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Additional File 2. RF Dotchart of variable importance for vehicle control vs. MGT-treated group.

Additional File 3. Information of the authentic DNA adducts.

Precurser Product
Adduct . Ref. Na22.9898 K 39.0983 NH; 18.0379
M+ H) (Deoxyribose Loss)

5-MedC 242.1140 126.0666 - 264.0960 280.2045 259.1441
du 229.0824 113.0350 [36] 251.0644 267.1729 246.1125
dl 253.0936 137.0462 [36] 275.0756 291.1841 270.1237
dX 269.0886 153.0412 [36] 291.0706 307.1791 286.1187
do 269.0886 153.0412 [36] 291.0706 307.1791 286.1187
8-Oxo0-dG 284.0994 168.0520 [37] 306.0814 322.1899 301.1295
Sp 300.0944 184.0470 [38] 322.0764 338.1849 317.1245
Gh 274.1151 158.0677 [38] 296.0971 312.2056 291.1452
Iz 229.0937 113.0463 [38] 251.0757 267.1842 246.1238
Oz 247.1042 131.0568 [39] 269.0862 285.1947 264.1343
FapyG 286.1151 170.0677 [39] 308.0971 324.2056 303.1452
Oxa 249.0723 133.0249 [38] 271.0543 287.1628 266.1024
Cyclo-dG 266.0889 150.0415 [40] 288.0709 304.1794 283.1190
Cyanuric acid 246.0726 130.0252 [38] 268.0546 284.1631 263.1027
CAC 288.0944 172.0470 [41] 310.0764 326.1849 305.1245
HICA 277.0672 161.0198 [41]} 299.0492 315.1577 294.0973

8-OH-dA 268.1046 152.0572 [39] 290.0866 306.1951 285.1347
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Additional File 3. Cont.

, Precurser Product k
Adduct Ref. Na22.9898 K 39.0983 NHs 18.0379
(M + H) (Deoxyribose Loss)
2-OH-dA 268.1046 152.0572 [42] 290.0866 306.1951 285.1347
FapydA 270.1202 154.0728 [39] 292.1022 308.2107 287.1503
Cyclo-dA 250.0940 134.0466 [39] 272.0760 288.1845 267.1241
5-OHdC 244.0933 128.0459 [39] 266.0753 282.1838 261.1234
5-HmdU 259.0930 143.0456 [39] 281.0750 297.1835 276.1231
FodU 257.0773 141.0299 [391 279.0593 295.1678 274.1074
Tg 277.1036 161.0562 [39] 299.0856 315.1941 294.1337
d(G[8-5]C) 555.1353 439.0879 [43] 515.1615 531.2700 510.2096
d(G[8-3]T) 508.1792 392.1318 [44] 530.1612 546.2697 525.2093
d(G[S—Sm]T) 508.1792 392.1318 [45] 530.1612 546.2697 525.2093
sdA 276.1096 160.0622 [39] 298.0916 314.2001 293.1397
edC 252.0984 136.0510 [391 274.0804 290.1889 269.1285
€SmdC 266.1100 150.0626 [46] 288.0920 304.2005 283.1401
&dG 292.1046 176.0572 [39] 314.0866 330.1951 309.1347
M1dG 304.1046 188.0572 [39] 326.0866 342.1951 321.1347
5,6-dihydro-M1dG  306.1202 190.0728 [47] 328.1022 344.2107 323.1503
PdG 308.1359 192.0885 [39] 330.1179 346.2264 325.1660
6-0x0-M1dG 320.0995 204.0521 [48] 342.0815 358.1900 337.1296
MDA-dA 306.1202 190.0728 [49] 328.1022 344.2107 323.1503
MDA-dC 282.1090 166.0616 [49] 304.0910 320.1995 299.1391
8-OH-PdG 324.1307 208.0833 [501 346.1127 362.2212 341.1608
6-OH-PdG 324.1307 208.0833 [50] 346.1127 362.2212 341.1608
propano-dA 308.1359 192.0885 [51] 330.1179 346.2264 325.1660
propano-dC 286.1403 170.0929 [511*  308.1223 324.2308 303.1704
propano-5MedC 300.1560 184.1086 [511*  322.1380 338.2465 317.1861
FDP-dG 362.1465 246.0991 [521*  384.1285 400.2370 379.1766
a-Me-y-OH-PdG
(R- or S-a-Me-y- 338.1464 222.0990 [50] 360.1284 376.2369 355.1765
OH-CRA-dG) ‘

Croton-dA 322.1516 206.1042 [50]*  344.1336 360.2421 339.1817
Croton-dC 300.1560 184.1086 [50]*  322.1380 338.2465 317.1861
Croton-5MedC 314.1717 198.1243 [50]*  336.1537 352.2622 331.2018
ICL-RD 589.2483 473.2009 [53] 611.2303 627.3388 606.2784
ICL-R 587.2326 471.1852 [53] 609.2146 625.3231 604.2627
ICL-S 587.2326 471.1852 [53] 609.2146 625.3231 604.2627
Hexanoyl-dG 366.1777 250.1303 [54]1*  388.1597 404.2682 383.2078
Hexenal-dG 366.1777 250.1303 [55] 388.1597 404.2682 383.2078
HNE-dG 4242196 308.1722 [56] 446.2016 462.3101 441.2497
HNE-dA 408.2248 292.1774 [56]*  430.2068 446.3153 425.2549
HNE-dC 386.2292 270.1818 [56]*  408.2112 4243197 403.2593
HNE-5MedC 400.2449 284.1975 [56] *  422.2269 438.3354 417.2750

HedG 404.1933 288.1459 [57] 426.1753 442.2838 421.2234
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Additional File 3. Cont.
Precurser Product
Adduct , . Ref. Na22.9898 K 39.0983 NH; 18.0379
(M + H) (Deoxyribose Loss)

HedA 388.1984 272.1510 [571 410.1804 426.2889 405.2285
HedC 364.1872 248.1398 [571 386.1692 402.2777 381.2173
HeMedC 378.2029 262.1555 [571* 400.1849 416.2934 395.2330
BedG 362.1464 246.0990 [58] 384.1284 400.2369 379.1765
BedA 346.1515 230.1041 [58] * 368.1335 384.2420 363.1816
BedC 322.1402 206.0928 [58] 344.1222 360.2307 339.1703
BeMedC 336.1559 220.1085 [58] 358.1379 374.2464 353.1860
CHPAG 460.2196 344.1722 [59] * 482.2016 498.3101 477.2497
CHPdA 444.2247 328.1773 [59] * 466.2067 482.3152 461.2548
CHPdC 420.2134 304.1660 [591 * 442.1954 458.3039 437.2435
CPPdG 404.1570 288.1096 [59] * 426.1390 4422475 421.1871
CPPdA 388.1621 272.1147 [59] * 410.1441 426.2526 405.1922
CPPdC 364.1508 248.1034 [59] * 386.1328 402.2413 381.1809
CEPdG 390.1413 274.0939 [59] * 412.1233 428.2318 407.1714
CEPdA 374.1464 258.0990 [59] * 396.1284 412.2369 391.1765
CEPdC 350.1352 234.0878 [59} * 372.1172 388.2257 367.1653
NS-HmdA 282.1202 166.0728 [60] 304.1022 320.2107 299.1503
NS-MedA 266.1253 150.0779 [61] 288.1073 304.2158 283.1554
N?-Ethylidene-dG 294.1202 178.0728 [62] 316.1022 332.2107 311.1503
N?-ethyl-dG 296.1359 180.0885 [62] 318.1179 334.2264 313.1660
1-medA 268.1409 152.0935 [38] 290.1229 306.2314 285.1710
3-medC 243.1213 127.0739 [38]} 265.1033 281.2118 260.1514
N?-CMdG 326.1100 210.0626 [63] 348.0920 364.2005 343.1401
Glyoxal-dA 310.1152 194.0678 [63] 332.0972 348.2057 327.1453
Glyoxal-dC 288.1196 172.0722 [63] 310.1016 326.2101 305.1497
Glyoxal-5MedC 302.1353 186.0879 [63] * 324.1173 340.2258 319.1654
N*-CEdG 340.1257 224.0783 [64] 362.1077 378.2162 357.1558
8-Cl-dG 302.0656 186.01824 [65] 324.0476 340.1561 319.0957
8-Cl-dA 286.0707 170.02334 [65] 308.0527 324.1612 303.1008
5-Cl-dC 262.0594 146.01204 [65] 284.0414 300.1499 279.0895
8-Br-dG 346.0151 229.96774 [66] 367.9971 384.1056 363.0452
8-Br-dA 330.0202 213.97284 [66] * 352.0022 368.1107 347.0503
5-Br-dC 306.0089 189.96154 [67] 327.9909 344.0994 323.039

Na: sodium added form; K: potassium added form; NH;: ammonium added form; *: Expected m/z calculated
by Symyx Draw 4.0 software (Accelrys Inc., San Diego, CA, USA).
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Obesity is a risk factor for colorectal cancer. The accumulation of abdominal fat
tissue causes abundant reactive oxygen species production through the activa-
tion of NADPH oxidase due to excessive insulin stimulation. The enzyme NADPH
oxidase catalyzes the production of reactive oxygen species and evokes the initi-
ation and progression of tumorigenesis. Apocynin is an NADPH oxidase inhibitor
that blocks the formation of the NADPH oxidase complex (active form). In this
study, we investigated the effects of apocynin on the development of azoxy-
methane-induced colonic aberrant crypt foci in obese KK-AY mice and on the
development of intestinal polyps in Apc mutant Min mice. Six-week-old KK-AY
mice were injected with azoxymethane (200 pg/mouse once per week for
3 weeks) and given 250 mg/L apocynin or 500 mg/L apocynin in their drinking
water for 7 weeks. Six-week-old Min mice were also treated with 500 mg/L apoc-
ynin for 6 weeks. Treatment with apocynin reduced the number of colorectal
aberrant crypt foci in KK-AY mice by 21% and the number of intestinal polyps in
Min mice by 40% compared with untreated mice. Both groups of mice tended to
show improved oxidation of serum low-density lipoprotein and 8-oxo-2'-deoxy-
guanosine adducts in their adipose tissues. In addition, the inducible nitric oxide
synthase mRNA levels in polyp tissues decreased. Moreover, apocynin was shown
to suppress nuclear factor-xB transcriptional activity in vitro. These results sug-
gest that apocynin and other NADPH oxidase inhibitors may be effective colorec-
tal cancer chemopreventive agents.

besity is a cause of diabetes mellitus type 2. Insulin resis-
tance induces high levels of fasting glucose, insulin, and
IGF1 in the blood. It is now well recognized that individuals
with diabetes melhtus type 2 are at high risk for colorectal
cancer development.""? The factors that have been suggested
to link diabetes mellitus type 2 with colorectal cancer develop-
ment include hyperinsulinemia, high levels of IGF1 that accel-
erate cell viability and proliferation,”® and the dysregulated
production of ROS and inflammatory cytokmes( ) It has been
shown that insulin activates NADPH oxidase, which produces
superoxide and H,0,.®
Phagocyte-derived NADPH oxidase is a well-known ROS-
producing en _/yme that acts against bacterial infection and
inflammation.””"® Additional non-phagocyte-derived NADPH
oxidase homologs belong to the Duox family. There are seven
isoforms in mammals: Noxl, Nox2, Nox3, Nox4, Nox5,
Duox1, and Duox2.® Noxl, Nox2, Nox4, and Nox3 are
expressed in the endothelium, vascular smooth muscle cells,
fibroblasts, or perivascular adipocytes. Noxl is mainly
expressed in differentiated colonic epithelial cells."®!" Addi-
tional homologs have not been identified or are expressed at

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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such low levels that their roles have not been established.
Interestingly, Nox/Duox members have been reported to be
involved in cancer development. Nox1 stimulates mitogenesis,
cell transformation and tumorigenesis when ectopically
expressed in NIH3T3 fibroblasts and DU-145 prostate epithe-
lial cells.'® The overexpression of Nox1 has been observed in
prostate, breast, ovarian, and colon cancers."! 19 Noxl is
overexpressed in human colon cancers and has been correlated
with activating mutations in K- ras.'® In Noxl homozygous
knockout mice, the implantation of tumorigenic B16F0 mela-
noma cells has been observed to result in smaller and less-vas-
cularized implanted tumors. This reduction is associated with
the reduced expression levels of several genes, including
VEGF, MMP-2, MMP-9, and NF-xB."'” Thus, it is assumed
that NADPH oxidase inhibitors may inhibit intestinal tumori-
genesis by hindering ROS production and NF-kB activation.
To transport electrons across membranes for the production
of superoxides, the Nox/Duox family proteins must form a
complex. The catalytic transmembrane protein Nox1 forms a
complex with E229h°" and the cytoplasmic subunits p67°"°*/-
NOXO1, p47P"°%/NOXAI, p40P"°*, and Racl/2. Apocynin,
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which belongs to the methoxy-substituted catechol family,
effectively inhibits NADPH oxidase activity by blocking the
formation of the NADPH oxidase complex; thus, it is used as
a standard NADPH oxidase inhibitor in experimental
research.®

In this study, we show the suppressive effects of apocynin
on the number of AOM-induced colorectal aberrant crypt foci
(ACF) in obese KK-A” mice and on intestinal polyp develop-
ment in Min mice. Min mice have been reported to show high
levels of oxidative stress.'® We showed that the suppressive
effects of apocynin treatment on intestinal polyp formation in
Min mice were partly explained by the suppression of iNOS.
Moreover, apocynin was shown to suppress NF-xB transcrip-
tional activity in vitro.

Materials and Methods

Cell culture and chemicals. A human colon cancer cell line
(SW48; ATCC, Manassas, VA, USA) and a murine macro-
phage cell line (RAW264; Riken Cell Bank, Tsukuba, Japan),
were cultured in DMEM and RPMI-1640, respectively, con-
taining 10% FBS (HyClone Laboratories, Logan, UT, USA)
and antibiotics at 37°C in a humidified incubator at 5% CO,.
The apocynin, 1-(4-hydroxy-3-methoxyphenyl) ethanone, was
purchased from Sigma-Aldrich (SAFC, Buchs, Switzerland).

Animals and chemicals. Female 5-week-old KK-AY/Talcl
(KK-A”) mice were purchased from Clea Japan (Tokyo,
Japan). Male 5-week-old C57BL/6J-Apc™™* mice (Min mice)
were purchased from The Jackson Laboratory (Bar Harbor,
ME, USA) and genotyped according to The Jackson Labora-
tory’s protocol. Heterozygotes of the Min strain and wild-type
(C57BL/6J) mice were acclimated to laboratory conditions for
1 week. Four to five mice were housed per plastic cage with
sterilized softwood chips as bedding in a barrier-sustained ani-
mal room at 24 4 2°C and 55% humidity on a 12:12h
light : dark cycle. The apocynin was well dissolved in drink-
ing water at a concentration of 250 mg/L or 500 mg/L.%®

Animal experiments. Food and water were available ad libi-
tum. The clinical characteristics and mortality rates of the ani-
mals were observed daily. The body weights and food
consumption rates were measured weekly. For the induction of
ACF by AOM (Sigma-Aldrich), 6-week-old female KK-A”
(n =12) mice were given ip. injections of AOM (200 pg
/mouse) once a week for 3 weeks and 250 mg/L apocynin or
500 mg/L apocynin in their drinking water for 7 weeks. At
the end of the experimental period, a blood sample was col-
lected from the abdominal vein and the colorectum was
removed, opened longitudinally, and fixed flat between sheets
of filter paper in 10% buffered formalin for over 24 h. The
colorectum was divided into proximal and rectal segments
(1.5 cm in length), and the remainder was divided into proxi-
mal (middle) and distal halves. These colorectal sections were
stained with 0.2% methylene blue (Merck, Darmstadt, Ger-
many) and PBS, and the mucosal surfaces were assessed for
ACF with a stereoscopic microscope as previously
reported.@®

To investigate the effects of apocynin on intestinal tumor
formation, seven male 6-week-old Min mice were given
500 mg/L apocynin in their drinking water for 6 weeks, and
eight male Min mice without apocynin treatment were used as
the control. The intestinal tract was removed and separated
into the small intestine, cecum, and colon. The small intestine
was first divided to produce a proximal segment (4 cm in
length), and the remainder was split into proximal (middle)

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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and distal halves. The tumors in the proximal segment were
counted, all tumors were picked up under a stereoscopic
microscope, and the remaining intestinal mucosae (non-tumor
mucosal portions) were removed by scraping. They were then
both stored at —80°C for further analyses using real-time PCR.
Additional segments were opened longitudinally and fixed flat
between sheets of filter paper in 10% buffered formalin. The
numbers and sizes of the tumors and their distributions in the
intestines were assessed with a stereoscopic microscope. A
portion of the liver, visceral fat, and kidneys were placed into
10% buffered formalin, and liver and visceral fat residues were
frozen using liquid nitrogen and stored at —80°C. The experi-
ments were carried out according to the Guidelines for Animal
Experiments of the National Cancer Center (Tokyo, Japan) and
were approved by the Institutional Ethics Review Committee
for Animal Experimentation of the National Cancer Center.

Measurements of mouse serum lipid levels in mice. The serum
levels of triglycerides, total cholesterol, and LDL were mea-
sured as reported previously.”” Mouse serum oxLDL levels
were measured using an ELISA kit (USCN Life Science,
Hubei, China) according to the manufacturer’s protocol.

Quantification of 8-oxo-dG using LC-MS/MS. Mouse adipose
tissue DNA (from 100 mg tissue) was extracted using the
QIlAamp DNA Isolation Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions with minor modi-
fications; deferoxamine mesylate (final concentration, 0.1 mM;
Sigma-Aldrich) was added to all samples to prevent the for-
mation of artifactual oxidative adducts during the purification
steps. The exiracted DNA was dissolved in 25 pL distilled
water and stored at —80°C for further analyses. DNA concen-
tration and quality were determined using the NanoDrop ND-
1000 spectrometer (Thermo Fisher Scientific, Wilmington, DE,
USA). *Ns-8-0x0-dG was added to the DNA solutions prior
to enzymatic digestion at a concentration of 1.02 nM. The
enzymatic digestion conditions were as follows: DNA (2.6—
7.0 pg) samples in 5 mM Tris-HCl buffer (pH 7.4) were incu-
bated with DNase I for 3 h. Next, nuclease P1, 10 mM
sodium acetate (pH 5.3; final concentration, 10 mM), and
ZnCl, (final concentration, 34 mM) were added, and the sam-
ples were incubated for an additional 3 h at 37°C. Finally,
alkaline phosphatase, phosphodiesterase I, and Tris base (final
concentration, 15.4 mM) were added, and the samples were
incubated for 18 h at 37°C. The samples were purified using
Vivacon 500 (10-kDa molecular weight cut-off filters Sarto-
rius, Goettingen, Germany), and 15 pL. of each of the flow-
through fractions was subjected to LC-MS/MS. 8-Oxo-7,3-di-
hydro-2'-deoxyguanosine and its internal standard were quanti-
fied by LC-MS/MS. Positive ions were acquired in the
multiple reaction monitoring mode. Multiple reaction monitor-
ing transitions were monitored; the cone voltages and collision
energies used were as follows: 8-ox0-dG, [284-—168, 35V,
14 eV], and '*Ns-8-ox0dG, [289—173, 35 V, 14 eV]. The
15N5-8-0x0-dG levels were normalized to the DNA concentra-
tions.

immunohistochemical staining. The small intestines of Min
mice with intestinal polyps were fixed, embedded and then
sectioned for further immunohistochemical examinations using
the avidin-biotin complex immunoperoxidase technique with
mouse monoclonal IgG anti-PCNA and anti-cyclin D1 antibod-
ies (Merck Millipore, Billerica, MA, USA) at a 200 x and
100 x dilution, respectively. As the secondary antibody,
biotinylated horse anti-rabbit IgG affinity-purified antibody
was used at a 200 x dilution. Staining was carried out using
avidin-biotin reagents (Vectastain ABC reagents; Vector
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Table 1.
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Development of colorecial aberrant crypt foci (ACF) in KK-AY mice treated with azoxymethane and apocynin

No. of ACF/colorectum

Apocynin, mg/L  No. of mice with ACF

Mean no. of AC/focus

Proximal Middle Distal Rectum Total
0 12712 11+ 15 16.9 + 4.8 38.0 + 10.0 14.5 £ 8.3 70.5 £ 17.2 1.3 &£ 0.1
250 12712 0.3+ 0.7 7.8 £ 5.9%* 28.0 + 10.9*% 12.1 £ 6.3 48.3 4 20.6%% 1.2 + 0.1
500 12712 0.2 + 0.6 10.8 + 9.8 326 + 128 12.1 + 4.7 55.8 & 22.3 1.3+ 041
*P < 0.05, **P < 0.01 versus 0 mg/L. Data are expressed as mean = SD. AC, aberrant crypt.
Table 2. Number of intestinal tumors in Min mice
treated with apocynin No. of tumors/mouse
Apc;iyrun, No: of Small intestine
mg mice Colon Total
Proximal Middle Distal
0 8 30+ 06 12.14+21 341146 1.1+ 04 504 + 6.1
500 7 2.6 +06 80+17 197+13* 03+08 306=3.3%

#P < 0.05 versus 0 mg/L. Data are mean =+ SD.

Laboratories, Inc. Burlingame, CA; USA), 3,3'-diaminoben-
zidine (Sigma-Aldrich), and hydrogen peroxide, and the sections
were counterstained with hematoxylin to facilitate orientation.
As a negative control, consecutive sections were immunostained
without exposure to the primary antibody. The ratio of PCNA-
positive cells was calculated by the formula: % = number of
PCNA positive cells in polyp / number of whole cells in polyp
(magnification, x100).

Real-time PCR analysis. The tissue samples from the intestinal
mucosae or from the polyps of the mice were rapidly deep-fro-
zen in liquid nitrogen and stored at —80°C. Total RNA was
isolated from the tissues using TRIzol reagent (Sigma-
Aldrich), and 1 pg aliquots in final volumes of 10 pL were
used for the synthesis of ¢cDNA using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). Real—timePCR was carried out using the
CFX96 thermal cycler (Bio-Rad, Hercules, CA, USA) with the
FastStart Universal SYBR Green Mix (2 x) (Roche, Basel,
Switzerland) according to the manufacturer’s instructions. The
primers used included mouse c-Myc (5'-GCTCGCCCAAATC
CTGTACCT and 3'-TCTCCACAGACACCACATCAATTTC),
cyclin D1 (5'-CCATGGAACACCAGCTCCTG and 3'-CGGTC
CAGGTAGTTCATGGC), GAPDH (5-TGTCAGCAATGCAT
CCTGCA and 3-TTACTCCTTGGAGGCCATGT), iNOS (5'-
CCGGCAAACCCAAGGTCTACGTT and 3'-CACATCCCGA
GCCATGCGCACAT), Nox1 (5'-TCCCTTTGCTTCCTTCTTG
A and 3-CCAGCCAGTGAGGAAGAGTC), p22P** (5/-CGT
GGCTACTGCTGGACGTT and 3'-TGGACCCCTTTTTCCTC
TTT), and Pai-1 (5-GACACCCTCAGCATGTTCATC and 3'-
AGGGTTGCACTAAACATGTCAG). Cycling conditions were
as follows: 95°C for 15 s, annealing at 60°C for 10 s, and 42
cycles at 72°C for 20 s after an initial step of 95°C for 10 min
followed by a final elongation step at 72°C for 5 s. To assess
the specificity of each primer set, melting curves were con-
structed for the amplicons generated by the PCR.

Luciferase assay of NF-xB transcriptional activity. To measure
NF-xB transcriptional activity, the colon cancer cell line SW48
and rodent macrophage cell line RAW264 were seeded in 96-well
plates (2 x 10* cells/well). After 24 h of incubation, the cells
were transiently transfected with 100 ng/well of the pGL4.32

Cancer Sci | November 2015 | vol. 106 | no. 11 | 1501

(luc2P/NF-xB RE/Hygro) (Promega, Madison, W1, USA) repor-
ter plasmid and pGL4.73 (hRluc/SV40) (Promega) control plas-
mid using the FuGENE 6 Transfection Reagent (Roche)
according to the manufacturer’s instructions and cultured for
24 h. The cells were then treated with 200 pM apocynin for 24 h
and, finally, firefly luciferase and Renilla luciferase activities were
determined by the Luciferase Assay Systems and Renilla Lucifer-
ase Assay Systems (Promega), respectively. The values were nor-
malized according to Renilla luciferase activity levels. The basal
luciferase activity of the untreated cells was set as 1.0. The per-
cent of luciferase activity for each treatment was calculated using
data from triplicate wells.

Statistical analysis. Statistical analysis was carried out using
Student’s #-test. Differences were considered to be statistically
significant at P < 0.05.

Resuilts

Suppression of AOM-induced colorectal ACF in KK-AY mice by
apocynin. To determine the effects of apocynin on colorectal
ACF development in KK-A” mice, the KK-A” mice were treated
with AOM, with or without apocynin. Treatment with apocynin
did not significantly change the food intake rates, behaviors, or
body weights of the mice during the experimental period. The
final body weights of the untreated 13-week-old female KK-A”
mice and those that were treated with 250 mg/L apocynin and
500 mg/L.  apocynin were 49.1 £ 3.3, 479+ 24, and
45.0 £ 8.5 g, respectively. During the experimental period, no
significant differences in body weights were observed between
the groups.

Table 1 shows the numbers and distributions of colorectal
ACF in the KK-A” mice treated with or without apocynin. All
KK-A” mice treated with AOM developed colorectal ACF at
13 weeks. The total number of ACF in the group treated with
250 mg/L apocynin was reduced to 68.5% (P < 0.01) of the
control value. The numbers of ACF in the middle and distal
portions of the colons of the mice treated with 250 mg/L
apocynin were reduced significantly (P < 0.01, 0.05). There
were no significant differences in the number of aberrant
crypts per focus between the groups. However, treatment with

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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250 mg/L apocynin reduced the numbers of small-sized ACF
(Fig. S1A).

Suppression of intestinal polyp formation in Min mice by apoc-
ynin treatment. Treatment of Min mice with 500 mg/L apoc-
ynin for 6 weeks also did not alter body weights, food intake
rates, or clinical signs compared with the untreated mice
throughout the experimental period. Table 2 summarizes the
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Fig. 1. Changes in cell cycle-related factors in intestinal tumors trea-
ted with or without apocynin. (a) Immunohistochemistry was per-
formed for determination of proliferating cell nuclear antigen
(PCNA)-positive cell numbers in tumor sections (n = 18) of small
intestines of Min mice treated with 500 mg/L apocynin (n =7) and
untreated controls (n = 8). Ratio of the number of PCNA-positive cells
per whole cell in field (100 x) is shown. Data are represented by
mean + SD. *P < 0.05 versus untreated control. Real-time PCR analysis
was carried out to obtain ¢-Myc (b) and cyclin D1 (c) mRNA levels.
Values were set at 1.0 in untreated controls, and relative levels were
expressed as mean + SD (n = 4, a pair of mucosa and tumor samples
for apocynin or untreated controls). **P < 0.01 versus untreated con-
trol. GAPDH mRNA levels were used to normalize data.
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numbers and distributions of intestinal tumors in the untreated
control group and 500 mg/L apocynin-treated group. Almost all
tumors developed in the small intestine, with only a few forming
in the colon. Treatment with 500 mg/I. apocynin led to a
decrease in the total number of tumors to 60.7% (P < 0.05) of
the untreated control value. The total number of tumors in the
distal segment decreased by 42.2% in the apocynin group. The
majority of tumors were observed to be between 0.5 and 3.0 mm
in diameter. Treatment with 500 mg/L apocynin reduced the
numbers of tumors of most sizes and significantly reduced the
numbers of tumors that were 1.0-1.5 mm in size (Fig. S1B).

To investigate the effects of apocynin on intestinal epithelial
cell growth, the intestinal tumor sections of Min mice were
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Fug 2. Relative expression levels of NADPH oxidase-associated genes
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sion levels. Values were set at 1.0 in untreated controls, and relative
levels were expressed as mean + SD (n =4, a pair of mucosa and
tumor samples for apocynin or untreated controls). *P < 0.05 versus
untreated control. GAPDH mRNA levels were used to normalize data.
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immunohistochemically stained with anti-PCNA antibody. The
proportions of PCNA-positive cells in the intestinal tumor sec-
tions significantly decreased by 48.2% in the mice treated with
500 mg/L apocynin (P < 0.05) (Fig. 1a). Immunohistopatho-
logical analysis for cyclin D1 in intestinal tumors in Min mice
also showed a significant decrease of cyclin D1-positive cells in
the intestinal tumor sections (Fig. S2). To assess the mechanisms
underlying the inhibition of cell growth by apocynin, several cell
growth-related genes were analyzed by real-time PCR. The
downregulation of the expression levels of c-Myc and cyclin D1
in the small intestinal tumors of Min mice were apparent com-
pared with those of the untreated group (Fig. 1b,c).

Suppressive effects of apocynin on oxidative stress in mice. To
clarify the suppression of ROS production by NADPH oxidase
inhibition, we examined the effects of apocynin on serum
oxLDL-cholesterol levels in the KK-A® and Min mice. The
treatment of the KK-A” mice with 250 mg/L apocynin signifi-
cantly suppressed serum oxLDL-cholesterol levels (Table S1).
The suppression of serum oxLDIL-cholesterol levels was
observed in KK-4” and Min mice at a dose of 500 mg/L apoc-
ynin, although the results were not statistically significant
(Table S2). Moreover, serum triglyceride, total cholesterol, and
LDL-cholesterol levels were measured to assess their effects
on the oxLDL-cholesterol levels. The apocynin treatments did
not show the serum triglyceride, total cholesterol, or LDL-c-
holesterol levels to decrease in a dose-dependent manner
(Tables S1,52) in KK-A” mice; decreases were only observed
in Min mice.

To evaluate whether treatment with apocynin improved the
oxidative status in other parameters, DNA was extracted from
the adipose tissues of both KK-A” and Min mice, and 8-oxo-
dG adducts were quantified per nucleoside by LC-MS/MS.
The 8-0x0-dG levels in the adipose tissues of KK-A¥ and Min
mice tended to decrease following the 500 mg/L apocynin
treatment (Fig. S3).

Suppression of INOS mRNA levels in intestinal tumor sections
from Min mice treated with apocynin. To confirm the expres-
sion levels of the target molecules of apocynin in Min mice,
the levels of NADPH oxidase (Noxl, p22P™* and Nox2)
mRNA were examined by quantitative RT-PCR. The levels of
Nox1 and p22°™* increased by 2.2-fold and 10.4-fold, respec-
tively, in the intestinal tumor sections compared with those of
the non-tumor mucosal sections in Min mice (Fig. 2a,b). How-
ever, the expression levels of Nox2 did not differ between the
normal mucosal and tumor sections (Fig. 2c). Nox1, p22Pio%,
and Nox2 mRNA levels decreased by 14.3%, 61.2%, and
65.0%, respectively, in the tumor sections following treatment
with 500 mg/L apocynin compared with the untreated group
(Fig. 2).

Intestinal epithelial cell growth is generally affected by
inflammation-related factors, including cytokines and growth
factors. Thus, we next focused on the expression levels of
interleukin-6, iNOS, and Pai-1 in the intestinal tissues. In the
tumor sections, the Pai-1 and iNOS mRNA levels were upreg-
ulated compared with the levels observed in the non-tumor
mucosal sections, and these levels decreased following
500 mg/L apocynin treatment (Fig. 3a,b). However, inter-
leukin-6 mRNA levels decreased only in the non-tumor muco-
sal sections following apocynin treatment (Fig. 3c).

Nuclear factor-xB transcription is inhibited by apocynin treat-
ment. To examine the effects of apocynin on the transcrip-
tional factors that regulate the expression of iNOS, we
examined NF-kB transcriptional activity in SW48 (human
colon cancer cell line) and RAW264 (murine macrophage cell

Cancer Sci | November 2015 | vol. 106 | no. 11 | 1503

Original Article
Komiya et al.

oo,
)

n

E -

P = 0.204

w
i

L

[

| .
.t Apocynin
Tumor

Relative iNOS mRNA levels

(=3

- 4 T
Mucosa

|l
n

[
[=]

w
L

Relative Pai-1 mRNA levels ©

[
1

- o+ -

+_ Apocynin
Tumor

Mucosa

ke,
(1)
e

™
n

g
o

g
n

by
o

@
in

Relative IL-8 mRNA levels

e
o
1.

e e
Mucosa Tumor

+_ Apocynin

Fig. 3. Relative expression levels of inflammation- and carcinogene-
sis-related genes in intestinal mucosae and tumors of Min mice trea-
ted with or without 500 mg/L apocynin. Real-time PCR analysis was
carried out to obtain INOS (a), Pai-1 (b), and interleukin-6 (IL-6) (¢)
mMRNA levels. Values were set at 1.0 in untreated controls, and relative
levels were expressed as mean & SD (n =4, a pair of mucosa and
tumor samples for apocynin or untreated controls). GAPDH mRNA
levels were used to normalize data.

line) cells. The NF-xB transcriptional activities in both cell
lines were reduced by 24 h of 200 pM apocynin treatment
(Fig. 4).

Discussion

In the present study, we showed the suppressive effects of
apocynin on AOM-induced colorectal ACF formation in obese
KK-A” mice and on intestinal tumor development in Min mice.
Moreover, the clear suppression of c-Myc and cyclin D1
mRNA levels and a reduced ratio of PCNA-positive epithelial

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Fig. 4. Nuclear factor-«xB (NF-xB) transcriptional activity levels in human colon cancer cells and rodent macrophage cells. SW48 (a) and RAW264
(b) cells were seeded in 96-well plates (2 x 10* cells/well) and were transiently transfected with pGL4.32 (luc2P/NF-kB RE/Hygro) reporter plas-
mid and pGL4.73 (hRIuc/SV40) control plasmid for 24 h. Cells were then treated with 200 uM apocynin for 24 h, and firefly luciferase and Renilla
luciferase activities were determined by luciferase assay systems and Renilla luciferase assay systems, respectively. Basal luciferase activity of
untreated cells was set at 1.0. Percentage of luciferase activity was calculated from data obtained from triplicate wells for each treatment. Values
were normalized by Renilla luciferase activity levels. Data are expressed as mean 4 SD {(n = 3).

cells were observed in the intestinal tumor sections of Min
mice. Treatment with apocynin tended to decrease levels of
oxidative stress in both KK-A” and Min mice. The mechanism
involved in the suppressive effects of apocynin treatment on
oxidative stress was partially related to the inhibition of
NADPH oxidase, resulting in reduced ROS production, and
the suppression of iNOS mRNA levels. In addition, the repor-
ter gene assay revealed that apocynin inhibited NF-xB tran-
scriptional activity in human colon cancer cells.

It has been reported that Noxl knockdown induces Gy/G,
arrest in a human colon cell line, HT29, whereas the same
knockdown treatment in Caco2 cells strongly induces apopto-
sis.?? In addition, apocynin also blocks cell growth by induc-
ing Go/G; arrest and downregulating cyclin D1 in a human
prostate cancer cell line, LNCaP.¢ 9 We obtained similar
results, showing that apocynin suppressed c-Myc and cyclin
D1 mRNA levels and reduced the ratio of PCNA-positive
epithelial cells in the intestinal polyp sections of Min mice.
This inhibition of cell growth factors may result in a reduction
in AOM-induced colorectal ACF formation in obese KK-A”
mice and intestinal tumor development in Min mice.

Because apocynin is known to be an NADPH oxidase inhibi-
tor, we examined ROS activity by measuring serum oxLDL
levels, and the number of 8-oxo-dG adducts per nucleoside in
the adipose tissue was quantified by LC-MS/MS. Both assess-
ments indicated a tendency toward reduction by the apocynin
treatment. Compared with other serum lipids, serum oxL.DL
levels were not affected by the amount of total serum choles-
terol or LDL. Because ROS are generally produced by mito-
chondria and peroxisomes and the enzymes cytochrome P450
and NADPH oxidase,®***® the targeting of only NADPH oxi-
dase does not sufficiently reduce whole-body ROS production.
We speculated that apocynin did not affect whole-body ROS
production, but may play an important role in the local tumor
parts of the intestine in which NADPH oxidase is overex-
pressed. Neoplastic lesions with characteristically elevated
levels of NADPH oxidase, such as human colon adenomas and
well-differentiated adenocarcinomas,*> may be good targets
for NADPH oxidase inhibitors.

The present study is the first to show that Nox] and p22P">*
mRNA levels tend to be elevated in the intestinal tumors of
Min mice. It has been reported that PhIP-induced colon tumors
show increased Noxl expression and NF-xB activation.®?
PhIP is a heterocyclic amine that has been associated with
colon cancer in rodents. In addition, our results imply that
increased Nox/Duox expression is not specific to heterocyclic

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

amines or to other colon carcinogens, such as AOM. It has
been reported that Nox! overexpression in human colon can-
cers correlate with activating mutations in K-ras® However,
considering that genetic alterations in B-catenin or APC have
been detected in over 80% of human colorectal cancers and
that Min mice possessed Apc mutations in this study, B-catenin
signaling may also be influenced by the expression of Nox1.
Further research is needed to confirm this possibility.

Reactive oxygen species affect cancer cell proliferation
through the activation of NF-kB transcription factors,” which
results in the induction of cyclin D1 and cyclin-dependent
kinase. Moreover, NF-kB induces inflammatory cytokines,
growth factors, and inflammation-related enzymes, such as
iNOS. In cultured rodent macrophage cells and human colon
cancer cells, apocynin has been shown to inhibit NF-xB tran-
scriptional activity in this study. Decreased production of intra-
cellular ROS by apocynin could be involved in the inhibition of
NF-kB transcriptional activity. Moreover, inhibition of Akt
phosphorylation by apocynin®® could partly inhibit NF-kB tran-
scriptional activity through IKK activation. These mechanisms
may partially explain the lowered expression levels of c-Myc,
cyclin D1, and iNOS, which are downstream targets of NF-«B,
observed in the intestinal polyps of Min mice in this study.

In summary, we have provided the first evidence of the
involvement of Nox/Duox in AOM-induced colon carcinogen-
esis in obese mice and in intestinal tumor formation in Min
mice using an NADPH oxidase inhibitor, apocynin. The
chemopreventive effect of apocynin on non-obese ordinary
mice is another concern. Although Min mice are not obese
mice, AOM-induced non-obese ordinary mouse colorectal
cancer will be a more suitable model to demonstrate the effect
of apocynin on carcinogenesis in non-obese ordinary mice. In
addition, clarifying the correlation between Nox/Duox family
members and NF-kB-iNOS during colon cancer development
warrants further investigation. We conclude that apocynin and
other NADPH oxidase inhibitors may be effective colorectal
cancer chemopreventive agents. Further evidence, such as that
obtained from human trials, is required.
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Abstract

Various types of polycyclic aromatic compounds (PACs) in diesel exhaust particles are thought to
contribute to carcinogenesis in mammals. Although the carcinogenicity, mutagenicity and tumour-
initiating activity of these compounds have been evaluated, their tumour-promoting activity is
unclear. In the present study, to determine the tumourinducing activity of PACs, including
previously known mutagenic compounds in atmospheric environments, a transformation assay for
promoting activity mediated by the release of contact inhibition was conducted for six polycyclic
aromatic hydrocarbons (PAHs), seven oxygenated PAHs (oxy-PAHs) and seven nitrated PAHs
(nitro-PAHs) using mouse embryonic fibroblast cells transfected with the v-Ha-ras gene (Bhas 42
cells). Of these, two PAHs [benzo[kIfluoranthene (B[k]FA) and benzo[b]fluoranthene (B[b]FA)], one
oxy-PAH [6H-benzo[cd]pyren-6-one (BPO)] and two nitro-PAHs (3-nitro-7H-benz[delanthracen-7-
one and 6-nitrochrysene) were found to exhibit particularly powerful tumour-promoting activity
(=10 foci following exposure to <100nM). In addition, clear mRNA expression of CYP1A1, which is
associated with aryl hydrocarbon receptor (AhR)-mediated activation, was observed following the
exposure of cells to two PAHs (B[k]FA and B[b]FA) and three oxy-PAHs (1,2-naphthoquinone, 11H-
benzo[b]fluoren-11-one and BPO). Further, an HO-1 antioxidant response activation was observed
following exposure to B[K]FA, B[b]FA and BPO, suggesting that the induction of tumour-promoting
activity in these compounds is correlated with the dysfunction of signal transduction via AhR-
mediated responses and/or oxidative stress responses.

Introduction carcinogenicity of DEPs. To date, a large amount of data regarding
the mutagenicity, carcinogenicity and DNA adduct formation with
PACs have been accumulated (4-8). The United States Environmental
Protection Agency (EPA) and the International Agency for Research
on Cancer (IARC) have classified polycyclic aromatic hydrocarbons
(PAHs) such as benzo[a]pyrene (B[a]P), benz[a]anthracene (B[4]A),
chrysene (Chr), benzo[b]fluoranthene (B[b]FA), benzo[k]fluoran-
thene (B[k]FA) and dibenzol[a,/]pyrene (DB|a,/]P) as carcinogens or
probable/possible carcinogens in humans (4,5).

The atmospheric environment contains various types of compounds
from exhaust gas and particulate matter emitted from internal com-
bustion engines, such as those in industrial factories, combustion
furnaces and automobiles (1,2). Several epidemiological studies have
identified an association between diesel exhaust particles (DEPs) and
the occurrence of cancers of the lung and other organs (3). DEPs
contain various types of polycyclic aromatic compounds (PACs)
that are thought to be the principle active factors responsible for the

© The Author 2015. Published by Oxford University Press on behalf of the UK Environmental Mutagen Society.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.
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Along with PAHs, oxygenated PAHs (oxy-PAHs), such as polycy-
clic aromatic quinones and polycyclic aromatic ketones, are present
as PACs in atmospheric diesel exhaust and airborne particles (8-12).
However, the toxicological significance of these compounds is not
well understood (7,13,14). Several studies have reported that polycy-
clic aromatic quinones induce severe adverse biological effects such
as allergic inflammation and disruption of vascular tone vig induc-
tion of the reactive oxygen species (ROS) pathway (15-19).

Nitrated PAHs (nitro-PAHs) are originally emitted from various
combustion engines and are more likely to be formed by the reaction
of parental compounds with nitrogen dioxide in ambient air (20).
Nitro-PAHs are well-known bacterial direct-acting mutagens and
carcinogens for mammals (2,6,21,22). Nitro-PAHs, such as 1-nitro-
pyrene (1-NPy), 1,6-dinitropyrene (1,6-DNPy), 1,8-dinitropyrene
(1,8-DNPy) and 6-nitrochrysene (6-NChr), have been categorised as
probable carcinogens by IARC (5,21). Enya et al. identified a new
nitrated oxy-PAH, 3-nitro-7H-benz[de]anthracen-7-one (3-NBAO),
as a novel potent mutagenic and carcinogenic compound in the polar
fraction of DEPs (23-25), and the compound has been categorised
to be a probable carcinogen by IARC (21). Several other mutagenic
nitrated oxy-PAHs and normal nitro-PAHSs have been reported to
possibly contribute to the mutagenic activity of environmental sam-
ples (26-28).

Although many studies have reported on the carcinogenic and
mutagenic activity of the above-mentioned PACs, studies regard-
ing the tumour-promoting activity of these compounds are limited
(29,30). Therefore, the underlying mechanisms promoting these
activities have not completely been elucidated. Recently, a simple
assay to detect the carcinogenic promoting activities of test com-
pounds was developed by Ohmori et al. (31) using mouse embry-
onic fibroblasts (BALB/3T3 cells) transfected with the v-Ha-7as gene
(Bhas 42 cells). Using this assay, several PACs, including B[a]A, Chr
and 1-NPy, were found to have significant tumour-promoting activi-
ties. This indicates that other PACs, which have yet to be evaluated,
are very likely to show positive responses using this assay (29).

Several compounds are known to promote tumour formation,
including ROS-producing compounds such as arsenic compounds,
metal (cadmium and zinc) chlorides and catechol, which exhibited
tumour-promoting activities as determined by the Bhas 42 assay as
well as others (30). Dioxins were also reported to exhibit tumour-
promoting activities via mechanisms that included cell cycle regula-
tion that correlated with aryl hydrocarbon receptor (AhR)-mediated
gene induction activity (32-34). Because several PAHs (35-37),
nitro-PAHs (37,38) and polycyclic o-quinines(39) are known to
promote AhR-mediated gene transcription activities to induce the
production of metabolic enzymes such as cytochromes (CYPs), it is
plausible that several PACs with high AhR-mediated gene transcrip-
tion activities have high tumour-promoting activities.

In addition, Misaki ez al. (40) examined AhR-mediated transcrip-
tional activity induced by several types of oxy-PAHs to promote met-
abolic enzyme induction and reported for the first time that several
oxy-PAHs [i.e. benzo[b]fluorenone (B[b]FO), benzo[a]fluorenone
(B[4]FO) and naphthacenequinone (NCQ)] had significantly high
AhR-mediated transcriptional activities, inducing the cytochrome
P450 family 1 gene (CYP1A1) (41). These compounds were also
shown to induce antioxidant response element (ARE)-mediated
aldo-keto reductase family 1 gene (AKR1C1) (41). Experimental

results of the transcriptional activity of these compounds have been
supported by numerous published reports of ROS induction by sev-
eral nitro-PAHs (38,42), quinone compounds (15-19,42) and PAH
metabolites (15,38,42).

Taken together, the findings of these previous studies suggest that
several PACs with high AhR and/or ROS-inducing activities may be
good candidates as tumour-promoting compounds. Therefore, in
the present study, a transformation assay with Bhas 42 cells was
used to identify the tumour-promoting activities of PACs (six PAHs,
seven oxy-PAHs and seven nitro-PAHs) in the atmosphere to test the
above-mentioned hypothesis. CYP1A1 mRNA levels induced via the
AhR system and/or antioxidant signalling [heme oxygenase (HO)-
1] of representative compounds were also analysed to determine
whether signal transduction is relevant to the tumour-promoting
activities of the selected compounds.

Materials and methods

Chemicals

B[a]P, Chr and 12-O-tetradecanoylphorbol-13-acetate (TPA) were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
DB[4,/]P, 3-nitrofluoranthene (3-NFA) and 6-NChr were supplied
by AccuStandard, Inc. (New Haven, CT, USA), and 8-nitrofluoran-
thene (8-NFA) was purchased from Nihon Fine Chemical (Tokyo,
Japan). All other test chemicals were obtained from Sigma-Aldrich
(St. Louis, MO, USA). The purities of B[b]FA, B[k]FA, 7,12-benz[a]
anthracenequinone (BAQ), 1,6-DNPy and 1,8-DNPy were 98 %, the
purities of B[a]P, 1,2-naphthoquinone (NPhQ), NCQ and TPA were
97%, and the purity of 3-NFA was >96%. The purities of the other
test chemicals were 299%.

B[a]FO, B[b]FO and 6H-benzo[cd]pyren-6-one (BPO) were syn-
thesised as described previously (43,44), purified by column chro-
matography, and then recrystallised. The purities of the synthesised
compounds were >99%. The 3-NBAO was prepared by nitration of
benzanthrone, as described previously (24).

Minimum essential medium (MEM), Dulbecco’s modified Eagle’s
medium/Ham’s F12 (DMEM/F12) and fetal bovine serum (FBS)
were purchased from Nissui Pharmaceutical Co., Ltd. (Tokyo,
Japan), Life Technologies (Carlsbad, CA, USA) and Hana-Nesco Bio
Corp. (Tokyo, Japan), respectively. The RNA extraction reagent was
purchased from Qiagen (Valencia, CA, USA). Dimethyl sulfoxide
(DMSO) was purchased from Wako Pure Chemical Industries, Ltd.

Bhas 42 cell culture

The mouse fibroblast cell line Bhas 42 was obtained from the Health
Science Research Resources Bank (Sennan, Osaka, Japan). The cells
were incubated in MEM with 10% (v/v) FBS at 37°C in a humidified
atmosphere containing 5% CO,. The cells were sub-cultured before
reaching confluence.

Transformation assay to detect tumour-promoting
activity

Tumour-promoting activity was evaluated using a transformation
assay, as described previously (29,30). In brief, 4 x 10* Bhas 42 cells
in 2ml of DMEM/F12 with 5% FBS were cultured in each well of
six-well microplates (Day 0). The medium was changed with fresh
medium containing the test chemicals on Days 3, 7 and 10 after the
initial harvest and then treated with only fresh medium on Day 14.
On Day 21, the cells were fixed with methanol and stained with
5% Giemsa solution. All the chemicals were dissolved in DMSO
and the final concentration of the solvent in the culture medium
was 0.1% (v/v). Control cells were treated with 0.1% (v/v) DMSO.
Cell cultures were prepared in triplicate for each chemical at each
concentration.
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The number of foci in each well was based on the morphological
criteria used in a previous study (31) as follows: (i) deep basophilic-
ity, (ii) dense multi-layering of cells, (iii) random orientation of cells
at the edge of foci and (iv) 220 cells within a focus. If a significant
increase in focus number with a P value of <0.01 was observed at >1
concentration, or a significant increase with a P value of <0.05 was
observed at >2 serial concentrations by the Dunnett test analysis,
the chemical was regarded as positive. If 210 foci were confirmed
following exposure to <100nM for a positive chemical, the chemi-
cal was regarded as a powerful positive. If a significant increase in
focus number with a P value of <0.05 was observed at only one
concentration, the chemical was regarded as equivocal. If there was
no significant increase in focus number at any concentration, the
chemical was regarded as negative.

Cell viability assay

Cell viability in response to each chemical was examined using the
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium salt (MTS) assay, basically according
to the manufacturer’s protocol (45). Cells were cultured in each
well of 24-well microplates by adjusting the cell numbers to 1x10*
cells in 500 pl of DMEM/F12 with 5% FBS. On Day 3, the medium
was changed to fresh medium containing a test chemical. On Day
7, 100 ul of MTS solution was added to the medium, and after
4h, optical density at 490nm was measured using a plate reader
(ARVO™ X3; PerkinElmer, Inc., Waltham, MA, USA).

RNA isolation, reverse transcription and real-time
polymerase chain reaction

Cells were cultured in each well of six-well microplates by adjusting
the cell numbers to 4x 10* cells in 2 ml of DMEM/F12 with 5% FBS.
On Day 3, the cells were treated for 24h with medium containing
a test chemical. On Day 4, total RNA was isolated from the cells
using the RNeasy Mini Kit (Qiagen) and DNA-Free™ Kit (Applied
Biosystems, Foster City, CA, USA), according to the manufacturers’
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protocols. Total RNA was dissolved in RNase-free water and the
concentration was determined spectrometrically. Cell cultures were
prepared in triplicate for each chemical.

Total RNA (100ng) was added to a reaction mixture contain-
ing 100 pmol of random hexamers, Prime Script® RT Enzyme Mix
and deoxyribonucleoside triphosphates in a final volume of 20 pl
and reverse transcribed using the Prime Script® RT Reagent Kit
(Perfect Real Time) (Takara Bio, Inc., Otsu, Japan). The reaction
mixture was incubated at 37°C for 15 min and heated at 85°C for
Smin to inactivate the enzyme according to the manufacturer’s
protocol.

The following previously reported oligonucleotides used for
polymerase chain reaction (PCR) were commercially synthesised by
Sigma-Aldrich Japan (Ishikari, Japan) (46-48):

e 185 rRNA: 5-TTGACGGAAGGGCACCACCAG-3" (130bp)
5-GCACCACCACCCACGGAATCG-3’
e CYP1A1l: 5-CCTCTTTGGAGCTGGGTTTG-3" (230bp)
5-TGCTGTGGGGGATGGTGAAG-3’
e HO-1: 5-TCAGGTGTCCAGAGAAGGCTTT-3' (70 bp)
5-CTCTTCCAGGGCCGTGTAGA-3’

Quantification of cDNA was performed using the ABI PRISM
7900HT Sequence Detection System (Applied Biosystems), and stain-
ing was performed with SYBR Green I. A 2 pl aliquot of the reverse
transcription (RT) mixture was added to a PCR mixture containing
0.2 pM of each primer and SYBR® Premix Ex Tag DNA polymerase
in a final volume of 25 pl and amplified using the SYBR® Premix
Ex Taq™ Kit (Perfect Real Time) (Takara Bio, Inc.) according to the
manufacturer’s protocol. The PCR reactions were performed with
1 cycle at 95°C for 30s and 40 cycles of 95°C for S5s and 65°C
for 30s. The specificity of the PCR products was determined by a
melting curve analysis and expression levels were normalised against
18S rRNA levels. A significant increase (P < 0.05) of fold induc-
tion, namely the ratio of the normalised value in PAC-treated cells
divided by the value in DMSO control cells, was evaluated using the
Student’s #-test.
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Figure 1. PAHSs, oxy-PAHs and nitro-PAHs examined in the present study.
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Results

Tumour-promoting activities of PACs

In the present study, a transformation assay to evaluate tumour-
promoting activity using Bhas 42 cells was performed for 6 PAHs,
7 oxy-PAHs and 7 nitro-PAHs, which exist in DEPs (Figure 1). The
tumour-promoting activity was statistically significant (P < 0.05)
when >8 foci were detected. The representative promoter TPA sig-
nificantly increased the number of foci within the range of 8-160nM
(Figure 2). Using the same system, two PAHs (i.e. B[k]FA and B[b]
FA) and one oxy-PAH (BPO) were powerfully positive having par-
ticularly high tumour-promoting activities (Figure 2A and E, respec-
tively). All nitro-PAHs tested exhibited at least eight foci at 200nM.
Among them, 3-NBAO and 6-NChr demonstrated the most pow-
erful transformation activities (Figure 2G and I, respectively). The
order of the strength of tumour-promoting activities among the
oxy-PAHs to induce 28 foci, as judged from the lowest concentra-
tion and obtained from the dose-response curve, was BPO > B[b]
FO, NphQ > B[4]FO, BAQ > NCQ (Figure 2C and E). The order of
the strength among nitro-PAHs was 3-NBAO, 6-NChr > 1,6-DNPy,

A n

]
2

1,8-DNPy, 8-NFA > 3-NFA > 1-NPy (Figure 2G and I). For the
PACs, the tumour-promoting activity of Chr was considered medium
while that of 1-NPy and benzo[e]pyrene (B[e]P) was low (Figure 2A
and G), confirming the results of a previous study (29). The activ-
ity of B[@]P was not significant in this assay (Figure 2A), although
the activity was reported as equivocal (29). No tumour-promoting
activities could be detected for DB[a,/]P and phenanthrenequinone
(PhQ) (Figure 2A and C). In an MTS assay, DB[4,/]P, PhQ, NphQ,
6-NChr and 3-NBAO exhibited a markedly greater decrease in cell
viability (Figure 2B, D and J).

Induction of MRNA of metabolic enzymes after
exposure to PAHs and oxy-PAHs

To investigate the molecular mechanisms of tumour-promoting
activity, we analysed the amounts of CYP1A1 and HO-1 mRNA
in Bhas 42 cells induced with representative active compounds by
24h incubations (the time point predicted to reflect their promoting
activity and metabolism based on previous studies) (35-37,49,50)
(Figure 3). The ratio of CYP1A1 and HO-1 mRNA levels to 18S
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Figure 2. Tumour-promoting activity and cell viability of PACs. The tumour-promoting activities of (A) PAHs, (C and E) oxy-PAHs and (G and I) nitro-PAHs were
measured using Bhas 42 cells. Cell viability for (B) PAHs, (D and F) oxy-PAHs and (H and J) nitro-PAHs in Bhas 42 cells was also examined. Double asterisks
indicates highly significant differences from controls (P < 0.01) and single asterisk indicates significant differences from controls (P < 0.05), as determined by a

Dunnett test.
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Figure 3. Induction of mRNA measured by RT-PCR using representative
PAHs and oxy-PAHs. Bhas 42 cells were exposed to chemicals for 24h at
concentrations at which significant tumour-promoting activities are known to
be detected for these compounds (range 200 nM to 1 uM). (A) CYP1A1 mRNA
and (B) HO-1 mRNA levels were measured. Double asterisks indicates highly
significant differences from controls (P < 0.01) and single asterisk indicates
significant differences from controls (P < 0.05), as determined by a Student’s
t-test.

rRNA of DMSO-treated control cells was 4.4x10-? and 9.7x 101,
respectively. Importantly, the concentration of compounds exposed
to cells for mRNA detection was within the range 200uM to 1 pM,
in which significant tumour-promoting activity was detected using
the Bhas 42 assay. CYP1A1 mRNA was induced by each of these
compounds (Figure 3A). These three PAHs (B[#]P, B[b]FA and B[k]
FA) induced CYP1A1 mRNA by 29-, 34- and 29-fold at 400nM,
respectively, in comparison with the DMSO-treated control. Of the
oxy-PAHs, NphQ and B[b]JFO exhibited moderate induction lev-
els (6-fold at 630nM and 5-fold at 870nM, respectively), while at
200nM, BPO showed a 2-fold higher induction of CYP1A1 mRNA
than the control. HO-1 mRNA was significantly upregulated by
treatment with three PAHs (B[4]P, B[b]FA and B[k]FA) and one oxy-
PAH (BPO) (1.8-, 1.8-, 1.3- and 1.7-fold, respectively; Figure 3B).
There was no significant change in induction levels of two oxy-PAHs
(NphQ and B[b]FO) in comparison with the control. The present
results (promoting activity) and previous toxic data, including AhR
activity and CYP1A1 induction in hepatoma cells, are summarised
in Table 1.

Discussion

Cancer is thought to be the result of several processes: initiation by
exposure to mutagens, immortalisation, release of contact inhibition,
acquisition of anchorage-independent growth, migration and metas-
tasis ability. The release of contact inhibition is the most important

step in the promotion process. In the present study, a transforma-
tion assay with Bhas 42 cells transfected with the H-ras gene from
immortalised mouse foetus fibroblasts (BALB/3T3 cells) with contact
inhibition abilities was used to assess the tumour-promotion process
(29-31,51). Using this cell line, Asada et al. (29) detected tumour-
promoting activity for B[a]A, Chr, B[e]P and 1-NPy. We also meas-
ured the tumour-promoting activity of the last three compounds and
obtained comparable results, demonstrating that our experimental
system is reproducible (Figure 2A and G). We evaluated the tumour-
promoting activities of 16 other PACs for the first time (Figure 2).

The tumour-promoting activities of cells have been suggested to
be mediated viz the AhR-mediated pathway. Dietrich and Kaina (32)
proposed that the release of cell-cell contact inhibition by 2,3,7,8-tet-
rachlorodibenzo-p-dioxin (TCDD) and PAHs was caused by cyclin
A/cdk2-dependent cell cycle progression, mainly downstream of
pRB with upregulation of p27 viz AhR-mediated upregulation of
cyclin A protein levels. They also suggested a potential role of AhR
in the downregulation of E-cadherin (adherence junction), leading
to epithelial-mesenchymal transition (EMT) and tumour progression
(32). It was also suggested that the inhibition of gap junctional inter-
cellular communication (GJIC) was in response to the downregula-
tion of connexin levels via AhR activation in rat liver WB-F344 cells
(34). In Bhas 42 cells, the decrease in GJIC and other contact inhibi-
tion systems may be caused by the AhR-mediated deregulation of
genes related to intercellular adhesion following exposure to PACs.
TCDD was also reported to disrupt the regulation of cell prolifera-
tion and apoptosis via several genes (p53, p27, cyclins, TGF-3, Ras
and others) via AhR (32,33,52-54). Thus, AhR-mediated deregula-
tion of cell growth and apoptosis may be the source of the tumour-
promoting activity of Bhas 42 cells exposed to AhR-active PACs.

In the present study, we found for the first time high tumour-pro-
motion activities of BPO, B[k]FA and B[b]FA and moderate activities
of NphQ and B[b]FO (Figure 2A, C and E). A 24-h treatment with
B[b]FA and B[k]FA prominently induced CYP1A1 mRNA, whereas
NphQ and B[b]JFO moderately induced the same gene in Bhas 42
cells (Figure 3A). These experimental findings support the results of
AhR-mediated tumour-promoting activity.

In other cell lines, such as hepatoma cells, B[{2]FA and B[b]FA have
also been shown to have high AhR-mediated activities and CYP1A1
induction (Table 1) (35,40,41). AhR-mediated intermediate gene
transcription activities have also been found for several oxy-PAHs,
including NphQ and B[b]FO, using the CALUX assay and the CYP
mRNA induction assay with HepG2 cells (39-41). It was predicted
that many of the PACs inducing CYP mRNA in such hepatoma cells
have tumour-promoting activities. Previous studies have exhibited
a significant induction of CYPs by 6-NChr, dinitropyrenes, 3-NFA
and 3-NBAO in human tissue-derived cells (21,37,38). In the present
study, the tumour-promoting activities of these nitro-PAHs in Bhas
42 cells (Figure 2G) may have been mediated by AhR, particularly
6-NChr, which produced a high amount of CYPs.

The amount of CYP1A1 mRNA in response to a BPO treatment
was only 2-fold greater than that of the DMSO-treated controls
at the concentration at which significant tumour-promoting activ-
ity (increased number of foci) was confirmed (Figures 2E and 3A).
However, in a previous study the induction of CYP1A1 mRNA in
HepG2 cells was inhibited by 5§ pM BPO (under half of the amount
of the control) (41). Although differences in cell responses may be
due to different amounts of metabolic enzymes and/or treated chem-
ical concentrations, BPO seemed to be a weak inducer for CYP1A1
mRNA expression. Therefore, the powerful tumour-promoting
activity of BPO could not be explained by only CYP1A1 mRNA
induction but could be dependent on another pathway.
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