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ABSTRACT — The present study was conducted as a model case of the toxicogenomics approach for
analyzing toxicological mechanisms and toxicity assessments in the early stage of drug development by
comparing with classical toxicology data. Methapyrilene (MP) 100 mg/kg produced obvious histopatho-
logical changes in liver of rats by single or repeated dose up to 28 days with significant elevation of ALT
and AST. In the middle dose groups (30 mg/kg MP), no apparent changes were noted in blood biochem-
ical data by single dosing or repeated dosing up to one week, and no obvious histopathological changes
were observed except a slight hypertrophy in the hepatocytes. Comprehensive gene expression changes
were analyzed using Affymetrix GeneChip® and differentially expressed probe sets were statistically
extracted. These contained many genes related to “glutathione metabolism”, “apoptosis”, “MAPK signal-
ing pathway” and “regulation of cell cycle”, which were all thought to be involved in the development of
presently observed phenotypes. In the high dose groups, TGP1 scores (developed in our system in order
to overview the responsiveness of drugs to multiple marker gene lists) for these categories were markedly
increased from the early time point after single dose and kept their high expression throughout the
repeated dose period. In the middle dose groups, the increment of the scores were noted not only at the
time points when apparent pathological changes emerged, but also at the earlier stage of repeated dosing
and even after single dosing. We conclude that toxicogenomics would enable a more sensitive assessment
at the earlier time point than classical toxicology evaluation.
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INTRODUCTION

The toxicogenomics approach has attracted attention in
the field of drug safety assessment as a promising tool in
predicting the toxicity of chemicals and analyzing the
mechanism of toxicity. Classical toxicology works to char-
acterize the emerged toxic changes, but it is not always
powerful in predicting potential toxicity that has not
emerged at the point of assessment but might occur in the
future or to detect serious disease without apparent change

in observation of the classical phenotype. On the other
hand, extraction of toxicologically meaningful informa-
tion from comprehensive gene expression analysis is
expected to be useful since these changes precede toxicity
and occur in the lower dose range.

The toxicogenomics project was a 5-year collaborative
project conducted by the National Institute of Health Sci-
ences, the National Institute of Biomedical Innovation and
15 pharmaceutical companies in Japan that started in 2002
(Urushidani and Nagao, 2005). Its aim was to construct a
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large-scale toxicology database of transcriptome for pre-
diction of toxicity of new chemical entities in the early
stage of drug development. About 150 chemicals, mainly
medicinal compounds, were selected, and gene expression
in the liver (also the kidney in some cases) was compre-
hensively analyzed by Affymetrix GeneChip®. In 2007,
the project was finished and the whole system, consisting
of the database, the analyzing system and prediction sys-
tem, was completed and named as TG-GATEs (Genomics
Assisted Toxicity Evaluation System developed by the
Toxicogenomics Project, Japan).

In the present study, we selected methapyrilene, a pro-
totypic hepatotoxicant (Lijinsky et al., 1980), as a model
case of the toxicogenomics approach for analyzing the
toxicological mechanism and toxicity assessment in the
early stage of drug development by comparing with classi-
cal toxicology data.

MATERIALS AND METHODS

Chemical

Methapyrilene (MP) was obtained from Sigma Chemi-
cal Company (St. Louis, MO, USA) and a suspension for-
mulation was prepared by mixing with 0.5% methylcellu-
lose (MC) solution.

Animal and experimental design

Five-week old male Sprague-Dawley rats were obtained
from Charles River Japan Inc. (Kanagawa, Japan). After a
7-day quarantine and acclimatization period, the animals
(6-week old) were assigned to dosage groups (5 rats per
group) using a computerized stratified random grouping
method based on individual body weight. The animals
were individually housed in stainless-steel cages in an ani-
mal room that was lighted for 12 hr (7:00-19:00) daily,
ventilated with an air-exchange rate of 15 times per hour
and maintained at 21-25°C with a relative humidity of 40—
70%. Each animal was allowed free access to water and
pellet diet (CRF-1, sterilized by radiation, Oriental Yeast
Co., Tokyo, Japan).

According to the standard protocol in our project, rats
received single or repeated doses of MP by gavage at doses
of 0 (vehicle only), 10, 30 or 100 mg/kg. For the single-
dose study, rats were sacrificed at 3, 6, 9 and 24 hr after
dosing. For the repeated dose study, the animals were
treated daily for 3, 7, 14 and 28 days, and they were sacri-
ficed 24 hr after the last dosing. The animals were eutha-
nized by exsanguination from the abdominal aorta under
ether anesthesia after blood sampling, and liver samples
were obtained from the left lateral lobe of the liver in each
animal immediately after sacrifice for the following exam-
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The experimental protocols were reviewed and
approved by the Ethics Review Committee for Animal
Experimentation of the National Institute of Health Sci-
ences.

Blood chemical examination

Blood samples were collected upon sacrifice in tubes
containing heparin lithium, and aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were measured
using an auto analyzer (Hitachi 7080).

Histopathological examination

For light microscopic examination, liver samples were
fixed in 10% neutral buffered formalin, dehydrated in alco-
hol and embedded in paraffin. Paraffin sections were pre-
pared and stained by a routine method using hematoxylin
and eosin (H&E).

Microarray gene expression analysis

Microarray analysis was conducted on 3 out of 5 sam-
ples for each group. Total RNA was isolated from
RNAlater® (Ambion, Austin, TX, USA)-preserved sam-
ples using RNeasy kit by Bio Robot 3000 (Qiagen, Valen-
cia, CA, USA). Homogenization was conducted by Mill
Mixer (Qiagen) and zirconium beads. Purity of RNA was
checked by gel electrophoresis confirming that the 260/
280 nm ratio was between 2.2 and 3.0. Gene expression
analysis was carried out using GeneGhip® RAE230A
probe arrays (Affymetrix, Santa Clara, CA, USA) contain-
ing 15,923 probe sets. The procedure was basically con-
ducted according to the manufacture’s instructions as pre-
viously reported. Microarray Analysis Suite 5.0 (MAS;
Affymetrix) was used to quantify microarray signals and
the intensities were normalized for each chip by setting the
mean intensity to 500 (per chip normalization).

Microarray data analysis

To determine differentially expressed genes between
high and time-matched control sample groups, Welch’s ¢
test was applied with a p cut off value of 0.01 in combina-
tion with a 1.5-fold regulation-ratio of means using Gene-
Spring software (Agilent Technologies, Inc., Santa Clara,
CA, USA). Probe sets, which were labeled as absent by
Affymetrix detection call in any of the 48 samples in single
or repeated dose study, were excluded from further analy-
sis. For the extracted probe sets, showing significant
changes for at least one time point of either single or
repeated administrations, pathway and GO analysis was
performed using David 2.1 beta (http://david.abcc.
ncifcrf.gov/) to identify overrepresented gene categories in
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each gene list, and a p value of < 0.05 determined by
Fisher’s exact test was considered statistically significant.

Scoring of the marker gene sets (TGP1 score)

To facilitate the analytical procedures for large-scale
microarray data, we developed a simple one-dimensional
score, named TGP1, which is useful to overview the trend
of the changes in expression of multiple biomarker gene
lists all at once (Kiyosawa et al., 2006). For each gene list,
the signal log ratio was calculated by dividing the mean
signal value of the chemical-treated group by that of the
corresponding control. First, the sum of the signal log
ratios for the used probe sets was calculated, and then
divided by the number of probe sets used (Index 1). Next,
the sum of squared signal log ratios for the used probe sets
was calculated, and then divided by the number of probe
sets used (Index 2). Finally, the TGP1 score was calculated
by multiplying Index 1 with Index 2. '

Statistical analysis

For blood chemical parameters, ANOVA followed by
Dunnett’s multiple comparison test or Kruskal-Wallis
mean rank test followed by Mann-Whitney’s U test was
used as appropriate (Snedecor and Cochran, 1989).

RESULTS

Conventional toxicological parameters
Measurements of AST and ALT, representative markers
of hepatotoxicity, are shown in Fig. 1 and histopathologi-
cal findings are summarized in Tables 1 and 2. In the high-
est dose groups, both AST and ALT were elevated 3 or 6 hr
after treatment, and they kept increasing with time. They
also showed histopathological changes at every time point,
such as hepatocellular hypertrophy and single cell necrosis
in the peripheral lobular region, and obvious inflammation
and anisonucleosis were noted at 24 hr after dosing (Fig.
2a). Furthermore, these lesions were aggravated and addi-
tional regenerative changes such as increased mitosis, bile
duct proliferation, and hyperplasia, during repeated
administrations were evident (Fig. 2b). In the middle dose
groups, no apparent changes were noted in blood biochem-
ical data by single dosing or repeated dosing up to one
week, and no obvious histopathological changes were
observed except a slight hypertrophy in the hepatocytes.
At the time of the 15th and 29th days, single cell necrosis
and infiltration of mononuclear cells were noted as in the
highest group, though their severity was low. In the lowest
dose groups, no obvious changes were noted either in
blood biochemistry or in histopathology except for one
case with hepatocyte hypertrophy in each of the 8th and

15th days.

Gene expression changes

Using the highest dose group showing obvious hepato-
toxicity in terms of both blood biochemistry and histopa-
thology, we extracted genes that showed statistically sig-
nificant changes at least once in any time point in single
and repeated dose experiments. For single and repeated
dosing, up-regulated probe sets were 399 and 2509,
respectively, and down-regulated probe sets were 235 and
876, respectively, namely, expression changes occurred in
many genes in repeated dosing where obvious pathophysi-
ological changes emerged. ‘

Extracted genes were categorized by pathway and GO
analysis and the results are summarized in Tables 3 (up-
regulated) and 4 (down-regulated). Among the genes up-
regulated in single dose experiments, gene ontologies or
pathways related to “regulation of cell cycle”, “MAPK sig-
naling pathway” and “glutathione metabolism” were still
significantly up-regulated in repeated dosing. The genes
related to “apoptosis™ or “ribosome” were clearly up-regu-
lated in repeated dosing, while they were not affected by
single dosing.

In single dose experiments, the number of down-regu-
lated genes was quite a few (Table 4). Significant suppres-
sion of gene expression by repeated administration was
noted in various categories, including “starch and sucrose
metabolism”, “steroid metabolism™, “complement activa-
tion” and “complement and coagulation cascades”.

We considered the pathways and GO categories of “glu-
tathione metabolism™, “apoptosis”, “MAPK signaling”
and “regulation of cell cycle” as most important in the tox-
icological mechanisms of MP. In order to overview the
effects of MP on these pathways, we calculated the TGP1-
score for each (Table 5). Upon calculation of the score,
redundant probe sets were unified based on their reliability
and dose-dependency. It is obvious from Table 5 that the
marker scores of these categories markedly increased in
the early stage of single dosing of the highest dose and
they kept increasing during repeated dosing. In case of
middle dosing, an obvious increase of scores for glu-
tathione metabolism and apoptosis was detected not only
at the 15th and 29th days with obvious pathological
changes but also at the 4th and 8th days of repeated dosing
and 6 hr after single dosing. In the lowest dose groups, the
only detectable change was a tendency of increment in the
score of apoptosis at the 8th day.
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Up-regulated genes involved in glutathione
metabolism, apoptosis, MAPK signaling path-
way, and regulation of cell cycle

The individual gene expression change (ratio to con-
trol) in each category was depicted as heatmap (Fig. 3 to 6)
for “glutathione metabolism”, “apoptosis”, “MAPK sig-
naling” and “regulation of cell cycle”, respectively. In gen-
eral, most of the genes were dose-dependently mobilized
and characteristic changes were noticed in single and
repeated dosing groups. As for genes involved in glu-
tathione biosynthesis: glutamate cysteine ligase, modifier
subunit (Gelm) and glutamate-cysteine ligase, catalytic
subunit (Gclc) (Fig. 3); those involved in the regulation of
apoptosis: v-akt murine thymoma viral oncogene homolog
1 (Aktl) and programmed cell death 6 interacting protein

a 150

AST (IUL)

CLMH CLMH CLMH
3H 6H 9H

CL MH
24H

-
o
o

ALT (IU/L)

CLMH CLMH

CLMH
3H 6H 9H

CLMH
24H

(Pdcdé6ip) (Fig. 4), and those belonging to heat shock pro-
teins: heat shock 70 kD protein 1A/1B (Hspala/1b) and
heat shock protein 8 (Hspa8) (Fig. 5), these were markedly
up-regulated in the early stage of single dose, whereas lit-
tle or no changes were noted in repeated dosing. Excluding
these genes, the extent of up-regulation increased with
repeated administration in most of the genes. Especially,
those involved in glutathione metabolism: glucose-6-phos-
phate dehydrogenase (G6pdx), glutathione S-transferase
M4 (Gstm4) and glutathione S-transferase Yc2 subunit
(Yc2) (Fig. 3), those involved in regulation of apoptosis:
nucleolar protein 3 (No!3), thoB gene (Rhob) and tribbles
homolog 3 (Drosophila) (Trib3) (Fig. 4), those belonging
to MAPK signaling and known as cell cycle regulators:
myelocytomatosis viral oncogene homolog (avian) (Myc),
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Fig. 1. Serum AST (a and b) and ALT activities (c and d) in rats treated with 10, 30 and 300 mg/kg MP in single and

repeated dose studies.

Data are expressed as meant S.D. (n = 5). *, **Significant difference from the control group, p < 0.05, 0.01,
by Dunnett’s multiple comparison test. * *Significant difference from the control group, p < 0.05, 0.01, by

Mann-Whitney’s U test.
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FBJ murine osteosarcoma viral oncogene homolog (Fos),
v-jun sarcoma virus 17 oncogene homolog (avian) (Jun)
and fibroblast growth factor 21 (Fgf21) (Fig. 5), and those
related to DNA damage: growth arrest and DNA-damage-
inducible 45 alpha (Gadd45a) and DNA-damage inducible
transcript 3 (Ddit3) (Fig. 6), these kept up-regulated
throughout the repeated dosing periods.

DISCUSSION

Methapyrilene hydrochloride is an antihistamine drug
and had been used in the 1970s, but was removed from the
market once it was known to be carcinogenic in rat liver
(Lijinsky et al., 1980; Fischer et al., 1983). It is now con-
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sidered to be a rat-specific carcinogen since hepatocellular
carcinoma and cholangiocarcinoma were induced by
administration of MP at 1000 ppm for 64 weeks, whereas
no such findings were observed either in Syrian hamsters,
Guinea-pigs, B6C3F1 mice, or humans (Mirsalis, 1987).

" As for its genotoxicity, the Ames test, DNA addition test,

chromosome abnormality test (NTP, 2000) and irregular
DNA synthesis test in rat and mouse (Steinmetz et al.,
1988) were all negative, whereas the cell transformation
assay and L5178Y/TK+/— mouse lymphoma assay were
positive (Turner et al., 1987). Based on these observations,
hepatocarcinogenicity of MP in rat has been considered to
be non-genotoxic, whereas the involvement of its initiation
activity cannot be completely excluded (Althaus et al.,
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Fig. 2. Histopathological changes of liver treated with 100 mg/kg MP.
a: Hepatocellular hypertrophy and single cell necrosis (arrow head) in the periportal region (P) are observed at
early time point, 24 hr after single dosing. b: Additional regenerative changes, such as increased mitosis, bile
duct proliferation, and hyperplasia are evident by repeated administration.
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Table 3. Gene ontology and pathway classification of extracted probe sets (up-regulation).

Exp. type  TERM® Count®  p value®
Single dose study
GOTERM BP_5
REGULATION OF NUCLEOBASE, NUCLEQSIDE, NUCLEOTIDE AND NUCLEIC ACID METABOLISM 18 6.41E-2
TRANSCRIPTION 18 7.48E-2
MACROMOLECULE BIOSYNTHESIS 13 1.92E-2
PROTEIN BIOSYNTHESIS 11 3.84E-2
REGULATION OF CELL CYCLE 11 5.95E-4
INTRACELLULAR TRANSPORT 9 8.5E-2
AMINO ACID METABOLISM 6 2.75E-2
AMINE BIOSYNTHESIS 5 9.11E-3
CELL GROWTH S 4.86E-2
NUCLEAR TRANSPORT 5 2.6E-3
NUCLEOCYTOPLASMIC TRANSPORT 5 6.12E-3
PROTEIN KINASE CASCADE 5 4.18E-2
REGULATION OF CELL SIZE 5 4.86E-2
RNA METABOLISM 5 4.63E-2
POSITIVE REGULATION OF NUCLEOBASE, NUCLEQSIDE, NUCLEOTIDE AND NUCLEIC ACID METABOLISM 4 8.74E-2
PROTEIN IMPORT 4 1.49E-2
RNA PROCESSING 4 6E-2
GOTERM_CC_5
NUCLEUS 34 7.29E-3

KEGG_PATHWAY
MAPK SIGNALING PATHWAY (Rattlus norvegicus) 0 3.73E-2
GAP JUNCTION (Rattus norvegicus) 6 5.15E-2 -
TGF-BETA SIGNALING PATHWAY (Rattus norvegicus) 5 8.22E-2

4
4

—

ARGININE AND PROLINE METABOLISM (Rattus norvegicus) 3.69E-2
GLUTATHIONE METABOLISM (Rattus norvegicus) 2.42E-2
Repeated dose study

GOTERM_BP_5
CELLULAR PROTEIN METABOLISM 189 2.86E-8
MACROMOLECULE BIOSYNTHESIS . 89 4.92E-17
PROTEIN BIOSYNTHESIS ) 85 2.13E-19
INTRACELLULAR TRANSPORT 60 1.22E-9
PROTEIN TRANSPORT 47 1.48E-6
INTRACELLULAR PROTEIN TRANSPORT 44 4.84E-7
APOPTOSIS 38 3.07E-4
REGULATION OF CELL CYCLE 32 6.48E-4
REGULATION OF APOPTOSIS 31 2.99E-4
REGULATION OF PROGRAMMED CELL DEATH 31 3.48E-4

GOTERM_CC_5
VESICLE-MEDIATED TRANSPORT 30 1.48E-2
CYTOSKELETON 64 6.02E-2
RIBOSOME 60 1E-13
MICROTUBULE CYTOSKELETON 41 2.59E-3

KEGG_PATHWAY
MICROTUBULE ASSOCIATED COMPLEX 29 6.25E-2
CYTOSOLIC RIBOSOME (SENSU EUKARYQOTA) 26 2.79E-11
RIBOSOME (Rattus norvegicus) - 40 1.79E-24
FOCAL ADHESION (Rattus norvegicus) 36 6.68E-2
MAPK SIGNALING PATHWAY (Rattus norvegicus) 33 7.61E-2
TIGHT JUNCTION (Rattus norvegicus) 27 4,25E-3
GLUTATHIONE METABOLISM (Ratlus norvegicus) 89  4.55E-2

Pathway and GO analysis was performed using David 2.1 beta. Statistical significant terms are listed (Fisher's exact test, p < 0.05;
threshold counts: greater than 10% of the number of probe sets involved in the examined gene list). Bold terms were commonly af-
fected in both single and repeated dose studies. Shaded terms were further analyzed by scoring based on the TGP1-score.
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Table 4. Gene ontology and pathway classification of extracted probe sets (up-regulation).

45

Exp. type  TERM® Count®  p value®
Single dose study
GOTERM_BP_S
REGULATION OF NUCLEOBASE, NUCLEOSIDE, NUCLEOTIDE AND NUCLEIC ACID METABOLISM 3 9.72E-2
REGULATION OF TRANSCRIPTION 13 9.51E-2
RESPONSE TO CHEMICAL SUBSTANCE 4 8.4E-2
CHEMOTAXIS 3 5.47E-2
STEROL METABOLISM 3 6.27E-2
KEGG_PATHWAY
STARCH AND SUCROSE METABOLISM (Rattus norvegicus) 3 497E-2
Repeated dose study
GOTERM_BP_5
CARBOXYLIC ACID METABOLISM 45 2.26E-16
ELECTRON TRANSPORT 37 2.19E-8
CELLULAR LIPID METABOLISM 34 7.06E-8
IMMUNE RESPONSE 27 5.94E-2
RESPONSE TO PEST, PATHOGEN OR PARASITE 21 4.78E-5
AMINO ACID METABOLISM 20 1.32E-7
CELLULAR CARBOHYDRATE METABOLISM 18 1.36E-3
LIPID BIOSYNTHESIS 15 2.41E-3
STEROID METABOLISM 15 1.6E-5
WOUND HEALING 14 4.27E-5
BLOOD COAGULATION 13 2.03E-6
FATTY ACID METABOLISM 13 2.59E-3
MONOSACCHARIDE METABOLISM 13 3.96E-3
AMINO ACID DERIVATIVE METABOLISM 12 2.04E-4
COENZYME METABOLISM 12 1.31E-2
COFACTOR BIOSYNTHESIS 11 1.7E-2
COMPLEMENT ACTIVATION 11 1.28E-7
'HUMORAL IMMUNE RESPONSE 11 3.22E-6
AMINE CATABOLISM 10 1.37E-5
RESPONSE TO CHEMICAL SUBSTANCE 10 2.22E-2
INFLAMMATORY RESPONSE 9 3.47E-2
GOTERM_CC_S
MITOCHONDRION 38 2.07E-5
ENDOPLASMIC RETICULUM 26 8.26E-6
MICROSOME 18 5.64E-7
KEGG_PATHWAY
TRYPTOPHAN METABOLISM (Rattus norvegicus) 22 5.32E-12
COMPLEMENT AND COAGULATION CASCADES (Rattus norvegicus) 17 7.4E-7
FATTY ACID METABOLISM (Rattus norvegicus) 17 3.65E-7
GLYCINE, SERINE AND THREONINE METABOLISM (Rattus norvegicus) 11 5.69E-7
BUTANOATE METABOLISM (Rattus norvegicus) ' 9 7.11E-4
GAMMA-HEXACHLOROCYCLOHEXANE DEGRADATION (Rattus norvegicus) 9 1.29E-3
LYSINE DEGRADATION (Rattus norvegicus) 9 1.26E-5
PYRUVATE METABOLISM (Rattus norvegicus) 9 3.61E-4
STARCH AND SUCROSE METABOLISM (Rattus norvegicus) 9 1.08E-4
VALINE, LEUCINE AND ISOLEUCINE DEGRADATION (Rattus norvegicus) 9 3.61E-4
Vol. 33 No. 1
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1982).

The analysis of hepatotoxicity of MP has been repeat-
edly performed by various techniques including the toxi-
cogenomics approach (Hamadeh et al., 2002). This com-
pound induces marked and reproducible hepatic injury in
rodents, and was used to assess the validity of toxicoge-
nomics analyses among the multicenter platform (Waring
et al., 2004; Chu et al., 2004). In the former study, there
was a pessimistic interpretation that microarrays never
supply highly reliable measures because of too large vari-
ance between research facilities. In this case, samples from
the same animal were analyzed in multiple facilities but
there were almost no genes that were detected as com-
monly changed in all the facilities. However, the latter
study revealed that the robustness of the results regarding
the movement of certain toxicological pathways was suffi-
cient although the fitness of each gene was somewhat
questionable. In other words, when we have a reasonable
list of genes with certain toxicological significance, the
reliability would be highly improved. The strategy of our
project follows this idea, i.e., the results are interpreted as

a trend for a set of functional genes.’

Presently extracted genes from the group receiving the
highest dose (showing obvious phenotypes) were catego-
rized and this revealed that genes related to the regulation
of cell cycle, MAPK signaling, and the glutathione metab-
olism were all involved in the development of the presently
observed phenotypes. As for the down-regulated genes in
repeated dosing, it could be a reflection of the failure of
hepatic functions, i.e., metabolism of sugar and sterols,
and production of functional proteins such as comple-
ments and blood coagulation.

To facilitate the analytical procedures for our large-
scale microarray database, we developed two types of the
one-dimensional score, named as TGP1 and TGP2, which
express the trend of the changes in expression of biomar-
ker genes as a whole. The former is based on the signal log
ratio (Kiyosawa et al., 2006) and is convenient to compare
the responsiveness of many drugs to a marker gene list.
The disadvantages of this scoring system are that it overes-
timates the responsiveness when the list contains a gene
where the induction is extreme (such as CYP1Al) and it

Table 5. Time course changes of TGP-1 scores in selected MP-responsive gene lists.

MP-RESPONSIVE GENE LISTS 03H 06H 09H 24H

L M H L M H L M H L M H
GLUTATHIONE METABOLISM 23 2 7 2 39 607 ] =2 24 498 | =35 -1 409
APOPTOSIS 6 7 1103 3 24 342 8 10 128 0 2 195
MAPK SIGNALING PATHWAY 3 9 1190 | 2 7 1141 -5 =26 15] -5 =2 57
REGULATION.OF CELL CYCLE 3 2 | 108 | =2 5 1331 3 -1 33| 3 -2 21
MP-RESPONSIVE GENE LISTS 04D 08D 15D 29D

L M H L M H L M H L M H
GLUTATHIONE METABOLISM 2 118 | 476 2 170 | 3466 0 235 | 2285 5 712 | 2865
APOPTOSIS 2 54 | 286 | 93 227 | 1172 3 154 | 1360 | 4 115 | 1396
MAPK SIGNALING PATHWAY 13 3 34 13 60 295 3 68 354 7 29 378
REGULATION OF CELL CYCLE 10 4 7 13 20 219 1 15 247 4 28 470
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Fig. 3. Heatmap of individual gene expression change in category of “glutathione metabolism”.
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also underestimates the responsiveness when the genes in
the list are mobilized to either direction. To overcome
these disadvantages, we employed another score, TGP2,
based on the effect size. In the present study, we employed
the TGP1 score for assessment of the responsiveness to the
gene lists, i.e., “regulation of cell cycle”, “MAPK signal-
ing” and “glutathione metabolism” since the direction of
expression changes was uniform. In the highest dose
group, the scores for these categories markedly increased
from the early time point after single dose and kept their
high expression throughout the repeated dose period. In
the middle dose groups, the increment of the scores were
noted not only at the time points when apparent patholog-
ical changes emerged, but also at the earlier stage of
repeated dosing and even after single dosing. This indi-
cates that the toxicogenomics approach enables more sen-

sitive assessment at the earlier time point than classical
toxicology evaluation. Among the responding genes, glu-
tathione-related: glucose-6-phosphate dehydrogenase
(G6pdx), glutathione S-transferase M4 (Gstm4) and glu-
tathione S-transferase Yc2 subunit (Yc2), apoptosis
related: nucleolar protein 3 (Nol3), rhoB gene (Rhob) and
tribbles homolog 3 (Drosophila) (Trib3), MAPK signal-
ing-related: myelocytomatosis viral oncogene homolog
(avian) (Myc), FBJ murine osteosarcoma viral oncogene
homolog (Fos), v-jun sarcoma virus 17 oncogene homolog
(avian) (Jun) and fibroblast growth factor 21 (Fgf21), and
DNA damage-related: growth arrest and DNA-damage-
inducible 45 alpha (Gadd45a) and DNA-damage inducible
transcript 3 (Ddit3), these were markedly up-regulated
from the early point of dosing. Especially, Trib3, which
showed typical changes in the present study, would be one
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Jak;
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Fig. 4. Heatmap of individual gene expression change in category of “apoptosis”.
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of the promising candidates of biomarker genes for oxida-
tive stress-mediated DNA damage, since it was reported to
be up-regulated specifically by stress-inducing DNA dam-
age (Corcoran et al., 2005).

It was reported that hepatotoxicity of MP was due to its
active metabolite(s) and that oxidative stress was involved
(Ratra et al., 1998). However, these authors excluded the
involvement of glutathione depletion followed by oxida-
tive stress in the later paper (Ratra et al., 2000). We mea-
sured hepatic glutathione contents in rats treated with MP
in a separate study (Uehara et al., submitted). Immediately
after MP dosing, a transient decrease, not statistically sig-
nificant, was noted and a rebound-like increase was evi-
dent at 24 hr after dosing, which persisted for one week.
The increment of glutathione contents disappeared till 2
weeks and it turned to a marked decrease after 4 weeks.
These results suggest that MP causes oxidative stress in
consuming glutathione while the hepatocytes defend

against it by gene expression changes to keep a high glu-
tathione level. Finally, glutathione depletion occurs when
the toxicity of MP persists for a long period. We have
extracted marker genes for hepatic glutathione depletion
using a glutathione depletor, phorone (Kiyosawa et al.,
2007). Also in this work, phorone caused a transient
decrease of glutathione with a peak at 3 to 6 hr after dosing
followed by a rebound-like increase 24 hr after dosing.
Taken together, the key of hepatotoxicity of MP is consid-
ered to be oxidative damage of DNA followed by changes
in MAPK signaling and cell cycle induced by excess pro-
duction of active metabolites. Sustained oxidative damage
of DNA and stimulation of cell proliferation is closely
related to hepatocarcinogenesis of MP.

The main purpose of the toxicogenomics approach was
to analyze the mechanism of toxicity and predict chronic
toxicity from acute data in the preclinical study. In the
present study, we simulated the prediction of the toxicity
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Fig. 6. Heatmap of individual gene expression change in category of “regulation of cell cycle”.

of MP by focusing on the toxicological pathway drawn
from transcriptome analysis. Genes up-regulated from the
early stage described above would be promising candi-
dates of biomarkers for hepatotoxicity. However, the
present analysis focused on one chemical, MP. It is neces-
sary to analyze other chemicals causing glutathione deple-
tion/oxidative stress and nongenotoxic hepatocarcinogene-
sis, such as thioacetamide, coumarin and ethionine, in
order to establish a useful and precise prediction system
based on the toxicogenomics approach.

The greatest advantage of toxicogenomics in toxicol-
ogy is that various toxicity mechanisms can be elucidated
at once compared with the conventional strategy where
many experiments are performed one by one. This strategy
is so powerful that comprehensive seizure of what happens
for the mechanism in the target organ is possible. Toxico-
genomics enables one to supply supporting data for any
conventional toxicological changes and suggests the
appropriate toxicological mechanism behind them.
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Abstract Human mesenchymal stem cells (hMSCs) are
expected to be an enormous. potential source for future cell
therapy, because of their self-renewing. divisions and also
because of their multiple-lineage differentiation. The finite
lifespan of these cells, however, is a hurdle for clinical
application. Recently, several hMSC lines have been
established by immortalized human tclomerase reverse
transcriptase. gene (hTERT) .alone or with hTERT in
combination with human papillomavirus type. 16 E6/E7
genes (E6/E7) and human proto-oncogene, Bmi-1, but have
not so much been characterized their karyotypic stability in
detail during extended lifespan under in vitro conditions. In
this report, the cells immortalized with the hTERT gene
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alone exhibited little change in karyotype, whereas the cells
immortalized with E6/E7 plus hTERT genes or Bmi-1, E6
plus hTERT genes were unstable regarding chromosome
numbers, which- altered markedly during prolonged cuiture.
Interestingly, one unique chromosomal altcration was the
preferential loss of chromosome 13 in three cell lines,
observed by fluorescence in situ hybridization (FISH) and
comparative-genomic hybridization (CGH) analysis. The
four cell lines all maintained the ability to differentiate into
both osteogenic and adipogenic lineages, and two cell lines
underwent neuroblastic differentiation. Thus, our results
were able to provide a step forward toward fulfilling the

need for a sufficient number of cells for new therapeutic
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applications, and substantiate .that these cell lines are a
. useful model for understanding the mechanisms of chro-
‘mosomal instability and differentiation of hMSCs.

~-Ke)iwords Human cord blood mesenchymal stem cell -
Long-term culture - Karyotype analysis - mFISH
CGH - Differentiation

Intreduction

Tissue-specific stem cells in various adult tissues are known
to be an important source in the regeneration of damaged
tissue and maintenance of homeostasis in the’ tissues in
.which they reside. Among these stém cells, human
mesenchymal stem cell (h(MSC): has recently become of
great interest in regenerative medicine, not only to.replenish
their own tissues,. but also to give rise to - more committed
progenitor cells, which can differentiate into other tissues:
MSCs in bone marrow have been shown to differentiate
into several types of cell such as ostecblasts, adipocytes,
chondrocytes, myocytes, and probably also neuronal cells
-(Okamoto et al. 2002; Takeda et al. 2004; Mori et al. 2005;
Saito et .al. 2005; Terai et al. 2005). Because of these
properties, it is expected that hMSCs are an enormous
potential: source for future cell therapy. The goal of our
study is to establish cell lines with long lifespan and with
parental properties for clinical application, However,
clinical application using these cells has been met with
enormous difficulty, e.g., isolation of a cell population with
specific criteria, expansion in vitro system for obtaining a
sufficient number of cells without affecting their genomic
characteristics and differentiation propertles, and thmr
storage in higher viability.

At present, there is a little evidence suggesting whether
changes in these properties occur during expansion. Human
normal MSCs have a limited capacity to replicate in the 40-
to 50-population doubling level (PDL) at the most. To
extend. their lifespan, we have previously established
human mesenchymal celf lines from human umbilical cord.

blood or bone marrow by immortalization with human.

telomerase_reverse transcriptase (WTERT), human papillo-
‘mavirus high-risk type 16 E6/E7 genes (HPVI6E6/E7) or
polycomb gene, Bmi-1 (Takeda et al. 2004; Mori et al.
2005; Terai et al. 2005).

. hTERT-immortalization without affecting biological
characteristics, despite extensive. proliferation, has been
reported in bone-marrow-derived hMSCs (Burns et al.
2005), human fibroblast (Milyavsky et al. 2003), and
human keratinocyte (Harada et al. 2003), although it has
been indicated that there is. the possibility that prolonged
culture of hTERT-immortalized fibroblasts may favor the
appearance of clones carrying potentially malignant alter-

@) Springer

ations ‘(Milyavsky et al. 2003). HPV16, which encodes
oncogenes (E6 and E7), can also immortalize hMSCs in
vitro. Both F6 and E7 proteins act through their association
with tumor suppressor gene products, p53 and retinoblas-
torha family members (pr), :cspecuvely E6 accclerates
the degradation of the p53 protem which is essential for
cell amrest -at the checkpoint in G/S and at the mitolic
checkpoint when tetraploidy occurs (Cross et al. 1993), as
well as at the G, phase under damaging conditions. E7
protcin binds to pRb and abrogates the repressive function
of -these cell cycle regulations (Zheng et al. 2001). Thus,
both p53 and pRb play a multitude of important roles in
cell-cycle-progression checkpoints as treported in human
keratinocytes (Patel et al. 2004), and fibroblasts (Khan et al.
7'1998). As a consequence, the disruption of the checkpoints
that govern accurate cell division leads 10 abnormal
segregation of chromosome and genomic instability, as
shown in the cells immortalized with HPVISEG/E7 genes
(Duensing et al. 2002).

In this paper, we report on the chromosomat instability
and the differentiation activity during prolonged culture
‘(cell expansion) using four mesenchymal stem cell lines.
These results indicate that an umbilical cord blood-derived
clone immortalized with hTERT (UCBTERT-21) showed
normal karyotype for a period of 1 yr, whereas three other
cell lines immortalized with HPV16E6/E7 and hTERT or
HPV16E6, Bmi-1 and hTERT showed chromosomal insta-
bility but maintained the ability to differentiate. '

Materiak and Methods

Cell culture. Human mesenchymal stem cell lines, UCB
TERT-21 (JCRB1107), UCB408FE6F7TERT-33
(JCRBI110), UESE7T-3 (JCRB1136), and UBE6T-6
(JCRB1140) were obtained from the JCRB Cell Bank
(Osaka, Japan). Two of them are cell lines obtained by
immortalizing human umbilical cord blood mesenchymal
stem cells (UCB) with hTERT alone (UCBTERT-21; Tcrai
et al. 2005) or with HPVI6EG6/E7 in combination with
'hTERT (UCB408E6E7TERT-33; Terai et al. 2008), and the
two others are human bone-marrow-derived mesenchymal
stem cell lines transformed with HPV16E6/E7 and hTERT
genes (UEGE7T-3; Mori et al. 2005) or with bmi-1,
HPVI6E6 and hTERT genes (UBE6T-6; Takeda et ul
2004; Mon et al. 2005). »

The UCBTERT-21 and UCB408E6E7TERT-33 were
grown in PLUSOID-M medium (Med-Shirotori Co.
Tokyo, Japan) or MSCGM BulletKit (Cambrex Co.. Fast
Rutherford, NJ). UE6E7T-3 and UBE6T-6 were cultured in
POWEREDBY 10 medium (Med-Shirotori Co ) or
MSCGM BulletKit (Cambrex Co.); 5% 10" cells/m} of each
cell line were seeded and cultured for 7-10 d. When culture
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plate was subconfluent, cells were treated with 0.25%
typsi/0.5 mM EDTA solution (both from Invitrogen,
Tokyo, Japan) and replated at a density of 5x10° cells/mL

All of the cells were maintained in a humidified incu-

~bator. at 37° C and 5% CO»: PDLs were calculated using
the formula: PDL= log (cell output/input)/log2. At the
starting cultivation, PDLs of UCBTERT-21, UCB408E6E7
TERT-33, UE6E7T-3, and UBE6T-6 were 42, 67, 60, and
56, respectively. The doubling time of the UCB408E6E7T-
33 cell was 1.5 d, and that of UCBTERT-21, UE6E7T-3, or
UBE6T-6 was 2.6, 2.0, or 4.0 days, respectively.

Measurement of chromosome number and fluorescence.
in situ hybridization. Metaphase chromosome spreads for
measurement of chromosome number and fluorescence in situ
hybridization (FISH) were prepared from exponential grow-
ing cells at various PDL. The cells' were treated in.a hypotonic
solution after exposure to 0.06 ug/ml colcemid (Invitrogen,
Carlsbad, CA) for 2 h dand fixed in methanol/acetic acid (3:1).
The cells were spread on a microscope slide. '

" To count the number of chromosomes, the cells were
stained with DAPI (4'-6-diaminido-2-phenylindol; Vector
Laboratories, Inic. Burlingame,; CA) and examined under an
Axioptan I imaging microscope (Carl Zeiss, GmbH)
-equipped with Leica QFISH software (Leica Microsystems
Holding, UK). To examine statistically significant chromo-
some numbers, we have allowed +1 deviation and 50100
metaphase spreads were scored for each assay.

Painting probes specific for chromosome 13 (XCP13-kit,
FITC; MetaSysterns, GmbH) and chromosome 17 (XCP17-
kit; Texas Red) (MetaSystemms GmbH, Altlussheim; Ger-
many), and multicolor probes (mFISH-24Xcyte-kit, DAPI,
FITC, TexasRed, Cy3, Cy5, and DEAC; MetaSystems
GmbH) were used for FISH analysis. FISH was performed
according to the manufacture’s protocol (MetaSystems
GmbH). Briefly, both the metaphase chromosome sprcad
and the probe were denatured with 0.07 N NaOH or 70%
formamide, hybridized at 37° C for I--4 d, and’ counter-
stained with DAPL. FISH images were captured and
analyzed on the Zeiss Axio Imaging microsoope (Carl
Zeiss Microimaging GmbH, Jena, Germany) with Isis
mBAND/mFISH .imaging Software (MetaSystems GmbH).

‘CGH analysis. Hybridization was camried out with the
BAC Amay (MAC AmayTM Karyo 4000 Component,
Macrogen Co., Rockville, MD) by the Hybstation (Ge-
nomic Solutions, Ann -Arbor, MI). Briefly, test DNAS;
which were isolated using an isolation kit (Amersham
BioSciences, Little Chalfont, UK) and Spin Column
(QIAGEN Co., Tokyo, Japan), and reference DNAs
(Promega Co., Madison, WI), werc labeled, respcctively,
with Cy3 or Cy5 (BioPrimer DNA Labeling System,
Invitrogen Co.), precipitated. together with ethanol in the
presence of Cot-1 DNA, redissolved in a hybridization
mixture (50% formamide, 10% dextran sulfate, 2xSSC, 4%

sodium dodecyl” sulfate [SDS], pH 7), and denatured at
75° C for 10 min. After incubation at 37° ( for 30 min,
each mixture was applied to an array slide and incubated at
42° C for 48-72 h. After hybridization, thc slides were
washed in a solution of 50% formamide—2x SSC (pH 7.0)
for 15 min at 50° C, in.2x SSC—0.1% SDS for 15 min at
50° C, and in a 100-mM sodium phosphate buffer
containing 0.1% Nonidet P40 (pH 8) for 15 min at room
temperature, then scanned with GenePix4000A (Axon
Instruments, Union City, CA). Acquired images were
analyzed with MacViewer (Macrogen Instruments).
Differentiation abilitv. To evaluate the differentiation
potential of each cell line, cells were cultured on a coverslip
in each induction medium, that is, hMSC Differentiation
»BulletKit-Adipogenic (PT-3004, Cambrex BioScience, Inc.,
Walkersville, MD) for adipocyte and NPMM Bullet kit
(NPMM™™ BulletKit (B3209, Cambrex BioScience) for
neural progenitor cells. For osteoblast, cells were wreated
with 0.1 pM dexamethasone (Sigma Chemical Co., St.
Louis, MO), 50 pg/ml L-ascorbic acid (Sigma Chemical),
and 10-mM B-glycerophosphate (Sigma Chemical) in the
PLUSOID-M medium (Med-Shirotori Co.) or the POWER-
EDBY 10 medium (Med-Shirotori Co.) of culture medium.
After 2-4 ‘wk, the cells were washed in phosphate-
buffered saline (PBS), fixed in 4% paraformaldehyde in
PBS and stained with Oil Red-O (Sigma Chemical) for
detection of adipocyte, and with alkaline phosphatase
staining solution containing 0.25 mg/ml naphthoi AS-BI
phosphate and 0.25 mg/ml Fast violet LB salt for detection
of alkaline phosphatase-positive osteoblast. In immuno-
staining for neuron-like cells, the cells fixed with parafor-
maldehyde were permeabilized with mcthanol at —20° C for
10 min and stained with an anti-IlIf tubulin antibody
(Sigma Chemical) or anti-neurofilament antibody NF-200
(Sigma Chemical) and Texas Red-anti-mouse Ig(G (South-
ern Biotechnology Associates, Inc., Birmingham, AL) as
previously described (Takeuchi et al. 1990).

Results

Changes in chromosomal aumber in human mesenchvimul
stem cell ‘lines in prolonged culture. Immontalization of
cultured célls frequently induces an abnormal chromosome
number as shown in cancer cells (Duensing et al. Tiio;
Munger et al. 2004; Patel et al. 2004), especially at higher
frequency in long-term culture. We therefore examined four
cell lines, human mesenchymal stem cell (AMSC) lincs
immortalized with'combinations of bmi-1, E6, E7, andror
hTERT genes, for chromosome instability by counting
metaphase chromosomes.
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All of the lines were diploid, each containing 46 up to
40 PDL including the PDL numbers of nontransfecting
‘original MSCs (Takeda et al. 2004; Mori et al. 2005; Terai
et al: 2005). -For UCBTERT-21 cell, no further changes in
-~chromosome number have been observed up to date (for
PDL 133) as shown in Fig. 14 and B.'In contrast, although
the UBE6T-6 cell and the UE6E7T-3 cell were near
diploid, both cells exhibited considerable variation in
chromosome number from PDL 70. after the culture
started. For example, when the assay of UEGETT-3 cells
start at PDL 62 in culture, 90% of cell population had 46
chromosomes, but the population decreased with pro--
longed culturing and a population containing 44 chromo-
somes became dominant (43% of cell populations) at PDL:

147 (ng. 1E, F'). A similar variation was also observed in
UBES6T-6 cells (Fig. 1.C, D).

To ascertain whether or not the changes observed were
induced by transfection with HPV16E6E7, we assayed the
chromosome numbers of UCB40SE6E7TERT-13 cell in
prolonged culture. The cell line showed similar chromo-
somal changes to those of the UE6E7T-3 cell, the rate of
which .was more rapid. At day 2 after culturc by us changes
hecame evident (PDL 68), the UCB408F6E7TERT-33 cells
consisted. of -two distinct populations concerning chromo-
some number (hear diploid [24%] and near teiraploid
[53%])), shown in Fig. 1G. However, the near diploid
population was unstable and decreased gradually. At PDL
81, the population became only near tetraploid, 80% of the
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Figure 1. Changes in chromo- UCBTERT-21 UBEGT-6 UCB40BEGETTERT-33
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CHROMOSOMAL INSTABILITY OF HMSCS

‘cells contain 85-92 chromosomes (Fig. 1X). The. results
.. ‘indicate that UCBTERT-21 is relatively stable in chromo-
'some number, whereas each of the oncogene-immortalized
cells: (UEGETT-3, UBE6T-6, and UCB40SE6E7TERT-33
+cell), were unstable in chromosome numbers, which altered
substantially during prolonged culture.

We néxt applied FISH and CGH analysis to characterize

the chromosomal aberrations of the cell lines. All of the

four cell lines passed for PDL 50 before examination by
FISH. mFISH analysis of the UCBTERT-21 cell at PDL 52
showed -normal chromosome compeosition (Fig. 24 and B)
as observed in non-immortalized cells. The UBE6T-6 cell
containing 43-45 chromosomes demonstrates losses of
chromosome 13, 16, and 19 (marginal variation in chro-
mosome 4 was observed among cells), but keeps on
proliferating in chromosome number of 43-45 (Fig. 2D,
E). In contrast, the UCB408ES6ETTERT-33 cell showed
more heterogeneity in chromosome composition with
intrachromosomal and- interchromosomal -aberrations (data
not shown). However, by mFISH analysis we were able to
detect nonrandom' losses of chromosome 13 in three cell
lines except the UCBTERT-21 cell line. This was also
confirmed by pFISH analysis using the probes specific for
chromosome {3 and chromosome 17 (Fig. 2C, F ). More
than 97%. of UCBTERT-21 cells showed two copies for
chromosome 13, indicating the stability of the chromo-

Figare 2. FISH analysis of
human mesenchymal stem cell
(bMSC) lines immortalized with
hTERT alone, hTERT plus
bm-1, HPVEG6 or with hTERT
plus HPVE6/E7. Multicolor
FISH images of metaphase
spreads (4, D), their karyotypes
(B. E), and painting FISH
images using DNA probes
specific for chromosome 13
(green) and 17 (red) (C, F) of
UCBTERT-21 {4, B, C) and
UBE6T-6 (D, E, F). Quantity of
chromosome 13 copy numbers
in four cell lines (G—J). FISH
-signals were counted in
120~200 metaphase spreads
plus-interphase nuclei.
UCBTERT-21 cells contained
two copies of chromosome 13
and 17, and showed nomnal

A: UCBTERT-21

Y

somes in the cell line (Fig. 2G). The UE6FE7T-3 and the
UBEGT-6. cell lines with chromosome numbers of 43 45
showed only one copy of chromosome 13 in 76% of
UE6ETT-3 cells and 86% of UBE6T-6 cells, respectively
(Fig. 21, J). A similar loss of chromosome 13 was also
observed in 70% of UCB408E6ETTERT-33 cells, which
showed three copies of chromosome 13 in near tetraploid
(Fig. 2H). Other chromosomes, for example chromosome
17, were contained.in the UCBTERT-21 and UBE6T-6 cell
lines (Fig. 2C, F).

Furthermore, a significant nonrandom loss of chromo-
some 13 at the single .cell-level observed by FISH -was
examined by array CGH, which samples the entire cell
population. Figure 3 shows the array CGH profiles from
‘early (blue spots) and late (red spots) stages of proliferating
of each cell line. The UCBTERT-21 cell did not show any
detectable differences in.array CGH profiles between carly
and late stages (Fig. 34). Although the loss of chromosome
13 had already occurred at early stages in the UBE6T-6
and the UCB408E6GE7TERT-33 cell lines, in addition to
the losses of chromosomes 4, 9, and 16 (Fig. 1B, D), in
UEGE7T-3 the loss appeared between PDL 78 to 101 with
loss of chromosome 16. The most compelling observation
was that all three cell lines revealed a consistent whole
loss of chromosome 13. These data are consistent with the |
results observed by FISH analysis. From these results, we
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human karyotype, whereas i A
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Figure 3. Armay CGH profiles ) o
‘performed.on four immortalized 2Lo-gz Ratlo ,,,,
., human mesenchymal stem cell i
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concluded that only hTERT-mediated immortalization
induced Hhittle change in thc chromosome numbers and
chromosome structures of mesenchymal stem cells, but
immortalization with Bmi-1, E6, and E7 in addition to
ATERT results in chromosome instability.

Differentiation potential into lineages of immortalized
mesenchymal stem cell lines. 1t has been reported that
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mesenchymal stem cells have the extensive potential to
differentiate into multiple cell lineages including osteoblast,
chondrocytes, adipocytes (Pittenger et al. 1999), cardiac
myocytes (Makino et al. 1999), and neural cells (Pacary et al.
2006; Wislet-Gendebien et al. 2005). To cvaluate whether
chromosome instability of these cell lines in prolonged
culture affects differentiation, cells of each cell line were
‘stimulated in each induction’ medium for 2 to 4 wk. In



