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Figure 2. Distribution of Topolla®, p-Histone H3*, Mad2", Ubd*, yH2AX", p219®"* and p-Mdm2* cells in the liver of rats at day 3 after treatment with PH,
noncarcinogenic hepatotoxicants or hepatocarcinogens, Photomicrographs show thedistribution of Topolla*, p-Histone H3*, Mad2", Ubd", yH2AX", p21°P'*
and p-Mdm2” cells in the liver of representative cases from untreated controls and animals treated with TAA or ANIT. The graphs show positive cell ratios of
hepatocytes per total cells counted in 10 animals in each group. Values represent mean + SD. (A) Topolla, (B) p-Histone H3, (C) Mad2, (D) Ubd, (E) yH2AX, (F)
p21 P and (G) pP-Mdm2. Bar =100 um. *P < 0.05, **P < 0.01 vs. untreated controls (Dunnett’s or Steel’s test). ANIT, a-naphthyl isothiocyanate; APAP, acet-
aminophen; CONT, untreated controls; MEG, methyleugenol; PH, partial hepatectomy; PMZ, promethazine hydrochloride; TAA, thioacetamide.

" The ratio of the number of p-Histone H3* cells to that of Ki-67*
cells significantly decreased in the MEG and TAA groups, com-
pared with untreated controls (Fig. 5).

Double immunohistochemistry of Ubd with Topollu or
p-Histone H3

At day 3, the number of Ubd* cells within the population of the
Topolla™ cells significantly increased in the TAA and ANIT
groups, compared with untreated controls (Fig. 6A). In contrast,
the ratio of the Topolla* cells to the total number of Ubd™ cells
did not change in any of the treatment groups. The number of

Ubd™* cells within the population of p-Histone H3* cells signifi-
cantly decreased in the PH group, compared with untreated
controls (Fig. 6B). On the other hand, the number of p-Histone
H3* cells within the population of Ubd™ cells significantly de-
creased in the PH and ANIT groups, compared with untreated
controls.

At day 7, the number of Ubd" cells within the population of
Topolla™* cells significantly increased in all treatment groups, com-
pared with untreated controls (Fig. 6C). In contrast, the ratio of the
Topolio™ cells to the total number of Ubd™ cells did not change in
any of the treatment groups. The number of Ubd* cells within the
population of p-Histone H3™ cells and the number of p-Histone
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Figure 3. Distribution of Topolla™, p-Histone H3", Mad2*, Ubd*, yH2AX", p21<°™ and p-Mdm2* cells in the liver of rats at day 7 after treatment with PH,
noncarcinogenic hepatotoxicants or hepatocarcinogens. Photomicrographs show the distribution of Topolle”, p-Histone H3*, Mad2”, Ubd*, yH2AX", p21°P™*
and p-Mdm2™ cells in the liver of representative cases from untreated controls and animals treated with TAA or ANIT. The graphs show positive cell ratios of
hepatocytes per total cells counted in 10 animals in each group. Values represent mean + SD. (A) Topolla, (B) p-Histone H3, (C) Mad2, (D) Ubd, (E) YH2AX, (F)

.;321Cip1 and (G) p-Mdm2. Bar=100 um. *P < 0.05, **P < 0.01 vs. untreated controls (Dunnett’s or Steel's test). ANIT, a-naphthyl isothiocyanate; APAP,

acetaminophen; CONT, untreated controls; MEG, methyleugenol; PH, partial hepatectomy; PMZ, promethazine hydrochloride; TAA, thioacetamide.

H3* cells within the population of Ubd* did not change in any of
the treatment groups (Fig. 6D).

At day 28, the number of Ubd™ cells within the population of
Topolla™ cells significantly increased in the MEG and TAA groups,
compared with untreated controls (Fig. 6E). In contrast, the ratio
of the Topolla™ cells to the total number of Ubd™ cells did not
change in any of the treatment groups. The number of Ubd™ cells
within the population of p-Histone H3" cells significantly increased
in the PMZ group, compared with untreated controls (Fig. 6F). Fur-
thermore, the ratio of the p-Histone H3* cells to the total number
of Ubd* cells significantly decreased in the MEG and TAA groups,
compared with untreated controls.

Real-time reverse transcription-polymerase chain reaction
analysis

Transcript levels of the genes listed in Table 2 at days 3, 7 and 28
were determined by real-time RT-PCR in the MEG, TAA and PMZ
groups, which showed significant increase of cell proliferation at
day 28, and compared with the levels in untreated controls
(Table 4).

At day 3, Cdkn1a showed a significant increase of expression in
the MEG and TAA groups compared with those in untreated con-
trols, among the G;/S checkpoint-related genes. In contrast, the
transcript level of Cdkn1a was significantly lower in the PMZ group

wileyonlinelibrary.com/journal/jat
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Figure 4. Distribution of Topolla®, p-Histone H3*, Mad2*, Ubd*, yH2AX", p21<P™* and p-Mdm2" cells in the liver of rats at day 28 after treatment with PH,
noncarcinogenic hepatotoxicants or hepatocarcinogens. Photomicrographs show the distribution of Topolle”, p-Histone H3*, Mad2", Ubd™, yH2AX", p219°™*
and p-Mdm2" cells in the liver of representative cases from untreated controls and animals treated with TAA or PMZ. The graphs show positive cell ratios of
hepatocytes per total cells counted in 10 animals in each group. Values represent mean + SD. (A) Topollg, (B) p-Histone H3, (C) Mad2, (D) Ubd, (E) yH2AX, (F)
p21 SPT and (G) p-Mdm2. Bar =100 um. *P < 0.05, **P < 0.01 vs. untreated controls (Dunnett’s or Steel’s test). ANIT, a-naphthyl isothiocyanate; APAP, acet-
aminophen; CONT, untreated controls; MEG, methyleugenol; PH, partial hepatectomy; PMZ, promethazine hydrochloride; TAA, thioacetamide.

compared with untreated controls. Cdkn2a and Rb1 showed a sig-
nificant decrease in transcript levels in the MEG, TAA and PMZ
groups, compared with untreated controls. RbI2 showed a signifi-
cant expression decrease in the MEG and TAA groups, compared
with untreated controls. Tp53 and Mdm2 showed a significant in-
crease in transcript levels in the TAA group, compared with un-
treated controls. In contrast, the transcript level of Tp53 was
significantly lower in the MEG and PMZ groups compared with un-
treated controls. Among the spindle checkpoint and M phase-
related genes, Aurka, BubT and Plk1 showed a significant decrease
in transcript levels in the MEG and PMZ groups, compared with un-
treated controls. Aurkb showed a significant expression decrease in

the MEG, TAA and PMZ groups, compared with untreated controls.
Mad1l1 showed a significant expression decrease in the TAA
group, compared with untreated controls. Mad2!1 showed a signif-
icant expression decrease in the PMZ group, compared with un-
treated controls. Among the DNA damage-related genes, Atm
and Chek1 showed a significant decrease in transcript levels in
the PMZ group, compared with untreated controls. Brcal showed
a significant expression decrease in the MEG, TAA and PMZ groups,
compared with untreated controls. Brca2, Chek2 and EscoT showed
a significant decrease in transcript levels in the MEG and PMZ
groups, compared with untreated controls. Brce3 showed a signif-
icant expression decrease in the TAA and PMZ groups, compared
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Figure 6. Distribution of immunoreactive cell populations of Topollo. co-expressing Ubd (Ubd/Topolla), Ubd co-expressing Topolla. (Topollo/Ubd), p-
Histone H3 co-expressing Ubd (Ubd/p-Histone H3) or Ubd co-expressing p-Histone H3 (p-Histone H3/Ubd) in the liver of rats at days 3, 7 and 28. Photomi-
crographs show the distribution of Ubd/Topolla, Topolln/Ubd, Ubd/p-Histone H3 and p-Histone H3/Ubd in the liver of untreated controls {A-F), animals
treated with TAA or ANIT (A-D), and animals treated with TAA or PMZ (E,F). The immunoreactivity of Ubd (cytoplasm), and p-Histone H3 (nucleus) or Topolla.
(nucleus) is visualized as brown and red, respectively. The graphs show the Ubd-positive cell ratio (%) per total liver cells immunoreactive with Topolio or p-
Histone H3, and the Topolla or p-Histone H3-positive cell ratio (%) per total liver cells immunoreactive with Ubd counted in 10 animals in each group. Values
represent mean + SD. (A) Ubd/Topolla and Topolla/Ubd, (B) Ubd/p-Histone H3 and p-Histone H3/Ubd (day 3), (C) Ubd/Topolla and Topolle/Ubd (day 7), (D)
Ubd/p-Histone H3 and p-Histone H3/Ubd (day 7), (E) Ubd/Topolla and Topolla/Ubd (day 28), (F) Ubd/p-Histone H3 and p-Histone H3/Ubd (day 28).
Bar =100 um. * P < 0.05, ** P < 0.01, vs. untreated controls (Dunnett’s or Steel’s test). ANIT, a-naphthyl isothiocyanate; CONT, untreated controls; MEG,
methyleugenol; PMZ, promethazine hydrochlotide; TAA, thioacetamide.
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Table 4. Relative transcript levels in the liver of rats treated with MEG, TAA or PMZ for up to 28 days

Gene Day 3 Day 7 Day 28

MEG? TAA? PMZ? MEG? TAA? pmz® MEG® TAA? Pmz?
Gy/S checkpoint-related genes
Cdknla 2.13+0.595%« 2.61+£0.38** 041+0.13** 214 £043** 221+0.26** 0.30 £0.07** 2.67 +040* 2.99+0.62%* 0.28 +0.08**
Cdkn2a 0.32+0.18% 0.47+031* 0.43+0.29* 0.57 £0.46* 0.70+£0.28 047 +0.37* 1.58 +0.49 2.52+0.19% 0.73+0.15
Rb1 0.54+0.33*% 0.52+0.10%* 0.30 +0.09** 0.49 + 0.09%* 0.52+0.07** 0.55 +0.04** 0.79+0.05 0.40 +0.06** 0.57 £ 0.15%*
Rbl2 0.55 +0.28* 0.33 +0.06** 0.65+0.32 0.42 +0.07** 0.30+£0.04** 0.70+0.15% 0.55 +0.06** 033+0.04** = 0.82+0.14
Mdmz2 286+ 1.65 3.36 £ 0.64** 0.86+0.35 4.55 £0.76** 3.75+£0.67** 085+0.14 374 +£1.13%* 3.20+036** 090+0.14
Tp53 0.73 £0.34* 1.51+£0.19%* 0.49 +0.10%* 0.64+0.11** 141+£0.18% 0.67 £0.12%* 0.96 +0.08 1.63 +£0.27** 0.99+0.11
Spindle checkpoint and M phase-related genes
Aurka 0.22+0.12** 1.27+038 0.13 £0.04** 0.36 £ 0.07** 0.87+0.18 0.80+0.36 1.34+£0.32 1.96 £ 0.26** 1.03+0.31
Aurkb 034+031* 0.42 £0.34* 0.02+0.01** 0.21£0.07** 0.30+0.07** 058 +£0.45 2.61+0.82%* 1.87 £0.36* 1.12+0.36
Bub1 0.17 £0.10** 0.79+0.31 0.08 +£0.02** 0.23 £0.08** 0.38 £0.09** 0.75+042 2.16£0.52%* 1.50%0.15 1.22+0.36
Mad1l1 0.73+0.32 0.56+0.10%* 0.72+0.27 0.60 +0.06** 0.49 £ 0.07** 0.80+0.14** 0.93+0.29 0.52+£0.07** 0.87£0.11
Mad2l1 0.75+0.57 0.69+047 0.16 £0.05** 043 £0.07** 095+0.17 0.66 +0.32 2.18 £0.64** 2.68 £043** 1.25+£0.34
Plk1 0.13 £0.09%* 094+0.34 0.02+0.01** 0.21 £0.09%* 0.36+0.11** 0.85+0.56 2.24 +£0.83%* 1.92+0.37** 1212035
DNA damage-related genes
Atm 0.79+0.32 0.92+0.18 0.67 +£0.22* 0.71+£0.07 0.78 £0.09 0.94+0.11 0.76 £0.10* 0.95+0.08 0.88+0.11
Brcal 0.27 £0.15** 0.76 £ 0.25* 0.25£0,12** 0.24 +0.03** 0.47 £ 0.08** 0.68+0.26 1.18+0.31 0.97 £0.07 0.87+0.14
Brca2 0.48 £0.26* 1.19+0.39 0.26 +0.09** 0.54£0.12** 1.03+£0.25 091+037 0.73+0.06 0.72+0.06 0.86+0.13
Brec3 0.78 £0.41 0.76 £ 0.10%* 0.70 £0.25* 0.62 +£0.09%* 0.67 £0.09** 057 +0.12** 1.87+£0.37*% 3.17 £0.86** 1.37£040
Chek1 0.73+0.42 0.81+041 030+0.11** 0.61+=0.08** 1.06+£0.22 0.93+0.15 1.98 +0.48** 1.94+£0.27*%* 1.24+0.28
Chek2 0.45+0.22% 1.28+0.36 0.36+0.16** 046 +0.03** 1.27 £0.26 0.84+0.17 0.84+0.29 1.29£0.11 0.70£0.13
Escol 0.70 +£0.35% 1.53 £0.25%* 0.57 £0.15** 0.51+0.05*%* 1.74£0.21%* 0.72+0.18** 0.61+£0.12%* 1.51+£0.15** 0.59 £ 0.09**
Gadd45a 1.88+£1.31 3.18+0.61** 1.97 £0.11%* 1.10+£0.25 2.35+046%* 047 £0.14** 1.83+£0.56 3.07 £ 0.50** 1.18+0.63
Rad17 0.89+0.45 1.94 +0.29** 0.79£0.17 0.69 £0.12%* 2.20£0.23% 0.65+£0.17** 0.88+0.07 2152017 0.74 £ 0.09**
Rad50 0.94+0.50 1.18+£0.26 0.62+0.22 0.71£0.15** 1.00+£0.13 0.80+0.22 0.85+0.08 1.27 £0.14** 0.95+0.10

Atm, ATM serine/threonine kinase; Aurka, aurora kinase A; Aurkb, aurora kinase B; Brcat, breast cancer 1, early onset; Brca2, breast cancer 2, early onset; Brce3, BRCA1/BRCA2-containing
complex, subunit 3; Bub1, BUB1 mitotic checkpoint serine/threonine kinase; Cdkn1a, cyclin-dependent kinase inhibitor 1A; Cdkn2a, cyclin-dependent kinase inhibitor 2A; Chek1, check-
point kinase 1; Chek2, checkpoint kinase 2; Esco1, establishment of sister chromatid cohesion N-acetyltransferase 1; Gadd45a, growth arrest and DNA-damage-inducible, alpha; Mad1l1,
MAD1 mitotic arrest deficient-like 1 (yeast); Mad2l1, MAD2 mitotic arrest deficient-like 1 (yeast); Mdm2, MDM2 proto-oncogene, E3 ubiquitin protein ligase; MEG, methyleugenol; Plk1,
polo-like kinase 1; PMZ, promethazine hydrochloride; Rad17, RAD17 homolog (S. pombe); Rad50, RAD50 homolog (S. cerevisiae); Rb1, retinoblastoma 1; Rbl2, retinoblastoma-like 2; TAA,
thioacetamide; Tp53, tumor protein p53.

’n=6.

bValues represent relative expression levels expressed as mean % SD.

* P<0.05, ¥ P<0.01 vs. untreated controls (Dunnett's or Steel's test).
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significant decrease in transcript levels in the MEG, TAA and PMZ
groups, compared with untreated controls. Among the spindle
checkpoint and M phase-related genes, Aurka and Mad2!1 showed
a significant decrease in transcript levels in the MEG group, com-
-pared with untreated controls. Aurkb, Bub1 and Plk1 showed a sig-
nificant decrease in transcript levels in the MEG and TAA groups,
compared with untreated controls. Mad1l1 showed a significant
expression decrease in the MEG, TAA and PMZ groups, compared
with untreated controls. Among the DNA damage-related genes,
Brcal showed a significant expression decrease in the MEG and
TAA groups, compared with untreated controls. Brca2, Chek1 and
Chek2 showed a significant decrease in transcript levels in the
MEG group, compared with untreated controls. Brcc3 showed a
significant expression decrease in the MEG, TAA and PMZ groups,
compared with untreated controls. Esco and Rad17 showed a sig-
nificant decrease in transcript levels in MEG and PMZ groups, com-
pared with untreated controls. In contrast, the transcript levels of
Escol, Gadd45a and Rad17 were significantly higher in the TAA
group compared with untreated controls. Gadd45a showed a sig-
nificant expression decrease in the PMZ group, compared with un-
treated controls, Rad50 showed a significant expression decrease
in the MEG group, compared with untreated controls. Atm did
not change the transcript level in any of the treatment groups.
At day 28, Cdknla and Mdm2 showed a significant increase in
_transcript levels in the MEG and TAA groups compared with un-
treated controls, among the G;/S checkpoint-related genes. In
contrast, the transcript level of Cdkn1a was significantly lower in the
PMZ group compared with untreated controls. Cdkn2a and Tp53
showed a significant increase of expression in the TAA group,
compared with untreated controls. RbI2 showed a significant expres-
sion decrease in the MEG and TAA groups, compared with untreated
controls. Rb1 showed a significant expression decrease in the TAA
and PMZ groups, compared with untreated controls. Among the
spindle checkpoint and M phase-related genes, Aurkb, Mad2/1 and
Plkishowed a significant increase of expression in the MEG and
TAA groups, compared with untreated controls. Aurka showed a
significant increase of expression and Mad1/7 showed a significant
expression decrease in the TAA group, compared with untreated
controls, Bubl showed a significant increase of expression in the
MEG group, compared with untreated controls. Among the DNA
damage-related genes, Brce3 and Chek1 showed a significant increase
of expression in the MEG and TAA groups, compared with untreated
controls, Escol, Gadd45a, Rad17 and Rad50 showed a significant in-
crease in transcript levels in the TAA group, compared with untreated
_controls. Atm and Escol showed a significant decrease in transcript
levels in the MEG group, compared with untreated controls. Escol
and Rad17 showed significant decrease in transcript levels in PMZ
group as compared with untreated controls. Brcal, Brca2 and Chek2
did not change the transcript level in any of the treatment groups.

Discussion

In the present study, we observed an unchanged or a decreased
number of Ki-67" liver cells and increased numbers of nuclear
p219P™ cells and cleaved caspase 3" cells at day 7 of treatment
with most chemicals irrespective of their carcinogenic potential.
In contrast, only hepatocarcinogens increased the numbers of nu-
clear p219P'* cells concomitantly with facilitation of apoptosis and
cell proliferation after 28 days of treatment. Considering p21°®" is
one of the cyclin-dependent kinase inhibitors that leads to cell cy-
cle arrest at G; phase in response to a variety of stimuli, such as
DNA damage, oxidative stress and cytokine action (Abbas & Dutta,

2009; Gorospe et al., 1999; Rodriguez & Meuth, 2006; Sherr & Rob-
erts, 1995), the increase in nuclear p21°P™* cells in the present
study suggests promotion of G;/S arrested cells. We also found
that hepatocarcinogens increased the mRNA expression of Brcc3,
encoding a molecule repairing DNA damage by activating Brcal
(Chen et al., 2006), and Chek1, encoding a DNA damage checkpoint
molecule (Patil et al,, 2013), after 28 days of treatment. In contrast,
hepatocarcinogens did not increase the mRNA expression of Brce3
and Chek1 at day 3 and reflecting accumulation of DNA damage at
day 28 of hepatocarcinogen treatment, whereas activation of this
molecule at earlier time points of hepatocarcinogen treatment
may not be related to DNA damage. Activation of p21“P" may also
be responsible for facilitation of apoptosis as revealed by the in-
crease in the number of cleaved caspase 3" cells from day 7 of
treatment with hepatocarcinogens, because p21<P" is a prerequi-
site for the induction of apoptosis (Kondo et al., 1996; Lincet et al,
2000). Activation of p21P" at earlier time points may be the reflec-
tion of cellular toxicity by carcinogenic chemicals, because noncarci-
nogenic APAP and ANIT also increased p21“®'* cells and apoptosis
at day 7. While the noncarcinogenic PMZ also caused an increase in
the number of Ki-67" proliferating cells, this hepatotoxicant did not
increase apoptosis, the number of p21“P™ cells and MRNA expres-
sion of genes encoding DNA repair enzymes or DNA damage check-
point molecule at day 28. Therefore, the increase in apoptosis and
p219°™* cells may be the signature of cellular responses against
treatment with hepatocarcinogens evoking cell proliferation, as re-
ported previously (Yafune et al, 2013a). Twenty-eight days may be
sufficient for distinguishing between hepatocarcinogens and
nonhepatocarcinogens facilitating cell proliferation at the end of this
period.

In the present study, the hepatocarcinogens downregulated the
expression of Rbi2 at all time points, a gene encoding one of the Rb
family proteins that regulate the progression of G;/S phase
(Cobrinik, 2005; Cobrinik et al., 1996). However, noncarcinogenic
PMZ also downregulated RbI2 on day 7, suggesting that the down-
regulation of Rbi2 expression at earlier time points may not be car-
cinogen specific. Interestingly, PMZ increased cell proliferation
accompanied with an apparent increase in cells expressing
Topolla, p-Histone H3, Mad2, Ubd and yH2AX at day 28; however,
thé transcript level of RbI2 was unchanged with untreated controls
at this time point. These results suggest the hepatocarcinogen-
specific disruption of G4/S checkpoint function in subpopulations
of liver cells, leading to S phase progression, which may appear
at day 28 of treatment. Downregulation of Rb/2 has been observed
in human breast and endometrial cancers (Milde-Langosch et al,
2001). In the present study, hepatocarcinogens upregulated or
tended to upregulate Mdm2, a p53 downstream molecule that fa-
cilitates degradation of both p53 and Rb protein through facilita-
tion of ubiquitination (Bhattacharya & Ghosh, 2014; Honda et al,
1997; Uchida et al., 2005) at all time points of measurements. In ad-
dition, hepatocarcinogens also increased cells immunoreactive
with Mdm2 phosphorylated at Ser 166, an activated isoform of
Mdm2 that can translocate from the cytoplasm to the nucleus
for facilitation of p53 degradation (Malmléf et al, 2007; Mayo &
Donner, 2002), in parallel with transcript upregulation. We have
previously shown that hepatocarcinogens promoting liver cell pro-
liferation increased the number of p53™ liver cells, which is indica-
tive of the induction of Mdm2 transcription (Yafune et al., 2013a).
On the other hand, noncarcinogenic APAP and PMZ also increased
p-Mdm2™ cell populations at day 7, but not at day 28. Therefore,
hepatocarcinogen-specific Mdm2 transcript upregulation and in-
crease of nuclear p-Mdm?2 expression, suggesting the facilitation of
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proteosomal degradation of p53 and Rb proteins, may appear by
28 days of treatment. p53 is known to be upregulated and activated
by genotoxic stress to induce cell cycle arrest at G, phase by induction
of a number of genes including the p219P" to repair DNA damage
(Bartek & Lukas, 2001; Speidel, 2015). Increase of p21°P™ cells and
upregulation of Cdkn1a, Brce3 and Chek genes by hepatocarcinogen
treatment in the present study may reflect accumulation of DNA
damage probably in association with p53 degradation.

As previously discussed (Taniai et al,, 2012b), overexpression of
Ubd results in suppression of the kinetochore localization of
Mad?2 at the spindle checkpoint during M phase, which may even-
tually lead to chromosomal instability (Herrmann et al,, 2007; Lim
et al, 2006). We previously reported aberrant expression of Ubd
from G, phase by 28 days treatment with carcinogens that facili-
tate cell proliferation, suggestive of disruption of spindle check-
point function (Taniai et al, 2012b). In the present study, we
revealed that MEG and TAA slightly increased the number of
Ubd™ cells within the Topolla™® cell population at day 28, while
these hepatocarcinogens did not change the number of Ubd™ cells
within the p-Histone H3" cell population at this time point, using
double immunohistochemistry. Because of the Topolla expression
at G, and M phases, and the p-Histone H3 expression at M phase
(Adachi et al., 1997; Beekman et al.,, 2006; Lee et al,, 2004; Woessner
et al,, 1991), our results suggest a slight increase in Ubd” cells at G,
phase by hepatocarcinogens as previously reported (Taniai et al,
2012b). On the other hand, MEG and TAA profoundly decreased
the number of p-Histone H3" cells within the Ubd™ cell population,
while these hepatocarcinogens did not change the number of
Topollo™* cells within the Ubd* cell population. It is also reported
that the Ubd-Mad2 interaction reduces the proportion of cells at
M phase within the proliferating cell population and induces ab-
normalities in chromosome structure and number reflecting the
disruption of the spindle checkpoint (Theng et al., 2014). Our cur-
rent results suggest that hepatocarcinogens cause aberrant ex-
pression of Ubd from as early as the G, phase, which may lead
1o its excess functioning before the normal timing at the spindle
checkpoint. These changes were carcinogen-specific, as they were
not observed with PMZ. In addition, we observed that
hepatocarcinogens decreased the p-Histone H37/Ki-67* cell ratio
at day 28, suggesting that hepatocarcinogens that promote liver
cell proliferation lead to incomplete spindle checkpoint function,
which allows acceleration of M phase transition with the onset
time point as early as 28 days after starting treatment in rats. Be-
cause PH and ANIT did not profoundly decrease the number of
cells in the Ubd® population staying at M phase at day 3,
irrespective of their high cell proliferation activity, withdrawal of
proliferating cells from M phase was considered specific to
carcinogen-induced cell proliferation after 28 days of treatment.

With regard to expression of genes coding spindle checkpoint
molecules or M phase molecules, MEG, TAA and PMZ reduced or
did not change the expression of Aurka, Aurkb, Bubl, Mad1l1,
Mad2l1 and Pk7 at days 3 and 7. At day 28, MEG increased the ex-
pression of Aurkb, Bub1, Mad2l1 and Plk1, and TAA increased the
expression of Aurka, Aurkb, Mad2l1 and PIk1. On the other hand,
PMZ did not increase the expression of these genes. The spindle
checkpoint is activated by sister chromatid mis-segregation and
stops the cell cycle until each and every kinetochore becomes at-
tached to the mitotic spindle, which prevents aneuploidy (Weaver
& Cleveland, 2005). Overexpression of these M phase-related
genes has been observed in cultured cell lines established from
breast cancer or laryngeal cancer, as well as neoplastic cells in la-
ryngeal cancers, gastric cancers and bladder cancers, in association

with increased chromosomal instability and tumor malignancy
(Honma et al., 2014; Yamamoto et al, 2006; Yuan et al., 2006; Zhang
et al, 2012). These results suggest that overexpression of M phase-
related genes induced by 28-day treatment with carcinogens may
reflect the presence of an M phase-arrested hepatocyte population
by activation of the spindle checkpoint, to protect against chromo-
somal aberration, in addition to the proliferating hepatocyte pop-
ulation disrupting the spindle checkpoint.

It has been reported that partial hepatectomy induces cell pro-
liferation at 2-4 days after treatment, and then cell proliferation ac-
tivity decreases from 6 days after treatment (Gerlach et al, 1997;
Kunimoto et al,, 2009). In the present study, we compared the time
course of cellular responses associated with cell proliferation of
carcinogenic target cells induced by hepatocarcinogens and re-
generative cell proliferation induced by PH or treatment with non-
carcinogenic hepatotoxicants. We found that PH and the
noncarcinogenic APAP and ANIT increased liver cell proliferation
activity only at day 3, and PMZ increased it only at day 28. None
of these treatments promoted cell proliferation accompanied by
p21°P" activation at day 28, in contrast to the concomitant facilita-
tion of cell proliferation and p21“P" activation by the
hepatocarcinogenic MEG and TAA. These results suggest that
p21%P? activation is the signature of G,/S checkpoint disruption
caused by transcript downregulation of Rb/2 and sequestration of
Rb protein, which allows continuous facilitation of cell proliferation
by hepatocarcinogens. In contrast, some feedback mechanism
may be operated in the suppression of cell proliferation in the
cases of PH and noncarcinogenic hepatotoxicants at day 28 with-
out p21°P" activation. For example, it has been reported that liver
cell regeneration after PH is suppressed by SOCS3, which nega-
tively regulates the cytokine signaling cascade (Riehle et al., 2008).

In conclusion, it may take 28 days to induce hepatocarcinogen-
specific cellular responses. Disruption of the G;/S checkpoint
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Figure 7. Hypothetical model of aberrations in cell cycle regulation spe-
cific to hepatocarcinogens to facilitate cell proliferation at day 28 of re-
peated administration.
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function reflected by downregulation of RbI2, upregulation of
Mdm2 and increase of p-Mdm2” cells suggestive of sequestration
of p53 and Rb protein may be responsible for facilitation of
carcinogen-induced cell proliferation at day 28. Reduction in prolif-
erating cells staying at M phase suggests early withdrawal of pro-
liferating cells from M phase, because of disruptive spindle
checkpoint function as evidenced by reduction of Ubd* cells
staying at M phase. Accumulation of DNA damage probably in as-
sociation with facilitation of p53 degradation by activation of
Mdm2 may be a prerequisite for aberrant p21“F" activation, which
is responsible for apoptosis (Fig. 7).
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ABSTRACT — We aimed to clarify the hepatocarcinogen-specific disruption of cell cycle checkpoint
functions and its time course after repeated administration of hepatocarcinogens. Thus, rats were repeated-
ly administered with hepatocarcinogens (methapyrilene, carbadox and thioacetamide), a marginal hepato-
carcinogen (leucomalachite green), hepatocarcinogenic promoters (oxfendazole and p-naphthoflavone) or
non-carcinogenic hepatotoxicants (promethazine and acetaminophen) for 7, 28 or 90 days, and the tempo-
ral changes in cell proliferation, expression of G,/S and spindle checkpoint-related molecules, and apop-
tosis were examined using immunohistochemistry and/or real-time RT-PCR analysis. Hepatocarcinogens
facilitating cell proliferation at day 28 of administration also facilitated cell proliferation and apoptosis at
day 90. Hepatocarcinogen- or hepatocarcinogenic promoter-specific cellular responses were not detect-
ed by immunohistochemical single molecule analysis even after 90 days. Expression of Cdknla, Mad2l1,
Chekl and RbI2 mRNA also lacked specificity to hepatocarcinogens or hepatocarcinogenic promoters.
In contrast, all hepatocarcinogens and the marginally hepatocarcinogenic leucomalachite green induced
Mdm?2 upregulation or increase in the number of phosphorylated MDM2+ cells from day 28, irrespective
of the lack of cell proliferation facilitation by some compounds. However, different 7p353 expression lev-
els suggest different mechanisms of induction or activation of MDM2 among hepatocarcinogens. On the
other hand, hepatocarcinogenic methapyrilene and carbadox downregulated the number of both ubiqui-
tin D* cells and proliferating cells remaining in M phase at day 28 and/or day 90, irrespective of the lack
of cell proliferation facilitation in the latter. These results suggest that hepatocarcinogens disrupt spindle
checkpoint function after 28 or 90 days of administration, which may be induced ahead of cell prolifera-
tion facilitation.

Key words: Cell proliferation, Hepatocarcinogen, Hepatocarcinogenic promoter, Spindle checkpoint,
Ubiquitin D, Apoptosis

INTRODUCTION

Carcinogenicity assays using rodents are one of the
most important endpoints for evaluating the carcinogen-
ic potential of chemicals. However, regular carcinogenic-
ity bioassays, in which rodents are exposed to chemi-
cals for 1.5-2 years, are typically time-consuming and
expensive, involving the use of many animals. Although
" the two-stage carcinogenesis models (Tamano, 2010)

and genetically modified animals produced by transgen-
ic or gene-targeting technologies (Eastin, 1998) are used
as alternative methods for carcinogenicity tests, they are
also costly and time-consuming, and have limited target
organs. Toxicogenomic approaches for prediction of the
carcinogenic potential in each target organ may be prom-
ising; however, they are also expensive and require inte-
grative methodologies between different laboratories
sharing expression databases (Jonker ef al., 2009; Uehara
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