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Fig. 1. Changes in the gene expression of 14 major genes (Aen, Bax, Btg2, Cenf, Cengl, Cdknla, Egfr, Gdf15, Lrp1, Mbd1, Phida3, Plk2, Ppp1r3c and Tubb2c) as quantified by gPCR at
4 and 48 h. DIPN: diisopropanolnitrosamine, NNK: 4-(methylnitrosamino}-1-(3-pyridyl)-1-butanone, NNM: N-nitrosomorpholine, QN: guinoline, 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 (~test. x: P< 0,05, xx: P<0.01 outside the framework. 8: Genotoxic hepatocarcinogen,
[1: 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.

No. Symbol Gene name Accession no.
1 Aen Apoptosis enhancing nuclease NM.026531
2 Bax BCL2-associated X protein NM.007527
3 Bhihe40 Basic helix-loop-helix domain containing, Class B2 NM.011498
4 Btg2 B-cell translocation gene 2, anti-proliferative NM_0607570
5 Cenf Cyclin F NM_007634
6 Cengl Cyclin G1 NM_009831
7 Cdknla 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 Histihlc - H1 histone family, member 2 NM._015786

17 Hmox1 Heme oxygenase (decycling) 1 NM.010442

18 Hspbl 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 LyBa " Lymphocyte antigen 6 complex, locus A NM.010738

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

24 Mdm2 Transformed mouse 313 cell double minute 2 NM_010786

25 Phida3 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 Ppplr3c Protein phosphatase 1, regulatory (inhibitor) subunit 3C NM_016854

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

31 Rad52 RADS52 homolog (S. cerevisiae) NM.011236

32 Rcanl Regulator of calcineurin 1 NM.001081549

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

34 Trp53 Tranformation related protein 53 NM.011640

35 Tubb2c Tubulin, beta Z¢ NM.146116

The genes were selected to discriminate genotoxic carcinogens from non-genotoxic carcinogens based on our previous studies [11,12].
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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 qPCR 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, Lrp1, Mbd1, Phida3 and Tubb2c), B: 48 h with 12 genes (Aen, Bax, Btg2, Cenf, Cengl, Cdknla, Gdf15, Lrp1, Mbd1, Phida3, Plk2 and
Tubb2c) and C: both 4 and 48 h with 12 genes (Aen, Bax, Btg2, Cenf, Cengl, Cdknla, Gdf15, Lrp1, Mbd1, Phlda3, Plk2 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-ethylhexyljphthalate, 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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Tabie 3
Primer sequences of the 35 genes quantified in the preset study.
No. Symbol Left Right Ct
1 Aen TTGAAGGGCAAGGTGGTIGGTG GAGCAGGTITGGGACATAAGTG 27-30
2 Bax CCAGGATGCGTCCACCAAGAAG GGAGTCCGTGTCCACGTCAGC 29-33
3 Bhlhe40 CCAGGCCTCAACACCTCAGCTG CCGAAGAGTCGAGGGACGAATG 24-28
4 Btg2 ACGGGAAGAGAACCGACATGC ATGATCGGTCAGTGCGTCCTG 24-28
5 Cenf AGCACAAAGCCTTGCCACCATC AAGCCAGGTGCGTGTCCTTGTC 27-31
6 Cengl TGGCCGAGATTTGACCITCIGG GTGCTTCAGTTGCCGTGCAGTG 27-33
7 Cdknla TCCCGTGGACAGTGAGCAGTTG CGTCTCCGTGACGAAGTCAAAG 25-35
8 Cypla2 GATGCTCTTCGGCTTGGGAAAG CCATAGTTGGGTGTCAGGTCCAC 23-30
9 Ddit4 GCACCTGTGTGCCAACCTGATG TGTATGCCAGGCGCAGGAGTIC 34-44
10 Ddit4l ACCAGCTTGGCTGGGACAAATG CGTGCTCATTGGAACAGTGATG 33-36
11 Egfr AGAGCGCCTTCCACAGCCAC ACTCTCGGAACTTTGGGCGG 24-29
12 Ephx1 CATTGTCTCCTCCCAGCGCTTC GGGCATGCAGGATCTCAGAAGG 20-26
13 Gadd45b TGTACGAGGCGCCCAAACTG TGTCGCAGCAGAACGACTGG 23-28
14 Gapdh GCTCTCAATGACAACTTTGTCAAG TCCTTGGAGGCCATGTAGGC 24-27
15 Gdf15 AGCTGGAACTGCGCTTACGGG CTCCAGCCCAAGTCTTCAAGAG 25-30
16 HistH1 CGAGCTCATCACCAAGGCTIGTG CCCITGCTCACCAGGCTCTTC 27-31
17 Hmox1 AAGACCGCCTTCCTGCTCAAC CGAAGTGACGCCATCTIGTGAGG 24-45
18 Hspb1 CGGTGCTTCACCCGGAAATAC GCTGACTGCGTGACTGCTTTGG 23-29
19 1gfbp1 GATCAGCCCATCCTGTGGAACG TTCTCGTTGGCAGGGCTCCTTC 24-28
20 Jjun GCCAAGAACTCGGACCTTCTC AGTGGTGATGTGCCCATTGCTG 22-29
21 Lrpl GGGCCATGAATGTGCGAAATTGG GTGGCATACACTGGGTTGGTG 21-36
22 Ly6a CTTGTGGCCCTACTGTGTGCAG GGGCAGGTAATTGATGGGCAAG 27-33
23 Mbd1 GGATCCTGACACTCAAGAATGG GTTTGGGCTAACACAGGAAGAG 21-24
24 Mdm2 TEGATCCGAGCCTGGGTCTGTG AAGATCCTGATGCGAGGGCGTC 26-32
25 Phlda3 TGGCTGGAACGCTCAGATCAC TTAGGACACAAGGGTCCCAGTC 22-29
26 Pik2 CTGTTGAGAGCGTCTTCAGTTG CCATAGTTCACAGTTAAGCAGC 28-32
27 Pml GGCAAGAAGCGTCCTITACCTTC GGACAGCAACAGCAGTTCAGTC 26-31
28 Pmm1 TGTCCCGAGGAGGCATGATAAG CAAAGTCATTCCCGCCAGGAC 25-29
29 Ppplr3c TGGAAACCTGACGCAGTGCAG GCAAGCCTTGGACTGCCAAAG 24-28
30 Psma3 GATCGACCCATCAGGTGTTTIC CACGGCAAGTCATTTCCTTCATCIG 24-28
31 Rad52 TGACGCCACTCACCAGAGGAAG GCTGGAAGTACCGCATGCTTGG 31-33
32 Recanl GGTCCACGTGTGTGAGAGTG TGGATGGGYGTGTACTCCGG 28-32
33 St3gal5 GCAGGTCATGCACAATGTGACC CTGGGTGAGGTTTGCCGTGTTC 23-30
34 Trp53 TTGGACCCTGGCACCTACAATG GCAGACAGGCTTTGCAGAATGG 25-30
35 Tubb2c TIGGCAACAGCACCGCTATTC 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, Lrpl, Mbd1, Phida3 and
Tubb2c) at 4h (Fig. 2A) and of 12 genes (Aen, Bax, Btg2, Cenf, Cengl,
Cdknla, Gdf15, Lrp1, Mbd1, Phida3, 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).
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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, Hist1h1c, Hmox1, Hspb1, Mdm2,
Phlda3, Plk2 and Pml) from the present study were reported to be
associated with Trp53. Among these, 8 genes (Aen, Bax, Btg2, Ccngl,
Cdknla, Gdf15, Phida3 and Plk2) 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 4 0.74% 4.28 = 3.05™* 1.67 + 098 1.44 4 0.90 0.90 + 0.19 1.06 + 0.59 0.86 = 0.05
2 Bax 233 £0.19™ 1.48 + 024 1.90 & 0.37% 1.08 + 0.16 0.77 £ 0.08 091+ 0.10 1.09 4 041 0.79 + 0,15
3 Bhihe40 1.01 £0.21 0.78 £ 0.08 1.25 £ 0.22 1.51 &£ 048 1.90 = 0.41* 1.44 + 0.38 1.00 & 050 0.77 £0.15
4 Btg2 16.5 = 4.93** 4.13 + 044 1.43 =+ 048 1.88 £ 0.77 3.76 £ 1.43™ 143 +£0.34 0.52 £ 028 1.13 £ 0.30
5 Cenf 121 £ 036 1.62 £ 0.26 1.70 £ 0.62 1.93 £ 043 1.90 £ 0.83 1.28 = 041 1.70 £ 0.78 120 £0.59
6 Cengl 7.22 £2.38% 4.76 = 0.99%* 4.04 & 3.14% 111+ 035 1.05 4 0.52 0.66 = 0.07 1.33 £ 047 0.71 £ 0.15
7 Cdknia 772 =391 203 & 2.15* 184 % 145 13.6 4 8.33 21.4 £ 19.3* 8.71 + 4.08** 123+ 083 8.23 = 6.82*
8 Cypla2 0.70 £ 0.13 037 & 0.17* 1.25 4+ 0.31 0.95 + 0.16 116 & 0.20 0.85 & 0.22 1.03 +: 0.23 0.86 +0.13
9 Ddit4 7.85 4 072" 473 + 098" 1.77 4 1.91 3.17 £ 143 1.76 £ 0.98 5.69 & 1.27* 1.19 + 091 261+ 117°
10 Ddit4l 25.7 & 4.50™ 3.42 £ 0.87* 1.66 £ 0.73 1.32 £ 0.18 0.71£0.10 0.48 + 0.16 0.75 £ 0.42 3.95 + 5.65
11 Egfr 0.14 £ 0.03* 0.37 + 0.06** 0.32 £ 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 4 0.36 0.80 = 0.17 1.33 £ 099 1.05 = 047 1.11 £ 047 0.74 = 0.20 1.19 £ 047 0.66 £ 0.32
13 Gadd45b 337 + 0.66* 14.3 + 6.41* 131 =0.80 1.96 + 0.81 1.12 £ 045 18.5 &+ 12.4* 0.83 £ 0.26 349 = 2.39*
14 Gdf1s 46.5 + 16.5** 27.7 &£ 6.21% 5.28 £ 2.65 6.8 & 3.91* 11.3 + 451 17.2 £ 6.90™ 1.62 4 0.60 471 % 2.50™
15 Hist1hlc 122 £0.32 0.68 + 0.07 1.82 4 092 1.98 + 0.96 222 £1.07 0.57 + 0.16* 1.02 £ 030 089 +0.34
16 Hmox1 211 4 0.60° 0.65 & 0.27 1.64 = 1.42 9.78 i 2.99% 2.39 £ 2.02 1.31 + 0.60 1.78 4 1.14 1.88 + 0.64
17 Hspb1 171 £ 019" 1.18 = 0.44 1.43 4: 0.82 124 + 12.6* 2.69 & 1.55 0.49 = 0.05 1.31 4 0.57 047 +0.27
18 igfbpl 4.45 + 2.06™ 173 £ 1.11 0.60 + 0.83 2404177 5.27 £2.99* 1.60 £ 0.39 0.27 + 0.24 10.8 + 542
19 Jun 9.32 £ 2,15 14.2 + 3.37™ 1.67 £ 1.25 113+ 176 8.44 £ 8.21 2.24 £ 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 =023
21 LyGa 1.29 = 0.32 1.11 & 0.27 146 + 1.06 1.38 + 041 1.11 £ 061 0.86 + 041 1.24 £ 043 0.92 £ 040
22 Mbd1 027 + 0.05** 0.59 £ 0.31 0.70 £ 0.21 0.56 & 0.27 0.96 = 042 0.54 + 049 0.59 £ 0.34 0.50 + 0.29%
23 Mdm2 6.22 & 2.96™* 1.98 = 0.83* 3.39 4+ 0.65* 4.2 = 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 4 1.54" 1.24 + 026 1.50 + 0.83 1014034 1.00 4: 0.48 219 %221
25 Plk2 11.4 & 1.14™ 14.2 & 2.26% 573 & 1.58™ 3.88 4 1.99% 1.91 £ 035 0.91 + 0.26 0.89 + 0.10 0.75 + 0.42
26 Pmi 0.76 £ 0.26 1.02 &£ 0.15 147 + 0.60 1.00 +£ 0.29 0.88 = 0.31 1.09 & 0.19 0.71 £ 0.20 077 £0.19
27 Pmm1 0.96 + 0.20 0.88 + 0.22 1394033 2.25 £ 037 1.71 £ 067" 1.43 £ 0.10 0.98 £0.37 0.81 £0.29
28 Ppplr3c 6.55 % 2.84™ 3.70 & 0.42" 297 £1.74 3.08 = 1.07* 253 £1.59 233 £ 0.51* 1.53 £ 0.68 6.07 £ 4.34™
29 Psma3 090 £ 0.25 0.55 = 0.09* 1.04 + 0.58 114+ 021 1.53 +£0.52 0.80 = 0.33 1.05 4+ 0.60 1.04 £ 0.63
30 Rad52 146 + 033 0.56 = 0.50 0.98 4 0.18 0.97 = 0.11 0.91 =+ 0.06 0.45 £ 0.24 0.85 + 0.22 1.22 £ 0.27
31 Rcanl 200 = 1.05 443 & 1.29" 0.73 + 0.63 7.68 £ 577" 7.00 & 4.65% 1.63 & 043 115+ 105 0.87 = 0.14
32 St3gal5 0.79 £ 0.20 1.02 + 0.11 1.08 £0.79 1.54 4: 052 2.79 £ 0.98* 2.21 4 057" 1.03 & 0.46 2.21 & 041
33 Trp53 113 4 0.17 1.29 4 0.17 1.04 4 0.31 133 £ 039 0.72 £ 0.15 0.82 4 0.42 0.78 4 0.25 0.82 4 0.15
34 Tubb2c 3.01 £ 051" 6.85 & 0.15°" 3.12 £ 1.01 5.72 £ 2.60 10.3 £ 7.57* 2,61 =077 1.46 £ 0.64 1.38 + 0.51
35 Gapdh 088 £0.13 0.84 £ 0.33 1.18 £ 041 0.73 = 0.09 0.93 +0.34 0.87 £ 0.16 1.16 £ 0.37 1.16 £ 0.39

Total RNA was extracted from the individual liver and ¢DNA 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 qPCR. 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 at 4 h.
No. Symbol Mean + SD and Dunnett’s test Welch’s test
FUR DDT DEHP DCB Gvs NG
1 Aen 1.30 £ 0.16 0.81 £ 020 1.16 £ 023 151+ 0.61 P<0.01
2 Bax 0.91 : 0.08 1.17 4 0.09 0.98 4 0.13 1.14 £ 035 P<0.05
3 Bhihe40 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 £ 038 1.80 + 041 P<0.01
5 Cenf 0.64 = 0.17 2.05 + 0.63* 1.59 £ 0.32 0.80 + 1.00
6 Cengl 1.44 £ 032 0.90 + 0.18 077 £ 008 122 4 0.27 P<0.01
7 Cdknla 5.37 £ 0.94"* 248 £ 419 3354098 4.5+ 297 P<0.01
8 Cypia2 0.69 + 0.48 0.80 + 0.13 0.83 £ 027 1.65 + 049
9 Ddit4 1.93 4 1.12 320+ 219 429 4+ 176" 6,70 & 3.59
10 Ddit4l 1.17 £ 0.56 043 £ 023 0.66 + 040 2824233
11 Egfr 0.37 + 0.05** 0.55 & 0.24* 1.03 £ 0.11 1.13 £ 0.59 P<0.01
12 Ephx1 141 £ 031 0.74 + 030 0.61 + 0.07 1.02 £ 0.40
13 Gadd45b 2.81 = 2.08 110 + 1.10 1.51 £ 0.84 0.89 + 0.32
14 Gdf15 398 = 1.18* 13.5 & 3.64** 1.67 £ 0.70 4.04 £ 2.56 P<0.01
15 Hist1hlc 0.32 = 0.15™ 064 = 0.12 041 £ 0.06™ 212 £ 155 P<0.01
16 Hmox1 8.19 :: 2.78** 1.81 + 0.70 0.94 4 034 14.9 + 11.4"
17 Hspb1 1.91 & 0.55* 0.63 + 0.21 0.81 £ 036 0.42 :: 036
18 igfbp1 1924035 0.75 £ 1.12 1.04 & 0.44 5.84 + 436
19 Jun 6.75 x 1.67** 1.64 = 037 142 = 041 2.75 £ 0.81* P<0.05
20 Lrp1 0.82 = 0.10 1.60 = 0.10™ 1.06 + 043 1.45 £ 0.59 P<0.01
21 Ly6a 1.05+£0.26 1.05 + 0.72 0.84 + 0.07 0.84 + 032
22 Mmbd1 0.79 £ 0.35 1.27 + 0.89 126 +£ 0.73 292 4287 P<0.05
23 Mdm2 2.67 & 0.50** 0.83 4 0.17 0.97 = 0.21 158 £0.12 P<0.01
24 Phlda3 0.99 + 0.36 1.57 + 029 0.88 027 046 + 045 P<0.01
25 Plk2 3.84 4 1.21% 1.16 £ 0.38 0.67 + 0.26 1.20 4 048 P<0.01
26 Pml 1.07 £ 0.12 145 + 048 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 Ppp1r3c 222 + 0.65* 1.55 = 1.23 191 £ 0.73 1.75 £ 039 P<0.01
29 Psma3 0.68 £ 0.24 0.80 = 0.21 097 £ 0.14 1.67 £ 0.79
30 Rad52 112 £ 0.11 1.05 £ 045 0.91 4 0.88 0.90 + 0.16
31 Reani 5.05 + 0.46** 0.99 £ 049 1.07 £ 033 1.06 £ 0.68
32 St3gal5 0.50 & 0.05* 1.28 4 0.48 1.62 £ 0.18 3.21 4+ 090
33 Trp53 1.25 £ 0.21 1.26 + 0.21 1.19 4 0.33 0.77 £ 0.16
34 Tubb2c 242 £ 041 2.03 £ 022" 1.08 £0.22 153 +£ 133 P<0.01
35 Gapdh 131+ 024 1.13 £ 0.16 1.04 £ 021 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 quantitafive 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 gPCR 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, Lpr1, Mbd1, Phlda3 and Tubb2c)at the 4 h time pointand
for 12 genes (Aen, Bax, Btg2, Cenf, Cengl, Cdknla, Gdf15, Lrpl, Mbd1,
Phlda3, PIk2 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 4h time point {data
not shown), but the discrimination was less than that obtained
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with the aforementioned 7 genes. Six of the 7 genes selected at 4 h
(excluding Cenf) 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 Phida3) 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, Phida3 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],
Cengl {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, Cdknla, Gdf15, Hist1h1c, Mdm2, Phida3,
Plk2 and Pmi) 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

1 Aen 4.69 + 0.75** 4,68 -i: 1.32%* 289+ 117 1.06 + 0.72 2.21 £ 206 117 £ 020 1.50 + 0.75

2 Bax 3.25 4 0.98** 447 + 053" 2.57 & 1.25" 1.00 + 0.32 1.45 £ 047 0.92 4+ 0.09 1.38 £ 0.62

3 Bhihe40 0.58 + 0.09 048 £ 0.17* 0.53 +£0.18" 097 £ 0.52 0.62 £ 0.17 0.43 + 0.10* 0.59 £ 0.12

4 Btg2 5.01 + 1.55™* 6.55 + 1.16% 1.61 £ 088 1.00 = 0.29 2.2 + 044 0.81 £ 0.15 0.83 + 0.27

5 Cenf 1.29 £ 0.55 1.64 + 0.40 1.15 £ 0.20 0.90 + 0.21 1.04 £ 0.12 0.94 £+ 0.13 0.89 = 0.16

6 Cengl 5.23 + 1.35% 9.76 + 1.83™ 34 + 1.06% 1.07 £ 0.58 1.17 £0.15 146 + 0.37 1.40 £ 0.35

7 Cdknla 51.2 & 14.5** 103 £+ 10.8** 34.5 & 8.72" 3.10£224 1.55 + 0.35 2.50 + 1.00 7.22 &£ 2.44*

8 Cypla2 0.50 + 0.09* 0.34 £ 016 0.47 4. 027 0.96 + 0.34 1.23 £ 0.17 0.91 = 0.66 081+ 0.73

9 Ddit4 1.05 + 1.42 232 £ 046* 3.35 4 1.84™ 094 4 0.38 0.84 £ 0.24 133 £ 052 1.94 + 0.99
10 Ddit4l 4.59 = 1.15** 371+ 118" 231+ 1.07 1.25 + 0.83 1.61 + 1.19 032 & 0.14 1.21 + 047 1.29 = 0.46
11 Egfr 0.92 %023 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 347 £295 243 + 040" 2.45 + 0.79* 0.98 + 0.40 0.61 + 0.27 0.96 + 0.22 182+ 036 142 £ 044
13 Gadd45b 227 + 1.52 123 £ 491 1.52 + 1.00 226 =129 4.24 =317* 1.24 + 0.60 1.01 + 0.25 0.98 = 0.34
14 Gdf15 7.40 + 4.85** 7.54 £ 422" 411 226" 0.61 £0.27 0.65 = 0.31 351 + 6.00 1.29 + 066 1.74 £ 0.71
15 Histlhlc 3.01 = 0.89** 1.19+0.28 1.18 + 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 1344026 0.93 :: 046 192 4 1.70 211 & 1.44 1.06 & 0.10 1.69 + 091 0.73 + 0.06
17 Hspb1 1.03 £ 0.12 347 4- 1.36% 1.26 + 1.09 0.52 + 030 1.16 £ 1.29 0.83 £ 0.27 054 + 0.36 1.10 + 0.56
18 Igfbpl 1.15 £ 043 109 & 1.56 0.92 = 046 144 £ 091 1.98 + 1.08 0.78 £ 0.45 0.76 = 0.31 0.71 £ 0.29
19 Jun 2.23 £ 0.43* 3.01+£ 130" 235+ 1.50 0.85 = 0.32 2.09 £ 2,12 1.33 £ 0.80 1.24 £ 038 0.84 + 0.26
20 Lrpl 0.57 + 031 0.80 + 0.17 0.29 + 0.24** 0.67 = 0.15 1.01 = 0.46 0.74 = 0.28 0.36 + 0.22** 0.74 £ 0.10
21 Ly6a 5.62 & 1.74™ 136 £ 0.27 2.99 + 0.44* 0.93 + 042 1.38 £ 0.51 051 £ 0.12 1.30 = 048 0.8 £ 0.35
22 Mbd1l 1.71 = 1.03 1.26 = 0.68 091 £ 073 1.01 = 044 0.73 + 0.68 1.14 + 030 098 £ 0.79 1.04 + 0.33
23 Mdm2 424 = 0.63* 3.75 £ 1.02** 2.38 + 1.10% 0.75 £ 0.22 118 £ 1.27 1.14 £+ 0.13 0.68 + 0.30 1.21 £ 034
24 Phida3 499 + 15.4% 26.8 4 10.5%* 9.58 £ 3.63" 1.26 + 0.71 2.02 4+ 1.87 0.44 - 0.10 1.36 £ 0.26 12.7 & 9.55
25 Plk2 6.60 & 1.19% 5.76 :: 0.33™* 344 £ 120" 0.88 = 0.28 0.79 4 0.18 0.99 4 0.16 1.01 £ 020 1.18 + 0.56
26 Pml 1.31 + 044 4.04 + 0.72* 1.16 + 0.45 0.67 + 0.17 0.91 £ 0.24 1.66 £ 0.12 082 £ 0.31 0.83 £ 0.26
27 Pmm1 3.82 + 1.26™ 109 & 3.15™ 0.80 £ 0.17 0.65 £ 0.35 0.64 + 0.33 1.11 £ 0.20 0.56 + 0.42 1.05 + 0.09
28 Ppplr3c 0.94 =024 1.86 + 0.55 0.88 + 0.12 0.97 = 0.37 0.94 = 0.32 1.30 &+ 0.53 0.80 £ 0.24 0.64 £ 0.13
29 Psma3 0.93 +0.35 2.68 &+ 0.73** 0.61 £ 0.43 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 0.70 & 0.21 1.24 + 056 1.19 + 040 093 = 0.18 0.59 £ 0.10
31 Reanl 0.52 + 036 1.22 = 0.06 1.70 + 0.86 0.98 + 0.52 1.71 = 1.37 0.79 £ 043 1.35 £ 0.97 127 £ 0.26
32 St3gals 1.80 + 0.18 218 £1.23™ 1.89 +: 0.87 1.20 4 040 1.72 £ 048 1.08 £ 0.34 1.11 £ 049 1.19 £ 0.11
33 Trp53 1.32 £ 0.23 1.89 £ 0.27% 1.15 £ 025 0.70 + 0.23 1.14 £ 0.34 1.16 :: 0.10 0.86 :: 0.28 0.87 + 0.22
34 Tubb2c 1.22 £0.14 239 & 1.04™ 178 £ 0.74 1.28 £ 1.05 2.24 £ 1.08 0.70 £ 0.19 1.06 = 0.66 1.07 £ 053
35 Gapdh 0.88 + 0.16 1.06 + 0.46 0.72 £ 0.14 0.85 £ 0.12 0.81 £ 0.41 0.93 £ 0.11 1.20 = 0.25 133 £ 0.19

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).

further confirmed that 8 of these genes (Aen, Bax, Btg2, Ccngl,
Cdknla, Gdf15, Phlda3 and Plk2) contributed to the discrimination
of the genotoxic from the non-genoctoxic 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 papersuggested 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 Pmli-Rara-induced acute
promyelocytic leukemia {41} and is associated with the Trp53-
mediated signaling pathway via Pmi (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, LrpT and Tubb2c with cancer [42-44].
Cenf is 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 Tubb2cis
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, Ccng? has been
reported to be involved in growth inhibition, which is mechanis-
tically linked to the ARF-p53 and pRb tumor suppressor pathways
{311

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, Phida3, Pik2 and Tubb2c belong
to gene network 1. Bax, Ccngl, 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 piperonyibutoxide) 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

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 + 023 1.17 4 0.58 P<0.01
2 Bax 0.95 - 0.08 0.85 + 0.27 0.82 4 0.08 0.59 + 0.11 P<0.01
3 Bhlhe40 0.39 £ 0.16* 047 + 0.15** 0.48 + 0.15* 111 £ 044
4 Btg2 0.85 = 0.08 1.09 +£ 032 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 & 0.07 137 £ 045 140 £0.33 1.00 £ 0.27 P<0.01
7 Cdknla 137 £ 0.23 257 £192 112 £ 0.28 1.22 & 046 P<0.01
8 Cypla2 0.51 + 0.17 0.74 1 0.16 1.01 + 0.18 041:1:025
9 Ddit4 1.00 + 0.39 1.02 £ 0.48 0.88 + 0.16 1.23 4 047
10 Ddit4l 045 £ 0.38 0.85 = 0.37 0.67 £ 0.16 147 £ 0.73 P<0.05
11 Egfr 043 £ 0.22* 0.81 + 030 051 £ 0.14* 1.02 + 0.39
12 Ephx1 1.63 + 0.17 1.13 £ 048 0.93 £ 0.34 0.79 £ 0.40 P<0.01
13 Gadd45b 120 £ 0.52 137 £ 091 0.58 +£ 0.20 0.57 = 0.41 P<0.01
14 Gdf15 137 £0.30 1.14 £ 0.56 0.61 £0.27 0.84 +0.23 P<0.01
15 Histlhlc 0.71 £ 0.15 1.27 = 0.28 0.71 £ 0.15 148 + 040
16 Hmox1 1.08 + 0.28 0.86 = 0.27 121 + 036 0.65 4 0.32
17 Hspb1 2.17 + 0.58" 2.74 £ 0.94™ 1.25 + 0.29 0.66 + 0.23
18 Igfbp1 128 £ 0.36 312 £2.59 0.63 = 040 299 + 1.49*
19 Jun 1.59 + 0.22 136 £ 0.59 1.71 £ 0.33 1.04 + 0.56
20 Lrpl 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** 0.28 £ 0.11* 1.28 = 0.60 P<0.01
22 Mbd1 1.36 £ 0.53 143 £ 1.60 1.62 + 1.01 1.28 £1.27
23 Mdm2 0.87 £0.23 1.26 + 0.55 1.15 = 0.24 1.38 £0.77 P<0.01
24 Phida3 1.38 £ 0.51 042 £ 014 1.29 4 0.60 1.12 4 1.48 P<0.01
25 Pik2 1.25 4 0.16 0.74 4 0.16 0.80 + 0.21 0.82 4 0.27 P<0.01
26 Pml 128+ 014 . 1.19 £ 046 121+ 026 113+ 040
27 Pmm1 1.06 + 0.22 1.11 £ 060 0.71 £ 0.08 1.00 & 0.53 P<0.05
28 Ppplr3c 0.92 +£0.34 147 £ 0.86 093 +0.13 1.72 £ 048 P<0.01
29 Psma3 1.10 £ 0.09 1.03 £ 042 1.04 £ 037 059 £0.13
30 Rad52 1.00 4+ 045 112 £0.20 1.34 & 0.37 097 £ 045
31 Recanl 0.97 = 0.19 0.56 £ 0.31 093 + 038 3.05 + 1.59
32 St3gal5 0.74 4+ 0.21 127 £ 0.79 0.85 £ 0.18 1.08 + 0.63 P<0.01
33 Trp53 1.21 + 023 1.10 4 043 0.80 = 0.20 1.32 4 0.53
34 Tubb2c 070 £ 14 1.05 £ 0.29 0.62 4 0.20 0.95 + 0.63 P<0.01
35 Gapdh 1.30 + 0.39 1.12 £ 0.28 132 £ 030 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.
Biofogical Genes
‘processes )
Ao, Bag®, Bie2® Ceagl® Cdknla® Ddind, Boft® . Gaddd50”, Hmoxd,
Hapbl, Jun, Lepl®, Mded®, Phlda3®, P, TrpS3
Cell eyele Conf®, Congl®, Cdkale®, Eof® GodddSh®, Jun, Midni2® PI2%, Pul®, Tep33
Cell profiferation Cenf®, CCnel®, Cdkala®, BoB®, G138 T, Lrol®, Mdm®, Pud®, Tro53
DRAdamage  Aen® Bax®, Bigh®, Congl”, Cdinle®, Ddied, Guddddo™, Humoxl Mded®,
i Phida3®, P, Rad32, Trp33
DNA separ Befre, Rad32, Topd3
Dncogene Jurs, Mdm2*
Tuwnor suppression | Pad®, Ppsladc®, TipS3

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

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, Hprt1, proliferation
hydrogen peroxide, Mk167, Mtor, PAHA1, Phida3, Cell cycle
Pik2, Pmm1, Pppir3c, Prcl, Rad52, retinoic acid, Rfc4,
St3gal5, Ten2, Tgfb1, Trp53, Tprkb, Tsc1-Tsc2, Tubb2ce,
Ube2c

2 14-3-3, Ahr, Akt, Bax, Bhihe40, caspase, Cbp, Cengl, 30 13 Cell cycle
Ceng2, Cdkn1la, CyclinA, Cytochrome c, E2f, Estrogen Cell death
receptor, Gadd45b, Gdf15, hCG, Mdm2, Mek, Hhex, Cellular growth and
Hspb1, Hspb2, Jun, Ld}, Map2K1/2, NFkB, PIk2Z, Pmi, proliferation
Pp2a, Proteasome, Psma3, Rb, Rean1, Ubiquitin

3 Ap1, Btg2, Calpain, Ck2, Cypla2, Egfr, Erk, Erk1/2, Fsh, 18 8 Cellular growth and

Gdf15, Histone h3, Histone h4, Hmox1, Ifn beta,
Igfbp1, IgG, U1, Insulin, interferon alpha, Jnk, Lpp,
Lrp1, Mapk, Mbd1, P38, Mapk, Pdgf, Pi3k, Pks, Pkc, Ras,
RNA polymerase ll, 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:/fwww.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 gPCR 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 vive 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 qPCR 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 h after administration, when analyzing the 12 genes selected
from our preliminary DNA microarray studies.
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We recently successfully discriminated mouse genotoxic hepatocarcinogens from non-genotoxic hepa-
tocarcinogens via selected gene expression profiling in the mouse liver based on quantitative real-time
PCR (qPCR) and statistical analysis using principal compenent analysis (PCA). In the present study,
we applied these candidate marker genes to rat hepatocarcinogens in the rat liver. gPCR analysis of
33 genes was conducted on liver samples from groups of 4 male 4-week-old F344 rats at 4 and 48h

. after a single oral administration of chemicals {2 genotoxic hepatocarcinogens: diethylnitrosamine and
(Q;fngm te’.f;ﬁzs;z;_ﬁme PCR 2,6-dinitrotoluene; a non-genotoxic hepatocarcinogen: di(2-ethylhexyl)phthalate; and a non-genotoxic
PCA non-hepatocarcinogen: phenacetin]. Thirty-two genes exhibited significant changes in their gene expres-~
sion ratios (experimental group/control group) according to statistical analysis using the Williams’ test
and the Dunnett’s test. The changes appeared to be greater at 4 h than at 48 h. Finally, statistical analysis
via PCA successfully differentiated the genotoxic hepatocarcinogens from the non-genotoxic hepatocar-
cinogen and the non-genotoxic non-hepatocarcinogen at 4 h based on 16 genes (Cenf, Cengl, Cyp4al0,
Dditd4l, Egfr, Gadd45g, Gdf15, Hspb1, Igfbp1, Jun, Myc, Net1, Phlda3, Pml, Rcan1 and Tubb2c) and at 48 h based
on 10 genes (Aen, Cengl, Cdknla, Cyp21al, Cyp4al0, Gdf15, igfbp1, Mdm2, Phida3 and Pmm1). Eight major
biological processes were extracted from a gene ontology analysis: apoptosis, the cell cycle, cell prolifera-~
tion, DNA damage, DNA repair, oxidative stress, oncogenes and tumor suppression. The major, biologically
relevant gene pathway suggested was the DNA damage response, which signals through a Tp53-mediated
pathway and leads to the induction of apoptosis. Immunohistochemical analyses for the expression
of Cdknla and Hmox1 proteins and the level of apoptosis measured by the TUNEL assay in the liver
confirmed the aforementioned results. The present results showed that mouse candidate marker genes
are applicable for differentiating genotoxic hepatocarcinogens from non-genotoxic hepatocarcinogens
examined in this paper in the rat liver.
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1. Introduction mechanisms of carcinogenesis should be distinguished [1]. Accord-~
ing to Waters et al, although the number of presumably
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 Interna-
tional Agency for Research on Cancer, are detected in conventional

short-term tests for genotoxicity and induce tumors at multiple

For risk assessment purposes, there is general agreement
that chemicals acting through genotoxic and non-genotoxic
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sites in rodents [2]. Mathijs et al. [3] hypothesized that genotoxic
and non-genotoxic carcinogens induce distinct gene expression
profiles, which may therefore be used to classify the mechanisms
of compounds as either genotoxic carcinogens or non-genotoxic
carcinogens. DNA microarrays are a powerful technology for char~
acterizing gene expression on a genome-wide scale [4], although
issues regarding the reliability, reproducibility and correlation of
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the data produced across the different DNA microarray technolo-
gies are still being addressed [5]. qPCR is the field standard for
measuring gene expression and is often used to confirm DNA
microarray data [6] because gPCR is the most sensitive technique
for the detection and quantification of mRNA targets {7].

Previously, we (the collaborative study group of toxicogenomics
of the Japanese Environmental Mutagen Society/Mammalian Muta-
genicity Study Group; Toxicogenomics/JEMS-MMS) examined
differential gene expression using DNA microarrays following the
application of 13 different chemicals, including 8 genotoxic hepa-
tocarcinogens [o-aminoazotoluene, chrysene, dibenzo[a,!]pyrene,
diethylnitrosamine  (DEN), 7,12-dimethylbenz{a]anthracene,
dimethylnitrosamine, dipropylnitrosamine and ethylnitrosourea
(ENU)], 4 non-genotoxic hepatocarcinogens [carbon tetra-
chloride, 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 for up to 28 days following
a single intraperitoneal administration of these chemicals. A
considerable number of candidate genes were extracted to differ-
entiate the genotoxic hepatocarcinogens from the other chemicals
(the non-genotoxic hepatocarcinogens and a non-genotoxic
non-hepatocarcinoegen). The results were reported in part [8] and
registered in the NCBI Gene Expression Omnibus (GEO) database
(GEO accession GSE33248). Notably, the changes in gene expres-
sion observed at 4 h were much greater than those at 20 h, 14 days
and 28 days. Additionally, dose-dependent alterations in gene
expression were demonstrated for 31 out of 51 of the examined
candidate genes at 4h and 28 days after the administration of
DEN (3, 9, 27 and 80 mg/kg bw) and ENU (6, 17, 50 and 150 mg/kg
bw), as determined by qPCR [9]. More recently, we demonstrated
successful discrimination between 8 genotoxic mouse hep-
atocarcinogens  (2-acetylaminofluorene, 2,4-diaminotoluene,
diisopropanolnitrosamine, 4-dimethylaminoazobenzene,
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, N-
nitrosomorpholine, quinoline and urethane) and 4 non-genotoxic
hepatocarcinogens  (1,4-dichlorobenzene, dichlorodiphenyl-
trichloroethane, DEHP and furan) using qPCR analysis and PCA
for 12 genes associated with a Trp53-mediated signaling pathway
involved in the DNA damage response; this discrimination was
demonstrated at 4 and 48h after a single administration of the
chemicals [10].

Rats, as well as mice, are often used for the study of experimen-
tal chemical carcinogenesis and in vivo genotoxicity tests. However,
studies published on the gene expression profiles induced by geno-
toxic hepatocarcinogens in the in vivo rat livers are still limited;
studies on the changes in gene expression profiles within a few
hours after the administration of genotoxic hepatocarcinogens are
particularly scarce. In the present study, we applied our mouse
candidate marker genes [8-10] to rat hepatocarcinogens in an
established rat liver genotoxicity test system. We evaluated the
gene expression profiles in the rat liver treated with the 4 chemi-
cals [DEN, 2,6-dinitrotoluene (DNT), DEHP and phenacetin (PNT)]
that were previously examined previously using the liver micro-
nucleus assay by the collaborative study group of micronucleus
test of the Japanese Environmental Mutagen Society/Mammalian
Mutagenicity Study Group (CSGMT/JEMS-MMS) [11,12]. DEN and
DNT exhibited positive results [12] and DEHP [11] and PNT {12]
exhibited negative results in the liver micronucleus assay. DEN [ 13}
and DEHP [14] induce hepatocellular carcinoma in mice and rats.
DNT induces hepatocellular carcinoma in rats, but not in mice [15}].
Whether the mouse candidate marker genes will also be respon-
sive to DNT in the rat liver is a topic of interest. PNT has been shown
to induce tumors of the urinary tract in mice and rats and tumors
of the nasal cavity in rats [16]. The induction of liver tumors in
mice and rats by PNT has not previously been reported, although

the addition of N-hydroxyphenacetin, a PNT metabolite, has been
shown to induce liver tumors in rats {17]. DEN {13} and DNT [18]
are positive and DEHP [14] and PNT {19] are negative in the Ames
test using rat S9 mix.

The chemicals were administered orally by gavage into 4-week-
old male F344 rats, which were analyzed at 4 and 48h after
administration using the qPCR analysis of 33 genes. We specu-
lated that the period of 4 h post-hepatocarcinogen administration
in the liver would be the time by which DNA damage would occur,
as determined by the in vivo/in vitro unscheduled DNA synthesis
(UDS) assay {20-22] and the in vivo Comet assay {23], and that
the 48 h time point would represent the period of DNA replication
after damage, as determined with a replicative DNA synthesis test
[20-22,24].

Finally, we succeeded in differentiating the genotoxic hepato-
carcinogens from the non-genotoxic hepatocarcinogens and the
non-genotoxic non-hepatocarcinogen via statistical analysis using
PCA. We showed that the major biologically relevant gene path-
way associated with the PCA-contributed genes is a Tp53-mediated
DNA damage response signaling pathway, which ultimately results
in the induction of apoptosis. We additionally examined both the
protein expression level of the DNA damage markers, Cdknla and
Hmox1, by immunohistochemistry and the level of apoptosis by the
TUNEL assay in the rat liver following treatment with the 4 hep-
atocarcinogens. The results confirmed the expression of Cdkn1a,
Hmox1 proteins and an enhanced level of apoptosis in rat liver fol~
lowing treatment with the genotoxic hepatocarcinogens (DEN and
DNT).

2. Materials and methods

2.1. Animal treatment

Male F344 rats were obtained at 3 weeks of age from Charles River Japan, Inc.
(Yokohama, Japan). They were maintained in plastic cages with wood chips as bed-
ding in an air-conditioned room [12h light (7a.m. to 7p.m.), 12h dark; 2243°C;
55::20% humidity], and they were provided food (Oriental MF, Oriental Yeast Co.,
Tokyo, Japan) and water provided ad libitum. All animal experiments were con-
ducted in accordance with the NIH Guide for Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Cornmittee of Mitsubishi
Chemical Medience Corp.

DEN (CAS No. 55-18-5) and PNT (CAS No. 62-44-2) were purchased from Wako
Pure Chem. Ind. Ltd., Osaka, Japan. DNT {CAS No. 606-20-2) was obtained from John-
son Matthey Company, London, UK, and DEHP (CAS No. 117-81-7) was purchased
from Tokyo Chem. Ind. Co. Ltd., Tokyo, Japan.

Groups of 4-week-old rats (4 rats per group) were dosed by gavage (p.o.) with
DEN (12.5, 25 and 50 mg/kg bw) dissolved in sterile water, DNT (125 and 250 mg/kg
bw) suspended in olive oil, DEHP {1000 and 2000 mg/kg bw) dissolved in olive oil or
PNT (500 and 1000 mg/kg bw) suspended in olive oil. The doses for DEN [12], DNT
{12}, DEHP {11] and PNT [12] were comparable to the doses used in the previous
young rat micronucleus assay. The control animals received only sterile water or
olive oil. At 4 and 48 h after treatment, the left lateral lobe of the liver was dissec-
ted and stored in either RNAlater (Applied Biosystems/Ambion, Austin, TX, USA) at
—20°C until use in qPCR experiments or in 10% buffered formalin for immunohis-
tochemical and histopathological analyses.

2.2. RNA isolation and relative quantification via real-time PCR

Total RNA was extracted from a liver sample of approximately 30 mg from each
rat using Micro Smash MS-100 (TOMY DIGITAL BICLOGY Co., LTD., Tokyo, Japan)
and QuickGene-800 (FUJIFILM Holdings Corp., Tokyo, Japan). Complimentary DNA
(cDNA) was prepared from the total RNA using the SuperScript first-strand synthe-
sis system for RT-PCR kit (Invitrogen Corp., Carlsbad, CA, USA). gPCR analyses were
performed in triplicate assays using Power SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) in a DNA Engine Opticon 2 Real-Time Cycler (M}
Research, Inc., Waltham, MA, USA). The reactions were carried out as previously
described [10]. We quantified 33 genes based on our previous DNA microarray
and qPCR studies performed in the mouse liver. The symbols, gene names and
accession numbers of the 33 genes are summarized in Table 1. The sequences
of the primers used in our experiments and the cycle threshold (Ct) values that
were obtained are shown in Table 2. The primer sequences were determined using
Primer3 (http://frode.wimit.edu/). Gapdh was selected as a housekeeping gene.
Finally, the relative quantitative values for each sample were normalized to the
value of the Gapdh gene. The variability of the relative Gapdh expression in the
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The 33 genes examined in the present study.
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No. Symbol Gene name Accession no.

1 Aen Apoptosis enhancing nuclease NM_001108487
2 Bax Bcl2-associated X protein NM_017059

3 Btg2 B-cell translocation gene 2, anti-proliferative NM.017259

4 Cenf Cyclin F NM.001100474
5 Cengl Cyclin G1 NM.012923

6 Cdiknia Cyclin-dependent kinase inhibitor 1A NM_080782

7 Cyp21lal Cytochrome P450, subfamily 21A, polypeptide 1 NM.057101

8 Cyp4al Cytochrome P450, family 4, subfamily a, polypeptide 1 NM_175837

g Dditdl DNA-damage-inducible transcript 4-like NM.080399

10 Egfr Epidermal growth factor receptor NM_031507

11 Ephx1 Epoxide hydrolase 1, microsomal NM_012844

12 Gadd45b Growth arrest and DNA-damage-inducible 45 beta NM_001008321
13 Gadd4sg Growth arrest and DNA-damage-inducible 45 gamma NM.001077640
14 Gapdh Glyceraldehyde-3-phosphate dehydrogenase NM_017008

15 Gdf15 Growth differentiation factor 15 NM.019216

16 Hhex Hematopoietically expressed homeobox NM.024385

17 Hmox1 Heme oxygenase (decycling) 1 NM.012580

18 Hspb1 Heat shock protein 1 NM.031970

19 Igfbp1 Insulin-like growth factor binding protein 1 NM.013144

20 Jun Jun oncogene NM.021835

21 Lpp LIM domain containing preferred translocation partner in lipoma NM_001013864
22 Ly6al Lymphocyte antigen 6 complex, locus A-like NM.001128009
23 Mdm2 Mdm?2 p53 binding protein homolog (mouse) NM_001108099
24 Myc Myelocytomatosis oncogene NM.012603

25 Netl Neuroepithelial cell transforming 1 NM.001039023
26 Phlda3 Pleckstrin homology-like domain, family A, member 3 NM_001012206
27 Plk2 Polo-like kinase 2 (Drosophila) NM.031821

28 Pml Promyelocytic leukemia XM.236296

29 Pmm1 Phosphomannomutase 1 NM.001008323
30 Reani Regulator of calcineurin 1 NM.153724

31 nf Tumor necrosis factor (TNF superfamily, member 2} NM.012675

32 Ip53 Tumor protein p53 NM.030989

33 Tubb2c Tubulin, beta 2¢ NM.199094

Table 2
Primer sequences of the 33 genes examined in this study.

No. Symbol Left primer Right primer Ct

1 Aen GCACTGCACAATGACTTCCAG GCCAGGTCCTTAAGAGAGACCC 26-30
2 Bax GGCGAATTGGAGATGAACTGG GITGAAGTTGCCATCAGCAAAC 29-33
3 Btg2 GAGAGGTGGCTCAAAGCTCCAG AGGACCCAACCGCAGGAAAG 23-29
4 Cenf CCATAAGCTCCCTGGATGGTG CATGACTTCITGGCCTGATGG 26-30
5 Cengl TAAGGCAAAGCCTTCTGTGCTG CTCGGCCACTTATCTTGGAATG 26-33
6 Cdknla TTGTCGCTGTCTTGCACTCTGG GCGCTTGGAGTGATAGAAATCTG 22-28
7 Cyp2lal GACATGATTGACTACATGCTCCAG GTGAAGCAGGAAAGCCACAG 30-35
8 Cyp4al TCTGACAAGGACCTACGTGCTGAGG GTGTGTGGCCAGAGCATAGAAGATC 25-28
9 Ddit4l CCTGGGAGTCTGCTAAGYGATITC CCAAATTCTGGCATGTTIGTCIC 28-34
10 Egfr ACAGCAAGGCTTCITCAACAGC GTCTTCTITGACACGGCAGCTC 26-29
11 Ephx1 TACCGTGAACTGGAGGATGGAG GAGGAGACAATGGTTCCTGTCG 18-21
12 Gadd45b GAGCGACAACGCGGTTCAGAAG TCAGTTTGGCCGCCTCGTACAC 27-34
13 Gadd45g GAAAGCACAGCCAGGATGCAG TTCAGGACTTTGGCGGACTCG 27-30
14 Gapdh ATGGCCTTCCGTGTTCCTACCC GCCTGCTTCACCACCTTCTTGATG 17-20
15 Gdft5 CTGGAGACTGTGCAGGCAACTC CATGCAGGCGTGCTTTGATC 27-34
16 Hhex GGACAGTTTGGACACTTICCIGTG GGTCGGAATCCTCTGAGATCTC 24-26
17 Himox1 CAAGCACAGGGTGACAGAAGAGG TCTGTGAGGGACTCTGGICTTTIGIG 18-28
18 Hspb1 TCCCTGGACGTCAACCACTTCG TTTCCGGGTGAAGCACCGAGAG 24-28
19 1gfbp1 GACCTCAAGAAATGGAAGGAGCC CCATTCTTGTTGCAGTTTGGCAG 20-27
20 Jun AAAGGAAGCTGGAGCGGATCG CACCTGTTCCCTGAGCATGTTGG 24-29
21 Lpp CCGTGATTTCCATGTGCACTGC CTTGGCCGTCAAGACCCTGATG 29-31
22 Ly6al CTGCAGACCCTGCTGTGATGTC AAGGTGTTGCACACCCTACCC 36--40
23 Mdmz2 GCCTGGATCAGGATTCAGTTICTG GTGACCCGATAGACCTCATCATCC 24-29
24 Myc AGAGGGCCAAGTTGGACAGTGG GACGTTGTGTGTCCGCCTCTTG 25-30
25 Netl ATTGTCTGGCTGAACCAGAGG TGCAGGTATGAGAAACCAAAGC 24-28
26 Phida3 CGCATCAAAGCCGTGGAGTG AGGGTGATCTGAGCGTICCAG 23-27
27 Plk2 TGGAGGAGAACCTCATGGATGG CACCTGAAATGTGCCGTCATTG 23-27
28 Pml TCAAGGCCTTGGATGAGAGCC CGGAACTTGCTTTCCCGGTTC 27-31
29 Pmml1 GAAGACAGAGTTTGCTGGCAAGG CTGTCCAGGCAGTAGCGCTTATC 24-29
30 Reant AGAGGGCAGAGGGAGTTTCAAG AAAGGCACTGTGTCCCTCTAGG 24-30
31 Tnf GCTGAGCTCAAGCCCTGGTATG CCCGGACTCCGTGATGTCTAAG 32-35
32 Tp53 ATGGCTTCCACCTGGGCTTC TGACCCACAACTGCACAGGGC 26-29
33 Tubb2c GCTAAATGCTGACCTGCGGAAAC CTGGGTGAGCTCAGGAACTGTC 23-26

The Ct (cycle threshold) is defined as the number of cycles required for the fluorescent signal to cross the threshold under the present experimental conditions.
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Table 3.1

Gene expression ratio (Exp/Cont) at 4 h and the results of the Williams’ test and Dunnett’s test.

No. Gene symbol

Gene expression ratio (Exp/Cont) and Williams’ test

Dunnett’s test

Genotoxic hepatocarcinogens Non-genotoxic Non-genotoxic G/DEHP G/PNT
hepatocarcinogen non-hepatocarcinogen

DEN (mg/kg bw) DNT (mg/kg bw) DEHP (mg/kg bw) PNT {mg/kg bw)

12.5mg 25mg 50mg 125mg 250 mg 1000 mg 2000 mg 500 mg 1000 mg
1 Aen 1.60 + 0.25% 2.96 £ 1.05* 7.40 + 1.47* 0.86 + 0.12 1.22 £ 0.62 1.02 +£0.13 0.72 £ 017* 0.74 + 0.05 0.94 £ 0.40 P<0.01 P<0.01
2 Bax 4.63 & 1.60*" 4.67 + 0.78™* 5.08 £ 1.49** 0.87 £ 022 0.95 &+ 0.22 3.37 £ 0.49** 0.95 + 0.27 0.75 £ 0.14 0.78 = 0.08 P<0.01
3 Btg2 1.78 + 0.67* 272 £ 0.75* 4.72 £+ 1.95™ 2.81 4 1.55™ 4.40 + 0.85%* 1.78 &+ 1.68 1.32  0.36 1.71 £ 0.33* 3.02 + 0.85™ P<0.01
4 Cenf 334 £ 067 345 + 0.59** 231 £+ 0.65*" 1.11 £ 039 1.38 £ 041 0.89 £ 0.29 141 +£055 073 £ 0.11 P<0.01 P<001
5 Cengl 345 + 1.10% 5.55 + 2.26™ 13.6 & 3,12 1.16 4 022 1.75 4 0.30%* 0.90 4 0.09 0.45 & 0.02" 0.96 & 0.11 P<0.01 P<0.01
6 Cdknla 1.90 + 0.17* 3.38 4 0.19* 8.20 & 1.88** 1.69 & 0.87 1.95 £ 0.24* 2.14 4 0.67F 1.89 + 0.41% 3,10 £ 0.57* .87 & 0.
7 Cyp21a1l 1.01 £ 023 1.08 + 0.10 2.28 & 0.80™* 091 + 0.38 1.09 + 033 0.94 & 017 0.77 + 0.29 0,70 £ 0.21 0.66 = 0.07
8 Cyp4al 2.68 + 1.13 144 + 025 1.34 £ 0.61 1.62 & 0.11** 1.44 + 043 3.53 £ 1.25% 6.75 £ 0.30** 0.60 & 0.04 1.66 + 0.34
9 Ddit4l 15.1 = 5.10* 22.2 + 8.85* 161 £ 737" 191 £ 0.55* 4.27 + 1.82** 0.33 £ 0.09" 0.71 £ 0.55 0.55 = 0.10* 0.62 £ 0.11 P<0.01 P<0.01
10 Egfr 1.77 + 091 1.09 + 0.55 0.87 £ 0.20 1.00 £ 0.35 131+ 144 2.02 £ 0.88 3.71 £ 091 0.78 + 0.10 149 £ 0.53
11 Ephx1 273 + 0.20¢ 233 4027 2.48 4 0.28™ 0.97 + 037 1.39 £ 030 143 + 0.36 2.12 £ 042°F 0.81 + 0.26 0.99 + 0.21 P<0.01
12 Gadd45b 1.08 + 0.44 1.53 £ 0.87 3.09 + 1.12™ 1.69 + 0.51* 2.11 £ 0.56** 1.62 + 092 2.50 & 1.02* 3.97 4+ 0.46** 541 £ 0.63*
13 Gadd4sg 0.98 £ 044 1.17 4 0.76 1.21 £ 0.39 0.95 4 0.43 0.75 4 0.11 14.2 £ 9.08 3.30 4 1.26™ 0.84 + 030 1.96 = 0.71% P<0.01
14 Gdf15 1.69 + 045 2.24 4 0.25™ 4.31 4= 1.48™ 2.56 & 0.76* 8.66 £ 1.05** 1.70 + 0.99 230 4 0.68™ 0.67 = 0.04* 0.78 £ 0.19 P<0.05 P<0.01
15 Hhex 0.82 £ 0.25 0.54 - 0.17 1.24 + 0.37 1.24 £ 0.12* 1.68 + 0.40" 1.07 & 0.50 1.20 £ 0.33 0.68 =+ 0.25 0.70 = 0.06"
16 Hmox1 0.44 + 0.08 0.61 + 0.26 129 + 035 133 +£0.30 4.79 + 2.60™ 1.26 £ 0.28 0.70 = 0.15 0.77 £ 0.10 133 + 044
17 Hspb1 250 & 1.27% 248 + 035 1.98 £ 0.42" 130 £ 033 142 £ 0.16* 0.92 + 0.16 0.59 + 0.06* 0.836 & 0.14 0.94 x 0.19 P<0.01 P<0.01
18 Igfbp1 142 + 0.84 0.44 £ 0.15 1.04 & 045 2.24 £ 0.99* 2.34 £ 0.96* 0.74 £ 0.31 0.91 + 0.21 2.59 = 042 3.94 £ 0.79**
19 Jun 1.56 + 0.49* 227 £ 051 7.62 4+ 3.56™ 3.39 + 0.83** 5.33 + 1.40™ 0.71 4 0.56 0.51 £ 0.15" 1.15 £ 0.55 1.14 + 0.20 P<0.01 P<0.01
20 Lpp 1.58 £ 0.11 1.41 + 030 0.63 4 0.36 0.89 4 0.36 112 £ 071 2.35 + 0.85" 1.52 + 043 0.78 £ 0.18 095 + 0.14 P<0.05
21 Ly6al 0.98 1 0.06 1.03 & 0.09 1.63 £ 0.24"* 074 + 0.11 1.02 & 0.41 1.65 & 0.50 0.97 £ 0.16 0.81 £ 0.21 0.72 + 0.04"
22 Mdm2 0.79 + 0.12 1.53 4+:0.98 2.05 + 0.66* 1.25 £ 045 2.00 4 0.31* 172 £ 027 107 £ 019 111 £ 032 112+ 0.25
23 Myc 2.33 £ 0.97* 1.02 + 0.38 10.0 & 2.40* 543 + 1.48* 124 £ 267" 1.71 £ 095 0.83 £ 0.18 1.12 & 047 2.07 £ 0.40* P<0.01 P<0.01
24 Net1 3.04 + 1.30™ 1.71 &+ 0.39* 2,62 + 1.30™ 1.29 £ 0.16 1.46 + 0.30* 0.22 +£ 0.07™* 1.08 + 0.64 0.66 = 0.11 0.85 + 0.13 P<0.01 P<0.01
25 Phida3 3.99 + 0.64* 5.03 £ 0.81%* 6.60 + 1.68™ 0.99 + 0.31 1.93 + 0.42* 0.95 £ 0.19 1.01 £ 0.18 0.55 + 0.12* 0.75 £ 0.20 P<0.01 P<0.01
26 Pik2 0.57 + 0.09 1.06 £ 0.71 2.02 + 0.58" 1.16 £ 048 1.70 £ 0.21** 242 £ 0.55™ 1.50 £ 0.27 0.54 = 0.26* 0.63 = 0.09** P<0.05 P<0.01
27 Pml 2.01 4 0.64* 1.86 + 0.49" 171 +0.24* 1,18 4 0.28 097 £ 0.25 298 + 0.66™ 208 £ 015 0,66 = 0.27 0.94 = 0.21 P<0.01 P<0.05
28 Pmm1 2.18 £ 0.36™ 2.86 &+ 0.72** 273 £ 0477 0.85 + 0.07 1.22 +0.30 0.77 + 0.06 1.22 4 023 1.13 = 0.16 1.08 £ 0.13 P<0.01 P<0.05
29 Recanl 1.14 £ 041 2.72 4 0.30%* 341 4 037 1.75 4 0.5% 324 £ 081* 0.51 4+ 0.13 1.02 4+ 0.06 0.56 + 0.34 0.50 £ 0.08 P<0.01 P<0.01
30 Tof 0.87 4 0.17 091 4 0.14 1.44 4 024 1.31 4 033 1.01 4 0.42 0.74 £ 0.24 0.74 4 0.23 1.67 = 0.40% 1.98 & 031™ P<0.01 P<0.01
31 Tp53 1.12 £ 019 1.34 + 034 1.33 £ 0.11 1.63 £ 0.64 1.78 £ 0.63 0.61 + 0.19 143 +£ 029 0.63 = 0.19 1.14 % 0.29
32 Tubb2c 2.10 & 0.22% 4.38 £ 1.41 4.79 + 1.02** 1.30 £ 0.36 1.59 £ 0.13* 045 £ 0.09 0.96 & 0.16 0.77 = 0.11 1.33 £ 024 P<0.01 P<0.01
33 Gapdh 094 +£0.12 0.79 £ 0.10 0.52 £ 0.07 0.90 + 0.16 0.87 +0.18 0.84 + 0.08 0.75 £ 0.06 1.19 + 0.38 1.13 £ 0.08
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Total RNA was extracted from individual livers, and ¢DNA was prepared. The expression of the 33 genes was quantified by qPCR, and the gene expression ratio (Exp/Cont) was calculated. The results were analyzed statistically
using the Williams' test for each chemical (**significant at P<0.01, *significant at P<0.05) and the Dunnett’s test to compare the genotoxic hepatocarcinogens and the non-genotoxic hepatocarcinogen (DEHP) or the non-genotoxic
non-hepatocarcinogen (PNT).
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experimental groups (experimental group/control group; Exp/Cont) was within the
range of 0.52 to 1.58, as shown in Tables 3.1 and 3.2.

2.3. Statistical analysis

For statistical analysis, we performed a logarithmic (logy ) 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 significance of dose-dependent increases or decreases in the individual gPCR
data was statistically determined using the Williams’ test at 4 and 48 h. The experi-
mental groups were compared to a control group. The statistical significance foreach
gene between the genotoxic hepatocarcinogens, the non-genotoxic hepatocarcino-
gen and the non-genotoxic non-hepatocarcinogen was assessed with the Dunnett's
test at 4 and 48 h. The statistical significance between the control water group and
olive oil group was assessed using Welch’s t-test.

Differentiation of the gene expression profiles associated with genotoxic hepa-
tocarcinogens from those associated with the non-genotoxic hepatocarcinogen and
the non-genotoxic non-hepatocarcinogen was achieved through statistical analy-
sis using PCA. PCA invelves a mathematical procedure that transforms a number
of potentially correlated variables into a smaller number of uncorrelated variables
referred to as “principal components”. The first principal component (PC1) accounts
for as much of the variability in the data as possible, and each subsequent component
accounts for as much of the remaining variability as possible. PCA was performed
using the PCA programs in GeneSpringGX11.0.1 (Agilent Technologies, Santa Clara,
CA, USA), Initially, PCA was applied to all 32 logarithmically (log;) transformed
ratios (Exp/Cont), with the exception of Gapdh and was subsequently tested with
various candidate gene sets until the optimal discrimination was achieved. The opti-
mal candidate genes were primarily selected based on the results of Dunnett’s test
at 4h and 48 h. The results are presented in two-dimensional (PC1 and PC2) and
three-dimensional figures (PC1, PC2 and PC3).

24. Gene ontology, pathways and network analysis

Gene ontology analysis was performed using the Gene Ontology Database
(http://gencontology.org/) and Ingenuity Pathways Analysis 7.0 (IPA)
(http://www.Ingenuity.com), The results were confirmed using the references
available in PubMed (http://www.ncbinim.nih.gov/pubmed). The gene pathways
and networks were generated with GeneSpringGX11.0.1 and IPA, which enable the
visualization and analysis of biologically relevant networks to allow for discovery,
visualization, and exploration of therapeutically relevant networks, as previously
described [9,10].

2.5. Immunohistochemistry

Immunohistochemical staining was performed using rmonoclonal antibod-
ies against Cdknla/p21 [(p21 (F-5): sc-6246), Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA)] and Hmox1 [{(Anti-HO-1)}, Stressgen Bioreagents (Brussels,
Belgium)], as described in the manufacture’s protocol, on the livers of 4 rats in each
group. The TUNEL method was applied using the ApopTag Plus Peroxidase In Situ
Apoptosis Detection Kit (Flowgen Bioscience Ltd., Nottingham, UK).

3. Results

3.1. Changes in gene expression determined by gPCR and
analyzed with the Williams’ test and the Dunnett’s test

The individual qPCR gene expression results (Exp/Cont) were
calculated for each group (4 rats in triplicate assays), the mean + SD
was determined, and statistical significance was assessed using the
Williams' test. All 32 genes, with the exception of Gapdh, exhib-
ited statistically significant changes in gene expression at least
once, at 4h andfor 48h, as calculated using the Williams’ test
(Tables 3.1 and 3.2). The changes in gene expression were gen-
erally greater at 4h than at 48 h. Furthermore, at 4h, statistical
significance was observed in the Dunnett’s test between the geno-
toxic hepatocarcinogens (DEN and DNT) and the non-genotoxic
hepatocarcinogen (DEHP) for 19 genes (Aen, Btg2, Cenf, Cengl,
Ddit4l, Gadd45g, Gdf15, Hspb1, Jun, Lpp, Myc, Netl, Phlda3, Plk2,
Pml, Pmm1, Rcanl, Tnf and Tubb2c) and between genotoxic hepato-
carcinogens and the non-genotoxic non-hepatocarcinogen (PNT)
for 18 genes (Aen, Bax, Ccnf, Cengl, Ddit4l, Ephx1, Gdf15, Hspbl,
Jun, Myc, Net1, Phida3, Pik2, Pmi, Pmm1, Rcanl, Tnf and Tubb2c), as
shown in Table 3.1. At 48 h, statistical significance was observed
between genotoxic hepatocarcinogens (DEN and DNT) and the

non-genotoxic hepatocarcinogen (DEHP) for 14 genes (Aen, Cengl,
Cdknla, Cyp21al, Cyp4al, Hhex, Igfbp1, Ly6al, Mdm2, Myc, Phlda3,
Pml, Pmm1 and Tubb2c) and between the genotoxic hepatocar-
cinogens and the non-genotoxic non-hepatocarcinogen (PNT) for
8 genes (Cengl, Cdknia, Cyp4al, Gdf15, Igfbpl, Mdm2, Phlda3 and
PIk2) using the Dunnett’s test, as shown in Table 3.2. The results for
the housekeeping gene Gapdh are also shown in Tables 3.1 and 3.2.
This gene was used to normalize the gene expression ratio, as it did
not show any changes in expression.

The changes in gene expression detected for 10 major genes
(Aen, Btg2, Ccngl, Cdknla, Dditdl, Gdf15, Jun, Phida3, Rcanl and
Tubb2c) are shown in Fig. 1. At 4h, DEN and DNT produced a
dose-dependent increase in all of these 10 genes, with the excep-
tion of Aen under DNT treatment. At 48 h, DEN and DNT produced
dose-dependent increases in Ccngl, Cdknla and Phlda3. However,
DEHP and PNT did not cause dose-dependent increases in these 10
genes at 4 or 48 h. Furthermore, statistical significance (using the
Dunnett’s test) was observed between the genotoxic hepatocar-
cinogens and one non-genotoxic hepatocarcinogen (DEHP) and/or
the non-genotoxic non-hepatocarcinogen (PNT) for 9 of the genes,
with the exception of Cdknla, at 4h and for Aen, Ccngl, Cdknia,
Gdf15, Phlda3 and Tubb2c at 48 h. No single gene completely dis-
criminated genotoxic hepatocarcinogens (DEN and DNT) from the
non-genotoxic hepatocarcinogen (DEHP) and/or the non-genotoxic
non-hepatocarcinogen (PNT).

3.2. Differentiation of the gene expression profiles of the
genotoxic hepatocarcinogens from the non-genotoxic
hepatocarcinogen and the non-genotoxic non-hepatocarcinogen
by statistical analysis using PCA

Differentiation of the gene expression profile obtained from the
genotoxic hepatocarcinogens and from the non-genotoxic hepato-
carcinogen and/or from the non-genotoxic non-hepatocarcinogen
was achieved via statistical analysis using PCA. PCA of all 32 genes
was able to differentiate genotoxic hepatocarcinogens from the
non-genotoxic hepatocarcinogen and/or the non-genotoxic non-
hepatocarcinogen at 4 and 48 h (data not shown). Furthermore,
we selected specific genes to obtain optimal separation between
the genotoxic hepatocarcinogens and the non-genotoxic hepato-~
carcinogen and/or the non-genotoxic non-hepatocarcinogen using
PCA. PCA of 16 genes (Ccnf, Cengl, Cyp4al, Dditdl, Egfr, Gadd45g,
Gdf15, Hspbl, Ighbpl, Jun, Myc, Netl, Phida3, Pmi, Rcanl and
Tubb2c) at 4h and of 10 genes (Aen, Ccngl, Cdknla, Cyp2lal,
Cyp4al, Gdf15, Igfbpl, Mdm2, Phlda3 and Pmm1) at 48h opti-
mally differentiated the genotoxic hepatocarcinogens from the
non-genotoxic hepatocarcinogen as well as the non-genotoxic non-
hepatocarcinogen, with principal component 1 (PC1) (Fig. 2A-1
at 4h and Fig. 2B-1 at 48 h). At 4 h, the genotoxic hepatocarcino-
gens exhibited a PC1 of less than —0.24, while the non-genotoxic
hepatocarcinogen and the non-genoctoxic non-hepatocarcinogen
exhibited a PC1 of greater than 2.4 (Fig. 2A-1). At 48 h, the geno-
toxic hepatocarcinogens presented a PC1 less than 0.06, whereas
the non-genotoxic hepatocarcinogen and the non-genotoxic non-
hepatocarcinogen presented a PC1 greater than 1.8 (Fig. 2B-1). The
hepatocarcinogens (in the green circle) were distinguished from
the non-hepatocarcinogen (PNT, in the blue circle) with PC1, PC2
and PC3 in 3 dimensions at 4 and 48 h (Fig. 2A-2 and B-2).

3.3. Gene ontology and biologically relevant gene networks

We analyzed the gene ontology of the examined genes using
the Gene Ontology Database (in Rattus norvegicus) to clarify which
categories of genes contributed to the differentiation between
the genotoxic hepatocarcinogens and the non-genotoxic hepato-
carcinogen and/or the non-genotoxic non-hepatocarcinogen; the
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Table 3.2

Gene expression ratio (Exp/Cont) at 48 h and the results of the Williams’ test and Dunnett’s test.

No. Gene symbol Gene expression ratio (Exp/Cont) and Williams’ test Dunnett’s test
Genotoxic hepatocarcinogens Non-genotoxic Non-genotoxic G/DEHP G/PNT
hepatocarcinogen non-hepatocarcinogen
DEN {mg/kg bw) DNT (img/kg bw) DEHP (mg/kg bw) PNT (mg/kg bw)
12.5mg 25mg 50mg 125mg 250 mg 1000 mg 2000 mg 500 mg 1000 mg
1 Aen 1.90 + 040 0.88 4+ 0.13 143 £ 0.21 122 £ 0.52 142 + 1.11 0.51 + 0.10™ 0.60 + 0.06** 0.87 £ 0.27 1.10 £ 0.21 P<0.01
2 Bax 0.61 £ 0.10** 0.71 + 0.15* 0.53 + 0.22* 1.34 £ 0,57 1.41 + 0.59 0.77 £ 0.12 0.62 £ 0.11** 0.81 + 0.23 0.82 + 0.21
3 Btg2 0.61 £ 0.37 0.54 + 0.09 1.10 £ 0.13 1.11 £ 0.31 2.07 +0.94 097 £ 0.15 1.06 £ 0.34 093 + 0.15 1.13 £ 0.16
4 Cenf 0.67 £ 0.09* 0.60 + 0.18* 0.52 & 0.11** 1.63 + 0.65 230 + 1.19* 0.97 & 0.20 0.69 + 0.32 0.80 = 0.31 1.10 £ 0.31
5 Cengl 1.90 & 1.01 2.04 + 0.54™ 4.22 + 045 1.30 + 0.78 2.22 4234 049 + 0.04™ 0.70 : 0.16* 0.72 £ 0.26 0.73 4: 0.17 P<0.01 P<0.01
6 Cdknla 312 & 0.42% 5.88 4 0.93* 7.79 4 1.51% 2.26 + 0.79" 3.31 4 2.04% 1.63 4 0.27* 1.53 4 0.29" 1.03 £ 0.14 1.16 £ 0.21 P<0.01 P<0.01
7 Cyp21a1 1.32 4 044 1.14 + 042 1,18 £ 037 0.91 £ 0.08 1.32 £ 0.26 2.04 £ 061" 2.68 + 0.66"* 0.93 + 0.20 1.73 + 0.56* P<0.01
8 Cyp4al 056 +0.11* 0.50 & 0.14* 0.29 * 0.09** 0.72 + 0.20 0.70 £ 0.36 543 & 230" 9.66 + 3.13™ 1.04 £ 042 091 £ 035 P<0.01 P<0.01
9 Ddit4l 0.59 + 0.21 0.80 + 0.22 1.05 £ 0.26 2.04 + 141 1.93 + 1.01 092 £0.13 0.52 + 0.04** 1.48 +£ 0.21™ 1.25 £ 0.25
10 Egfr 0.65 + 0.18" 0.73 £ 0.15* 073 £0.24 1.10 = 0.41 1.02 £0.36 1.03 £ 0.18 0.66 + 0.12* 0.97 £ 034 1.01 + 044
11 Ephx1 0.85 = 0.13 1.09 + 0.16 2.05 + 0.20™ 1.80 + 0.75 132 £ 0.16 1.15 £ 0.32 0.91 + 0.12 0.98 = 0.15 1.12 £ 032
12 Gadd45b 0.58 + 0.16 1.18 4 0.07 0.62 + 0.24 0.60 + 0.08 1.00 + 0.57 1.07 £ 0.16 0.68 + 0.31 0.72 = 0.19 0.89 + 0.17
13 Gadd45g 1.05 & 0.05 1.69 - 0.35* 2.14 4 0.53** 1.62 + 049 142 +0.29 0.63 £ 0.17 3.03 + 449 0.83 £ 0.19 246+ 1.77
14 Gdf15 142 + 048 1.49 4 0.36" 2.29 + 0.51*F 0.70 = 0.19 1.38 4 0.79 1.31 + 033 1.41 + 0.26* 0.81 0,19 0.73 + 0.16 P<0.01
15 Hhex 0.31 & 0.06™ 0.38 £ 0.11* 0.35 &+ 0.07** 0.85 + 0.11 1.02 £0.25 1.20 £ 042 130 £ 043 0.57 = 0.15* 0.84 + 041 P<0.01
16 Hmox1 0.77 + 0.19 0.58 + 0.10 1.29 + 0.28 1.16 £ 0.38 1.63 + 0.98 0.74 + 0.11 1.05 4 0.07 0.95 = 0.04 1.02 = 0.09
17 Hspb1 0.55 £ 0.22** 0.53 & 0.12** 0.55 £ 0.15** 1.56 + 0.37* 1.54 £ 0.69 133 £ 025 0.93 &+ 0.25 091 £ 0.19 0.97 £ 0.19
18 igfbp1 0.27 * 0.03** 0.35 £ 0.16** 0.44 + 0.17** 0.59 = 0.24 0.45 + 0.23* 0.73 £ 0.16 0.77 £ 0.25 0.62 = 0.30 0.97 £0.18 P<0.01 P<0.01
19 Jun 0.54 + 0.02* 045 4 0.07" 0.60 £ 0.20 043 £ 0.15 1.10 £ 0.90 1.06 £ 0.20 0.73 £ 0.11 0.52 = 0.15% 0.46 + 0.09**
20 Lpp 0.51 £ 0.09** 047 £ 0.22% 038 £ 0.11%* 1.23 = 0.16 142 + 035 0.59 + 0.15% 0.37 + 0.04* 0.54 £ 0.16 0.66 = 0.14
21 Ly6al 1.33 + 034 117 + 044 124 4 0.23 0.67 £ 0.40 0.92 + 0.18 1.51 £ 026 1.87 4 0.52* 0.66 & 0.28 1.45 4 0.24 P<0.01
22 Mdm2 1.99 4+ 0.63* 2.29 £ 0.35* 4,40 + 0.99** 1.77 + 0.82 2334211 1.16 4 0.19 1.75 & 0.22"* 1.10 £ 0.29 1.05 + 0.30 P<0.05 P<0.01
23 Myc 0.17 £ 0.05** 0.37 £ 0.09"* 048 £ 0.15 1.04 £ 0.61 1.02 + 034 1.18 £ 0.48 0.85 £ 0.52 0.66 + 0.26 0.73 + 0.56 P<0.05
24 Net1 0.69 £ 0.10 0.79 + 0.25 0.40 & 0.10™ 1.15 £ 0.29 1.15 £ 0.36 0.81 £ 0.11 0.65+0.09" 0.90 = 0.26 1.84 + 0.94
25 Phlda3 3.10 + 1.21* 3.86 + 1.00%* 2.80 £ 0.32** 1.11 £ 0.61 1.76 £ 1.74 0.90 £ 0.28 0.83 + 0.19 0.67 +£0.22 0.69 & 0.17 P<0.01 P<0.01
26 Plk2 2.16 + 1.04*" 2.91 + 0.40™ 3.14 + 0.65™ 1.01 £ 0.23 1.07 £0.38 1.09 + 0.30 1.75 + 0.80* 0.86 + 0.16 0.81 + 0.18 P<0.01
27 Pmi 1.02 £ 042 1.01 4 0.28 1.61 4 047 1.01 = 030 1.14 £ 0.60 0.92 £ 029 0.57 + 0.08** 0.76 = 0.21 1.20 + 0.27 P<0.05
28 Pmm1 0.90 + 0.13 0.98 £ 0.03 3.06 + 0.63* 1.50 + 0.82 298 £ 232 122 £ 0.16 1.12 4 0.15 0.76 = 0.17 1.11 £ 0.26 P<0.05
29 Rean1 0.84 - 0.24 1.03 4 0.17 0.59 + 0.06* 0.51 + 0.26" 0.66 & 0.25 0.85 4 0.20 0.67 + 0.07** 0.56 + 0.13* 0.52 + 0.13%*
30 Tnf 0.99 4 0.42 0.59 + 0,12 1.15 - 0.19 0.57 = 0.28 1.01 £ 0.57 1.19  0.16 1.21 1 0.07 057 + 0.07 1.07 :: 0.57
31 Tp53 1.29 4 0.39 1.18 = 0.16 1.60 £ 0.19* 0.99 £ 0.38 0.90  0.48 1.14 = 0.21 0.92 + 0.16 1.02 + 044 0.68 + 0.36
32 Tubb2c 0.46 £ 0.09** 052 £ 0.07* 0.26 &+ 0.07** 0.99 £ 0.19 139 £ 0.70 1.18 £ 0.08 1.37 £ 0.29 0.75 £ 0.16 1.01 £ 0.21 P<0.01
33 Gapdh 1.03 £+ 0.12 1.00 £ 0.16 1.08 £ 0.15 1.58 £ 0,15 1.55 £+ 0.05 0.73 £0.14 0.76 + 0.08 1.08 £ 0.15 1.07 + 0.20
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Total RNA was extracted from individual livers, and ¢DNA was prepared. The expression of the 33 genes was quantified by qPCR, and the gene expression ratio (Exp/Cont) was calculated. The results were analyzed statistically
using the Williams' test for each chemical (**significant at P<0.01, *significant at P<0.05) and the Dunnett’s test to compare the genotoxic hepatocarcinogens and the non-genotoxic hepatocarcinogen (DEHP) or the non-genotoxic
non-hepatocarcinogen (PNT).
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Fig. 1. Changes in the gene expression of 10 genes (Aen, Btg2, Cengl, Cdknia, Dditdl, Gdf15, Jun, Phlda3, Reant and Tubb2c) as quantified by gPCR at 4 h and 48 h. DEN L: DEN low
dose, DEN M: DEN middle dose, DEN H: DEN high dose, DNT L: DNT low dose, DNT H: DNT high dose, DEHP L: DEHP low dose, DEHP H: DEHP high dose, PNT L: PNT low dose and
PNT H: PNT high dose. The statistical significance for each chemical was analyzed using the Williams’ test, *P<0.05; **P<0.01. The statistical significance between genotoxic
hepatocarcinogens and non-genotoxic hepatocarcinogens or the non-genotoxic non-hepatocarcinogen was analyzed using the Dunnett’s test, ¢°<0.05, and ¢ 6P < 0.01 cutside
the framework. B: Genotoxic hepatocarcinogen, non-genotoxic hepatocarcinogen, [: non-genotoxic non-hepatocarcinogen. Total RNA was extracted from individual
livers (4 ratsjgroup) and reverse-transcribed into cDNA. Changes in gene expression were determined in triplicate by qPCR.
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Fig. 2. Principal component analysis (PCA) of the gene expression levels under treatment with 3 types of carcinogens as quantified by qPCR. Genotoxic hepatocarcinogens
(red-colored, DEN-L: DEN low dose, DEN-M: DEN middle dose, DEN-H: DEN high dose, DNT-L: DNT low dose and DNT-H: DNT high dose), a non-genotoxic hepatocarcinogen
(brown-colored, DEHP-L: DEHP low dose and DEHP-H: DEHP high dose) and a non-genotoxic non-hepatocarcinogen {blue-colored, PNT-L: PNT low dose and PNT-H: PNT
high dose). The mean values of triplicate qPCR assays for each sample were analyzed statistically using the PCA program in GeneSpringGX11.0.1. The results of the PCA are
shown as the two- or three-dimensional contribution scores for component numbers 1, 2 and 3 (PC1, PC2 and PC3). The contribution scores were produced by conversion
from each eigenvector value. A: 4 h, with 16 genes (Cenf, Cengl, Cyp4al, Ddit4l, Egfr, Gadd45g, Gdf15, Hspb1, Ighbp1, Jun, Myc, Net1, Phida3, Pmi, Rcan1 and Tubb2c), B: 48 h,
with 10 genes (Aen, Cengl, Cdknla, Cyp21al, Cyp4al, Gdf15, Igfbpl, Mdm2, Phida3 and Pmm1). PCA successfully differentiated the genotoxic hepatocarcinogen (red circle)
from the non-genotoxic hepatocarcinogen (brown circle) and non-genotoxic non-hepatocarcinogen (blue circle) with principal component 1 at 4 and 48 h (A-1 and B-1). The
hepatocarcinogens (green circle) were distinguished from the non-hepatocarcinogen (blue circle} with PC1, PC2 and PC3 at 4 and 48 h (A-2 and B-2). (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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Fig. 3. The gene networks and pathways of 24 genes as determined by qPCR. The network was constructed from the results of Ingenuity Pathways Analysis, GeneSpring
software and references from PubMed. The 15 red-colored genes indicated with an asterisk are genes that significantly contributed to the discrimination of the genotoxic
hepatocarcinogens from the non-genotoxic hepatocarcinogen and the non-genotoxic non-hepatocarcinogen 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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results are shown in Table 4. Eight major biological processes were
extracted from this gene ontology analysis. The first process, which
included 18 genes, was associated with apoptosis; the second was
associated with the cell cycle and included 14 genes; the third
was associated with cell proliferation and included 11 genes; the
fourth process, which included 10 genes, was associated with DNA
damage; the fifth was associated with DNA repair and included 1
gene; the sixth was associated with oxidative stress and included
3 genes; the seventh was oncogenes and included 2 genes; and
the eighth process was tumor suppressors and included 1 gene. A
considerable number of genes classified in the apoptosis, cell cycle,
cell proliferation and DNA damage categories exhibited differential
gene expression between the genotoxic hepatocarcinogens and the
non-genotoxic hepatocarcinogen as well as the non-genotoxic non-
hepatocarcinogen. The DNA damage response, which functions
via signal transduction through a p53 class mediator and results
in the induction of apoptosis, was characteristically suggested as
an associated biological process. Sixteen genes (Aen, Bax, Btg2,
Cengl, Cdknla, Ephx1, Gdf15, Hmox1, Hspb1l, Mdm2, Myc, Phlda3,
Pik2, Pmm1, Pml and Thb2c) from the present study were reported
to be associated with Tp53. Among these, 9 genes (Aen, Cengl,
Cdkn1a, Gdf15, Hspb1, Mdm2, Myc, Pml and Phida3) contributed to
the differentiation of the genotoxic hepatocarcinogens from the
non-genotoxic hepatocarcinogen and/or the non-genotoxic non-
hepatocarcinogen in the PCA. The summarized gene networks are
shown in Fig. 3. The major gene pathway suggested by the network
was the Tp53-mediated DNA damage response.

3.4. The expression of Cdknla and Hmox1 proteins, the level of
apoptosis and histological changes

Changes in the expression of Cdknla and Hmox1 proteins, the
level of apoptosis measured by the TUNEL assay and histology
were observed in the genotoxic hepatocarcinogen-treated rats at
48 h (Table 5) but were nearly undetectable at 4h (results not
shown) in all groups. Cdknla-positive cells and TUNEL-positive
cells were observed in 2 of 4 and all 4 DEN-treated rats at the high-
est doses, respectively. Cdkn1a-positive cells, Hmox1-positive cells
and TUNEL-positive cells were observed in all 8, 6 of 8 and 4 of 8
DNT-treated rats, respectively. Anincrease in the number of mitotic
cells was observed in all 4 DEN-treated rats at the highest dose and
2 of the 4 DNT-treated rats at the highest dose, as determined by
HE staining.

3.5. Relative gene expression ratio between the control olive oil
and water groups

In the present study, DEN was dissolved in sterile water, while
the other chemicals were dissolved or suspended in olive oil.
Although olive oil is often used as a non-toxic solvent in animal
studies, its effect on gene expression has rarely been examined.

Table 4
Gene ontology analysis of the rat genes examined in the present study.

Table 6 shows the relative gene expression in the liver in the con-
trol olive oil and water groups at 4 and 48 h. Although statistically
significant differences were observed in 18 genes based on Welch's
t-test, the differences in 9 genes did not exceed 2-fold, which could
be considered within normal variations, while only 2 genes {(Myc
and Pml) showed a 3-fold difference at 48 h. These differences did
not appear to affect the results regarding the gene expression ratio
(Exp/Cont) (Tables 3.1 and 3.2).

4. Discussion

In the present study, we applied our selected candidate marker
genes, which were previously demonstrated to discriminate geno-
toxic hepatocarcinogens from non-genotoxic hepatocarcinogens
in the mouse liver {8-10], to rat hepatocarcinogens in the young
rat liver. Consequently, we suggest that the selected genes are
also useful for differentiating genotoxic hepatocarcinogens from
the non-genotoxic hepatocarcinogen and the non-genotoxic non-
hepatocarcinogen examined (in the present study) in the young rat
liver; these differences were determined by qPCR and PCA at 4 and
48 h after a single administration of these chemicals. Although we
did not examine nitroaromatic compounds in our previous experi-
mental method in the mouse, our selected candidate marker genes
were also useful for discriminating DNT from the non-genotoxic
hepatocarcinogen in the young rat liver. Present results were also
congruent with the results of micronucleus assay in young rats
[11,12}

In the present study, 32 genes, with the exception of Gapdh,
exhibited statistically significant changes in gene expression
(Exp/Cont) at least once, at 4 and/or 48h, as detected using the
Williams’ test (Tables 3.1 and 3.2). The changes in gene expression
were generally greater at 4 h than at 48 h. Furthermore, statistical
significance was observed, using the Dunnett’s test, between the
genotoxic hepatocarcinogens and the non-genotoxic hepatocar-
cinogen (DEHP) and/or the non-genotoxic non-hepatocarcinogen
(PNT) for 29 genes (with the exceptions being Egfr, Hmox1, Tp53
and Gapdh) at 4 and/or 48 h (Tables 3.1 and 3.2). In PCA, the opti-
mal differential gene expression was detected for 16 genes (Cenf,
Cengl, Cyp4al, Ddit4l, Egfr, Gadd45g, Gdf15, Hspb1, Ighbp1, Jun, Myc,
Net1, Phlda3, Pml, Rcan1 and Tubb2c) at 4 h and 10 genes (Aen, Ccngl,
Cdknta, Cyp21al, Cyp4al, Gdf15, Igfbpl, Mdm2, Phida3 and Pmm1)
at 48 h. Seven of these candidate genes (Aen, Cengl, Cdknla, Mdm2,
Myc, Phida3 and Pml) were classified as DNA damage-associated
genes in the Gene Ontology analysis (Table 4), while 11 genes
(Aen, Cengl, Cdknia, Gadd45g, Hspb1, Jun, Mdm2, Myc, Net1, Phida3
and Pmi) were classified as apoptosis-associated genes. Fifteen
genes (Aen, Ceng1, Cdknla, Ddit4l, Egfr, Gadd45g, Gdf15, Hspb1, Jun,
Mdm2, Myc, Phida3, Pml, Pmm1 and Tubb2c) were associated with a
Tp53-mediated signaling pathway (Fig. 3). These genes were char-
acteristically suggested to be induced in the DNA damage response.

Biological process Genes

Apoptosis
Cell cycle

Jun*, Mdm2*, Myc*, PIk2*, Pml*, Tp53
Cell proliferation

DNA damage

DNA repair Egfr

Oxidative stress Egfr, Hmox1, Pral*
Oncogene Jun™, Myc*
Tumor suppressor Tp53

Aen’*, Bax*®, Btg2*, Cengl”, Cdknla*, Egfr, Gadd45g*, Hmox1, Hspb1*, Jun®, Mdm2*, Myc*, Net1*, Phlda3*, PIk2*, Pml*, Tnf*, Tp53
Bax*, Cenf™, Cengl”, Cdknla®, Egfr, Gadd45b, Gadd45g*, Hhex*

Bax*, Cengt*, Cdkn1a®, Egfr, Hhex*, Hmox1, Jun*, Myc*, Pml*, Tof*
Aen*, Bax*, Btg2*, Cengl®, Cdkn1a*, Hmox1, Mdm2*, Myc*, Phlda3*, Pmil*

Gene ontology analysis of the examined genes, based on Gene Ontology annotation (http://www.geneontology.org/) and references. Boldface with an asterisk (*) indicates
differential gene expression between the genotoxic hepatocarcinogens and the non-genotoxic hepatocarcinogen and/or the non-genotoxic non-hepatocarcinogen at 4 and/or

48 h that was statistically significant based on the Dunnett’s test.
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ITrarllir’rilirslohistochemistry and histopathological findings in the liver 48 h after treatment with the test chemicals.
Chemical Vehicle DEN DNT DEHP PNT
Dose (mg/kg bw) 0 125 25 50 125 250 1000 2000 500 1000
Animal no. 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234

Description of immunohistochemistry
Anti-Cdknla ———
Anti-Hmox1 ———
TUNEL

Test chemical-related histopathological finding
Cell infiltration, inflammatory, Glisson's sheath
Hypertrophy, hepatocyte, diffuse

Single-cell necrosis

Increase, mitosis
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The liver was dissected and examined immunohistochemically. Vehicle: olive oil or sterile water. Observations were graded from 0 (-) to 3 semiquantitatively. -: no findings,

1: minimal, 2: mild, 3: severe.

When we analyzed the expression of Tp53 itself, we identified a
statistically significant but less than 2-fold increase only at 48h
post-injection of DEN (50 mg/kg bw) (Table 3.2), although the basal
expression of Tp53 in the control animals may already have been
sufficient for DNA damage to occur under the experimental condi-
tions.

In this paragraph, we compare the dose-dependent alterations
in the gene expression induced by 4h of DEN treatment in the 9-
week-old male mouse livers using intraperitoneal injection [9] and
the 4-week-old rat livers with oral administration. We observed

Table 6
Relative gene expression ratio between the control olive oil and water groups at 4 h
and 48 h and the results of Welch’s t-test,

No. Gene symbol Ratio (olive/water)

4h 48h
1 Aen 0.81 % 0.13 1.24 £ 0.14
2 Bax 0.75 £ 0.11 1.48 4 0.27*
3 Btg2 1.01 £ 039 134 £ 0.21
4 Cenf 1.10 = 0.16 1.24 +£ 046
5 Cengl 0.98 = 0.19 1.89 = 0.17**
6 Cdknla 0.58 £ 0.38 0.80 £ 0.19
7 Cyp21al 0.89 + 0.23 1.23 £ 0.41
8 Cyp4al 1.40 = 0.25% 1.23 + 056
9 Ddit4l 1.08 i 0.21 0,79 £ 0.07
10 Egfr 1.26 £ 0.64 1.81 &+ 046
11 Ephx1 1.52 = 0.71 127 £ 033
12 Gadd45b 141 + 0.59 0.93 £ 0.12
13 Gadd45g 1.10 = 1.52 0.50 + 0.17
14 Gdf15 0.78 & 0.16 0.46 + 0.06*
15 Hhex 1.35 = 0.51 041 £ 011"
16 Hmox1 048 = 0.09™* 2.06 + 0.16™
17 Hspb1 0.99 = 0.14 0.76 £ 0.23
18 lgfbp1 247 = 1.09* 0.85 + 0.27
19 Jun 111+ 041 0.66 & 0.29
20 Lpp 0.86 = 0.17 1.84 + 0.18*"
21 Ly6al 1.19 £ 0.11 1.60 = 0.52
22 Mdm2 0.63 = 0.07% 1.64 + 0.14**
23 Myc 1.09 £ 1.26 032 + 0.03*
24 Net1 1.10 £ 0.26 0.84 + 022
25 Phida3 1.05 = 0.38 2.82 4+ 0.81**
26 Plk2 1.16 £ 0.13 1.30 + 0.04"
27 Pml 0.55 + 0.25* 3.48 + 0.56**
28 Pmm1 2.86 = 0.31** 1.58 + 0.13**
29 Rcant 1.04 = 0.37 0.87 £ 0.22
30 Tnf 258 = 091" 123+ 030
31 Tp53 0.90 £ 044 1.35 £ 0.19
32 Tubb2c 0.60 =+ 0.17* 1.02 4 030
33 Gapdh 1.05 + 0.14 1.20 & 0.22

Total RNA was extracted from individual livers, and ¢cDNA was prepared. The
expression of the 33 genes was quantified by gPCR and the gene expression ratio
(olive/water) was calculated. The results were analyzed statistically using Welch’s
t-test {boldface with **significant at P<0.01, boldface with *significant at < 0.05).

generally similar changes between mice and rats. Specifically, 18
of the examined genes (Aen, Bax, Btg2, Ccngl, Cdknla, Cyp21al,
Gadd45b, Gdf15, Hspb1, jun, Mbd1, Mdm2, Myc, Net1, Plk2, Pmm1,
Rcan1 and Tubb2c) showed similar dose-dependent alterations
or positive alterations in gene expression in the rat liver at 4h
after DEN administration in the present study (Table 3.1). Among
these genes, 7 (Ccngl, Gdf15, Hspb1, Jun, Myc, Rcanl and Tubb2c)
contributed to the PCA in distinguishing the genotoxic hepato-
carcinogens from the non-genotoxic hepatocarcinogen and the
non-genotoxic non-hepatocarcinogen.

In this paragraph, we compare the gene expression changes
induced by 2000 mg/kg bw DEHP at 4 and 48 h after administration
between the 9-week-old male mouse livers [10] and the 4-week-
old rat livers examined in the present study. The gene expression
changes induced by DEHP were rather different between the mouse
liver and the rat liver under the present experimental conditions.
Specifically, we observed statistically significant changes in the
gene expression induced by DEHP in the mouse liver in only 2
genes (Ddit4 and Hist1hic) at 4h and in 3 genes (Bhlhe40, Hspb1
and Ly6a) at 48 h; however, we observed changes in gene expres-
sion in a greater number of genes in the rat liver induced by DEHP
treatment at a dose of 2000 mg/kg bw in the present study. Statis-
tically significant changes in gene expression were induced in the
rat liver by treatment with 2000 mg/kg bw DEHP in 12 genes at
4h and 16 genes at 48 h: however, only 3 genes (Cyp41q, Egfr and
Gadd45g) at 4h and only 1 gene (Cyp41a) at 48 h exhibited changes
of greater than 3-fold in response to DEHP; these genes were not
associated with DNA damage, and other genes presented rather
minor changes.

We examined both the levels of protein expressions by
immunohistochemistry using commercially available antibodies
(anti-Cdkn1la and anti-Hmox1) and the levels of apoptosis by the
TUNEL assay. Slight changes in the protein expression of Cdknia
and Hmox1 and in the number of TUNEL-positive cells were only
observed in the DEN- and DNT-treated rats at 48 h (Table 6), but
not in the DEHP- and PNT-treated rats. However, dose-dependent
alterations in the expression of proteins or in the level of apopto-
sis were not observed with DEN and DNT treatment. Although 1 of
4 rats in the vehicle control group showed positive results in the
TUNEL assay, it was at a minimal grade, and it has been reported
that the TUNEL assay is not necessarily completely negative in the
rat liver of vehicle control groups [25]. The present results sug-
gested the moderate induction of apoptosis in DEN-treated rats at
a dose of 50 mg/kg bw and weak induction of apoptosis in DNT-
treated rats at a dose of 250 mg/kg bw. The immunohistochemical
results generally agreed with the results of the gene expression
analyses for these proteins and with the apoptotic gene expres-
sion.
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Few time-course-based differential gene expression profiles
of genotoxic and non-genotoxic hepatocarcinogens in rodents
have been published based on DNA microarray and real-time PCR
analyses. Ellinger-Ziegelbauer et al. used the Affymetrix RG.U34
microarray system to examine the differential gene expression
produced by 4 genotoxic (dimethylnitrosamine, 2-nitrofluorene,
aflatoxin B1 and 4-(methylnitrosamino)1-(3-pyridyl)-1-butanone)
and 4 non-genotoxic hepatocarcinogens (methapyrilene, diethyl-
stilbestrol, Wy-14643 and piperonylbutoxide) in the livers of rats
that had been administered doses of the chemicals for 1, 3, 7 and
14 days [26]. They reported the detection of 477 deregulated genes
in 23 categories. A total of 9 out of our 33 genes agreed with their
candidates, specifically, 5 of these genes were involved in the DNA
damage response (Bax, Btg2, Cengl, Cdknla and Mdm2), 2 genes
were involved in the oxidative stress response category (Ephx1 and
Hmox1) and 2 genes were involved in cell survival/proliferation
(Gdf15 and Igfbp1). These authors proposed that there was a promi-
nent induction of the p53 target genes (Cdkn1a, Bax, Btg2, Ccngl and
Mdm2) by genotoxic carcinogens and of genes involved in cell cycle
progression, oxidative protein damage and a regression response
by the non-genotoxic carcinogens. We extracted a network asso-
ciated with the Tp53-mediated signaling pathway, which includes
these 5 p53 target genes (Fig. 3); however, our network is much
more extensive.

In summary, based on our analysis of the 21 genes selected
from our mouse DNA microarray and gPCR studies, we suggest that
qPCR and PCA are effective methods for distinguishing genotoxic
hepatocarcinogens from a non-genotoxic hepatocarcinogen and a
non-genotoxic non-hepatocarcinogen inthe 4-week-old male F344
rat liver at the early time points of 4 and 48 h after a single adminis-
tration. The changes in gene expression were greater at 4 h than at
48 h for genotoxic hepatocarcinogens. We recommend the 4 h time
point for the first experiment. We analyzed a nitroso compound
(DEN) and a nitroaromatic compound (DNT) as genotoxic hepato-
carcinogens, a peroxisome proliferator (DEHP) as a non-genotoxic
hepatocarcinogen, and an aromatic amide (PNT) as a non-genotoxic
non-hepatocarcinogen. Further analysis using a greater number
of rat hepatocarcinogens with different chemical properties are
required for a final selection of marker genes for discrimination of
genotoxic hepatocarcinogens from non-genotoxic hepatocarcino-
gens as well as non-genotoxic non-hepatocarcinogens in the young
rat liver.
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