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and compound [ at a retention time of 43 min. Another muta-
gen (compound ITI) was obtained from Fr. A-1-2 at a retention
time of 33 min. Fr. A-2, dissolved in 45% tetrahydrofuran, was
applied to the Luna 5 u Phenyl-Hexyl column and eluted by
the method used for Fr. A-1. Fractions with retention times
of 26-28 min were evaporated 1o dryness. The residue was
dissolved in 45% tetrahydrofuran and applied (o the Inertsil
ODS-EP column. By eluting with the gradient system used for
Fr. A-1-1, amutagen (compound [V) was isolated at a retention
time of 39 min. )

Fr. B was dissolved in 75% tetrahydrofuran and applied
to the COSMOSIL 5C;s AR-T column. The materials were
eluted with a gradient system of methanol in distilled water:
0-60min, 87%; 60-70min, a lincar gradient of 87-100%;
70-90 min, 100%, at a flow rate of 3 ml/min. Aliguots of 3 ml
were collected. Fractions with retention times of 34-37 min
were evaporated and redissolved in 45% tetrahydrofuran to
apply to the Luna 5 i Phenyl-Hexyl column. Elution was per-
formed with a gradient system of acetonitrile in distilled water:
0-60min, 62%; 60-T0min, a linear gradient of 62-100%;
70-90 min, 100%, at a flow rate of 3 ml/min. Fractions with
retention times of 42-44 min were evaporated. The residue,
dissolved in 50% tetrahydrofuran, was applied to the Inert-
sil ODS-EP column and eluted with a gradient system of
acetonitrile in distilled water: 0-60 min, 709%; 60-70 min, a
linear gradient of 70-100%; 70-90 min, 100%, at a Now rate
of 0.7ml/min. A mutagen (compound V) was isolated at a
retention time of 50 min.

All HPLC procedures were carried out at 30 C, and the
eluates were monitored for UV absorption at 254 nm using
an SPD M10Avp diode array detector (Shimadzu Co., Kyoto,
Japan). An aliquot of each fraction of the eluate was used for
mutagenicity assay.

2.4. HPLC analysis of nitroarenes

Authentic 1,6-DNF, 1,8-DNP, 3,6-DNBeP, 3,9-DNF, and
1,3,6-TNP were dissolved in ethanol and analyzed by HPLC.
Each sample was injected into the Inertosil ODS-EP column
and eluted with the following solution: 60% acetonitrile for
1,6-DNP, 1,8-DNF, 3,9-DNF, and 1,3,6-TNP; 70% acetonitrile
for 3,6-DNBcP. These five standards were also applied to the
Luna 5 j. Phenyl-Hexyl calumn and eluted under the following
conditions: 60% acetonitrile for 1,6-DNP, 1,8-DNP, 3,9-DNF.
and 1,3,6-TNF; 62% acetonitrile for 3,6-DNBeP. All HPLC
procedures were performed at 30°C. Elution was conducted
at a flow rate of 0.7 ml/min. Eluents were monitored with the
Shimadzu SPD-M10Avp diode array detector.

2.5. Spectral measurement

UV absorption spectra were measured with the Shimadzu
LC-VP HPLC system using an SPD MI10Avp diode array
detector. Electron impact mass spectra (EI-MS ) were measured
at 70 eV using a Shimadzu QP3050A mass spectrometer with
a direct inlet system.

2.6. Mutagenicity test

All of the samples were dissolved in dimethyl sulfoxide
and assayed for mutagenicity by the preincubation method
[35] using Salmonella typhimurium TA98 and TA100 [36).
The $9 mix contained 0.05 ml of S9, prepared from livers of
male Sprague-Dawley rats treated with phenobarbital and -
naphthoflavone, in a total volume of 0.5ml. The mutagenic
potencies of samples were calculated from linear portions of
the dose-response curves, which were obtained with three or
four doses and duplicate plates at each dose. The slope of the
dose-response curve was adapted as the mutagenic potency.
When the samples induced twofold increases over the aver-
age yield of spontaneous revertants and showed well-behaved
concentration-response patterns, the samples were judged pos-
itive.

2.7. Detection of mutagens in surface soils from Aichi
prefecture (Hekinan and Nagoya) and Osaka prefecture
{Tzumiotsu and Tukatsuki)

Organic extracts from surface soil samples collected in Hek-
inan in January 2001, Nagoya in January 2001, and Izumiotsu
in February 2002 were also prepared by Soxhlet extraction
[32]. In addition, soil sample was collected in Takatsuki in Jan-
uary 2003, and the organic extract (3.0 g) was prepared from
sieved soil (3.6 kg). These four Soxhlet extracts were succes-
sively fractionated with the Sephadex LH-20, silica gel, and
the Ultra pack ODS columns as described for the sample from
Kyoto, An aliquot of each fraction was examined for muta-
genicity. Mutagenic fractions from the four samples, which
corresponded to Fr. A for the sample from Kyoto, were evap-
orated to dryness. For the sample from Takatsuki, a fraction
comresponding to Fr. B of the sample from Kyoto was also
obtained. The residues were further separated by the same frac-
tionation methods, using the COSMOSIL 5C s AR-11, the Luna
5 . Phenyl-Hexyl, and Inertsil ODS-EP columns, as described
for the sample from Kyoto.

3. Results
3.1. Muragenicity of surface soil in Kyoto

Surface soil samples were collected from 11 sites in
Kyoto city and one site in its neighboring city, Muko-
machi, Fig, | shows the location of sampling sites. At
cach site, soil samples were collected twice or three times
between December 2003 and January 2006, Table 1 sum-
marizes the mutagenicity of the soil samples toward S.
typhimurium TA98 and TA100. Almost all, ie. 23225
(92%) and 24/25 (96%), samples showed mutagenic-
ity in TA98 without and with S9 mix, respectively.
On the other hand, 14/25 (56%) and 18/25 (72%) of
the samples were positive in TA100 without and with
$9 mix, respectively. Six (24%) and two (8%) sam-
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Table 1
Mutagenicilies of organi from surface soil d in Kyoto and Mukomachi cities
Site No. Sampling site Sampling date Mutagenicity (revertanta/g of soil*
TA98 TA100
~59 mix +59 mix ~89 mix +59 mix
Kyoto city
1 Sakyo Ward December 2004 3780 4930 395 801
January 2006 ND? 53 ND ND
2 Kamigyo Ward December 2003 993 675 142 276
December 2004 ND ND ND ND
3 Ukyo Ward 1 December 2003 833 407 88 150
December 2004 96 791 78 432
4 Nakagyo Ward | December 2003 10,060 857 T00 843
December 2004 157 47 ND 156
5 Nakagyo Ward 2 December 2003 3087 2237 299 616
December 2004 102 48 ND ND
6 Ukyo Ward 2 December 2003 833 407 88 250
December 2004 796 791 78 432
7 Shimogyo Ward | December 2003 448 636 12 695
December 2004 96 19 ND ND
8 Shimogyo Ward 2 December 2003 245 155 ND 199
December 2004 288 83 ND ND
9 Minami Ward 1 December 2004 2904 3546 360 1082
April 2005 5329 5363 1013 1999
January 2006 12,870 4264 2316 2,620
10 Fushimi Ward December 2003 4893 1612 601 1759
December 2004 143 67 ND ND
11 Minami Ward 2 December 2003 1184 1707 441 893
December 2004 191 51 ND ND
12 Mukomachi city December 2003 204 141 ND 345
December 2004 83 93 ND 82

* Organic extracts were obtained from 15 g of soil (<250 mm) with an ultrasonic extractor. The slope (revertants/g of soil) of the dose~response

curve was calculated by least-sg lincar regr
¥ ND=not detected.

ples showed high (1000-10,000 revertants/g of soil) and
extreme (more than 10,000 revertants/g of soil) muta-
genicity, respectively, in TA98 without and/or with S9
mix. For TA100, four samples (16%) were highly muta-
genic without and/or with 89 mix, but no sample was
extreme. Soil samples were collected three times at site
No. 9 (Minami Ward 1) and all samples showed high
or extreme mutagenicity in TA98 and TA100. Other five
samples, which showed high or extreme mutagenicity in
TA98 and/or TA100, were collected from five sites. The
highest mutagenic potency was detected for the sam-
ple collected at site No. 9 in January 2006, and the
extracts induced 12,870 revertants in TA98 per gram of
soil equivalent without S9 mix.

from the first lincar portion of the dose—response curve,

3.2. Isolation and identification of mutagens in
surface soil in Kyoto

To identify the major mutagens in surface soil, organic
extract was prepared from the soil samples collected at
site No. 9. This soil extract, which showed potent muta-
genicity in TA98 without $9 mix (13,640 revertants/mg
of extract), was fractionated by diverse column chro-
matography methods by monitoring the mutagenicity
of the fractions in TA98 without S9 mix. First, the soil
extract was applied to a Sephadex LH-20 column. Muta-
genicity was detected in several fractions, and the most
potent mutagenicity was observed in the fraction with
elution volumes of 210-330ml. This mutagenic frac-



2

g

T. Watanabe et al. / Mutation Research 649 (2008) 201-212

g

]

Revertantsffraction (X 10°)
B

120 240 360
Elution volume (mi)

(=]

o

Fig. 2. LPLC profile of mutagens in the sample collected at site No.
9, Minami Ward 1, in Kyoto. LPLC was performed on an Ultra pack
ODS column. The mutagenicity of each 6 ml fraction was assayed in
8. typhimurium TA98 without §9 mix.

tion was separated by LPLC using a silica gel column,
and fractions with potent mutagenicity were obtained at
clution volumes of 540-795 ml. Mutagenicity of these
highly active fractions eluted from the silica gel column
corresponded to 71% of the total mutagenicity of the soil
extract. This fraction was applied to an Ulra pack ODS
column for LPLC. Fig. 2 shows the mutagenicity pro-
file of the eluate. Many fractions showed mutagenicity,
and high potencies were detected in fractions with elu-
tion volumes of 18-96 ml and 156-198 ml. These two
fractions were designated as Fr. A and Fr. B, respec-
tively. The contribution ratios of Fr. A and Fr. B to the
total mutagenicity of the soil extract were 48 and 9%,
respectively.

Fr. A was further separated by HPLC using a COS-
MOSIL 5Cig AR-II column. Potent mutagenicity was
observed in fractions with retention times of 33-37 and
44-48 min, which were designated as Fr. A-1 and Fr.
A-2, respectively. Fr. A-1 was further separated on a
Luna 5 . Phenyl-Hexyl column, and two highly muta-
genic fractions were obtained at retention times of 27-29
and 36-38 min. These two mutagenic fractions, desig-
nated as Fr. A-1-1 and Fr. A-1-2, respectively, were
separated on an Inertsil ODS-EP column. For Fr. A-1-1,
UV absorption peaks, which showed potent mutagenic-
ity, were observed at retention times of 40 and 43 min,
and these peak fractions were designated as compound
I and compound II, respectively (Fig. 3(a)). In a similar
way, another UV absorption peak fraction (compound
IMT), which showed strong mutagenicity, was isolated
from Fr. A-1-2 at a retention time of 33 min, as shown
in Fig. 4(a). Fr. A-2 was also separated by HPLC on
the Luna 5 . Phenyl-Hexyl column. A highly mutagenic
fraction was obtained at retention times of 26—28 min,
and this mutagenic fraction was further separated on the

campound Ii (a)
compound | l

Absorbance al 254 nm

Retention time (min)

(b)

Absaorbance

T L) 1 L]
210 250 300 350 400 450
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Fig. 3. HPLC profile (a) and UV absorprion spectra (b and ¢) of com-
pounds [ and 1T isolated from surface soil from site No. 9, Minami Ward
1, in Kyoto. HPLC was performed on an Inersil ODS-EP column,
and eluted with the following gradient system of acetonitrile in dis-
tilled water: 0~60 min, 60%; 6070 min, linear gradient of 60-100%;
T0-90min, 100%, st a flow rate of 0.7 mVmin. UV absorption peaks

ponding to pounds | and 11 are indicated by arrows in the
HPLC profile (a). UV ab spectra of P Is 1 and 1T are
shown in (b) and (c), respectively.

Inertsil ODS-EP column, As shown in Fig. 5(a), a UV
absorption peak, which showed strong mutagenicity, was
observed at retention times of 39 min, and this mutagen
was designated as compound V.

Fr. B was applied to the COSMOSIL 5C ;3 AR-II
column, and potent mutagenicity was observed in the
fraction with retention times of 34-37 min. This muta-
genic fraction was further separated on the Luna Sp
Phenyl-Hexyl column. Resulting fractions with retention
times of 42-44 min, which showed potent mutagenicity,
was further applied to the Inertsil ODS-EP column, and a
mutagen (compound V) was isolated as a UV absorption
peak at a retention time of 50 min (Fig. 6(a)). Contribu-
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Fig. 4. HPLC profile (a) and UV absorption spectrum (b) of com-
pound I isolated from surface soil from site No. 9, Minami Ward
1, in Kyoto, HPLC was performed on an Inertsil ODS-EP column,
and eluted with the following gradient system of ile in dis-
tilled water: 0-60 min, 60%; 60-70 min, lincar gradient of 60-100%;
70-90 min, 100%, at a flow rate of 0.7 mi/min. UV absorption peak
corresponding to compound II1 is indicated by &n wrrow in the HPLC
profile (a).

tion ratios of compounds -V to the total mutagenicity
of soil extracts in TA98 without 9 mix were 3, 10, 10,
10, and 6%, respectively.

3.3. Ildentification of compounds I-V

UV absorption spectra of compounds I, IV, and V,
which are shown in Figs. 3(b), 5(b), and 6(b), were con-
sistent with those of 1,6-DNF, 1,8-DNP, and 3,6-DNBeP,
respectively. Retention times of compounds 1, IV, and V
on the Inertsil ODS-EP column were found to be the
same as those of 1,6-DNP, 1,8-DNP, and 3,6-DNBeP,
respectively. Moreover, retention times of 1,6-DNP, 1,8-
DNP, and 3,6-DNBeP on the Luna 5 p Phenyl-Hexyl
column were 28, 27, and 43 min, respectively, These
retention times corresponded to those of mutagenic frac-
tions from with compounds I, IV, and V were isolated,
As shown in Fig. 7, molecular ion peaks of compounds I1
and I1T were observed at m/z 292 and 337, respectively.
Mass spectra of compounds II and 1T were consistent
with those of authentic 3,9-DNF and 1,3,6-TNP. UV
absorption spectra of compounds II and ITI, which are
shown in Figs. 3(c) and 4({b), were consistent with those
of 3,9-DNF and 1,3,6-TNP, respectively. Retention times
of compounds IT and ITI on the Inertsil ODS-EP column

Fig. 5. HPLC profile (a) and UV absorption spectrum (b) of com-
pound TV isolated from surface soil from site No. 9, Minami Ward
1, in Kyoto, HPLC was performed on an Inertsil ODS-EP column,
und eluted with the following gradient system of itrile in dis-
tilled water: 060 min, 60%; 60-70 min, linear gradient of 60-100%;
70-90 min, 100%, at a flow rate of 0.7 ml/min. UV absorption pesk
corresponding to compound IV is indicated by an wrrow in the HPLC
profile (a),

and the Luna 5 p. Phenyl-Hexyl column were found 1o
coincid with those of 3,9-DNF and 1,3,6-TNP, respec-
tively. On the basis of these results, compounds -V
were concluded to be 1,6-DNP, 3,9-DNF, 1,3,6-TNP,
1,8-DNP, and 3,6-DNBeP, respectively. The chemical
structures of these nitroarenes are shown in Fig. 8.

3.4. Detection of nitroarenes in surface soil
collected in other prefectures

To investigate the distribution of 1,6-DNP, 1,8-DNP,
3,9-DNF, 1,3,6-TNP, and 3,6-DNBeP in surface soil in
other residential areas, organic extracts of soil samples
collected in different four cities were examined. In a pre-
vious study [32], we analyzed soil samples collected in
Tzumiotsu, Hekinan, and Nagoya between January 2001
and February 2002, which showed potent mutagenic-
ity in TA98 without S9 mix (1240-14,460 revertants/mg
of exiract), and 3,6-DNBeP was detected from all soil
samples. These three soil samples were examined for
1,6-DNP, 1,8-DNP, 3,9-DNF, and 1,3,6-TNP in this
study. The organic extract of a surface soil sample
collected in Takatsuki in January 2003 showed strong
mutagenicity toward TA98 without S9 mix (337,800
revertants/mg of extract) and was also examined for all
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five nitroarenes in this study. These four soil extracts
were fractionated by the method used for the soil sample
from Kyoto, monitoring the mutagenicity of the fractions
in TA98 without 59 mix.

Potent mutagenicity was detected in the fractions with
elution volumes similar to those of highly mutagenic
fractions for the sample from Kyoto on Sephadex LH-
20 and silica gel columns, These active fractions were
subsequently separated with the Ultra pack ODS column,
Fractions corresponding to Fr. A from all soil samples
and Fr. B from the sample from Takatsuki on the Ultra
pack ODS column showed potent mutagenicity. These
active fractions were further separated by HPLC using
COSMOSIL 5C;5 AR-II, Luna 5 p. Phenyl-Hexyl, and
then Inertsil ODS-EP columnsunder the same conditions
used for the sample from Kyoto. Potent mutagenicity
was found in the fractions corresponding to compounds
I-1V in each fractionation step for all samples. Muta-
gens corresponding to compounds [-IV were eluted at
relention times of 40, 43, 33, and 39 min, respectively,
as single UV absorption peaks on the Inerisil ODS-EP
column. The retention times and UV absorption spectra
of these peak fractions coincided with those of 1,6-DNP,
3,9-DNF, 1,3,6-TNP, and 1,8-DNP, respectively. On the

compound V

!
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Fig. 6. HPLC profile (a) and UV absorption spectrum (h) of com-
pound V isolated from surface soil from site No. 9, Minami Ward
1, in Kyoto. HPLC was performed on an Inerisil ODS-EP column,
und eluted with the following gradient system of acetonitrile in dis-
tilled water: 0-60 min, 60%; 60-70 min, linear gradient of 60-100%;
T0-90 min, 100%, at a Mow rate of 0.7 ml/min, UV absorption peak

ding to d V is indicated by an arrow in the HPLC
proﬁlc (a).

basis of these results, the mutagens corresponding to
compounds I-IV isolated from soil samples from four
cities other than Kyoto were concluded to be 1,6-DNP,
3,9-DNF, 1,3,6-TNP, and 1,8-DNP, respectively. A muta-
gen corresponding to compound V was isolated from
Fr. B prepared from the sample from Takatsuki and was
deduced tobe 3,6-DNBeP by consistency of the retention
time on HPLC using the Luna 5 . Phenyl-Hexyl and the
Inertsil ODS-EP columns and UV absorption spectrum
of the mutagen and those of the authentic compound.
The amounts of 1,6-DNP, 1,8-DNP, 3,9-DNF, 1,3,6-
TNP, and 3,6-DNBeP in soil extracts from soil samples
and their percent contributions to the total mutagenic-
ity of the extracts are shown in Table 2. The amounts
of nitroarenes were from .14 to 66.26 ng/mg of extract.
The highest levels of nitroarenes were detected in the soil
sample collected in Takatsuki. Percent contributions of
each nitroarene ranged from 0.7 to 22%. For the soil
sample from site No. 9 in Kyoto, percent contributions
of 1,3,6-TNP, and 3,9-DNF were relatively high, and
the values were the same as that of 1,8-DNP, i.c. 10%.
In contrast, for the soil sample from Takatsuki, the per-
cent contribution of 1,8-DNP was particularly high, i.c.
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Fig. 7. Electron impact mass spectra of p ds IT and TIT isolated

from surface soil from site No. 9, Minami Ward 1, in Kyoto.
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Fig. 8. Chemical structures of 1,6~ and 1,8-dinitropyrene (DNP) iso-
= mers, 3,9-dinirofluoranthene (DNF), 1.3.6-miniropyrene (TNP), and
3,6-dinitrobenzenzofe]pyrene (DNBeP).

22%, and that of 1,3,6-TNP was, the lowest, 1.e. 0.7%,
among the soil samples examined. For the sample from
Izumiotsu, the contribution of 1,3,6-TNP was relatively
low. The total percent contributions of five nitroarenes
to these five soil extracts were from 39 o 45%.

4. Discussion

In a previous study [28], we examined the muta-
genicity of 544 surface soil samples collected in
five geographically different regions of Japan, ic.
Hokkaido, Kanto, Chubu, Kinki, and Kyushu regions,
by the Ames assay using S. typhimurium TA98 and
TA100 with and without S9 mix. On the basis of
mutagenic potency, these soil samples were classified
into four levels, ie. low (up to 100revertants/g of
soil), moderate (100-1000 revertants/g of soil), high
(1000-10,000 revertants/g of soil), and extreme (more
than 10,000 revertants/g of soil). The percentage of soil
samples classified as high (n=86) and extreme (n=38)

- were 16 and 1.5%, respectively. In this study, sample

Table 2

1o the mutagenicities of organic extracts from surface soil in S. ryphimurism TAYB without S9 mix

und their ratios of ni

E

Contribution ratio (%)

Amount (ng/mg of extract)

(revertants/mg of extract)

Mutagenicity

Sampling site

136TNP  39-DNF  36-DNBeP

1,8-DNP

1.6-DNP

136TNP  39-DNF  3,6-DNBeP

1.8-DNP
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collection was performed twice or three times at 12 sites,
and 25 surface soil samples were collected. Almost all
samples showed mutagenicity in TA98 with and without
89 mix, and eight (32%) samples showed high or extreme
mutagenicity. Three soil samples collected at site No, 9
(Minami Ward 1) showed high or extreme mutagenicity
in TA98, and the other highly or extremely mutagenic
soil samples were collected at five sites. These results
suggest that surface soil was extensively contaminated
with mutagens in the residential area in Kyoto, and there
were some sites where contamination levels were high.
The pollution of surface soil at site No. 9 was thought to
be severe and persistent,

As major mutagenic conslituents, five compounds
were isolated from surface soil samples from site No. 9,
and were identified to be 1,6-DNP, 1,8-DNP. 1,3,6-TNP,
3,9-DNF, and 3,6-DNBeP. Many researchers have
reported the biological activity, including carcinogenic-
ity, of these nitroarenes, which are highly mutagenic in
TA98 without 89 mix; inducing 175,000 revertants/nmol
of 1,6-DNP [29], 257,000 revertants/nmol of 18-
DNP [29], 65,500revertantsmmol of 1,3,6-TNP
[34], 104,000 revertants/nmol of 3,9-DNF [33], and
285,000 revertants/nmol of 3,6-DNBeP [32]. 1,6-DNP,
1,8-DNP and 1,3,6-TNP showed mutagenicity at the
hypoxanthine—guanine phosphoribosyl transferase gene
locus in cultured Chinese hamster ovary cells [37] and
were mutagenic in Chinese hamster lung (CHL) cells
for the induction of diphtheria toxin resistance [38].
3,9-DNF induced chromosomal aberration in CHL
cells [39]. 1,6-DNP, 1,8-DNP and 3,9-DNF showed
carcinogenicity in experimental animals [30,31,40] and
are classified as possible human carcinogens (group 2B)
by the International Agency for Research on Cancer
(IARC) [9,41]. 3,6-DNBeP is a novel chemical and
was newly detected as a major mutagenic constituent
in surface soil [32]. Except for mutagenicity in S.
typhimurium strains, no other biological activity of
3,6-DNBeP has been reported. As 3,6-DNBeP is an
extremely potent bacterial mutagen, other biological
activities of 3,6-DNBeP, including carcinogenicity,
should be elucidated.

All five nitroarenes identified as major mutagenic
constituents in surface soil from Kyoto were found
in other highly mutagenic soil samples collected in
Aichi and Osaka prefectures. The amounts of the five
nitroarenes ranged from 0.14 to 66.26 ng/mg of extract.
The percent contributions of these nitroarenes to the
total mutagenicity of soil extracts were from 0.7 to
22%. The amounts and percent contributions of these
nitroarenes were comparable to those of 1,6- and 1,8-
DNP isomers detected in soil samples from the Kinki

Region [25]. The total percent contributions of the five
nitroarenes to these five soil extracts were from 39 to
45% in this study. The results suggest that these five
nitroarenes might be major mutagenic constituents of
the surface soil in the five residential areas investigated
in this study. Relative contribution ratios of the five
nitroarenes to the mutagenicity of the five soil sam-
ples were different among soil samples. Nitroarenes are
formed by incomplete combustion of organic matter,
such as fossil fuels. The differences of the relative con-
tributions of nitroarenes among soil samples might be
attributed 1o the combustion conditions, which affect
the formation of incomplete combustion products, such
as different fuels and combustion temperatures at the
sources of the nitroarenes. To clarify the sources, the
quantification of these nitroarenes in airborne parti-
cles over extensive areas and in exhaust particles from
potential origins such as the engines of motor vehi-
cles, incinerators, and furnaces is required, The exposure
levels of inhabitants to theses nitroarenes should be
assessed to estimate their impact on human health and
biota.
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Peroxisome proliferator-activated receptor ¢ (PPARy) is a ligand-
activated transcription factor that has been implicated in the
carcinogenesis and progression of varlous solid tumors, incuding
pancreatic carcinomas. We almed to darify the role of this receptor
in pancreatic cell motility in vitro and in metastasis in vivo. Cell
motility was ined by ying t ell migration and
wound filling in Capan-1 and Panc-1 pancreatic cancer cells, with or
without the PPARy-specific Inhibitor TDD70907, A severe combined
Immunodeficlency xenograft metastasis model was used 1o examine
the invive effect of PPARy inhibition on pancreatic cancer

t is. In both ll-migration and wound-filling assays,
inhibition of PPARy activity suppressed pancreatic cell motility
without affecting in vitro cell proliferation. Inhibition of PPARy
also suppressed liver metastasis /n vivo In metastatic mice. In
PPARy-inhibited cells, p120 catenin accumulation was Induced
predominantly in cell membranes, and the Ras-homologous GTPases
Rac1 and Cdcd2 were inactive. Inhibition of PPARy in pancreatic
cancer cells decreased cell motility by altering p120ctn localization
and by suppressing the activity of the Ras-homologous GTPases
Rac1 and Cdc42. Based on these findings, PPARy could function as a
novel target for the therapeutic control of cancer cell invasion or
metastasis. (Cancer Sci 2008; 99: 1892-1900)

ancreatic ductal adenocarcinoma is associated with one of
the highest mortality rales in patients with malignancies.'"
Because of a lack of early symptoms. PDAC is often diagnosed
only after a local mmor has disseminated and metastatic disease
has already developed in regional lymph nodes or distant organ
sites. To overcome this dismal situation, development of novel
PDAC therapies involving drugs that target disease-specific
molecules is urgently required. PPARY, a member of the nuclear
receptor family of ligand-activated transcription factors, is one
promising target for such therapies.”™
Activation of PPARY, which is expressed mainly in adipose
tissue, is known to play a central role in adipocyte differentiation
and insulin sensitivity.”” For this reason, symhetic PPARY-
activating ligands such as TZD are used commonly as oral
antihyperglycemic agents to control non-insulin-dependent
diabetes mellitus. More recently, PPARY has been investigated
as a target for the treatment of a variety of cancers.*® The fact
that PPARY is overexpressed in many tumors, including examples
in the esophagus, stomach, breast, lung, and colon, suggesis
that PPARY function impacts tumor survival.*® Inital efforts 1o
alter PPARY activity focused on activation with TZD llgands
which have been shown to induce G, cell-cycle arrest in a
variety of tumor cell lines."*!® Howewr the reported benefits of

Canceri | October2008 | vol 99 | no 10 | 1892-1900

TZD for reatic carcinoma patients in clinical trials are
modest at best."'®

Several observations suggest that inhibition of PPARY
function may be beneficial in treating neoplasms."** Alihough
PPARY is overexpressed in many cancer cell types. loss-of-function
mutations are rare,'" which s 1s that the receplor is a lumor
cell survival factor. Evidence that PPARY function can contribute
lo carcinogenesis or cancer cell survival includes reports of a
murine colon cancer model in which PPARY activation leads to
increased tumor formation. "™

Profiles of PPARY expression in a variety of human malignan-
cies, including pancreatic cancer, have been described. One
recent report showed a significant association between high
levels of PPARY ex ion in pancreatic cancer cells and shorter
overall survival time."® Prior investigations demonstrating that
PPARY inhibition induces apoptosis in epithelial tumor lines
suggest strongly that PPARY inhibition may also be beneficial
in PDAC treatment.""™*" In hepatocellular carcinoma cell lines,
PPARY inhibitors have been shown to inhibit cell adhesion and
induce morphological changes that normally occur prior to the
commitment lo apoplosis; in conlrast, caspase inhibitors do nol
prevent these changes.™ We hypothesize that PPARY inhibition
interferes with adhesion-dependent epithelial cell survival signals,
leading to cell death (anoikis). Two additional reports have shown
that high doses of PPARY inhibitors also interfere with Caco-2 cell
survival.”** The effect of PPARY inhibitors (especially at low con-
centrations) on pancreatic cancer cells has not been investigated.

Ras-homologous GTPases play a pivotal role in the regulation
of numerous cellular functions associated with malignant trans-
formation and metastasis. Members of the Rho family of small
GTPases are key regulators of actin reorganization and cell motility,
as well as cell-cell and cell-extracellular matrix adhesion. These
processes all play critical roles during the development and
progression of cancer. Because of their pleiotropic functions,
Rho proteins appear to be gu‘mmng targels for the dev nt
of novel anticancer dmgs,"** including those for PDAC.™ The
ability to modulate pathways regulated by Rho could not only
improve the therapeutic efficiency, but also reduce the side
effects of conventional antincoplastic therapies.
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The protein pl20ctn is the prototypic member of a subfamily
of armadillo repeat-domain proteins involved in intercellular
adhesion. A recent report demonstrated clearly that p120 regulates,
at least in part. the activity of Rho GTPases, and that p120
association with classical cadherins regulates their stability.™
Ectopic expression of pl20ctn has been shown to promote
cell rnigraimn and 1o induce a wide variety of morphological
changes.™

In the present study, we investigated the effects of PPARY
inhibitors on pancreatic cell lines and xenograft metastatic
tissues that function as models for PDAC. Our data demonstrate
that inhibition of PPARY in ic cancer cells decreases cell
motility by altering pl120ctn localization and suppressing the
activity of the Rho GTPases Racl and Cded2. These findings
suggest that PPARY inhibitors may improve the benefit of
current PDAC therapeutics.

Materials and Methods

Cell lines and reagents. The PDAC cell line Panc-1 was purchased
from the American Type Culture Collection (Rockville, MD,
USA). Other cell lines were provided by the Cell Resource
Center for Biomedical Research. Tohoku University (Sendai,
Japan). All cell lines were grown in RPMI-1640 (Sigma-
Aldrich, St Louis, MO, USA) supplemented with 10% fetal
bovine serum. Cells were maintained at 37°C in an atmosphere
of humidified air with 5% CO,. The PPARYy-specific inhibitor
TOO70907 and PPARY ligand msiglitnzone were purchased from
Cayman Chemical (Ann Arbor. M1, USA).

Western blot an Adherent cells were washed in phosphate-
buffered saline, and cell extracts were prepared in Laemmli lysis
buffer. Protein concenirations were measured using Bio-Rad
Protein Assay Reagent (Bio-Rad. Richmond, CA, USA) following
the manufacturer’s suggested procedure. After electrophoresis of
extract aliquots (20 pg protein) on 10% sodium dodecylsulfate—
polyacrylamide gels, proteins were transferred to nitrocellulose
membranes (Millipore, Bedford, MA. USA), blocked at room
temperature for | h in Tris-buffered saline with 5% bovine
serum albumin, and then incubated with primary lonal

Cell-motility assays. Motility was assessed by migration of
cells in porous-membrane cullure insents (8.0-pum pore size;
Becton Dickinson). After 24 h of incubation, cells that did not
migrate were removed from the upper surface of the membrane
with a cotton swab, and migrating cells on the lower surface of
the membrane were fixed and stained with toluidine blue.
Mlgnlug cell counts were estimated from counts of three
ind dent microscopic visual fields (x100). To estimate
cell-migration activity during wound healing, cells were grown
for 2 days (to conﬂucncy). after which a scrape in the form of
a cross was made through the confluent monolayers with a
plastic pipetie tip. To measure migration, several wounded
areas within each plate were marked for orientation and then
photographed periodically by phase-contact microscopy for 24 h
after wounding

Inhibition nf Mr function using siRNA. PPARY siRNA was
purchased from Santa Cruz Biotechnology. Panc-1 and Capan-1
cells at 709 confluence were transfected with PPARy siRNA
using Lipofectamine 2000 (Invitrogen, Carisbad. CA, USA) in
accordance with the manufacturer’s ocol. The cells were
treated with 10 nmol/L. PPARY siRNA for 24 h. Stealth RNAi
Negative Control Medium GC (Invitrogen) was used for control
specimens. Using real-time reverse transcription—polymerase
chain reaction to measure steady-state mRNA levels in cells,
PPARy-specific siRNA was found to inhibit PPARY cxpression
to levels less than 309% of those in control cells (data not
shown).

Measuring the effect of T0070907 on PPARy-dependent transcription.
Capan-| cells transfected with plasmid encoding a PP.
element fused 1o a luciferase reporter (pHD[x3]PPRE-Luc) were
stimulated as described previously with | pmol/L rosiglitazone
and various concentrations of TOO70007.%" Luciferase activity
was measured 16 h after transfection. Because Renilla luciferase
control plasmids are sensitive to nemdh'cl:mdfmlmd nuclear—
recepior stimulation, variability in transf efficiencies (<20%)
were assessed in experiments using the pRL-TK plasmid
(Promega, Madison, W1, USA),

Immunofiuorescence staining. Cells (5 % 10° per well) were grown

antibody for 1 h. Anti-PPARY antibody (E-8) was purchased
from Santa Cruz Biolechnology (Santa Cruz, CA. USA);
monoclonal antibodies against p120ctm and Racl were obtained
from BD Transduction Laboratories (Palo Allo, CA, USA).
After three washes the membranes were incubated for | h at
room temperture with secondary antibody, and immune complexes
were visualized using the enhanced chemiluminescence detection
kit (Amersham. London. UK) following the manufacturer’s
procedure. Images were captured and analyzed using a LAS-
3000 imaging system (Fujifilm, Tokyo. Japan). The ProteoExtract
Subcellular Proleome Extraction Kit (EMD Biosciences.
Darmstadt, Germany) was used for the preparation of cytosolic
protein extracts.

Cell proliferation and apoptosis assays. Cell proliferation was
measured using MTT assays.”” Approximately 5 x 10" cells in
100 pL. medium were plated per well in a 96-well plate. After
24 h incubation. the medium was and supplemented
with various concentrations of TO070907 in dimethylsulfoxide,
and the cells were incubated for another 2472 h. After incubating
the plates for an additional 4 h with MTT solution (0.5%),
sodium dodecylsulfate was added to a final concentration of
20% and absorbance at 595 nm was determined for cach well
using a microplate reader (Model 550: Bio-Rad). Control wells
were treated with dimethylsulfoxide alone. Three independent
experiments were carried out for each cell line. Annexin V
staining with the annexin V-FITC osis detection kit
{Becton Dickinson, San Jose, CA, USA) followed by FACScan
flow cytometry (Becton Dickinson) was used to identify apoptotic
cells. Apoptosis measures were carried out in triplicate.

Nakajima et al.

on collagen-1coated glass coverslips in six-well flat-bottom
plates for 24 h, After 24 h incubation, TOO70907 was added to
a final concentration of 0.1 pmol/L and the cells were grown
for an additional 24 h. The cells were then fixed in 4%
par Idehyde followed by 100% ethanol at -20°C. After
permeablllznlion with 0.1% Triton-X, non-specific binding of
antibody to the cells was blocked with 2% normal swine serum.
Cells were incubated subsequently with anti-p120 catenin
antibody followed by FITC-labeled secondary antibody. Samples
were then mounted using Vectashield (Vector Laboratories,
Burlingame, CA, USA) and examined using confocal laser-
scanning microscopy (Carl Zeiss, Oberkochen. Germany). All
experiments were repeated in triplicate.

Measurement of Rac-1 and Cded2 activities. GST pull-down assays
using a Rac-1/Cde42 activation kit were used lo evaluale
Rac1/Cded2 activities according to the manufacturer’s protocol
(Stressgen, Ann Arbor, M1, USA). Briefly, we used a GST fusion
polypeptide composed of GST fused 1o the interactive domain
of human p2 l-activated kinase-1. which interacts specifically
with GTP-bound Cdc42 and Racl GTPases.*™ The GST fusion
target was incubated with cell lysates and then applied to
GST-specific beads to estimate the relative abundance of active
Cde42 and Racl. Bound Racl and Cde42 proteins were resolved
on 12% denataring polyacrylamide gels and distinguished by
westem blotting using antibodies specific to each protein. The
amount of active GTP-bound enzyme was quantified relative 1o
the total amount of each GTPase present in whole unprecipitated
cell lysates. The experiments were carried out six limes.

In vivo metastasis study. Five-week-old male SCID mice were
obtained from CLEA Japan (Tokyoe, Japan) and maintained in a

Cancer Sci | October2008 | vol.99 | no. 10 | 1893
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(a)

1. of p L proliferator-activated receptor ¥
ARY in pancreatic cancer cells. (l] Western blots showing PPARy
muloﬂhvarlous ti du(ul ok arcinoma allﬂnﬂ.u
well as a glycerak t d (GAPDH) i
control. uunumrmmh staining of (b) normal ductal -pm-ulm
(left and right panels) and (<) pancreatic ductal adenocarcnoma (left
and right panels) with anti-PPARy antibody. Arrows mark staining of
normal pancreatic ductal epithelium in (b) and ductal
adenocarcinoma in (d).

specific pathogen-free environment. Experiments were carried
out according to the guidelines of Yokohama City University.
Six-week-old mice were used in this experiment. To assay
metastatic capability, viable cancer cells were suspended in
serum-free medium. and 20-pL aliquots of cell suspension
containing 2% 10f cells were inoculated infto the spleens of

1D mice under anesthesia. After inoculation. the mice were
randomized into two treatment yo%;n = 6) and one control
group (n =6). Administration of 0907 (5 mg/kg/day) to
each treatment began | day after cell inoculation and
continued daily for 4 weeks, Four weeks after inoculation, the
mice were killed and autopsied immediately. Liver metastasis
was measured by counting macroscopic lesions. and measuring
them to calculate tumor volume:

length/2 x widih/2 x height/2 x 4/3 x n.*%

Examination of hematoxylin—eosin-stained sections of each
lesion resulted in assessments of histopathological alterations in
liver metastases.

Results

Expression of PPARy In pancreatic ductal adenocarcinoma cells.
Western blotting of PPARY with the ES antibody revealed a
specific band between 50 and 60 kDa present in all PDAC cell
lines examined lFig 1a). Among these lines, steady-state levels
of PPARY protein were highest in Capan-1 and HPAK cells,
and lowest in Panc-1 and HS766T cells. Immunohistochemical
staining with a PPARy-specific antibody demonsirated that
PPARY expression in PDAC tissues (Fig. I¢) was similar 1o
normal pancreatic ductal epithelium (Fig. 1b).

Peroxisome proliferator-activated t inhibitors reduce
migration of PDAC cells. The effect of the PPARY antagonist

1894

TOO70907 on PDAC cell migration was measured using in vilro
wound-filling assays. The migration of wounded cells treated
with TOO70007 was inhibited significantly (Fig. 2a.b) relative 1o
untreated, wounded Panc-1 and Capan-1 cells. Among cells
transfected with PPARY siRNA to reduce PPARY expression
levels, Capan-1 cell migration was more severely inhibited than
Panc-1 (Fig. 2¢.d). These results indicate that chemical inhibitors
or inhibitory siRNA molecules that reduce PPARY activily lead
to inhibition of wound filling. Migration of Capan-1 and Panc-1
cells in the absence or presence of several concentrations of
TOOTON0T were also measured in 24-h transwell migration
assays (Fig. 3). In both cell lines, the of TOO70907
reduced cell migration significanly and in a dose-dependent
manner (Fig. 3ac). Reduced migration of cells with PPARY
siRNA relative o unireated controls (Fig. 3bd) demonsirates
that transwell migration is inhibited specifically by a reduction
in PPARY activity.

Effect of PPARy inhibitor on cell proliferation and apoptesis. To
investigate whether chemical inhibition of PP, affects cancer
cell proliferation and apoplosis. we used assays 1o
measure cell proliferation and apoptosis in cultured Panc-1 and
Capan-1 PDAC cell lines. No significant changes in cell
proliferation (Fig. 4a.b) or apoptosis (Fig. 4c.d) were observed
in TOO70907-treated versus untreated PDAC cells. These results
demonstrate that suppression of cell proliferation or apoptosis s
nol_necessarily consequent to TOOT70907-mediated suppression
of PDAC cell motility.

Inhibition of PPARy alters the subcellular localization of p120ctn,
Association of pl20ctn with the intracellular domains of
cadherins promotes cell-cell adhesion and cell motility by
regulating the activation of Rho GTPases.”™™ Because
cyloplasmic p120ctn is the only known activator of Rho GTPases
that functions in cell motility, the ratio of cadherin-bound
p120ctn to p120ctn in the cytplasmic pool is an important factor

ulating motility. To examine the involvement of pl20cin in

“mediated  suppression of cell motility, we used
immunocytochemical analyses to examine the subcellular
distribution of pl120ctn in PDAC cells. In TOOT0907-treated
Capan-1 cells, p120ctn was found predominantly on the plasma
membranes (relative 10 more free pl20ctn in the cyloplasm of
untreated cells) (Fig. 5a). In contrast, there were no significant
changes in the distribution of pl20ctn in TOO70007-treated
Panc-1 cells (data not shown), The intracellular distributions of
PPARY and p120ctn did not overlap (merged) (Fig. 5a).

Although western blots of fractionated cells revealed that
cytoplasmic pl20ctn levels decreased in TOO70007-treated
Capan-1 cells (Fig. 5b), no significant change in distribution
was observed between untrented and treated -1 cells (data
not shown). These results indicate that in Capan-1 cells, PPARY
inhibition increases the relative amount of cadherin-bound
pl20ctn. We speculate that relutively low levels of PPARY
expression in Panc-1 cells may confound our ability to measure
any similar change in p120ctn subcellular localization following
TO070907 weatment. To investigate whether PPARY activity in
Capan-1 cells is inhibiled by low concentrations of TO070907,
the effect of a range of TOO70907 concentrations on PPRE-
dependent transcription was measured (Fig. 5¢). With 0.1 pmoV/L
TO070907, PPRE-dependent transcription in Capan-1 cells was
inhibited to approximately hall maximum.

Peroxisome r-activated receptor y Inhibitor suppresses
the activity of Rac-1 and Cdcd2, Previous reports suggest that
p120ctn affects cell motility in association with Rac] and Cdc42
Rho GTPases. ™™ The activities of Racl and Cdcd2 GTPases
were measured in lysates of T0070907-treated and -untreated
Capan-1 cells using a GST pull-down larget that interacts
specifically with active GTPases. In TO0O70907reated cells. we
observed a significant decrease in the percent-active fractions of
Racl and Cdc42 GTPases (Fig. 6),

dol: 10.1111].1349-7006.2008. 00904 X
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Fig. 2. Peroxisome proliferator-activated

t (PPARy) inhibition reduces the mﬁ-ﬂllw
abllity of PDAC cells. Wound-filling assays in (a)
Capan-1 and (b) Panc-1 cells treated with various
concentrations of T0070907 for 24 h. In both
lines, all concentrations of PPARY inhibitor result
in slower cell migration into wound areas. (c)
Capan-1 and (d) Panc-1 cells transfected with
PPARy small interfering RNA (sIRNA) also migrated
more slowly into wound areas than cells

Peroxisome proliferator-activated receptor y inhibitor reduces liver
metastasis in a mouse xenograft model. To investignte whether
PPARY inhibitors affect metastatic cell spreading. we tested
the ability of T0O070907 to reduce metastatic tumor formation
in a Capan-1/SCID mouse xenograft model. Capan-1 cells
were injected into the spleens of SCID mice, and the number
and size of metastatic lesions in livers were measured after
4 weeks (Fig. 7). Mice treated orally with 5 ay of
TO070907 contained  (wo-thirds fewer metastatic  foci
(P < 0.05), with an average tumor volume of only 12% of
tumors in control mice (P < 0L035) (Table 1). Serum r-alanine
aminotransferase (ALT) levels were within the normal range
in the all mice (Suppl. Fig. S1).

Nakajima et al.

Discussion

We demonstrated that levels of PPARY expression vary
pancreatic adenocarinoma cell lines (Fig. 1) and tested the effect
of the PPARy-specific inhibitor T0O70007 on PDAC cells. In
Capan-1 and Panc-1 cells, both TOO70907 and PPARY siRNA
smased cell motility, migration, and invasion, but did not
i cell proliferation (Figs 2-4). These results suggest strongly
that PPARY plays a crucial role in PDAC cell motility. migration.
and invasion. Elucidating the mechanism that underlies cell
motility is of clinical importance as a means for controlling
tumor cell invasion. dissemination, and metastasis in patients
with pancreatic cancer.

Cancersd | Octobar2008 | vol99 | no 10 | WS
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Table 1. Effects of peroxisome proliferator-activated receptor y inhibitor (TO070907) on liver metastasis of Capan-1 cells

Number of metastatic colonies (mean £ 50) Total tumor volume (mm’) (mean + SD)

Incidence

Vehicle 3.50 £ 1,05 7386 + 84157

T0070907 (5 mgikg/day) 1.00 £1.27 868+ 173.2
P<005 P<0.05

Capan-1 cells were Injected into the spleen of male severe combined immunodeficiency mice. One day after injection, three groups (n = §) were
randomized into vehicle or § mg/kg/day T0070907. After 4 weeks, livers were harvested, and the number of metastases and total tumor volume

of all metastatic lesions was determined.

Following treatment with TOO70007 PPARY inhibitor, p120ctn  adhesion.™ p120cta is known 1o also regulate actin leton
was found predominanily in Capan-1 cell membranes. Recent reports  configuration. We did not observe colocalization of PPARY and
demonstrate that p120cin associates with all classic cadherin  pl20ctn expression in PPARY inhibitor-treated or -untreated cells.
subtypes. and is involved in the regulation of cell motility and cell  indicating that PPARY may not interact directly with pl20ctn.

dok 10.1111.1349-7006.2008.00904.x
© 2008 Japanese Cancer Asoclation
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Fig.4. Effect of a peroxisome proliferator-
activated receptor y {(PPARY) Inhibitor on cell {dy control Tooroear
proliferation and apoptosis in PDAC cells. Cell ® T 5
prolif v was  calculated from 34,5 H
dimethylthiazol-2-yl}-2,5-diphenyltetrazollum % Py
bromide (MTT) assays. (a) Panc.1 and (b) Capan- 23 05% 14% =

1 cells treated with 1.0 pmolA. TOO70907 for 24, 48,
and 72 h showed no significant change in MTT
values relative to control cells (y-axis values

Pl

represent the ratio of MTT optical density readings
from treated and untreated cells columns
represent ratio mean + SD). Apoptotic cell counts
were measured fluorescence activated cell
sorting (FACS) after treatment of (c) Panc-1 or
(d) Capan-1 cells without or with 1.0umoll
T0070907 for 24 h. TOO70907 treatments did not
result in any significant changes In the percentage
of apoptotic cells.

Ras-homelogous GTPases, which localize 10 membranes in o
GDP-bound state, are activated 1o a GTP-bound stale upon
stimulation of cell-surface receptors. Upon activation, Rho GTPases
bind effectors that trigger specific cellular responses. As Rho
proteins are known to play essential roles in signaling events that
regulate cadherin-dependent motility. specific inhibitors of individ-
unl Rho functions (notably RhoA-, RhoB-, Racl-, or Cded2-related
functions) could provide therapeutic benefits in controlling
cancer melastasis. Indeed, compounds developed as specific
inhibitors of the RhoA-effector molecule Rho-Kinase have
been demonstrated to exert antimetastatic activity in vivo,2%

The inactivation of Racl and Cded2 that we observed in
response to PPARY inhibition indicates that these molecules
are involved in PPARYy-medisted PDAC cell motility. We also
demonstrated liver metastasis inhibition in response 1o PPARY
inhibition in an in vive metastatic model. Previous reports have
demonstrated an induction in apoptosis in response to PPARY
inhibition in other epithelial tumor lines.""**" Anoikis. which is
a loss of adhesion-induced apoptosis. was also reported in
response 1o PPARY inhibition by TOO70907: however, concen-

MNakajima et al.
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trations greater than 10 pmol/L TOOT0907 have been shown to
be required 1o induce ancikis in a variety of carcinoma cell
lines. In the present study, we observed a significant inhibitory
effect of TOOT0907 on cell migration at much lower TOOT0907
concentrations (0.01-1 pmol/L: Fig. 5¢) that had no effect on
cell proliferation or cell death as measured in MTT and apoptosis
assays (Fig. 4). Our findings at low concentrations of TOO70907
sugeest that inhibition of cancer cell migration is due 1o the
specificity of TO070907s pharmacological effect on PPARY,
and not by anoikis, which is induced at higher concentrations of
PPARY inhibitor. The relatively low concentrations of TOOT0007
required for inhibition and the dosc-dependent effect of the
inhibitor on cell migration make it unlikely that inhibition was
non-specific.

Transwell migration and wound-filling assays in both Capan-1
and Pane-1 pancreatic cancer cell lines demonstrated the inhibi-
tory effects of PPARY on cell motility in vitro. In contrast, the
effects of PPARY inhibitor on pl20ctn subcellular localization.
and on Racl and Cded42 GTPase activities. were exclusive to
Capan-1 cells. and not seen in Panc-1. We speculate that relative

CancerS¢<i | October2008 | vol 99 | no. 10 | 1897
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Fig. 5. Peroxksome proliferator-activated receptor
Y (PPARY inhibitor TOD70907 affeds the
llular localization of p120 in (p120ctn)
In Capan-1 cells. (a) The subcellular distribution
of pl120ctn In Capan-1 control cells of those
treated with 0.1 or 1.0 pmollL TOO70907 were
compared following immunostaining  with
antip120ctn (red) and anti-PPARY (green). Although
p120ctn accumulated in the cytoplasm of vehicle-
treated cells, it localized predominantly to cell
membranes In T0070907-treated Capan-1 cells.
Merged Images of PPARy and pl20ctn
immunohistochemical staining patterns show no
colocalization. (b) Western-blot analsk of
cytosolic protein extracts with p120ctn antibody
and aldehyde-3-phosphate dehydrogenase
(GAPI control antibody. TO070907 treatment
resulted in reduced signal strength from the
cytosolic p120ctn band. Changes in the ctosolic
p120ctn expression can be seen by the reduction
in the ratio of pl20ctn:GAPDH signal. Bars
represents the mean ratio of pl120:GAPDH
signal strength £ SD. *P < 0.05. (<) Capan-1 cells
transfected with a PPARy-resporse eclement
(PPRE)-luciferase reporter plasmid were stimulated
with 1 mmold rosiglitazone (synthetic ligand of
PPARY) in the presence of concentrations of
TOO70907 shown. Luciferase activity was
after 16 h of treatment. Bars represent relative
PPRE activity as measured by the ratio of PPARy-
dependent luciferase activity in treated cells
relative to untreated cells.

Fig. 6. Effect of the peroxisome proliferator
activated receptor 1 (PPARY Inhibitor TOOT70907
on the activity of Rac-1 and Cdcd2 GTPases In
Capan-1 cells. GTPase activity for Rac-1 and Cdcd2
was measured using GST pull-down assays that
are capable of distinguishing the percentage of
the active fraction (relative to total) of Rac-1 and
Cdcd2 in lysates of Capan-1 cells. Treatment with
10070907 (0.1 and 1.0 pmol/l) resulted In a
significant decrease In the percentage of active
Rac-1 and Cdcd2. Each column represents the
mean + 5D, The experiments were carried out six
times. *P < 0.05.
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Fig. 7. Peroxisome proliferator-activated receptor y (PPARY) Inhibitor
TO070907 reduces the number and volume of metastases in a murine
xenograft model. Numbers and areas of metastases (arrows) In the liver
dﬁcmd markedly In mice treated with TO070907 relative to control
mice.
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1o Panc-1 cells, steady-state levels of PPARY in Capan-| cells
are much higher (Fig. la), which may contribute to these dis-
crepancies. This hypothesis is supported by a recent clinical
report in which a significant positive association was measured
between high levels of PPARY expression in pancreatic cancer
cells and shorter overall survival time'® Further investigation will
be required 1o better understand the mechanism of PPARY inhibi-
tion of pancreatic cancer cell motility, invasion, and metastasis.
In conclusion, we have demonstrated that inhibition of PPARY
in pancreatic cancer cells decreases cell motility by altering
pl120ctn localization and suppressing Racl and Cde42 Rho
GTPase activities. PPARY could function as a novel therapeutic
target for controlling cancer cell dissemination or metastasis.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. Serum levels of alanine aminotransferase (ALT) in the TO070907-treated metastatic model mice. There was no liver injury at this dose of
TOO70907.
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Colorectal cancer

Adiponectin suppresses colorectal carcinogenesis
under the high-fat diet condition

T Fujisawa," H Endo,' A Tomimoto,' M Sugiyama,' H Takahashi,' S Saito,' M Inamori,'
N Nakajima,?2 M Watanabe,® N Kubota,* T Yamauchi,* T Kadowaki,* K Wada ®

H Nakagama,® A Nakajima'

ABSTRACT

Background and aims: The effect of adiponectin on
colorectal carcinogenesis has been proposed but not fully
investigated. We investigated the effect of adiponectin
deficiency on the development of colorectal cancer.
Methods: We generated three types of gene-deficient
mice (adiponectin-deficent, adiponectin receptor 1-
deficient, and adiponectin receptor 2-deficient) and
investigated chemicalinduced colon polyp formation and
cell proliferation in colon epithelium. Westam blot analysis
was performed to elucidate the mechanism which
aftected colorectal carcinogenesis by adiponectin defi-
wency.

Results: The numbers of colon polyps were significantly
increased in adiponectin-deficient mice compared with
wild-typa mice fed a uigh-fat diet. However, no difference
was observed between wild-type and adiponectin-
deficient mice fed a basal diet. A significant increase in
cell proliferative activity was also observed in the colonic
epithelium of the adiponectin-deficemt mice when
compared with wild-type mice fed a high-fat diet;
however, no difference was observed between wild-type
and adiponactin-deficient mice fed a basal diet. Similarly,
an increase in epithelial cell proliferation was observed in
adiponectin receptor 1-deficient mice, but not in
adiponectin receptor 2-deficent mice. Westam blot
analysis revealed activation of mammalian target of
rapamycin, p70 SB kinase, SB protein and inactivation of
AMP-activated proten kinase in the colon epithelium of
adiponectin-daficient mice ted with high-fat diet.
Conclusions: Adiponectin suppresses colonic epithelial
profiferation via mhibition of the mammalan target of the
rapamycin pathway under a high-fat diet, but not under a
basal diet. These studies indicate a novel mechanism of
suppression of colorectal carcinogenesis induced by a
Westem-style high-fat diet.

Adipose tissue produces and secretes several bicac-
tive substances'* known as adipocytokines, and
obesity 15 an important nsk factor for many human
diseases, including colorectal cancer and diabetes
mellitus * * Several case-control studies have shown
that high-fat diets may promote the development of
colorectal cancer,” and the results of animal expen-
ments suggest the existence of a link between fat
intake and colorectal cancer’. Adiponectin is mainly
secreted by adipocytes’ and is a key hormone
responsible for insulin sensitisation * ' While adipo-
nectin protein is abundantly found in the plasma of
healthy human subjects," adiponectin mRNA levels
in the adipose tissue and plasma are dramatically
decreased in patients with obesity and/or rype 2
diabetes mellitus." * Because both obesity and type

Gut 2008,57:1531- 1538, dot 10.1136/gut 2008, 159293

2 diabetes have been reported to be associated with
an elevated risk of colorectal cancer,' * we hypothe-
sised that the plasma level of adiponectin may be
related to the risk of colorectal cancer.

Several contradictory results have been reported
from human clinical studies on the relationship
between the plasma levels of adiponectin and the
nisk of colorectal cancer.' "™ While some dinical
studies have been conducted in humans, no studies
investigating the relationship between the plasma
levels of adiponectin and the risk of colorectal
cancer have been reported in animal models.
Therefore, the mechanism underlying the promo-
tion of colorectal carcinogenesis by adiponectin
deficiency still remains unclear.

It is now well known that the adiponectin
receptor exists in two isoforms: adiponectin
receptor 1 (AdipoR1), which is abundantly
expressed in the skeletal muscle; and adiponectin
receptor 2 (AdipoR2), which is predominantly
expressed in the liver.” These receptors mediate
the enhanced activation of AMP-activated protein
kinase (AMPK) and the peroxisome proliferator-
activated receptor = (FPARa), as well as the
increase in fatty-aad oadation and glucose uptake
induced by adiponectin* *!

Recently, involvement of the AMPK/mamma-
lian target of rapamycin (mTOR) pathway m the
development of various types of cancer has
attracted attention ** The important wle of
mTOR in mammalian cells is related to its control
of mRNA translation. The targets for mTOR
signalling are proteins involved in controlling the
translational machinery, incuding the ribosomal
protein 56 kinases and $6 proteins that regulate the
initiation and elongation phases of translation.® *
With regard to the upstream control, mTOR is
regulated by signalling pathways linked to several
oncoproteins or tumour suppressors, including
AMP-activated protein kinase (AMPK) ¥ mTOR
is located at the intersection of major signalling
pathways and is believed to be capable of integrat-
ing a large panel of stress signals, including
nutrient deprivation, energy depletion, and oxida-
tive or hypoxic stresses. In particular, AMPK
actvation has been reported to directly inhibit
mTOR™ and suppress cell proliferation.

Using adiponectin-deficient mice (KO) we there-
fore investigated whether adiponectin deficiency
might promote the development of colorectal
cancer, and examined the involvement of the
AMPK/mTOR pathway in the effect of adiponec-
tin on colon carcinogenesis.
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