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Tab.24.3  Major changes in gene expression profiles in wild-type (WT) and p53-knockout (KO)
mice. Mice exposed to 300 ppm benzene for 6 h d™, 5d wk™, for almost 2 weeks and kilted on

day12.¥

Gene name or name of protein Fold change Accession

encoded by the gene wT KO number

Aldehyde dehydrogenase 4 1.07 2.44 U14390

Apoptlotic protease activating factor 1 (Apaf-1) 1.16 1.75 AF064071

Bax-alpha 1.20 1.21 L22472

Bcl-2 alpha 091 1.66 131532

Caleydlin 1.08 1.89 X66449

Caspase-9 0.83 1.59 ABO019600

Caspase-95 0.84 2.26 AB019601

Caspase-11 249 1.22 Y13089

Caspase-12 0.86 0.18 Y13090

c-fos 1.57 0.94 V00727

Cyclin B1 0.85 1.48 X64713

Cyclin D1 0.44 i) M64403

Cydin D3 0.83 1.20 M26186

cyclin G1 1.67 1.32 149507

CYP2EL 2.13 172 X01026

Cyclin D-interacting myb-like protein (Dmp1} 2.0 281 U70017

Elongation factor 1% 312 ) AF304351

Gadd 43 1.63 ) U00937

Glyceraldehyde-3-phosphate dehydrogenase 1.06 3.34 M32599

G protein-coupled receptor (GPCR/EB11) 0.01 0.97 L31580

INK2 1.07 1.82 AB005664

KSR1, protein kinase related to Raf protein kinase 111 2.57 U43583

Lactate dehydrogenase 1 (LDH1) 1.13 2.34 AW123952

Lactate dehydrogenase 2 {LDH2) 097 172 X51905

Metallothionein 1 4.89 0.93 Y0835

Metaxin2 0.95 155 AF053550

mlimk1, Mus musculus protein kinase 2.67 1.18 X86569

Mph1/Rae 28, polycomb binding protein 4,97 0.06 U63386

Myeloperoxidase (MPO) 1.68 1.49 X15378

p21h 1.37 -} U09507

P53, variant mRNA- 1.03 0.13 Us59758

p58, protein kinase inhibiter {PKI) 1.55 0.81 128423 [
PERK, ER resident kinase 0.81 1.63 AF076681 =
PI3K catalytic subunit p110 delta 2.36 0.18 U86587

RAB17, member of RAS oncogene family 2.42 1.53 X70804 ‘
Rad50 1,23 0.40 U66387 A
Rads1 0.72 0.08 AV311591
Rads4® 1.50 ) AV311591 :
Siva, pro-apoptotic protein 0.88 1.62 AF033115 : 1
Smadé 1.36 1.92 AF010133 . :
Serum inducible kinase (SNK) 1.68 1.02 M96163, o
Superoxide dismutase, Cu/Zn 1.19 1.63 M35725

Topoisomerase 111" 1.90 =) ABO0GO74

Tuberous scleresis 2 {Tse-2) 2.00 1.25 U37775 :
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Tab. 243 ({continued)

Gene name or name of protein ) Fold change Accession
encoded by the gene wT KO number
Wee.1% ' 1.95 - D30743
Wig-1, p5 1-inducible zinc finger protein 1.83 0.07 AF012923
WISP1 0.68 126 AF100777
] 0.83 8.32 AF100778
Wnt-1/INT-1 1.72 123 M11943

a) The studies involved two to four animals and the data were obtained by using Affymetyix gene chips.
Mice were killed on day 12 immediately after benzene exposure.
b} Mo data available for p53 KO mice. '

major selected genes whose expression showed p53-dependent benzene-induced de-
crease or increase (gene for G protein-coupled receptor 1), or in which gene expres-
sion was abolished in p53 KO mice. Cyclin genes, such as cyclin B1 and cyelin D3,
were generally activated in p53 KO mice by benzene exposure; in contrast, cell-cycle
suppressor genes, including the G2-M cycle checkpoint gene, p58 (68], were up-regu-
lated in WT mice. These findings are compatible with the idea that the hematopoietic
cell eycle continues in p53 KO mice even during benzene exposure, whereas it is ar-
rested due to alterations in the expression of cell-cycle checkpoint genes, particularly
the p53 gene, in WT mice, Such information may be very important for understand-
ing yet-unknown toxicity mechanisms of chemicals. It is important to note here that
such conclusions may be drawn by carefully and simultaneously screening different
exptession patterns of many genes having interrelated functions, even genes that
show only small changes in expression level (about 1.5 to 2 fold). Investigation of the
expression of a limited number of genes generally may not provide an insight into the
main mechanism of action of chemicals or clues about the particular role of each of
the investigated genes involved in the mechanism. Toxicogenomics may have a strong
advantage from that point of view, as is also well described in the literature (7).

Ivanova et al, listed 17 genes including three EST genes in the cell cycle regulators
among the genes profiled as stemness indicators [35]. Among them, 12 genes were
confirmed in the list of genes expressed in the steady-state bone marrow of our pre-
sent study. The expression levels of these 12 genes were all nearly comparable to that
of beta actins; that is, comparable to the percent of the "stem cell’ concentration.

Two cell cycle regulator genes, Wee 1 (D30743; one of the 17 mentioned above {35))
and Mph1/Rae28/Edr1 (U63386; a member of polycomb, classified as one of the chro-
matin regulator genes in the stemness profile [35]), were significantly expressed after
benzene exposure and were identified as possible candidates of marker genes for ben-
zene exposure. Whether these possible marker genes for benzene exposure represent
a change in an expression profile of stemness or are genes expressed in new, reacting
progenitor cells after benzene exposure is not known; however, a possible role of these
two genes as marker genes for benzene exposure is of much interest.
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2454
Apoptosis-related Genes in p53 KO and WT Mice

The microarray analysis results of p53 KO mice reminded us of the important role
of the p53 gene in the mechanism of action of benzene. The genes regulated by the
p53 gene, including p21 [64], caspase 11 [69), PIK3K [70] and cyclin G171}, were dis-
tinctly up-regulated in the benzene-exposed WT mice (Table 24.3). It is of great inter-
est that caspase 11 rather than caspase 9 was highly expressed after benzene exposure,
suggesting that the p53-mediated activation of caspase 11 is an important signalling
pathway for apoptosis of bone marrow cells triggered by benzene exposure. This no-
vel observation associated with the benzene toxicity mechanism, together with
down-modulation of caspase 12, was similarly addressed in a study of the mechanism
of chronic obstructive urinary disturbances, in which p53 KO and p53 WT mice were
used [69]. On the other hand, the up-regulation and down-modulation of genes asso-
ciated with oxidative stress was shown in p53 KO mice, which suggests that benzene
may have produced oxidative stress in these mice (Table 24.3) [65]. It is not clear why
oxidative-stress—associated genes are activated in p53 KO mice but not in W'T mice;
this may reflect deregulation of the redox cycle due to the absence of the p53 gene
and the consecutive counteractivation of antioxidant enzymes [72]. The genes encod-
ing apoptotic protease activating factor 1 (Apafl) and metaxin and the Siva gene
were also up-regulated in the benzene-exposed p53 KO mice [65]. The expression of
these genes may suggest that pro-apoptoetic conditions are induced by benzene expo-
sure of p53 KO mice. It was, however, found that survival or anti-apoptosis genes
such as bcl-2, caspase 95 (an endogenous dominant-negative form of caspase-9 [73]),
and Smad6 (an antagonist of the TGF-beta signalling [74]) gene, were also activated
in p53-KO mice (Table 24.3) (65). The up-regulation of the gene for PERK (ER trans-
membrane protein kinase} in p53 KO mice [65] indicates a triggering of the unfolded
protein response (UPR) signalling pathway, resulting in a loss of cyclin D1 [75]
{which was statistically less confident in the present data).

2455
DNA-repair-related Genes in the p53 Gene Network

Despite the possible DNA damage in bone marrow cells from p53 KO mice, the
DNA repair system is not likely to be functioning efficiently in these mice, since
DNA repair genes that were actively functioning in the WT mice exposed to benzene
were not activated but rather suppressed in the p53 KO mice [65}. In asscciation
with cell proliferation and apoptosis, high expression levels of the tuberous sclerosis
gene {Tsc-2), a tumour-suppressor gene encoding tuberin, and the gene encoeding
metallothionein 1 were noted in the WT mice (Table 24.3), raising the possibility that
these genes are regulated by p53. The association of metallothionein with p53 tran-
scriptional activity was recently postulated after study of an in vitro system in which
metallothionein acts as a potent chelator to remove zinc from p53, thereby modulat-
ing p53 transcriptional activity {76). The Tc-2 gene was recently reported to regulate
the insulin signalling pathway mediated by AKT/PKB for cell growth (77, 78). It is

: 105

601



602

24 Toxicogenomics Applied to Hematotoxicology

noteworthy that Tsc-2 is a target gene of 2,3,5-tis{glutathione-S-y) hydroquinone, a
metabolite of hydroquinone for renal cell transformation [79]. The high expression
level of the mph1 {rae28) gene in the WT mice (Table 24.3) [65] along with severe de-
pression of bone marrow cells was interesting in association with the sustained activ-
ity of hematopoietic stem cells [80]. Furthermore, the Wnt-1 signalling pathway was
also likely to be activated by benzene exposure. Aberrant expression of downstream
genes such as WISPI and WISP2 did not occur in the WT mice, but such expression
was evident in the p53 KO [65]. Since the Wnt-1 signalling pathway is reported to
regulate the proliferation and survival of various types of stem cells, including B-lym-
phocytes [81], the activation of both the mphI and Wni-1 genes may be associated
with the rapid recovery of suppressed bone marrow cellularity after termination of
benzene exposure, Some upstream genes encoding p53, such as those enceding cy-
clin D-interacting myb-like protein (Dmp1) and KSR1 (protein kinase related to Raf)
in the p53 KO mice, compared with those of the corresponding experimental group
of WT mice, were up-regulated to a similar extent or even strongly enhanced in their
expression (Table 24.3) [65]. This is another indication of the role of the p53-
mediated pathway in the mechanism of action of benzene associated with cell cycle
regulation.

Finally, by analyzing gene expression profiles, one can elucidate the mechanisms
underlying benzene hematotoxicity. The next step is to further analyze the fractio-
nated stem cell compartment and compare the results with those reported by Iva-
riova et al. [35]. For example, CYP2E1 is known to be constitutively expressed in the
WT mice {62]. which was confirmed in the present investigation (Table 24.3). Inter-
estingly, CYP2E1 gene expression is in the list of Ivanova et al. [35]. Since the list
was established by subtraction of the expression of cells other than stem cells from
the expression in stem cell compartment, the expression of the CYP2E1 gene tar-
geted by benzene toxicity is assumed to be an exact reflection of benzene-induced
stemness toxicity.

24.6
Summary

Molecular biology has enabled the elucidation of biological subjects by two strate-
gies, namely, inductive and deductive approaches. The progress in the mouse whole-
genome sequencing project has enabled the elucidation of bilateral interrelation-
ships between toxicological phenotypes related to particular toxicants and expression
profiles of pertinent genes induced by exposure to toxicants {7]. Since all the pheno-
types observed through various traditional toxicological tests should be eventually
linked to gene expression profiles, translation between phenotypes and gene expres-
sion profiles provides a promising tool for predictive toxicology, despite some pheno-
types being expressed due to various nongencmic signal transductions. In fact,
many gene expression trials have been performed to provide adequate molecular bio-
logical information on the underlying mechanism of such phenotypes. In this chap-
ter, hematotoxic gene expression profiles after a single dose of 300 cGy irradiation or
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repeated inhalation of 300 ppm benzene for 6 h a day, 5 days a week, for 2 weeks
were introduced as an inductive approach of toxicogenomics. Then, a couple of plau-
sible genes were selected with respect to the ‘stemness profile” and discussed as a de-
ductive approach for possible hematotoxicological applications of toxicogenontics.
We did not incorporate data on clinical diagnosis, responsiveness to treatment, nor
prognosis in this chapter, but considerable predictability has been shown in such
trials elsewhere (83, 84). '

Two major unresolved questions that we may have to pay specific attention to at
this time are how one can define a specific mechanistic interpretation of the expres-
sion profiles for each discontinuous independent parameter; and how one can de-
fine a possible predictability of gene expression profiles (for carcinogenicity, for ex-
ample) not only for the chemical group for which data were compiled during estab-
lishment of a database, but also for a group for which data were not incorporated
into the database, that is, unknown chemicals. These unknown subjects should be
given focus in future trials in toxicogenomics.

Finally, we have to note that the application of toxicogenomics to hematotoxicology
should eventually focus on changes in the expression profiles of the hematopoietic
stem cell/progenitor compartment, although the presented case study did not fully
focus on this issue. In the WT mice, up-regulation of the p53 gene did not appear in
two weeks after intermittent benzene exposure, but was weakly detected a month
after 300 cGy irradiation. Up-regulation of cydin G1, downstream of p53, was ob-
served after both benzene inhalation and 300 cGy irradiation, implying that the up-
regulation of cyclin G1 may be a relevant reflection of prolonged DNA damage.

When benzene was administered, down-regulation of caspase 12and up-regulation
of cyclin BI was seen only when p53 was knocked out {these gene changes may be
hidden by p53 gene regulation in WT mice) (65]. Participation of the same gene re-
pertoire as in benzene exposure is observed even in the WT mice one month after
300-cGy irradiation, suggesting that the result may reflect a possible p53 dysfunction
in these irradiated mice.

For the future, more precise comparison between common gene expressions in
the expression profiles in hematopoietic stem/progenitor cells after radiation expo-
sure and benzene inhalation and the expression of genes on the stemness list com-
piled by Ivanova et al. [35] may lead to a clearer understanding of a possible marker
repertoire of stem/progenitor cells for general hematotoxicological responses.
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POTENTIAL APPLICATIONS OF TOXICOGENOMICS IN RISK
ASSESSMENT

Tohru Inoug_

Center for Biological Safety and Research, National Institute of Health Sciences, 1-18-1 Kamiyohga,
Setagayaku, Tokyo 158-8501, JAPAN

The concept of toxicological risk identification using toxicogenomics is not well characterized
yet, because of its different paradigm from the conventional toxicologic testing scheme.
Toxicogenomics is based on a high-density microarray for mRNA expression which reflects and
includes whole genomic function from physiological activities to toxicological alterations, such as
in acceleration and deceleration of cell cycling, in cellular proliferation and apoptosis, or in self-

renewal and differentiation, and various metabolic activities. Thus, genomic functions from-

physiological activities to toxicological alterations form a “continuum®, A risk border can exist
somewhere in the continuum between the physiological and toxicological oscillations of gene
functions. In the presentation, because of such underlying new paradigm of toxicogenomics, the
concept of the methodology of toxicogenomics is overviewed, and then the toxicological application
as a risk assessment will be discussed. .

Toxicology is an interdisciplinary applied science that is between “applied biology”, which
includes veterinary and human medicine, and “applied chemistry and physics”™. Various unclarified
factors of methodological steps in toxicology have been recognized in the former, that is, biology
and medicine, which seem to be due, in part, to unknown factors represented by a difficulty in
interspecies extrapolation, inter- and intraspecies differences based on species and/or individual
genetic differences (e.g., single nucleotide polymorphisms (SNPs)), and nonlinear complexity in
unclarified responses to xenobiotics based on unknown gene regulations including uncountable
biological signaling networks. Such unknown black-boxed factors are going to be disclosed bya

‘newly developing field of “toxicogenomics™, “transcriptomics”. Toxicology and the identification of

pharmacologic toxicity are different: The former should define not only possible toxicities, but also
“nothing”, that is, to define a “nontoxic border™; whereas, the latter, is related to the identification
of “something targeted endpoints”, either at the pharmacological toxicity level or pharmacological
side effects, in addition to pharmacological efficacy [1). The former avoids false positive resuits,
whereas the latter, false negative results. The former may thus be designated as a nontargeted
screening without phenotypic information, and the latter, an end-point-specific screening. With the
completion of whole-genome sequencing projects, a large paradigm shift in toxicology is that the
nontargeted screening enables the prediction of a potential of “no hazard". Thus, it is clear that the
whole genome sequencing project potentially should open a new era of toxicalogy for it to be
reconceptualized as a far more real and predictable science than previously considered.

The microarray and gene chip technologies appliedin toxicology are called “toxicogenomics”
(="toxicological transcriptomics”) [1]. Toxicogenomics may contribute to the elucidation of the
toxicologic mechanism (inductive toxicogenomics), and to the prediction of various nontargeted
toxic phenotypes only on the basis of the similarity in gene expression profiles without requiring
annotation for neither genes nor chemical characteristics {deductive toxicogenomics). The former
inductive toxicogenomics Is supposed to define biological markers represented by an unknown
gene profile; consequently, markers based on proteomics. On the other hand, the fatter deductive
toxicogenomics is supposed to predict various possible toxicologic phenotypes even without
informative annotation. The former is supposed to contribute to specifically defining targeted toxicity
and the latter untargeted toxicity by the combination of expression profiles which feads eventually
to the identification of a borderline of “nothing™. The predictability of the latter sirategy can be
enhanced using a database that is a combination of both the above-mentioned inductive and
deductive databases. These are analogous to the clinical use of genomics for human tissue
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samples and clinical data informatics applied to the diagnosis of diseases, analysis of responses

to treatment, and consequent prognosis in each patient [2-4]. Such medical and medicina| -

information from genomics (cf. SNPs) can be a “custom-made” personalized protocol. Furthermore,
the newly established methodology also enables SNP-oriented human ecotoxicological rigk
evaluation. Toxicogenomics can be categorized into endpoint-specific screening for identifying
pharmacologic-specific toxicity, mechanism-based targeted screening, and toxicological profiling,
which is a nontargeted screening without phenotypic information, which is the ultimate predictive
toxicogenomics, the narrowest meaning of reverse toxicogenomics. The last one requires the
accumulation of a large database, whereas ready-made expression arrays for the first and second
categories are commercially available which focus on the first and the second applications, for
example, chips for metabotic enzymes, such as CYP450s, acyltransferases, and sulfotransferases:
growth factors and receptors, including IGFs, interleukins, NGTs, TGFs, VEGT, and nuclear

~ receptors, such as retinoic acid receptor, retinoid X receptors, and PPARSs.

!

Toxicogenomics does not supplement or serve as an additional source of information for
conventional toxicology and toxicologic pathology. Itis a methodology that elucidates toxicological
concepts that are new or different from the established conventional toxicological concept. A
dose-response relationship may be one typical example to consider. In conventional toxicology, a
dose-response relationship continues from the NOEL (or NOAEL) dose to the maximum or plateau
dose at which an animal shows the endpoint phenotype, including death. in toxicogenomics /
transcriptomics, different doses may also show a continuous increase in gene expression level
similarly to that obtained by conventional toxicologic testings. However, in many cases, different
combinations of expression profiles are observed with an increase in the dose. Indeed, when one
examines the expression of genes with an increase in 17-beta-estradiol dose in the Venn diagram,
the percentages of common genes expressed from a low dose of 0.001 microgram to a high dose
of 1.0 microgram, are 9.4% of the total number of expressed genes and only 1.2% of the total
number of genes examined [5]. Thus, itis clear that gene expression [evel does not always seem
to increase or decrease with anincrease in the dose; but rather, different doses provide different
gene expression Vprofiles. Consequently, the dose-dependent profiles of various expressed gene
combinations at each dose per se can be a distinct “bio-marker” of the dose. Extrapolatability
from ‘in vitro' to ‘in vivo' data, and the possibilities and limits of extrapolated data should also be
considered. The activities of cellular membranes such as those of ion channels and ion pumps,
the inhibitory effect of uncoupling oxidative phosphorylation, and the inhibition of ATP turnover by
redox cycling are examined using commercially available in vitro chips. However, the possible
toxicities associated with developmental and morphogenetic anomalies do not seem to be sufficiently
predictable when using an in vitro cell culture system. On the contrary, the use of a fraction of
stem cells, such as embryonic stem cells, hemopoietic stem cells, and neuronal stem cells, is
supposed to provide useful information even in the case of using an in vitro system. To elucidate
the molecular signatures (expression profites) of hematopoietic stem/progenitor cells, it is important
to characterize the expression profile of each stem celi subcompartment of a bone marrow cell
that is separated into its appropriate fraction as well as to characterize the differentiation from
stem cells to progenitor cells to the terminal different{ated cell fraction. Thus, before microarray
analyses, obtaining the expression profile of the specific fraction of hematopoietic stem cells

© provides essential information useful in future microarray analysis. Homologous disease entities

across animal species are rather well known. In the murine model of Hutchinson-Gilford progeria,
a point mutation of lamin A shows exactly identical behavioral and cellular phenotypes [6]. Various
c-kit mutations in humans and comparable mutations in mice and rats are assumed to reveal
similar phenotypes such as anemia and infertility. These lines of evidence imply a future possibility
of extrapolation in combination with molecular taxonomic gene profiling.

Key molecules participating in similar physiological responses and toxicological responses
are presumably comparable, and their functions seem 1o be bidirectional. The same oxygen
reactive species, on one hand, contribute to xenobiotic activation, but, on the other hand, they

28A

_ 114

-ur‘:’_-rq?

—



SYMPOSIUM XII: The Use of Toxicogeromic Data in Risk Assessment 5-54

ﬁfinduca cell and tissue damage due to oxidative stress, Apoptosis-related genes are essential for
morphogenesis during fetal development, but the induction or suppression of apoptosis after cells
and tissues injured by xenobiotic exposure is an essential biomarker of adverse effects, These
dual functions of key molecules as well as gene expressions imply that the physiological and
toxicelogical responses may be a “continuum”, which has never been observed by a previous
single testing method. The genomics / transcriptomics data may elucidate a new molecular border
between physiological and toxicological responses. The use of a gene knock-out technique or
gene overexpression animals is particularly interesting, since expressed phenotypes may shift
along the scale of the continuum for either exaggeration or attenuation, which makes the
interpretation and mechanism of xenobiotic responses clearer,

We may have to pay specific attention to the following at this moment. How can one define
a specific mechanistic interprétation of the expression profiles for each discontinuous independent
parameter. How can one define a possible predictability of gene expression profiles not only for
the group whose data were compiled for the establishment of database, but also for the group
whose data were not incorporated into the database, thatis, unknown compounds. These unknown
compounds should be the focus of future toxicogenomics studies. )
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