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Distribution of Ki-67+, p-Histone H3*, TOP2A*, UBD*, p-MDM2*, and TUNEL* cells in the OSOM of rats at day 3 after

treatment with renal carcinogens or non-carcinogenic renal toxicants. Photomicrographs show the distribution of Ki-67+,

p-Histone H3*, TOP2A*, UBD*, p-MDM2*, and TUNEL* cells in the OSOM o

f representative cases from untreated controls

and animals treated with TCP or CBX. The graphs show positive cell ratios of renal tubular epithelial cells per total cells

counted in 10 animals of each group. Values represent mean + S.D. (A) Ki-6

7, (B) p-Histone H3, (C) TOP2A, (D) UBD,

(E) p-MDM?2, and (F) TUNEL. Bar =50 um. * P < 0.05, ** P < 0.01 vs. untreated controls (Dunnett’s or Steel’s test).
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Fig. 2. Distribution of Ki-67+, p-Histone H3*, TOP2A*, UBD*, p-MDM2*, and TUNEL* cells in the OSOM of rats at day 7 after

treatment with renal carcinogens or non-carcinogenic renal toxicants. Photomicrographs show the distribution of Ki-67-,
p-Histone H3*, TOP2A*, UBD*, p-MDM?2*, and TUNEL* cells in the OSOM of representative cases from untreated controls
and animals treated with TCP or CBX. The graphs show positive cell ratios of renal tubular epithelial cells per total cells
counted in 10 animals of each group. Values represent mean + S.D. (A) Ki-67, (B) p-Histone H3, (C) TOP2A, (D) UBD,
(E) p-MDM2, and (F) TUNEL. Bar = 50 um. * P < 0.05, ** P <0.01 vs. untreated controls (Steel’s test).

Vol. 41 No. 1



98

(A) Ki-67

M. Kimura ef al.

CONT NFT ADAQTCP CP TAT CBX

e 3%

(%)
0.47 kg

CONT NFT ADAQ TCP CP TAT CBX

)
- Ak
%%

Rk

CONT NFT ADAQTCP CP TAT

*

*

CONT NFT ADAQTCP CP TAT CBX

CONT NFT ADAQGTCP CP TAT CBX

Fig. 3. Distribution of Ki-67*, p-Histone H3*, TOP2A*, UBD*, p-MDM2*, and TUNEL" cells in the OSOM of rats at day 28 after
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(E) p-MDM2, and (F) TUNEL. Bar = 50 pm. * P <0.05, ** P < 0.01 vs. untreated controls (Dunnett’s or Steel’s test).

Vol. 41 No. 1



99

Disruption of spindle checkpoint function by renal carcinogens in rats

(A) Day 3
(%)
100,

501

0 CONT NFT ADAG TGP CP

(B) Day 7

0 CONT NFT ADAQ TCP TAT CBX
(C) Day 28

(%)
100,

50}

ko kK

OCONTNFT ADAQTCP CP TAT CBX

Fig. 4. p-Histone H3*/Ki-67* cell ratio in the OSOM of rats at

days 3,7 and 28 after treatment with renal carcinogens
or non-carcinogenic renal toxicants. The graphs show
the p-Histone H3* cell ratio of renal tubular epithelial
cells per number of Ki-67* cells counted in 10 animals
of each group. Values represent mean + $.D. (A) Day
3, (B) Day 7 and (C) Day 28. ** P < 0.01 vs. untreated
controls (Steel’s test).

Colocalization of UBD with TOP2A or p-Histone H3

At day 3, the ratio of TOP2A* cells to the total number
of UBD* cells did not change in any of the treatment
groups (Fig. 5A). In contrast, the ratio of p-Histone H3*
cells to the total number of UBD * cells significantly
. decreased in the TCP and CBX groups compared with the
untreated controls (Fig. 5B).

At day 7, the ratio of TOP2A* cells to the total number
of UBD™ cells significantly increased in the TCP group
compared with the untreated controls (Fig. 5C). The ratio
of p-Histone H3* cells to the total number of UBD* cells

significantly decreased in the TCP group compared with
the untreated controls (Fig. 5D).

At day 28, the ratio of TOP2A* cells to the total number
of the UBD~ cells did not change in any of the treatment
group (Fig. 5E). The ratio of p-Histone H3* cells to the
total number of UBD * cells significantly decreased in the
ADAQ and TCP groups compared with untreated controls
(Fig. 5F).

Real-time RT-PCR analysis

Transcript levels of the genes listed in Supplementary
Table 2 at days 3, 7 and 28 of treatment were determined
by real-time RT-PCR in the NFT, ADAQ, TCP, and CBX
groups, and compared with the levels in untreated con-
trols (Supplementary Table 3).

At day 3, transcript levels of Cdknla (cyclin-depend-
ent kinase inhibitor 1A) after normalization to Actb and/
or Gapdh levels significantly increased in all treatment
groups compared with untreated controls. Transcript lev-
els of Chekl (checkpoint kinase 1) and Mad2l] (MAD2
mitotic arrest deficient-like 1 [yeast]) after normalization
to Actb and/or Gapdh levels significantly increased in the
NFT, TCP, and CBX groups, and significantly decreased
in the ADAQ group compared with untreated controls.
Transcript levels of Mdm2 (MDM?2 proto-oncogene, E3
ubiquitin protein ligase) after normalization to 4ctb and
Gapdh levels significantly increased in the ADAQ, TCP,
and CBX groups, and transcript levels of Mdm?2 after nor-
malization to Gapdh levels significantly decreased in the
NET group compared with untreated controls. Transcript
levels of RbI2 (retinoblastoma-like 2) after normaliza-
tion to Actb levels significantly increased in the NFT and
TCP groups compared with untreated controls. Transcript
levels of 7p53 (tumor protein p53) after normalization to
Actb and/or Gapdh levels significantly increased in the
TCP and CBX groups, and transcript levels of 7p33 after
normalization to Gapdh levels significantly decreased in
the NFT group compared with untreated controls.

At day 7, transcript levels of Cdknla, Chek!, and
Mad2l1 after normalization to Actb and/or Gapdh levels
significantly increased in the NFT and TCP groups com-
pared with untreated controls. Transcript levels of Cdknla
and Mad2l! after normalization to Actb and/or Gapdh lev-
els significantly decreased in the ADAQ group compared
with untreated controls. Transcript levels of Mdm2 after
normalization to Actb and/or Gapdh levels significantly
increased in the ADAQ, TCP, and CBX groups compared
with untreated controls. Transcript levels of Tp33 after
normalization to Actb and/or Gapdh levels significantly
increased in all treatment groups compared with untreat-
ed controls. Transcript levels of RbI2 after normalization
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UBD) in the OSOM of rats at days 3, 7 and 28. Photomicrographs show the distribution of TOP2A/UBD and p-Histone H3/
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UBD (day 28). Bar =50 pm. ** P < 0.01 vs. untreated controls (Dunnett’s or Steel’s test).
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to Actb levels significantly increased in the ADAQ, TCP,
and CBX groups, and transcript levels of Rb/2 after nor-
malization to Gapdh levels significantly decreased in the
NFT group compared with untreated controls.

At day 28, transcript levels of Cdknla after normaliza-
- tion to Actb and Gapdh levels significantly increased in
the TCP group, and significantly decreased in the ADAQ
group compared with untreated controls. Transcript levels
of Chekl after normalization to 4ctb and/or Gapdh levels
significantly increased in the NFT, TCP, and CBX groups
compared with untreated controls. Transcript levels of
Mad211 after normalization to .4ctb and/or Gapdh lev-
els significantly increased in the ADAQ, TCP, and CBX
groups compared with untreated controls. Transcript lev-
els of Mdm2 and Tp33 after normalization to Acth and/or
Gapdh levels significantly increased in the ADAQ, TCP,
and CBX groups compared with untreated controls. Tran-
script levels of Mdm2 after normalization to Gapdh levels
significantly decreased in the NFT group compared with
untreated controls. Transcript levels of RbI2 after normal-
ization to Actb levels significantly increased in the TCP
group, and transcript levels of RbI2 after normalization
to Gapdh levels significantly decreased in the NFT group

compared with untreated controls.

DISCUSSION

We have previously reported that 28-day administra-
tion of carcinogens facilitating cell proliferation induces
an increase in immunoreactive cell populations for cell-
cycle-related molecules and apoptosis irrespective of the
target organ (Kimura e al., 2015a; Taniai et al., 2012a,
2012b; Yafune ef al., 2013a, 2013b). In the present study,
the renal carcinogens NFT and TCP increased in the
number of Ki-67* cells and cells immunoreactive for cell-
cycle-related molecules 3 days after administration, and
renal carcinogen ADAQ induced increases at day 28. The
non-carcinogenic renal toxicant CBX also showed similar
cellular responses at days 3 and 28. We also previously
reported that the non-carcinogenic hepatotoxicant promet-
hazine facilitated cell proliferation and showed a simi-
lar pattern of increase in cell populations immunoreactive
. for cell-cycle proteins to that of the hepatocarcinogen-
ic methyleugenol and thioacetamide in the liver (Kimura
et al., 2015a). In addition, the number of TUNEL" cells
increased in NFT and TCP groups transiently at day 7,
and only in the CBX group at day 28, indicating that a
carcinogen-specific response was not observed with
regard to apoptosis. These results suggest that increases
in the expression of cell-cycle proteins and apoptosis may
not be a carcinogen-specific cellular response, and that

it may be difficult to detect carcinogen-specific respons-
es by simple analysis of immunoreactive cell populations
and apoptosis using a time-course study of 3, 7 and 28
days of administration.

We have previously reported that 28-day administra-~
tion of hepatocarcinogens upregulated the spindle check-
point gene Mad2l] (Weaver and Cleveland, 2005), the
G,/M checkpoint gene Chek! (Patil ef al., 2013), Cdknla
encoding p21 ¢!, and downregulated RbI2, a gene encod-
ing RB family protein that regulates the progression of
G,/S phase (Cobrinik ef al., 1996; Cobrinik, 2005), sug-
gestive of an increase in G, and M phase-arrested hepa-
tocyte populations and disruption of G,/S checkpoint
function by hepatocarcinogens (Kimura ef al., 2015a).
However, in a time course administration study of hepa-
tocarcinogens and hepatocarcinogenic promoters for up
to 90 days, expression of Mad2ll, Chek!, Cdknla, and
RbI2 mRNA lacked specificity to carcinogens (Kimura et
al., 2015b). In the present study, renal carcinogens also
did not induce carcinogen-specific expression changes of
these genes in any time points. These results suggest that
upregulation of Mad2l], Chekl, and Cdknla, and down-
regulation of Rb/2 mRNA may not be responsible for car-
cinogenesis at early stage of repeated administration of
carcinogens.

Tn the present study, renal carcinogens ADAQ and TCP
and non-carcinogenic renal toxicant CBX upregulated
transcript levels of Mdm2 and 7p53 3 days after admin-
istration, with the exception of 7p53 expression in the
ADAQ group at day 3. p53 is known to regulate multiple
genes against acute kidney injury, and MDM2 acts as a
regulator of p53 function via ubiquitination and proteaso-
mal degradation or retention of inactive p53 in the cytosol
(McNicholas and Griffin, 2012). The MDM2 protein is
regulated by multisite phosphorylation, and the phos-
phorylated site determines the function of MDM2 (Meek
and Hupp, 2010). In human hepatocellular carcinoma and
lung carcinoma cell lines, it is reported that phosphoryla-
tion of MDM2 at Ser 166 is induced by growth factor-me-
diated signaling, which leads to translocation of MDM2
from the cytoplasm to the nucleus for facilitation of p53
degradation (Malml6f et al., 2007; Mayo and Donner,
2002). Furthermore, it is reported that human breast can-
cers showed high expression of MDM2 phosphorylation
at Ser 166 in association with cell proliferation activity
and a poor prognosis (Schmitz et al., 2006). We previous-
ly reported that hepatocarcinogens specifically increased
transcript levels of Mdm2 and/or MDM2* cells phospho-
rylated at Ser 166, suggestive of facilitation of degrada-
tion of p53 and subsequent disruption of G,/S checkpoint
function by hepatocarcinogen treatment (Kimura ef al.,
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2015a, 2015b). However, in the present study, we did not
. observe a carcinogen-specific increase in p-MDM2* cells
phosphorylated at Ser 166 by renal carcinogens, while
mRNA upregulation of Mdm2 was found with these car-
cinogens, as with non-carcinogenic renal toxicant CBX
from day 3. These results suggest that upregulation of
Mdm2 may be caused by upregulation of p53 in response
to the nephrotoxic effects of both renal carcinogens and
non-carcinogenic renal toxicants. The lack of induction of
phosphorylation of MDM?2 at Ser 166 at the early stages
of renal carcinogen administration may be responsible for
the lack of cell proliferation facilitation, which is differ-
ent from the hepatocarcinogens.

It is reported that overexpression of UBD suppresses
the kinetochore localization of MAD2, a spindle check-
point molecule, during the M phase, which may eventual-
ly lead to chromosomal instability (Herrmann et /., 2007,
Lim ef al., 2006). It has also been reported that the UBD-
MAD?2 interaction reduces the proliferating cell popula-
tion at M phase, reflecting spindle checkpoint disruption
© (Theng et al., 2014). We have previously reported that
28- or 90-day administration of carcinegens irrespective
of their potential to induce facilitation of cell prolifera-
tion causes aberrant expression of UBD at the G, phase
and a reduction in the ratio of proliferative cells existing
at the M phase, indicating disruption of spindle check-
point function (Kimura et al., 2015a, 2015b; Taniai et al.,
2012b). In the present study, the renal carcinogens ADAQ
and TCP facilitated cell proliferation and also reduced the
ratio of UBD* cells coexpressing p-Histone H3 to the total
number of UBD* cells and the ratio of p-Histone H3* cells
to that of Ki-67* cells at day 28. In contrast, the non-car-
cinogenic renal toxicant CBX only temporarily reduced
UBD* cells coexpressing p-Histone H3 at day 3, but with-
out the accompanied reduction in the ratio of p-Histone
H3* cells to that of Ki-67* cells. Because p-Histone H3
is an M phase protein (Hirota ef al., 2005), these results
suggest that renal carcinogens may cause insufficient
~ UBD expression at the M phase, probably in conjunc-
tion with the early transition of proliferating cells from
the M phase at day 28, in contrast to no such response
with non-carcinogenic renal toxicants. Therefore, disrup-
tion of spindle checkpoint function may be a key event
for carcinogenesis at early stage of repeated administra-
tion of carcinogens, and it may take 28 days to induce
disruption of spindle checkpoint function by renal carcin-
ogens. On the other hand, TCP also decreased UBD* cells
at M phase at day 7 of administration, while other renal
carcinogens did not induce similar cellular responses at
this time point. TCP also decreased proliferating cells
at-M phase at this time point, suggesting that TCP may
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disrupt spindle checkpoint function at the time point as
early as day-7 of administration.

In contrast to ADAQ and TCP, the renal carcinogen
NFT did not show a reduction in the number of UBD*
cells coexpressing p-Histone H3 and in the ratio of p-His-
tone H3* cells to that of Ki-67* cells at any time point
in the present study, while NFT facilitated cell prolifera-
tion activity at all time points. It is reported that a 2-year
carcinogenicity study on NFT using rats induced a.mar-
ginal, but significant, increase in the incidence of renal
tubular neoplasms as assessed using additional step-sec-
tions of the left and right kidney from each rat; however,
the increase was not initially detected after the evaluation
using standard single sections (NTP, 1989), suggestive
of marginal renal carcinogenic potential of NFT. Both
ADAQ and TCP apparently increased the incidence of
renal tumors in their 2-year carcinogenicity studies (NTP,
1993a; NTP, 1996). We have reported that leucomalachite
green exerting marginal hepatocarcinogenicity did not
reduce the ratio of p-Histone H3* cells to that of Ki-67+
cells by repeated administration for up to 90 days (Kimura
et al., 2015b). Therefore, disruption of spindle checkpoint
function may not be induced by renal carcinogens exert-
ing marginal carcinogenicity. Cell-cycle facilitation by
NFT may be a reflection of the toxic effect of NFT on
renal tubules in the present study.

We have previously found that renal carcinogens are
associated with development of nephropathy or karyome-
galy without relation to genotoxic potentials in a review
of the results of carcinogenicity bioassays by the NTP
(Taniai ef al., 2012a). Among renal carcinogens tested
in the present study, repeated administration of ADAQ
or TCP to rats has been shown to induce karyomegaly in
renal tubular cells (NTP, 1993a; NTP, 1996), while NFT
has been shown to induce nephropathy (NTP, 1989). In
the present study, NFT, which did not induce karyomeg-
aly, did not cause disruption of spindle checkpoint func-
tion. These results may suggest that the ability to induce
karyomegaly to carcinogenic target cells is involved in
the induction of spindle checkpoint dysfunction. On the
other hand, hepatocarcinogen CRB, which did not induce
karyomegaly even after 90 days of administration, also
caused disruption of spindle checkpoint function (Kimura
et al., 2015b). Therefore, disruption of spindle checkpoint
function may also be induced by renal carcinogens that do
not cause karyomegaly in target tubular cells after repeat-
ed administration.

Because carcinogens may exert genotoxicity or trig-
ger oxidative stress responses in relation with carcino-
genesis, it is possible that these potentials are involved
in disruption of spindle checkpoint function. With regard
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to the genotoxic potential -of renal carcinogens used in
the present study, previous reports suggested that NFT,
ADAQ, and TCP are all categorized as genotoxic renal
carcinogens (NTP, 1989; NTP, 1993a; NTP, 1996). It is
also reported that NFT induced oxidative DNA damage
to rat kidney after 28-day repeated oral administration of
the carcinogenic dose level (Kijima et a/., 2015). How-
ever, NFT did not cause disruption of spindle checkpoint
function in the present study. These results suggest that
it'is difficult to find the relationship between the poten-
tial to induce spindle checkpoint dysfunction and geno-
toxic potential of renal carcinogens. Of note, we have
shown disruption of spindle checkpoint function in liver
cells after repeated 28-day administration of non-genoto-
xic hepatocarcinogens, i.e., thioacetamide and methapy-
rilene, in rats (Kimura et al., 2015a, 2015b; Omura et al.,
2014). These results suggest that spindie checkpoint dys-
function may be caused by carcinogens without relation-
ship to their genotoxic potential.

In conclusion, both renal carcinogens and non-car-
cinogenic renal toxicants facilitating cell prolifera-
tion increased the number of cells expressing cell-cycle
proteins following treatment for up to 28 days, indicat-
ing the difficulty in predicting the carcinogenic poten-
tial of chemicals by immunohistochemical single mole-
cule analysis in the framework of a 28-day toxicity study.
By means of mRNA expression analysis, carcinogen-spe-
cific responses in the transcript expression of cell-cycle
regulator genes were also lacking following treatment for
up to 28 days, which differed from hepatocarcinogens. In
contrast, the renal carcinogens ADAQ and TCP reduced
the number of cells expressing UBD and the number of
proliferating cells at the M phase, suggesting insufficient
UBD expression at the M phase and early transition of
. proliferating cells from M phase, but without the accom-
panied increase in apoptosis, after 28 days of administra-
tion. However, NFT, which has been shown to exert mar-
ginal carcinogenic potential, did not induce such cellular
responses. These results suggest that it may take 28 days
to induce spindle checkpoint dysfunction by renal carcin-
ogens; however, induction of apoptosis may not be essen-
tial for this disruption. In contrast, marginal carcinogens
may not exert sufficient responses even after 28 days of
administration. Further studies may be necessary on the
mechanism playing a role for the disruption of spindle
checkpoint functions, especially in terms of the molecular
interaction of UBD and other regulator molecules after
repeated administration of carcinogens.
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