Generally, EGCG
has been known to be a naturally occurring anticancer drug, and has been shown to
be an efficient inhibitor of DHFR, and be capable of disturbing folate metabolism in
the cells, and causing the inhibition of DNA and RNA synthesis [12]. In the present
study, we examined the antiproliferative effects of three anticancer drugs, MTX,
5-FU, and EGCG, on Jurkat cells. All three drugs inhibited the growth of Jurkat
cells in a dose-dependent manner and the 50% inhibition concentration (IC50) of
MTX, 5-FU, or EGCG was 2.5 nM, 0.5 μM, or 50 μM, respectively. In addition,
flow cytometric analysis revealed that all three drug-treatments inhibited cell cycle
progression based on the increase in the percentage of cells in the G2/M phase.
Furthermore, the increase in subG1 population was also observed in both MTX- and
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5-FU-treated cells, indicating that both drugs were able to induce apoptosis. Taken
together, these results suggest that anticancer drug-induced reduction of the viable
cell number may be due to the accumulation of the cells in G2/M phase and/or the
induction of apoptosis.

High-through Metabolic Profiling of Anticancer Drug-treated Jurkat Cells.
There are little information about the metabolic response of cancer cells against

MTX and 5-FU, although these drugs are well-known and well-established anti-
cancer drugs that have been known to inhibit nucleotide biosynthesis. EGCG, a
major component of green tea polyphenols, is also recognized to exhibit antipro-
liferative effects for cancer cells. High-throughput metabolite profiling method
developed in this study is thought to be suitable for validating drug efficacy and
investigating metabolic response of drug-treated cancer cells. Recently, multivariate
statistical analysis, such as PCA or OPLS-DA, is thought to be a powerful tool for
holistic evaluation of complex metabolic state by clustering each sample presuming
acquired spectrum as multivariate data [9, 13]. Unsupervised multivariate analysis
method, PCA model, provides a summary or overview of all observations or sam-
ples in the data table. In addition, groupings, trends, and outliers can also be found.
First we applied MALDI-MS spectra to PCA for recognizing metabolic states of
Jurkat cells treated with either MTX, 5-FU, or EGCG with an IC50 concentration.
The cells suspended in PBS were applied onto the sample plate, and adjusted to the
2,500 cells/well. The result of PCA score plot clearly demonstrated that the inde-
pendent cluster was formed among three kinds of anticancer drug-treated cells. The
corresponding loadings plot showed the altered MS peaks in each samples. The peak
intensities and corresponding positions on the loading plot of nucleotide derivatives
were shown. In the loading plot, several nucleotide metabolites such as adenosines,
guanosines, uridines, and these derivatives had a comparatively strong impact on
the clear separation of each cluster along with component 1 and component 2.
Especially, adenosines (ATP, ADP, cAMP) strongly contributed to the separation
along with PC1, and UTP is responsible for separating the groups along with PC2.
These data clearly showed that anticancer drugs used in this study strongly inhib-
ited nucleotides biosynthesis of Jurkat cells. It was reported that MTX restricts
purine nucleotide synthesis but to stimulate of pyrimidine biosynthesis [14], sug-
gesting that high throughput metabolic profiling method developed in the present
study can distinguish the difference of metabolic responses of the cells against
each anticancer drug. Interestingly, the concentration of UDP-N-acetylglucosamine,
which is one of the sources of building block of glycosaminoglycan, was dramati-
cally decreased only in MTX-treated cell. Glucosaminoglycan has several number
of physiological roles and biological functions such as anticoagulant activity, tis-
sue hydration and several cellular functions, i.e., cell adhesion, motility, migration,
proliferation and differentiation [15, 16]. This result indicates that down regula-
tion of UDP-N-acetylglucosamine biosynthesis is one of the target of MXT for
its anticancer efficacy. In summary, it can be concluded that metabolic profiling
with MALDI-MS developed in this study is a useful tool for first screening in drug
development since the method is not only very high throughput but also able to
mine functional information from a multivariate analysis. A PCA model provided
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an overview of all observations or samples in the data table by projecting and cluster-
ing each sample, and made us recognizing holistic difference of complex metabolic
state in each sample. However, the details of the differences of each cluster are still
unclear. Supervised method OPLS-DA was then used to facilitate the isolation of
the variables responsible for the discrimination between MTX- and EGCG-treated
cells. Figure 1a showed OPLS score plot, and the 2-component OPLS models were
showed that R2Y and Q2 were 0.813 and 0.681, respectively. The OPLS S-plot, a
plot of the covariance versus the correlation in conjunction with the variable trend
plots allows easier visualization of the data. The variables that changed most will be
plotted at the top or bottom of the ‘S’ shape plot, and that do not vary significantly
be plotted in the middle9. OPLS S-plot against MTX- and EGCG-treated cells was
also shown in Fig. 1b. Stearic acid and unknown compound (m/z 448.00) were
found from the S-plot as variables that have strong contribution to separate MTX-
and EGCG-treated cells, although the significance of accumulation of these com-
pounds in each cells were still unclear. These peaks could not be found from PCA
score plot, indicating that MALDI-MS metabolic profiling with OPLS-DA gave us
enough information for data mining about the difference of cellular metabolic state,
or validation of efficacy and safety of anticancer drugs.

Fig. 1 OPLS-DA model based on metabolite profiles of direct MALDI-MS analysis of MTX-
and EGCG-treated Jurkat cells. (a) OPLS-DA score plot of metabolite profiles from MTX- and
EGCG-treated Jurkat cells. (b) OPLS-DA S-plot that is corresponding to score plot shown in (a).
(c) Peak intensities of metabolites (unknown peak that showed m/z 448.00 and stearic acid) that
showed strong discrimination power to separate each cluster of MTX- and EGCG-treated Jurkat
cells metabolite profiles
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Extracts from the Root of Platycodon
grandiflorum Modulate Induction
of Inflammatory Changes in Coculture
of Adipocytes and Macrophages

Ju-Hye Lee, Koji Yamada, and Hirofumi Tachibana

1 Introduction

The root of Platycodon grandiflorum has been consumed as food stuff in East
Asia as traditional oriental medicine for diseases such as bronchitis, asthma, pul-
monary tuberculosis, hyperlipidemia, diabetes and inflammatory disease. Recently,
extracts from the roots of P. grandiflorum (PGE) have been found to posses vari-
ous biological properties, including anti-inflammatory, antiobesity, antiallergic and
cholesterol-lowering activities [1–4]. However, the mechanisms of the beneficial
effect of P. grandiflorum remain unclear.

Obesity is closely associated with a state of chronic, low-grade inflammation
characterized by abnormal cytokine production and activation of inflammatory sig-
naling pathways in adipose tissue [5, 6]. It is associated with the infiltration of
macrophages into adipose tissue, which may contribute to an elevated inflammatory
status by secreting a variety of proinflammatory mediators, including tumor necro-
sis factor alpha, TNF-α; monocyte chemoattractant protein-1, MCP-1; and reactive
oxygen species.

Macrophages, producing the proinflammatory factors, are an important source
of inflammation in adipose tissues in obesity [5]. Obesity-induced inflammation
entails the enhancement of the recruitment of macrophages into adipose tissue
and the release of various proinflammatory proteins from fat tissue. Macrophages
are now recognized as an important non-adipocyte cell type in adipose tissue that
contributes significantly to adipose tissue production of inflammatory factors [6].
Notably, the percentage of macrophage infiltration in adipose tissue correlates with
obesity and insulin resistance [5, 7]. Suganami et al. reported that the paracrine loop
involving adipocyte-derived free acid and macrophage-derived TNF-α establishes
a vicious cycle that augments the inflammatory changes and insulin resistance in
obese adipose tissue [8].
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The aim of the present study is to obtain in vitro evidences that PGE can
inhibit inflammatory responses in obesity. We investigated the effect of PGE on the
production of proinflammatory mediators in lipopolysaccharide (LPS)-stimulated
macrophages and in the interaction between adipocytes and macrophages using in
vitro coculture system [8].

2 Materials and Methods

2.1 Reagents

Lipopolysaccharide (LPS), anti-β-actin polyclonal antibody and horseradish perox-
idase (HRP)-conjugated anti-rabbit antibody were derived from Sigma (St. Louis,
MO). Block Ace was purchased from Dainihon Pharmaceutical (Osaka, Japan). An
anti-iNOS polyclonal antibody was purchased from Merck (Tokyo, Japan). An anti-
mouse TNF-α antibody was obtained from Endogen (Woburn, MA). Biotinylated
anti-mouse TNF-α antibody was obtained from Biosource (Camarillo, CA). HRP-
conjugated anti-mouse antibody and HRP conjugated streptavidin were purchased
from Zymed (San Francisco, CA).

2.2 Cell Preparation

The RAW 264.7 macrophage were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma) with 10% fetal calf serum (FCS) and 100 U/ml peni-
cillin/100 μg/ml streptomycin (Gibco BRL, NY, USA) at 37◦C under a humidified
5% CO2 atmosphere. The cells were seeded in 2 mL dish (1 × 106 cells/ml), and
treated with 5 μg/ml LPS (Sigma) and various concentrations of PGE in serum-free
medium for 24 h. 3T3-L1 preadipocytes were subcultured in DMEM with 10% FBS
(Biological Industries, Kibbutz Beit Haemek, Israel), 100 U/ml penicillin/100 μg/ml
streptomycin at 37◦C in a humidified 5% CO2 atmosphere. Differentiation of
3T3-L1 preadipocytes was induced by adipogenic agents (0.5 mM 3-isobutyl-1-
methylxanthine (Nacalai Tesque, Kyoto, Japan), 0.25 μM dexamethasone (Sigma),
and 10 μg/ml insulin (Sigma)) in DMEM containing 10% FBS for 2 days after
the cells reached confluence (day 0). Then, the medium was replaced with DMEM
containing 10% FBS and 5 μg/ml insulin, and was changed every two days. After
induction of differentiation, the cells that accumulated lipid droplets were used as
hypertrophied 3T3-L1 adipocytes.

2.3 Coculture of Adipocytes and Macrophages

Adipocytes and macrophages were cocultured in a contact system as previously
described 7, RAW 264.7 cells (1 × 105 cells/ml) were plated onto dishes with
serum-starved and hypertrophied 3T3-L1 cells, and the coculture was incubated in
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serum-free DMEM for 24 h. As a control, adipocytes and macrophages, the num-
bers of which were equal to those in the contact system, were cultured separately
and mixed after harvest. PGE was added to the coculture at various concentrations.
After 24 h of treatment, culture supernatants were collected and stored at − 20◦C
until measurements.

2.4 Measurement of TNF-α Production

The amount of TNF-α in culture medium was measured by sandwich enzyme-linked
immunosorbent assay (ELISA). An anti-mouse TNF-α antibody was used to fix
TNF-α. Antibody solution diluted at 500 times by PBS was added to a 96-well plate,
and incubated for 2 h at 37◦C. After washing with 0.05% Tween20-PBS (T-PBS)
three times, each well was blocked with 25% Block Ace solution for 2 h at 37◦C.
Following blocking reaction, each well was treated with 50 μl of culture supernatant
for 1 h at 37◦C. The well was then treated with biotinylated anti-mouse TNF-α
antibody diluted at 1000 times by 10% Block Ace for 1 h at 37◦C. HRP-conjugated
streptavidin solution diluted at 1000 times by 10% Block Ace solution was added
to each well at 100 μl. Then, 0.6 mg/ml of 2,2′-azino-bis(ethylbenzothazoline-6-
sulfonic acid diammonium salt) (ABTS) dissolved in 0.03% H2O2–0.05 M citrate
buffer (pH 4.0) was added to the well at 100 μl, and the absorbance at 405 nm was
measured after the addition of 1.5% oxalic acid to terminate the coloring reaction at
100 μL. The well was rinsed three times with T-PBS between each step.

2.5 Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Cells were harvested by centrifugation and washed twice in PBS. Total cellu-
lar RNA was isolated using the Trizol reagent according to the manufacturer’s
instructions. Ten micrograms of total RNA was denatured at 70◦C with 1 μl
oligo-dT20 primer (0.5 mg/ml) in 13.8 μl final volume. Primers-RNA mixes
were cooled on ice for 10 min, 2 μl dNTPs (10 mM), 0.1 μl M-MLV reverse
transcriptase (20 units), 0.1 μl RNase inhibitor (10 units) and 4 μl 5 × buffer
were added in 20 μl final volume. The resultant cDNA samples were sub-
jected to 25 cycles of PCR amplification in the presence of specific sense
and antisense primers. Mouse β-actin cDNA was amplified as an internal con-
trol. Each cycle consisted of denaturation at 94◦C for 1 min, annealing at
60◦C for 1 min (β-Actin and MCP-1), and DNA synthesis at 72◦C for 1 min.
Sequences for the PCR primers sizes and expected amplification product sizes
are as follows: for the β-Actin: sense 5′-TGGAATCCTGTGGCATCCATGAAAC-
3′, and antisense 5′-TAAAACGCAGCTCAGTAACAGTCCG-3′; for the MCP-1:
sense 5′-TCCCCAAAGGG ATGAGAAGTTC-3′, and antisense 5′-TCATACCA
GGGTTTGAGCTCAG-3′. The amplified PCR products were subjected to elec-
trophoresis on a 1.5% agarose gel.
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2.6 Measurement of Nitric Oxide Release

The amount of nitrite in cell-free culture supernatants was measured using Griess
reagent [9]. Briefly, 100 μl of supernatant was mixed with an equivalent volume
of Griess reagent [1:1 (v/v) of 0.1% N-1-naphthyl-ethylenediamine in distilled
water and 1% sulfanilamide in 5% phosphoric acid] on a 96-well flat bottom plate.
After 10 min, absorbance at 570 nm was measured, and the amount of nitrite was
calculated from the NaNO2 standard curve.

2.7 Western Blot Analysis

RAW 264 cells were carefully washed twice with ice-cold phosphate buffered saline
(PBS) and placed immediately in lysis buffer containing 20 mM Tris HCl (pH 7.5),
15 mM NaCl, 1% Triton × 100 (Nacalai Tesque), and protease inhibitor cocktail
(Nacalai Tesque). Lysate was centrifuged at 15,000 rpm for 5 min, and the super-
natant was stored for subsequent analysis. Equal amount of protein (5 μg/lane)
were resolved by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and transferred onto a nitrocellulose membrane (Schleicher & Schuell BioScience,
Dassel, Germany). The membrane was washed with Tris-buffered saline (TBS;
10 mM Tris, 150 mM NaCl), containing 0.1% Tween20 (TBST). The membrane was
blocked with Blocking one solution at 37◦C for 1 h. Following blocking, the mem-
brane was incubated with antibodies against iNOS (1:2000) or β-Actin (1:10,000),
and then continuously incubated with appropriate HRP-conjugated antibodies. The
bands were developed by using of the ECL Western detection reagents.

2.8 Statistical Analyses

All data were expressed as the mean ± SD. Statistical significance was analyzed by
Student’s t-test. Each value of ∗ p < 0.05, ∗∗ p < 0.01 or ∗∗∗ p < 0.001 was considered
to be statistically significant.

3 Results and Discussion

To determine whether PGE suppresses proinflammatory mediators such as TNF-α,
NO, and MCP-1, production in macrophages, RAW 264.7 macrophages were stim-
ulated with LPS in the presence or absence of PGE. RAW 264.7 cells activated with
LPS and secrete TNF-α [10]. LPS- induced TNF-α production by RAW 264.7 cells
was significantly inhibited by PGE treatment in a dose-dependent manner. PGE also
inhibited MCP-1 expression by LPS-stimulated RAW 264.7 cells (data not shown).

Next, to evaluate the effect of PGE on NO production in LPS-induced RAW264.7
cells, nitrite accumulation was examined by the Griess assay. LPS treatment for
24 h triggered significant nitrite accumulation, which was effectively inhibited by
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10 μg/ml treatment with PGE (data not shown). Inducible NOS (iNOS) is stimulated
by LPS or proinflammatory cytokines in murine macrophages [11, 12]. To elucidate
the underlying mechanisms of the regulation of NO synthesis in the macrophages
by PGE, we demonstrated whether PGE mediates the protein expression level of
iNOS. As the result of that, the iNOS expression was markedly decreased in a PGE
dose-dependent manner (data not shown).

We investigated the effect of PGE on the production of proinflammatory media-
tors in coculture of adipocytes and macrophages. Coculture of differentiated 3T3-L1
cells or RAW 264.7 cells in the contact system revealed a marked increase in TNF-α
and MCP-1 level (Fig. 1a and b). PGE treatment in coculture significantly decreased
TNF-α production level at 10 μg/ml MCP-1 mRNA expression in this coculture was
significantly inhibited by PGE in a dose-dependent manner.

To examine the effect of PGE on NO production in coculture of adipocytes and
macrophages, the cells were treated with PGE in the presence of LPS for 24 h.
The coculture of differentiated 3T3-L1 adipocytes and RAW 264.7 cells showed an
enhanced NO production compared with that of the control culture. PGE signifi-
cantly decreased NO production at 10 μg/ml. Moreover, the expression of iNOS
was also markedly inhibited in at 10 μg/ml, indicating inhibition of NO is an early
event (data not shown).

In conclusion, our data demonstrated that PGE inhibited proinflammatory medi-
ators production from LPS-induced macrophage and the inflammatory responses
of macrophages such as activation induced by adipose tissue-conditioned medium,
indicating that PGE may suppress the inflammatory responses of adipose tissue
in obesity. Taken together, the present results suggest that PGE may be useful
for suppressing the enhanced inflammatory responses of adipose tissue in obesity.

Fig. 1 Effect of PGE on proinflammatory mediator production by coculture of 3T3-L1 adipocytes
and RAW 264.7 macrophages. Differentiated 3T3-L1 adipocytes were cocultured RAW 264.7 cells
for 24 h. The cells were treated with PGE (1–10 μg/ml) for 24 h. (a) TNF-α level in the culture
medium was measured ELISA. ∗∗p < 0.01 compared with non-treated coculture. (b) MCP-1 mRNA
expression in analyzed RT-PCR. The gene expression level was expressed relative to the control
group (=1.0) after normalization using the β-actin gene expression level
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However, a clearer understanding of the mechanism of PGE-regulating adipose
tissue signaling in obesity will require further molecular studies.

References

1. Ahn, K.S., Noh, E.J., Zhao, H.L., Jung, S.H., Kang, S.S., and Kim Y.S. (2005) Inhibition of
inducible nitric oxide synthase and cyclooxygenase II by Platycodon grandiflorum saponins
via suppression of nuclear- B activation of activation in RAW 264.7 cells. Life Sci. 76:
2315–2328.

2. Wang, C., Schuller Levis, G.B., Lee, E.B., Levis, W.R., Lee, D.W., Kim, B.S., Park, S.Y.,
and Park, E. (2004) Platycodin D and D3 isolated from the root of Platycodon grandiflorum
modulate the production of nitric oxide and secretion of TNF-α in activated RAW 264.7 cells.
Int. Immunopharmacol. 4: 1039–1049.

3. Shin, C.Y., Lee, W.J., Lee, E.B., Choi, E.Y., and Ko, K.H. (2003) Platycodin D and D3
increase airway mucin release in vivo and in vitro in rats and hamsters. Planta. Med. 68:
221–225.

4. Zhao, H.L., Cho, K.H., Ha, Y.W., Jeong, T.S., Lee, W.S., and Kim, Y.S. (2006) Cholesterol-
lowering effect of platycodin D in hypercholesterolemic ICR mice. Eur. J. Pharmacol. 537:
166–173.

5. Weisberg, S.P., McCann, D., Desai, M., Rosenbaum, M., Leibel, R.L., and Ferrante, A.W.,
Jr. (2003) Obesity is associated with macrophage accumulation in adipose tissue. J. Clin.
Invest. 112: 1785–1788.

6. Xu, H., Barnes, G.T., Yang, Q., Tan, G., Yang, D., Chou, C.J., Sole, J., Nichols, A., Ross, J.S.,
Tartaglia, L.A., and Chen, H. (2003) Chronic inflammation in fat plays a crucial role in the
development of obesity-related insulin resistance. J. Clin. Invest. 112: 1821–1830.

7 Di Gregorio, G.B., Yao-Borengasser, A., Rasouli, N., Varma, V., Lu, T., Miles, L.M.,
Ranganathan, G., Peterson, C.A., McGehee, R.E., and Kern, P.A. (2005) Expression of
CD68 and macrophage chemoattractant protein-1 genes in human adipose and muscle tis-
sues: Association with cytokine expression, insulin resistance, and reduction by pioglitazone.
Diabetes 54: 2305–2313.

8. Suganami, T., Nishida, J., and Ogawa, Y. (2005) A paracrine loop between adipocytes and
macrophages aggravates inflammatory changes: Role of free fatty acids and tumor necrosis
factor alpha. Arterioscler. Thromb. Vasc. Biol. 25: 2062–2068.

9. Granger, D.L., Taintor, R.R., Boockvar, K.S., and Hibbs, J.B. Jr., (1996) Measurement of
nitrate and nitrite in biological samples using nitrate reductase and Griess reaction. Methods
Enzymol. 268: 142–151.

10. Park, E., Quinn, M.R., Wright, C., and Schuller-Levis G.B. (1993) Taurine chloramine inhibits
the synthesis of nitric oxide production and the release of tumor necrosis factor in activated
RAW 264.7 cells. J. Leukoc. Biol. 54: 119–124.

11. Ding, A., Nathan, C.F., and Stuehr, D.J. (1988) Release of reactive nitrogen intermediates
and reactive oxygen intermediates from mouse peritoneal macrophages. J. Immunol. 141:
2407–2412.

12. Higuchi, M., Higashi, N., Taki, H., and Osawa, T. (1990) Cytolytic mechanism of activated
macrophages. Tumor necrosis factor and L-arginine-dependent mechanisms act synergis-
tically as the major cytolytic mechanisms of activated macrophages. J. Immunol. 144:
1425–1431



Position Specific Incorporation of Nonnatural
Amino Acids into Proteins In Vivo

Satoshi Neki, Takashi Ohtsuki, and Masahiko Sisido

1 Introduction

The protein biosynthesis methods including nonnatural amino acids add new prop-
erties to proteins. And, the nonnatural proteins are valuable for analyzing their
structure and function. The incorporation of nonnatural amino acids has accom-
plished by using an suppressor tRNA carrying the nonnatural amino acid to a
ribosome associated with mRNA containing an expanded codon/anticodon pair
(reviewed in [1–3]) However, the incorporation of nonnatural amino acids in cells
is difficult.

In current, two methods are general to incorporate nonnatural amino acids into
proteins in cells. (1) The method to use an artificial aminoacyl-tRNA synthetase
(ARS) that charge a tRNA with a non-natural amino acid in cells, or (2) the method
to internalize aa-tRNAs carrying nonnatural amino acids by cells. The former
method needs a time-consuming step to create artificial ARS for each nonnatural
amino acid, whereas the latter method can be used for all amino acids. In this study,
we developed a method to internalize aa-tRNA by cells using Tat peptide fused
EF-Tu mutant (TatEFTu). EF-Tu recognizes aminoacyl-tRNA, delivers them to the
ribosome [4, 5]. EF-Tu part of TatEFTu was enlarged the amino acid binding pocket
to improve binding ability to large nonnatural amino acids. In this study, Escherichia
coli EF-Tu E215A/D216A mutant was used for the EF-Tu part of TatEFTu. The
EF-Tu E215A/D216A mutant can bind tightly to aa-tRNAs with nonnatural amino
acids [6]. Tat peptide part of TatEFTu is a cell-penetrating peptide (CPP), and it is
expected to bring the EF-Tu/aa-tRNA complex across a cellular membrane.

For the position specific incorporation, an amber suppressor tRNAs, which
were chemically aminoacylated with nonnatural amino acids, was used [7]. Firefly
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luciferase (FLuc) was used as a target protein, and the FLuc expression vector with
an amber mutation at FLuc 444th position was prepared.

In this study, we evaluated aa-tRNA binding efficiency and translation enhancing
effect of TatEFTu. We also evaluated aa-tRNA delivery of TatEFTu into Chinese
hamster ovary (CHO) cells.

2 Materials and Methods

2.1 Preparation of tRNA Transcripts

E.coli tRNATyr
CUA and yeast tRNAPhe

CUA transcripts were prepared as described
[8]. Tyr- E.coli tRNATyr

CUA were synthesized by E.coli aminoacyl-tRNA syn-
thetases mix (SIGMA-ALDRICH). yeast tRNAPhe

CUA transcripts were labeled TM-
Rhodamine by following the Label IT R© siRNA Tracker Intracellular Localization
Kit protocol (Mirus). Nitrophenylalanine (ntrPhe)-tRNA were prepared by ligat-
ing transcribed tRNA without the 3′-CA sequence and the aminoacyl dinucleotide
(pdCpA) with T4 RNA ligase as described [7, 9].

2.2 Preparation of Firefly Luciferase Vector

pGL3 luciferase plasmid was purchased from Promeg. Its 444th codon (TAC) which
defined tyrosines ware mutated to amber codon (TAG) by QuikChange sitedirected
mutagenesis (Stratagene). The sequences of the mutated plasmids were confirmed
by using an ABI prism 310 Genetic Analyzer.

2.3 Preparation of EF-Tu Mutants

EF-Tu E215A/D216A mutant fused to HIV-1 TAT peptide (-YGRKKRRQRRR-),
named as TatEFTu, were prepared as described above. Vectors expressing E. coli
TatEFTu mutants were prepared using the pET-15b (Novagen)-derived expression
vector encoding N-terminal His-tagged E. coli TatEFTu. The mutations were intro-
duced by employing the Stratagene QuikChange site-directed mutagenesis protocol.
The sequences of the mutated plasmids were confirmed by using an ABI prism 310
Genetic Analyzer. BL21 (DE3) E. coli cells were transformed with the plasmids and
the expressed recombinant proteins were purified as described [10] with the follow-
ing modifications. After first purification on Ni-NTA column, RNA contaminants
which were included in purified EF-Tu mutants were separated from the EF-Tu by
incubating with 1 mM EDTA at 37◦C for 30 min. The mixture was then purified by
anion exchange column chromatograph. The EF-Tu mutants were dissolved in the
buffer containing 50 mM Hepes-KOH [pH 7.6], 50 mM KCl, 1 mM DTT, 2 μM
GDP and 10% glycerol.
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2.4 Gel Shift Assay

Binding of EF-Tu to tRNAs charged with Tyr or ntrPhe was investigated using a
E.coli tRNATyrCUA mutant. The ternary complex of EF-Tu, GTP and aa-tRNA
was prepared as follows. 10 μM EF-Tu was preincubated with 1 mM GTP at 37◦C
for 15 min in 5 μL total volume containing 70 mM HEPES-KOH (pH 7.6), 52 mM
NH4OAc, 8 mM Mg(OAc)2, 30 mM KCl, 0.8 mM DTT, 1.6 μM GDP, 6% glycerol,
10 mM phosphoenolpyruvate and 0.04 U/μL pyruvate kinase. To the preincubated
EF-Tu solution, 3 μL of 8.3 μM aa-tRNA (dissolved in 6 mM KOAc) and 2 μL of
TC buffer, containing 50 mM HEPES-KOH (pH 7.6), 65 mM NH4OAc and 10 mM
Mg(OAc)2,were added. The mixture, containing 50 pmol TatEFTu and 25 pmol
of aa-tRNA, was incubated at 37◦C for 15 min. Electrophoresis of samples was
performed using 8% polyacrylamide gels at 4◦C in a buffer containing 50 mM Tris-
HCl (pH 6.8), 65 mM NH4OAc and 10 mM Mg(OAc)2. Gels were stained with
SYPRO Red (Takara, Japan).

2.5 Cellular Internalization of aa-tRNA Using TatEFTu

Chinese hamster ovary (CHO) cells (Invitrogen Flp-In-CHO cell line) were cul-
tured at 37◦C under 5% CO2 in Ham’s F-12 medium supplemented with 10% fetal
bovine serum (FBS). 20 μL of preincubation mixture containing 2 μL of TC buffer,
10 mM phosphoenolpyruvate, 0.04 U/μL pyruvate kinase, 1 mM GTP and 2.5 μM
TatEFTu was incubated at 37◦C for 15 min. 20 μL solution containing 2 μL of
TC buffer and 250 nM Rhodamine-labeled RNA carrying Phe, was then added to
this mixture, and incubated at 37◦C for 10 min. Cells grown to 70% confluence
in 96-well culture plates were overlaid with 80 μL of T buffer [20 mM HEPES-
KOH (pH 7.4), 115 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2 and
13.8 mM Glucose] and then 20 μL of the TatEFTu/aa-tRNA mixture was added
to each well. After 3-h incubation at 37◦C, cells were treated twice with culture
medium containing 34 μg/ml RNase A for a total of 1 h at 37◦C to remove RNAs
adhering to the extracellular surface of the cells. Cells were then washed with T
buffer, and fluorescence images were obtained using a fluorescence microscope
(IX51/IX2-FL-1/MP5Mc/OL-2, Olympus, Japan).

3 Results and Discussion

3.1 Binding of TatEFTu to aa-tRNAs

Binding of TatEFTu (E. coli EF-Tu E215A/D216A mutant fused to Tat-peptide) to
aa-tRNAs that carry tyrosine or nitrophenylalanine (ntrPhe) was analyzed by gel-
shift assay. TatEFTu/aa-tRNA complex is separated from TatEFTu on the gel. The
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result showed that TatEFTu has binding ability for Tyr-tRNA and ntrPhe-tRNA.
Furthermore, protection of Tyr-tRNA by TatEFTu was observed when they were
coincubated in 10 μL of T buffer at 37◦C for 3 h. These results indicated that
TatEFTu would be used for aa-tRNA delivery into cells.

3.2 Effects of TatEFTu Addition in the In Vitro Protein
Synthesizing System

Translation activity with TatEFTu was analyzed using firefly luciferase (FLuc)
mRNA containing an amber codon at 444th potion. The FLuc gene was translated
in a cell-free translation system with rabbit reticulocyte lysate (Promega). As a pos-
itive control, wild-type Fluc mRNA was translated. When only ntrPhe-tRNACUA
was added to translation mixture containing amber muted firefly luciferase gene,
very low translation activity was observed. Hydrolysis of ntrPhe-tRNA without
TatEFTu seems to be one of the reasons for the low activity. Whereas, when
ntrPhe-tRNACUA/TatEFTu was added to translation, higher activity of the luciferase
was observed. This result indicated that TatEFTu raised ntrPhe-incorporation at
the 444th amber position, probably due to ntrPhe-tRNA-protection efficiency of
TatEFTu. Therefore, TatEFTu is valuable for mammalian translation.

3.3 Aminoacyl-tRNA Delivery into Mammalian Cells
Using TatEFTu

TatEFTu was used to internalize aa-tRNA by cells. Tat-peptide has been known
as a cell-penetrating peptide that can carry fused proteins. The internalization
of aa-tRNA/TatEFTu was observed by using Rhodamine labeled tRNA carrying
phenylalanine (Phe-Rho-tRNA).

CHO cells were incubated with TatEFTu/Phe-Rho-tRNA for 3 h. And, fluores-
cence of Rhodamine was observed in the cells. Figure 1 shows Phe-Rho-tRNA
was delivered with TatEFTu into CHO cells. Whereas, in the absence of TatEFTu,
Phe-Rho-tRNA was not delivered into the cells.

However, fluorescence of Rhodamine was granulated, indicating that
TatEFTu/Phe-Rho-tRNA complexes were trapped in endsomes. Trapped aa-tRNA
cannot be used for translation, which occurs in cytosol.

Fig. 1 Fluorescence of
Rhodamine labeled
Phe-tRNA internalization into
CHO cells mediated by
TatEFTu
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4 Conclusions

TatEFTu slightly enhanced ntrPhe-incorporation into the protein in mammalian
cell-free translation system. The aa-tRNA/TatEFTu complexes were internalized
into CHO cells, but they were trapped in endosomes. We are now trying to use
photochemical internalization (PCI) [11] for release of TatEFTu/aa-tRNA from
endosomes to cytosol. If endosomal escape of aa-tRNAs can be done, TatEFTu
enable position specific incorporation of nonnatural amino acids into proteins in
mammalian cells.
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Novel Protease Inhibitor Inhibiting Proliferation
of Influenza Virus: Purification and cDNA
Cloning of a Novel Protease Inhibitor Secreted
by MDCK Cells

Kiyoto Nishiyama, Keishin Sugawara, Kenji Soejima, Shin-ichi Abe, and
Hiroshi Mizokami

1 Introduction

It is important for Influenza virus infection that the viral surface glycoprotein,
hemagglutinin (HA) be cleaved by host cell derived protease. The HA molecule is
activated by the host cell-derived protease at a specific cleavage site of non-activated
HA (HA0) having a molecular weight of 75 kDa, and is divided into parts to the
HA1 molecule of 55 kDa and the HA2 molecule of 25 kDa [1]. If the conforma-
tional change of the HA molecule under acidic pH occurs, the hydrophobic region
in the HA2 molecule at the N terminal end is exposed, and the membrane fusion
between the cell and the virus is promoted.

In the cell culture vaccine manufacturing of the influenza virus that uses the
Madin Darby canine kidney (MDCK) cell derived from the dog kidneys, the trypsin
is usually added to the medium for the above-mentioned purpose.

We sometimes observed the impairment of influenza virus proliferation in
MDCK cells and we thought there were three possibilities to explain the impair-
ment of multicycle influenza virus growth. The first possibility is the simple idea
that exhausted nutrition in the medium results in impairment of virus growth. But
this idea has specific properties: abrupt loss of virus growth occurs, and inhibition
occurs with enough cell viability loss. The second possibility [2] is that interferon
induced by persistent infection causes impairment of virus growth. There are some
reports of persistent infection in MDCK cells where the cells secrete interferon
which impairs the virus growth. The third possibility is that host cells secrete the
trypsin-inactivating factors. This idea has the highest possibility of occurring in this
situation. Dr. Webster et al. [3]. reported the phenomenon of impairment of influenza
virus growth in Vero cells. They reported that this reason why the virus production
in Vero cells is less than that of MDCK cells is because of the secretion of strong
trypsin-inactivating factors into the medium of Vero cells. Using the UF membrane
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system, they roughly estimated that the molecular weight of this inactivating factor
is more than 100 kDa.

As a result, two kinds of inhibitory factors in MDCK cells were purified and iden-
tified. One of them is a new protease inhibitor renamed as Canine Kidney Protease
Inhibitor (CKPI).

2 Materials and Methods

2.1 Detection of Inhibiton of Influenza Virus Proliferation

When the cell density of MDCK cells reached over 4 × 106 cells/ml in four sus-
pension culture flasks, the cells and the culture supernatant were harvested and the
medium was exchanged at the following mixture ratios of the supernatant and fresh
medium: 0%, 50%, 75%, and 100%. The inoculation of virus was done at an MOI
of 0.001 with trypsin. After inoculation, each virus culture flask was cultured for 3
and 4 days and after culturing, the virus antigen in the supernatant was measured by
HA-ELISA.

2.2 Detection and Purification for Trypsin -Inactivating Factors
(TFs)

2.2.1 Detection

The trypsin activity and inhibitory activity were measured by skimmed milk
Single Radial Diffusion Inhibition (SRDi) test [4] and synthetic substrate (Z-Arg-
pNA.HCl; L-ZAPA) hydrolysis method. The reverse zymography [5] was used to
estimate the molecular size of the inhibitors in the medium.

2.2.2 Purification

First of all the ultrafiltration was performed, in the next step heparin affinity
chromatography was performed to purify the trypsin inhibitory activity from the
ultrafiltrated supernatant. The fraction obtained by ultrafiltration was diluted with
20 mM phosphate buffer, pH 7.4 and the diluted sample was applied to a 5 mL hep-
arin column (HiTrap Heparin HP) equilibrated with buffer A (10 mM phosphate, pH
7.5) attached to a low pressure chromatography system (BioLogic LP system). The
chromatography was performed at 2–8◦C, with a flow rate of 1.5 mL/min of buffer
A. After loading the proteins, the column was washed with 25–50 mL of buffer A.
Adsorbed proteins were eluted with a linear gradient of 0–0.6 M NaCl at a flow
rate of 1.5 mL/min (Buffer B, 10 mM phosphate, 0.6 M NaCl). The pass-through
fraction and eluted fractions were tested for trypsin inhibitory activity by SRDi and
separated by reducing SDS-PAGE.

In order to obtain samples of greater purity for mass spectrometry, a 100–200 μg
aliquot of pooled fractions of TF B by heparin affinity fractions was injected into
a reversed-phase C8 column (UG120, 4.6 mm × 250 mm). Samples were prepared
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by overnight dialysis against 50 mM Tris pH 7.0, 50 mM NaCl and the column
was equilibrated with 0.1% (v/v) formic acid (buffer A). The sample was applied to
the column and washed with buffer A before elution with a linear gradient (0–60%
for 40 min) of buffer B (70% (v/v) acetonitrile). SDS-PAGE was performed on the
pooled fractions of TF B before and after the C8 chromatography.

2.3 Peptide Mapping for TF B (CKPI)

In order to analyze the internal amino acid sequence of the TF B, the TF B sample
is digested by trypsin. Aliquots of 100–200 mg of TF B protein from reverse-phase
C8 chromatography were diluted in buffer to 100 ml at final concentrations of 6 M
guanidine HCl, 0.5 M Tris HCl pH 8.0, 2 mM EDTA, 5 mM DTT. The sample was
incubated for 75 min at 37◦C. A further 75 min incubation period followed after
the addition of 10 ml of 100 mM iodoacetamide. The reaction mixture was then
applied onto a MicroSpin G-25 gel filtration column equilibrated in 10 mM phos-
phate buffer. The reduced and alkylated sample proteins were then digested with
Trypsin Gold (MS analytical grade). An initial overnight digestion was performed
by adding 10 ml of 1 mg/mL Trypsin Gold and incubated at 37◦C. The following
day, a further 10 ml of 1 mg/mL Trypsin Gold was added and the digestion con-
tinued for a further 7 h at 37◦C. The reaction mixture was then applied to an ODS
column (TSK-gel ODS-80Ts).

2.4 cDNA Cloning of TF B (CKPI)

Total RNA was extracted from 5.6 × 106 MDCK cells following manufacturer’s
instructions using ISOGEN. Amplification of the gene sequence was performed
using the 5′ Full-RACE and 3′ Full-RACE kits from TaKaRa Shuzou Co. Ltd.,
with any further synthetic primers obtained from Operon Biotechnologies Inc. The
following sets of primers were used, antisense 5′ AS1, atccagaaaggcaccgatca; 5′
AS2, agaagggcagagtccagctt; 5′ PAS1, aacgggatccaagca; and sense primers 5′ S1,
aatttgagtgccggagtgac; 5′ S2, tgttgctctcatgcttgtgg; 3′ S1 cgagccacacgacgtctc. 5′ and
3′ RACE PCR reactions were performed according to manufacturer′s instructions.
The RACE products were purified by agarose gel electrophoresis and subse-
quent TA cloning was done following manufacturer’s instructions. The cloned
DNA was sequenced using primers for the TA cloning vector (M13RV primer,
caggaaacagctatgac; T7 primer, taatacgactcactataggg).

2.5 Virus Growth Inhibitory Activity of Purified TFs

We modified the neutralization assay [6] for antibody detection against the influenza
virus by replacing the serum or antibody with the inhibitors. It was expected that
the supernatant containing protease inhibitors will inhibit the infection of MDCK
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cells with influenza virus. Serially diluted supernatants were pre-incubated with a
standardized amount of virus prior to the addition of MDCK cells.

The neutralization assay of virus activity was based on directly observing the
suppression of CPE by photometer detection of viable cells by Naphthol Blue Black
(NBB) staining.

3 Results

3.1 Purification and Identification of TFs

As the ratio of fresh medium increased by 0%, 50%, 75%, and 100%, the amount
of virus as HA antigen also increased. Therefore, it may be that the supernatant
contained a virus growth inhibitor.

In order to measure the remaining of trypsin activity, the trypsin enzyme activity
of the supernatant of the MDCK cell culture was measured.

Using synthetic substrate (Z-Arg-pNA.HCl; L-ZAPA), the TPCK treated trypsin
activity was measured and the result shows that the medium (background) has
a linear response. On the other hand the trypsin activity of the MDCK culture
supernatant was decreased in comparison to the background.

Purification revealed that the inhibitory activity was divided into two peaks in
the heparin affinity column chromatography results. One peak is named trypsin
inactivating factor A (TF A, molecular weight: approximately 15 kDa), and the
other is named trypsin inactivating factor B (TF B, molecular weight: approximately
11 kDa). Based on the results of the analysis of the N-terminal amino acid sequence
of each molecule, TF A was identified to be a known protease inhibitor called the
Submandibular Protease Inhibitor (SPI) which is secreted in dog saliva. On the other
hand, TF B was found to be a novel polypeptide and was named as Canine Kidney
Protease Inhibitor (CKPI). Results of peptide mapping revealed the internal amino
acid sequence of CKPI.

Using primers, PCR cloning was performed. Isolation of CKPI genes showed
that CKPI has two whey acidic protein (WAP) motif structures commonly found in
acidic protease inhibitors.

Database searching with the predicted cDNA sequence derived from the amino-
acid sequence of TF B revealed that this gene was coded as chromosome clone
gi|54126067|ref|NW_139896.1|Cfa24_WGA61_1, Canis familiaris chromosome
24, with this gene sequence deposited as Genebank AAEX01031134.1. The gene
sequence for TF B was found to be approximately 1.6 kb long and composed of 3
introns and 4 exons. This identity was confirmed by the full-length cDNA sequence
we obtained for TF B and the sequence has been deposited in the Genebank (acces-
sion number; AB266058). CKPI was assumed to be a canine analogue of the human
secretory leukocyte protease inhibitor (SLPI). Therefore, using porcine elastase [EC
3.4.21.36] instead of trypsin, the elastase inhibitory activity for CKPI was measured
with SRDi. However the porcine elastase inhibitory activity was not detected.
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3.2 Virus Growth Inhibitory Activity of Purified TFs

The minimum activity of 50% virus growth inhibition against 100 CCID50 of virus
was measured by a modified neutralization test. Using A/Wyoming (H3N2) the
results show that the minimum activity of TF B was 0.35 U/mL and that of TF A was
3.09 U/mL. Therefore, the virus growth inhibitory activity of TF B is approximately
eight times stronger than that of TF A with the same level of trypsin hydrolysis
inhibition activity.

4 Discussion and Conclusions

The molecular structure of a novel protease inhibitor is predicted from the data
of molecular structure of SLPI. CKPI has two whey acidic protein (WAP) motif
structures commonly found in acidic protease inhibitors.

One unit of the WAP motifs has 4 disulfide-bounds, so this protein shows heat
stability. The N terminal WAP motif has trypsin inhibitory activity, and the C termi-
nal WAP motif has elastase inhibitory activity. CKPI has two WAP motif structures
commonly found in acidic protease inhibitors.

These results suggest that MDCK cells secrete protease inhibitors that inhibit the
activation of the influenza virus, which can be applied to protect host cells from viral
infection.
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