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ARTICLE INFO ABSTRACT

Article history: The general aim of the present study is to discriminate between mouse genotoxic and non-
Received 16 April 2012 genotoxic hepatocarcinogens via selected gene expression patterns in the liver as analyzed by
Accepted 29 April 2012 quantitative real-time PCR (qPCR) and statistical analysis. qPCR was conducted on liver samples

Available online 23 May 2012 from groups of 5 male, 9-week-old B6C3F; mice, at 4 and 48h following a single intraperitoneal

administration of chemicals. We quantified 35 genes selected from our previous DNA microar-
g?:: f:s;ession ray studies using 12 different chemicals: 8 genotoxic hepatocarcinogens (2-acetylaminofluorene,
Quantit;ive oAl fina PER 2,4-diaminotoluene, diisopropanolnitrosamine, 4-dimethylaminoazobenzene, 4-(methylnitrosamino)-
PCA 1-(3-pyridyl)-1-butanone, N-nitrosomorpholine, quinoline and urethane) and 4 non-genotoxic
Gene network hepatocarcinogens (1,4-dichlorobenzene, dichlorodiphenyltrichloroethane, di(2-ethylhexyl)phthalate
Mouse liver and furan). A considerable number of genes exhibited significant changes in their gene expression ratios
(experimental group/control group) analyzed statistically by the Dunnett's test and Welch's t-test, Finally,
we distinguished between the genotoxic and non-genotoxic hepatocarcinogens by statistical analy-
sis using principal component analysis (PCA) of the gene expression profiles for 7 genes (Btg2, Cenf,
Cengl, Lpr1, Mbd1, Phlda3 and Tubb2c) at 4 h and for 12 genes (Aen, Bax, Btg2, Ccnf, Cengl, Cdknla, Gdf15,
Lrp1, Mbd1, Phlda3, PIk2 and Tubb2c) at 48 h. Seven major biological processes were extracted from the
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gene ontology analysis: apoptosis, the cell cycle, cell proliferation, DNA damage, DNA repair, oncogenes
and tumor suppression, The major, biologically relevant gene pathway suggested was the DNA damage
response pathway, resulting from signal transduction by a p53-class mediator leading to the induction of
apoptosis. Eight genes (Aen, Bax, Btg2, Ccngl, Cdknla, Gdf15, Phlda3 and Plk2) that are directly associated
with Trp53 contributed to the PCA. The current findings demonstrate a successful discrimination between
genotoxic and non-genotoxic hepatocarcinogens, using qPCR and PCA, on 12 genes associated with a
Trp53-mediated signaling pathway for DNA damage response at 4 and 48 h after a single administration

of chemicals.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Based on their mechanisms of action, chemical carcinogens are
classified as genotoxic or non-genotoxic carcinogens [1,2]. Geno-
toxic carcinogens induce positive genotoxic responses which can
occur through any of a number of relevant processes, including
direct DNA damage, delayed or inhibited repair, interferences with
repair processing enzymes such as topoisomerase, and so forth [3].
Non-genotoxic carcinogens, however, do not induce positive geno-
toxic responses. According to Waters et al. although the number
of presumed non-genotoxic rodent carcinogens has dramatically
increased over the past two decades, the fact remains that ~90%
of the known, probable and possible human carcinogens classified
by the International Agency for Research on Cancer are detected in
conventional short-term tests for genotoxicity and induce tumors
at multiple sites in rodents [4].

Mathijs et al. hypothesized that genotoxic and non-genotoxic
carcinogens induce distinct gene expression profiles, which con-
sequently may be used for a mechanism-based classification of
unknown compounds as either genotoxic carcinogens or non-
genotoxic carcinogens [2]. The DNA microarray is a powerful
technology for characterizing gene expression on a genomic scale
[5], although issues of reliability, reproducibility and correlation
of data produced across different DNA microarrays are still being
addressed [6]. The combination of toxicogenomics data on chemical
carcinogens coupled with DNA microarrays has gradually become
more common and suggests their usefulness [3]. However, the pub-
lished studies on in vivo rodent livers are limited.

Quantitative real-time PCR (qPCR) is generally considered the
“gold-standard” assay for measuring gene expression and is often
used to confirm DNA microarray data [7]. qPCR is the most sensitive
technique for the detection and quantification of mRNA targets [8].
It has been suggested that gPCR may be a simpler, more reliable
and more reproducible method than DNA microarray [9], although
itrequires more time foralarge number of genes and samples; more
recently though, a high-density qPCR technique has appeared [10].
There are only a few papers that have examined selected genes by
gPCR in rodent livers in vivo.

Previously, we examined differential gene expression using
DNA microarrays upon the application of 13 different chem-
icals including 8 genotoxic hepatocarcinogens [o-aminoaz-
otoluene, chrysene, dibenzo[a,l|pyrene, diethylnitrosamine (DEN),
7,12-dimethylbenz[a]anthracene, dimethylnitrosamine, dipropyl-
nitrosamine and ethylnitrosourea (ENU)], 4 non-genotoxic hep-
atocarcinogens [carbon tetrachloride, di(2-ethylhexyl)phthalate
(DEHP), phenobarbital and trichloroethylene] and a non-genotoxic
non-hepatocarcinogen [ethanol]. DNA microarray analysis was
conducted on 9-week-old male mouse liver samples at 4h and up
to 28 days following a single intraperitoneal administration. Many
candidate genes were identified to discriminate the genotoxic hep-
atocarcinogens from the non-genotoxic hepatocarcinogens; the
results were reported in part [11] and registered to the GEO
database (GEO accession GSE33248). Notably, the changes at 4h
were much greater than those at 20 h, 14 days and 28 days. Addi-
tionally, dose-dependent alterations in the gene expression were

demonstrated in 31 outof 51 of the examined candidate genesat4h
and 28 days after the administration of DEN (3, 9, 27 and 80 mg/kg
bw, 1/40-1/2 of lethal dose 50% (LD50)) and ENU (6, 17, 50 and
150 mg/kg bw, 1/80-1/3 of LD50) as determined by qPCR [12].

In the present study, we evaluated the gene expression pro-
files of 12 genotoxic and non-genotoxic mouse hepatocarcinogens,
using qPCR on 34 genes selected from our previous DNA microar-
ray studies. The chemicals were intraperitoneally injected into
9-week-old male B6C3F; mice and analyzed at 4 and 48h
after administration. We speculated that the period at 4h post-
hepatocarcinogen administration in liver would be the time of
DNA damage determined by in vivo unscheduled DNA synthe-
sis test [13-15] and Comet assay [16] and that the period at
48 h would be the period of DNA replication after damage deter-
mined by replicative DNA synthesis test [13-15,17]. We examined
genotoxic hepatocarcinogens, which are positive in the Ames
test and in in vivo genotoxicity tests in the mouse liver (trans-
genic mouse mutation assay or micronucleus assay) and exhibit
various chemical properties (summarized in Table 1), and non-
genotoxic hepatocarcinogens, which are negative in the Ames test
and in in vivo genotoxicity tests (micronucleus assay, unscheduled
DNA synthesis assay or Comet assay) and exhibit various chem-
ical properties (summarized in Table 1). Finally, we succeeded
in discriminating the genotoxic hepatocarcinogens from the non-
genotoxic hepatocarcinogens by statistical analysis using PCA. We
showed that the major biologically relevant gene pathway of PCA
contributed genes is a Trp53-mediated signaling pathway for the
DNA damage response resulting in the induction of apoptosis.

2. Materials and methods
2.1. Chemicals

All chemical names, abbreviations, genotoxic vs. non-genotoxic; CAS numbers;
makers; doses; LD50; in vivo mouse genotoxic test and Ames test are summarized
in Table 1. The solvents; olive oil (CAS 8001-25-0) and saline were obtained from
Wako Pure Chemical Industries; Ltd.; Osaka; Japan.

2.2. Animal treatment

Male B6C3F; mice were obtained at 8 weeks of age from Charles River Japan,
Inc. (Yokohama, Japan) and Japan SLC, Inc. (Shizuoka, Japan) and were kept in plas-
tic cages with wood chip bedding and access to food (Oriental MF, Oriental Yeast
Co., Tokyo) and water ad libitum in an air-conditioned room (12 h light, 12h dark;
23 £2°C; 55 + 5% humidity) at the Biosafety Research Center, Foods, Drugs, and Pes-
ticides in Shizuoka and the National Institute of Health Sciences in Tokyo. All animal
experiments were conducted in accordance with the NIH Guide for Care and Use
of Laboratory Animals and approved by the Animal Care and Use Committee in the
Biosafety Research Center, Foods, Drugs, and Pesticides and in the National Insti-
tute of Health Sciences. Groups of 5 mice at 9 weeks of age were injected i.p. with
8 genotoxic and 4 non-genotoxic mouse hepatocarcinogens. DIPN and URE were
dissolved in saline, and the other chemicals were suspended in olive oil. The con-
trol animals received plain saline or olive oil. As shown in Table 1, the doses for
the genotoxic hepatocarcinogens were similar to the positive doses used in pre-
vious in vivo mouse liver genotoxic studies (transgenic mouse studies (2AAF [18],
DAT [19], DIPN; T. Suzuki unpublished data, NNM; T. Suzuki unpublished data, NNK
[20], QN [21] and URE [22])) and in the micronucleus test (DAB [23]). Doses for
the non-genotoxic hepatocarcinogens were 1/3-1/2 of the LD50 or similar to the
doses used for previous in vivo genotoxic studies (DCB [24], DDT [25] and FUR [26]).
The dose of DEHP (2000 mg/kg bw) constituted the highest recommended dose for
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Table 1

Chemicals.
No. GvsNG Name Abbrev. CASno. Maker Dose (mg/kg) LD50(mg/kg) Genotoxicity (mg/kg) Ames test

test (in vivo)
1 G 2-acetylaminofluorene 2AAF CAS 53-96-3 Nacalai 300 2,200(m,ip) TG+ 100 +
2 G 2, 4-diaminotoluene DAT CAS 95-80-7 Wako 200 380 (m, po) TG+ 200 +
3 G diisopropanolnitrosamine DIPN CAS 53609-64-6 Nacalai 500 5160 (m, sc) TG+ 500 +
4 G 4-dimethylaminoazobenzene DAB CAS60-11-7 Sigma 100 230 (m, ip) MN+ 165 +
5 G 4-(methylnitrosamino)-1-{3- NNK CAS 64091-91-4 Wako 250 1000 (m, ip) TG+ 250 +
pyridyl)-1-butanone

6 G N-nitrosomorpholine NNM CAS 59-89-2 TC 32 100 (rat, ip) TG+ 16x4 +
7 G quinoline QN CAS 91-22-5 Nacalai 100 331 (rat, po) TG+ 100 o
8 G urethane URE CAS 51-79-6 TCI 1000 2500(m, po) TG+ 9200 +
9 NG 1,4-dichlorobenzene DCB CAS 106-46-7 TCl 1000 2000 (m, ip) MN- 2500 -
10 NG dichlorodiphenyltrichloroethane  DDT CAS 50-29-3 TCI 50 135 (m, po) Comet— 75 =
11 NG di(2-ethylhexyl)phthalate DEHP CAS117-81-7 TC 2000 14,000 (m, ip) UDS- 500 -
12 NG furan FUR CAS110-00-9 TCI 30 7 (m, ip) uDs- 50 -

G: genotoxic, NG: non-genotoxic, No.1: polycyclic aromatic compound, No.2: aromatic compound, No. 3, 5, 6: N-nitroso compounds, No. 4: aromatic azo compound, No. 7,
12: hetero cyclic compounds, No. 8: compound with the functional group RO(CO)NHR, No. 9, 10: chlorinated aromatic compounds, No. 11: phthalate, peroxisome proliferator.
Nacalai: Nacalai Tesque, Inc., Wako: Wako Pure Chemical Industries, Ltd,, Sigma: Sigma Co,, TCI: Tokyo Chemical Industry Co,, Ltd.

LD50: m: mouse, TG: transgenic rodent mutation assay, MN: micronuclei assay, Comet: comet assay.

DEHP: genotoxicity test in vive [27].

an in vivo short-term test. At 4 and 48 h time points after treatment, the animals
were sacrificed and the main lobe of the liver was collected, cut into small pieces
(~3mm % 3mm % 3 mm), placed in RNAlater (Applied Biosystems, Foster City, CA,
USA) and stored at —20 to —30°C until further use.

2.3. RNAisolation and relative quantification by real-time PCR

To isolate the total RNA, approximately 30 mg from each liver (main lobe) was
placed into LRT buffer (FUJIFILM Corp., Tokyo, Japan) and immediately homogenized
using a MicroSmash (TOMY SEIKO CO., LTD. Tokyo, Japan). The total RNA was then
purified with QuickGene 800 (FUJIFILM Corp., Tokyo, Japan). Complimentary DNA
(cDMNA) was produced from the total RNA using the SuperScript Il First Strand Syn-
thesis System for RT-PCR kit (Invitrogen Corp., Carlsbad, CA, USA). The RNA isolation
and cDNA preparation were conducted at Aoyama Gakuin University, and the cDNA
was distributed to collaborative laboratories.

The qPCR amplifications were performed in triplicate by the SYBR Green [ assay
in an Opticon I (M] Research, Inc., Waltham, MA, USA) and Applied Biosystems
7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The
reactions were carried out in a 96-well plate in 20-pl reactions containing 2X SYBR
Green Master Mix (Applied Biosystems, Foster City, CA, USA), 2 pmol each of the for-
ward and reverse primers and a cDNA template corresponding to 400 pg of total RNA.
We quantified 35 genes based on our previous DNA microarray and qPCR results
[19,20). The symbol, gene name and accession number of the 35 genes are summa-
rized in Table 2. Each primer sequence and the Ct value of the 35 genes are shown in
Table 3. The SYBR Green PCR conditions were 95 °C for 10 min, followed by 45 cycles
of95°Cfor10s, 58 :Cfor 505 and 72 =C for 20 5. Each 96-well reaction plate was com-
posed of 5 standard samples, diluted up to 1/5, 1/25, 1/125, 1/625 and 1/3,125 of
the selected standard liver cDNA for each gene, and a negative control. The relative
quantitative values of each sample were determined with 1/25-diluted cDNA and
were normalized to Gapdh [12].

2.4. Statistical analysis

For the statistical analysis, we performed a logarithmic (log; ) transformation of
the data to stabilize the variance, and the gene expression profiles were normalized
to the median gene expression level for the entire sample set.

The qPCR data for each animal were statistically analyzed by the Dunnett's test,
and the results of the experimental groups were compared to those of a control
group. The statistical significance for each gene between the genotoxic and non-
genotoxic hepatocarcinogens, at 4 and 48 h, was assessed by the Welch's t-test.

Discrimination of the genotoxic and non-genotoxic hepatocarcinogens was
achieved by statistical analysis using PCA. PCA involves a mathematical procedure
that transforms a number of possibly correlated variables into a smaller number of
uncorrelated variables called “principal components”. The first principal component
(PC1) accounts for as much of the variability in the data as possible, and each suc-
ceeding component accounts for as much of the remaining variability as possible.
The mathematical formula of PC1 (z;) for 4h is presented as the following:

2y (4h) = O Xy + @12X2 + — — — + QipXp,

where ap is the eigenvector and x; is the canonicalized logarithmic (logz)-
transformed gene ratios (exp/cont). PCA was performed using the PCA programs
in GeneSpringGX11.0.1 (Agilent Technologies, Santa Clara, CA, USA). Initially PCA
was applied to all 34 logarithmic (logz) transformed ratios (exp/cont) and subse-
quently tried with various candidate gene sets until the optimal discrimination was

achieved. The candidate genes were selected primarily using the Welch's t-test from
the results at 4 h, 48 h and a combination of both time points.

2.5, Gene ontology, pathways and network analysis

Gene ontology analysis was performed with Gene Ontology
(http://geneontology.org/) and Ingenuity Pathways Analysis 7.0 (IPA)
(http://www.Ingenuity.com). The results were confirmed with references in
PubMed (http:/fwww.ncbi.nlm.nih.gov/pubmed). Gene pathways and networks
were generated with GeneSpringGX11.0.1 and IPA, which enables the visualization
and analysis of biologically relevant networks to allow for discovery, visualization,
and exploration of therapeutically relevant networks, as described previously [12].

3. Results

3.1. Changes in the gene expression 4 and 48 h after chemical
administration and statistical analysis by the Dunnett’s test and
the Welch's t-test

The gene expression ratio (experimental group/control group;
exp/cont) was calculated individually for each group (5 mice in
triplicate assays) from the qPCR results. The mean =+ SD was deter-
mined and the statistical significance was assessed by the Dunnett's
test. Thirty-four genes exhibited statistically significant changes in
their gene expression, at least once, at 4h and/or 48 h, as computed
by the Dunnett’s test (Tables 4.1-4.4). The statistical significance
between the genotoxic and non-genotoxic hepatocarcinogens for
each gene was assessed by the Welch's t-test at 4 and 48 h after
chemical administration (Tables 4.1-4.4). Different sets of 17 genes
at 4h and 19 genes at 48 h showed statistical significance between
the genotoxic and non-genotoxic hepatocarcinogens, as analyzed
by the Welch's t-test (Tables 4.2 and 4.4). In Tables 4.1-4.4, the
results of Gapdh, a housekeeping gene, are shown. This gene was
used to normalize the gene expression ratio, as this gene did not
show changes in expression.

The changes in the gene expression of 14 major genes (Aen,
Bax, Btg2, Cenf, Cengl, Cdknla, Egfr, Gdf15, Lrp1, Mbd1, Phlda3,
Plk2, Ppplr3c and Tubb2c) are shown in Fig. 1. Aen, Bax, Btg2,
Cenf, Cengl, Cdknla, Gdf15, Phlda3, Plk2, Ppp1r3c and Tubb2c all
showed increases in their gene expression, while Egfr, Lrp1 and
Mbd1 showed decreases. No single gene completely discriminate
the genotoxic hepatocarcinogens from non-genotoxic hepatocar-
cinogens.
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Fig. 1. Changes in the gene expression of 14 major genes (Aen, Bax, Btg2, Cenf, Ceng1, Cdkn1la, Egfr, Gdf15, Lrp1, Mbd1, Phida3, Plk2, Ppp1r3c and Tubb2c) as quantified by gPCR at
4 and 48 h. DIPN: diisopropanolnitrosamine, NNI: 4-{methylnitrosamino)-1-{3-pyridyl)-1-butanone, NNM: N-nitrosomorpholine, QN: quinoline, DAT: 2,4-diaminotoluene,
DAB: 4-dimethylaminoazobenzene, 2AAF: 2-acetylaminofluorene, URE: urethane, FUR: furan, DDT: dichlorodiphenyltrichloroethane, DEHP: di(2-ethylhexyl)phthalate, DCB:
1,4-dichlorobenzene. The statistical significance for each chemical was analyzed by the Dunnett's test. =: P<0.05, »=: P<0.01 at each bar. The statistical analysis for each gene
between the genotoxic and non-genotoxic carcinogens was paerformed using the Welch's t-test. »: P< 0,05, »+: P<0.01 outside the framework. B: Genotoxic hepatocarcinogen,
0: non-genotoxic hepatocarcinogen. Total RNA was extracted from individual livers (5 mice/group) and reverse-transcribed into cDNA. Changes in gene expression were
determined in triplicate by qPCR.
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Table 2

Thirty-five genes quantified in the present study.

T. Watanabe et al. / Mutation Research 747 (2012) 164-175

No. Symbol Gene name Accession no.
1 Aen Apoptosis enhancing nuclease NM.026531
2 Bax BCL2-associated X protein NM.007527
3 Bhlhe40 Basic helix-loop-helix domain containing, Class B2 NM.011498
4 Btg2 B-cell translocation gene 2, anti-proliferative NM.007570
5 Cenf CyclinF NM.007634
6 Cengl Cyclin G1 NM_009831
rd Cdknila Cyclin-dependent kinase inhibitor 1A (P21) NM.007669
8 Cypla2 Cytochrome P450, family 1, subfamily a, polypeptide 2 NM_009993
9 Ddit4 DNA-damage-inducible transcript 4 NM.029083

10 Ddit4l DNA-damage-inducible transcript 4-like NM.030143

11 Egfr Epidermal growth factor receptor NM.207655

12 Ephx1 Epoxide hydrolase 1, microsomal NM.010145

13 Gadd45b Growth arrest and DNA-damage-inducible 45 beta NM.008655

14 Gapdh glyceraldehyde-3-phosphate dehydrogenase NM.008084

15 Gdf15 Growth differentiation factor 15 NM.011819

16 Histlhlc H1 histone family, member 2 NM_015786

17 Hmox1 Heme oxygenase (decycling) 1 NM.010442

18 Hspb1 Heat shock protein 1 NM.013560

19 Igfbp1 Insulin-like growth factor binding protein 1 NM.008341

20 Jun Jun oncogene NM.010591

21 Lrp1 Low density lipoprotein receptor-related protein 1 NM.008512

22 Ly6a Lymphocyte antigen 6 complex, locus A NM.010738

23 Mbd1 Methyl-CpG binding domain protein 1 NM.013594

24 Mdm2 Transformed mouse 3T3 cell double minute 2 NM.010786

25 Phlda3 Pleckstrin homology-like domain, family A, member 3 NM_013750

26 Plk2 Polo-like kinase 2; serum-inducible kinase NM.152804

27 Pml Promyelocytic leukemia NM.008884

28 Pmm1 Phosphomannomutase 1 NM.013872

29 Ppplir3c Protein phosphatase 1, regulatory (inhibitor) subunit 3C NM.016854

30 Psma3 Proteasome (prosome, macropain) subunit, alpha type 3 NM.011184

Nn Rad52 RAD52 homolog (5. cerevisiae) NM.011236

32 Rcan1 Regulator of calcineurin 1 NM.001081549

33 St3gals ST3 beta-galactoside alpha-2,3-sialyltransferase 5 NM.011375

34 Trp53 Tranformation related protein 53 NM.011640

35 Tubb2c Tubulin, beta 2¢ NM.146116

The genes were selected to discriminate genotoxic carcinogens from non-genotoxic carcinogens based on our previous studies [11,12].

(A)4h
o DOT .. NNK
0 ] DAB NNM
T oce——m - o menri Aoy 8 s DIPN
ﬁ L] DEHP & =
o -05 1
O PC1 (60.2%)
(B)48 h .
=

- B m T :2AAF ]

= = DAB RE
A 55 2ot » ¥ - = O e
= e wDAT
‘5 D5 0 0s 1 L5
a PC1(71.5%)
(C)a&4a8h
% 151=8 QN DA NN
ﬁ 255‘:’: o 240F VEE - " pieN
a7 Lg Sibae . . ; . -
5 a -2 0 2 4 6
= PC1(70.8%)

Fig. 2. Principal component analysis (PCA) of the gene expression levels between genotoxic and non-genotoxic hepatocarcinogens as quantified by gPCR. The mean
values of triplicate gPCR assays for each chemical were statistically analyzed using PCA programs in GeneSpringGX11.0.1. The results of the PCA are shown in the two-
dimensional contribution scores for component numbers 1 and 2 (PC1 and PC2). The contribution scores were produced by conversion from each eigenvector value.
A: 4h with 7 genes (Btg2, Cenf, Cengl, Lrpl, Mbd1, Phida3 and Tubb2c), B: 48h with 12 genes (Aen, Bax, Btg2, Cenf, Cengl, Cdknla, Gdf15, Lrp1, Mbd1, Phlda3, PIk2 and
Tubb2c) and C: both 4 and 48h with 12 genes (Aen, Bax, Btg2, Cenf, Cengl, Cdknla, Gdf15, Lrpl, Mbd1, Phida3, PIk2 and Tubb2c). Genotoxic hepatocarcinogens (red-
colored, DIPN: diisopropanolnitrosamine, NNK: 4-(methylnitrosamino)-1-{3-pyridyl)-1-butanone, NNM: N-nitrosomorpholine, QN: quinoline, DAT: 2,4-diaminotoluene,
DAB: 4-dimethylaminoazobenzene, 2AAF: 2-acetylaminofluorene, URE: urethane) and non-genotoxic hepatocarcinogens (bleu-colored, FUR: furan, DDT: dichlorodiphenyl-
trichloroethane, DEHP: di(2-ethylhexyl)phthalate, DCB: 1,4-dichlorobenzene). Dashed line is added between genotoxic and non-genotoxic hepatocarcinogens. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Table 3
Primer sequences of the 35 genes quantified in the preset study.
No. Symbol Left Right Ct
1 Aen TTGAAGGGCAAGGTGGTGGTG GAGCAGGTTTGGGACATAAGTG 27-30
2 Bax CCAGGATGCGTCCACCAAGAAG GGAGTCCGTGTCCACGTCAGC 29-33
3 Bhlhe40 CCAGGCCTCAACACCTCAGCTG CCGAAGAGTCGAGGGACGAATG 24-28
4 Btg2 ACGGGAAGAGAACCGACATGC ATGATCGGTCAGTGCGTCCTG 24-28
a Cenf AGCACAAAGCCTTGCCACCATC AAGCCAGGTGCGTGTCCTTGTC 27-31
6 Cengl TGGCCGAGATTTGACCTTCTGG GTGCTTCAGTTGCCGTGCAGTG 27-33
7 Cdknla TCCCGTGGACAGTGAGCAGTTG CGTCTCCGTGACGAAGTCAAAG 25-35
8 Cypla2 GATGCTCTTCGGCTTGGGAAAG CCATAGTTGGGTGTCAGGTCCAC 23-30
9 Ddit4 GCACCTGTGTGCCAACCTGATG TGTATGCCAGGCGCAGGAGTTC 34-44
10 Ddit4l ACCAGCTTGGCTGGGACAAATG CGTGCTCATTGGAACAGTGATG 33-36
11 Egfr AGAGCGCCTTCCACAGCCAC ACTCTCGGAACTTTGGGCGG 24-29
12 Ephx1 CATTGTCTCCTCCCAGCGCTTC GGGCATGCAGGATCTCAGAAGG 20-26
k) Gadd45b TGTACGAGGCGGCCAAACTG TGTCGCAGCAGAACGACTGG 23-28
14 Gapdh GCTCTCAATGACAACTTTGTCAAG TCCTTGGAGGCCATGTAGGC 24-27
15 Gdf15 AGCTGGAACTGCGCTTACGGG CTCCAGCCCAAGTCTTCAAGAG 25-30
16 HistH1 CGAGCTCATCACCAAGGCTGTG CCCTTGCTCACCAGGCTCTTC 27-3
17 Hmox1 AAGACCGCCTTCCTGCTCAAC CGAAGTGACGCCATCTGTGAGG 24-45
18 Hspb1 CGGTGCTTCACCCGGAAATAC GCTGACTGCGTGACTGCTTTGG 23-29
19 1gfbp1 GATCAGCCCATCCTGTGGAACG TTCTCGTTGGCAGGGCTCCTTC 24-28
20 Jun GCCAAGAACTCGGACCTTCTC AGTGGTGATGTGCCCATTGCTG 22-29
21 Lrp1 GGGCCATGAATGTGGAAATTGG GTGGCATACACTGGGTTGGTG 21-36
22 Ly6a CTTGTGGCCCTACTGTGTGCAG GGGCAGGTAATTGATGGGCAAG 27-33
23 Mbd1 GGATCCTGACACTCAAGAATGG GTTTGGGCTAACACAGGAAGAG 21-24
24 Mdm2 TTGATCCGAGCCTGGGTCTGTG AAGATCCTGATGCGAGGGCGTC 26-32
25 Phlda3 TGGCTGGAACGCTCAGATCAC TTAGGACACAAGGGTCCCAGTC 22-29
26 Plk2 CTGTTGAGAGCGTCTTCAGTTG CCATAGTTCACAGTTAAGCAGC 28-32
27 Pml GGCAAGAAGCGTCCTTACCTTC GGACAGCAACAGCAGTTCAGTC 26-31
28 Pmm1 TGTCCCGAGGAGGCATGATAAG CAAAGTCATTCCCGCCAGGAC 25-29
29 Ppplr3c TGGAAACCTGACGGAGTGCAG GCAAGCCTTGGACTGCCAAAG 24-28
30 Psma3 GATCGACCCATCAGGTGTTTC CACGGCAAGTCATTTCCTTCATCTG 24-28
31 Rad52 TGACGCCACTCACCAGAGGAAG GCTGGAAGTACCGCATGCTTGG 31-33
32 Reanl GGTCCACGTGTGTGAGAGTG TGGATGGGTGTGTACTCCGG 28-32
33 St3gals GCAGGTCATGCACAATGTGACC CTGGGTGAGGTTTGCCGTGTTC 23-30
34 Trp53 TTGGACCCTGGCACCTACAATG GCAGACAGGCTTTGCAGAATGG 25-30
35 Tubb2c TTGGCAACAGCACCGCTATTC TCGGACACCAGGTCGTTCATG 29-33

The Ct (cycle threshold) is defined as the number of cycles required for the fluorescent signal to cross the threshold under the present experimental condition.

3.2. Discrimination of the gene expression between genotoxic and
non-genotoxic hepatocarcinogens by PCA

Discrimination of the gene expression profile between the
genotoxic and non-genotoxic hepatocarcinogens was achieved by
statistical analysis using PCA. PCA of all 34 genes was unable to
discriminate the genotoxic from the non-genotoxic hepatocarcino-
gens. Therefore, we selected specific genes to obtain an optimal
separation between the two types of hepatocarcinogens using
PCA. PCA of 7 genes (Btg2, Ccnf, Cengl, Lrp1, Mbd1, Phida3 and
Tubb2c) at 4 h (Fig. 2A) and of 12 genes (Aen, Bax, Btg2, Cenf, Ccngl,
Cdknla, Gdf15,Lrp1, Mbd1, Phlda3, Plk2 and Tubb2c) at 48 h (Fig. 2B)
successfully discriminated the genotoxic from the non-genotoxic
hepatocarcinogens. The genotoxic hepatocarcinogens exhibited a
first principal component (PC1) greater than —0.23 and the non-
genotoxic hepatocarcinogens exhibited a PC1 less than —0.30 at
4h (Fig. 2A). At 48 h, the genotoxic hepatocarcinogens exhibited a
PC1 greater than —0.50 and the non-genotoxic hepatocarcinogens
exhibited a PC1 less than —0.55 (Fig. 2B). When the results at 4
and 48 h were combined, PCA of the same 12 genes discriminate
the genotoxic from the non-genotoxic hepatocarcinogens (Fig. 2C).
The Genotoxic hepatocarcinogens exhibited a PC1 greater than
—2.3 and the non-genotoxic hepatocarcinogens exhibited a PC1
less than —2.8 when the 4 and 48 h time points were combined
(Fig. 2C).

Additionally, the 3 N-nitroso genotoxic hepatocarcinogens,
NNK, DIPN and NNM, were distinguished from the 5 other geno-
toxic hepatocarcinogens by PCA with the present genes (Fig. 2A, B
and C).

3.3. Gene ontology and the biologically relevant gene networks

We analyzed the gene ontology of the examined genes using
Gene Ontology (in Mus musculus), and the results are shown in
Table 5. Seven major biological processes were extracted from this
analysis. The first process, containing 16 genes, was associated with
apoptosis; the second was associated with the cell cycle and con-
tained 10 genes; the third was associated with cell proliferation,
containing 10 genes; the fourth process, containing 13 genes, was
associated with DNA damage; the fifth was associated with DNA
repair, containing 3 genes; the sixth was associated with onco-
genes and contained 2 genes; and the seventh was associated with
tumor suppression and contained 3 genes. Fourteen genes(Aen, Bax,
Btg2, Cengl, Cdknla, Ddit4, Gdf15, Hist1hlc, Hmox1, Hspb1, Mdm2,
Phlda3, PIk2 and Pml) from the present study were reported to be
associated with Trp53. Among these, 8 genes (Aen, Bax, Btg2, Ccngl,
Cdknla, Gdf15, Phlda3 and PIk2) contributed to the discrimination
of the genotoxic hepatocarcinogens from the non-genotoxic hep-
atocarcinogens by PCA. The DNA damage response, which works
via signal transduction by a p53-class mediator and results in the
induction of apoptosis, was characteristically suggested as an asso-
ciated biological process.

To further understand the biological networks of the examined
genes, we subsequently analyzed their biological interactions using
IPA and GeneSpring. Three similar gene networks were extracted
for each chemical from the 4 and 48 h data points when ana-
lyzed by IPA using the numerical data [Ratio log2 (experimental
group/control group)] for all 34 genes. The associated gene net-
work functions, as determined by IPA, are shown in Table 6, with
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Table 4.1
Gene expression ratio (Exp/Cont) and Dunnett’s test of genotoxic hepatocarcinogens at 4 h.
No.  Symbol Mean = SD and Dunnett's test
DIPN NNK NNM QN DAT 2AAF DAB URE
1 Aen 5.00 = 2.18* 245 = 0.74™ 428 + 3.05™ 1.67 = 0.98 1.44 = 0.90 090 = 0.19 1.06 = 0.59 0.86 = 0.05
2 Bax 2.33 £ 0.19* 148 = 0.24 1.90 = 0.37* 1.08 £ 0.16 0.77 = 0.08 0.91 £ 0.10 1.09 = 0.41 0.79 = 0.15
3 Bhlhe40 1.01 £ 0.21 0.78 = 0.08 1.25 £ 0.22 151 = 0.48 1.90 £ 0.41** 144 =038 1.00 = 0.50 0.77 £ 0.15
4 Btg2 16.5 £ 4.93** 413 £ 0.44™ 143 =048 1.88 = 0.77 3.76 £ 1.43* 143 = 0.34 052 = 0.28 1.13 =030
5 Cenf 1.21 £ 0.36 1.62 £ 0.26 1.70 = 0.62 1.93 = 043 1.90 = 0.83 1.28 = 0.41 1.70 £ 0.78 1.20 = 0.59
6 Cengl 7.22 + 2.38" 476 + 0.99* 4,04 = 3.14° 111 £ 035 1.05 = 0.52 0.66 = 0.07 133 £ 047 071 £ 0.15
7 Cdknla 772+ 391" 203 £ 2.15* 184 = 145 13.6 £ 833 214 £ 193" 8.71 = 4.08* 123 £ 0.83 8.23 + 6.82*
8 Cypla2 0.70 £ 0.13 037+ 0.17** 1.25 £ 0.31 0.95 = 0.16 116 £ 0.20 0.85 = 0.22 1.03 £ 0.23 0.86 = 0.13
9 Ddi4 7.85 £ 0.72* 473 + 0.98* 1.77 £ 191 3.17 + 1.43 1.76 = 0.98 569 + 1.27* 1.19 £ 0.91 261117
10 Ddit4l 25.7 + 4.50* 342 £+ 0.87* 1.66 = 0.73 132 £ 0.18 0.71 £ 0.10 048 = 0.16 0.75 = 0.42 3.95 = 5.65
11 Egfr 0.14 £ 0.03*" 0.37 = 0.06** 032 +£0.17* 0.54 = 0.23 0.62 £ 0.52 0.59 + 0.26° 0.55 = 0.20 047 = 0.16*
12 Ephx1 0.57 £ 0.36 0.80 £ 0.17 133 £ 099 1.05 = 0.47 1.11 £ 0.47 0.74 £ 0.20 1.19 = 0.47 0.66 = 0.32
13 Gadd45b 3.37 £ 0.66° 14.3 = 6.41* 1.31 £ 0.80 1.96 + 0.81 112 £ 045 185+ 124" 0.83 = 0.26 3.49 + 2.39°
14 Gdf15 46.5 + 16.5* 27.7 £ 6.21** 5.28 + 2.65 6.8 + 3.91° 11.3 = 451* 17.2 + 690" 1.62 £+ 0.60 4,71 £ 2.50*
15 Hist1hlc 1.22 £ 0.32 0.68 = 0.07 1.82 £ 0.92 1.98 + 0.96 222 £ 1.07 0.57 = 0.16° 0.99 = 0.34
16 Hmox1 211 = 0.60° 0.65 = 0.27 1.64 + 1.42 9.78 +£ 299" 239202 1.31 £ 0.60 1.88 = 0.64
17 Hspb1 1.71 £ 0.19* 1.18 = 0.44 143 +0.82 124 + 12.6* 2.69 £ 1.55 0.49 + 0.05 047 £ 0.27
18 Igfbp1 4.45 + 2.06 1.73 £ 1.11 0.60 + 0.83 240 £ 1.77 527 + 2.99* 1.60 = 0.39 027 £ 0.24 10.8 = 5.42*
19 Jun 932 + 2.15* 14.2 + 3.37*° 1.67 £ 1.25 1132176 8.44 + 821 224 £ 0.51* 0.82 = 0.50 1.50 = 0.77
20 Lrpl 0.24 + 0.04" 0.42 = 0.03*° 0.53 £ 0.24 0.50 = 0.43 0.99 = 0.97 0.63 £ 0.14° 0.53 £ 0.40 0.82 = 0.23
21 Ly6a 1.29 £ 0.32 111 £0.27 146 = 1.06 1.38 + 0.41 1.11 £ 0.61 0.86 = 0.41 1.24 £ 0.43 0.92 = 0.40
22 Mbd1 0.27 £ 0.05* 0.59 = 0.31 070 £ 0.21 0.56 = 0.27 0.96 = 0.42 0.54 = 0.49 0.59 £ 0.34 0.50 = 0.29"
23 Mdm2 6.22 + 2.96% 1.98 + 0.83* 3.39 £+ 0.65* 42 + 1.63* 2.52 = 0.28° 093 = 0.12 0.98 = 0.29 0.98 = 0.16
24 Phlda3 54.1 + 8.11* 13.9 & 5.53** 2.75 = 1.54° 1.24 = 0.26 1.50 = 0.83 1.01 £ 034 1.00 = 0.48 219+ 221
25 Plk2 114 + 1.14* 14.2 + 2.26% 573 £ 1.58* 3.88 + 1.99* 1.91 = 035 091 =0.26 0.89 = 0.10 0.75 = 0.42
26 Pml 0.76 = 0.26 1.02 = 0.15 1.47 £ 0.60 1.00 £ 0.29 0.88 £ 0.21 1.09 = 0.19 0.71 £ 020 077 £ 019
27 Pmm1 0.96 = 0.20 0.88 = 0.22 1.39+0.33 2.25 +£ 0.37* 1.71 £ 0.67° 143 £ 0.10 0.98 = 037 0.81 = 0.29
28 Ppplr3c 6.55 + 2.84* 3.70 + 0.42** 297 +£1.74 3.08 + 1.07° 253159 233+ 051° 1.53 + 0.68 6.07 = 4.34™
29 Psma3 0.90 + 0.25 0.55 + 0.09* 1.04 + 0.58 1.14 = 0.21 153 £ 052 0.80 =033 1.05 £ 0.60 1.04 = 0.63
30 Rad52 1.46 = 0.33 0.56 + 0.50 0.98 = 0.19 0.97 £ 0.11 0.91 = 0.06 045 = 0.24 0.85 = 0.22 1.22 £ 0.27
31 Reanl 2.00 = 1.05 443 + 1.29* 0.73 = 0.63 7.68 = 5.77° 7.00 £ 4.65° 1.63 = 0.43 1.15 £ 1.05 0.87 = 0.14
32 St3gal5 0.79 = 0.20 1.02 £ 0.11 1.08 = 0.79 1.54 = 0.52 2.79 = 0.98* 2.21 + 0.57* 1.03 = 0.46 221 + 041*
33 Trp53 1.13 £ 0.17 1.29 £ 0.17 1.04 = 0.31 1.33 =039 0.72 £ 0.15 0.82 = 0.42 0.78 = 0.25 0.82 = 0.15
34 Tubb2c 3.01 £ 0.51* 6.85 £ 0.15* 312 + 1.01 572 + 260 103 £ 7.57** 261 £ 077" 1.46 = 0.64 1.38 = 0.51
35 Gapdh 0.88 £ 0.13 0.84 £ 033 1.18 = 0.41 0.73 = 0.09 093 = 034 0.87 £ 0.16 116 = 0.37 1.16 £ 0.39

Total RNA was extracted from the individual liver and cDNA was prepared. The expression of the 35 genes was quantified by quantitative real-time PCR and the gene
expression ratio (exp/cont) was calculated. The results were analyzed by Dunnett's test (**: significant by P<0.01. *: significant by P<0.05).
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Fig.3. The gene networks and pathways of 19 genes as determined by gPCR. The network was combined from the results of Ingenuity Pathways Analysis, GeneSpring software
and references from PubMed. The 9 red-colored genes indicated by “*" mark genes that significantly contributed to the discrimination of the genotoxic hepatocarcinogens
from the non-genotoxic hepatocarcinogens by PCA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Table 4.2

Gene expression ratio (Exp/Cont) and Dunnett's test of non-genotoxic hepatocarcinogens and Welch's t-test ac4 h,

No. Symbol Mean £ 5D and Dunnett’s test Welch's test
FUR DDT DEHP DCB Gvs NG
1 Aen 130016 0.81 = 0.20 1.16 £ 0.23 1.51 + 0.61 P<0.01
2 Bax 0.91 = 0.08 117 = 0.09 098 =013 1.14 £ 0.35 P<0.05
3 Bhlhe40 0.83 = 0.14 2.68 = 0.84™ 0.93 = 0.27 1.67 +0.33
4 Btg2 0.90 £ 0.22 0.81 £ 0.12 144 = 0.38 1.80 + 0.41 P<0.01
5 Cenf 0.64 =017 2.05 = 0.63° 1.59 = 0.32 0.80 = 1.00
6 Cengl 144 =032 090+ 0.18 0.77 = 0.08 1.22 £ 0.27 P<0.01
7 Cdknla 5.37 = 0.94* 248 £ 4.19 335=0.98 45+ 2.97 P<0.01
8 Cypla2 0.69 = 0.48 0.80 = 0.13 0.83 = 0.27 1.65 + 0.49
9 Ddit4 1.93 + 1.12 3.20+ 2,19 4,29 + 1.76* 6.70 £+ 3.59
10 Ddit4l 1.17 £ 0.56 043 +0.23 0.66 + 0.40 282+233
1 Egfr 037 + 0.05** 0.55 + 0.24* 1.03 = 0.11 1.13 =+ 0.59 P<0.01
12 Ephx1 141 £ 031 0.74 £ 0.30 0.61 £ 0.07 1.02 = 0.40
13 Gadd45b 281+ 2.08 110+ 1.10 1.51 = 0.84 0.89 = 0.32
14 Gdf15 3.98 £+ 1.18** 13.5 + 3.64™ 1.67 = 0.70 4,04 & 2.56 P<0.01
15 Histlhlc 032 £ 0.15* 0.64 £ 0.12 0.41 £ 0.06*" 2,12 = 1.55 P<0.01
16 Hmox1 8.19 £ 2.78** 1.81 = 0.70 0.94 = 0.34 149+ 11.4*
17 Hspb1 1.91 £+ 0.55* 0.63 £+ 0.21 0.81 £ 0.36 042 £ 0.36
18 Igfbp1 1.92 £ 0.35 0.75 £ 1.12 1.04 = 0.44 5.84 £ 436
19 Jun 6.75 = 1.67** 1.64 = 0.37 142 = 041 2.75 = 0.81* P<0.05
20 Lrp1 0.82 = 0.10 1.60 + 0.10** 1.06 = 0.43 145 = 0.59 P<0.01
21 Ly6a 1.05 + 0.26 1.05+0.72 0.84 = 0.07 0.84 £ 0.32
22 Mbd1 0.79 = 0.35 1.27 £ 0.89 1.26 = 0.73 2.92 = 2.87 P<0.05
23 Mdm?2 267 + 0.50 0.83 £ 0.17 0.97 £ 0.21 158 = 012 P<0.01
24 Phlda3 0.99 = 0.36 1.57 £ 0.29 0.88 = 0.27 046 = 0.45 P<0.01
25 Plk2 3.84 £ 1.21* 1.16 £ 0.38 0.67 = 0.26 1.20 £ 0.49 P<0.01
26 Pml 1.07 = 0.12 1.45 = 0.48 1.28 = 0.14 0.83 £ 0.16 P<0.05
27 Pmm1 0.71 = 0.16 1.19 £ 0.16 1.16 £ 0.25 0.78 £ 0.49
28 Ppplr3c 2.22 = 0.65* 155 + 1.23 1.91 £ 0.73 1.75 £ 0.39 P<0.01
29 Psma3 0.68 = 0.24 0.80 = 0.21 0.97 = 0.14 1.67 =£0.79
30 Rad52 112 £ 0.11 1.05 = 0.45 0.91 = 0.88 0.90 = 0.16
31 Reanl 5.05 = 0.46™ 0.99 = 0.49 1.07 = 0.33 1.06 £ 0.68
32 St3gal5 0.50 = 0.05* 1.28 = 0.48 1.62 = 0.18 3.21 £ 0.90
33 Trp53 1.25 + 0.21 1.26 = 0.21 119+ 0.33 0.77 £ 0.16
34 Tubb2c 242 £ 041™ 2.03 + 0.22™ 1.08 = 0.22 153 +1.33 P<0.01
35 Gapdh 131 =024 113 = 0.16 1.04 = 0.21 1.10 £ 0.93

Total RNA was extracted from the individual liver and cDNA was prepared. The expression of the 35 genes was quantified by quantitative real-time PCR and the gene expression
ratio (exp/cont) was calculated. The results were analyzed by Dunnett’s test (*“: significant by P<0.01. *: significant by P<0.05). The results of genotoxic hepatocarcinogens

(G) were compared to non-genotoxic hepatocarcinogens (NG) by Welch's t-test.

2AAF at 4h as a representative. The top functions of network 1
and 3 were cellular growth and proliferation and the cell cycle,
respectively. Those of network 2 were the cell cycle, cell death and
cellular growth and proliferation. The summarized gene networks
are shown in Fig. 3. The major gene pathway suggested by the
network was the Trp53-mediated DNA damage response pathway.

4. Discussion

In the present study, we used qPCR to quantify the expres-
sion levels of 35 genes selected from our previous DNA microarray
studies upon exposure to 12 different chemicals to discriminate
genotoxic hepatocarcinogens from non-genotoxic hepatocarcino-
gens in the mouse liver at 4 and 48 h after a single intraperitoneal
injection. In effect, we were able to distinguish the 8 genotoxic
hepatocarcinogens from the 4 non-genotoxic hepatocarcinogens
by statistical analysis using PCA (Fig. 2). The PCA discrimination
was successful for 7 genes from the gene expression profiles (Btg2,
Cenf, Cengl, Lprl, Mbd1, Phida3 and Tubb2c) at the 4 h time point and
for 12 genes (Aen, Bax, Btg2, Cenf, Cengl, Cdknla, Gdf15, Lrp1, Mbd1,
Phlda3, Plk2 and Tubb2c) at the 48 h time point. When the results for
both time points were combined, the genotoxic hepatocarcinogens
were distinguished from the non-genotoxic hepatocarcinogens by
the same 12 genes, including the 7 genes observed at 4 h. Moreover,
the 12 genes showed similar changes at both 4 and 48 h. We were
also able to use the same 12 genes to distinguish the genotoxic from
the non-genotoxic hepatocarcinogens at the 4 h time point (data
not shown), but the discrimination was less than that obtained

with the aforementioned 7 genes. Six of the 7 genes selected at 4 h
(excluding Ccnf) and 11 of the 12 genes selected at 48 h (exclud-
ing Mbd1) exhibited statistically significant differences between
the genotoxic and non-genotoxic hepatocarcinogens determined
by the Welch'’s t-test (Tables 4.1-4.4).

Each gene was associated with multiple biological processes
based on their Gene Ontology classifications. Six of the 12 selected
genes (Aen, Bax, Btg2, Ccngl, Cdknla and Phlda3) were classified as
DNA damage-associated genes, and 7 genes (Aen, Bax, Btg2, Ccngl,
Cdknla, Lrp1 and Phlda3) were classified as apoptosis-associated
genes (Table 5). The major biologically relevant gene pathway that
resulted from the network analysis was a Trp53-mediated signaling
pathway (Fig. 3) associated with the DNA damage response. Nine of
the 12 PCA-contributed genes (Aen, Bax, Btg2, Ccngl, Cdknla, Gdf15,
Mbd1, Phlda3 and Plk2) are known to be associated with the Trp53-
mediated signaling pathway, as shown in Fig. 3. The DNA damage
response, through signal transduction by a p53 class mediator
resulting in the induction of apoptosis, was characteristically sug-
gested for the genes that contributed to the discrimination of the
genotoxic from the non-genotoxic hepatocarcinogens. Fourteen of
the genes identified in this study have been reported to be directly
associated with Trp53 (Aen [28], Bax, Cdknla, Mdm2 [29], Btg2 [30],
Ccngl[31], Ddit4 [32], Gdf15[33], Hist1h1c: [34], Hmox1 [35], Hspb1
[36], Phlda3 [37], Plk2 [38], Pml [39]) (Fig. 3). Among these, 11
genes (Aen, Bax, Btg2, Ccngl, Cdkn1a, Gdf15, Hist1h1c, Mdm2, Phlda3,
Plk2 and Pml) showed statistical significance between the geno-
toxic and non-genotoxic hepatocarcinogens when analyzed by the
Welch’s t-test at 4 and/or 48 h (Tables 4.2 and 4.4). The PCA results
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Table 4.3
Gene expression ratio (Exp/Cont) and Dunnett’s test of genotoxic hepatocarcinogens at 48 h.
No.  Symbol Mean £+ SD and Dunnett's test
DIPN NNK NNM QN DAT 2AAF DAB URE
1 Aen 4.69 + 0.75* 4,68 +1.32* 289 =117 1.06 £ 072 221 = 2.06 117 =020 1.50 = 0.75 1.53 =031
2 Bax 3.25 £ 0.98* 447 + 0.53* 2.57 + 1.25" 1.00 £ 032 145 = 047 0.92 = 0.09 1.38 = 0.62 1.55 = 0.34
3 Bhihed0 0.58 £ 0.09 048 = 017 053 = 018 0.97 = 0.52 0.62 =017 0.43 = 0.10* 0.59 £ 0.12 0.99 = 0.48
4 Btg2 5.01 & 1.55"* 6.55 + 1.16*" 1.61 = 0.88 1.00 = 029 2.2 = 0.44™ 0.81 =015 0.83 = 0.27 1.21 = 0.47
5 Cenf 1.29 + 0.55 1.64 £ 0.40 1.15 £ 0.20 0.90 = 0.21 1.04 = 0.12 094 =013 0.89 = 0.16 0.74 = 017
6 Cengl 5.23 4+ 1.35"* 9.76 + 1.83* 34 = 1.06™ 1.07 =+ 0.58 117+ 015 1.46 = 037 1.40 = 035 2.01 =072
7 Cdknla 51.2 £ 145" 103 + 10.8* 345+ 872" 310224 497 + 2,59 1.55 £ 035 2,50 = 1.00 7.22 = 2.44™
8 Cypla2 0.50 + 0.09* 0.34 = 0.16™ 047 = 027 0.96 = 0.34 0.34 £ 0.24° 1.23 £ 017 0.91 = 0.66 0.81 £ 0.73
9 Ddit4 1.05 + 1.42 2.32 £+ 0.46" 3.35 = 1.84™ 0.94 = 0.38 239+ 1.07 0.84 = 0.24 1.33 + 0.52 1.94 = 099
10 Ddit4l 4.59 £+ 1.15* 3.71 £1.18* 231 £ 1.07 1.25 = 0.83 1.61 + 1.19 032 =014 1.21 = 047 1.29 = 0.46
11 Egfr 0.92 £ 0.23 0.81 £ 0.26 0.52 £ 0.38° 045 + 0.24° 049 =+ 0.26° 0.73 £ 0.09 0.40 = 0.12* 1.04 = 0.10
12 Ephx1 3.47 £ 295 2.43 = 0.40™ 245 + 0.79* 0.98 £ 040 0.61 = 0.27 0.96 = 0.22 1.82 £ 0.36 1.42 = 0.44
13 Gadd45b 227 £1.52 123 £ 4.91* 1.52 + 1.00 226+ 129 424+ 317 1.24 + 0.60 1.01 £ 0.25 0.98 = 0.34
14 Gdf15 7.40 + 4.85% 7.54 = 4.22* 411 £+ 2.26™ 0.61 = 0.27 0.65 £+ 0.21 3.51 £ 6.00 1.29 = 0.66 1.74 £ 0.71
15 Hist1hlc 3.01 = 0.89" 1.19 £ 0.28 1.19 + 0.36 0.64 + 0.18 0.86 = 0.56 0.99 = 0.23 1.02 + 0.77 0.88 £ 0.13
16 Hmox1 0.61 = 0.20 1.34 £ 0.26 0.93 £ 0.46 192+ 1.70 211 £ 1.44 1.06 £ 0.10 1.69 + 0.91 0.73 = 0.06
17 Hspb1 1.03 £ 0.12 3.47 £ 1.36* 1.26 + 1.09 0.52 £ 030 1.16 + 1.29 0.83 + 0.27 0.54 = 0.36 1.10 £ 0.56
18 Igfbp1 1.15 £ 0.43 109 = 1.56 0.92 £+ 0.46 1.44 = 0.91 1.98 + 1.08 0.78 = 0.45 0.76 £ 0.31 0.71 £ 0.29
19 Jun 2.23 = 043" 3.01 £ 1.30* 235+ 1.50 0.85 £ 0.32 209 £ 212 1.33 £ 0.80 1.24 + 0.38 0.84 = 0.26
20 Lrpl 0.57 £ 031 0.80 £ 0.17 0.29 + 0.24™ 0.67 £ 015 1.01 = 0.46 0.74 = 0.28 0.36 = 0.22* 0.74 = 0.10
21 LyGa 5.62 £ 1.74* 1.36 = 0.27 2,99 = 0.44™ 0.93 £ 042 1.38 = 0.51 0.51 £ 0.12 1.30 = 0.48 0.8 =035
22 Mbd1 1.71 £ 1.03 1.26 £ 0.68 0.91 £ 0.73 1.01 £ 044 0.73 £ 0.68 1.14 £ 0.30 0.98 = 0.79 1.04 = 0.33
23 Mdm2 4.24 + 0.63* 3.75 £ 1.02* 238 +1.10° 0.75 £ 0.22 1.18 + 1.27 1.14 £ 0.13 0.68 = 0.30 1.21 £ 0.34
24 Phlda3 499 + 154* 26.8 +£ 10.5* 9.58 + 3.63* 1.26 £ 0.71 202 + 1.87 0.44 = 0.10 1.36 £ 0.26 12.7 £ 9.55
25 Plk2 6.60 £ 1.19* 5.76 £ 0.33* 3.44 = 1.20* 0.88 = 0.28 079 £ 0.18 0.99 £ 0.16 1.01 = 0.20 1.18 £ 0.56
26 Pml 1.31 + 0.44 4.04 + 0.72* 1.16 + 0.45 0.67 £ 017 091 = 0.24 1.66 £ 0.12 0.82 +£0.21 0.83 = 0.26
27 Pmm1 3.82 + 1.26* 109 + 3.15** 0.80 £ 0.17 0.65 + 035 0.64 + 0.33 1.11 £ 0.20 0.56 = 0.42 1.05 = 0.09
28 Ppplr3c 0.94 £ 0.24 1.86 + 0.55 0.88 + 0.12 0.97 = 037 094 = 0.32 1.30 £ 0.53 0.80 = 0.24 0.64 =013
29 Psma3 0.93 + 0.35 2.68 + 0.73** 0.61 + 043 0.73 £ 046 0.38 £ 0.20 1.30 + 0.06 0.82 = 0.25 0.86 = 0.35
30 Rad52 0.96 + 0.34 2.34 £+ 0.73* 0.79 = 0.14 070 = 021 124 £ 0.56 1.19 = 0.40 0.93 =0.18 0.59 = 0.10
31 Reanl 052 +0.36 1.22 + 0.06 1.70 = 0.86 0.98 = 0.52 1.71 £ 1.37 0.79 = 0.43 1.35 £ 097 1.27 £ 0.26
32 St3gal5 1.80 = 0.18 2.18 + 1.23*" 1.89 = 0.87 1.20 = 040 1.72 = 0.48 1.08 £ 0.34 1.11 £ 049 1.19 = 0.11
33 Trp53 1.32 £ 0.23 1.89 + 0.27** 115+ 025 0.70 =023 1.14 = 0.34 116 = 010 0.86 = 0.28 0.87 = 0.22
34 Tubb2c 1.22 £ 0.14 239 + 1.04* 1.78 £ 0.74 1.28 £ 1.05 224 = 1.08 0.70 = 0.19 1.06 = 0.66 1.07 = 0.53
35 Gapdh 0.88 £ 0.16 1.06 = 0.46 072 £ 014 0.85 £ 012 0.81 = 0.41 0.93 = 0.11 1.20 £ 0.25 133 =019

Total RNA was extracted from the individual liver and cDNA was prepared. The expression of the 35 genes was quantified by quanritative real-time PCR and the gene
expression ratio (exp/cont) was calculated. The results were analyzed by Dunnett’s test (**: significant by P<0.01. *: significant by P<0.05).

further confirmed that 8 of these genes (Aen, Bax, Btg2, Ccngl,
Cdknla, Gdf15, Phlda3 and PIk2) contributed to the discrimination
of the genotoxic from the non-genotoxic hepatocarcinogens. When
we analyzed the expression of Trp53 itself, we identified a signif-
icant increase only with the NNK injection at the 48 h time point
(Tables 4.1-4.4), though the basal expression of Trp53 in the con-
trol animals may already have been sufficient for DNA damage
under the present experimental conditions. Little is known about
the acute expression changes of Trp53 in the rodent liver after expo-
sure to hepatocarcinogens; only a few reports have suggested the
activation of a Trp53-mediated signaling pathway following the
administration of hepatocarcinogens [40]. In one study [40], male
F344 rats were dosed daily via gavage, up to 28 days, with 73 test
chemicals, including 23 hepatocarcinogens. The paper suggested a
possible gene network that included Trp53, Bax, Btg2 and Mdm2.
Our extracted network of the Trp53-mediated signaling pathway
includes these genes (Fig. 3), however, it is much more extensive.
Mbd1 has been found to play a role in Pml-Rara-induced acute
promyelocytic leukemia [41] and is associated with the Trp53-
mediated signaling pathway via Pml (Fig. 3).

Some of the other identified PCA-contributed genes have been
reported to be associated with cancer. Researchers have identi-
fied the associations of Cenf, Lrp1 and Tubb2c¢ with cancer [42-44].
Cenfis known to be associated with the cell cycle, cell division and
mitosis; Lrp1 is associated with apoptotic cell clearance, cell prolif-
eration and the positive regulation of anti-apoptosis; and Tubb2c is
associated with the G/M transition of the mitotic cell cycle. Little is
currently known about the direct relationship between these genes
and the Trp53-mediated signaling pathway.

The expression of Ccngl was remarkably increased by the injec-
tion of DIPN, NNK and NNM at both the 4 and 48h time points.
This increase has also been shown to be induced by other N-nitroso
hepatocarcinogens, such as diethylnitrosamine, ethylnitrosourea
[12] and dipropylnitrosamine [11]. Thus, Ccngl was suggested to
be a characteristic gene that is amplified by N-nitroso hepatocar-
cinogens shortly after administration. Interestingly, Ccng1 has been
reported to be involved in growth inhibition, which is mechanis-
tically linked to the ARF-p53 and pRb tumor suppressor pathways
[31].

In total, 3 gene networks were extracted by IPA. The top func-
tions of networks 1 and 3 were cellular growth and proliferation
and the cell cycle, respectively, and the top functions of network 2
were the cell cycle, cell death and cellular growth and proliferation
(Table 6). According to current understanding, these networks are
assumed to be associated with carcinogenesis. Among the 12 PCA-
identified genes, Aen, Cenf, Gdf15, Phlda3, Plk2 and Tubb2c belong
to gene network 1. Bax, Ccng1, Cdknla and Gdf15 belong to network
2; and Btg2, Gdf15, Lrp1 and Mbd1 belong to gene network 3.

Few time-course-based differential gene expression profiles
of genotoxic and non-genotoxic hepatocarcinogens in rodents
have been reported using DNA microarray and real-time PCR.
Ellinger-Ziegelbauer et al. used the Affymetrix RG_U34 microar-
ray system to examine the differential gene expression between
4 genotoxic (dimethylnitrosamine, 2-nitrofluorene, aflatoxin B1
and 4-(methylnitrosamino)1-(3-pyridyl)-1-butanone) and 4 non-
genotoxic hepatocarcinogens (methapyrilene, diethylstilbestrol,
Wy-14643 and piperonylbutoxide) in the livers of rats that had
been given doses of the chemicals for 1, 3, 7 and 14 days [45].
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Table 4.4
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Gene expression ratio (Exp/Cont) and Dunnett's test and Welch's t-test of non-genotoxic hepatocarcinogens at 48 h.

No. Symbol Mean + SD and Dunnett’s test Welch's test
FUR DEHP DDT DCB Gvs NG
1 Aen 0.87 = 0.25 122+ 031 1.06 = 0.23 1.11 £ 0.58 P<0.01
2 Bax 0.95 = 0.08 0.85 + 0.27 0.82 = 0.08 0.59 + 0.11 P<0.01
3 Bhlhe40 0.39 = 0.16° 047 + 0.15* 0.48 + 0.15* 1.11 £ 0.44
4 Btg2 0.85 = 0.08 1.09 = 0.32 0.79 + 0.27 1.23 + 0.62 P<0.01
5 Cenf 0.55 = 0.14* 0.76 = 0.19 0.68 = 0.08 1.18 £ 0.30 P<0.01
6 Cengl 1.19 = 0.07 1.37 = 0.45 1.40 = 0.33 1.00 +£ 0.27 P<0.01
7 Cdknla 137 =023 257+ 1.92 1.12 = 0.28 1.22 £ 0.46 P<0.01
8 Cypla2 0.51 =017 0.74 = 0.16 1.01 = 0.18 0.41 £ 0.25
9 Ddit4 1.00 = 0.39 1.02 = 048 0.88 = 0.16 1.23 £ 047
10 Ddir4l 0.45 = 0.38 0.85 = 0.37 0.67 £ 0.16 147 £ 0.73 P<0.05
1n Egfr 043 = 0.22¢ 0.81 £ 030 0.51 £ 0.147 1.02 £ 0.39
12 Ephx1 1.63 =017 1.13 = 048 093 £0.34 0.79 £ 0.40 P<0.01
13 Gadd45b 1.20 = 0.52 1.37 = 091 0.58 £0.20 0.57 = 041 P<0.01
14 Gdf15 1.37 £ 0.30 1.14 = 0.56 0.61 = 0.27 0.84 = 0.23 P<0.01
15 Hist1hic 071 £ 015 1.27 £ 0.28 0.71 £ 0.15 1.48 = 0.40
16 Hmox1 1.08 £ 0.28 0.86 = 0.27 1.21 £ 0.36 0.65 = 0.32
17 Hspb1 217 £ 0.58 2.74 = 0.94™ 1.25 £ 0.29 0.66 = 0.23
18 1gfbp1 1.28 = 0.36 312+ 259 0.63 = 040 299 = 1.49*
19 Jun 1.59 = 0.22 1.36 = 0.59 1.71 £0.33 1.04 = 0.56
20 Lrp1 0.76 £ 0.11 0.62 = 0.18 0.80 = 0.16 134 + 1.08 P<0.05
21 Ly6a 0.19 £+ 0.05** 0.13 = 0.05* 028 =011 1.28 = 0.60 P<0.01
22 Mbd1 1.36 + 0.53 1.43 = 1.60 1.62 = 1.01 1.28 = 1.27
23 Mdm2 0.87 = 0.23 1.26 = 0.55 115 = 0.24 1.38 £ 0.77 P<0.01
24 Phlda3 1.38 = 0.51 042 = 0.14 1.29 = 0.60 112+ 1.48 P<0.01
25 Plk2 125+ 0.16 0.74 = 0.16 080 = 0.21 0.82 = 0.27 P<0.01
26 Pml 1.28 £ 0.14 119+ 046 121 £ 026 1.13 = 0.40
27 Pmm1 1.06 + 0.22 1.11 £ 0.60 0.71 = 0.08 1.00 = 0.53 P<0.05
28 Ppplr3c 092 + 0.34 1.47 = 0.86 093 =013 1.72 £ 049 P<0.01
29 Psma3 1.10 = 0.09 1.03 £ 0.42 1.04 = 0.37 059 +0.13
30 Rad52 1.00 = 0.45 112+ 0.20 1.34 = 037 0.97 = 0.45
31 Rcanl 0.97 £ 0.19 0.56 = 0.31 0.93 £ 038 3.05 = 1.59
32 St3gal5 0.74 £ 0.21 127 £ 0.79 0.85 =018 1.08 = 0.63 P<0.01
33 Trp53 121 + 0.23 110+ 043 0.80 = 0.20 132 £0.53
34 Tubb2c 0.70 = 14 1.05 £ 0.29 0.62 = 0.20 0.95 = 0.63 P<0.01
35 Gapdh 130+ 039 112+ 0.28 1.32+0.30 0.65 = 0.60

Total RNA was extracted from the individual liver and cDNA was prepared. The expression of the 35 genes was quantified by quantitative real-time PCR and the gene expression
ratio (exp/cont) was calculated. The results were analyzed by Dunnett’s test (**: significant by P<0.01. *: significant by P<0.05). The results of genotoxic hepatocarcinogens

(G) were compared to non-genotoxic hepatocarcinogens (NG) by Welch's t-test.

They reported 477 deregulated genes in 18 categories. A total of
9 out of our 34 genes agreed with their candidates, namely 5 genes
that are involved in the DNA damage response (Bax, Btg2, Cengl,
Cdknla and Mdm2), 2 genes that are involved in the oxidative
stress response (Ephx1 and Hmox1) and 2 genes that are involved
in cell survival/proliferation (Gdf15 and Igfbp1). Kang et al. exam-
ined the genotoxic hepatocarcinogen MelQx at weeks 4, 16 and
102 in rat livers using the Affymetrix Gene Chip, Rat Genome 230
2.0 Array and observed no major differences at weeks 4 and 16
but found a few differentially expressed genes in tumors at 102
weeks [46].

There are very few reports on the acute gene expression changes
within 48 h in mouse or rat liver after the administration of hepato-
carcinogens. We speculated that carcinogens at high doses would
induce various acute changes including general toxic effects in
their target organs. Some changes might be associated with imme-
diate response to exposure to DNA damaging agents and which
are likely to reflect genotoxic insult and therefore associated with
initiation (presumably due to mutagenesis). However, most cells
would be repaired rapidly and some cells might be induced to
undergo apoptosis. Only a few initiated cells may continue to
develop into tumors. In previous studies, we have observed that

Table 5
Gene ontology of genes examined in the present study.
Biological Genes
processes
Apoptosis Aen®, Bax®, Btg2*, Cengl®, Cdknla®, Dditd, Egfr*, Gadd45b™, Hmox1,
Hspbl, Jun, Lipl*, Mdm2*, Phida3*, Pml*, Trp53
Cell cycle Cenf*, Cengl®, Cdknla®, Egfr*, Gadd43b®, Jun, Mdm2*, Pk2*, Pml*, Trp33
Cell proliferation Cenf*, CCngl™, Cdknla®, Egfi*, Gdf15*, Jun, Lrp1*, Mdm2*, Pml*, Trp53
DNA damage Aen®, Bax®, Btg2®, Cengl®, Cdknla®, Ddtd, Gaddi5b®, Hmox1, Mdm2*,
Phlda3*, Pml*, Rad52, Trp53
DNA repair Ecfr*, Rad52, Trp53
Oncogene Jun, Mdm2*
Tumor suppression | Pml*, Ppplr3c®, Trp53

Gene ontology of examined genes, as referred by Gene Ontology (http://www.geneontology.org/) and references. The red-colored genes indicated by “*" mark showed
statistically significant differences in expression between genotoxic and non-genotoxic hepatocarcinogens at 4 andfor 48 h.
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Table 6
Associated gene network functions (2AAF, at 4 h).

Gene network Molecules within the network Score Focus molecule Top functions

1 Abl1, Aen, Aspm, Bub1, Cables1, Cenf, Cdc7, Cdkn3, 31 14 Cellular growth and
Ddb2, Ddit4, Ddit4l, Ephx1, Gadd45, Gdf15, Hprtl, proliferation
hydrogen peroxide, Mk167, Mtor, P4HA1, Phlda3, Cell cycle
Plk2, Pmm1, Ppp1r3c, Prc1, Rad52, retinoic acid, Rfc4,
St3gal5, Ten2, Tgfbl, Trp53, Tprkb, Tscl1-Tsc2, Tubb2c,
Ube2c

2 14-3-3, Ahr, Akt, Bax, Bhlhe40, caspase, Cbp, Cengl, 30 13 Cell cycle
Ceng2, Cdkn1a, CyclinA, Cytochrome c, E2f, Estrogen Cell death
receptor, Gadd45b, Gdf15, hCG, Mdm2, Mek, Hhex, Cellular growth and
Hspb1, Hspb2, Jun, Ldl, Map2K1/2, NFKB, PIk2, Pml, proliferation
Pp2a, Proteasome, Psma3, Rb, Rcan1, Ubiquitin

3 Ap1, Btg2, Calpain, Ck2, Cyp1a2, Egfr, Erk, Erk1/2, Fsh, 18 8 Cellular growth and

Gdf15, Histone h3, Histone h4, Hmox1, Ifn beta,
Igfbp1, 1gG, 111, Insulin, interferon alpha, Jnk, Lpp,

Lrp1, Mapk, Mbd1, P38, Mapk, Pdgf, Pi3k, Pks, Pkc, Ras,

RNA polymerase II, Stat, Tgf beta, Vegf

proliferation
Cell cycle

Associated gene network functions, as determined by ingenuity pathways analysis 7.0 (IPA), a web-based application (http://www.Ingenuity.com) are shown for 2AAF at4 h
as a representative. Boldface genes were examined in the present study. The score indicates the likelihood of the focus genes in a given network being found together due to
random chance. A score of >2 indicates that there is a <1 in 100 chance that the focus genes were assembled randomly into a network due to random chance.

the initial changes seen at 4 h were much greater than those at 16,
20, 24 and 48h and 14 and 28 days (published in part: [11,12]).
Therefore, in the present study, we attempted to detect the specific
acute changes that occur within the first 48 h. At the 48 h mark,
we expected to find changes in the expression of genes that are
responsible for evaluating cell proliferation. However, no genes
were identified that were specific to cell proliferation at 48 h. Essen-
tially, we observed similar changes at both 4 and 48 h, with a few
exceptions.

In our previous mouse studies [11,12] and in additional
unpublished work, we compared the results of DNA microar-
ray (Affymetrix GeneChip and 45-mer oligonucleotide in-house
microarray) and qPCR. The qPCR findings generally coincided with
those of the DNA microarray, and the qPCR was more sensitive at
detecting low levels of gene expression. Ten-fold greater amounts
of total RNA and more procedural steps are required for a DNA
microarray. qPCR experiments are simpler, and the resultant data
are highly reliable and reproducible. In summary, DNA microar-
ray technology is helpful for identifying candidate genes across the
whole genome in the preliminary step, but qPCR is more useful for
routine studies on selected genes when evaluating genotoxic and
non-genotoxic mouse hepatocarcinogens.

We are interested in short-term in vivo genotoxicity tests in
the mammalian liver because the effects of chemicals are not nec-
essarily the same between a single cell and a mammalian body.
Previously, we studied various short-term in vivo genotoxicity
tests in rodent livers [13-15,47-50]. Recently we attempted gene
expression profiling in short-term in vivo genotoxicity tests[11,12].

In summary, we have shown that gPCR and PCA are effective
methods for distinguishing between genotoxic and non-genotoxic
hepatocarcinogens in the mouse liver at the early time points of 4
and 48 hafteradministration, when analyzing the 12 genes selected
from our preliminary DNA microarray studies.
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Fig. 3 Importance of early stage trials
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