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for the gpt and Spi~ selections into fertilized eggs of
C57BL6/7J mice (30). The mice carry about 80 lambda
EG10 DNA in each of the chromosome 17, which
results in high packaging efficiency (31). Mutation can
be identified in any organs of mice. Actually, mutations
have been analyzed with gp/ delta mice in liver,
stomach, lung, skin, colon, kidney, spleen and testis, in-
duced by a variety of chemicals and radiation (32).
Umemura ef al. employed gpt delta mice to characterize
the in vivo genotoxicity of dicyclanyl, an insect growth
regulator (33). The compound is carcinogenic in the
liver of female mice while the compound was negative in
any of standard genotoxicity assays described above
plus comet assay in vivo. Thus, dicyclanil was regarded
as a non-genotoxic carcinogen. However, upon 13
weeks feeding of diets containing 0.15% dicyclanil, gpt
mutant frequency was increased about four times in the
liver of female mice. No induction of mutations in the
male mice. This gender-specific induction of mutation
seems to be female-specific cell proliferation in the liver.
Umemura et @l. have demonstrated that dicyclanil in-
duces oxidative DNA damage in the liver of both male
and female mice but enhances cell proliferation only in
the female. The oxidative damage in DNA, i.e., 8-0x-
oguanine in DNA, appears to be induced during
metabolism of dicyclanil in the liver. This work
highlights the importance to examine mutations in a tar-
get organ of rodents used for cancer bioassay. It is
worth examining whether dicyclanil induces mutations
and cancer at much lower doses because it may be a
genotoxic carcinogen.

Although mice are widely used for cancer bioassay,
there are a number of chemicals that display carcinogen-
icity in rats but not in mice (28). Therefore, gp¢ delta
rats have been established with the same reporter gene
for mutations. Hayashi et a/. have introduced lambda
EG10 DNA into fertilized eggs of Sprague-Dawley
(S.D.) rats and established gpt delta rats (34). The rats
exhibit dose-dependent positive mutagenic responses in
the liver when they are exposed to benzo[a]pyrene.
Later, S.D. gpt delta rats were backcrossed to Fischer
344 (F-344) because F-344 rats are used for two-year
cancer bioassay more often than S.D. rats (35). F-344
gpt delta rats are employed to examine the standard pro-
tocol of transgenic rodent gene mutation assays
proposed for OECD guideline TG488, i.e., 28 days
treatments plus 3 days expression time (36-38). In con-
clusion, when the chemical is carcinogenic in rodents
and the chemical should be classified into a genotoxic or
non-genotoxic carcinogen, the chemical should be ex-
amined with the standard battery genotoxicity assays
first. In particular, results of Ames assay gives helpful
information whether the chemical (or its metabolites)
has potential to interact with DNA and induce muta-
tions at least in vitro. However, if the results of the stan-

dard assays do not provide sufficient evidence to ac-
count for the mechanism(s) of carcinogenicity of the
chemical, gp? delta transgenic rodent mutation assays
may be useful. Parallel examination of carcinogenicity
and genotoxicity of chemicals in target organs in F-344
rats and F-344 gpt delta rats, respectively, may provide
crucial evidence whether the chemicals induce carcino-
genicity via mutagenic effects or not.

Possible Mechanisms Underlying Practical
Thresholds for Genotoxic Carcinogens

Accumulating evidence suggest that several genotoxic
carcinogens exhibit threshold-like dose responses in car-
cinogenicity and in vivo genotoxicity assays
(15,16,39,40). In fact, we have examined no obvious
genotoxic effects of 2-amino-3,8-dimethylimidazo {4,5-
fl-quinoxaline (MelQx) in the liver of gpt delta mice
(17). The mice were fed a diet containing 300, 30 or 3
ppm of MelQx for 12 weeks and gpt mutant frequency
(MF) was determined in the liver. Although treatments
of mice with high doses of MelIQx, i.e., 300 and 30 ppm,
clearly enhanced gpt MF, the low dose treatment at 3
ppm did not enhanced gpt MF significantly. DNA se-
quence analyses of the gpt mutants indicated that G:C
to T:A was the most frequently induced mutation by
MelQx. Specific mutation frequency of G:Cto T:A was
significantly enhanced at dose of 300 or 30 ppm of Mel-
Qx. However, no increase in the specific mutation fre-
quency was observed at 3 ppm. From the results, 3 ppm
was proposed as the practical threshold for genotoxicity
of MelQx in the liver of mice.

If practical thresholds exist for at least some genotox-
ic carcinogens, what will the underlying mechanisms be?
An obvious possibility is that self-defense mechanisms
such as low-molecular-weight scavengers, detoxication
metabolism, DNA repair and TLS (18). The scavengers
such as antioxidants alleviates the toxicity of reactive
oxygen species and detoxication enzymes such as
glutathione S-transferase mediate conjugation reac-
tions, which enhance hydrophilicity of toxic chemicals
and promote the excretion. DNA repair fixes damaged
DNA by a multiple mechanisms such as removal of
damaged or mismatched bases in DNA or rejoining
broken DNA strands. TLS is a short DNA synthesis
across DNA lesion (Fig. 1) (20). If error-free TLS oc-
curs, the mechanism will contribute to tolerance against
mutagenic and carcinogenic effects of chemicals.
However, if error-prone TLS occurs, it will enhance
mutation frequency and initiate carcinogenesis.

Here, we show dose-response curves of mutagenicity
of L-cystein, dopamine hydrochloride, phenazine
methosulfate (PMS) and L-penicillamine in strains S.
typhimurium TA1535 and its derivative YG3206 (Fig.
2). The strain YG3206 is the same as TA1535 but lacks
the nthsr and neisr genes encoding endonuclease IIT and
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Fig. 2. Endonuclease III and VIII (Nth and Nei) are constituents of
practical thresholds. Closed and open circles show the number of His*
revertants per plate of the parent strain TA1535 and the nth/nei dele-
tion derivative YG3206 lacking endonuclease I and VIII.

VIII, respectively, involved in repair of oxidized pyrimi-
dines in DNA (41). Interestingly, the mutagenicity of
the chemicals was clearly identified with strain YG3206
but not with strain TA1535. The results suggest that
mutagenic oxidized pyrimidines are induced in DNA by
the treatments with the chemicals but the mutagenic le-
sions are repaired effectively by the concerned actions of
endonuclease III and endonuclease VIII. The results
also raise the possibility that endonuclease Il and VIII
may be constituents of practical thresholds for the
mutagenicity of chemicals that induce oxidized pyrimi-
dines in DNA. Since strain YG3206 exhibited much
higher spontaneous mutations compared to strain
TA1535, the endonucleases may protect the genome
from endogenous mutagens as well as exogenous ones.
Previously, we reported that other DNA repair en-
zymes, i.e., O%-methylguanine DNA methyltransferases
(MGMTs) encoded by adasr and ogfsr in strain TA1535,
severely reduced the mutagenicity of alkylating agents
(42). Mutagenicity of MNNG, ENNG, PNNG, BNNG
and MMS was clearly identified with strain YG7108
lacking the adast and ogtsr genes even at very low doses
but they were weakly mutagenic or not mutagenic at low
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doses with the parent strain TA1535. Another repair-
defective derivative of strain TAI13535, i.e., strain
YG3001, clearly detects the mutagenicity of potassium
bromated but strain TA1535 did not (43). The strain
YG3001 lacks the mutMsy gene encoding 8-oxo-guanine
DNA glycosylase involved in repair of oxidized purines
in DNA. Collectively, these DNA repair enzymes pro-
tect the genome effectively from various DNA damaging
agents and thus may contribute to generate practical
thresholds for genotoxicity of chemicals. Endonuclease
III, MGMT and 8-oxo-guanine DNA glycosylase have
counterparts in humans (1). Therefore, it is interesting
to examine how these counterparts constitute practical
thresholds for genotoxicity in humans.

S. typhimurium and E. coli are both gram negative
bacteria and their genome sequences are more than 80%
similar. However, S. fyphimurium LT2 and the deriva-
tives including Ames tester strains exhibit much lower
ability to induce mutations when they are exposed to
various DNA damaging agents (44,45). This is probably
because the umuDCsr gene of S. typhimurium has weak
TLS activity although it is not experimentally demon-
strated. In 1970’s when Ames assay was being devel-
oped, it was demonstrated that strain TA1535 had no
ability to detect mutagenicity of aflatoxin Bl even in the
presence of S9 activation and furylfuramide (AF2) in
the absence of S9 (46). Therefore, plasmid pPKM101 was
introduced to strain TA1535 and TA1538 to enhance the
sensitivity. Later, it was revealed that plasmid pKM101
carried the mucAB genes encoding DNA polymerase
R1, which is an error-prone TLS DNA polymerase
(47,48). The pKM101-bearing derivatives of strain
TA1535 and TA1538 are strain TA100 and strain T98,
respectively, which are members of current standard
Ames tester strains. In general, introduction of pKM101
enhances mutability of the host strains. However, sever-
al chemicals such as acetaldehyde oxime, 6-mercaptopu-
rine, and 1,3-butadiene are reported to be negative or
weakly positive in strain TA100 but positive in strain
TA1535 (49). Humans possess more than 14 TLS DNA
polymerases (50). It is a future theme whether and how
these TLS polymerases affect the mutagenicity of chemi-
cals at low doses and modulate the threshold levels of
genotoxic agents.

Future Directions

Humans are exposed to a number of chemicals in dai-
ly life. Therefore, an important question is whether ex-
posure to multiple chemicals has synergistic or addition-
al (geno)toxic effects on humans. If genotoxicity of
chemicals have no thresholds for the action, the ex-
posure to multiple genotoxic agents should have addi-
tional effects. In fact, Ohta demonstrated that addition
of six mutagenic heterocyclic amines at very low doses,
each of which doesn’t induce detectable mutations, give
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positive mutagenic results in S. typhimurium when they
are combined (51). The results suggest that chemicals in-
duce mutations even below the practical threshold levels
when they are combined. However, if genotoxic com-
pounds are fractionated and administrated below the
practical threshold levels, repeated exposure does not
induce mutations. Gocke et al. (16) compared the geno-
toxicity in vivo (lacZ mutation in bone marrow, liver
and Gl tracts) between values of fractionated doses of
ethyl methanesulfonate (EMS) (28 times 12.5 mg/kg)
and a single dose of EMS (350 mg/kg). Although single
dose gave positive mutagenic effects on the three organs,
the fractionated treatments did not induce mutations in
any of the organs. It suggests that EMS has a threshold
for the mutagenic action in vivo and 12.5 mg/kg is be-
low the threshold level.

In summary, we discussed how we evaluate the geno-
toxicity of chemicals and possible mechanisms under-
lying the practical thresholds of genotoxic chemicals. To
define whether the chemical carcinogen exerts the car-
cinogenicity via genotoxicity, in vivo mutation assays
such as gpt delta transgenic mice and rats may be infor-
mative. The assay allows to examine genotoxicity in tar-
get organs of rodents used for two-year cancer bioassay.
We emphasized the importance of DNA repair and TLS
as mechanisms for the practical thresholds for genotoxic
chemicals. However, further work is needed to ex-
perimentally how and to what extent DNA repair and
TLS affect the threshold levels of genotoxic chemicals in
humans. In this regard, genetically modified mice and
human cells that lack specific DNA repair or TLS func-
tions will be useful for the purposes.
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Introduction

Genotoxicity assessment plays an important role in both toxicity
screening during early drug discovery and regulatory drug safety
evaluation in the preclinical stage {1]. Although a great number of
genotoxicity assays have been developed, there is still a requirement
for tests with both high specificity and sensitvity [2]. The use of
microarray technology in toxicology, known as toxicogenomics, can
potentally identify novel genotoxicity biomarkers and provide
mechanistic insights into the mode of action of genotoxic compounds
13,4,5,6,7.8]. We identified an unknown gene BC005512 (official full
name: cDNA sequence BC005512), whose expression was specifically
induced by genotoxins (GTXs) but not by non-genotoxins (NGTXs)
in an iz eiwo microarray study. Elevated expression of BC005512 has
been reported previously in thymocytes of Parp-2 deficient mice [9],
suggesting that it is relevant to DNA damage. Further analysis of this
gene uncovered that it is a member of the GLIN family of murine
endogenous retrovirus (ERV).

ERV sequences, most probably originating from infections of
germ-line cells by ancient exogenous retroviruses during evolution
[10], account for approximately 8% of the human genome [11] and
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10% of the mouse genome [12]. ERVs were once thought to be junk
DNA, but a number of studies have shown that some have important
physiological roles {13,14,15] or are implicated in certain diseases
[16,17]. Several studies have reported elevated expression of ERV-
related sequences in hepatocarcinogen treated rodents {18,19}.

The GLN family, designated due to an unusual primer-binding site
sequence corresponding to RNA® is one of a number of murine
ERV families. It was first identified over two decades ago [20], but
remains little-stuclied [21,22]. The relationship between GLN and
genotoxic stress and the biological function of GLN family members
are largely unknown. Here we report that BC005512, a member of
the GLN family of murine ERV, was responsive to DNA damage and
mvolved in regulation of cell growth.

Results

1. Selection of specific and sensitive genotoxic stress
responsive genes using microarray

Microarray is a powerful way of examining genomic scale gene
expression changes. To identify specific and sensitive genotoxic
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stress inducible genes, we carried out an i zis microarray study
specifically investigating liver tissue in B6C3F1 mice administered
with seven well-characterized genotoxins (GTXs) and three non-
genotoxins (NGTXs). Compounds with all negative data in
regulatory genotoxicity assays (ncluding Ames test, w witro
chromosome aberration test, mouse lymphoma assay and i vive
micronucleus test) were chosen as non-genotoxins. The dosage
used for GTXs was selected based on data from i vivo transgenic
mouse mutation assays, where significantly higher mutant
frequencies were observed in liver tissue. The mutant frequency
was determined as described previously [23]. While the dosage
used for NGTXs was 1/2 LDsg (Table 1}. To study both early and
late or sustained genotoxic stress responses, time points at 4 h,
20 h, 2 weeks and 4 weeks after treatment were chosen. To select
genotoxic stress responsive genes, we adopted a self-defined weight
scoring approach. Candidate genes were scored based on their
specificity, sensitivity (including average ratio, positive condition,
positive chemical and reverse change), statistical P value, basal
expression level, and coefficient of variation (CV). A total score,
considering all the above parameters, was finally calculated
{Table 2). Further analysis of the top ranked 50 genes by
hierarchical clustering showed clear gene sets, whose expression
could distinguish GTXs from NGTXs (Fig. 1A). These included
some well-known DNA damage inducible genes e.g. p21"VAF!/ ¢!
[24] and cengl [25]. The highest scoring gene was an unknown
gene BC005312 (identified by probe set 1426936_at, Gene
symbol: BC005512, official full name: cDNA scquence
BCO005512). Its expression was specifically induced by GTXs,
but not by NGTXs, which was further confirmed by quantitative
real-time PCR (Fig. 1B and 1C).

2. BC005512 is a member of the GLN family of murine
endogenous retrovirus

To characterize BC005512 in the mouse database, we
performed bioinformatics analysis. A nucleotide BLAST search
using the genechip probe sequence (Fig. S1) as the query identified
two cDNAs (GenBank accession no. BC005512 and BC062922).
Analysis of both sequences using ORF finder (http://www.ncbi.
nimaih.gov/ gorf/ gorf.html) and protein BLAST revealed that the
putative proteins encoded by these sequences have great similarity
to retrovirus related proteins encoded by env genes of mouse ERV
(data not shown) [10]. T'o determine the relationship of BC005512
with mouse ERVs, we analyzed BC005512 and BC062922
sequences using an online CENSOR program (http://www.
girinst.org/ censor/index.php), which screens query sequences for
interspersed repeats [26]. The sequence analysis classified them
into ERV-Class 1, and revealed strong similarities to
MMERGLN_] a sequence submitted as one copy of GLN family
in Repbase {Fig. 2). These findings suggested that the sequence
identified in the above microarray study, ie. BC005512
(abbreviated as BC in the following text), was a member of the
GLN family of murine ERV.

3. Expression of BC was specifically induced by
genotoxins in NIH/3T3 cells

The wmicroarray study showed that BC was induced by
genotoxic stress i vivo. To further characterize the responsiveness
of BC to GTXs i witro, we tested another seven GTXs with
different genotoxic mechanisms and two NGTXs (Table 3). For
cach GTX, 24 h ICsp was determined and used to study the effects
of treatment on BC expression. NIH/3T3, a well-characterized
mouse embryonic fibroblast cell line, was used as the & vifro model
system. In accordance with results obtained i vivo, all seven G'TXs
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up-regulated expression of BC to varying degrees, while all three
NGTXs tested had no obvious effects on BC expression in NIH/
3T3 cells (Fig. 3). Similar results were also obtained in a mouse
hepatoma cell line, Hepa 1-6 cells (Fig. S2).

4. Induced expression level of BC correlated with DNA
damage in NiH/3T3 cells

Inducing DNA damage is one of many genotoxicity mecha-
nisms. To further study the relationship between BC expression
and DNA damage, we compared transcriptional expression level
of BC and the extent of DNA damage using methyl methanesul-
fonate (MMS) as a DNA-reactive model compound [27]. MMS
was chosen as it gave the strongest response in the i zitro BC
induction assay (Fig. 3) and has been used extensively as a DINA
damaging model agent. MMS modifies both guanine {to 7-
methylguanine) and adenine (to 3-methlyladenine) causing base
mispairing and replication blocks, respectively [27]. DNA damage
was indicated by olive tail moment in the alkaline comet assay
[28]. As shown in Fig. 4A and 4B, MMS induced a concentration-
dependent increase in both BC expression and DNA damage.

In addition to DNA-reactive chemicals, aneugens that directly
target spindles but not DNA during chromosome segregation were
another class of GTXs. To determine whether BC was responsive
to aneuploidy, we examined the effects of two aneugens, colchicine
[29] and paclitaxel [30], on BC expression. Chromosome
abnormality was determined using the micronucleus test [31].
The highest concentration of paclitaxel or colchicine was limited
to 48 h 1Cs50. As expected, both colchicine and paclitaxel induced
a dose-dependent increase in micronucleus formation (Fig. 4F and
41) but not in DNA damage except at very high concentrations,
possibly due to nonspecific effects under cytotoxic conditions (bar
graph in Fig. 4D and 4G, 4E and 4H). In accordance with MMS
treatment, quantitative PCR analysis showed that expression level
of BC was in parallel with DNA damage ie., BC induction only
occurred when DNA damage was observed, regardless of whether
aneuploidy was induced (line graph in Fig. 4D and 4G).
Furthermore, the linear regression analysis of data obtained from
MMS, colchicine and paclitaxel revealed a strong correlation
between expression level of BC and the extent of DINA damage
(Tig. 4C).

5. Expression of BC could not be induced by GTXs and
did not correlate with DNA damage in L5178Y cells

In addition to NIH/3T3 cells, L5178Y, a widely used mouse
Iymphoma cell line in 77 vitro genotoxicity assays was also adopted
to investigate the effects of GTXs on BC expression and the
relationship between BC expression and DNA damage. For each
GTX, 24 h ICs, was determined and used in L53178Y cells.
Surprisingly, GTXs that substantially induce BC expression in
NIH/3T3 cells did not show similar effects in L53178Y cells (Fig. 5A
and Fig. S3). Concordantly, expression level of BCG did not
correlate with DNA damage induced by MMS (Fig. 5B, 5C and
5D). Together, these results suggested that expression of BC could
not be induced by G'TXs and did not correlate with DNA damage
in L5178Y cells.

6. Down-regulating BC expression suppressed cell
growth in several mouse cell lines

DNA damage triggers a variety of biological responses including
the transcriptional activation of genes regulating DNA repair, cell
cycle checkpoint and cell death [32]. The observation that BC was
responsive to DNA damage raised the question whether BC was
involved in these processes.
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Table 1. Model compounds selected in the in vivo microarray study.

Compounds Abbr! CAS? No. Dosage (mg/kg) Classification

Diethylnitrosamine DEN {46} 55-18-5 80

Dipropylnitrosamine DPN [48] 621-64-7 250

Dibenzo{a,fipyrene DBP [50] 191-30-0

Ethanol EtOH 64-17-5 1000 Non-genotoxins

Diethylhexylphthalate DEHP 117-81-7 2000

"Abbr: Abbreviation;
2CAS: Chemical Abstracts Service.
doi:10.1371/journal.pone.0035010.t001

Table 2. Weight score for genotoxic stress responsive gene selection in the in vivo microarray study (liver, B6C3F1).

Positive Positive Reverse TOTAL
Systematic Specificity Ave ratio condition  chemical P value Basal change CV (%) SCORE

Common

1426936_at 1.00 5 10.62 5 115 5 6 5 014 5 092 0 00 2 64 2 320 BC005512

1433691 _at 1.00 5 3.31 2 50 2 5 4 021 4 264 4 20 5 24 4 285 Ppptr3c

1421040_a_at 1.00 5 249 2 55 2 5 4 018 4 263 4 00 2 33 4 270 Gsta2

1450016_at 1.00 5 3.26 2 1o 5 5 4 035 213 2

2 12 5 265 Ceng

1420827 _a_at

5 5 4 033 2

Ceng

1424744 _at

Sds

1416125_at

Fkbp5

1427422 _at

BM122014

Ty represents values.

215" represents score. Only the top 20 genes are shown, A full list is attached in Table S3.

Detailed scoring rules are described in the supporting information. “Pink cells” represent up-regulation and “blue cells” represent down-regulation.

Specificity = (number of total pink cells in GTXs)/(number of total pink cells in GTXs and NGTXs); Ave ratio=average of ratios of all pink cells in GTXs; Positive
condition = number of total pink cells in GTXs. Since DEN was duplicated, each pink cell was considered 0.5; Positive chemical =number of GTXs with at least one
pink cell; P value was calculated by t test of signal intensity between GTXs and NGTXs in GeneSpring software; Basal represents basal expression level, equals to logqe
value of signal intensity of control animals; Reverse change reflects opposite change of gene expression in different treatment groups. Reverse change=number of
blue cells in NGTXs - number of blue cells in GTXs; CV% = 100 xSD/MEAN% based on the signal intensity of all control animals. Total score =Score of 2x Specificity +
Ave ratio + Positive condition + Positive chemical + P value + 0.5x Basal + 0.5x Reverse change + 0.5x CV%.

doi:10.1371/journal.pone.0035010.t002
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Figure 1. Selection of sensitive and specific genotoxic stress responsive genes. (&) Hierarchical clustering of top 50 scored up-regulated
genes shown in gene symbol. Red and green indicate up-regulation and down-regulation, respectively. The orange box represents genes whose
expression could distinguish GTXs from NGTXs. The blue box represents the gene with the highest score, BC005512. (B and C) Microarray and
quantitative PCR (qPCR) data showing BC expression levels in livers of mice dosed with indicated chemicals at 4 h or 20 h after administration.
Microarray data represented pooled samples from 4 animals per group. Quantitative PCR data were mean = s.d. (n=4).
doi:10.1371/journal.pone.0035010.g001

We first examined the effects of knocking-down BC expression siBC.2) compared with cells transfected with nonsense (Fig. 6A) or
on cell growth by RNA interference. Two BC siRINAs were scrambled siRNAs (Fig. $4A). Due to the lack of appropriate
designed; one nonsense siRINA and two corresponding scrambled antibody against BC, to confirm the knock-down efficiency of BC

siRNAs were used as negative controls. Quantitative PCR showed siRINAs at the protein level, we generated a myc-tagged BC clone.
that at 48 h after siRNA transfection, the level of BC mRNA was Following co-transtection of the clone and BC siRNA into NIH/
markedly reduced in cells transfected with BC siRNAs (siBC.1 and 3T3 cells, the protein expression level of BC was monitored using

B Similarity»90%
) 23 Nosimilarity
BCOOBS12
BCOB2922
MMERGLN_

0 2000 4000 6000 8000 (ni}

Figure 2. BC0O05512 is a member of the GLN family of murine endogenous retrovirus. Sequence alignment between BC005512, BC062922
and MMERGLN_I. Locations of the genechip probe, quantitative PCR primers (BC-F and BC-R) and BC siRNAs are shown.
doi:10.1371/journal.pone.0035010.g002
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Table 3. Model compounds selected in the in vitro BC induction study.

Compounds Abbr., CAS No.

Camptothecin CPT 7689-03-4

lonizing radiation

ETOP 33419-42-0

Ethanol EtOH

64-17-5

doi:10.1371/journal.pone.0035010.t003

a myc-tag antibody. Meanwhile, we introduced two point
mutations into the siBC.2 target region to generate a mutant
clone. By co-transfecting this mutant clone and siBC.2 into NIH/
313 cells, we further examined the specificity of siBC.2. As shown
in Fig. 85, siBC.2 decreased the wild-type BC, but not the mutant
BC protein levels, indicating that siBC.2 worked specifically and
effectively at the protein level.

Cell growth analysis of NIH/3T3 cells transfected with BC
siRNAs showed that the total cell number was markedly reduced
compared with cells transfected with nonsense (Fig. 6B) or
scrambled siRINAs (Fig. S4B). Similar results were also obtained
i a mouse hepatoma cell line Hepa 1-6 (Fig. 6C and 6D), and a
mouse glomerular mesangial cell line SV40 MES 13 (Fig. 6E and
6F). These results suggested that knock-down of BC expression
suppressed cell growth in several mouse cell lines.

7. Knock-down of BC induced G1/S phase arrest and
inhibited cell proliferation in NIH/3T3 cells

To investigate whether BC affected cell growth due to its effect
on cell proliferation or cell survival, we performed an EdU
incorporation assay, which is similar to BrdU incorporation assay.
As shown in Fig. 7A and 7B, fewer EdU-positive cells were found
in BC siRNAs-transfected cells {30.3%=1.2% for siBC.1, and
19.0%%1.9% for siBC.2) than in nonsense siRNA-transfected cells
(39.5%=*2.0%), indicating that knock-down of BC suppressed
NIH/3T3 cells proliferation.

To elucidate how knock-down of BC can suppress cell
proliferation, we examined the effects of knocking-down BC on

Primary modes of action

Topoisomerase | poison [51]

Topoisomerase |I poison [54]

Mono-functional alkylating agent [27]

Concentration Classification

2.87 uM Genotoxins

8 Gy 10 Gy

1.7 uM

10 mM

cell cycle. At 48 h after transfection, the percentage of cells in GO/
G1 phase was substantially increased (60.5%£0.3 for nonsense
siRNA, 69.7%£1.0 for siBC.1 and 78.7+1.3 for siBC.2) with a
concomitant reduction of cells in S phase (25.9%0.5 for nonsense
siRNA, 20.820.7 for siBC.1 and 11.721.4 for siBC.2, Fig. 7C, 7D
and Fig. S4C).

To determine whether down-regulation of BC expression
affected cell death, we examined apoptosis in NIH/3T3 cells by
flow cytometry using Annexin V and propidium iodide double
staining. Knock-down of BC did not induce apoptosis at 48 h after
siRNA transfection (Fig. S6A). Consistently, no obvious sub-G1l
peak was observed (Fig. 7C), indicating that down-regulation of
BC did not induce apoptosis directly in NIH/3T3 cells.
Nevertheless, the obvious apoptosis observed at 96 h after siRNA
transfection (Fig. S6B) might be caused by cell cycle arrest,
occurring at 48 h after transfection.

Taken together, these results suggested that down-regulation of
BC induced G1/8 arrest, and thus inhibited cell proliferation in
NIH/3T3 cells.

Discussion

In this work, we have shown that BC005512, a member of the
GLN family of murine ERV, was responsive to DNA damage.
This conclusion was supported by several observations. Multple
well-characterized GTXs with a diversity of genotoxicity mech-
anisms induced elevated expression of BC both i zivo {mouse liver)
and m vetro INIH/3T3 cells). More specifically, a strong correlation

8
Gz 6
g% 5 :
53¢ i
8g 3 |
2 2 i
BE 4 :
N P i
T & 04 .
£ 9 H
s = cpT TBHP IR MMC ETOP CDDP  WMMS | EOH  SuC
GTXs NGTXs

Figure 3. Expression of BC was specifically induced by GTXs in NIH/3T3 cells. Data from quantitative PCR showing transcriptional
expression of BC in NIH/3T3 cells treated with genotoxic or non-genotoxic chemicals for indicated time. Data were mean = s.d. of three independent

experiments.
doi:10.1371/journal.pone.0035010.g003
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Figure 4. Induced expression level of BC correlated with DNA damage in NIH/3T3 cells. (A, B, D, E, G and H) Comparison between
expression level of BC and DNA damage in NIH/3T3 cells exposed to MMS (A, B) for 8 h, or to colchicine (D, E) or paclitaxel (G, H) for 24 h. DNA
damage was measured by olive tail moment (tail length x percentage of DNA in tail) in an alkaline comet assay (representative figures are shown in
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doi:10.1371/journal.pone.0035010.g004
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Figure 5. Expression of BC could not be induced by GTXs and did not correlate with DNA damage in L5178Y cells. (A) Quantitative
PCR data showing transcriptional expression of BC in L5178Y cells treated with indicated chemicals for 4 h. Data were mean = sd. of three
independent experiments. (B and €) Comparison between expression level of BC and DNA damage in L5178Y cells exposed to MMS for 8 h. DNA
damage was measured by olive tail moment (tail length x percentage of DNA in tail) in an alkaline comet assay (representative figures are shown in
Q). Data were mean = s.d. of three independent experiments. (D) Linear regression analysis between expression level of BC and DNA damage,
reflected by olive tail moment. Each dot represents the mean of data shown in (B). Values shown on top of bars are P values vs control.

doi:10.1371/journal.pone.0035010.g005

was found between expression level of BC and the extent of DINA
damage. Besides the above findings, we provide the first evidence
that BC was involved in cell growth regulation, suggesting that BC
was biologically relevant to the DNA damage response.

Recent studies have reported elevated expression of ERVs in
many different types of human cancers or tumor cell lines [17].
UVB irradiation was reported to induce transcriptional activation of
ERYV sequences in human epidermal keratinocytes [33]. However,
the relationship between GLN and DNA damage was not clear.
This is the first report that demonstrates the involvement of a GLN
famnily member in genotoxic stress, particularly in the DNA damage
response. This quantitative DNA damage-responsive property of
BC could be potentially useful in genotoxicity prediction.

In addition to BC, we identified another ERV with a high score
(1455892_x_at, BB794742, mouse endogenous murine leukemia
virus mRINA), whose expression was induced by GTXs (Table 2). A
great number of human ERVs have been reported to have perfect
p53 binding sites that not only regulate adjacent gene expression,
but may also give ERVs the advantage of exiting the host cell for
their own survival under stress conditions [14]. As discussed later,
we also found that the long terminal repeat (LTR) of GLN has a
putative p53 binding site. Combined with our findings, it would be
of great interest to study the relationship between ERVs and stress
responses, and determine whether ERVs have intrinsic advantages
in becoming potential genotoxicity biornarkers.

In the microarray study, BC was initially identified using self-
defined weight scoring. In our scoring system, well-known DNA
damage responsive genes such as p21 [24] and cengl [25] were also
assigned high scores, indicating that this method worked effectively
in identifying genotoxic stress inducible genes. Although the basal
expression level was low, BC had priority over other candidate
genes in its high specificity and sensitivity {Table 2). However, it
should be noted that this would not exclude the possibility that other
genes could become potential genotoxicity biomarkers.

Transcriptional expression of BG was induced by GTXs in
NIH/3T3 cells, but not in L5178Y cells. We inferred that this
discrepancy might be due to a lack of functional p33 in L5178Y
cells [34]. A search for transcriptional factor binding sites revealed
that GLN LTR has a putative p33 binding site (Fig. S7A). In a
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preliminary study on the mechanisms of BC expression regulation
in NIH/3T3 cells, we found that the wild-type LTR had great
promoter/enhancer activity, even stronger than the positive
control using luciferase reporter gene assay (Fig. S7B). However,
when the putative p53 binding site was deleted, the promoter/
enhancer activity dropped significantly (Fig. S7B). To address the
role of p33 in BC induction, we examined the effects of treatment
with pifithrin-alpha (PFT-0), a widely used p53 inhibitor [35], on
BC expression in NIH/3T3 cells. Consistent with our expecta-
tions, treatment with PFT-o decreased ETOP or MMS mduced
BC expression (Fig. S8). These results indicated that p53 might
play a role in BC induction following GTXs treatment.

There are many genotoxicity mechanisms and the model
compounds selected in this work could not be expected to cover
all of them. More model compounds with diverse genotoxicity
mechanisms should be tested to further examine the sensitivity and
specificity of BC expression. An interesting finding in this study was
that BC correlated with DNA damage but not chromosomal lesion,
indicating that BC might not be appropriate in aneugen
genotoxicity prediction. Given both the i vive (Fig. | and Table 2)
and i vitro data (Fig. 3), BC has the intrinsic ability to become a
sensitive biomarker of DNA damage. Although BC induction was
not obvious in response to colchicine and paclitaxel treatment, this
would not compromise the sensitivity of BC as a potential biomarker
of DNA damage, since colchicine and paclitaxel mainly target
microtubules rather than DNA. Additionally, it should be noted that
compounds that require S9 activation were excluded from the in
vidro study, in order to avoid potential 89 effects on BC expression. It
would be of great interest to examine the effects of indirect
genotoxic chemicals on BC expression in future studies. Moreover,
we are currently developing a GLN LTR driven luciferase reporter
gene system in NIH/3T3 cells, to facilitate toxicity screening in
early drug development [36,37,38,39].

The GLIN family was recently reported to be potentially active
in the mouse genome [21], thus uncovering its cellular functions
would be of great significance. To the best of our knowledge, this is
the first report showing the involvement of a GLN family member
in cell growth regulation, thus providing basic information towards
a deeper understanding of its biological roles. Several studies have
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Figure 6. Down-regulating BC expression suppressed cell growth in several mouse cell lines. (A, C and E) Quantitative PCR results
showing knock-down efficiency of BC siRNAs in NiH/3T3, Hepa 1-6 or SV40 MES 13 cells at 48 h after siRNA transfection. Data were mean = s.d. of at
least three independent experiments. (B, D and F) Cell numbers of NIH/3T3, Hepa 1-6 and SV40 MES 13 cells at indicated times after siRNA
transfection. Data were mean = s.d. of at least three independent experiments performed in triplicate. Values shown on top of bars are P values vs

nonsense.
doi:10.1371/journal.pone.0035010.9006

reported the mitogenic effects of exogenous retroviruses (XRVs)
on certain cell lines [40,41]. One suggested mechanism was the
mteraction of glycoproteins encoded by retroviral env genes with
cellldar cytokine receptors, such as interleukin-2 receptor or
erythropoietin receptor. One study also suggested a role for env of
mink cell focus-forming (MCF) ERV in regulating pluripotent
hemopoietic progenitor proliferation. Given previous reports that
GLN was potentially active and might have an extracellular life
cycle similar to XRVs, it would be of great interest to study
whether GLN regulates cell growth through similar mechanisms.
Such studies will not only assist in a deeper understanding of its
biological function, but also provide theoretical support for its
application in genotoxicity prediction.

In summary, this is the first study to investigate the relationship
between ERVs and genotoxicity. We showed that expression level
of BC005512, a member from GLIN family of murine ERV, was
elevated by multiple GTXs both #n vive and i wiro, and correlated
with the extent of DNA damage. It is thus possible that BC might
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be useful as a potential molecular biomarker for assessment of
DNA damaging effects. Additionally, we first demonstrated that
BC was involved in cell growth regulation. This contributes to a
deeper understanding of the biological functions of BG005512 and
GLN, and provides fundamental support for their application in
genotoxicity predictions.

Materials and Methods

Ethics Statement

Animal-use protocols were approved by the Institutional Animal
Care and Use Committee of the Shanghai Institute of Materia
Medica {Shanghai, China) with IACUC No. 2010-10-RJ-05.

Animal treatment in microarray study

Two-month-old male B6C3I] mice were given a single
intraperitoneal injection of model compounds or solvent control
{corn oil or saline) as listed in Table 1. O-AAT, DBP, DMBA and
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Figure 7. Knock-down of BC induced G1/S phase arrest and thus inhibited cell proliferation in NIH/3T3 cells. (A) Representative
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doi:10.1371/journal.pone.0035010.g007

DEHP were dissolved in corn oil while other chemicals were
dissolved in saline. Mice were sacrificed at 4 h, 20 h, 14 days or 28
days after administration and liver samples were collected
mmmediately. Animal administration was the same in the
quantitative PCR confirmation experiment except that B6C3F1
mice were substituted with C57BL/6 mice (supplied by Shanghai
Slac Laboratory Animal, Shanghai, China). DEHP and EtOH
were purchased from Sinopharm Chemical Reagent (Shanghai,
China), and other chemicals were from Sigma (St Louis, MO,
USA).

Microarray and data analysis

Five pug pooled total RNA of liver from 4 animals per group was
used as starting material. For each time point of each compound,
only one sample pooled from 4 animals was tested. cDNA
synthesis, ¢cRINA labeling, and cRNA fragmentation were
conducted according to the manufacturer’s instructions {Affyme-
trix Inc., Santa Clara, CA, USA). The hybridization mixture was
hybridized to an Affymetrix Mouse Genome 430 2.0 array.
Hybridized arrays were washed and stained, and fluorescence
signals were detected using the Affymetrix GeneChip Scanner
3000. The image files were converted into expression data by the
Microarray Suite Software (Affymetrix) and the data was imported
into GeneSpring software (Silicon Genetics, Redwood City, CA,
USA). Signal intensity was normalized by per-gene and per-chip.
Ratio was calculated by normalizing treatment samples to solvent
control samples. The procedure was in compliance to MIAME
guidelines. The raw data has been deposited in GEO database
(GSE33248).

We used a step-wise selection criterion (set different significance
levels according to the intensity} in selecting differentially
expressed genes. For each time point of each chemical, genes
that met with either criterion listed in Table S1 were considered as
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up-regulated genes and the corresponding cells in the Table S3
were marked with pink. While genes that met with either criterion
listed in Table S2 were considered as down-regulated genes and
the corresponding cells in the Table S8 were marked with blue.

Those selected up-regulated genes were further analyzed by self-
defined weight scoring based on several important parameters in
identifying genotoxic stress responsive genes (including specificity,
sensitivity, statistical P value, basal expression level, and coefficient
of variation) Detailed scoring rules are described in supporting
information (Text S1). Top 50 genes were further analyzed by
hierarchical clustering {average linkage clustering) by using Gene
Cluster and TreeView programs [42].

Cell lines and culture

from Type Culture Collection of Chinese Academy of Sciences
(http:/ /www.cellbank.org.cn/index.asp). L5178Y cells were kindly
provided by Dr. M. Honma (NIHS, Japan) [43]. NIH/37T3 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco BRL, Grand Island, NY, USA) supplemented with 10% calf
serum (Sijiging Biological Engineering Materials, Hangzhou,
China). L5178Y cells were cultured in RPMI 1640 medium with
10% horse serum. Hepa 1-6 and SV40 MES 13 cells were
cultured in DMEM with 10% fetal bovine serum (FBS, Gibco) for
maintenance or in DMEM with 2.5% FBS for cell growth assay.
All cells were maintained at 37°C in 5% CQOs.

Chemicals treatment in in vitro BC expression assay
Compounds that require metabolic activation were excluded to
avoid potential effects of 89 fraction on BC expression. The seven
selected genotoxins represent different mechanisms of action.
NIH/3T8 or L5178Y cells were treated with indicated concen-
tration of model compounds or irradiated with y-ray by
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Gammacell 3000 Elan (MDS Nordion, Ottawa, ON, Canada) as
Listed in Table 3. After 4, 8, 12 and 24 h treatment or irradiation
for NIH/3T3, 4 h for L5178Y, cells were harvested and subjected
to RNA isolation and qPCR. MMC was purchase from Kyowa
(Tokyo, Japan), ACN from Merck (Darmstadt, Germany}, SUC
from Sinopharm, and other chemicals were from Sigma,

Quantitative real-time PCR (gPCR)

Total RNA of mouse liver, NIH/3T3$, L5178Y, Hepa 1-6 or
SV40 MES 13 cells was extracted by using the UNIQ-10 total
RNA isolation kit {Sangon Biotech, Shanghai, China). The
remnant genomic DNA in total RNA was digested by RINase-
free DNase I (Fermentas, Burlington, Canada). DNase-digested
RNA was further reverse transcribed into cDNA by using the
PrimeScript RT reagent kit (TaKaRa, Otus, Shiga, Japan).
DNase-digested RNA without reverse transcription was used as
a negative control. gPCR was carried out by using the SYBR
Premix Ex Taq (TaKaRa) with BC primers {forward: 5'-
ATCACCCTGCATCCAGTTTAG -3, reverse: 57~
TATTGCCGCTAGGTCTTCATT -3") or GAPDH primers
(forward: 5'-GGCTACACTGAGGACCAGGTT-3, reverse: 5'-
TGCTGTAGCCGTATTCATTGTC-3"). The ¢PCR conditions
were as follows: 95°C, 10 s; (95°C, 5 s, 60°C, 34 s) 40 cycles, with
a melting-curve process. Amplification process was performed on
7500 fast real-time PCR system (Applied Biosystems, Foster City,
CA, USA) and data was analyzed by using 274" with the
Sequence Detection Software.

Alkaline comet assay

The alkaline comet assay was performed as previous described
with slight modifications [28]. Briefly, NIH/3T3 cells were
exposed to MMS for 8 h or to paclitaxel (Sigma) or colchicine
{Sigma) for 24 h. Then cells were trypsinized, resuspended in PBS,
mixed with 0.5% low-melting agarose and applied to glass slides
pre-coated with 1% normal-melting agarose. Slides mounted with
cells were immersed in cold lysing solution (2.5 M NaCl, 100 mM
EDTA, 10 mM Tris, 1% Triton X-100, 10% DMSO, pH=10;
the last two compounds were added fresh) for 2.5 h. After lysis,
slides were imimersed in alkaline buffer (300 mM NaOH, 1 mM
EDTA, pH = 13) for 20 min to allow DNA unwinding and DNA
breakage at alkali-labile sites. Then electrophoresis was performed
at 300 mA for 20 min. After electrophoresis, slides were
neutralized in 0.4 M Tris-HCI, dipped i ethanol and air-dried.
Cells were stained with SYBR Green and observed by a
fluorescent microscope (Olympus BX 51). At lease 100 cells were
pictured for each group, and olive tail moment {tail length Xper-
centage of DINA in tail) was determined by image analysis sofiware
Komet 5.5 (Kinetic Imaging, Liverpool, UK).

Micronucleus test

The micronucleus test was performed as described previously
with some modifications [44] [31]. Briefly, NIH/3T3 cells were
exposed to paclitaxel or colchicine for 24 h. Then the attached
cells were trypsinized, incubated in 0.075 M KCl hypotonic
solution, fixed in methanol-acetic acid (3:1) and finally suspended
in methanol containing 1% acetic acid. A drop of cell suspension
was placed on a clean glass slide and air-dried. Cells were stained
by mounting with acridine orange and immediately observed by a
fluorescent microscope (Olympus BX 51). The micronucleus
frequency was determined in 1000 total cells according to
published criteria [44], and cells with irregular shape of nucleus
were also counted as micronucleated cells. Ciytochalasin B was not
used since it has been reported that the alteration of two
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cytoskeletal elements, microtubules and microfilaments, concom-
itantly could influence the formation of micronucleated cells {45].

Cell transfection

cells was conducted by using RNAIMAX (Invitrogen) with
50 pmol siRNA per 35 mm dish. BC siRNA-1 5iBC.1) targeting
5'-CAGGUACCUCUAACUAUUAATAT-3', BC siRNA-2
(siBC.2) targeting 5'-CCAGUUUAGAAGAAAGCUAJTIT-3',
nonsense sIRNA  targeting 5'- GCGACGAUCUGCCUAA-
GAUAdTdT-3’, scrambled-siBC.1 targeting 5-GAUCGAUAACC-
CAUCUUUAATAT-3 and scrambled-siBC.2 targeting 5-
GCUAAUACUAGGCAAUGAAATAT-3 were synthesized by
GenePharma (Shanghai, Chinaj. All siRNAs were chemically
modified with 2'-fluoro-dU and 2'-fluoro dC.

Cell growth assay

At 24, 48, 72 or 96 h after siRINA transfection, NIH/3T3, Hepa
1-6 or SV40 MES cells were trypsinized and cell numbers were
determined by using a Z1 Coulter counter (Beckman Coulter,
Fullerton, CA, USA).

EdU incorporation assay

EdU incorporation assay was performed by using Cell-Light
EdU DNA imaging kit (RiboBio, Guangzhou, Chinaj according to
the manufacture’s instructions. Briefly, at 48 h after siRNA
transfection, NIH/3T3 cells were cultured in mediuvm containing
50 uM EdU for 3.5 h. After EAU incorporation, cells were fixed in
4% paraformaldehyde and permeabilized by 0.5% Triton X-100.
After a click reaction between Apollo dye and ethynyl group in
EdU, EdU positive cells were visualized with a green light
excitation (550 nm), while total cells were visualized by Hoechst
33342 staining with UV excitation. At least a total of 4000 cells
were pictured for each group. EdU positive and total cells were
counted by using software Image-Pro Plus Media Cybernetics,
Bethesda, MD, USA}.

Cell cycle analysis

At 48 h after siRNA transfection, NIH/3T3 cells were
trypsinized, fixed in 70% ethanol, incubated with RNaseA, stained
with propidium iodide (Sigma) and analyzed by a FACSCalibur
(BD, Franklin Lakes, NJ, USA) instrument. Analysis of cell cycle
phase distribution was performed by using the Modfit software
{(Verity Software House, Topsham, ML, USA).

Statistical analysis

Data were analyzed by Student’s unpaired #test in Excel
Differences were considered significant at *P<0.05, *<0.01. For
BC expression study, the raw data was divided by that of control,
generating the normalized BC expression (folds of control), For
linear regression analysis, each dot in Fig. 4C represents the mean
of data shown in Fig. 4A, 4D and 4G. The linear regression
analysis was performed by using GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA, USA).

Supporting Information

Text §1 Supporting materials and methods.
DOGC)

Figure S1 Probe sequence (1426936_at) in Affymetrix
Mouse Genome 430 2.0 array.
(TIF)
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Figure $2 Expression of BC was induced by GTXs in
Hepa 1-6 cells. Quantitative PCR data showing transcriptional
expression of BC in Hepa 1-6 cells weated with CPT (3 uM),
MMC (100 pM, ETOP (50 pM) or MMS (0.5 mM) for indicated
times. Dose was 24 h ICgy. Data were mean * s.d. of three
independent experiments.

(TTE)

Figure 83 Effects on BC expression in L5178Y cells
following MMS treatment at various time points. L5178Y
cells were treated with indicated concentrations of MMS. At
various time points after MMS incubation, cells were harvested
and expression levels of BC were analyzed by quantitative PCR.
Data were mean ¥ s.d. of three independent experiments.

(TIF)

Figure 84 Specific effects of BC siRNAs on cell growth
and cell cycle progression. Expression level of BC (A), cell
number (B} and cell cycle phase distribution (C) in NIH/3T3 cells
transfected with indicated siRNAs at 48 h after transfection. Data
were mean * s.d. of at least three independent experiments
performed m triplicate. Values shown on top of bars are the P
values us corresponding scrambled siRINA.

(TIF)

Figure S5 Representative western blot results showing
protein level knock-down efficiency and specificity of
siBC.2, NIH/3T3 cells were co-transfected with wild-type or
mutant myc tagged BC clone with nonsense siRNA or siBC.2. Cell
lysates were collected at 24 h after co-transfection. B-Actin served
as a loading control. Primary antibody against Myc tag was from
Cell Signaling (Danvers, MA, USA).

(T1F)

Figure S$6 Flow cytometric analysis of apoptosis in
NIH/3T3 cells. NIH/3T3 cells were transfected with indicated
siRNAs. At 48 or 96 h after transfection, apoptosis was
determined using Annexin V-FITC Apoptosis Detection Kit (BD
Pharmingen) and a FACSCalibur (BD Pharmingen) instrument.
The lower right quadrant cells indicate early apoptotic cells, while
the upper right quadrant cells indicate late-apoptotic or dead cells.
(1)

Figure 87 The promoter/enhancer activity of wild-type
and p53 binding site deleted LTRs of GLN. (A) LTR
sequence of GLN. The sequence of the putative p53 binding site is
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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
ACC?P“’-d 29 {\P"“ 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-
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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,
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gene ontology analysis: apoptosis, the cell cycle, cell proliferation, DNA damage, DNA repair, oncogenes
and tumor suppression. The major, biclogicaily 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, Cengl1, 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 gPCR 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 Eisevier 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 (gPCR) is generally considered the
“gold-standard” assay for measuring gene expression and is often
used to confirm DNA microarray data [7]. gPCR 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 for alarge number of genes and samples; more
recently though, a high-density gPCR 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, dibenzol|a,!]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
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demonstratedin31outof 51 of the examined candidate genesat4 h
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 LDS0) 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 libiturn in an air-conditioned room (12 h light, 12 h dark;
2342+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 Anirnals 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 L.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, CAS no. Maker Dose {mgfkg) 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 CAS 60-11-7 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 TCI 32 100 (rat, ip) TG+ 16x4 +
7 G quinoline QN CAS 91-22-5 Nacalai 100 331 (rat, po) TG+ 100 +
8 G urethane URE CAS 51-79-6 TCI 1000 2500 (m, po) TG+ 900 +
9 NG 14-dichlorobenzene DCB CAS 106-46-7 TC1 1000 2000 (m, ip) MN- 2500
16 NG dichlorodiphenyltrichloroethane  DDT CAS 50-29-3 TCI 50 135 (m, po) Comet— 75 -
11 NG di(2-ethylhexy!)phthalate DEHP CAS 117-81-7 TCl 2000 14,000 (m,ip) UDS- 500 -
12 NG furan FUR CAS 110-00-8 TCI 30 7 {m,ip) uDps— 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., TCl: Tokyo Chemical Industry Co., Ltd.

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

DEHP: genotoxicity test in vivo [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
(~3 mm x 3 mm x 3mm), placed in RNAlater (Applied Biosystems, Foster City, CA,
USA) and stored at 20 to ~30+C until further use.

2.3. RNA isolation and relative quantification by reai-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
(cDNA) was produced from the total RNA using the SuperScript I[I 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 gPCR 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 Systern (Applied Biosystems, Foster City, CA, USA). The
reactions were carried out in a 96-well plate in 20-p. 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:Cfor 105,58 :Cfor 50s and 72 *C for 20 s. 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 (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 gPCR 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 genoctoxic 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 (zy) for 4 h is presented as the following:

Zi(4h) = d11X; +AXy + —— =+
where aip is the eigenvector and xp 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 (log,) 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 4h, 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:/fwww.Ingenuity.com). The results were confirmed with references in
PubMed (http:/jwww.ncbinlm.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. Resulis

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 4 h 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 48h after
chemical administration (Tables 4.1-4.4). Different sets of 17 genes
at4 h 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, Lrpl, Mbd1, Phlda3,
Pik2, Pppl1r3c and Tubb2c) are shown in Fig. 1. Aen, Bax, Btg2,
Cenf, Cengl, Cdknla, Gdf15, Phida3, 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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