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Abstract

Although a number of genes expressed in most tissues, including the liver, exhibit circadian regulation, gene expression profiles are
usually examined only at one scheduled time each day. In this study, we investigated the effects of obese diabetes on the hepatic mRNA
levels of various genes at 6-h intervals over a single 24-h period. Microarray analysis revealed that many genes are expressed rhythmi-
cally, not only in control KK mice but also in obese diabetic KK-AY mice. Real-time quantitative PCR verified that 19 of 23 putative
circadianly expressed genes showed significant 24-h rhythmicity in both strains. However, obese diabetes attenuated these expression
rhythms in 10 of 19 genes. More importantly, the effects of obese diabetes were observed throughout the day in only two genes. These
results suggest that observation time influences the results of gene expression analyses of genes expressed circadianly.

© 2006 Elsevier Inc. All rights reserved.
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Many physiological and behavioral processes exhibit
circadian, 24-h rhythmicity. Recent studies have revealed
that these endogenous rhythms are generated at the cellular
level by circadian core oscillators, which are composed of
transcriptional/translational feedback loops involving a
set of clock genes [1,2]. In mammals, rhythmic transcrip-
tional enhancement by two basic helix-loop-helix Per-
Arnt-Sim  domain-containing  transcription factors,
CLOCK and brain and muscle Arnt-like protein 1
(BMALI), provides the basic drive for the intracellular
clock system; the CLOCK-BMALI heterodimer activates
the transcription of various clock-controlled genes [3,4].
Given that some clock-controlled genes, including the albu-
min D-site binding protein (Dbp), also serve as transcrip-
tion factors, the expression of numerous genes may be

* Corresponding author. Fax: +81 285 44 7562.
E-mail address: akiofuji@jichi.ac.jp (A. Fujimura).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/1.bbrc.2006.06.044

tied to the molecular clock [1,2]. In parallel, the CLOCK-
BMALI1 heterodimer activates the transcription of the
Period (PER) and Cryptochrome (CRY) genes [5-7]. When
the PER and CRY proteins reach a critical concentration,
they attenuate CLOCK-BMALI transactivation, thereby
generating a circadian oscillation in their own transcription
[4,5].

The molecular clock system resides not only in the hypo-
thalamic suprachiasmatic nucleus, which is recognized as
the mammalian central clock, but also in various peripheral
tissues [8-10]. The suprachiasmatic nucleus is not essential
for driving peripheral oscillations but acts as to synchro-
nize peripheral oscillators [10]. Therefore, the local molec-
ular clock may directly control the physiological
rhythmicity in peripheral tissues.

Recent studies have suggested that malfunction of the
molecular clock system is involved in the development of
metabolic syndrome, which is a constellation of metabolic
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abnormalities including obesity, dyslipidemia, hyperten-
sion, and insulin resistance/type 2 diabetes [11]. In mice,
inactivation of BMALI suppresses the diurnal variation
in plasma glucose and triglyceride concentrations and can
lead to insulin resistance [12]. Moreover, homozygous
Clock mutant mice have an attenuated diurnal feeding
rhythm, are hyperphagic and obese, and develop hypergly-
cemia, hyperlipidemia, and hepatic steatosis [13]. Further-
more, we have shown that the rhythmic expression of
clock genes is attenuated in the liver and visceral adipose
tissue of KK-AY mice, a genetic model of severe obesity
and overt diabetes [14]. Liver and visceral adipose tissue
have critical roles in the development of metabolic syn-
drome/type 2 diabetes [15,16]. In the liver, approximately
10% of the genes are expressed circadianly, which may help
maintain hepatic physiology [8,9]. Therefore, the circadian
expression of various genes appears to be dampened in the
livers of animals with metabolic syndrome/type 2 diabetes.

In general, the in vivo effects of metabolic abnormalities
on gene expression are studied at only one scheduled time
each day. The effects of obese diabetes on the hepatic
mRNA levels of several clock genes were observed only
at their peak times [14]. Therefore, differences in timing
among experiments might cause diverse results, especially
for genes expressed rhythmically. To test this hypothesis,
we investigated the effects of obese diabetes on the hepatic
mRNA levels of various genes at different times of day,
using microarray and real-time quantitative PCR analyses.

Materials and methods

Mice. Female KK/Ta and KK-AY/Ta mice (n=12 for each strain)
were obtained from CLEA Japan (Tokyo, Japan) at 8 weeks of age and
were maintained under specific pathogen-free conditions with controlled
temperature and humidity and a 12-h light (07:00-19:00 h)/12-h dark
(19:00-07:00 h) cycle. The mice were housed individually and were given a
standard laboratory diet (CE-2; CLEA Japan) and water ad libitum. After
2 weeks, animals were sacrificed to obtain blood and liver samples at the
following zeitgeber times (ZT): 0, 6, 12, and 18, where ZT 0 is defined as
lights on and ZT 12 as lights off. All animal procedures were preformed in
accordance with the Guidelines for Animal Research of Jichi Medical
University, Japan.

Measuring circulating glucose and insulin concentrations. The blood
glucose concentration was measured using a Glutest Ace R (Sanwa
Kagaku Kenkyusyo, Nagoya, Japan). The radioimmunoassay for serum
insulin was performed using kits purchased from Linco Research (St.
Charles, MO). The intra- and interassay coefficients of variation were less
than 10%.

RNA isolation and microarray hybridization. Total RNA was isolated
from the liver samples using an RNeasy Mini kit (Qiagen, Valencia, CA).
The amount and quality of RNA were assessed using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and
an Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA).

We used the samples obtained at ZT 0 and 12 for the microarray
analysis because CLOCK-BMALI transcriptional activity peaks in the
early dark phase and reaches a minimum in the early light phase [17].
Fragmented, biotin-labeled amplified cDNA was prepared from 85 ng of
total RNA using the Ovation Biotin System (NuGEN Technologies, San
Carlos, CA), which is powered by Ribo-SPIA technology [18], according
to the manufacturer’s instructions. The cDNA (2.2 pg) was then hybrid-
ized to the GeneChip Mouse Expression Array 430A (Affymetrix, Santa
Clara, CA), which contains 22,626 probe sets primarily against well-

annotated full-length genes, for 18 h at 45 °C. The chips were washed, and
the signal was detected using standard Affymetrix reagents and protocols.

Analysis of the microarray data. A scanned image was quantified using
GeneChip operating software, version 1.2 (Affymetrix) with the default
parameters, and these data were analyzed using GeneSpring, version 7.2
(Agilent Technologies). Initially, values less than 0.01 were set to 0.01.
After global normalization, each transcript was normalized to the median
expression level across the samples obtained from KK mice at ZT 0.
Statistical comparisons between groups were made using one-way
ANOVA, and the transcripts that showed a significantly (P < 0.05) greater
than 2-fold or less than 0.5-fold change were subjected to GeneTree
clustering.

Quantitative reverse transcription-PCR. Reverse transcription was
performed with 1.2 pg of total RNA, random hexamer primers, and
RevertAid M-MuLV reverse transcriptase (Fermentas, Hanover, MD).
The real-time quantitative PCR was performed with the ABI Prism 7700
sequence detection system (Applied Biosystems, Foster City, CA), as
previously described [14,19]. All specific primer sets and TagMan probes
were obtained from Applied Biosystems, and their GenBank accession
codes are shown in Table 1. The data were analyzed using the comparative
threshold cycle method [20]. To control the variation in the amount of
DNA available for PCR in the different samples, the gene expression of
the target sequence was normalized in relation to the expression of an
endogenous control, glyceraldehyde-3-phosphate dehydrogenase.

Statistical analysis. Differences in circulating glucose and insulin con-
centrations between KK and KK-AY mice were determined using the
Mann—Whitney U test. The rhythmicity of each gene was assessed using
one-way ANOVA. Differences in the mRNA levels at each time point
between groups were evaluated using Student’s z-test. The values are
presented as means + SEM, and P <0.05 was considered significant. All
calculations were performed using StatView, version 5.0 (SAS Institute,
Cary, NC).

Results

Compared with KK mice, the strain with the AY allele
(KK-AY) developed severe obesity (KK, 28.9+0.5g;
KK-AY, 435+0.4¢g n=12 in each strain; P <0.01).
Moreover, in KK-AY mice, marked hyperglycemia and
hyperinsulinemia were observed throughout the day
(Fig. 1). Therefore, the KK-AY mice had developed obese
type 2 diabetes by the time of the study.

The CLOCK-BMALI transcriptional activity peaks in
the early dark phase and reaches a minimum in the early
light phase [17]; therefore, microarray analyses were per-
formed using the samples obtained from both strains at
ZT 0 and 12 (n = 3 in each of the four groups). We identi-
fied 343 transcripts whose levels differed significantly, by
>2-fold, among the groups (P <0.05, one-way ANOVA)
and subjected them to GeneTree clustering. As expected,
the 12 samples were divided correctly into the four groups
(Fig. 2). Note that this analysis next grouped KK mice at
ZT 12 and KK-AY mice at ZT 12, rather than the same
strains. These results suggest that the mRNA expression
of many genes exhibits daily rhythmicity not only in KK
mice but also in KK-AY mice. Moreover, as a whole, the
observed gene expression was influenced more by the time
at which the observation was made than by obese diabetes.

Then, we investigated whether obese diabetes affects the
circadian expression of various genes. We selected those
genes whose microarray expression levels differed by >5-
fold between ZT 0 and 12 in KK and KK-AY mice and
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Table 1
Rhythmicity in the expression of selected genes
Gene name Gene symbol GenBank Accession Code KK KK-Ay
For microarray For real-time PCR F P F P
D Site albumin promoter binding Dbp BC018323/BB550183  BC018323/NM_016974 257  <0.01 65.1  <0.01
protein
Period homolog 3 (Drosophila) Per3 NM_011067 NM_011067 33.7 <0.01 39.1 <0.01
Ubiquitin-specific protease 2 Usp2 Al553394 Al553394 79.5 <0.01 464  <0.01
Uridine phosphorylase 2 Upp2 BC027189 BC027189/NM_029692 169 <0.01 17.9  <0.01
P450 (cytochrome) oxidoreductase Por NM_008898 NM._008898 454  <0.01 420 <0.01
Neuregulin 4 Nrg4 NM_032002 NM_032002 20.1  <0.01 36.3  <0.01
Aryl hydrocarbon receptor nuclear Arntl/Bmall BC011080 BCO011080/NM_007489 235  <0.01 1935  <0.01
translocator-like
Neuronal PAS domain protein 2 Npas2 BG070037 NM_008719 279 <0.01 82.0 <0.01
(Mus musculus transcribed sequences) — BB205273 BB205273 20.5 <0.01 5.9 <0.05
Solute carrier family 34 (sodium Slc34a2 NM_011402 AKO004832 12.7  <0.01 35.6  <0.01
phosphate), member 2
Protein phosphatase 1, regulatory Ppplr3c BQ176864 NM_016854 259  <0.01 9.6 <0.01
(inhibitor) subunit 3C
RIKEN cDNA 1110067D22 gene 1110067D22Rik  BC019131 BC019131/NM_173752 51.7  <0.01 492  <0.01
Caseinolytic protease X (Escherichia coli) ~ Clpx BF020441 NM._011802 333 <0.01 340 <0.01
N-myc downstream regulated 1 Ndrgl AV309418 NM_010884 17.8  <0.01 194  <0.01
Tubulin, beta 2 Tubb2 BC003475/M28739 BC003475/NM_009450 21.7  <0.01 21.7  <0.01
Nuclear factor, interleukin 3, Nfi3 AY061760 AY061760/NM_017373 9.3 <0.01 6.2 <0.05
regulated
Cyclin-dependent kinase inhibitor Cdknla AKO007630 AKO007630/NM_007669 3.9 0.06 13.0 <0.01
1A (P21)
Proline-serine-threonine Pstpip2 BC002123 BC002123/NM_013831 3.7 0.07 147  <0.01
phosphatase-interacting protein 2
(Mus musculus transcribed sequences) — BB530740 BB530740 514  <0.01 266  <0.01
DEP domain containing 6 Depdc6 BC004774 BC004774/NM_145470 132  <0.01 6.0 <0.05
Sphingosine kinase 2 Sphk2 AKO016616 NM_203280 1.1 <0.01 134 <001
Proteasome (prosome, macropain) Psmc6 AW208944 NM_025959 1.8 0.23 138  <0.01
268 subunit, ATPase, 6
Tumor necrosis factor Tnf NM_013693 NM_013693 1.6 0.27 1.6 0.27

Using the microarray analysis, genes whose expression levels differed markedly (>5-fold, P <0.05) between ZT 0 and 12 in KK or KK-A” mice were
selected, and their rhythmic mRNA expression was verified using the real-time PCR analysis. The rhythmicity of each gene was tested using one-way

ANOVA.

analyzed their expression levels at ZT 0, 6, 12, and 18,
using real-time quantitative PCR. As shown in Table 1,
19 of the 23 selected genes showed significant rhythms of
mRNA expression in both KK and KK-AY mice, suggest-
ing that our microarray analyses were effective for detect-
ing circadianly expressed genes. Four of the 19 genes
(Dbp, Per3, Bmall, and Npas2) are well-known clock and
clock-controlled genes. Significant rhythmicity in the
expression of three other genes (Cdknla, Pstpip2, and
Psmc6) was also observed in KK-AY mice but not in KK
mice. Therefore, these results confirm that the mRNA
expression of various genes exhibits 24-h rhythmicity, even
in obese diabetic mice. As shown in Fig. 3, the phases of the
daily expression rhythms of all 19 circadianly expressed
genes detected in this study did not seem to differ between
the strains. However, obese diabetes significantly affected
the mRNA levels of 13 rhythmically expressed genes at
one or more observation time (Fig. 3A-C). In particular,
the peak levels of ten genes were significantly attenuated
in KK-AY mice compared with those in KK mice (Fig.
3A and B). The differences between the strains were

observed throughout the day in only two of the 13 genes
(Por and Depdc6) (Fig. 3A). Therefore, obese diabetes
dampened the rhythmic expression of various genes in
the mouse liver, but these effects could be detected only
at particular observation times in most of the genes.

Discussion

Previously, we showed that the rhythmic expression of
the clock genes is attenuated in the liver of obese diabetic
KK-AY mice compared with control KK mice [14]. Given
that the molecular clock consisting of clock genes is
thought to regulate most circadian gene expression [1,2],
obese diabetes should attenuate the rhythmic expression
of most genes. In this study, we found that the peak
mRNA levels of more than half of the genes examined were
reduced in the livers of KK-AY mice, whereas the transcript
levels of about one-third of the genes examined were hardly
affected throughout the day. Therefore, the influence of the
molecular clock on rhythmic gene expression appears to
vary among genes.
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Fig. 1. Daily profiles of the serum glucose and insulin concentrations in
KK (solid circles) and KK-AY mice (open circles). Data are means 4+- SEM
of three mice at each time point. *P < 0.05 vs. KK mice.

In concordance with previous results [14], the peak
transcript levels of the clock genes (Bmall, Per3, and
Dbp) in KK-AY mice were significantly lower than those
in KK mice (Fig. 3A and B). By contrast, the mRNA
level of neuronal PAS domain protein 2 (NPAS2),
another clock gene, did not differ between the strains.
NPAS2 is similar to CLOCK in amino acid sequence,
and these transcription factors share BMALI as an obli-
gate heterodimeric partner and bind to the same DNA
recognition element [21]. The NPAS2-BMALI1 heterodi-
mer, like CLOCK-BMALL, is reported to play a role
in maintaining circadian behaviors [22]. However, it
remains unclear how NPAS2-BMALI1 affects the rhyth-
mic gene expression in peripheral tissues. Moreover,
whether obese diabetes affects the NPAS2-BMALI activ-
ity, as well as the CLOCK-BMALI action, remains to be
determined.

Our results demonstrate that obese diabetes impairs the
rhythmic expression of various genes, including Usp2,
Upp2, Por, and Sphk2. Ubiquitin-specific protease 2, a pre-
proteasomal isopeptidase, has been reported to stabilize fat-
ty acid synthase [23]. Hepatic uridine phosphorylase
inversely regulates the circulating uridine level, and its circa-
dian rhythmicity might be involved in the humoral control
of sleep by uridine [24]. Cytochrome P450 oxidoreductase

Relative Expression Level

Fig. 2. GeneTree clustering analysis of gene expression profiles in the
livers of KK and KK-AY mice obtained at ZT 0 and 12 (n =3 for each
time point in both mice). The transcripts with significantly different levels
(P <0.05, one-way ANOVA), i.e., >2-fold, among the four groups were
used for the clustering. The increased expression is shown in red; decreased
expression is shown in blue. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this paper.)

transfers electrons to all microsomal P450 enzymes, and
its deficiency can affect steroidogenesis and drug metabo-
lism [25]. Sphingosine kinase is a key enzyme modulating
the cellular levels of sphingolipids, which are involved in
regulating multiple cellular processes, including cell growth,
apoptosis, and proliferation [26]. Therefore, obese diabetes
probably dampens the circadian rhythmicity of various
physiological functions. Further studies are needed to clar-
ify the pathophysiological roles of these effects in obese
diabetes.

It has been suggested that approximately 10% of the
genes expressed in the liver and about 8% of the genes
expressed in the heart exhibit circadian regulation [9].
As most tissues, including the liver and heart, have an
intracellular clock system [10,27], the expression of many
genes in most organs is expected to exhibit rhythmicity.
Our results strongly suggest that gene expression analysis
based on observations at only one time of day would tend
to overlook the effect of obese diabetes if the gene were to
show rhythmic regulation. Therefore, the observed effects
of obese diabetes, and possibly those of the other condi-
tions, on many genes in various tissues might vary
depending on the observation time. We suggest that circa-
dian variation be considered in the analysis of in vivo gene
expression.
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Fig. 3. Daily mRNA expression profiles of the circadianly expressed genes in the livers of KK (solid circles) and KK-AY mice (open circles). Liver samples
were obtained from both mice at ZT 0, 6, 12, and 18. Transcript levels were determined using real-time quantitative reverse transcription-PCR. Data are
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Individual Differences in Gene Expression in Primary
Cultured Renal Cortex Cells Derived from Japanese Subjects

AKIRA SASAKI,T YASUO OSHIMA," SAEKO KISHIMOTO!
and AKIO FUJIMURA!

We used microarrays to examine individual-based differences in gene expression in primary
cultures of renal tubular cells derived from Japanese subjects. The subjects had solitary
tumors in the kidney or urinary tract, which were diagnosed pathologically as renal cell car-
cinoma or transitional cell carcinoma. Renal tissue samples collected from a non-tumorous
portion of the tissue were regarded as normal tissues, as there were no abnormal micro-
scopic findings and no evidence of renal dysfunction from the clinical lahoratory data. The
genome-wide gene expression profiles of nine human renal cell cultures were analyzed using
the Affymetrix GeneChip HG-U133A and HG-U133B arrays. Approximately 8,500 tran-
scripts exhibited significant differential expression (p < 0.05) among the subjects, and the
coefficients of variation for 1,338 transcripts were greater than 50%. Some of these transcripts
encode drug-metabolizing enzymes (e.g., UGTIA8 and UGTI1A9) or sodium/phosphate co-
transporters (e.g., PDZK1). These data provide the basis for toxicogenomic studies using

primary cultured renal cortical cells from Japanese subjects.

1. Introduction

We use toxicogenomics to clarify toxicity
mechanisms and to identify biomarkers that
predict kidney toxicity. Toxicogenomics in-
volves the application of microarrays to analyz-
ing gene expression patterns after exposure to
toxic compounds, which can contribute to es-
tablishing the functional profile of the genome
and the discovery of useful markers of toxic-
ity 12). In addition, the information derived
from toxicogenomic studies may improve pre-
dictions of the toxicity of new compounds and
provide clues to the mechanisms of toxicity.
The current trend in toxicogenomic studies is to
analyze gene expression profiles after exposing
animals, such as rodents, to toxic chemicals or
medicines in order to examine toxicity-related
gene expression. However, adverse events in
humans are often not predicted from animal
studies conducted during the dirug development
process. Therefore, research techniques that
employ human tissues are necessary. However,
due to the scarcity and size of suitable human
tissue samples, it is difficult to repeat expo-
sure experiments using the same batch of tis-
sue. Thus, it is necessary to perform such stud-
ies with a small munber of human samples.
While it is known that inherited and environ-
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mental individual differences occur in humans,
it is unclear whether the data obtained using
small numbers of human samples are applica-
ble to general toxicity-related gene expression
research. Information is also lacking on the ex-
tent of individual differences in gene expression.
To understand gene expression patterns using
human tissues that originate from few individ-
uals, it is important to examine the individ-
ual differences in gene expression of cultured
human tissues. The use of human tissues col-
lected during surgical procedures is restricted
in Japan. It is also prohibited to use human
organs removed for organ transplantation from
a brain dead donor but not transplanted into
a recipient, even if the donor had expressed
a willingness to donate the organ to research
and the organ was kept in very good condition
post-mortem. Japanese tissues are not available
from any commercial source. Moreover, the
National BioResource Center of Japan (http://
www.nbrp.jp) does not supply Japanese human
tissues that have been harvested by surgery.
Therefore, to use primary Japanese hwiman tis-
sues, researchers must prepare themselves. In
addition, it is becoming more and more diffi-
cult to obtain primary tissues from celiotomy
incision, as the current trend in the treatment
of solitary renal or winary tract tumnors is la-
paroscopy, which is not suitable for the harvest-
ing of tissues for biochemical research. In this
study, we used the cultured cells because warm
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ischienmic time was often wmore than 30 minntes
and therehby the quality of RNA extracted from
the kidney was defective withont cell viability
recovery by culturing for a few weeks. The kid-
ney has many funetions, such as the excretion
of soluble waste substances, homceostatic main-
tenance, endocerine secretion, and metabolism.
It is also known that some of these hwctions
have genetic polymorphisms, which result in
individual differences. Thercfore, for onr toxi-
cogenomic study, it is important to collect gene
expression data on all subjects, to understand
these individual differences. In this study, we
analyzed the gene expression patterns of pri-
mary renal tubular cells, and searched for differ-
ential gene expression among individuals. This
is the first study to examine individnal-hased
differences in the gene expression of primavy
cultured cells from Japanese subjects.

2. Materials and Methods

2.1 Subjects and Sampling of Renal
Tubular Cells

Japanese patients of at least 18 years of age,
who were admitted to the Jichi Medical School
Hospital for renal resection of a confirmed soli-
tary tumor in one kidney, the renal pelvis or
the urethra, were eligible for this study. Pa-
tients with renal dysfunction (i.e., serum crea-
tinine levels > 2.0mg/ml or abnormalities in
serum levels of sodium, potassium, or chlo-
ride) were excluded. Our institutional review
boards, including the Bioethics Committee of
Jichi Medical University and the Bioethics
Committee for Hwman Gene Analysis, ap-
proved the study protocol. All patients or their
legally authorized representatives gave written
informed consent before enrolment in the study,
which was carried out in accordance with the
principles of the Declaration of Helsinki (as
revised, 1996). The preparation and cryop-
reservation of the primary cultured cells were
conducted using previously described methods,
and the function and formation of these cells
were confirmed previously®). In brief, a few
grams of tissue were chopped and washed with
Ewro-Collins solution (Kobayshi Pharmaceuti-
cal Co., Ltd., Osaka, Japan). After 60min of
continuous agitation in an intracellular-like so-
Intion with 1.500U/ml dispase (Godo Shusei
Co.. Ltd.. Tokyo. Japan), the cells were incu-
Dated in 0.05% trypsin and 0.53 M sodium
cthylenediamine tetrancetate (EDTA) (Invitro-
gen Covp.. Carlsbad. CA. USA) at room tem-

Nov. 2006

perature.  The cells showed a wniform nor-
phology of epithelial cells, which snggested that
the purificd cells were of uniform origin and
characteristics.  Expression analysis revealed
that five kiduey-specific genes-KL, SLC17A3,
AQP2, S1LC22A2. and KCONJ-were present in
these coells. The cells exhibited gamma-GTP en-
symatic activity and GInt2 antigen expression,
which snggests renal tubular origin, Thus, the
majority of the purified and cultured cells orig-
inated from the proximal renal tubule and re-
tained at least some of the characteristics of the
original tissuc. Details of the individuals and
sample preparation are described in the sup-
plemental data.

2.2 Gene Expression Analysis

Primary renal cortical cell cultures were de-
rived from 11 individuals (n = 3 cultures for
cach individual) and grown to confluence he-
fore harvesting. Total RNA samples were ex-
tracted using the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) according to the manufac-
turer’s instructions. The purified RNA sam-
ples were quantified on a U-2000 spectrom-
eter (Hitachi Instruments Service Co., Ltd.,
Tokyo, Japan). Double-strand ¢cDNA was syn-
thesized from 20 ug of purified RNA and used
to prepare biotin-labeled complementary RNA
for hybridization on the Test3, HG-U133A, and
HG-U133B microarray chips of the GeneChip
system (Affymetrix, Santa Clara, CA, USA),
which contain 45,000 oligonucleotide probe sets
that correspond to approximately 39,000 tran-
scripts. HyDbridization and washing of the ar-
rays and detection of the signals were performed
using the GeneChip system according to the
manufacturer’s instructions (Aflymetrix). We
measured the 3-ewnd to 5'-end ratios of house-
keeping genes, such as f-actin and GAPDH.
This ratio gives an indication of the integrity
of the starting RNA, efficiency of first-strand
cDNA synthesis, and #n wvitro transcription of
cRNA. The signal obtained for cach probe
set reflects the probe sequences and their ly-
bridization properties (GeneChip Expression
Analysis Technical Manual, Affyimetrix). When
the 3"-end to 5-end ratio was > 3.0, the data
were excluded from analysis.  Details of the
cDNA, cRNA preparation, labeling, hybridiza-
tion and scanning procedures are described in
the supplemental data.

2.3 Normalization

Normalization was performed using the
GeneSpring®version 7.1 software (Silicon Ge-
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Table 1 Patient characteristics.

UPN  Age  Gender  Prior Treatment  Prescribed Medication Histological — Histological Find-
Diagnosis ings other than
tumor
#01 78 N No celeapene TCC normal
#02 66 N No No RCC normal
#03 h7 M No tamusulosing brotizolam TCC normal
#04 35 M No No RCC normal
#05 616] g No No RCC normal
#06 47 M No No RCC norinal
H#07 77 M No No RCC norimal
#08 67 M No No TCC norimal
#11 85 F No brotizolan RCC normal

M, male; F, foemale; TCC, transitional cell carcinoma; RCC, renal cell carcinoma; UPN, nnique patient

munber

Table 2 Clinical laboratory findings for subjects inclnded in the analysis.

UPN BUN Cr Na K Cl
(mg/dl}  (mmole/l)  (mmole/1)  (mmole/1)  (mmole/l)
#01 16 0.86 142 3.8 104
#02 13 0.73 139 4.4 103
#03 13 0.84 144 4.1 106
#04 14 0.80 139 4.1 101
#05 15 0.91 139 3.9 102
#006 13 0.83 140 4.1 106
#07 18 0.78 140 4.1 105
#08 14 0.79 140 4 103
#11 13 0.55 138 3.8 102
Normal range 8-20 0.63-1.03 136-148 3.6-5.0 96-108

UPN, unique patient number; BUN, blood urea nitrogen; Cr, serum cre-
atinine; Na, sodium; K, potassiuim; Cl, chloride

netics, Redwood, CA, USA) and was applied
in two steps: ‘per chip normalization’ and ‘per
gene normalization’. For per chip normaliza-
tion, all of the expression data on a chip were
normalized to those of the housekeeping genes
using the subset list ‘betterHK.txt’%). For per
gene normalization, each transcript was nor-
malized to the median expression level across
the samples.
2.4 Statistical Analysis
The transcripts were accepted only if 60%
or more of the samples indicated ‘present’ or
‘marginal’ flags, and the data were further
refined using Cross Gene Error Modeling 3.
Transcripts with control signals that were lower
than the calculated base/proportion value were
removed from the analysis. The fold-changes
and C.V. values among the individuals were cal-
culated as follows:
C.V. (%)= standard deviation « 100

mean of gene expression

Based on the null hypothesis that there was no
difference on the average of the gene expression
between individuals, p value was calculated us-
ing a non-paramctric test and the Benjamini

and Hochberg false discovery rate procedure for
multiple testing®).

2.5 Comparison of the Gene Ex-
pression with Cancer Genome
Anatomy Project (CGAP) Re-
source

Among gene expression data from 27 samples

in total, the genes with ‘positive’ or ‘marginal’
flag in at least 60% of samples were listed in
‘high expressing gene list’. Rests of them was
listed in ‘negative expressing gene list’. On the
other hand, the gene expression data originated
from normal kidney was obtained from CGAP
resouwrce. Based on the null hypothesis that
there was no relation between our experimental
data and CGAP expression data, Fisher exact
test was conducted.

3. Results

3.1 Subjects

We analyzed the comprehensive gene expres-
sion profiles of primary cultures of renal cortical
cells derived from nine Japanese subjects who
were admitted for kidney resection. Table 1
and Table 2 summarize the patients’ char-
acteristics and the clinical laboratory find-
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Table 3 The number of genes exhibiting differential
expression in the primary cultured renal cor-
tex cells of one or more individuals. *Fold-
change in expression level compared with
the mean expression level for all subjects.
“*Number of individuals that exhibit differ-
cutial expression for the same gene.

Number of
individuals®**

TFold change®
X2 %3 x4 x5

Up or down
regulation

1 Up 2,885 456 85 32
Down 566 799 404 264
2 Up 649 36 12 5
Down 620 127 42 23
3 Up 138 6 1 5
Down 209 1 10 4
4 Up 7 1 0 0
Down 24 3 2 1
5 Up 0 0 0 0
Down 1 0 0 0

Up, up-regulation; Down, down-regulation.

ings for the nine subjects (seven males and
two females). None of the subjects received
chemotherapy or radiation prior to surgery.
The prescribed medications are listed in Ta-
ble 1. No patient suffered from hypertension or
diabetes mellitus and none of the patients re-
quired medication that would affect renal func-
tion. Six patients had renal cell carcinoma and
three had transitional cell carcinoma. All of the
clinical laboratory tests were within the normal
range, with the exception of serum creatinine
for UPN #11.

3.2 Microarray Analysis

Using microarray analysis, we classified the
genes according to the fold-change in expres-
sion as compared to the mean expression level,
to identify individual differences. Of approx-
imately 39,000 transcripts analyzed, 2,885 ex-
hibited two-fold up-regulation, while 566 ex-
hibited two-fold down-regulation in at least
one subject. Similarly, 456, 85, and 32 tran-
scripts exhibited three-, four-, and five-fold
up-regulation of expression, respectively, while
799, 404, and 264 transcripts exhibited three-,
four-, and five-fold down-regulation, respec-
tively, for at least one subject in comparison
with the mean expression level. Two-fold up-
regulated differential expression was detected in
2, 3, 4, and 5 subjects for 649, 138, 7, and 0
transcripts, respectively, while 620, 209, and 24
trauscripts, respectively, were down-regulated
(Table 3). We also classified the genes ac-
cording to the calculated p-values, which in-
dicate significantly different expression levels
among the subjects: p < 0.05, 8,596 tran-
scripts; p < 0.01, 4,319 transcripts; p < 0.001,
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Table 4 Classification of genes by p-value indicating
significantly different expression levels among
the subjects.

p-value Number of genes  Number of false-
positive gencs
P < 0.05 8,596 748
P < 0.01 4,319 149
p < 0.001 1,212 15
2500~
2000~
>
)
& 1500"
s
o
2
w 10007

5007

O—

0 20 40 60 80 100
C.V. value (%)

Fig. 1 Classification of genes according to the coefli-
cient of variation (C.V.) among the subjects.
Histogram showing the number of transcripts
with the indicated C.V. levels

Table 5 The number of transcripts with C.V. values
that exceeded the indicated thresholds.

C.V. value (%)

Number of genes

> 50 1,338
> 170 212
> 80 96
> 90 44
> 100 27

1,212 transcripts (Table 4). The estimated
numbers of false-positive transcripts, which by
chance give values less than the indicated p-
value, were: 748 for p < 0.05; 149 for p < 0.01;
and 15 for p < 0.001 (Table 4).

We examined the coeflicient of variation
(C.V.) for the gene expression levels among the
subjects (Fig.1). The C.V. was > 50% for
1,338 transcripts, > 70% for 212 transcripts,
and > 90% for 44 transcripts (Table 5). In-
cluded among the transcripts with C.V. values
> 90% were PDZK1, UGTIAS, and UGTI1AY,
which are associated with drug metabolism.

3.3 Comparison of the Gene Expres-

sion with CGAP Resource

According to Section 2 Fisher exact test was
conducted. p-value was below 0.0001 and the
null hypothesis was rejected. Therefore, it was
considered that there was a significant correla-
tion between our experimental data and CGAP
expression data.
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4. Discussion

In this study, we used imicroarray analysis
to investigate individual differences in the gene
expression of primary cultured renal cortical
cells from Japanese subjects. The current so-
cial structure and cnvironment in Japan ave
not favorable to the use of human tissues col-
lected during surgical procedures in biochem-
ical research. Therefore, Japanese tissues arc
not available from commercial sources or from
the National BioResource Center. Primary
Japanese human tissucs can be used only for
limited projects in limited facilities. It has he-
come more and more difficult to obtain kidney
samples from surgery, due to recent changes
in operational procedures. Therefore, studics
such ag the preseut omne, using Japanese pri-
mary tissues, are rare. Primary cultures were
prepared from the non-tumor portions of extir-
pated kidneys. The non-tumor portions showed
no pathological abnormalities. All of the sub-
jects had normal Na, K, and BUN values and
none of the subjects exceeded the upper limit
for creatinine (Cr) content. There was no evi-
dence to suggest any underlying disease, such as
hypertension or diabetes mellitus, which might
lead to renal dysfunction. No patient was pre-
scribed renal-toxic medicines before the oper-
ation. Thus, the renal tissues that we har-
vested were regarded as normal. However, it
is possible that these tissues had an unknown
genetic factor(s) and they may have been ex-
posed to environmental factors related to car-
cinogenesis, as the samples were from the non-
tumor tissues of cancer patients. As primary
cultured renal cortical cells consist mainly of
renal tubular cells, the gene expression profiles
in this study were expected to reflect those of
renal tubular cells 3. We analyzed the gene ex-
pression patterns of nine primary cultures of
renal tubular cells. Of the 39,000 transcripts
analyzed by the microairay system, 8,569 (ap-
proximately 22%) exhibited significantly differ-
ent expression levels p < 0.05 among the sub-
jects. In pharmacokinetics, high inter-subject
variability is considered present when the C.V.
of a pharmacokinetic parameter (such as the
maximun plasma concentration, the area under
the plasma concentration-time curve, or clear-
ance) is > 50% 78, When we classified the
genes based on their C.V. values, we found that
44 transcripts, including the PDZK 1, UGT1AS,
and UGTIA9 transcripts, had C.V. values >
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90%. PDZKI encodes a protein that is regu-
lated by dietary phosphate, increases phosphate
uptake through a sodium/phosphate cotrans-
porter, and plays an important role in cellu-
lar phosphate regulation®. The UGTIA8 and
UGT1A9 transcripts belong to the UG T1A gly-
cosyltransferase gene family and catalyze the
conjugation of glucuronic acid to various en-
dobiotics and xenobiotics 9. Thus, some in-
dividual differences are seen for genes that
encode drug-metabolizing cnzymes or trans-
porters. These genes may be associated with
individual differences in drug metabolism, dis-
tribution, and excretion.

We analyzed the gene expression profiles of
primary cultures of cells from Japanese indi-
viduals, to determnine individual differences us-
ing various statistical methods. Caution is
necessary in the identification of these genes,
which showed individual-based differences or
were listed as outliers form the data obtained
from primary renal cell cultures. Thus, these
data are useful in interpreting and understand-
ing the toxicogenomics of primnary cultured re-
nal cortical cells from Japanese subjects.
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Objective. To investigate arsenic trioxide’s renal toxicity, we analyzed the gene-expression pat-
terns of primary renal and human kidney cells (HEK293 cell line) following exposure to ar-
senic trioxide. Moreover, we examined a potential renal toxic mechanism(s) of arsenic trioxide
by using a toxicity-related gene and investigated potential treatments to reduce the renal
toxicity of arsenic trioxide.

Materials and Methods. Arsenic trioxide was exposed to primary renal and HEK293 cells, and
the gene-expression analysis was conducted using DNA microarray. Then, reactive oxygen
species inhibitors or o-lipoic acid were added to HEK293 cells exposed arsenic trioxide and
cell viability was determined.

Results. Expression of HMOX1 mRNA increased in a time- and dose-dependent manner, and
translation of heme oxygenase 1 protein was also induced. Arsenic trioxide-induced cytotoxicity
was inhibited by reactive oxygen species inhibitors. Moreover, superoxide anion was detected in
arsenic trioxide-treated HEK293 cells. a-Lipoic acid ameliorated arsenic trioxide-induced cyto-
toxicity and reduced superoxide anion production in HEK293 cells, whereas it had no effect in
promyelocytic leukemia cells (HL-60 cells and NB4 cells) and myeloma cells (KMS12BM cells
and U266 cells).

Conclusions. Arsenic trioxide-induced renal toxicity is strongly associated with the increased
expression of HMOX1, and the cytotoxic mechanisms of arsenic trioxide involves reactive
oxygen species production as well as another pathway. These preliminary results suggest that
a-lipoic acid may be a suitable agent for prevention or treatment of arsenic trioxide-induced
renal toxicity. © 2007 International Society for Experimental Hematology Published by
Elsevier Inc.

Microarray technology, an inclusive gene-expression analy-
sis tool, can be applied to new drug development [1], gene
mutation analysis of diseases [2,3], and toxicity evaluation
following chemical exposure [4,5]. This new technology
can measure the expression levels of thousands of tran-
scripts in a single experiment and lead to a new field of
study, toxicogenomics, which brings together the sciences
of genomics and toxicology [6—8]. We used toxicogenomics
to clarify renal toxicity mechanisms and to identify bio-
markers that predict renal toxicity. Human primary renal
cortical cells (PRCC) were exposed to different drugs or
chemicals that cause human renal toxicity, and the associ-
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ated gene-expression patterns were analyzed by microarray
technology.

Arsenic is a ubiquitous environmental element; its inges-
tion can cause adverse health effects, including skin and
lung cancer [9,10], neurotoxicity [11], and peripheral vas-
cular disease [12,13]. Arsenic is eliminated by urinary ex-
cretion, therefore, it can accumulate in the kidneys. Keith
et al. [14] reported that arsenic compounds are cytotoxic
to renal tissue at high concentrations. Recently, arsenic tri-
oxide has been used for treatment of relapsed or refractory
acute promyelocytic leukemia and developed for treatment
of multiple myeloma, and was reported to cause renal
injury [15-19], such as hypourea, elevated serum creatinine
and blood urea nitrogen, and proteinuria, in clinical studies.
Arsenic trioxide-induced cell death may be caused by one
or more mechanisms, including activation of caspase,
enhanced generation of reactive oxygen species (ROS),
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opening of mitochondrial permeability transition pores,
suppression of apoptosis inhibitory Ras/mitogen-activated
protein kinase cascade, and enhanced translocation of pro-
myelocytic leukemia protein to nuclear bodies [20].

Antioxidants have been shown to reduce sister chroma-
tin exchange, micronuclei, apoptosis, and cytotoxicity in ar-
senite-exposed cells [21], and the antioxidant a-lipoic acid
has been used as a detoxification agent for heavy metal poi-
soning and has been implicated in age-associated cognitive
decline [22]. The precise mechanism of arsenic trioxide-in-
duced cell death is still unclear. In the present study, we
used toxicogenomics to investigate gene-expression pat-
terns after exposure of PRCC and HEK?293 cells to arsenic
trioxide in order to identify the genes related to its renal
toxicity. Moreover, we elucidated a potential renal toxic
mechanism(s) of arsenic trioxide by using a toxicity-related
gene and investigated potential treatments to reduce the
renal toxicity of arsenic trioxide.

Materials and methods

Chemicals

Arsenic trioxide, hypoxanthine, hydrogen peroxide, and superox-
ide dismutase were obtained from Wako Pure Chemical Industries
(Osaka, Japan). a-Lipoic acid, diphenylene iodonium (DPI), 4,5-
dihydro-1,3-benzene disulfonic acid (Tiron), xanthine oxidase,
and catalase were obtained from Sigma-Aldrich (St. Louis, MO,
USA).

Cell culture

PRCC from Japanese subjects were prepared according to a previ-
ously reported method and were cultured in William’s medium E
supplemented with 20% fetal bovine serum [23], 2 mM L-gluta-
mine, 100 U/mL penicillin, and 100 pg/mL streptomycin. Human
embryonic renal cell line, HEK293 cells (RIKEN BioResource
Center, Tsukuba, Japan), human acute promyelocytic leukemia
cell line NB4 and HL-60 cells (American Type Culture Collection,
Manassas, VA, USA), human multiple myeloma cell line U266
cells (IgE, A-light chain-producing; American Type Culture Col-
lection) and KMS12BM (immunoglobulin nonproducing, kindly
provided by Prof. T. Otsuki, Kawasaki Medical School, Japan)
were each cultured in RPMI-1640 medivm supplemented with
10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin. All cells were maintained in a humidified atmo-
sphere of 5% CO; in air at 37°C.

Arsenic trioxide treatment

For DNA microarray analyses, subconfluent PRCC and HEK293
cells were treated for 10 minutes and 1, 6, and 24 hours with
0.1 uM arsenic trioxide in the appropriate culture media described
above. For cell viability testing, cells were treated for 48 hours
with various concentration of arsenic trioxide in the appropriate
culture media.

Superoxide anion treatment
Superoxide anion was produced by adding hypoxanthine and xan-
thine oxidase to the culture medium. HEK293 cells were treated

for 24 hours with 1 mM hypoxanthine and 0.01 to 2 mU/mL xan-
thine oxidase in the culture media.

Hydrogen peroxide treatment
HEK?293 cells were treated for 24 hours with 1 to 200 pM hydro-
gen peroxide in the culture medium.

Gene-expression analysis

Total RNA was extracted using an RNeasy mini kit (Qiagen,
Valencia, CA, USA) according to manufacturer’s instructions.
Double-stranded cDNA was synthesized from 20 pg purified RNA
and was used to prepare biotin-labeled cRNA for hybridization
on the Test3, HG-U133A, and HG-U133B DNA microarray chips
(GeneChip System; Affymetrix, Santa Clara, CA, USA). The hy-
bridization and washing of the microarray chips and detection of
the signals were performed using the GeneChip system according
to manufacturer’s instructions. We measured the ratio of the 3’ to
5" ends of housekeeping genes, such as B-actin and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), as an indicator of
the integrity of the starting RNA and the efficiency of first-strand
cDNA synthesis and in vitro transcription of cRNA. The signal ob-
tained for each probe set reflected the probe sequences and hybrid-
ization properties (GeneChip Expression Analysis Technical
Manual, Affymetrix). The data from experiments in which the
3'- to 5'-end ratio was >3 were excluded from analysis.

Quantitative polymerase chain reaction

Double-stranded cDNA was used for quantitative polymerase
chain reaction (PCR) with the ABI Prism 7700 sequence detection
system (Applied Biosystems, Foster City, CA, USA). The specific
primer sets were purchased from Applied Biosystems, and detec-
tion and quantification were performed according to manufac-
turer’s instructions. To control for variations in the amount of
DNA available for PCR in the different samples, gene expression
of the target sequence was normalized to the expression of an
endogenous control, GAPDH.

Western blot analysis

Cells were lysed in CelLytic MT reagent an the proteins (50 pg/
lane) were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (10-20% Tricine gel; Invitrogen, Carlsbad,
CA, USA) and then transferred to polyvinylidene difluoride mem-
branes (Invitrogen). Nonspecific binding was blocked with 5%
skim milk in Tris-buffered saline containing 0.1% Tween 20.
The membrane was subsequently incubated for 1 hour at room
temperature with anti-human heme oxygenase 1 goat polyclonal
antibody (Heme Oxygenase 1 [C-20]; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) diluted 100-fold in Tris-buffered saline
containing 0.1% Tween 20 and 3% skim milk. After incubation
with alkaline phosphatase-conjugated anti-goat immunoglobulin
(Invitrogen), the blots were visualized using the Western Breeze
chemiluminescent substrate (Invitrogen). The signals were quanti-
fied by densitometry using the 1D Imaging Analysis software
(Eastman Kodak, Rochester, NY, USA).

Cell viability

Cell viability was measured with a Premix WST-1 cell prolifera-
tion assay system (Takara Bio, Otsu, Japan). Cells were treated
with the different compounds and incubated for 20 or 44 hours.
After incubation, 10 pL. WST-1 reagent were added to each
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well, and plates were incubated for 4 hours. The optical density of
each well was determined at 440 to 600 nm.

Transfection

The HMOX-1 c¢DNA prepared from the total RNA of HEK293
cells treated with arsenic trioxide was amplified by PCR using
the primer pair 5-TACTCGAGAGCACGAACGAGCCCAG-
CAA-3 and 5-ATGGATCCACGGTAAGGAAGCCAGCCAA-
GAG-3'. These primers created Xhol and BamHI restriction sites
at the 5" and 3’ ends, respectively, of the cDNA. The PCR product
was subcloned using a TOPO TA cloning kit (Invitrogen), and the
sequence was confirmed. To insert the HMOX1 cDNA into the pCI
mammalian expression vector (Promega, Madison, WI, USA), the
PCR product was excised by digestion with Xaol and BamHI
(Takara Bio), gel-purified, and ligated into X#0l- and BamHI-digested
pCl, using T4 DNA ligase (Takara). The ligated plasmid was
transfected into HEK293 cells, using Lipofectamine 2000 (Invitro-
gen) according to manufacturer’s instructions. After 48 hours, cell
viability testing and Western blotting were performed.

Superoxide anion measurement

The cells were suspended in 0.9% NaCl and were treated with
10 uM arsenic trioxide, 10 pM a-lipoic acid, or both. Superoxide
anion was detected at 5 minutes after the addition of 2-methyl-
6-(p-methoxyphenyl)-3,7-dihydroimidazo[1,2-a]pyrazine-3-one
(MCLA, final concentration, 1 uM; Tokyo Kasei Kogyou, Tokyo,
Japan) with the Xenogen In Vivo imaging system (IVIS; Xenogen,
Alameda, CA, USA).

Statistical analysis

Data analysis was performed using GeneSpring version 7.1
software (Silicon Genetics, Redwood, CA, USA) and included
normalization, Cross Gene Error Modeling, and K-means
clustering. Initially, values <0.01 were set to 0.01. For normaliza-
tion within each chip, all expression data on a chip were normal-
ized to those of the housekeeping genes. For normalization per
gene, each transcript was normalized to the median expression

level across the samples at time zero. Transcripts were accepted
only if 60% or more of the samples indicated present or marginal
flags, and the data were further refined using Cross Gene Error
Modeling. Transcripts with control signals lower than the calcu-
lated base/proportion value were removed from the analysis.
Genes that showed a greater than twofold or less than 0.5-fold
change in expression at one condition were subjected to K-means
clustering.

All numerical data are expressed as mean * standard errors.
Statistical analysis was performed by Student’s t-test. A value of
p < 0.05 was considered significant. Statistical calculations
were performed using the computer program StatView (version
5.0; SAS Institute, Cary, NC, USA).

Results

HMOX]I is involved

in arsenic trioxide-induced renal toxicity

Genes whose expression changed in both PRCC and
HEK?293 cells after treatment with arsenic trioxide were
chosen for cluster analysis. Based on the similarity of their
expression patterns, 73 genes were grouped into five clus-
ters. Twenty-four genes in one of the clusters showed
increased expression in a time-dependent manner. The
functions of 17 of the 24 genes have been well established
(Table 1). In these genes, HMOXI was confirmed as an ar-
senic trioxide-induced gene by quantitative PCR (Fig. 1A).
The relative expression of HMOX! at 0.1, 0.5, and 2 pM ar-
senic trioxide was increased 2.2-, 11.7-, and 33.5-fold, respec-
tively, in PRCC and 1.2-, 8.3-, and 224.9-fold, respectively, in
HEK293 cells (Fig. 1B). These results clearly show that the
induction of HMOXI by arsenic trioxide was exposure
time- and dose-dependent in both PRCC and HEK293 cells.

Table 1. Gene clusters upregulated in a time-dependent manner by arsenic trioxide treatment in both primary renal cortical cells and HEK293 cells

Gene symbol Biological process Molecular function

SEPT11 Cytokinesis, cell cycle GTP binding

HMOX1 Heme oxidation, stress response Heme oxygenase (decyclizing) activity
CLTB Intracellular protein transport Calcium jon binding

APIS1 Intracellular protein transport Protein binding, protein transport activity
GSR Electron transport, glutathione metabolism Glutathione-disulfide reductase activity
MAPK1 Signal transduction, response to stress, MARP kinase activity, protein

induction of apoptosis, cell cycle

BAX Induction of apoptosis

FHL] Cell growth, cell differentiation

MYO6 Striated muscle contraction

FGFR1 MAPKKK cascade, skeletal development
H4l Cell proliferation

RODI1 Nuclear mRNA splicing, morphogenesis
FN1 Acute-phase response, cell adhesion
SEP6 Protein complex assembly

FLJ20986 Cation transport, metabolism

CLIC4 Ton transport, chloride transport, apoptosis
LOC51762 Small GTPase-mediated signal transduction

serine/threonine kinase activity

Zinc ion binding
Motor activity, actin binding
Protein serine/threonine kinase activity

Nucleic acid binding, RNA binding
Extracellular matrix structural constituent
Phospholipids binding

Magnesium ion binding, ATP binding
Voltage-gated chloride channel activity
GTPase activity, GTP binding

ATP = adenosine triphosphate; GTP = guanosine triphosphate; MAP = mitogen-activated protein; MAPKKK = MAP Kinase Kinase Kinase.
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Figure 1. HMOXI gene expression and induction of heme oxygenase 1 protein expression after arsenic trioxide (As,O3) exposure in primary renal cortical
cells (PRCC) and HEK293 cells. (A) PRCC were treated for 10 minutes and 1, 6, and 24 hours with 0.1 uM As,03, and HEK293 cells were treated for
10 minutes, and 1, 6, and 24 hours with 1 pM As,O;. mRNA expression level of HMOXI was determined by quantitative polymerase chain reaction.
(B) PRCC or HEK293 cells were treated for 24 hours with 0.1, 0.5, and 2 pM As,03, and the mRNA expression level of HMOXI was determined by quan-
titative PCR. The assay was performed in quadruplicate. Data are presented as mean * standard error and are expressed relative to the sample treated for
24 hours with medium. (C) PRCC or HEK293 cells were treated for 24 hours with 1 pM As,O3. Total cell extracts (50 pg/lane protein) were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis. Western blot analysis was performed with anti-heme oxygenase 1 antibody.

As HMOXI mRNA was induced by arsenic trioxide ex-
posure, heme oxygenase 1 protein expression in PRCC and
HEK293 cells was assessed by Western blotting. Heme
oxygenase 1 protein was clearly detected from PRCC and
HEK293 cells exposed to arsenic trioxide, whereas only
faint expression of heme oxygenase 1 protein was detected
without arsenic trioxide treatment (Fig. 1C). Therefore,
arsenic trioxide induced heme oxygenase 1 protein in PRCC

and HEK?293 cells. To examine the role of HMOXI, cells
overexpressing HMOX! (HEK293-HMOXI) were treated
with different concentrations of arsenic trioxide for
48 hours, and cell viability was compared with that of
mock-transfected HEK293 cells. The viability of both cell
populations decreased with increasing arsenic trioxide con-
centration (Fig. 2). The viability of HEK293-HMOXI cells
exposed to 0.5, 1, 2, and 5 uM arsenic trioxide was 67.8%,





