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Abstract : For the promotion of 3R's principle of alternative methods, EU and
US established ECVAM and ICCVAM for the evaluation and validation of alterna-
tive methods (AMs), respectively. This is because reliability and relevance of AMs
should be determined by intra- and inter-laboratory validation for their regulatory
acceptance. Appropriate procedures of the validation and regulatory acceptance of
AMs were recommended by OECD in 1996. It is difficult to prepare data to satis-
fy the requirement by single laboratory or company. Therefore, it is recommended
to establish similar institute in Japan like Japanese Center for the validation of
AMs (JaCVAM). However, there is not enough resources in Japan. It is necessary
to cooperate with Japanese Society of Alternatives to Animal Experiments (JSAAE)
and Japanese industy group like Japanese Cosmetic Industry Association (JCIA).

JSAAE is the only scientific community that is specified to research on alterna-
tives. It has been contributing to the communication between scientists and animal
protection groups during these 20 years. Research group supported by the
Ministry of Health, Labor, and Welfare has been cooperating with JSAAE to devel-
op and evaluate new alternative methods. Those were in vitro alternatives to
Draize eye irritation tests, 3T3-NRU phototoxicity test, battery system of phototoxi-
city tests using yeast and red blood cells, and non-RI method of LLNA. We are
expecting that the establishment of JaCVAM will contribute to the valid alternative
test methods originated in Japan. ‘

Key words : Japanese Society of Alternatives to Animal Experiments (JSAAE),
Japanese Center for the validation of alternative methods (JaCVAM),
Japanese Cosmetic Industry Association (JCIA), alternative methods,
validation
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A three-dimensional high-density cell culture is essential for the construction of an artificial
tissue. Many researchers have reported that three-dimensional cell culture enhances cell function.
The use of a radial-flow bioreactor (RFB) has enabled the cultivation of cells at high density for
constructing a three-dimensional tissue. In this study, we have developed a novel, small RFB,
which has a bed volume of 5 ml and is equipped with a porous support as an immobilized scaffold;
its performance was tested using the hepatoblastoma cell line, HepG2. Among the other supports
tested here, hydroxyl apatite was selected from the viewpoint of its ability to support good cell
growth at high density with uniform distribution in a bioreactor. The HepG2 cells grew well in the
scaffold under a sufficient supply of nutrients by radial flow and were used to construct a three-
dimensional tissue in the scaffold. The concentration of the cells cultivated in this 5-ml RFB
reached 10° cells/ml and the glucose consumption rate was almost similar to that obtained when
using a 30-ml RFB, which has already been reported previously. This high glucose consumption
continued over 7 d after the growth phase. Furthermore, albumin production was maintained in
the stable phase. Gene expression profiles of cells obtained from long-term cultures in the 5-ml
RFB were analyzed. It was found that the expressions of genes encoding the cell cycle-related pro-
teins, cyclins, and cell cycle division 2 (cdc2) were suppressed in the stable phase. In addition, the
number of cells incorporating 5'-bromo-2'-deoxyuridine (BrdU) in the stable phase markedly de-
creased compared with that in the growth phase. These results indicated that the majority of cells
in the stable phase remain in the G0/G1 phase. Furthermore, this implies that the three-dimen-
sional tissue constructed in the 5-ml RFB showed the high function similar to a normal liver in the
human bedy. Therefore, the 5-ml RFB was considered as a useful tool and a substitute method for
animal experiments.

[Key words: three-dimensional high-density cell culture, radial-flow bioreactor, DNA microarray]

In order to maintain cellular functions, it is essential to
cultivate cells and construct high-density three-dimensional
tissue structures. For this purpose, several researchers have
developed various types of bioreactors. The functional fea-
tures of the constructed high-density three-dimensional pro-
liferated cell culture have been investigated and compared
with those of a dish culture. One of the aims of high-density
three-dimensional cell culture is the fabrication of a func-
tional bioartificial organ and its transplantation. In particu-

* Corresponding author. e-mail: honda@nubio.nagoya-u.ac.jp
phone: +81-(0)52-789-3215 fax: +81-(0)52-789-3214

lar, artificial liver is an important target since there is a high
demand for its use as bridging treatments for patients await-
ing hepatocyte replacement therapy or those suffering from
fulminant hepatic failure (1). However, the artificial liver is
expected to perform multiple liver-specific functions such
as detoxification, lipid metabolism, serum protein produc-
tion and bilirubin production, among others. At present, the
most frequently studied bioreactors for this purpose are cap-
illary hollow fiber systems. Sussaman ef al. (2) developed a
device for incorporating a highly differentiated human liver
cell that was cultured in a hollow fiber cartridge; this device
was capable of supporting dogs suffering from fulminant
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hepatic failure for a period long enough for their own livers
to have resumed normal functioning. Furthermore, this de-
vice has been utilized in human clinical trials, and in gen-
eral, the patient’s condition is reported to have improved
(3). However, the standard hollow fiber reactor showed
some limitations in terms of mass-transfer capacity and

transfiber fluid convection in the case of axial flow geome- -

try. Morsiani ef al. (4) developed a new type of hollow fiber
bioreactor, which consisted of a woven/nonwoven polyes-
ter fabric sandwiched between layers of woven polyester
screen fabric, and the medium flowed across the fabric com-
ponent. They reported that albumin production and ammo-
nia detoxification of porcine hepatocytes was performed for
2 weeks. Miyashita et al. (5) developed a new circulatory
bioreactor and cultivated glutamine synthetase-transfected
HepG?2 (GS-HepG2). The large-scale culture of GS-HepG2
in this reactor was applied to pigs suffering from ischemic
liver failure, and the increase in blood ammonia was sup-
pressed. Yamashita ef al. (6) evaluated the efficacy in terms
of the serum parameters of a hybrid artificial liver support
system (HALSS) containing porcine hepatocytes. Pigs suf-
fering from warm ischemic liver failure were subjected to
HALSS, and the increase in blood ammonia was completely
suppressed; the blood lactate level was also suppressed.

In hepatocyte cultures, it has become increasingly evident
that spheroid culture enhances liver cell functions and main-
tains them for a long period compared with monolayer cul-
ture. In particular, the surface modification of cultivation
equipment for a spheroid culture was examined in detail.
Yamada e al. (7) reported that spheroids induced by a poly-
mer containing lactone enhanced liver function. Kurosawa
et al. (8) performed cultivation on a hydrophobic porous
expanded poly-tetrafluoroethylene (ePTFE) membrane. The
spheroids were created in the ePTFE membrane and their
albumin production was maintained. A rotation cell culture
system and a small number of scaffolds were used for the
creation of spheroids (9, 10). Since the spheroids are con-
structed using three-dimensional multi-cellular aggregates,
further progression of high-density three-dimensional cul-
ture in the bioreactor or spheroid culture is essential for de-
veloping a hyperactive artificial liver support system.

Hepatocyte culture systems in which the liver function
can be maintained are useful for in vitro drug metabolism
experiments (11, 12). Laugsch and Bader developed a cell-
based flat membrane bioreactor, and porcine liver cells were
maintained in a 3-D co-culture between two gel layers in the
bioreactor with a sandwich configuration (13). The results
showed that porcine liver cells preserved their phase I and
phase II drug metabolism activities and responded to the
drugs for over 3 weeks.

The radial-flow bioreactor (RFB) is a packed-bed-type
bioreactor; the bed is filled with scaffolds such as porous
glass beads, cellulose beads, and so on. The medium is
made to flow from the periphery to the center of the bed
under low shear stress. Yoshida ef al. (14) utilized an RFB
with a bed volume of 400 ml for the production of mono-
clonal antibodies for 2 weeks, and 10 g of the monoclonal
antibody was obtained during the culturing process. The
cell density of the RFB reached 1.3 x 10° cells/ml-scaffold.
Kawada ez al. (15) reported the culturing of the human liver
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cell line, FLC-7, in an RFB at high density (1.1 x 10° cells/ml-
scaffold); the albumin production level was 2.34-fold greater
than that obtained from the monolayer culture using a cul-
ture dish. Iwahori et al. (16) indicated that the CYP3A4
mRNA expression level was approximately 100-fold greater
than that obtained from the monolayer culture, 48 h after
rifampicin treatment in the 30-ml RFB. Therefore, the ex-
pression of CYP3A4 was strongly correlated with drug
metabolism. Aizaki ef al. (17) showed that hepatocytes cul-
tured in an RFB were transfected with full-length HCV
RNA, and in vitro propagation of HCV was clearly ob-
served. Therefore, we assume the RFB to be the best bio-
reactor to cultivate cells having a high-density three-dimen-
sional structure.

The 400-ml and 30-ml RFBs are too large to construct
small organs with high biological function. The 400-ml RFB
needs 13 I/d of culture medium in order to maintain over
1 x 108 cells/ml-scaffold. However, the status of cells having
a three-dimensional structure in a high-density culture is
still unclear. In the present study, we cultivated the hepato-
blastoma cell line, HepG2, in our newly developed 5-ml
RFB. In comparison with the 400-ml and 30-ml RFBs, the
5-m] RFB does not require much space for the installation
of the RFB culture system; therefore, multiple bioreactors
can be operated concomitantly. In the present study, we in-
dicate that when the cells remain in the G0/G1 phase under
high-density culture conditions, the cells cultivated in three-
dimensional carriers in the 5-ml RFB can maintain liver tis-
sue function. Therefore, the 5-ml RFB may possibly be used
as an alternative to the animal liver, especially, as an alter-
native method to drug metabolism and/or toxicity tests us-
ing animals.

MATERIALS AND METHODS

Culture of HepG2  HepG2, human hepatocellular carcinoma
cells, were obtained from the American Type Culture Collection
(Rockville, MD, USA). HepG2 (3x10°cells) were cultured on
tissue culture dishes (59 cm?; Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) in 10 ml of Dulbecco’s modified Eagle
medium (DMEM; Gibco/BRL, Gaithersburg, MD, USA), supple-
mented with 10% fetal bovine serum (FBS, BioSource Interna-
tional, Camarillo, CA, USA), 100 units/m] of penicillin, and 10
ug/ml of streptomycin (Gibco/BRL) at 37°C in an incubator con-
taining 5% CO,. Cell passaging was performed every 4 d with
trypsin/EDTA (0.05% trypsin, 0.53 mM EDTA -4Na; Gibco/BRL),
which was utilized to detach the cells.

Culture in RFB  RFBs (ABLE Corporation, Tokyo) of 30 ml
and 5 ml capacity as well as the RFB culture system were used in
this study. SIRAN™, a block of SIRAN™ (QVF GmbH, Mainz,
Germany), hydroxyl apatite (Pentax Corporation, Tokyo), porous
PVA resin (Muromachi Kagaku, Tokyo), polyurethane foam (Inoac
Corporation, Tokyo), and calcined cattle bone calcium powder
(Excela, Tachikawa) were used as scaffolds in the RFBs (Table 1).
The inner space of scaffolds in the 5-ml RFB was ¢20x15 mm in
height with a central spiral coil of 3 mm¢ being set for medium
circulation. The inner space was completely filled with SIRAN™,
hydroxyl apatite, calcined cattle bone calcium powder, a shaped
block of SIRAN™, polyurethane foam, or porous PVA resin.

Isolated cells were injected into the medjum chamber of the
RFB culture system, which was filled with DMEM supplemented
with 10% FBS (pH 7.6). The medium was circulated between the
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TABLE 1. Various scaffolds used in the present study

Support .

Scaffold Shape s?fe Poroo sity
(%)
(mm)
SIRAN™ Particle 0.6 55-60
Hydroxy! apatite Particle 0.6-1.0 80-90
Calcined cattle bone Particle 0.6 70
calcium powder

Porous PVA resin Block 0.13 90
Block of SIRAN™ Block of particles  0.2-0.3 55-60
Polyurethane foam Block 0.2-04 94

RFB and the medium chamber using the circulation pump. The
cells remained attached to and grew on the scaffold during the cir-
culation. Sampling was carried out every 24 h to analyze the con-
centration of glucose, lactic acid, glutamine, and ammonia using
the biosensor model BF-4 (Oji Scientific Instruments, Amagasaki).
During the experiment, dissolved oxygen (DO) present in the me-
dium, the effluent from the RFB, pH, and temperature were all
monitored and controlled. Some of the spent medium was removed
from the medium chamber and fresh medium was added to supple-
ment the consumed glucose. The albumin concentration in the me-
dium was measured’using the Human Serum Albumin ELISA Kit
(Cygnus Technology, Wrentham, MA, USA).

Thin section observation  After cultivation in the 5-ml RFB,
each scaffold with the cells was removed from the reactor and
fixed with 10% formalin neutral buffer solution (pH 7.4; Wako
Chemicals, Osaka) at 4°C for 1h, washed twice with PBS, and
then dehydrated using ethanol solutions, the concentrations of
which increased in series. The dehydrated scaffolds were em-
bedded in resin using the Historesin Plus Embedding Kit (Laica,
Heidelberg, Germany). Sections 5 pum in thickness were prepared
and each section was stained by Toluidine blue according to a
general method and was observed under a microscope (BF-50;
Olympus, Tokyo).

mRNA isolation and DNA microarray analysis  After cul-
turing the cells for 7 and 17 d in the 5-ml RFB, hydroxyl apatite
beads with HepG2 cells were removed from the reactor and
washed twice in PBS. Three independent samples were collected
from each of the 5-ml RFB cultures. Subsequently, the cells were
lysed and the mRNAs were extracted using the RNeasy Mini Total
RNA Extraction Kit according to the manufacturer’s instructions
(Qiagen, Hilden, Germany). Conversion of the total RNA (10 ug)
to the target for Affymetrix GeneChip DNA microarray hybridiza-
tion was performed according to the manufacturer’s instructions.
The targets were left for 16 h at 45°C to be hybridized to human
U133 GeneChip DNA microarrays (Affymetrix, Santa Clara, CA,
USA). After hybridization, the DNA microarrays were washed and
stained on a Fluidics Station (Affymetrix) according to the manu-
facturer’s protocol. The DNA microarrays were scanned and the
obtained images were analyzed by the GeneChip Expression Anal-
ysis Software (ver. 5.0) (Affymetrix). DNA microarray analysis
was performed in duplicate for each sample.

Immunohistochemistry  Cells in the 5-ml RFB were treated
with 0.01 mM 5-bromo-2-deoxyuridine (BrdU; Wako Chemicals)
for 24 h. The scaffolds with the cells were fixed and embedded as
described above. Immunochemistry was performed using the
ZYMED BrdU Staining Kit (Zymed Laboratories, South San Fran-
cisco, CA, USA), and the scaffolds were observed microscopi-
cally.

RESULTS

Growth comparison between the 30-ml RFB and 5-ml
RFB  In order to confirm the performance of the novel

THREE-DIMENSIONAL hepG2 CULTURE IN 5-ML RFB 239

1.0

o o
(=, o0
.

Glucose consumption
@
F-N

(% 10 mol/d/ml scaffold)

0.2

Time (d)

FIG. 1. Comparison of glucose consumption between 30-m! and
5-ml RFBs. Symbols: open circles, 5-ml RFB; closed circles, 30-ml
RFB. Inoculated cell number was 1.2x 108 cells in the 30-ml reactor
(4% 109 cells/ml-scaffold) and 3x 107 cells in the 5-ml reactor (6x10¢
cells/ml-scaffold).

5-ml RFB during cell culturing, the cell growth was investi-
gated using the HepG2 cell line. As an index of cell prolifer-
ation, the glucose consumption rate was calculated based
on its concentration in the medium chamber and the volume
of the feeding medium. Figure 1 shows the time course of
the glucose consumption rate in the 5-ml RFB culture. This
consumption rate was very similar to that obtained in the
30-ml RFB culture. After the culture, a part of the scaffold
was removed from the 5-ml RFB and the cell number in the
scaffold was counted. The cell density was 1x 10 cells/ml-
scaffold, and this was very similar to that obtained in the
400-ml or 30-ml RFBs (14, 15). Therefore, it was assumed
that the 5-ml RFB could provide similar culture conditions
as those provided by the previous RFBs.

Five-ml RFB culture using various scaffolds  Various
scaffolds for bioreactors involving hepatocyte cell cultures
have been previously studied (18-21). In the present study,
we performed a cell culture in the 5-ml RFB using various
scaffolds. The time courses of the glucose consumption
rates in the RFB cultures using each of the scaffolds listed in
Table 1 are shown in Fig. 2. This figure indicates that the
glucose consumption rates of all the scaffolds except for the
polyurethane foam were almost the same. The consumption
rate in the culture using the polyurethane foam did not ex-
ceed 2.0 x107 mol/day. After cultivation, thin sections of
scaffolds were prepared and observed microscopically. Pho-
tographs of the observed sections are shown in Fig. 3. Fig-
ure 3D is a photograph of the polyurethane foam; it shows
the three-dimensionally growing cells attached to the poly-
urethane fibers, and that these cells did not exist in the
porous spaces of the polyurethane. On the other hand, three-
dimensionally growing cells were present in the porous
spaces of hydroxyl apatite (Fig. 3A), calcined cattle bone
calcium powder (Fig. 3B), and PVA resin (Fig. 3C). The hy-
droxyl apatite beads have high porosity and a wide surface
area for attachment. In addition, hydroxyl apatite has been
used as a scaffold to achieve the three-dimensional growth
of hepatocytes. Higashiyama ez al. (22) experimented with
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FIG. 2. Comparison of glucose consumption in culture with vari-
ous scaffolds. Symbols: closed triangles, SIRAN™; closed squares, hy-
droxyl apatite; closed circles, calcined cattle bone calcium powder;
open triangles, porous PVA resin; open squares, block of SIRAN™;
open circles, polyurethane foam. Inoculated cell number was 6x10°
cells/ml-scaffold.
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rat hepatocytes that were inoculated on a hydroxyl apatite
disk; subsequently, the transplanted hepatocyte-packed disk
was transferred to the rats. The hepatocyte packed on the
hydroxyl apatite disk could survive and maintain their func-
tionality by receiving oxygen and nutrients from the blood
stream. Therefore, we used hydroxyl apatite in subsequent
cultures. Observation of the condition of cells in thin sec-
tions obtained from the 5-ml RFB, indicated that the cell
growth and density were very similar between the upper and
lower sides of this reactor (data not shown). Therefore, the
5-ml RFB could maintain a uniform medium flow and
showed no influence of downsizing.

Long-term culture in the 5-ml RFB A 17-d culture
was performed in order to confirm whether the 5-ml RFB
could be utilized in long-term cultures. During the culture,
the concentrations of glucose, lactic acid, glutamine, and
ammonia present in the medium were measured. The time
course of the consumption of glucose (Fig. 4A) and glu-
tamine (Fig. 4C) as well as that of the production of lactic
acid (Fig. 4B) and ammonia (Fig. 4D) in a culture are
shown in Fig. 4. The glucose consumption was found to be
almost stable after day 10. The curves corresponding to
Jactic acid production, glutamine consumption, and ammo-
nia production were the same as that of glucose; therefore,
we assumed that constant cell conditions were maintained
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FIG. 4. Time course of the consumption or production rate in long-term cultures in the 5-ml RFB. Values are represented as averagexSD of
four independent cultures. The graphs are as follows: (A) glucose consumption, (B) lactic acid production, (C) glutamine consumption, and (D)

ammonia production.
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FIG. 5. Time course of albumin production rate in long-term cul-

tures in the 5-ml RFB. Values are represented as average£SD for four
independent cultures.

between days 10 and 17. Albumin is one of the functional
marker proteins in the liver. Figure 5 shows the production
rate of albumin that was stable from day 10 to day 17. This
result indicated that the hepatocyte specific function could
be maintained in the HepG2 cells, cultivated in the 5-ml
RFB, during a long-term culture.

Effect of long-term culture in the 5-ml RFB on gene
expression  We assumed that a change in the gene ex-
pression level occurred from the growth phase to the stable
phase. Therefore, to confirm the differences in the gene ex-
pression level for each gene between the growth and stable
phases, mRNA was isolated on day 7 and day 17. Genes ful-
filling the following criteria were considered as “suppressed
or induced genes from day 7 to day 17” for a given DNA
microarray analysis: (i) genes whose expression levels on
day 17 when divided by the data on day 7 yielded less than a
value of 0.33 were considered to be suppressed, or larger
than a value of 3 were considered to be induced, (ii) genes
whose expression levels of which from a duplicate analysis
were within 1.5-fold, (iii) genes whose p-value was less
than 0.01 when the r-test was performed on the microarray
data from day 7 to day 17. As a result, 13 and 19 were se-
lected as suppressed and induced genes, respectively. Genes
of the organic anion transporters and the glucose frans-
porter, which related to the liver function, were included as
induced genes. The suppressed genes are listed in Table 2.
In Table 2, collagen type II, alpha 1 is listed as a suppressed
gene. At present, there is no evidence that the collagen type
IT gene is expressed in liver tissue, but it is known that col-
lagen genes are overexpressed in liver fibrosis. Our result
showed that the collagen type II gene was suppressed in the
stable phase. Therefore, we assumed that the condition of
cells in the stable phase in the 5-ml RFB was similar to that
of cells under normal liver conditions. On the other hand, at
least five types of cell cycle-related proteins, such as cyclin
A2, cell division cycle 20, replication protein A3, cell divi-
sion cycle 2 and cyclin B2, are included in Table 2. In par-
ticular, cdc2 plays an important role in cell division and it
is required for both G1/S and G2/M transitions (23, 24).
Cyclin B associates with cdc2 to constitute the M-phase-
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TABLE 2. Ratio of gene expression level of 17-d culture
to 7-d culture in 5-ml RFB

Fold

Gene Accession no. “)

X06268 0.18
BC001886 0.24
NM_001168  0.29

Collagen, type I1, alpha 1
Ribonucleotide reductase M2 polypeptide
Baculoviral IAP repeat-containing 5

Cyclin A2 NM_001237  0.29
H2A histone family, member X NM_002105  0.30
Cell division cycle 20 NM_001255 031
Forkhead box M1 NM_021953 031

Centromere protein A

Polo-like kinase

Replication protein A3

Cell division cycle 2

Maternal embryonic leucine zipper kinase
Cyclin B2

NM_001809 032
NM_005030 032
BC005264 032
D88357 033
NM_014791 033
NM_004701  0.33

promoting factor (MPF) (25). In addition, Wang et al. (26)
showed that forkhead box M1B protein enhanced the tran-
scriptional networks of cell cycle progression genes that in-
cluded cyclin A2 and cyclin B2 and the expression of fork-
head box protein was restricted to the proliferation of cells.
Table 2 indicates that gene expression of not only forkhead
box M1 but also cyclin A2 and cyclin B2 were suppressed
in the stable phase. Many researchers reported that the
expression and activation of cell cycle-related genes were
affected by some additives and drugs, resulting in cell cycle
arrest and growth inhibition of HepG2 (27-31). Therefore,
we assumed that the cell cycle was arrested in the stable
phase.

BrdU incorporation  To confirm our hypothesis, we
added BrdU to the medium and fixed the cells 24 h after the
incorporation of BrdU. If the cells were able to proliferate,
then BrdU would be incorporated into the cells. Thin sec-
tions were prepared and immunostained using the anti-BrdU
antibody. Photographs of immunostained sections are shown
in Fig. 6. It was found that the ratio of stained cells mark-
edly decreased on day 17. The gene expression of cdc? is
well known to be required for both G1/S (start-point) and
G2/M transitions. Since the gene expression of cdc2 was
suppressed on day 17 (Table 2), we assumed that cells in the
stable phase remained in the GO/G1 phase. In addition, Loyer
et al. (32) reported that in a normal adult liver, hepatocytes
were arrested in the GO phase, and cdc2, cyclin A, and
cyclin B were not produced in adult hepatocytes. Our find-
ings are in agreement with their results.

DISCUSSION

Various types of bioreactors have been developed to sup-
port the growth of high-density three-dimensional cell cul-
tures. In particular, cultures using microcarriers and hollow-
fiber modules are well known and many types of investi-
gations using these have been reported. Werner et al. (33)
reported that the hepatocyte-derived cell line, HepZ, was
grown on a microcarrier in a 1-/ scale bioreactor at 7.1x 106
cells/ml, and this cell line formed a multilayer on the micro-
carrier surface. Jasmund ef al. (34) indicated that the new
concept of the hollow-fiber reactor supported a high-density
culture (2.5x 107 cells/ml) for 25 d. However, the working
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FIG. 3. Thin-section observation of each scaffold after 7 d cultivation in 5-ml RFB. The sections were stained with Toluidine blue. The photo-
graphs show hydroxyl apatite (A), calcined cattle bone calcium powder (B), porous PVA resin (C), and polyurethane foam (D). Bars indicate
60 pm.

FIG. 6. Immunohistochemical staining using anti-BrdU antibody. Cells were cultured in the 5-m] RFB for 7 d in panels A and B, and for 17 d
in panels C and D. BrdU was added to the medium 24 h before harvesting. Representative photographs show the incorporation of BrdU into freshly
synthesized DNA in 5-m! RFB. Bars indicate 200 pum.
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volume of this reactor was over 100 ml and the reactor oper-
ators needed to prepare high numbers of cells for inocula-
tion. Furthermore, a large amount of medium is required to
maintain high-density culture. The RFB is one of the biore-
actor types used for high-density three-dimensional cell cul-
ture, and the use of RFBs can enhance the cellular functions
of the cultured cells (14-17). The cell density in the RFB
was 4- to 15-fold higher than that in the microcarrier and
hollow-fiber cultures. In addition, RFBs could achieve a
uniform distribution of cultivated cells in the reactor. How-
ever, a detailed molecular biological analysis of the cellular
status of the high-density three-dimensional cell culture in
RFBs has not yet been sufficiently performed. The previous
RFBs required substantial space for their installation, and a
large amount of culture medium and cells for inoculation
similar to the microcarrier or hollow-fiber cultures. In the
present study, we developed a new RFB with a 5-ml capac-
ity and evaluated the cellular status using the hepatoblas-
toma cell line, HepG2. We confirmed that the 5-ml RFB
could be used to cultivate HepG2 at high density and pre-
dicted that a cell density of over 1x 10® cell/ml-scaffold could
be achieved; furthermore, this density was almost similar to
that predicted for the previous types of RFB (Fig. 1). The
5-ml RFB does not require much space for its installation,
and it is easy to handle compared with the previous types of
RFBs. Therefore, we were able to perform multiple experi-
ments concurrently. Among the various types of scaffolds,
the use of hydroxyl apatite and PVA resin helped achieve
high density (Figs. 2 and 3). Therefore, we concluded that
the 5-ml RFB could cultivate adhesive cells at a high den-
sity when a suitable scaffold was selected.

For long-term cultures in the 5-ml RFB, glucose con-
sumption and albumin production were maintained for over
7d (Figs. 4 and 5). Morsiani et al. (4) reported that the hol-
low-fiber reactor could be used to cultivate hepatocytes for
14 d, but the cellular functions were not stable. Fukuda et al.
(35) developed the polyurethane foam packed-bed (PUF)
module and cultivated HepG2 at a high density (4.8x 107
i cells/cm3-module) with a three-dimensional structure. The
albumin production rate of HepG2 in a 7-d culture using the
PAF module was 184 pg/cm®-module/d. However, this pro-
duction rate was higher than that obtained in long-term cul-
tures cultivated in the 5-ml RFB (Fig. 5). Miyoshi et al. (36)
reported that the fetal liver cells could be cultivated in poly-
vinyl foam (PVF) resin at a high density and confirmed this
albumin production rate. They were able to successfully
maintain the high-density cell culture (7x 107 cells/cm*-PVF
resin) for over 30 d; however, after the first two weeks, a de-
crease was observed in the albumin production rates. Figure 5
shows a good correlation between glucose consumption and
albumin production. Thus, we assumed that the albumin pro-
duction rate per cell was maintained during cell culturing in
the 5-ml RFB. The 5-ml RFB proved to be advantageous in
comparison with the previous types of RFBs — a long-term
culture with higher cellular function could be performed. A
comparison of DNA microarray analysis between the growth
phase and the stable phase indicated that the expression of
cell cycle-related genes had decreased in the stable phase
(Table 2). In addition, an examination of BrdU incorpora-
tion showed that the ratio of cells which had incorporated
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BrdU in the stable phase had markedly decreased when
compared with that in the growth phase (Fig. 6). Some addi-
tives, as well as the depletion of nutrients, are known to trig-
ger cell cycle arrest (27-31). Sugiyama et al. (37) demon-
strated that glycerol had a potent inhibitory effect on hepa-
tocyte proliferation. Yamashita ef al. (38) indicated that tri-
chostatin A inhibited cell proliferation and induced arrest at
the GO/G1 phase in HepG2. In our study, we did not incor-
porate any of these additives into the culture media. There-
fore, we can assume that our results were due to other mech-
anisms. From the results of the immunostaining (Fig. 6), a
larger number of cells in the stable phase were found to re-
main in the G0/G1 phase, similar to the mature liver (32).
Although we should investigate the induction and expres-
sion level of drug metabolism-related proteins in the stable
phase, it was concluded from our results that HepG2 cells in
the stable phase in long-term cultures are attractive as an
alternative tool to the liver for the long-term testing of drug
toxicity and drug metabolism.

In conclusion, we developed a 5-ml RFB and our results
are the first demonstration of cellular status in a high-den-
sity three-dimensional cell culture. The 5-ml RFB may con-
tribute to the evolution of an alternative methodology for
drug testing and regenerative medicine.
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Improvement in Reliability of Probabilistic Test of Significant Differences

in GeneChip Experiments

Kyoko Topa," Seiichi IsHIDA,” Kotoko NAKATA, Rieko MATSUDA, Yukari SHIGEMOTO-MOGAMI,
Shogo Ozawa, Jun-ichi SAWADA, Yasuo OHNO, Kazuhide INOUE, Koichi SHUDO, and

Yuzuru Havasar'

National Institute of Health Sciences, 1-18-1 Kami-Yoga, Setagaya, Tokyo 158-8501, Japan

A probabilistic test (FUMI theory) for GeneChip experiments has been proposed for selecting the genes which show
significant differences in the gene expression levels between a single pair of treatment and control. This paper describes
that the reliability of the judgment by the FUMI theory can be enhanced, when the selected genes are referred to

biomolecular-functional networks of a commercial database.

The genes judged as being differently expressed are

grouped into a cluster in the biomolecular networks. It is also demonstrated that false positive genes have a trend in the
networks to be isolated from each other, and also away from the clustered genes, since the false positive genes are

randomly selected.

(Received October 17, 2003; Accepted February 23, 2004)

Introduction

The GeneChip technology has recently made rapid progress, but
some important problems still remain open. For example: 1)
The GeneChips are expensive, and the replication of
experiments is not easy; 2) The GeneChips generate tens of
thousands of data for every experiment, and a new method for
handling such voluminous data efficiently is desired.

In a previous paper,! we put forward a method for detecting
significant changes between two different conditions from a
single pair of experiments, that is, treatment and control. The
method is called FUMI theory (FUnction of Mutual
Information).>® Under the condition of the paper, out of 12559
genes on the chip, 200 - 310 genes were selected as differently
expressed with 1% risk. Due to the risk of 1%, however, 126
genes must be falsely selected. This number of false positive
genes is critical compared to the totally selected genes (200 -
310).

The simplest solution to the problems will be to refer to the
results of repeated experiments under the same conditions.* It is
quite probable that the genes of true differences in the
expression will be selected once and again by the replicates. On
the other hand, the false positive genes will be selected at
random, and not many times.

This paper proposes a method to make the judgment based on
the FUMI theory more reliable, i.¢., a method to distinguish
between the true positive and false positive, even from a single
pair of treatment and control experiments. For this purpose, a
commercially available database which provides a biomolecule-
functional network is integrated.

 Co-first authors.
¥ To whom correspondence should be addressed.
K. S. present address: Japan Pharmaceutical Information Center.

Experimental

The details of experiments for the microarray analysis were
previously described.! Human promyelocytic leukemia cell line
(HL60) cells were exposed to 20 nM 12-O-tetradecanoyl-
phorbol 13-acetate (TPA) for 9 h and biotin-labeled cRNA was
prepared and stored as a stock solution for later hybridization.
A tota] of four GeneChip arrays (Human Genome U95A set,
Affymetrix, Inc) were used for hybridization (two with the
TPA-exposed stock solution and two with the control stock
solution). One of four combinations of exposure and control
experiments was taken as an example in the text. The others
were used for reference.

The network of proteins (Fig.
commercial database (KeyMolnet,
Molecular Design Inc., Tokyo).

1) was drawn with a
Institute of Medicinal

Theory

In the FUMI theory, the a priori SD, o, of microarray
fluorescence measurements is described as a function of the
averaged measurements, X:

o= ,0.009636X2 + 91897.8 (1

This relationship was obtained in our previous study from six
replicate samples which were different from the target samples.
Let X be the expression level (measurement) of a gene for the
exposed sample and Xc be the measurement of the gene for the
control sample. o is given by Eq. (1) as X = |[Xg + Xc|/2. The
judgment of the significant differences is performed based on
the inequality:

[Xg — Xl S

o> 2.58 @)
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Fig. 1 Proteins with significant differences of gene expression. Significant differences with 1%
risk (black background) and 5% risk (gray background) are judged by FUMI theory. The white
background means no significant difference, except for PKC and ROC1 which are not included in the
U95A array. The network of the proteins is provided by KeyMolnet. Cdc34: Cell Division Cycle
34; SCF: Skpl1/Culll/F-box;® 26S-PR: 26S Proteasome;®!! ANGT: Angiotensinogen; Angl:
Angiotensin I; ACE: Angiotensin I converting enzyme; Angll: Angiotensin II; AT1: angiotensin II
receptor type 1; AT2: Angiotensin II receptor type 2; Gaifyy: heterotrimeric G Protein. The subunits
are represented as o, and By. D represents the GDP-binding form.

where 2.58 is the critical value for a significant level of 1%
under the assumption that the distribution of Xg — X¢ is normal.
If the risk is raised from 1% to 5%, the critical value becomes
1.96.

Results and Discussion

The FUMI theory provided the judgment with 1% risk that out
of 12559 genes on the U95A array, 1231 genes were differently
expressed between the TPA treated HL60 cells and control
cells. Figure 1 illustrates the well-known pathways around the
TPA receptor, PKC (protein kinase C).> TPA is known to
promote the transcription of IL-8 (interleukin 8), TNFo (tumor
necrosis factor ¢), and MMP-9 (matrix metalloproteinase 9)
through the transcription factor, NFxB (NF kappa B).5 In the
figure, the black and gray ellipses represent the molecules for
which the gene expression levels were judged to increase with
1% and 5% risks, respectively. The white ellipses denote the
molecules which were judged to be unaffected by TPA. The
small circles show the protein modification by phosphorylation
(P) and ubiquitination (U). The arrows show the biological
influence from one molecule to another. The molecules which
function as a complex are grouped by the square.

The results from the significance test for one pair of
experimental data (one treatment and one control) are discussed
below. The tests for three other pairs of data, obtained under
the same conditions, are used for corroboration. The genes on
the pathways to IL-8, TNFo and MMP-9 were also judged as
being affected in the other three tests, but PP2A (Protein
phosphatase 2A), was not, even when the risk was increased to
5%.

B

From the above results, it follows that the genes selected by
every significance test, e.g., the pathways to IL-8, TNFa and
MMP-9, will have a high probability that the gene expression
level is truly different between the treatment and control. In the
protein network diagram, the selected proteins appear as a
cluster.

Among the 1231 genes selected by the FUMI theory, some
gene groups which are similar to the PKC cluster are also found
when they are applied to protein networks, e.g., EGR-17 and
p21WallCirl 8 These genes are well-known to be induced by
TPA,”® and are involved in the 753 genes which were selected
from each of the four pairs of exposure and control.

On the other hand, the isolated genes from the cluster, e.g.,
PP2A, were selected only once from the four pairs. Therefore,
PP2A was selected randomly, and can be concluded to be false
positive. On the network, the false positive genes will be
isolated from the clustered genes.

Among the selected 1231 genes, 97 genes were not selected
by the other reference pairs of experiments, and are suspected to
be false positive. They are all isolated from the PKC cluster.
The number, 97, is close to the probable number of false
positive genes when the risk is 1% (= 126). The number of
genes suspected to be false positive is 80, 128, 129 for the
reference pairs, respectively.

We can conclude that the combination of the test of
significant difference (FUMI theory) with a protein network
database (KeyMolnet) can substantially enhance the reliability
of judgment. In other words, the true and false differences in
the gene expression levels can be distinguished based on the
relative position of the molecules in the protein network, i.e.,
clustered or isolated. This paper has taken the well-known
experiment as a model example, but the proposed method will
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be applicable to practical problems.

The biological activities of the genes clustered in the database
(KeyMolnet) can be confirmed, though not always, by
literature. However, it will be quite difficult to find relevant
papers on the isolated genes because of the randomness and
abundance of their occurrence. Among 12559 genes, 1231
genes were selected by the FUMI theory as mentioned above.
About 10000 genes can be candidates for the false positive on a
gene chip and possibly only a part of these genes have been
studied so far. Nevertheless, our purpose is to provide a method
for estimating the unknown biological functions of the genes
from the combination of insufficient information. The FUMI
theory and database can play a complementary role in analyzing
a huge amount of GeneChip data.
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Chronic actinic dermatitis associated with
adult T-cell leukemia

Kazunari Sugita, MD, Takatoshi Shimauchi, MD, and Yoshiki Tokura, MD
Kitakyushu, Japan

We describe a patient with chronic actinic dermatitis that occurred with the progress of adult T-cell
leukemia. Immunohistochemically, CD8* T cells, but not CD4* cells, predominantly infiltrated the
lichenoid lesional skin, indicating that the eruption was induced by reactive, normal CD8™ T cells but not
adult T-cell leukemia cells. Our patient suggests that chronic actinic dermatitis may occur in association
with the advanced human T-lymphotrophic virus-I infectious disorder, (] Am Acad Dermatol 2005:52:

S538-40.)

hronic actinic dermatitis (CAD) is persistent
light reactivity encompassing actinic reticu-
loid and photosensitive eczema.! Various
skin eruptions have been reported in adult T-cell
leukemia/lymphoma (ATL),? in which tumor cells
are mostly CD4*CD25™ T-lymphocytes with various
cytokine expression/production patterns.® Although
the association between CAD and T-cell lymphoma
has been reported for more than 15 years,* photo-
sensitivity occurring in association with ATL has not
been described. We report a case of CAD associated
with ATL.
A 76-year-old retired male laborer presented with
a 2-month history of pruritic dermatitis on sun-
exposed sites. His medical history included angina
pectoris and mild leukocytosis that had been occa-
sionally indicated over 20 years. He had been taking
only a Chinese medicine for 3 years. Physical
examination revealed erythematous plaques with
scaly papules on the sun-exposed areas (Fig 1).
The peripheral blood showed normal counts of
leukocytes (7200/pl) with normal differentiation.
Phototesting disclosed that his minimal erythema
dose of UVB was 10 mJ/cm? (normal, 50-150
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Fig 1. Photodistributed erythematous eruption-on face.

mJ/cm?), and UVA abnormally induced erythema at
a minimal dose of 3.6 J/cm?.

Photopatch testing was negative for his medica-
tion. A skin biopsy specimen showed a handlike
infiltrate of small lymphocytes, with liquefaction
degeneration of the basal epidermis (Fig 2, A). The
infiltrating lymphocytes were predominantly CD8™
(Fig 2, B). The patient stopped taking his medication
and was treated with topical corticosteroids. Two



] Am ACAD DERMATOL ' Sugita, Shimauchi, and Tokura 839
Vouume 52, NUMBER 2

4 .
m | e Q)
A g
‘? U O Q‘
8 Evf’ o' Alc" AT
k HLA-DR
8 g
= - .
3 | &
? @) (ORI
2 & > -
—8( O ::u:‘ w et et ot
&)

CD25

1(

Fluorescence intensity FITC

Fig 3. Flow cytometric analysis of patient’s peripheral
blood mononuclear cells, showing that circulating adult T-
cell leukemia cells are positive for CD4 and CD25 (top,
le/l), HLA-DR (op, right), and CCR4 (bottom, feft), but not
CXCR3 (bottom, right).

Fig 2. A, Histology showing lichenoid tissue reaction. B,
Dense subepidermal bandlike infiltrate of T cells express-
ing CDS8. (A, Hematoxylin-eosin stain; B, CD8 stain;
original magnifications: A,X100; B,X100.)

Table 1. Cytokine profiles of patient's PBMC and normal subjects’ CD4™ cells in stimulation with anti-
CD3/CD28 mAbs

IEN-
Stimulants (pg/nZl) TNF-« (pg/ml)  IL-2 ( pg/mD) IL-4 (pg/ml) IL-5 (pg/ml) IL-10 ( pg/ml)
Patient —_— 179.5 Undetectable Undetectable 38 16 45
a-CD3/CD28 mAbs 4030 29 32 52 17 60

Normal —_— 1575 £ 793 353 x 127 474 + 284 1152 % 422 295 = 81 550 % 245

healthy a-CD3/CD28 mAbs 10600 *x 1420 319 * 45 662 * 181 1185 + 296 512 = 321 636 £ 131

donors

(n=5,

mean = SD)

Normal CD4" cells were purified from PBMC of 5 healthy adults with anti-CD4 mAb-conjugated magnetic beads (Dynal Inc, Oslo, Norway)
and DETACHaBEAD (Dynal Inc) according to the manufacturer’s directions. The minimal detection levels of cytokines were as follows: IL-2,

2.6 pg/mi; IL-4, 2.6 pg/mi; IL-5, 2.4 pg/ml; IL-10, 2.8 pg/ml; TNF-, 2.8 pg/ml; and IFN-y, 7.1 pg/ml. The values represent the mean of
duplicate cultures.

months later, however, the eruption was worsened CD4™" T cells were less than 3%. He was given the
and, therefore, we diagnosed his photosensitivity as diagnosis of ATL, acute type, based on the classi-
CAD. fication of -Shimoyama.s

Concomitantly, his superficial lymph nodes were To test the functional ability of the patient’s ATL
enlarged. A laboratory study revealed a leukocyte cells, the amounts of cytokines listed in Table I were
count of 15,300/ul, with 41% atypical flowerlike measured in the culture supernatants of purified ATL
lymphocytes. Human T-lymphotrophic virus (HTLV)- cells using cytometric beads array kits. Despite the
monoclonal integration was present. A flow cyto- expression of Th2 type chemokine receptor CCR4,
metric analysis of peripheral blood mononuclear neither of Th2 cytokines (IL-4, IL-5, and IL-10) were
cells showed that approximately 85% of lympho- secreted by the patient’s peripheral blood mono-
cytes were positive for CD4, CD25, and HLA-DR nuclear cells compared with normal CD4" cells
and expressed Th2 chemokine receptor CCR4 but (Table D). Interferon alfa production was enhanced
not Thl receptor CXCR3 (Fig 3). CD257; normal by anti-CD3 and -CD28 mAbs, but to a lesser degree
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