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06-Methylguanine produced in DNA by the action of simple alkylating agents, such as N-methyl-N--
nitrosourea (MNU), causes base-mispairing during DNA replication, thus leading to mutations and cancer.
To prevent such outcomes, the cells carrying OS-methylguanine undergo apoptosis in a mismatch repair
protein-dependent manner. We previously identified MAPO1 as one of the components required for the
induction of apoptosis triggered by O8-methylguanine. MAPO1, also known as FNIP2 and ENIPL, forms a
complex with AMP-activated protein kinase (AMPK) and folliculin (FLCN), which is encoded by the BHD

iﬂg}:’dg tumor suppressor gene. We describe here the involvement of the AMPK-MAPO1-FLCN complex in the
Apoptosis. signaling pathway of apoptosis induced by OS-methylguanine. By the introduction of siRNAs specific for
Folliculin/BHD these genes, the transition of cells to a population with sub-G; DNA content following MNU treatment
MAPO1/FNIP2/ENIPL was significantly suppressed. After MNU exposure, phosphorylation of AMPKa occurred in an MLH1-

OS-methylguanine dependent manner, and this activation of AMPK was not observed in cells in which the expression of
either the Mapo1 or the Flcn gene was downregulated. When cells were treated with AICA-ribose (AICAR),
a specific activator of AMPK, activation of AMPK was also observed in a MAPO1- and FLCN-dependent
manner, thus leading to cell death which was accompanied by the depolarization of the mitochondrial
membrane, a hallmark of the apoptosis induction. It is therefore likely that MAPO1, in its association
with FLCN, may regulate the activation of AMPK to control the induction of apoptosis triggered by 08-
methylguanine.

© 2011 Elsevier B.V, All rights reserved.

1. Introduction leading to induction of mutation and cancer [2,3]. Organisms

possess a specific DNA repair enzyme, 0%-methylguanine-DNA

Most of the DNA lesions produced by internal and external methyltransferase (MGMT), which transfers a methyl-group from

agents can be removed by cellular DNA repair enzymes, while
cells with un-repaired lesions are eliminated by apoptosis. The
biological significance of thése two mechanisms is clearly shown
when organisms lacking one or both of these cellular functions
are exposed to simple alkylating agents, such as N-methyl-N-
nitrosourea (MNU) and N-methyl-N"-nitro-N-nitrosoguanidine

(MNNG), which alkylate purine and pyrimidine bases in DNA.

[1]. Among the various modified bases thus produced, OS-
methylguanine is of particular importance since this modified base
can pair with thymine as well as cytosine during DNA replication,

* Corresponding author at: Department of Physiological Science and Molecular
Biology, Fukuoka Dental College, 2-15-1 Tamura, Sawara-ku, Fukuoka 814-0193,
Japan. Tel.: +81 92 801 0411x310; fax: +81 92 801 0685.

E-mail address: hidaka@college.fdcnet.ac.jp (M. Hidaka).

1568-7864/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2011.11.006

08-methylguanine in DNA onto the enzyme molecule, thereby
repairing the DNA lesion in a single step reaction [4,5]. When the
modified base is not repaired, an 0%-methylguanine-thymine pair
is formed through DNA replication and this mismatch can be recog-
nized by a mismatch repair protein complex, composed of MSH2,
MSH6, MLH1 and PMS2, which induces apoptosis to exclude cells .
carrying the mutation-evoking DNA lesions [6-8]. It is noteworthy
that Mgmt~/~ mice, which lack the DNA repair enzyme specific for
O%-methylguanine, are hypersensitive to both the killing and to
the tumorigenic action of alkylating chemicals [9-12] and these
dual effects can be dissociated by the introduction of an additional
defect in mismatch repair genes. Mice with mutations in both alle-
les of the Mgmt and the MIh1 genes, the latter éncoding a protein
involved in the recognition of mismatched base, are as resistant to
MNU as are wild-type mice in terms of survival, but are much more
susceptible to MNU-induced tumorigenesis than wild-type mice
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[13]. Consistent with these results, Mgmt—/~ Mih1~/- cells, derived
from the gene-targeted mice, are unable to induce apoptosis and
show an elevated mutant frequency after MNU treatment [14].

The apoptotic signal initiated through the mismatch recog-
nition complex activates a signaling cascade leading to the cell
cycle checkpoints and apoptotic pathways for cell death. Both
the release of cytochrome C from the mitochondria as well as
the activation of Apaf-1 and caspase-3, hallmarks of the induc-
tion of apoptosis, have been demonstrated after the treatment
of cells with alkylating agents that produce OS-methylguanine
[14,15]). However, the precise molecular mechanism underlying
the signal transduction downstream of mismatch recognition still
remains to be determined. To identify the factors involved in the
08-methylguanine-induced apoptotic process, we screened MNU-
resistant ¢lones derived from MNU-sensitive Mgmt—/~ cells using
retrovirus-mediated gene-trap mutagenesis [16]. Mouse-derived
KH101 cells, carrying an insertional mutation in one of the alleles
of an uncharacterized gene, were unable to induce mitochondrial
membrane depolarization as well as caspase-3 activation, after
treatment with MNU. In this way, we identified a new gene, des-
ignated as Mapo1 (08-methylguanine induced apoptosis 1), which
was related to the induction of apoptosis. The mutant frequency
of KH101 cells was significantly elevated after the treatment with
MNU, thus supporting the notion that the induction of apopto-
sis, in which the MAPO1 is involved, contributes significantly to
the elimination of cells carrying mutation-inducing DNA lesions. A

“search in the database revealed that the amino acid sequence of
the MAPO1 protein is homologous to that of folliculin-interacting
protein 1 (FNIP1), which was identified as a protein having the
capacity to associate with folliculin [17]. Folliculin is a tumor sup-
pressor protein with unknown biological activity, and is encoded
by the FLCN gene. Mutations in the FLCN gene have been found
in patiénts with Birt-Hogg-Dubé (BHD) syndrome [18,19], which is
characterized by the development of hair follicle hamartomas, lung
cysts, and an increased risk for renal neoplasia [20-22]. Identifica-
tion of another folliculin-interacting protein, displaying a similarity
in its amino acid sequence to that of FNIP1, was reported by two
groups of researchers and the gene responsible was named FNIP2
and FNIPL, respectively [23,24]. The FNIP2/FNIPL gene turned out
to be the same gene as the human homolog of Mapo1. It was also
reported that FNIP2/FNIPL, as well as FNIP1, could bind to 5-AMP-
activated protein kinase (AMPK), composed of AMPKe, 3 and vy
subunits, which is an important energy sensor in cells that nega-
tively regulates cell growth and proliferation [25,26].

We report here that a complex composed of MAPO1, FLCN
and AMPK is involved in the induction of apoptosis triggered by
08-methylguanine-thymine mispair. Evidence is presented which
shows that during the course of apoptosis induction, the phos-
phorylation of AMPKa occurs in a MAPO1- and FLCN-dependent
manner. .

2. Materials and methods
2.1. Cell lines and cell culture

The YT102 (Mgmt~/~ MIh1*/), YT103 (Mgmt—/— MIh1-/-) and
KH101 (Mgmt—- Mapo1*/-) cell lines were established as described
previously [14,16]. The cells were cultivated in Dulbecco’s modi-
fied Eagle’s medium (D-MEM) supplemented with 10% fetal bovine
serum (FBS) at 37°Cin 5% CO,.

2.2. Chemicals

N-Methyl-N-nitrosourea (MNU) was obtained from Sigma.
Compound C and AICA-Ribose were purchased from Calbiochem.

2.3. Immunoprecipitation and immunoblotting

To prepare cells expressing Flag-tagged MAPO1 or HA-tagged
FLCN, a pIRES-puro3 vector (Clontech) containing mouse-derived
Mapo1 cDNA tagged with Flag epitope at the carboxy terminal end
or a pIRES-puro2 (Clontech) vector carrying mouse-derived Flen
cDNA tagged with the HA epitope at the amino terminal end was
introduced into YT102 cells using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. For the immunoprecipi-
tation, the cells were lysed with NETN buffer (50 mM Tris/HCl (pH
8.0), 150 mM Na(l, 0.2% NP-40, 1mM EDTA) containing protease
inhibitors (Roche). To precipitate the Flag-tagged MAPO1, 10 .l of
anti-FLAG M2-agarose (Sigma) were added to the extract, and incu-

- bated for 4h at 4 °C. Alternatively, 10 ! of anti-HA (HA-7)-agarose

(Sigma) were added to precipitate the HA-tagged FLCN, and the
mixture was incubated overnight at 4°C. After extensive washing
of the beads with NETN buffer, the proteins bound to the beads were
eluted in 40 pl of 2 x SDS-PAGE sample buffer (120 mM Tris/HCl (pH
6.8),4% SDS, 20% glycerol, 200 mM DTT, 0.002% bromophenol blue).

For the immunoblotting analyses, immunoprecipitated mate-
rials or whole cell extracts prepared by the lysis of cells with
2x SDS-PAGE sample buffer were subjected to SDS-PAGE and
electroblotted onto a PVDF membrane (Bio-Rad). Detection was
performed using an ECL Plus or Advance Western blotting detection
kit (GE Healthcare). The primary antibodies used were: anti-FLAG
M2 (Sigma), anti-HA HA-7 (Sigma), anti-FLCN (Protein Tech Group,
Inc.), anti-AMPKo (Cell signaling), anti-B-actin (Sigma), and anti-
phospho-AMPKa (Thr172) (Cell signaling). Anti-mouse IgG and
anti-rabbit IgG conjugated to horseradish peroxidase (GE Health-
care) were used as the secondary antibodies.

" 2.4. siRNA transfection

Stealth RNAi for the Mapo1l gene (siMapo1l), 5'-CAGAAAGCA-
GAGGAUGUUCCUAUUA-3', Flcn gene (siFlen#1), 5'-UUAUUCAGG-
AUAGUGGGCCCAACUC-3', (siFlcn#2), 5'-UGGUGACUGACGUACU-
UAAUAGAGG-3/, and Ampka gene (siAmpka#1), 5'-UAUCUUAG-
CGUUCAUCUGGGCAUCC-3', (siAmpka#2), 5'-AAGAUGAUAAGCC-
ACUGCAAGCUGG-3" were purchased from Invitrogen. After cul-
turing 1 x 10°% cells in a 6-well plate for one day, the cells were
transfected with 20 nM siRNA, using the Lipofectamine RNAIMAX
reagent (Invitrogen) according to the manufacturer’s protocol. For
the control transfection, Stealth RNAi Negative Control Medium GC
Duplex (Invitrogen) was used.

2.5. Flow cytometric analysis

For the sub-G4 population assay, cells were washed with PBS and
suspended in 400 Wl of PBS containing 0.1% Triton X-100, 25 jg/ml
of propidium iodide and 0.1 mg/ml of RNase A. The samples were
analyzed using a FACS Calibur flow cytometer (Becton Dickinson),
with 10,000 events per determination.

For the mitochondrial membrane depolarization assay, cells
were treated with the MitoProbeTM DiOC2(3) Assay Kit (Invitro-
gen), according to the manufacturer’s protocol, and then subjected
to analysis using a FACS Calibur flow cytometer.

2.6. Trypan blue exclusion assay

The viability of YT102, KH101 and siRNA-transfected YT102 cells
was assayed, based on their trypan blue exclusion. The cells treated
with AICA-Ribose were collected 48 h after the drug treatment and
were stained with 0.2% trypan blue. The percentage of dead cells
was determined as the percentage of trypan blue staining-positive
cells. At least 500 cells were counted per experiment.
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2.7. Statistics

All P-values were generated using two-tailed Student’s t-tests.

3. Results
3.1. Interaction of MAPO1 with FLCN and AMPK

To confirm that MAPO1 protein interacts with FLCN and AMPK,
a co-immunoprecipitation experiment was performed. Whole
cell extracts were prepared from mouse YT102 (Mgmt~/~) cells
expressing Flag-tagged MAPO1, and were subjected to immunopre-
cipitation using an anti-Flag antibody conjugated to agarose beads.
The results are shown in Fig. 1A. With whole cell extracts, almost
the same intensity of bands for FLCN and AMPKa were detected

‘in both control and Flag-MAPO1-transfected cells. When the
materials were immunoprecipitated with the anti-Flag antibody,
co-precipitated FLCN and AMPKa were clearly detected, concomi-
tant with the effective precipitation of Flag-MAPO1, whereas no
such bands were seen in a sample precxpxtated from cells treated
with the control vector alone.

To evaluate the interaction of FLCN w1th MAPO1 and AMPKina
reciprocal manner, whole cell extracts prepared from YT102 cells
expressing FLAG-tagged MAPO1, with or without HA-tagged FLCN,
were applied for immunoprecipitation using an anti-HA antibody
(Fig. 1B). When the HA-tagged FLCN was precipitated, as indicated
by doublet bands by the immunoblotting analysis, the Flag-tagged
MAPO1 and AMPKo were co-precipitated. It is evident, therefore,
that MAPO1 interacts with FLCN and AMPK in mouse cells.

3.2. Suppression of the induction of apoptosis in Flen- and
Ampka-knockdown cells

Since MAPO1 has been identified as an apoptosis-inducing pro-
tein, it is plausible that the MAPO1-bound proteins, FLCN and
AMPK, might also be involved in apoptosis induction. To exam-
ine the possible roles of these proteins, siRNAs specific for the Flcn
or Ampka genes were introduced into YT102 (Mgmt=/-) cells. As
shown in Fig. 2A and B, two independent siRNAs (siFlcn#1 and #2,
and siAmpka#1 and #2), designed at different sequences of each
gene, effectively suppressed the expression of the genes when mea-
sured at 48 h after their introduction. The expression leve] of the
Mapo1 gene in siMapol-treated cells also decreased to 43% of that
in cells that were treated with the control RNA, siCont, as measured
by quantitative real time PCR [16]. To monitor the appearance of
cells with sub-G, DNA content, cells were treated with or without
0.4mM MNU for 1h and subjected to a flow cytometric analysis

A ~ input  IP-Flag

VvV M

vV M

Flag-MAPO1
FLCN

AMPKa

72 h later. After treatment with MNU, the sub-G; cell population
increased to more than 20% in the siCont-treated cells (Fig. 2C).
Under the same conditions, the degrees of the increases in the
cells treated with siRNAs against the Flcn, Ampko: and Mapo1 genes
were significantly suppressed. These results favor the notion that
FLCN and AMPKa, as well as MAPO1, are involved in MNU-induced
apoptosis through protein interactions, -

3.3. Suppression of the induction of apoptosis by an AMPK
inhibitor

The effects of Ampka knockdown on the MNU-induced apopto-
sis were further examined at multiple time points. The YT102 cells
transfected with siCont or siAmpka#2 were exposed to 0.4 mM
MNU for 1h and then subjected to a flow ¢ytmetric analysis. As
shown in Fig. 3A, the sub-G; cell population increased gradually,
with similar kinetics in cells transfected with either type of siRNA,
but the degree of the increase in cells transfected with siAmpka
‘was significantly lower than that of siCont-transfected celis.

To obtain further evidence supporting the involvement of AMPK
in MNU-induced apoptosis, compound C, a specific inhibitor of
AMPK, was used to downregulate the function of AMPK. YT102 cells
were exposed to 0.4 mM MNU for 1 h, followed by incubation with
or without 2 p.M of compound C for 72 h, and then cells were sub-
jected to a flow cytometric analysis. As shown in Fig. 3B, the sub-G,
cell population in compound C-treated cells after MNU treatment
significantly decreased in comparison to those not treated with the
inhibitor. The inhibitory effects of compound C on AMPK activity
were assessed by immunoblotting using an antibody that specifi-
cally recognizes a phosphorylated form of AMPKa, since AMPK is
activated when the catalytic subunit of AMPKa becomes phospho-
rylated [27-29]. As shown in Fig. 3C, AMPK appeared to be activated
after MNU treatment, while such activation was significantly sup-
pressed by the exposure of cells to compound C. These findings are
consistent with the notion that AMPK plays an important role in
the induction of apoptosis triggered by MNU.

3.4. MAPO1- and FLCN-dependent activation of AMPK during the
induction of apoptosis

To further examine if AMPKa is phosphorylated during the
induction of apoptosis, YT102 cells were treated with 1 mM MNU
and then collected at 0, 24, 48 and 72h after treatment. Under
these conditions, apoptosis was effectively induced, as was evident
by the detection of the mitochondrial membrane depolarization
and the caspase-3 activity [16]. The whole cell extracts were pre-
pared, and the phosphorylation levels of AMPKc were assessed by

B input IP-HA
M FM M FM
HAFLCN '
Flag-MAPO1
AMPKa

Fig. 1. The association of MAPO1, FLCN and AMPKa proteins. (A) The interaction of MAPO1 with FLCN and AMPKa. YT102 cells were transfected with the pIRES-puro3
vector (termed as V) or pIRES-puro3 containing Flag-tagged Mapol cDNA (termed as M) and harvested after incubation for 24 h. Whole cell extracts (input) were used
for immunoprecipitation using anti-Flag M2 antibody beads (IP-Flag). The materials were subjected to SDS-PAGE, transferred to a membrane and immunoblotted using
antibodies that recognize the Flag-tag, FLCN and AMPKa. (B) The interaction of FLCN with MAPO1 and AMPKa. YT102 cells were transfected with either pIRES-puro3
containing Flag-tagged Mapo1 cDNA (termed as M) or pIRE-puro2 carrying HA-tagged Flcn cDNA and pIRES-puro3 containing Flag-tagged Mapo1 cDNA (termed as FM) and
were harvested 24 h later. Following immunoprecipitation using anti-HA HA7 antibody beads (IP-HA), an immunoblotting analysis was performed as described in (A) with

anti-HA, anti-Flag and anti-AMPKa antibodies.
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Fig. 2. The suppression of apoptosis by siRNAs targeting the three types of genes. (A) The expression levels of FLCN and AMPK in cells treated with siRNAs. The whole extracts
of YT102 cells transfected with control and two independent siRNAs specific for the corresponding genes were used for the immunoblotting analysis with antibodies specific
for FLCN, AMPKa and B-actin (loading control). (B) The relative expression levels of FLCN and AMPKu in the cells treated with siRNAs, as measured by an immunoblotting
analysis in(A).{C) The sub-G, population of cells transfected with control, Mapo1-, Flcn- or Ampko-siRNA after MNU treatment. Two days after transfection with siRNA, YT102
cells were treated with or without 0.4 mM MNU for 1h and then incubated for three days. The cells were harvested and subjected to a flow cytometric analysis. *P<0.01;
**P<0,05 when comparing the sub-G; populations in the control and gene-specific siRNA-transfected cells.

>
w

T
= MNU () MNU (+)
=% $ 2
& -o-siCont 5
8 -&-siAmpko o
kS 2 10
2 20 9
g 4
Z.; D ol ke |
5 CompoundC — * - +
w 0 N N
0 40 80 120 C MNU () MNU (+)
Time (h)

CompoundC — + —
p-AMPKa

AMPKa

B-actin

Fig. 3. The involvement of AMPK in MNU-induced apoptosis. (A) The sub-G; population of cells transfected with control or Ampka siRNA after MNU treatment. Two days
after transfection with siRNA, the YT102 cells were treated with 0.4 mM MNU for 1h and then harvested at 0, 24, 48, 72 and 96 h after MNU treatment, and subjected to a
flow cytometric analysis. The numbers of the cells in the sub-G; population were counted and the ratios were plotted. Open circles, siCont-transfected cells; closed circles,
siAmpka-transfected cells. (B) The suppression of apoptosis by an AMPK inhibitor. After treatment with or without 0.4 mM MNU for 1h, YT102 cells were incubated in
medjum supplemented with or without 2 uM compound C for three days. The cells were then harvested and subjected to a flow cytometric analysis to monitor the sub-G;
population of cells. *P<0.01 when comparing the sub-G, populations in compound C-untreated and compound C-treated cells after exposure to MNU. (C) The inhibition
of the AMPK activity by compound C. The whole cell extracts from the cells harvested at 48 h after MNU treatment were subjected to an immunoblotting analysis using
antibodies that recognize phospho-AMPKa (Thr172), AMPKa and $-actin, respectively.
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Fig.4. The activation of AMPK after MNU treatment. (A) The phosphorylation of AMPKe in cells with different genetic backgrounds. Three cell lines, YT102 (Mgmt~/~), YT103
(Mgmt-I- MIh1-I-) and KH101 (Mgmt~/~ Mapo1*/-), were treated with or without 1mM MNU for 1 h and then incubated for 0, 24, 48 or 72 h. The whole cell extracts from
cells harvested at various times after MNU treatment were subjected to an immunoblotting analysis using antibodies that recognize phospho-AMPKa (Thr172), AMPKa and
B-actin, respectively. (B) The relative intensities of the bands for phospho-AMPKa« (Thr172) after MNU treatment, Open circles, YT102; open squares, YT103; closed circles,
KH101. *P<0.01 when comparing the relative intensities for YT102 cells with those of the YT103 and KH101 cells at 72 h after exposure to MNU. (C) Activation of AMPK in
cells transfected with Flcn-siRNA, Two days after transfection with control or Flen-siRNA, the YT102 cells were treated with or without 1 mM MNU for 1 h. The analysis was
performed as described above. (D) The relative intensities of bands for phospho-AMPKa (Thr172) after MNU treatment. Open circles, siCont-transfected cells; closed circles,
siFlen-transfected cells. **P<0.05 when comparing the relative intensities of the control and Flen-specific siRNA-transfected cells at 72 h after exposure to MNU.

an immunoblotting analysis. As shown in Fig. 4A and B, the lev-
els of phosphorylation of AMPKw increased gradually and reached

about 2.7-folds at 72h after MNU treatment, whereas no such .

increase was observed in cells not expose to MNU. The amounts
of the AMPKa protein were almost constant under these situa-
tions.In YT103 (Mgmt~/~ MIh1~/~)cells, which are unable to induce
apoptosis due to their lack of the MIh1 gene, the increase of phos-
phorylated forms of AMPKe was hardly detectable, even after MNU
treatment. These results indicate that AMPK is activated during
the course of the induction of apoptosis, triggered in a mismatch
repair protein-dependent manner. To evaluate the effects of Mapo1
mutation on the activation of AMPK, we used KH101 (Mgmt—/-
Mapo1*/-) cells, which carry an insertional mutation in one of the
alleles of the Mapo1l gene and exhibit haploinsufficiency for the
induction of apoptosis triggered by MNU treatment [16]. Similar to
the results described above, no increase in the band corresponding
to phosphorylated AMPKo was detected even after treatment with
MNU (Fig. 4A and B). Since MAPO1 interacts with FLCN (Fig. 1), it

was supposed that FLCN might also play a role in the activation -

of AMPK during the course of apoptosis. To examine this possibil-
ity, YT102 (Mgmt=I-) cells were transfected with siRNA targeting
the Flcn gene (siFlcn#2), and then were exposed to 1mM MNU for
1h. The immunoblotting analyses of these samples collected after
incubation for 0, 24, 48 and 72h revealed that phosphorylation
of AMPKa, which occurred gradually in siCont-transfected cells,
did not take place in the siFlcn-transfected ones (Fig. 4C and D).
These results indicate that the activation of AMPK, which occurs
during the course of MNU-induced apoptosis, is dependent on the
functions of both FLCN and MAPO1.

3.5. Induction of apoptosis through activation of AMPK

~ To confirm the importance of the activation of AMPK for the
induction of apoptosis, AICA-Ribose (AICAR), a specific activator of

AMPK, was applied to YT102 cells. After treatment with a low dose
(0.2mM) of AICAR for 48 h, the viabilities of cells were analyzed,
based on the trypan blue exclusion assay. As shown in Fig. 5A, there
was a significant increase of trypan blue staining-positive cells
after treatment with AICAR in the YT102 (Mgmt—/- Mapo1*/*) cells,
whereas no such increase was observed in the Mapol-defective
KH101 (Mgmt~/~ Mapo1*/~) cells even after the same treatment. To
determine if the increase in dead cells was related to the induction
of apoptosis, the cells were subjected to an assay for mitochon-
drial membrane depolarization, which is known to occur during
the process of apoptosis. The results are shown in Fig. 5B and C. The
depolarization of the mitochondrial membrane was induced after
treatment with AICAR in YT102 cells, but not in Mapol-defective
KH101 cells. The results indicate that the function of MAPO1 is
necessary for AICAR-induced apoptosis. An immunoblotting exper-
iment, the results of which are shown in Fig. 5D, revealed that the
AICAR-treatment induced phosphorylation of AMPKa to the similar
level to that when treated with MNU, however, such an induction
did not occur in the Mapo1-defective KH101 cells. These results
suggest that the activation of AMPK is important for the induction
of apoptosis, and that a normal level of MAPO1 is necessary for the
activation of AMPK, .

We next examined if FLCN, which interacts with MAPO1, is
also required for the AICAR-induced cell death. For this study, we
applied AICAR to YT102 cells whose FLCN function was knocked
down by siRNA (siFlcn#2). As shown in Fig. 6A-C, the degree of
AICAR-induced cell death, which was accompanied by the depolar-
ization of the mitochondrial membrane, was significantly lower in
siFlcn-transfected cells as compared to that in siCont-transfected
ones. Furthermore, the AICAR-induced AMPKa. phosphorylation
was almost completely blocked in siFlcn-transfected cells (Fig. 6D).
Therefore, these results suggest that FLCN is required for AMPK
activation, as well as the cell death induced by the treatment with
AICAR.
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Fig. 5. MAPO1-dependent cell death induced by an AMPK activator. Mapol-proficient YT102 and Mapo1-defective KH101 cells were incubated in a medium supplemented
with or without 0.2 mM AICAR for two days and then harvested. (A) The viabilities of the cells. The numbers of cells stained with trypan blue (TB) were counted-and the
ratios are shown. *P<0.01 when comparing the TB-positive YT102 and KH101 cells after exposure to AICAR. (B) Depolarization of the mitochondrial membrane. The cells
were evaluated by a mitochondrial membrane depolarization assay, and representative patterns of the assay are shown. The populations of depolarized cells were gated by
bars. (C) The levels of mitochondrial membrane depolarization. The niean values obtained from three independent experiments in (B) and the standard deviations (bars) are
- presented. *P<0.01 when comparing the depolarized cells in YT102 and KH101 cells after exposure to AICAR. (D) Activation of AMPK after treatment with AICAR. The whole
cell extracts prepared from cells, treated with or without AICAR, were subjected to an immunoblotting analysis using antibodies specific for phospho-AMPKa (Thr172),
AMPKax and B-actin, respectively. ‘
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Fig. 6. FLCN-dependent cell death induced by an AMPK activator. YT102 cells transfected with control- or Flcn-siRNA were cultured with or without 0.2 mM AICAR for two
days and then harvested. (A) The viabilities of the cells. The numbers of cells stained with trypan blue (TB) were counted and the ratios are shown. *P<0.01 when comparing
the TB-positive siCont-transfected and siFlcn-transfected cells after exposure to AICAR. (B) Depolarization of the mitochondrial membrane. The cells were evaluated by a
mitochondrial membrane depolarization assay, and representative patterns of the assay are shown. The populations of depolarized cells were gated by bars. (C) The levels of
mitochondrial membrane depolarization. The mean values obtained from three independent experiments in (B) and the standard deviations (bars) are presented. *P< 0,01
when comparing the depolarized cells in siCont-transfected and siFlcn-transfected cells after exposure to AICAR. (D) Activation of AMPK after treatment with AICAR. The
whole cell extracts prepared from AICAR-treated or -untreated cells, were subjected to an immunoblotting analysis using antibodies specific for phospho-AMPKa (Thr172), -
AMPKo and B-actin, respectively.
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4. Discussion

MAPO1 was identified as one of the protein elements func-
tioning at a certain step following the induction of apoptosis [16].
In Mapo1-defective cells, mitochondrial membrane depolarization
and caspase-3 activation were not observed even after exposure
to MNU, although the cells retain the ability for mismatch repair
protein-dependent DNA damage detection and signaling. Subse-
quent studies have revealed that MAPO1 is identical to FNIP2 and
FNIPL, reported by Hasumi et al. [23] and Takagi et al. [24], respec-
tively. This protein is bound to folliculin, encoded by the FLCN tumor
suppressor gene, and AMP-activated protein kinase (AMPK). To
analyze the possible roles of folliculin and AMPK in the induction of
apoptosis, we introduced siRNAs specific for the Flen or Ampko gene
and then treated the cells with MNU. The flow cytometric analy-
ses performed to meastre the sub-G; population of cells revealed

that folliculin and AMPK, as well as MAPO1, were involved in MNU-

induced apoptosis. Taken together, these data suggest that MAPO1
forms a protein complex(es) with folliculin and AMPK, and plays a
role in a signal transduction pathway of apoptosis.

It is known that AMPK is one of the signaling kinases that nega-
tively regulates cell growth and proliferation and is phosphorylated
itself under conditions of energetic stress [26-28]. Several recent
papers have observed the pro-apoptotic potential of activated
AMPK [30-33].In thisreport, we found a gradual increase in the lev-
els of AMPK phosphorylation in Mapo1-proficient cells after MNU
treatment, implying a possible involvement of the activation of
AMPK in the MNU-induced apoptosis pathway. In Mapo1-deficient
cells, AMPK activation in this manner was hardly detectable, even
after the treatment with MNU. Furthermore, the treatment of

cells with AICAR, a specific activator of AMPK, resulted in AMPKa -

phosphorylation and mitochondrial membrane depolarization in a
Mapol-dependent manner. These findings extended onto the case
of Flcn-knockdown cells. Taken together, it is likely that MAPO1
.and FLCN positively regulate the activation of AMPK through their
mutual interaction in the apoptotic signaling pathway, triggered by
an alkylating agent. MAPO1 and FLCN proteins have been reported
to undergo some modifications in cells [17,24]. The treatment with
an alkylating agent might affect the modified states of these pro-
teins, and might cause the activation of the protein complex, thus
leading to AMPK activation. Another folliculin-interacting protein,
FNIP1, which is homologous to MAPO1, is also capable of binding
to AMPK [17]. The activation of AMPK might therefore be regu-
lated in more complex ways under the balance of MAPO1 and FNIP1
activities. ) ’
Another important problem which remains to be solved is how
the AMPK-MAPO1-FLCN complex is activated by the signal deliv-
ered from the mismatch repair protein complex, which itself is
activated through the interaction with DNA carrying base mis-
matches. The signal may be delivered by direct physical contact
between the two complexes or through the involvement of other
protein factors. The protein linking analyses, aided by mass spec-
trometry, have been performed, but no evidence to show the
physical association of the two complexes was obtained (unpub-
lished results). It seems likely, therefore, that some other protein
factor(s) might be involved in the signal transduction process. To
identify such factors, it would be relevant to extend this approach
using retrovirus-mediated gene-trap mutagenesis studies.

Germline mutations in the FLCN gene have been identified in -

patients with Birt-Hogg-Dubé (BHD) syndrome, which is an auto-
somal dominant disorder characterized by hamartomas of skin
follicles, spontaneous pneumothorax, and renal tumors {20-22].
Furthermore, BHD heterozygous knockout mice were revealed
to develop kidney cysts and tumors as they aged, while BHD
homozygous null mice displayed early embryonic lethality [34,35].
The recent findings, including this report, strongly suggest that

folliculin has physical and/or functional interactions with the
AMPK-mTOR signaling pathway [17,34,36]. Mutations in several
other tumor suppressor genes, such as LKB1, TSC1 and TSC2 [29,37],
have also been shown to lead to dysregulation of AMPK-mTOR sig-
nalingand to the development of other hamartomatous syndromes.
Our present findings that folliculin is involved in the induction
of apoptosis might shed some light on the physiological roles of
BHD/FLCN and other related tumor suppressor genes. We are cur-
rently establishing Mapol knockout mice to analyze the possible
roles of the gene in the suppression of tumor predisposition result-
ing from environmental stresses.
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OXIDATIVE STRESS-INDUCED TUMORIGENESIS IN THE
SMALL INTESTINES OF DNA REPAIR-DEFICIENT MICE

Teruhisa Tsuzuki,* Jing Shu Piao,*

Yusaku N &kabeppm

Oxygen radicals are produced through normal cellular
metabolism, and the formation of such radieals is further
enhanced by radiation and by various chemicals. Oxygen
radicals aftack DNA and i precursor nucleotides, and
consequently bases with various modifications are initro-
duced into the DNA of normally growing cells. One such
modified base, $-oxo-7, 8-dihydroguanine (8-0x0G)
highly mutagenic because of its ambiguons pairing prop-
erty. Three enzymes, MTH1, OGGI, and MUTYH'. play
important roles in avoiding 8-0xoG-related mutagenesis in
mamiatan cells (Sekiguehi and Tsuzueki 2002; Sakumi ct
Cal, 2003 Tsuzuki e al, 2061, 2007).

The authors have established an experimental system
for oxidative DNA damage-induced mutagenesis and tu-
morigenesis in the gastrointestinal racts of mice (Sakamoto
¢t al. 2007), Oral administration of an oxidizing feagent,
potassium bromate (KBrO,), effectvely induced G:C o
T:A transversions and epithelial wmors in the small intes-
tines of Munvh-deficient mice, implying the significance of
Mutyh in the suppression of muagenesis and tumorigenesis
indoced by oxidative stress, Mutation analyses were per-
formed on the tumor-assoctated genes amplified from the
intestinal tumors developed in four mutant mice that had
been treated with KBr(Q,, Many tmors had G.C o T:A
transversions in either Ape or Cinnb ], No mutations were
found in either K-ras (exon 2) or Tip53 (exon 3-8). These
findings confirm the association between MUTYH-
deficiency and the recessive form of hereditary multiple
colorectal adenomalcarcinoma  in humans, known as

; MUTYH - human pmicm in print, or gene in Dalic: Muivh -
mouse counterpants, respectively.
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I*awm et d} "O()Z} wzi%a the Lhdi acteristic tnamn G Cw
T:A transversions in the GAA sequence context. Also, these
results suggest that the abnormality in the Wit signal
transcuction pathway is causatively associated with oxida-
tive stress-induced tumorigenesis fn the small intestines of
Murvi-deficient mice. In additon. the muitiple formation of
wimnors in the small imtestines of Murvh-deficient milee provides
a suitable model system {o investigate the processes of imntes-
tinal wmorigenesis.?

Xie et al. showed that Murvli/Oggl double-deficient
mice predominantly developed lung and ovaran tumors
as well as lymphomas (Xie et al, 2004). They also
showed that 8.6% of Murvhi/Oggl double-deficient mice
exhibited adenomasfcarcinomas in their gastrointestinal
tracts, which were not observed in wild-type mice. The
current researchers and other groups have previously
reported that there was little difference in the number of
intestinal tumors in wild-type and Oggl-null mice, al-
though an Ogg! deficiency resulted in 8-0x0G buildup in
genomic DNA and an elevated mutation frequency in the
latter (Klungland et al. 1999; Minowa et al. 2000,
Sakuri et al. 2003}, Thus, the development of intestinal
wmors in- Muivi/Oggl double-deficient mice supports
the notion that having a Mutyh deficiency does indeed
increase susceptibility to intestinal tumorigenesis regard-
less of the genetic background or environmental {actors,

it is of interest that the deficiency of Mutyh bt not
Oggl makes mice susceptible w intestinal tumorigenesis,
although the deficiency of either Mutyh or Oggl in-
creases G:C w THA wansversion at almost equal fre-
quency in the small intestines of mice. It is possible that
this difference may be atributed to the additional sub-
strate; MUTYH excises 2-hydroxyadenine, an oxidized
adenine, paired with guanine, beside adenine paired with
§-oxoguanine, from DNA {Ohtusbo et al. 2000; Ushijima
et al. 2005). However. Oka et al. recently reported the
involvement of Muiyh in cell death caused by oxidative

soda et al., in preparagon.
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Fig. 1. The roles of MUTYH in the avolding mechanisms for
ROS-nduced mutagenesis and carcinogenesis. The defect in
Mutyh simultaneousty compromises both DNA repuir and cell-
death induced by oxidative DNA damage, Thus, the defect in
Mutyh makes mice highly susceptible to oxidative stress-induced
wmorigenesis. This may provide molecular bases for explaining
why amaong the factors involved in suppressing oxidutive damage-
induced mumgenesis. only MUTYH s, so fur, identified 10 be
associnted with hereditary colorectal cancers in humans,

'

DNA damage (Oka et al, 2008). Thus, the defect in
Mutyh would simultaneously compromise both DNA
repair and cefl-death induced by oxidative DNA damage
(Fig. 1), This may explain why among the factors
involved in suppressing oxidative damage-induced mu-
tagenesis only MUTYH s, so far, identified to be
associated with hereditary colorectal cancers in humans.,

Avknenviedgmenis—A pat of this text §s adopted from Extended Abstracts
- tor the Hah Imernationad Symposium of the Prin Cakamutsy Cancer
Research Fund: DNA Repair and Homan Cancers, beld in November
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Transgenic rat gene-mutation assays can be used to ass- method, mutations in reporter genes integrated in the
ess genotoxicity of chemicals in target organs for carcino- rodent chromosomes can be identified in any organs/
genicity. Since gene mutations in transgenes are genetical- tissues after the reporter genes are recovered from the

ly neutral and thus accumulate along with treatment
periods, the assays are suitable for genotoxicity risk as-

o emicals using repeated- r t . . .
sessment .f ch jend rep ted-dose treatmen genotoxic chemicals dosed via repeated-dose treatment,
methodologies. However, few studies have been conduct-

ed to examine the suitability of the assays in repeat-dose smc'e mutations can be anallyzed H% various time p‘o~1nts
treatment protocols. In order to prove the utility of the durlng: trea.tment and sampling periods (3). In add;tlon,
transgenic rat assays, we treated gpt delta rats with mutations in the reporter genes accumulate over time as
aristolochic acid at 0.3 and 1 mg/kg by gavage daily for 28 the treatments progress (4,5). It is, therefore, expected

rodent cells to bacterial cells. Transgenic gene-mutation
assays are suitable for the risk assessment of potential

days, and autopsied the rats 3 days after the final treat- that these assays enableus to assess the genotoxicity of
ment, which is a protocol recommended by the Interna- chemicals with various dose levels, dosing periods and
tional Workshop on  Genotoxicity Testing (IWGT). target organs.

Aristolochic acid exists in herbs and some other plants, Present issues to be solved for the use of transgenic

and is carcinogenic in the kidney, bladder and stomach in

rats. The mutant f(equencyl(MF) in both the kidney and the ity can be confirmed and how the dosing periods can be
liver increased significantly in a dose-dependent manner

when the rats were treated with aristolochic acid. We con- s'?andardlzed. In a. genotoxicity .assessment of 90 car-
cluded that the gpt delta rat assay is sensitive enough to cmogens, trans‘gemc gerlle_-rputatlon‘ models are Sh?‘.'vn
detect gene mutations induced by aristolochic acid and to I}ave “a high sensitivity and a good positive
also that the 28-day repeated-dose protocol is suitable for predictability (4). However, the majority of the 90 car-
assessing genotoxicity of chemicals. . cinogens assessed in that study are such strong mutagens
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ment of the method’s sensitivity.

A recent trend regarding- the use of experimental
animals in toxicological studies focuses on replacement,
reduction, and refinement (the ‘3R’ principles), and a

movement towards these ‘3Rs’ can be noted in presently

reviewed guidelines for the assessment of genotoxicity.
In addition to an in vivo bone marrow micronucleus
test, we may select one more in vivo study instead of an
in vitro study using cultured cells (6), the latter of which
shows a comparatively high false-positive rate (7). It is
now under discussion and, if conditions permit, we may
integrate the in vivo genotoxicity assessment into a
28-day repeated-dose toxicity study for example. This
approach would contribute to a reduction in the number
of animals to be used experimentally. One of the
promising candidates for the additional in vivo test is a
test using a transgenic gene-mutation assay - (8).
However, nearly 70% of studies with transgenic gene-
mutation assays have been conducted using a single dos-
ing or repeated-dosing regimen within a 5-day period
(3), and there are not enough data compiled for geno-
toxicity assessment using repeated treatment. This is
contrast to the recommended protocol by the Interna-
tional Workshop on Genotoxicity Testing (IWGT), i.e.,
autopsy and sample collection on day 3 after the com-
pletion of a 28-day repeated treatment (28 +3 protocol)
(9,10,11).

We initiated this study with the aim of testing the ade-
quacy and detection capabilities of the IWGT-recom-
mended general protocol for 28-day repeated-dose stu-
dies. For this work, we used F344 gpr delta rats, which
were developed in Japan (8,12). Aristolochic acid,
which exists in herbs and some other plants (13), was
used as the test substance, since it is genotoxic in vitro
and in vivo (14,15,16) and carcinogenic in rats (17). In
the carcinogenicity in rats, repeated treatment over 6-9
months induced tumors in the kidney, bladder, and
stomach (17). In in vivo genotoxicity studies in Big Blue
transgenic rats (18,19), aristolochic acid was dosed oral-
ly for 12 weeks at the same doses used in the carcinogen-
icity study (17) and the frequency of cII mutation in the
kidney (18,19), a target organ for carcinogenicity, and
the liver, a non-target organ, increased substantially.

In the current study, oral treatments with aristolochic.

acid increased gpt mutant frequency (MF) significantly
in the kidney and the liver of F344 gp¢ delta rats in a
dose-dependent manner, which suggests that four weeks
treatment recommended by IWGT is sensitive enough to
detect gene mutations.

Materials and Methods

F344 gpt delta rats: All animals were bred at
Japan SLC, Inc. (Shizuoka, Japan). The F344 gpt delta
transgenic rat strain was developed by backcrosses of
the original SD gpt delta transgenic rat wtih wild-type
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F344 rats. The gpt delta rat contains approximately 5 to
10 copies of the lambda EG10 transgene in chromosome
4 as a heterozygote (12). Male SD gpt delta rats were
mated with wild-type F344 females to produce heterozy-
gous F1 rats. F1 males (heterozygote for the transgene)
were then backcrossed with F344 females. After 15
backcross matings, animals were designated as F344 gpt
delta rats. ‘

Chemical: Aristolochic acid (CAS#313-67-7, puri-
ty 98%, as 8-methoxy-6-nitrophenanthro-(3,4-D)-1,3-
dioxolo-5-carboxylic acid, aristolochic acid-I) was pur-
chased from Sigma-Aldrich (Tokyo, Japan). N-Ethyl-
N-nitrosourea (ENU, CAS#759-73-9) was purchased

from Nacalai Tesque, Inc. (Kyoto, Japan). The dosing

solution of aristolochic acid was prepared by dissolving
the chemical in purified water. The dosing solution of
ENU was prepared by dissolving the chemical in saline.

Animals and treatments: The rats were used in the
experiment at 7 weeks of age, after a 1-week acclimation
period. The rats were housed individually in stainless
steel cages, with free access to tap water and a CRF-1
pellet diet (Oriental Yeast Co., Ltd., Tokyo, Japan).
The animal room conditions were maintained at a room
temperature of 2342°C, a relative humidity of 55+
10%, and a light-dark cycle of 12:12 h. The study pro-

-tocol was approved by the Animal Care and Utilization

Committee of Meiji Seika Pharma Co., Ltd. The treat-
ments were conducted in accordance with the protocol
recommended by the IWGT (9,10,11). Five gpt delta
rats per group were dosed with aristolochic acid at 0,
0.3, or 1mg/kg by gavage daily for 28 days, and

. necropsied 3 days after the final treatment for collection

of the kidney and liver. The following parameters were
monitored: clinical signs, body weight, food intake,
hematology, blood chemistry, autopsy findings, organ
weights, and histopathology. In addition, a positive
control group was given an i.p. injection of 50 mg/kg
ENU daily for 5 days, and autopsied 26 days after the fi-
nal treatment for collection of the liver. The collected
organs were immediately frozen in liquid nitrogen and
stored at —80°C. The frozen samples were sent to Kirin
Group Office Co., Ltd. (Lab. A) and Suntory Business
Expert Ltd. (Lab. B) for gpt assays.

Detection of gpt mutation: The gpr assays were
conducted in accordance with previously published
methods in Lab. A and Lab. B separately (1,20).
Genomic DNA was extracted from the liver or the kid-
ney using the RecoverEase™ DNA Isolation Kit (Agi-
lent Technologies, Santa Clara, CA) and lambda EG10
phages were recovered with Transpack® Lambda Pack-
aging Extract (Agilent Technologies). Escherichia coli
YG6020 was infected with the phage, spread onto M9
salt plates containing chloramphenicol (Cm) and 6-thio-
guanine (6-TG) (21), and then incubated for 72h at
37°C for selection of the colonies harboring a plasmid
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carrying a chloramphenicol acetyltransferase gene and a
mutated gp# gene. The mutant frequencies (MFs) of the
gpt gene in the liver and kidney were calculated by divid-
ing the number of confirmed 6-TG resistant colonies by
the number of rescued plasmids.

Statistical analysis: The data for MFs were ex-
pressed as mean=®SD. Statistically significant differ-
ences in MFs between the treated groups and the nega-
tive control were analyzed by Dunnett’s multiple test or
Steel’s test. Statistically significant differences in MFs
between the positive and negative control groups were

a) Liver

o Control
80 F 8 Aristolochic acid - 0.3 mg/kg
B Aristolochic acid - 1 mg/kg

Mutant Frequency (X10%)

-
o

0

Lab. A Lab. B

Mutant Frequency (X10°%)

analyzed by Welch’s t-test. Differences in body weight,
food intake, hematology, blood chemistry, and organ
weights between the control and treated groups were
analyzed by Dunnett’s multiple test.

Results .

gpt Mutations in the liver and kidney induced by
aristolochic acid: In order to estimate the mutagenici-
ty of aristolochic acid, gpf delta rats were treated orally
for 28 days and mutations in the liver and kidney were
analyzed in Lab. A and Lab. B (Fig. 1). Two laborato-

b) Kidney

0 Control

Aristolochic acid - 0.3 mg/kg
H Aristolochic acid - 1 mg/kg

-
w
T

-
(=]

0

Fig. 1. Comparison between two laboratories in gpf mutant frequency of aristolochic acid-treated rats (n=5) in a) Liver, b) Kidney. Values
represent mean +/—SD. *p<0.05, **p<0.01, ***p<0.001 (Steel test).

Table 1. gpt Mutant frequencies in the liver of gp? delta rats treated with aristolochic acid

Mutant frequency

Animal Total Number of
Treatment No. population mutants (%1079 Average SD
1 1,755,000 6 3.42 1.92 1.02
Control 2 1,158,000 1 0.86
: 3 1,527,000 2 1.31
(Purified water) 4 §54.000 1 153
5 813,000 2 2.46
11 606,000 5 8.25 12.28%%% 8.05
. o 12 729,000 3 4,12
Aristolochic acid i3 540,000 10 18.52
(0.3 mg/kg)
14 798,000 6 7.52
15 261,000 6 22.99
21 1,107,000 28 25.29 15.20%%* 6.25
. L 2 1,149,000 14 12.18
A”S(tf’rlgcﬁllf )md 23 888,000 15 16.89
§/%E 24 1,104,000 10 9.06
25 1,227,000 16 13.04
51 336,000 46 136.90 110.16% 26.03
L 52 447,000 44 98.43
N'Ethg’sl(')N‘m‘wS"u‘ea 53 507,000 54 106.51
mg/kg)
54 417,000 56 134.29
55 576,000 43 74.65

C *¥p<0.01, ***p<0.001 (Dunnett test), %*%p<0.001 (welch’s t-test).
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Table 2. gpt Mutant frequencies in the kidney of gpt delta rats treated with aristolochic acid

Mutant frequency

Animal Total Number of
Treatment .
No. population mutants (x 10-5)‘ Average SD
1 1,020,000 2 1.96 1.69 1.07
Control 2 921,000 3 3.26
ontro.
. 3 2,820,000 1 035
(Purified water) 4 1,656,000 2 1.21
5 597,000 1 1.68
1 1,254,000 6 478 4.82%* 1.36
. .y 12 510,000 2 - 3.92
A ot i 13 669,000 4 5.98
: 14 1,932,000 6 3.11
‘ 15 474,000 3 6.33
21 954,000 10 +10.48 9.14%%% 3.60
‘ o 2 1,965,000 19 9.67
A“S(tl‘)}ﬁ%‘; )md 23 1,719,000 9 5.24
& 24 987,000 14 14.18
25 1,797,000 11 6.12

**p<0.01, ***p<0.001 (Dunnett test).

200 r 3 Contro!
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Fig. 2. Comparison between two laboratories in gp? mutant fre-
quency of N-Ethyl-N-nitrosourea-treated rats (n=35) in liver. Values
represent mean +/—SD. ¥p<0.01, ¥8p<0.001 (welch’s t-test).

ries generated quite similar results. In the liver, the
mean numbers of gpf MFs in both Lab. A and Lab. B
were 1.92+1.02, 12.28+8.05, and 15.29£6.25 (x 105
in the groups treated with 0, 0.3, and 1mg/kg
aristolochic acid, respectively (Table 1). The numbers
of gpt MFs in the liver in the aristolochic acid treatment
groups increased in a dose-dependent manner to ap-
proximately 6.4- and 8.0-fold that in the controls, for
the 0.3 and 1 mg/kg treatments, respectively. These in-
creases in MFs were statistically significant (p =0.00054
and 0.00011, respectively).

In the kidney, the mean numbers of gpt MFs in both
Lab. A and Lab. B were 1.69+1.07, 4.82+1.36, and
9.14+3.60 (X 10% in the groups treated with 0, 0.3, and
1 mg/kg aristolochic acid, respectively (Table 2). The
gpt MFs in the kidney in the aristolochic acid treatment
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groups increased in a dose-dependent manner to ap-
proximately 2.9- and 5.4-fold that in the controls. These
increases in MFs were also statistically significant (p=
0.00843 and 0.00043, respectively).

- In the positive control group treated with 50 mg/kg
ENU for 5 days, Lab. A and Lab. B showed very similar
gpt MF in the liver of rats (Fig. 2). The gpt MF in the
liver was 110.16%26.03 (X 10°%), which was approxi-
mately a 57.4-fold increase compared with the negative
control group (Table 1). This increase in MFs was also
statistically significant (p =0.00036).

Evaluation of the toxicity of aristolochic acid: A
summary of the toxicity data generated for aristolochic
acid is shown in Table 3. No mortalities occurred at any
dose level during the dosing period. In the clinical obser-
vation, hematology, autopsy, and measurements of
body weights, organ weights, and food intakes, no sig-
nificant changes related to treatment with aristolochic
acid were found at any dose. In the blood chemistry, the
ALT value increased very slightly in the 1 mg/kg group.
In the histopathology, very slight mononuclear infiltra-
tions of the liver and very slight basophilic tubules in the
kidney were observed in both of the 0.3 mg/kg and 1
mg/kg groups.

Discussion ‘

The aim of the present study was to assess the utility
of gpt delta transgenic rats and the adequacy of the
IWGT-recommended general protocol (9) through a
genotoxicity risk assessment of aristolochic acid in the
kidney and liver of rats. Aristolochic acid was ad-
ministered orally to gpt delta rats at doses of 0.3 and 1
mg/kg for 28 days, and the animals were autopsied 3
days after the last treatment so that the liver and kidney



